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Abstract 

As a young and important class of supramolecular host-guest chemistry, the 

macrocyclic cucurbit[n]uril (CB[n]) hosts consisting of one hydrophobic inner cavity and 

multiple carbonyl portals have shown dramatically increased research interests since 

1980s, with tens of thousand publications focusing on their synthesis, distinct structural 

features, exceptional physical and chemical properties. More importantly, their excellent 

host-guest recognition behavior leads to their great application potentials in many fields, 

such as nanofabrication, biomedical/pharmaceutical science, analytical chemistry, 

catalytic chemistry, and adaptive chemistry, which have been explored extensively in the 

past two decades.  

Particularly, CB[7], an attractive member of CB[n] family, shows ultra-strong host-

guest binding ability towards small aromatic or ring-structured organic compounds, which 

is mainly attributed to its proper-sized inner cavity. As a representative, the host-guest 

complexes formed between CB[7] and various redox-active ferrocene (Fc) derivatives 

have extremely high binding affinities (109 to 1012 M-1), which have been employed as an 

alternative of natural binding pairs (e.g., antigen-antibody, biotin-avidin) for fabricating 

versatile functional molecular and biomolecular interfaces.  

In order to gain further understanding of this particular host-guest binding pair 

formed at molecular interfaces, in this thesis, based on both conventional cyclic 

voltammetry and advanced structural characterizations, the binding thermodynamics and 

kinetics were investigated on mixed ferrocenylundecanethiolate/octanethiolate self-

assembled monolayers on gold as a highly-organized model system. The results show 

that the inclusion binding behavior of this host-guest pair, while significantly affected by 

the surface, still has satisfactory stability for practical application. In addition, the broad 

potential of this new interfacial Fc@CB[7] host-guest binding system is manifested as 

nanoscale probes for the distribution of Fc terminal groups on SAMs (as an indicative of 

their structural heterogeneity), as an environmental regulator of long-range electron 

transfer process, and as an electrochemical sensor for pharmaceutical drugs via 

competitive host-guest assay strategy. It is expected that this new interfacial host-guest 

binding system can be further explored for fabricating well-controlled, ratiometric 

electrochemical biosensors.   

Keywords:  cucurbit[7]uril; ferrocene; self-assembled monolayer; cyclic voltammetry 
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Chapter 1.  
 
General Introduction 

1.1. Fascinating supramolecular host-guest chemistry  

1.1.1. Supramolecular chemistry: definition, classification, and 
application 

Supramolecular chemistry, although is still a young scientific field, has been rapidly 

developed and attracted tremendous interests since this concept was first proposed by 

Jean-Marie Lehn in 1987.1 According to Lehn, supramolecular chemistry can be defined 

as “the chemistry beyond the molecule”; more specifically, it means the organized 

complexes formed by the association of two or more chemical species (as building blocks) 

via the combination of various noncovalent interactions (e.g., hydrogen bonding between 

properly oriented functional groups, hydrophobic interactions among nonpolar compounds, 

electrostatic interactions between charged species, coordinate bonding between metal 

ions and electron rich atoms, π–π stacking among aromatic rings, and van der Waals 

forces among instantaneous/transient dipoles). As a result, the supramolecular complexes 

usually keep a better and adjustable balance between their chemical stability and 

reversibility under moderately varied conditions with respect to traditional covalently 

conjugated molecular complexes; thus they are more adaptable in terms of practical use. 

More interestingly, the supramolecular complexes usually have significantly different 

physical and chemical properties compared to their constituent species, thus may possess 

distinct and exceptional functions.1,2 

Based on the number of constituent molecules, the supramolecular chemistry can 

be classified into two major categories. One is the simplest and highly specific molecular 

recognition chemistry occurred between two or few molecules (e.g., biotin-streptavidin, 

antigen-antibody, and complementary DNA binding pairs), which serves as the 

fundamental process of supramolecular chemistry. The other is molecular assembly 

chemistry that is usually participated by many or even countless numbers of chemical 

molecules/species (e.g. amphiphilic complexes). As driven by their intra- and 

intermolecular noncovalent interactions, those chemical species can form large scale 
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compounds or polymers (hundreds of nanometer in size) with specific 

structural/morphological features via spontaneous self-assembly and self-organization 

process. A typical building block material of supramolecular assembly is amphiphilic 

molecules (i.e., molecules containing both hydrophobic and hydrophilic parts), which can 

form micelles, liposomes, and bilayer lipids in aqueous environments.3  

Over the past three decades, supramolecular chemistry has been exhibiting great 

application potentials in multiple fields.2,4 In nanotechnology, based on supramolecular 

assembly, many types of nanomaterials and nanodevices have been developed with 

exceptional properties and functions. For example, the supramolecular complexes 

consisting of conductive or insulating polymers can be used for fabricating molecular 

electronic devices;5 the supramolecular complexes with distinctive light emission or 

adsorption properties are desired materials for developing molecular optical/imaging 

devices;6 and the highly reversible and flexible supramolecular materials enable the 

construction of stimuli responsive molecular switches or machines.7 Moreover, by 

combining supramolecular systems (same type of signal output) in response to different 

stimuli, it is possible to design molecular logic gates and computing devices.2, 8 In analytical 

chemistry, the strong and specific molecular recognition chemistry serves as the basis for 

creating highly selective and sensitive biosensors; particularly, its regulation effect on the 

fluorescent emission/quenching efficiency have promoted the design of simple and 

sensitive optical biosensors.10 In addition, it can help to extract or separate analytes from 

a complex matrix (e.g., heavy metal extraction from various chemical wastes);9 Recently, 

there has been increasing interests in the application of supramolecular chemistry in 

pharmaceutical and biomedical science; for example, extensive efforts have been made 

on using supramolecular approaches to develop well controlled drug delivery systems, 

more efficient diagnostic tools and better therapeutic strategies.2,11 Another major 

application of supramolecular chemistry is to regulate the activity of electron transfer (ET) 

based catalytic reactions, since the reorganization energies of ET could be modulated by 

the microenvironments created by different types of noncovalent interactions.2,12 As in the 

proof-of-concept stage, the noncovalent supramolecular assemblies with high reversibility 

have been considered as the ideal material with constitutional dynamic characters for 

achieving adaptive or evolutionary chemistry.13,14 One ultimate goal of supramolecular 

chemistry is to understand, control, and build the artificial mimics of biological compounds 

(e.g., nucleic acids, proteins, and membranes) with high complexity and functionality (e.g., 

energy conversion, selective ions channel, signal transduction, and enzymatic catalysis).2 
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1.1.2. Macrocyclic host-guest recognition systems 

Before the field of supramolecular chemistry was initiated,1 research on molecular 

recognition chemistry or the so called host-guest chemistry had proceeded for decades, 

and has been considered as the origin and fundation of supramolecular chemistry.2 The 

main feature of molecular recognitions that distinguishes them from general molecular 

interactions is that they occur in much more specific and organized manner between 

selected host and guest pair, as expressed by equation 1.1:  

Guest + Host ⇌ Guest@Host complex                                             (1.1) 

Since the pioneer studies in 19th century on exploring the strong and highly specific 

enzyme-substrate recognition occurred in biological systems, the important role of 

geometric or structural matches in the host-guest recognitions (i.e., the famous “lock-key” 

principle proposed by Fischer et al.15,16) has been gradually revealed, which determines 

how stable and how specific is the arrangement of noncovalent intermolecular interactions 

between them.  

 

Figure 1.1.   Representative macrocyclic compounds: (A) porphyrins; (B) crown-
n-ethers; (C) calix[n]arenes; (D) pillar[n]arenes; (E) I: 
[n]metacyclophanes, II: [n]paracyclophanes, III: [n.n']cyclophanes; (F) 
cyclodextrins.  
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As an important branch of supramolecular chemistry, the “ring-structured” 

macrocyclic compounds are highly efficient “hosts” in molecular recognitions. Porphyrins 

(Figure 1.1A) are one of the earliest discovered macrocyclic compounds that can be 

formed naturally (through geological process or in vivo biosynthesis) or via laboratory 

synthesis; they consist of four pyrrole units interconnected via methine bridges, and are 

excellent hosts of divalent or trivalent metal ions by providing four equivalent coordination 

binding sites (i.e., total four lone pairs of electrons on the four nitrogen).  

In 1967, a new type of macrocyclic host, the cyclic hexaether, was accidentally 

obtained by Pedersen as a byproduct during his synthesis of bisphenol.17 It was found that 

the solubility of this cyclic ether compound can be improved in the presence of cations 

(e.g., Na+ and K+), which can be attributed to the complex structure formed between them;. 

i.e., the metal ions are trapped inside the cavity (via ion-dipole interactions) formed by the 

electronegative oxygens of ether subunits.18 As this cyclic ether looks like a “crown” with 

a cation as the guest in the center, it was named as “crown ether”.17 Besides the cyclic 

hexaether, other crown ethers with various numbers (n) of ether subunits (Figure 1.1B) 

were subsequently obtained by adjusting the synthetic conditions; these crown ethers also 

have different degrees of structural flexibility and cation binding affinity.18,19    

The replacement of oxygen atoms in crown ethers with nitrogen atoms leads to 

another class of hosts, i.e., the macrocyclic polyamines. Although macrocyclic polyamines 

are analogous to crown ethers, the strongly basic nature of amine groups results in their 

unique guest recognition properties. For example, the protonated amines make this type 

of host capable of binding anions;20 moreover, the softer nitrogen atom (i.e., more 

delocalized charges) of macrocyclic polyamines lead to their preferential accommodation 

towards soft transition metal ions.21  

After the discovery of crown ethers and their analogues, the successful synthesis of 

other types of artificial macrocyclic hosts with distinctive structural property and guest 

recognition behavior have been reported, such as calix[n]arene (Figure 1.1C), 

pillar[n]arene (Figure 1.1D), and cyclophane hosts (Figure 1.1E).2 As a common feature, 

all these macrocyclic host compounds consists of aromatic moieties as the repeating 

subunits, which endow them with more rigid cyclic structures and the ability to 

accommodate large guest species other than metal ions.2,22 
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As another type of natural macrocyclic host, the cyclodextrins (CDs) were 

discovered in the 1950s, which were obtained from starch via a certain enzymic process.23 

CDs are cyclic oligosaccharides (Figure 1.1F) consisting of six (α-CD), seven (γ-CD) or 

eight (β-CD) glycopyranoside subunits, which form a “conical frustum” shaped 

hydrophobic inner cavity with two asymmetric hydroxyl portals. With proper-sized inner 

cavities, CDs can accommodate guest species ranging from ions and gas molecules to 

small organic compounds.23 

From thermodynamic view, the spontaneous formation of a host-guest binding pair 

benefits from the decrease in the Gibbs free energy. 

ΔG = ΔH − TΔS                                                                                         (1.2) 

ΔG = −RTln𝐾                                                                                            (1.3) 

As shown in equation 1.2, the change of Gibbs free energy (ΔG) involves the changes on 

enthalpy (ΔH) and entropy (ΔS). For host-guest complexes, their intermolecular 

noncovalent interactions result in decreased enthalpy (i.e., negative ΔH), which 

contributes largely to their overall reduced free energy. The contribution from entropy is 

complicated, as the binding between host and guest compounds (entropy loss) and their 

desolvation processes (entropy gain) have opposite effects on the total free energy of the 

entire system. Accompanied with the discovery of various macrocyclic host compounds, 

there are many studies regarding the thermodynamic stabilities of their host-guest 

complexations, i.e., important thermodynamic parameters (ΔG/dissociation constant, ΔH 

and ΔS) have  been determined by calorimetric and various spectroscopic techniques.2,24 

These studies have revealed that the enthalpy and entropy contributions toward the 

overall free energy change/binding affinity of host-guest molecular recognitions depend 

on not only the chemical nature of host and guest compounds, but also the geometric size 

of hosts.25,24 

1.1.3. Cucurbit[n]uril (CB[n]) hosts: new commers in supramolecular 
chemistry 

Synthesis, structure, and properties. As the latest generation of macrocyclic host 

compound, the cucurbit[n]uril (CB[n]) family has drawn much attention and interests over 

other macrocyclic hosts owing to their unique structural features, exceptional 

physical/chemical properties, and distinctive host-guest recognition behavior. The 
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earliest recorded discovery of CB[n] can be dated back to 1905, when Behrend et al. 

condensed glycoluril and formaldehyde in concentrated HCl solution. In this process, an 

unknown insoluble, white amorphous compound with good yields (40%~70%) were 

obtained by recrystallizing the product from concentrated H2SO4 at high temperature (> 

110 °C), which exhibited a good ability to form complexes with small molecules.26  

However, due to the lack of modern characterization techniques, the composition and 

structure of these synthetic compounds remained mysterious until 1981.27 Based on 

NMR and X-ray crystallographic studies, Mock et al. revealed the chemical composition 

and molecular structure of the most dominant macrocyclic compound in the mixture of 

the products: It consists of six glycoluril subunits bridged by twelve methylene groups, 

which are cyclized to form a symmetrical cavity with two identical carbonyl 

opennings/portals (each portal contains six carbonyl groups). Because its structure 

resembles a “pumpkin”, Mock et al. named it “cucurbituril”, which belongs to the botanical 

family, Cucurbitaceae.27 The composition and structure of this initially discovered 

cucurbit[6]uril (CB[6]) macrocyclic host are displayed in Figure 1.2. 

 

Figure 1.2.   The (A) chemical composition and (B) structure of cucurbit[6]uril. 
Note: (B) is reprinted with permission from Journal of Inclusion Phenomena and Macrocyclic 
Chemistry, 61(3-4), 343-346. Copyright (2008), Springer Nature. 

 

Unfortunately, interests in such artificial macrocyclic compound were not 

popularized due to several limiting factors (e.g., poor solubility in common solvents, 

difficult functionalization/derivatization). Until early 1990, it started to attract considerable 

attention when Kim and co-workers successfully synthesized and isolated other cucurbit 
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homologues of different molecular sizes and with enhanced functionality.28 As shown in 

Figure 1.3 (A), the key to obtain other cucurbit homologues is to condensate glycoluril and 

formaldehyde in concentrated acid (9 M H2SO4) at lower temperature (75 to 90  C̊), which 

would lead to the formation of mixed homologues of cucurbit[n]uril (n = 5 to 11) with 

different constituent fractions (10%~15% CB[5], 50%~60% CB[6], 20%~25% CB[7], 10%-

15% CB[8], and trace amounts of CB[9]~CB[11]) as identified by NMR and ESI mass 

spectroscopy.28 The mixture of cucurbit[n]uril homologues can be separated by multiple 

cycles of dissolution (in water, methanol, and diluted acid solutions) and fractional 

recrystallization.28 Although the formation mechanism of CB[n] macrocycles is not clearly 

understood, it was believed that the acid condensation between glycoluril and 

formaldehyde would first result in the formation of linear oligomeric products, which are 

then cyclized to produce the macrocyclic structure.29 Moreover, it was found that the alkali 

metal ions play important roles in the distribution of CB[n] homologues in the final 

products.30 Based on spectroscopic and X-ray crystallographic characterizations, the 

molecular size and structure of CB[n] homologues have been fully discovered,28 which are 

summarized in Figure 1.3 (B).  

 

Figure 1.3.   (A) The synthetic routes and (B) structural parameters of CB[n] 
homologes.  
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The varied sizes of CB[n] homologues also bring significant differences in their 

physical and chemical properties: For example, the TGA analysis revealed that CB[7] and 

CB[5] have lower thermodynamic stability (< 370 °C) than CB[6] and CB[8] (> 

420 °C);28,31,32 the microscopic studies also showed that CB[7] and CB[5] powders become 

amorphous after thermo treatment, while CB[6] and CB[8] solids were still crystalline;32 in 

addition, CB[7] and CB[5] have much higher water solubility (20 ~30 mM) than CB[6] and 

CB[8] (< 0.01 mM).32 These could be attributed to an interesting “odd-even’’ effect in CB[n] 

crystallinity, i.e., the CB[n]s consisting of odd numbers of glycoluril units have less “self-

association” tendency than even numbered CB[n]s, which usually form large scale one, 

two, or even three dimensional network structures (possibly via CH---carbonyl 

interactions).32 The carbonyl portals of CB[n]s (as weak Lewis base) can be protonated 

under acidic conditions, and the pKa values of the “conjugated acid” of CB[n]s are different 

(e.g., pKa of CB[6] is 3.02;33 pKa of CB[7] is 2.234). The size of CB[n] also determines the 

number of “high-energy” water molecules that are trapped inside the inner cavities of 

CB[n]s (2 ~ 22 water molecules as calculated from their inner cavity volume, simulated by 

molecular dynamics, or determined by X-ray diffraction techniques35,36), which plays an 

important role in the thermodynamic stabilities of their host-guest complexations. In spite 

of the sizes, a general feature shared by all CB[n]s is that their inner cavities are poorly 

polarizable (e.g., the dielectric constant of CB[7] inner cavity was determined less than 

10); 37 this is attributed to the nonpolar, hydrophobic nature of the cyclized glycolurils with 

symmetrically arranged polar bonds and no accessible electron pairs inside the inner 

cavity of CB[n]s (as shown in Figure 1.2 and Figure 1.3).37,38 In addition, all CB[n]s have 

poor solubility in common organic solvents.31  

To effectively modulate their physical and chemical properties, as well as reactivities, 

functionalization/derivatization of CB[n]s (either on CB[n]s or from aldehyde/glycoluril 

precursors) has been developed since early 1990s.39-41 A commonly used strategy starts 

from the hydroxylation of CB[n]s (by using strong oxidant K2S2O8 or UV photolysis of H2O2) 

so that other functional groups can be introduced to CB[n]s via the reaction with the active 

hydroxyl group.40 However, the low yields of monohydroxylated CB[n] (5~30%) still 

remains a challenge for their practical applications.40 

Distinctive host-guest recognition properties. The host-guest recognition 

properties of CB[n]s are strongly correlated to their structural features (i.e., a hydrophobic 

inner cavity along with two symmetric carbonyl-aligned portals). Theoretical calculations 
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and experimental measurements on the electrostatic potential map of CB[n]s have 

indicated that the regions around their carbonyl portals are negative,31 which allow them 

to bind with cations through ion-dipole interactions. Moreover, the lone electron pairs at 

carbonyl oxygens of CB[n]s are capable of coordinating to cations, whose binding affinity 

and stoichiometry strongly depend on the solution conditions (e.g., type of solvent, ionic 

strength),42 and the type of cations.43 In contrast to the electronegative carbonyl portals, 

the inner cavities of CB[n]s are remarkably hydrophobic, which results in the preference 

of accommodating nonpolar organic guest compounds via strong hydrophobic 

effects.31,44,45 As a result, the combination of ion-dipole interactions and hydrophobic 

effects leads to the emergence of ultrastable host-guest complexes formed between 

CB[n]s and cationic organic compounds, and their binding affinities could even surpass 

nanomolar level.46         

In addition to the above described noncovalent interactions, which reduce the 

enthalpy of the system, the release of “high-energy” water molecules trapped inside the 

cavity of CB[n]s to the bulk solution contributes to the overall thermodynamic driving force 

of their host-guest recognitions. The reason for this is that those trapped water molecules 

have much more organized network structure than the water molecules in bulk aqueous 

solution; thus, the desolvation process associated with the CB[n]-guest binding result in 

large entropy gain.47,48 In contrast, without such “high energy” water molecules trapping 

inside the inner cavities, the thermodynamic driving force of other macrocyclic host-guest 

recognitions is more dictated by the “enthalpy-entropy compensation” effect (the entropy 

loss caused by the formation of host-guest complex can be largely offset by their de-

solvation process).48  

Besides above described general features, the host-guest recognition behavior of 

CB[n]s are strongly dependent on the geometric factors of their inner cavities, which 

determine how well a guest compound can physically fit inside.27,31,45 While CB[5] is only 

capable of accommodating gas molecules and small ions,49 the doubled volume size of 

CB[6] (Figure 1.3B) can incorporate a variety of simple organic compounds, such as 

alcohols, amines, and alkyl-ammonium compounds.50 With further enlarged inner cavity, 

CB[7] is able to bind with relatively large and more complicate organic compounds with 

aromatic or ring structures.46 As for CB[8], its inner cavity becomes 10 times bigger than 

that of CB[5], ensuring its unique ability to accommodate two small organic guests 

simultaneously.51,52 The even larger CB[n]s (n =10, 14, which are difficult to be synthesized) 

start to undergo certain degree of structural distortions (e.g., CB[14] has a twisted inner 
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cavity53); and their inner cavities are even large enough to include other small macrocyclic 

hosts, which enable the assembly of more sophisticated supramolecular complexes.53,54  

Up to now, kinetic aspects of CB[n] host-guest complexations is much less studied 

than their thermodynamics, and, most of the studies are limited to CB[6] as its host-guest 

binding process is relatively slow. Nevertheless, it has been found that the inner cavity 

size plays a significant role in the kinetic behavior of CB[n] host-guest complexation, which 

accounts for the major activation barrier for their binding and dissociation processes. 

Generally, a kinetically stable host-guest complexation has a faster association but a 

slower dissociation process.55 Addtionally, the kinetic mechanism of CB[n]s host-guest 

complexation is strongly correlated with the charged state of guest species. For neutral 

and nonpolar guest species, their association with CB[n]s is usually treated as an 

elementary process (i.e., a second-order reaction).56 It is rather a complex process for 

guest molecules with cationic or electronegative functional groups because the binding 

activity may require a two-step process to complete: the ion-dipole interactions occurred 

at the carbonyl portals of CB[n]s results in the formation of an intermediate compound with 

the guest moiety still dangling outside; the subsequent incorporation of the guest moiety 

into the inner cavity via a “flip-flop” mechanism finalizes the complexation. Therefore, more 

considerations must be included when studying the kinetics of these types.55,56 Also, the 

binding/dissociation kinetics of cationic guest compounds is sensitive to solution 

conditions (e.g., pH, type and concentration of ions) since the ion-dipole interactions can 

be influenced by the charge state, ionic strength, and degree of protonation in their 

surrounding microenvrioment.56,57   

Application potentials of CB[n] family. Because of their intriguing 

chemical/physical properties and the excellent host-guest recognition behavior, CB[n]s 

based supramolecular chemistry has been blossoming at a remarkable rate in comparison 

to other macrocyclic hosts, with tremendous efforts and studies reported focusing on their 

broad applications.44,58 Based on the strong and highly reversible host-guest binding 

between CB[n]s and organic species, it has been demonstrated that they are excellent 

building blocks for developing well-organized and highly-efficient self-assembly 

systems,59-61 stimuli (e.g., temperature,62 pH,63-66 voltage,67-70 and enzyme71) responsive 

molecular switches/devices, and different types of functional materials (e.g., polymers,72,73 

dendrimers,74-76 nanoparticles,77,78 nanosheets,79 thin films,80-82 and hydrogels34,83). 

Providing the distinctive host-guest inclusion, the microenvironment surrounding the guest 
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species can be modulated by CB[n]s, which results in their changed chemical properties 

(e.g., pKa,84-86 electron transfer rates,87,88 optical properties,38,89,90 and solubility91-93). 

Furthermore, such a particular inner cavity enables CB[n] macrocycles to be used as 

efficient inhibitor or catalyst for many chemical reactions (e.g., cycloaddition reactions,94 

oxidation reactions,95 hydrolysis reactions,96 photocyclization and dimerization97,98). Not 

limited to the above functions, CB[n]s expand their application into the field of biosensors, 

in which CB[n]s are used to capture/extract analyte of interest from a sample matrix, or to 

specifically immobilize signal probes on solid substrates via host-guest binding.100,101 In 

particular, the emission properties (e.g., peak wavelength, extinction coefficient) of some 

fluorescent dyes change remarkably upon their binding to CB[n]s or being replaced by 

other guest (analyte), which can be used for designing simple optical biosensors.10 In 

pharmaceutical and biomedical science, efforts have been made to explore the application 

of CB[n]s as an excellent excipient to improve the in vivo drug delivery efficiency102 and 

therapeutic activity.58,103 Additionally, the use of CB[n]s as a new class of stationary phase 

for chromatographic separation/purification has been also explored.104,105 

1.1.4. Host-guest complexation between CB[7] and ferrocene (Fc) 

As an important member of CB[n]s family, CB[7] has drawn much interest due to its 

unique geometric feature (inner cavity volume = 242 Å3), distinct chemical properties, and 

ultra-strong host-guest binding. Specifically, unlike other CB[n] homologues, which consist 

of “even” number of glycoluril units (solubility less than 10-5 M), CB[7] is moderately soluble 

in water due to its less crystallinity (20 to 30 mM).28,32 Besides, by using fluorescent dye 

as a environemental probe, the result shows that the inner cavity of CB[7] has an 

extremely low polarity and polarizability.37,38 More importantly, CB[7] exhibits ultra-strong 

host-guest binding towards a variety of small organic compounds, such as ferrocene, 

cobalotocene, adamantane, diamantane, and bicyclooctane. Their binding affinities (109-

1015 M-1) are even comparable with the naturally occurring strongest biotin-avidin binding 

pair.46,106 Though β-CD shares a similar inner cavity size with CB[7], it only shows 

moderate binding affinities (Kf = 103-104 M-1) towards the same type guest compounds.23 

Besides the significant enthalpic contribution (the strong hydrophobic and ion-dipole 

interactions), CB[7] host-guest binding (~ 55% packing efficiency35) is rarely influenced by 

the common “enthalpy-entropy compensation effect” since there are 7-8 “highly ordered” 

water molecules (theoretically predicted based on molecular dynamics (MD) and density 
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functional theory (DFT)) residing in the inner cavity od CB[7], which results in a large 

amount of entropy gain upon releasing them to the bulk solution.47,48 In comparison, CB[6] 

with a smaller inner cavity can only accommodate 3-4 “high energy” water molecules. 

Although CB[8] with an enlarged inner cavity can accommodate 13-14 water molecules, 

it cannot form highly ordered network structure (similar to the arrangement of water 

molecules in bulk solution) and thus have lower energies.47,107,108    

Ultra-strong host-guest recognition between CB[7] and Fc. As one of the earliest 

synthesized organometallic compounds,109 the bis(cyclopentadienyl) iron (II), also known 

as ferrocene (Fc), has demonstrated a unique structure and impressive properties: First, 

it has an 18-electron configuration including 12 π-electrons from the two 

cyclopentadienyl (cp) rings and 6 d-electrons from the Fe2+, making it thermally stable 

below 400 °C; second, it is exceptionally electroactive that undergo fast and highly 

reversible redox process at a readily accessible potential range; third, the hydrogens of 

the cp rings can be easily derivatized/functionalized.110 These properties strongly 

promote the wide application of Fc as a robust and versatile electrochemical probe in 

materials and analytical chemistry.111,112 In 2003, Kaifer and co-workers first reported that 

both Fc and its oxidized form (ferrocenium, Fc+) can be encapsulated by CB[7] to form 

stable host-guest complexes (Fc@CB[7]) from their UV/Vis spectrometry titration and 

electrochemical studies.113 Later, X-ray diffraction (XRD) characterization revealed two 

co-existed crystal structures of this inclusion complex in which the angle formed between 

the main axes of Fc and CB[7] is either 22° or 79° (thermodynamically favored) 114 as 

displayed in Figure 1.4. 

 

Figure 1.4.  X-ray crystal structures of the Fc@CB[7] host-guest complex. 
Note: Reprinted with permission from Ref. 115. Copyright (2005), American Chemical Society. 
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In order to overcome the problem of poor solubility of Fc in water when studying its 

host-guest binding behavior with CB[7], the collaboration conducted by Kaifer and Kim 

focused on using representative Fc derivatives with neutral, cationic or anionic 

substituents on their cp ring(s) that are more soluble in water.114,115 With the improvement 

of solubility, the binding affinities between Fc derivatives and CB[7] were systematically 

studied using isothermal calorimetry (ITC) or NMR, and the results are summarized in 

Figure 1.5. Based on the competitive titration studies with each technique, it was found 

that both cationic (Kf = 1012-1015 M-1) and neutral Fc derivatives (Kf = 107-1010 M-1) can 

form ultra-stable host-guest complexes with CB[7]. In contrast, nearly no binding is 

observed for anionic Fc derivative (i.e., ferrocene-carboxylic acid, Kf < 102 M-1), which 

could be due to the electrostatic repulsive force arising between the carbonyl portals of 

CB[7] and negatively charged substituents.114  

 

Figure 1.5.   Formation constants (Kf) of host-guest complexes formed between 
CB[7] and different Fc derivatives. 

Note: A1-A4 values are from Ref. 114; A5-A6 values are from Ref. 115. 

 

The influence of CB[7] on the redox behavior of Fc upon their complexation is an 

interesting topic that has been widely investigated using cyclic voltammetry technique.113-
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116 It was found that the diffusion-controlled redox peak currents of Fc reduce significantly 

upon incubation with CB[7], which can be viewed as a strong indicator for the formation of 

Fc@CB[7] complex (smaller diffusion coefficient than free Fc compounds). Besides, the 

formal potentials of Fc derivatives shift positively (to different extents) upon binding with 

CB[7] (less than 30 mV for neutral Fc derivatives, but more than 80 mV for cationic Fc 

derivatives), indicating that the influence of CB[7] binding on the redox equilibrium of Fc 

guests are strongly charge-state dependent.114-116 Although the reason behind this 

phenomenon has not been clearly understood, it was proposed that the cationic functional 

groups may prevent the ferrocenium from reaching the most favorable orientation inside 

the CB[7] due to the “locking” effect caused by their electrostatic repulsion force. This 

restriction of motion, especially rotation, and the imperfect position reduce the 

thermodynamic stability of Fc+ upon oxidation.115 In contrast, since the neutral 

substituents/functional groups demonstrate no “locking” effect, both the reduced and 

oxidized forms of Fc derivatives can adapt to their most favorable orientations inside CB[7]; 

thus, changes in redox thermodynamics would be negligible.115 The comparison of 

experimentally determined ET rate constants (ket) of various Fc derivatives indicate that 

their redox kinetics become sluggish upon encapsulation by CB[7], which might be owning 

to both the increased ET distance115 and modulated environment.68 Compared with the 

traditional non-electroactive natural binding pairs, the redox-active Fc guest and its 

changed redox properties upon CB[7] binding provide this exceptional supramolecular 

host-guest binding pair with additional “signaling” functions. 

Formation of Fc@CB[7] host-guest binding pair at interfaces. As one of its broad 

applications, the Fc@CB[7] host-guest binding pair has been used as an alternative to 

conventional natural binding pairs for biological sample extraction/enrichment121 and 

fabricating versatile bio-functional interfaces,46 which also provide additional redox 

signaling function. These have been typically achieved by either immobilizing 

functionalized CB[7] chemically or depositing CB[7] physically on solid substrates as 

illustrated in Figure 1.6: 
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Figure 1.6.   Surface immobilization of biomolecule via interfacial Fc@CB[7] host-
guest binding: (A) covalently modified CB[7] on solid substrate. (B) 
directly deposited CB[7] on solid substrate.  

 

For the former (Figure 1.6A), with CB[7] covalently bonded to the surfaces, Fc-labelled 

target species, like proteins and enzymes, can be introduced onto solid substrates via 

Fc@CB[7] host-guest binding following the traditional incubation/washing procedures. 

However, functionalization/derivatization of CB[n] is rather challenging and the search for 

a simple, cost-effective, and highly efficient method is still a long way to go.117-119 Moreover, 

the chemical modifications on CB[7] may affect the host-guest binding stability.119  

 

Figure 1.7.  Monohydroxylation of CB[7] by K2S2O8 and K2SO4. 
Note: refer to Ref.105. 

 

As shown in Figure 1.7, the current functionalization/derivatization of CB[7] is typically 

started with the oxidization of “equatorial” hydrogens using strong oxidants (e.g., K2S2O8) 

as proposed by Kim and co-workers to generate “reactive” hydroxyl groups on CB[7].118 
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During the synthesis, they found that the number of substituent hydroxyl groups on CB[7] 

can be controlled by tuning the amount of K2SO4 added to regulate the extent of oxidation 

from fully substituted CB[7](OH)14 to monohydroxylated CB[7]OH; the latter has a yield of 

27%).120 Besides using strong oxidizer, Ouari and Bardelang also reported an alternative 

method for CB[7] monohydroxylation (with a yield of 5-30%) based on UV photolysis (λ = 

254 nm) of hydrogen peroxide as a source of hydroxyl radicals.117 The hydroxylated CB[7] 

can then be covalently attached to solid substrates with N-hydroxysuccinimide (NHS) 

protected carboxy groups.121 Further more, other functional groups (e.g., thiol, azide) can 

be introduced to the hydroxylated CB[7] to realize its covalent immobilization on surface 

or coupling with other molecules.122,119  

To avoid the challenging and time-consuming functionalization of CB[7], An et al. 

proposed a strategy of directly depositing CB[7] on gold surfaces (Figure 1.6B) . The 

interactions between the carbonyl portals and gold allows CB[7]s to form a monolayer on 

the surface for subsequent immobilization of Fc-labeled analytes.80,123-126 Similar 

strategies were also applied to their immobilization on gold nanoparticles127 and graphene 

nanosheets.128 However, the characterization based on CV studies of the immobilized 

Fc123,126 and atomic force microscopy (AFM)129 imaging of the surface have revealed that 

such directly deposited CB[7] monolayers have complicate orientations, multiple-layer 

defects, and only 40%-50% Fc packing efficiency,123-126 which could significantly 

complicate their binding ability with guest species on surfaces. Another concern is the 

stability of directly deposited CB[7] monolayers merely via noncovalent 

interactions/physisorptions, which could be easily affected by other nonspecific 

adsorptions on surface, varied environmental conditions, and stronger CB[7]-guest 

interactions in solution.  

Though the Fc@CB[7] host-guest binding pair is being studied on surfaces, a barrier 

to its wide adaptation is the lack of fundamental understanding of its stability when formed 

at interfaces with intrinsic spatial and orientational limitations. As one of the very few 

thermodynamic studies at the interface, Brinkmann et al. determined the formation 

constant (Kf = 3.4±0.5 × 103 M-1) of Fc@CB[7] complex formed on directly deposited CB[7] 

monolayer on gold.131 The dramatic decrease in the binding affinity for more than 6 orders 

of magnitude with respect to those determined in solution may not be viewed as a good 

example to reflect the general circumstances on surface, since the “imperfect” CB[7] 

monolayer and the large peptide coupled to Fc may bring more interfering factors to the 
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interfacial host-guest binding stability.32 Recently, You et al. investigated the Kf of 

Fc@CB[7] host-guest complex (Fc is covalently coupled to DNA) formed at a protein/lipid 

nanopore interface, from which they also obtained a much lower binding affinity (Kf = 2.4 

× 105 M-1).133 For better understanding the interfacial host-guest binding behavior between 

CB[7] and Fc, and further promoting its application, it is essential to perform fundamental 

studies and to explore the application of this particular host-guest binding pair formed at 

more ideal molecular interfaces; form example, the molecular interfaces should be easily 

accessible, highly-organized, and have the host-guest binding condition close to the 

assumption of Langmuir adsorption isotherm (i.e., independent, equivalent, and 

noninteracting binding sites).  

1.2. Self-assembled monolayers (SAMs) for constructing 
organized molecular interfaces 

Self-assembled monolayers (SAMs) are the single layer assemblies of organic 

molecules/compounds (a typical thickness of 1~3 nm) formed by their spontaneous 

adsorption (from solution or gas phase) and organization (into regular or semi-regular 

arrays) process on solid substrates. The constituent organic molecule has a “head group” 

with strong affinity to the substrate surface and is able to replace other nonspecifically 

adsorbed organic compounds, which serves as the basis for the high stability of SAMs. 

Moreover, the intermolecular interactions among constituent organic molecules contribute 

to the structural organization of SAMs, which play an important role in their re-organization 

process.134,135  

As a special type of two-dimensional nanomaterials (so called ultrathin organic films), 

SAMs are suitable for the studies in nanoscience and nanotechnology. They can be easily 

prepared on either macroscopic or nanometer-scale substrates to modulate the physical 

and/or chemical properties of the original material (e.g., electric conductivity,136 optical 

medium,134 surface wettability,137 corrosion resistance,138 adhesion,139 and friction139-140). 

More importantly, the terminal groups of SAMs with specific properties and functions140 

enable the development of versatile molecular devices, such as biosensors141 and nano-

electronic devices.142 Another advantage of SAMs is that they can be patterned on solid 

substrate with micrometer or nanometer scale features by using microscopic 

techniques,143 microcontact printings (μCPs),144 photolithography,145 or electron beam 

lithography.146  
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1.2.1. Alkanethiolate SAMs on gold 

Thermodynamic stability and structural features. The adsorption of alkanethiol 

molecules on gold creates the most popular type of SAMs, which have been intensively 

studied for the past few decades since they were first reported in 1983.147 Alkanethiolate 

SAMs on gold have a high degree of thermal stability (> 400 K);135 their structural 

organization on the substrate surface is illustrated in Figure 1.8: 

 

Figure 1.8.   Schematic view of an “ideal” n-alkanethiolate SAM (n is the number 
of methylene units) on gold (111) surface.  

Note: Reprinted with permission from Ref. 134. Copyright (2005), American Chemical Society. 

 

As illustrated in Figure 1.8, the individual alkanethiol molecule consists of three parts: the 

sulfur head group (yellow circles), methylene chain (blue circles and dark sticks), and the 

terminal group (green circles). The strong interaction between gold and sulfur is the 

dominant contributor to the ultrahigh stability of alkanethiolate SAMs. Previous studies 

based on X-ray photoelectron spectroscopy (XPS), kinetic measurement of their thermal 

desorption process, and theoretical calculations have revealed that the binding energy is 

100 ~ 200 kJ/mol for such gold-sulfur interaction,148,134 which is comparable with covalent 

bonds (150 ~ 400 kJ/mol).149 The molecular (microscopic) nature of gold-sulfur interaction 

still remains debatable as none of the proposed bonding models150 and reaction 

mechanisms (e.g., adsorption of thiyl radical RSꞏ, coordination bonds, oxidative addition) 

can explain all the fundamental questions (e.g., where does the mercaptan hydrogen go? 

what is the oxidation state of Au? why there are reconstructions on gold surface?) as well 
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as various characterization and simulation results. 135,150,151 The scenario becomes even 

more controversial for densely-packed alkanethiolate SAMs (less accessible to 

imaging/diffraction techniques due to the crowded surface) or on the surface with more 

complicate morphology (e.g., gold nanoparticles).150 In addition to gold-sulfur interaction, 

the van der Waal forces among hydrocarbon chains also contribute to the high thermal 

stability of alkanethiolate SAMs (~ 7 kJ/mol per methylene group);152 more importantly, 

they account for the spontaneous re-organization process of alkanethiols on gold. 

 

 

Figure 1.9.  Schematic view of (A) the √𝟑 × √𝟑 𝑹𝟑𝟎° lattice arrangement of n-
alkanethiols on Au (111). The white and gray circles represent the 
gold and sulfur atom, respectively; the light gray circles with dashed 
lines indicate the approximate projected area occupied by each 
alkanethiol chain; and the dark wedges indicate the projection of CCC 
plane of alkane chain on surface; a is the diameter of gold atom (2.88 
Å). (B) The model of a single, long-chain alkanethiol adsorbed on gold 
surface, whose dynamic orientation is defined by molecular tilt angle 
(α), rotation angle (β) and projection angle (χ). 

Note: (A) is reprinted with permission from Ref. 134. Copyright (2005), American Chemical Society. 

 

Based on the results obtained by various microscopic characterization (AFM, STM), 

and diffraction techniques (X-ray, electron, atom), as well as theoretical calculations (DFT, 

MD), the lattice arrangement of fully packed long-chain alkanethiols on hexagonally-

arranged Au (111) surface has been revealed. As shown in Figure 1.9 (A), the 

√3 × √3 𝑅30° and its secondary c(4×2) superlattice arrangements are two generally 
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accepted models for densely packed long-chain alkanethiols.156,157,158,159 Their 

coexistence was observed by STM, where the fraction of √3 × √3 𝑅30° domain increases 

for alkanethiolate SAM of longer chains.135,153 Nowadays, questions still remain regarding 

these proposed lattice structures; these include the exact position of sulfur on gold (111) 

surface (related to the chemical nature of gold-sulfur interaction), their lower calculated 

surface energy compared to the experimental values, as well as the conflicts in the 

characterization results derived from microscopic and diffraction techniques.135,154,155,160 

Further understanding on the true arrangement of alkanethiols on gold surface is still a 

long-term and important scientific topic for both fundamental study and practical 

applications.  

The orientation/conformation of long-chain alkanethiols in a fully packed SAM on 

gold should allow strong van der Waals interactions among neighboring molecules 

(minimize the overall free energy), an their experimentally observed 

orientation/conformation can be described by a single-chain model with three parameters: 

the molecular tilt angle α, the molecular rotation angle β (around the alkyl chain axis), and 

the molecular projection angle on surface χ, as shown in Figure 1.9 (B). Based on 

ellipsometry and reflection adsorption infrared spectroscopy (RAIRS) studies,175 the α, β, 

and χ of long-chain alkanethiols on gold (111) surface were determined to be ~30°, ~55°, 

and ~14°, respectively, confirming their well-oriented, standing up conformations.  

Why gold is so popular.  Although the metal-sulfur interaction were also reported 

for silver, copper, mercury and palladium, their affinity with alkanethiols are not as strong 

as gold; there are even more controversies regarding the structure and lattice 

arrangement of alkanethiolate SAMs formed on these metals.135,160 Besides the strong 

interaction with sulfur, the choice of gold as a standard substrate material for preparing 

SAMs is also attributed to its chemical inertness (does not react with most chemicals under 

ambient conditions)161 and other intriguing advantages. First, there are many types of 

commercially available gold substrates, particularly the fabrication of gold thin films on 

low-cost materials (e.g., mica, silicon, glass) is easy via physical (sputtering, 

evaporation)/chemical vapor depositions, flame annealing, or electrochemical deposition. 

Second, SAMs on gold surfaces can be conveniently patterned by using lithography, 

chemical etchants, microcontact printing (μCP), or other microscopic techniques.145,162,163 

Third, the desirable electrical164 and optical properties165 of gold enable it to be used as a 

robust supporting material for various characterization and analytical techniques (e.g., as 
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electrode for electrochemical study, as efficient quencher for fluorescent study, as 

reflective substrate for Raman and IR spectroscopy). Moreover, gold has adequate 

biocompatibility for biomedical / pharmaceutical applications (e.g., living cells can adhere 

to gold surfaces without losing their biological functionality).166 

 

Figure 1.10.  Schematic view of the step-by-step formation process of 
alkanethiolate SAMs on gold: (i) physisorption, (ii) lying down 
phase formation, (iii) nucleation of the standing up phase, (iv) 
completion of the standing up phase.  

Note: Reprinted with permission from Ref. 155. Copyright (2010), Royal Society of Chemistry. 

 

Formation kinetics of alkanethiolate SAMs on gold. As illustrated in Figure 1.10, 

the spontaneous formation process of alkanethiolate SAMs on gold involves several steps. 

The initial step starts with a combination of fast physisorption and chemisorption process 
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(i and ii in Figure 1.10) occurred in just a few minutes, resulting in the formation of low-

density SAMs with mostly flat/lying down alkanethiols on gold (the so-called striped phase) 

as revealed by elliposometry, IR, and STM characterizations.153-155 The STM 

characterizations also confirmed that at such a low-density phase there is large fraction of 

𝑚 × √3  (m = 4, 22, 23, 11.5, etc.) lattice arrangement alkanethiols on gold (111) surface 

with “RS-Au(I)-SR” type of bonding existed (i.e., two alkanethiols are bridged by an Au 

adatom of +1 oxidation state).150,151,155 The initial step is followed by a much slower (hours 

to days) transition process (iii and iv in Figure 1.10) from low-density to high-density phase 

with standing up alkanethiols on gold; and this process is mainly governed by the 

competition between the “alkane chain-gold surface” interactions and the “alkane chain-

alkane chain” interactions.155 It is believed that the formation of alkanethiolate SAMs on 

gold from gas or liquid phase follows the similar manner; however, the stripped phase is 

difficult to identify when in the liquid phase.134  

Factors affecting the SAM quality. It should be noted that both the kinetic process 

and the final structure of alkanethiolate SAMs on gold can be affected by both intrinsic 

and extrinsic factors. The extrinsic factors such as the length167-169 and concentration170 of 

alkanethiol, cleanliness of gold substrate,177 as well as the type of solvent,171,172 

temperature173 and incubation time174 used in the assembly process are usually 

controllable. Previous studies have confirmed that high-quality SAMs on gold (high surface 

density with standing up orientation and crystalline structure) can be reproducibly 

prepared by immersing a thoroughly cleaned gold substrate (e.g., by using hot piranha 

solution — a mixture of 96% H2SO4 and 30% H2O2 with a v/v ratio of 3:1)160,177 in millimolar 

concentrations of alkanethiols in deoxygenated ethanol solution (≥ 95%) for 12-18 hours 

at room temperature.174-175 In comparison, the inappropriate assembly conditions (e.g., 

uncleaned gold substrate with physiosorbed organic contaminations, low concentration of 

alkanethiols, high concentration of impurities, too short or too long assembly time, non-

deoxygenated solution) would lead to SAMs with low surface density and large fraction of 

defects (e.g., pinholes, collapsed or stripped domains).134 Compared with short 

alkanethiols, longer alkanethiols with stronger intermolecular van der Waal forces usually 

have a slower assembly process (characterized by XPS)168 but a more ordered crystalline 

structure at the equilibrium state (characterized by IR, ellipsometry, and ET kinetic 

study).147,148,167 More interestingly, the orientation of longer alkanethiolate SAMs on gold 

also shows an obvious “odd-even” effect (e.g., larger tilt angle and less hydrophobic 

surface observed for alkanethiolate SAMs with odd number of methylene groups).134, 228 
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Besides using alkanethiols (R-SH), alkanethiolate SAMs on gold can be also prepared 

with alkylsulfides (R-S-R) or alkyldisulfides (R-S-S-R), but they usually lead to poor SAM 

quality which is possibly due to their lower solubility and inefficient adsorption on gold.134 

 

 

Figure 1.11  Schematic illustration of representative intrinsic and extrinsic defects 
found in SAMs formed on polycrystalline gold substrate.  

Note: Reprinted with permission from Ref. 134. Copyright (2005), American Chemical Society. 

 

As of many existing intrinsic factors, the real structure of alkanethiolate SAMs is 

more complex than the ideal case illustrated in Figure 1.8. The most common intrinsic 

factor is the polycrystalline gold substrates which have dense arrangement of low-index 

crystallographic facets (e.g., 110, 100), irregular textures (e.g., grain boundaries, step 

edges, atomic vacancies), and heterogeneous degree of surface roughness. These in turn 

bring in defects and heterogeneous structural domains to the ideal crystalline structure of 

alkanethiolate SAMs on gold,176-180 as displayed in Figure 1.11.134 

“Mixed” SAMs. Many applications of alkanethiolate SAMs require well dispersed 

functional terminal groups on surface in order to achieve the Langmuir-type interfaces. A 

simple and efficient way to approach this while maintaining the high density and crystalline 

structural features is to prepare mixed SAMs, where the functionalized alkanethiol (R’-SH) 

is diluted by another alkanethiol (R-SH) on gold surface.181,182 Currently there are three 

different ways to prepare mixed SAMs: the first one is by co-adsorption from mixed 

assembly solution containing both functional and diluent alkanethiols (R’-SH and R-
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SH);183,184 the second one is based on the adsorption of asymmetric disulfides (R-S-S-R’) 

or dialkysulfides (R-S-R’);185,186 the last one is by using the post-assembly exchange 

method (i.e., immersing the pre-assembled single-component alkanethiolate SAMs on 

gold in another alkanethiol solution, where the exchange process takes place at the defect 

sites of the original SAM).187 However, it was found that different methods may result in 

distinct distributions of functional terminal groups on mixed SAMs;188 the structure and 

composition of mixed SAMs also strongly depend on the molar ratio between the two 

alkanethiols in the mixed co-assembly solution,182,183,188 the time of exchange process,187 

the polarity of the terminal groups,183 and chain lengths,175 which determine whether the 

self-assembly process is more thermodynamically or kinetically controlled. Additionally, 

the mixed alkanethiolate SAMs allow for easy patterning of gold surface through selective 

desorption of shorter alkanethiols at certain electrode potential.134   

The observation of segregated domains in mixed SAMs, the thiol exchange 

process, as well as the above-mentioned transition process (from striped phase to high 

density phase) during the formation of single alkanethiol SAMs on gold are all strong 

experimental evidences indicating the dynamic nature/mobility of gold-sulfur interaction, 

which makes it distinctive from traditional covalent-type bonding. 

1.2.2. Redox-active alkanethiolate SAMs on gold 

The considerably evolved knowledge and understanding of alkanethiolate SAMs on 

gold are owing to the adaptation of various surface characterization techniques.189 

Specifically, convenient wetting studies based on water contact angle measurements help 

evaluate the surface energy of alkanethiolate SAMs on gold, which provide general 

information about their packing density, chemical composition, and degree of structural 

organization.175,190 The microscopic techniques, mainly STM and AFM, are widely used 

characterization tools for exploring the atomic level structure of alkanethiolate SAMs on 

gold;154,176,178,179 however, the interpretation of microscopic results is intrinsically limited by 

surface roughness and heterogeneity across large length scales. In addition to 

microscopic techniques, the characterizations of alkanethiolate SAMs were also widely 

conducted with various electronic (e.g., XPS)168-170,183 and vibrational spectroscopies (e.g., 

FTIR, Raman spectroscopy),169,174,184 and various reflection/diffraction techniques based 

on X-ray, atomic beam, or electron beam.191-193 These techniques provide multiple 

information on the overall packing density, composition, stability, thickness, type and 
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degree of crystalline arrangement of alkanethiolate SAMs on gold. Other frequently used 

characterization methods include ellipsometry (evaluating the thickness of organic thin film 

by measuring the change on the polarization of light),170,194 optical deflection cantilever 

(measuring surface stress),154 as well as theoretical simulations based on DFT195,196 and 

MD.197,198  

Besides above mentioned methods, electrochemical techniques are also powerful 

tools for characterizing alkanethiolate SAMs on gold owing to their intrinsic advantages of 

simplicity (less sophisticated instrument), sensitivity, rapidity, and low cost.204 Furthermore, 

in terms of electrochemical analysis the gold substrate is an excellent working electrode 

because of its good conductivity and chemical inertness within the usually adopted 

potential range in electrochemical studies. The earlier electrochemical characterizations 

of alkanethiolate SAMs on gold were carried out with redox species in solution phase.167, 

200-202 From their CV redox peak currents and potentials,200, 202 their ET rate constants,167 

and the non-Faradic charging current responses, the structure of alkanethiolate SAMs 

(e.g., packing density, degree of defects, and orientation) can be conveniently 

evaluated.203, 204 

In order to avoid the influence of mass transport process in solution (mainly diffusion 

process) on electrochemical analysis,204 the electroactive alkanethiolate SAMs with redox-

active terminal groups have been fabricated and widely studied in past two decades.203 

Benefiting from the redox responses of adsorbed redox couples, more quantitative 

information can be obtained for characterizing alkanethiolate SAMs since the surface 

redox response (especially the CV response) can be readily analyzed with various 

electrochemical theories and models (see chapter 2 for details), by which many 

parameters related to the physical and chemical properties of alkanethiolate SAMs can be 

determined. Besides electrochemical characterization, an important application of 

electroactive alkanethiolate SAMs is the study of long-range ET kinetics, where many 

important kinetic parameters can be determined, such as ET rate constant, tunneling 

constant, and electronic coupling coefficient for SAMs.208,209 In addition, redox-active 

alkanethiolate SAMs also promote the design and fabrication of electronic devices, such 

as biosensors;134,141 whose redox responses can be amplified by adding solution-diffused 

redox species through the recitification effect (irreversible mediated ET process).295 
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1.2.3. Ferrocene (Fc)-terminated alkanethiolate SAMs on gold 

Ideally, redox couples used in electrochemical studies should fulfill the following 

requirements: (1) highly reversible redox behavior with small inner-sphere reorganization 

energy (no chemical bond formed/broken); (2) high solubility and stability in the electrolyte 

solution of choice; (3) easy accessibility; (4) the reduction potential lies within the potential 

range of -0.5 to 0.5 V where redox processes associated with the electrolyte solution (e.g., 

oxidation and reduction of water), atmospheric species (e.g., reduction of O2), and the 

electrode material (oxidation of gold) are negligible. Based on above requirements several 

coordinative transition metal complexes (e.g., K3Fe(CN)6, Ru(NH3)6Cl3) and organic 

compounds (e.g., methylene blue, MB) are popularly applied redox-active species. Fc as 

a nonpolar organometallic compound also fulfills most of the above requirements.205 

Although Fc is poorly soluble in aqueous solution, there has been many commercially 

available Fc derivatives with much improved water solubility (e.g., Fc-(CH)2-OH, Fc-

COOH, Fc-NH2). Moreover, Fc is also the most widely used redox molecule as the terminal 

group of electroactive alkanethiolate SAMs since the thiolated Fc derivatives are easily 

accessible via the common Friedel-Crafts synthetic approach.206,207 Another particular 

property of Fc is its different charge in reduction (neutral Fc) and oxidation state (positively 

charged ferrocenium cation, Fc+). As a result the redox thermodynamics and kinetics of 

Fc+/Fc couples are very sensitive to the local environmental factors (e.g., dielectric 

properties of solvent medium, ionic strength, and type of supporting electrolyte).     

By using ferrocenylalkanethiolate SAMs on gold as trial system, we and others have 

performed intensive electrochemical characterizations on electroactive SAMs, not only to 

complement other surface characterization techniques, but also provide additional 

information regarding the structure and property of alkanethiolate SAMs. As mentioned in 

section 1.2.1, the polycrystalline arrangements and different degree of roughness of gold 

surfaces are intrinsic limiting factors that lead to “nonideal”, heterogeneously structured 

alkanethiolate SAMs. This has been clearly demonstrated by the significantly varied CVs 

of ferrocenyl-1-undecanethiolate (FcC11S-) SAMs formed on different types of gold 

substrates (polished gold disk, annealed gold bead, and evaporated gold film),239, 296 as 

shown in Figure 1.12.  
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Figure 1.12.  CVs of single-component FcC11SH SAMs on (A) mechanically 
polished gold disk electrode, (B) annealed Au bead electrode, and 
(C) evaporated gold film on glass; the supporting electrolyte is 1.0 M 
HClO4, and the scan rate is 50 mV/s. (D) The anodic trace of CV and 
its respective two deconvolution peaks for the FcC11S-Au SAM 
formed on evaporated gold film. (E) Schematic view of the proposed 
orientations and footprint areas in the two different structural 
domains of FcC11S-Au SAM. 

Note: Reprinted with permission from Ref. 239. Copyright (2013), American Chemical Society. 

 

We have also conducted an in-depth investigation on the single-component 

FcC11S- SAM formed on thermally deposited polycrystalline gold film of a planar surface 

with large fractions of Au (111) lattice. As displayed in Figure 1.12 (C), its CV shows 

obvious splitting with two peaks observed at lower and higher potentials, which is 

consistent with others’ studies.213, 214, 296 By integrating the total amount of Faradic charges 

transported across the electrode-solution interface, the Fc surface densities (ГFc) of this 

FcC11S-Au SAM and other previously reported single-component 

ferrocenylalkanethiolate SAMs were determined based on the Faraday Law.213, 214, 239, 296 

These results are all similar to the theoretical value (4.6 × 10-10 mol/cm2) calculated for 
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closely-packed Fc (treated as sphere with a diameter of 6.6 Å) on a planar surface.214 The 

findings above reveal the heterogeneous structural domains even for the densely-packed 

alkanethiolate SAMs on gold; and the origin of the split CV responses of the Fc terminal 

groups have been investigated for more than two decades; it is generally accepted that 

the two peaks located at different potentials are originated from the closely-packed domain 

with more ordered structure (standing up orientations) and relatively loosely-packed 

domain with less ordered structure, respectively.213, 214, 296 For the first time, we have 

provided the experimental evidence based on conventional CV studies:239 By 

deconvoluting the split CV response (as shown in Figure 1.12 D) and quantifying the area 

contribution from individual CV redox peaks (based on the Gaussian-Lorentzian 

deconvolution method213), it was found that for the single-component FcC11S-Au SAM, 

the areas occupied by each alkanethiol in the two structural domains are differed by ~20% 

(0.36 vs. 0.44 nm2, as indicated in Figure 1.12E). More importantly, as shown in Figure 

1.13, upon treating the FcC11S-Au SAM with increasing amount of small organic 

molecules (nitrobenzene or 1-octanol) in the electrolyte solution, the CV peak at lower 

potential becomes narrower and sharper while the peak at more positive potential is barely 

influenced; the theoretical simulation of the peak shape (based on the Frumkin isotherm 

to determine the intermolecular interaction parameter, vgθT
204,219) also revealed a 

transition of the intermolecular interaction associated with Fc terminal groups from 

repulsive to attractive. These results strongly confirmed the relatively loosely packed 

structural domain corresponding to the CV peak at lower potential, since it can be easily 

“disturbed”. According to a recent study conducted by Nijhuis and co-workers,297 the 

distinct CV redox peaks of different structural domains of ferrocenylalkanethiolate SAMs 

on gold are affected by various environmental factors (e.g., different dielectric media and 

distributions of ions around Fc+/Fc terminal groups in loosely and closely packed structural 

domains) and multiplex intermolecular interactions associated with Fc terminal groups (Fc-

Fc, Fc-alkyl chain, Fc-gold interactions).  
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Figure 1.13.  (A) Experimental CV anodic wave (open circles) and its simulated 
(solid lines) i-E curves of FcC11S-Au SAMs in 1.0 M HClO4 aqueous 
solution with various saturation percentages of 1-octanol (C8OH); the 
saturation percentages of C8OH and the fitted interaction parameters 
(vgθT) for peak I are indicated. (B) Hypothetic structures of FcC11S-
Au SAM in electrolyte solution containing different saturation 
percentages of C8OH.  

Note: Reprinted with permission from Ref. 239. Copyright (2013), American Chemical Society. 

 

In order to minimize the influence of structural heterogeneity on the redox response 

of Fc terminal groups, the mixed ferrocenylalkanethiolate / alkanethiolate SAMs have been 

widely adopted in many studies and applications. Based on the readily determined ГFc, the 

influences of many factors on the thermodynamics and kinetics of mixed alkanethiolate 

SAMs prepared by co-adsorption or post-assembly exchange methods (described in 

section 1.2.1) have been investigated. For example, by comparing the mole fraction of 

FcC6SH in mixed FcC6S-/CnS-Au SAMs (n = 4 to 10) on surface and in the binary 

assembly solutions, Rowe and Creager discovered the preferential adsorption of relatively 

longer alkanethiols in the co-assembly process, which manifest primarily during the initial 

competitive adsorption stage. This can be attributed to the incremental change of 
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adsorption free energy per methylene group unit, which is also influenced by the type of 

solvent used in the assembly solution (-1.9 kJ/mol in ethanol and -0.8 kJ/mol in 1-hexanol 

solution).240 By monitoring ГFc as a function of assembly time, the formation kinetics of 

mixed alkanethiolate SAMs prepared by post-assembly exchange method can be readily 

studied;238, 298 moreover, the level and type of defects in alkanethiolate SAMs can be 

evaluated by examining the rate of exchange of ferrocenylalkanethiols (more and larger 

scaled SAM defects lead to faster exchange rates) and their distributions in the mixed 

SAMs (characterized by CV or STM).213  

Our group previously explored the distinct structures of mixed alkanethiolate SAMs 

prepared by two different methods.188 As shown in Figure 1.13, by examining the CVs of 

Fc terminal groups in mixed FcC11S-/C11S-Au SAMs prepared by either co-adsorption or 

post-assembly exchange, it was found that they eventually end up with mixed SAMs of 

similarly low Fc surface densities (5.5 × 10-11 mol/cm2 and 5.7 × 10-11 mol/cm2). However, 

the mixed SAM produced by the latter method has a pair of broadened CV redox peaks 

(with more negative fitted vgθT from -0.40 to -0.98) located at a more positive potential 

(from 179 mV to 251 mV). These CV findings indicate that the co-adsorption method may 

result in mixed SAMs with more isolated and less interacting Fc terminal groups;214 

whereas, the post-assembly exchange method may lead to mixed SAMs with clustered 

and buried Fc terminal groups, and therefore the stronger intermolecular interactions 

among them. 
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Figure 1.14. Top: CVs of FcC11S-/C11S-Au SAMs prepared by coadsorption 
(immersion of gold thin film in 1.0 mM mixed FcC11SH/C11SH 
assembly solution containing 10% mole fraction of FcC11SH) (blue 
curve) and postassembly exchange (immersing the pre-assembled 
single FcC11S-Au SAM in a 1.0 mM C11SH solution for 20 h) (pink 
cruve). Bottom: Schematic view of the proposed structure of mixed 
FcC11S-/C8S-Au SAM prepared by the two methods. 

Note: Reprinted with permission from Ref.188. Copyright (2014), American Chemical Society. 

 

Owing to its significantly different charge states at reduced (0) and oxidized form 

(+1), the redox equilibrium of Fc terminal group on alkanethiolate SAMs is very sensitive 

to their local environmental conditions. By measuring the CV formal potentials of mixed 

ferrocenylalkanethiolate SAMs prepared with different lengths of diluent alkanethiols,215 or 

in electrolyte solutions with different solvents and ions,215-218, 268, 299 it was found that the 

oxidation of Fc terminal group to ferrocenium (Fc+) is thermodynamically more favored (as 

indicated by the negative formal potential shifts) in high dielectric aqueous medium with 

high concentration of hydrophobic anion, such as ClO4
-. This has been interpreted with 

various interfacial thermodynamic models (e.g., solvation model,215 interfacial double layer 

model,215 ion pairing model217) derived from the fundamental Nernst equation.149, 203 It 

should be noted that in real situation various influencing factors are strongly coupled to 

each other (e.g., the anion pairing behavior of Fc+ terminal group is strongly affected by 

the dielectric property of solvent medium),216, 268 thus the reason behind the changes in 

CV formal potential could be far more complicated and it requires future efforts to quantify 
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each influential factor and to develop combined theoretical models.215 Based on the CV 

formal potential of Fc+/Fc terminal groups, the mixed ferrocenylalkanethiolate SAMs can 

be employed for electrochemical sensing, such as determining the amount of anionic 

surfactants in electrolyte solution.300, 301  

In addition to redox thermodynamic study, the mixed ferrocenylalkanethiolate SAMs 

as the most organized and easily controllable molecular interfaces have been extensively 

used for investigating long-range ET kinetics. Particularly, the heterogeneous distribution 

of ET kinetics can be minimized with highly diluted Fc+/Fc redox centers on surface (more 

specifically described in chapter 4).  

1.3. Thesis scope and structure 

As mentioned in section 1.1.4., gaining further fundamental understanding on the 

binding behavior of the exceptional supramolecular Fc@CB[7] host-guest recognition pair 

formed at interface will certainly help guide and promote its future applications. 

Unfortunately, due to the previously described limitations, the two common interfacial 

Fc@CB[7] host-guest binding systems based on the directly deposited CB[7] monolayer 

and the covalently immobilized CB[7] (as shown in Figure 1.6) are not ideal for conducting 

extensive fundamental binding studies. Instead, it requires an easily-accessible, highly-

stable, and well-organized “Langmuir-type” molecular interface. As introduced in section 

1.2, the mixed-component and redox-active ferrocenylalkanethiolate SAM on gold should 

be the most ideal interfacial system for this purpose. This includes the strong gold-thiol 

interaction, the highly-organized alkane chains, the well dispersed and exposed Fc 

terminal groups (as the CB[7] binding site), as well as the easy and convenient preparation 

of ferrocenylalkanethiolate SAMs on gold (no synthetic work is needed with commercially 

available ferrocenyl and diluent alkanethiols). Moreover, for fundamental binding studies 

the functionalization of CB[7]117 is no longer needed with Fc guests immobilized on surface.  

In chapter 2, surface characterization techniques used in this thesis research 

including electrochemistry, Frontier transform infrared spectroscopy, and contact angle 

measurements are introduced. In chapter 3, fundamental studies regarding the 

thermodynamics and kinetics of Fc@CB[7] host-guest binding on mixed 

ferrocenylundecanethiolate/octanethiolate SAM on gold were conducted by examining its 

CV responses before and after incubation with CB[7], which forms the basis of 

understanding host-guest binding at organized molecular interfaces. From chapter 4 to 
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chapter 6, different applications of interfacial Fc@CB[7] host-guest binding were explored, 

including its use as a molecular probe for the structural heterogeneity of redox-active 

alkanethiolate SAMs, as an environmental regulator of interfacial long-range ET process, 

and as a competitive binding platform for developing the general electrochemical assay 

for host-guest complexations between CB[7] and drug molecules of interest in 

pharmaceutical science. Major findings and highlights, as well as future work and 

prospective (including the idea of adapting this new Fc@CB[7] host-guest binding system 

for fabricating well-controlled electrochemical biosensors) are presented in chapter 7.  
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Chapter 2.  Methods and techniques 

2.1. Electrochemical methods 

2.1.1. Cyclic voltammetry (CV) 

As described in section 1.1 and 1.2, owing to the operational simplicity and the ability 

to offer multiple quantitative information, CV is the most popular and powerful 

electrochemical technique for studying Fc@CB[7] host-guest binding in solution113-115 and 

on electrode surface,123 as well as the redox-active ferrocenylalkanethiolate SAMs formed 

on electrode surface. Typically, CV measures the current generated by an electrochemical 

system in response to a cycle of linearly scanned potential as shown in Figure 2.1 (A). For 

electroactive couples (O and R) in solution, their CV oxidation and reduction peaks usually 

have a “duck” shape as shown in Figure 2.1 (B), which is governed by both of their redox 

reaction (e.g., electron transfer) near the electrode-solution interface (origin of the initial 

rapid current spike) and their diffusion process across a linear concentration gradient from 

bulk solution to interface (the gradually decreased current response after peak is caused 

by the enlarged diffusion region). The formal potential (Eo’) of a redox couple can be 

determined from the average of CV oxidation (Epa) and reduction peak potentials (Epc), as 

expressed by equation 2.1:199, 204 

𝐸 =
(𝐸 + 𝐸 )

2
                                                                                           (2.1) 

For completely reversible redox processes their redox equilibrium can be described 

by the Nernst equation, as expressed by equation 2.2,199, 204 

𝐸 = 𝐸 +  
𝑅𝑇

𝑛𝐹
𝑙𝑛

[𝑂]

[𝑅]
                                                                                   (2.2) 

where F is Faraday’s constant (96485.33 C/mol), Eo is the standard reduction potential; R 

is the universal gas constant (8.314 J mol-1 K-1), n is the number of electrons involved in 

the redox process, T is the temperature, [O] and [R] are the concentrations of the oxidized 

and reduced form of an electroactive couple. For highly reversible redox process in 

solution, its CV anodic and cathodic peaks have a separation (ΔEp) close to 57/n mV at 

room temperature; such a “delay” is caused by the diffusion of redox couple to and from 



35 

the electrode surface. For quasi-reversible and non-reversible redox process (slower ET 

kinetics) their CVs have even larger peak separations.  

The scan rate (v) of CV controls how fast the applied voltage is changed. For 

diffusion-controlled redox process at solution-electrode interface, the faster scan rates 

result in narrower diffusion layer and stronger current response. A linear relationship is 

usually observed between the CV peak current (Ipa or Ipc) and the square root of scan rate 

(v1/2), which can be described by the well-known Randle-Sevcik equation, as expressed 

by equation 2.3:199, 204  

𝐼 = 0.446𝑛𝐹𝐴𝑐
𝑛𝐹𝑣𝐷

𝑅𝑇
 

/

                                                                      (2.3) 

where c and D are the concentration and diffusion coefficient of the redox couple; A is the 

electrode area. By fitting the experimentally measured relationship between Ip and v1/2 with 

Randle-Sevcik equation, it is able to tell whether an electroactive couple is freely diffusing 

in solution; besides, the diffusion coefficient (D) of the electroactive couple can be 

determined from the slope of the best linear fitting, the known concentration of redox 

couple, and the real electrode area.  
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Figure 2.1.   (A) Potential profile as a function of time for a typical CV measurement. 
(B) A typical CV of solution-diffused redox process. (C) A typical CV 
of adsorbed redox process; the shaded region in CV represent the 
integrated redox peak area. The arrows on these CVs indicate the 
direction of potential scan. 
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For electroactive couples adsorbed on an electrode surface, such as the Fc+/Fc 

terminal groups of alkanethiolate SAMs (discussed in section 1.2.3), their CV responses 

are only governed by the interfacial redox process, and thus have significantly different 

CV characteristics compared to the “duck” shaped CV of solution-diffused redox process. 

More importantly, without the interference from mass transport process, the CV of 

adsorbed electroactive couples is much easier for theoretical modeling, which provide 

substantial quantitative information about the electrochemical system studied.  

Figure 2.1 (C) shows a typical CV response of an adsorbed redox process, which 

has a symmetric pair of oxidation and reduction peaks with no separation between them 

(ΔEp = 0). The symmetry is owing to the high reversibility of the adsorbed redox process; 

that is, at any scanned potential the redox process is fast enough to reach Nernst 

equilibrium state (as described by equation 2.2); in other words, the net rate of the redox 

reaction is zero (same oxidation and reduction rates, Ipa = Ipc). The reversibility of redox 

process can be affected by using faster potential scan rates (v), which result in enlarged 

CV peak separations and thus the asymmetric CV responses. By plotting experimentally 

determined ΔEp as a function of log v, the kinetics of an adsorbed redox process can be 

analyzed by fitting this relationship with Laviron model (derived from Bulter-Volmer ET 

kinetics)220 or Marcus-type model.221           

Without the influence of mass transport, the CV peak currents (Ipa and Ipc) shown in 

Figure 2.1 (C) can not be described by Randle-Sevcik equation; instead, they are directly 

proportional to scan rate (v). The total amount of Faradic charges (Q) transported from the 

adsorbed redox couples to electrode during the entire ET process can be determined by 

integrating the area under CV oxidation or reduction peak (blue shaded region), which can 

be further used to calculate the surface density (Г) of adsorbed redox couples, as 

expressed in equation 2.4:199, 204  

𝑄 = 𝑛𝐹𝐴Г                                                                                                  (2.4) 

The potential (E) of an electrochemical cell directly indicates the free energy change 

(ΔG) of its redox reaction, which is described as:149   

𝛥𝐺 = −𝑛𝐹𝐸                                                                                              (2.5) 

In CV, the redox thermodynamics of adsorbed electroactive couples is usually studied 

from its CV formal potential (or peak potentials if the redox process is highly reversible); 

the positive and negative formal/peak potential shifts indicate whether a redox process is 
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thermodynamically more or less favored, which is strongly related to various 

environmental factors. In some cases, the split CV redox responses were observed,213-214, 

239 which indicate the co-existence of adsorbed redox couples in different thermodynamic 

states/environments.  

Besides the driving force information obtained from the redox potential, the 

intermolecular interactions among the adsorbed redox couples can be indicated from the 

width of their CV redox peaks.204, 219 These are usually studied by fitting the experimental 

CV peaks with simulated i-E curve derived from the Frumkin adsorption isotherm, as 

expressed by equation 2.6 and 2.7: 204, 219 

𝑖 =
𝑛 𝐹 𝐴𝜐Γ

𝑅𝑇

𝑓(1 − 𝑓)

1 − 2𝜈𝑔𝜃 𝑓(1 − 𝑓)
                                                          (2.6) 

𝑛(𝐸 − 𝐸 ) =
𝑅𝑇

𝐹
ln

𝑓

1 − 𝑓
+ 𝜈𝑔𝜃 (1 − 2𝑓)                                         (2.7) 

where T is the total surface density of adsorbed redox couples; Ep is the CV peak potential; 

θT is the total surface coverage of the redox centers; f is defined as the mole fraction of 

the oxidized redox centers (θO/θT) under a certain potential; g describes the intermolecular 

interaction among their oxidized (O) and reduced forms (R), which has a more specific 

definition as described by equation 2.8:204, 219   

𝑔 = 𝑎 + 𝑎 − 2𝑎                                                                                   (2.8) 

where aO, aR and aOR are the interactions among oxidized forms, reduced forms, and 

between the two of them, respectively. The positive and negative values of ai indicate the 

attraction and repulsion forces, respectively. The overall term vgθT in equation 2.6 and 2.7 

is defined as the intermolecular interaction parameter. In the theoretical i-E curve, the full 

width at the half of maximum current (Efwhm) is strongly correlated with vgθT, which is 

described by equation 2.9 and 2.10:204, 219 

𝐸 =
2𝑅𝑇

𝑛𝐹
 𝑙𝑛

1 + 𝛽

1 − 𝛽
− 𝜈𝑔𝜃 𝛽                                                      (2.9) 

𝛽 =
2 − 𝜈𝑔𝜃

4 − 𝜈𝑔𝜃
                                                                                        (2.10) 

According to equation 2.9 and 2.10, an ideal Langmuir type adsorbed redox couples (i.e., 

no intermolecular interaction) have a Efwhm of 90.6/n mV (νgθT = 0); the narrower or wider 
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peak width than this value indicate the overall attraction (νgθT > 0) and repulsion forces 

(νgθT < 0) among the adsorbed redox couples.  

The non-Faradic charging current (Ic) between the CV redox peaks (Ic can also be 

measured from the CV of redox-free electrolyte solution) can be used to determine the 

interfacial double layer capacitance (Cdl), as expressed in equation 2.11:204 

𝐶 =
𝐼

𝐴𝑣
                                                                                                     (2.11) 

Cdl strongly depends on the dielectric medium of the interfacial double capacitor, which 

can be simply described by Helmholtz model, as expressed in equation 2.12:204  

𝐶 =
𝜀𝜀

𝑑
                                                                                                   (2.12) 

where d is the thickness of the dielectric medium that separates the two charged plates of 

the capacitor, ε and ε0 are the dielectric constants of the separation medium and vacuum 

space (In terms of ferrocenylalkanethiolate SAMs, d and ε are strongly related to the 

composition, structure, and defects of alkane chains203).  

2.1.2. Chronoamperometry (CA) 

Different from the linear or pulse voltammetric techniques where currents are 

measured under varied potentials, CA is a potential step technique which measures the 

current output of an electrochemical system in response to a constant potential applied 

(Eapplied) as a function of time (t). Figure 2.2 (A) and (B) show a typical Faradic CA current 

(If) response of an adsorbed redox couple, which can be described by equation 2.13:203, 

204  

𝐼 = 𝑘 𝑄exp −𝑘 𝑡                                                                             (2.13) 

According to equation 2.13, a linear decay (as shown in Figure 2.2C) can be expected 

with the natural logarithm form of faradic current, as expressed by equation 2.14: 

𝑙𝑛 (𝐼 ) = 𝑙𝑛 𝑘 𝑄 − 𝑘 𝑡                                                                     (2.14) 

where kapp is the apparent ET rate constant under certain Eapplied, which can be determined 

from either the slope or the y-intercept of equation 2.14.  
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Figure 2.2.   (A) Step potential applied in CA. (B) a typical CA Faradic current (I) 
drop of an adsorbed redox couple. (C) Natural logarithm form of 
faradic current drop.  
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the free energy change of a redox process) with Bulter-Volmer or Marcus-type kinetic 

models,203 the important ET kinetic parameters of adsorbed redox couples (standard ET 

rate constant (ket), reorganization (λ), and electronic coupling factor (H)) can be 

determined.203 

𝜂 = 𝐸 − 𝐸                                                                                        (2.15) 

When applying CA with high Eapplied, two interfering factors need to be considered. One is 

the stronger charging current (Ic) drop occurring at the initial stage, which could lead to 

significant deviation from the linear relationship between ln(If) and t as predicted by 

equation 2.14 (the real current is the sum of If and Ic). The other is the large ohmic drop 

caused by strong current intensity (I), as a result the real potential applied to working 

electrode could be dramatically smaller than the potential imposed to the electrochemical 

cell (Ecell), as expressed by equation 2.16:204  

𝐸 = 𝐸 − 𝐼𝑅                                                                              (2.16) 

where Rsol is the uncompensated solution resistance that can be determined based on 

Pouillet’s law:204  

𝑅 =
1

𝜎
×

𝑙

𝐴
                                                                                                   (2.17) 

where σ is the conductivity of an electrolyte solution, A is the electrode area, and 𝑙 is the 

distance between the working and reference electrode (strongly related to the dimension 

scale of electrochemical cell used).  

2.1.3. Electrochemical experimental setup 

The electrochemical analysis is usually carried out with a three-electrode cell system 

consisting of a working electrode (WE), a reference electrode (RE), and a counter 

electrode (CE),204 which is illustrated in Figure 2.3. The working electrode is the place 

where the redox reactions of interest takes place; the reference electrode is a half cell with 

a known and constant redox potential, which only acts as a reference (no current pass 

through) to control and measure the potential applied to the working electrode; the counter 

electrode is used to pass the current needed to balance all currents generated at the 

working electrode. The three-electrode cell system is connected to a potentiostat, which 

provides electric power to the system and runs a variety of electroanalytical techniques 
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(with different ways of voltage output). Figure 2.3 (B) shows a conventional set up of the 

three-electrode cell system for electrochemical experiments.199 The electrochemical cell 

can be a simple glass vial filled with supporting electrolyte solution, and all three electrodes 

are immersed in electrolyte solution so that a complete electrical circuit can be achieved, 

as shown in Figure 2.3 (A). A high concentration (≥ 0.1 M) of supporting electrolyte is 

necessary to ensure a certain level of solution conductivity (i.e., minimize the ohmic drop 

effect), and neutralize the bias charges formed at the working and the counter electrode. 

The cap of the glass vial also contains two small holes for deoxygenating the electrolyte 

solution (by inert gas, such as N2 or Ar). Moreover, the electrochemical cell is always 

placed inside a Faraday cage during electrochemical measurements in order to avoid the 

influences from the environmental electromagnetic fields.  

 

 

Figure 2.3.   Schematic view of (A) the three-electrode electrochemcial detection 
system and (B) the conventional set-up of electrochemical cell. 

Note: (B) is reprinted with permission from Ref. 199. Copyright (2018) American Chemical 
Society. 

 

In this thesis study, all electrochemical measurements were carried out with the 

three-electrode system and a uniquely designed single-chamber electrochemical cell 

(fabricated by SFU mechanical shop), for which the details are shown in Figure 2.4. There 

are two main advantages of this electrochemical cell: First, it allows the use of gold film 

(physically deposited on glass slide) as a “disposable” working electrode, which is much 

cheaper than the conventional gold disk working electrode (embedded in a solvent-
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resistant and insulating plastic tube, as shown in Figure 2.3B) and does not require the 

tedious mechanical polish treatment before use. Second, it uses a much smaller volume 

of electrolyte solution (less than 1 mL) to connect all the three electrodes than the 

conventional electrochemical cell shown in Figure 2.3 (B), which needs a few milliliters of 

electrolyte solution.  

 

 

Figure 2.4.   Schematic view of the electrochemical cell. It is a single chamber cell 
made of Plexiglas V-grade acrylic resin consisting of: (A): a holder 
plate for mounting the working electrode (i.e., a gold slide that has 
been cut into the proper size). (B): the main body of the cell with an 
opening on top for adding electrolyte solution, and a side slot 
(indicated by the red dashed rectangle) for attaching the working 
electrode. There is a small opening sealed by an O-ring located in the 
middle of the slot, which defines the geometric area (~ 0.13 cm2) of 
gold slide exposed to the electrolyte solution in the cell. (C): a holder 
to fix the working electrode-mounting plate inside the slot. (D): the 
cap with three holes of different sizes for inserting Ag/AgCl reference 
electrode, the Pt counter electrode, and the gas tube line. E shows a 
photo of the assembled cell that is ready for measurements.  

Note: Reprinted with permission from Anal. Chem. 2018, 90, 9174-9181. Copyright (2018) 
American Chemical Society. The fabrication of this cell has been patented: Ge, B.; H. Z. Yu. An 
electrochemical cell designed for sheet-shaped working electrode. CN210720234U, 2020.  
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In prior to use, the gold film coated glass slide needs to be cut into a small piece (~ 

1  2 cm2) so that it fits into the holder plate region shown in Figure 2.4 (B); moreover, it 

needs to be cleaned by immersing in Piranha solution (3:1 v/v mixture of 96% H2SO4 and 

30% H2O2) for ~10 min at 90 C (CAUTION: Piranha solution reacts violently with organics, 

thus it must be handled with extreme caution), followed by thorough rinsing with copious 

amounts of deionized water prior to use. The real area of gold film electrode exposed to 

electrolyte solution was determined to be (0.15 ± 0.01 cm2) by measuring and fitting the 

linear relationship between the CV peak current of 1.0 mM K3Fe(CN)6 in 1.0 M KCl solution 

and the potential scan rate with Randles-Sevcik equation (equation 2.3).204 A platinum 

wire and a Ag/AgCl wire (immersed in saturated KCl solution) were used as counter and 

reference electrode throughout this thesis study.  

2.2. Fourier-transform infrared spectroscopy (FTIR) 

Infrared (IR) spectroscopy is a commonly used technique for identifying the 

composition and structure of chemicals. It deals with the IR region of the electromagnetic 

spectrum, which is usually divided into three sub-regions: the near- (wavelength: 0.8-

2.5 μm, wavenumber: 14000-4000 cm-1), mid- (wavelength: 2.5-25 μm, wavenumber: 

4000-400 cm-1) and far-IR (wavelength: 25-1000 μm, wavenumber: 400-10 cm-1).149 The 

principle of IR spectroscopy is that each molecule absorbs specific frequencies of 

radiations that match the energy required for their transition from electronic ground state 

to different rotational (far-IR) or vibrational states (near-IR and mid-IR); as the 

rotational/vibrational states depend on particular mode of molecular motions (e.g., 

symmetric and antisymmetric stretching, scissoring, rocking, wagging, and twisting) as 

well as the particular type of chemical bond (bond strength and atom mass), each 

molecule has its distinctive IR spectrum (absorbance/transmittance vs. wavenumber). 

More complex molecules have more types of chemical bond and higher degrees of motion 

freedom/modes (3N–5 vibrational modes for linear molecules and 3N–6 vibrational modes 

for nonlinear molecules, N is number of atom in each molecule); thus their IR spectra 

become correspondingly more complex, with multiple peaks forming a characteristic 

pattern to indicate their identities.314  In general, IR spectroscopy is more sensitive to 

those vibrational modes that cause significant changes to the dipole moment of a molecule, 

such as the asymmetric stretching mode; as a complementary vibrational spectroscopy to 
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IR, the Raman spectroscopy examines the change on the frequency of light scattered by 

a molecule, and is more sensitive to the type of vibrations (e.g., symmetric stretching) 

that change the molecular polarizability (i.e., the distribution of electron clouds).314  

Unlike conventional spectroscopy which only measures single or narrow-band 

wavelength of light passing through a monochromator at one time, FTIR spectroscopy 

allows the simultaneous detection/analysis of a light beam containing a wide range of 

wavelengths. Because of this, FTIR takes the great advantage of using their sum of energy 

rather than analyzing the light of single-wavelength or small wavebands, and thus has 

dramatically improved sensitivity.314 This intriguing property of FTIR spectroscopy is 

attributed to a particular component in its spectrometer configuration, i.e., the 

interferometer as shown in Figure 2.5 (B). Briefly, the interferometer contains a 

beamsplitter, a stationary mirror (S), and a movable mirror (M); the two mirrors are 

perpendicular to each other. The beamsplitter is designed to transmit half of the light and 

reflect half of the light transported from the light source; the transmitted light and the 

reflected light strike the stationary mirror and the movable mirror, respectively. When 

reflected back by the mirrors, the two beams of light recombine with each other at the 

beamsplitter. Based on their difference in the pathlength (δ = 2(MO−SO), O is the central 

position of beamsplitter), the lights of different wavelengths in the recombined beam could 

be constructively interfered (δ = nλ; n is an integral number, λ is wavelength), destructively 

interfered (δ = nλ/2), or at their intermediate states, which result in an overall output 

intensity (I). If the mirror M moves away from the beamsplitter with a constant interval (d) 

(start from the position where MO equals to SO), an interferogram curve (I vs. δ) is 

obtained, which can be decomposed into to the intensities of its component lights of 

different wavelengths via Fourier analysis/transformation. The resolution of FTIR 

spectroscopy is approximately equal to (1/δmax); e.g., if the maximum mirror movement 

(MO−SO) is 2 cm, the resolution is 0.25 cm-1. The wavenumber range of FTIR spectrum 

is determined by 1/(4d); for the most widely used mid-infrared region (~ 4000 cm-1 range), 

d is 0.625 μm.314  
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Figure 2.5   (A) Major elements in FTTR spectroscopy. (B) Schemetic view of 
interferometer. (C) IR beam path for reflection-absorption 
measurement of thin film sample. (D) Optical arrangement for grazing 
angle reflectance (θ = 80°).  

 

The different accessories/techniques installed in the sample compartment of FTIR 

spectroscopy enable its broad application for gas, liquid, and solid samples. In our study, 

the specular reflection-adsorption accessory/technique was used, which is most 

appropriate for studying organic thin films coated on a reflective substrate, such as 

metals.314,315 As shown in Figure 2.5 (C), for a typical specular reflection, part of the 

incident IR radiation (I0) is directly reflected off the sample surface (IR). The remaining part 

of I0 is transmitted into the sample layer, and is reflected back to the sample layer at the 

substrate surface (IT). When IT exits from the surface of the sample layer (IA), it has passed 

through the sample layer twice and been adsorbed at characteristic wavelengths. For 

studying an ultra-thin layer of sample (e.g., SAMs), the “grazing angle” of incidence needs 

to be applied in order to ensure a high sensitivity. This is because at large incident angles 

(60°~85°), the p-polarized component of electromagnetic radiation undergoes a phase shit 

of approximately 90°; as a result, the vector sum of the incident and reflected p-polarized 

component gives an intensified vibration oriented perpendicular to the reflective 

surface.315 Additionally, the larger incident angle results in longer effective pathway of the 

transmitted IR radiation (IT), which also enhances its adsorption according to Beer’s Law. 

As shown in Figure 2.5 (D), the reflection accessory used in our FTIR spectroscopy allows 
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an incident angle of 80°, which is simply achieved by two tilt mirrors.  

The grazing angle based reflection-adsorption FTIR spectroscopy has been widely 

used for the study and characterization of alkanethiol SAMs on gold.148,188,189,222 Figure 2.6 

shows the FTIR spectra of a single and mixed ferrocenylalkanethiolate SAMs measured 

in our previous study,188 where the characteristic absorption peaks corresponding to 

various vibration modes of C-H bonds in methylene group (-CH2-), methyl terminal group 

(-CH3), and Fc terminal group are clearly observed. More importantly, the degree of 

structural organization of SAMs were usually evaluated from the peak positions 

corresponding to the symmetric (vs) and antisymmetric stretching (va) modes of -CH2- 

groups.148,189 Besides SAMs, FTIR spectroscopy has been confirmed effective for the 

characterization of CB[7] molecules deposited on gold surface from its two characteristic 

absorption peaks corresponding to the stretching vibration of C=O and C–N bonds at 1751 

cm-1 and 1474 cm-1, respectively.123 
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Figure 2.6.   FTIR spectra of alkanethiolate SAMs: (a) C18S-Au; (b) C11S-Au; (c) 
FcC11S-/C11S-Au SAM prepared by the postassembly exchange 
method; (d) FcC11S-/C11S-Au SAM prepared by the coadsorption 
method; (e) single-component FcC11S-Au SAM. 

Note: Reprinted with permission from Ref.188. Copyright (2014), American Chemical Society. 

 

2.3. Contact angle measurement 

     Wetting measurement is a simple and convenient surface characterization technique 

by measuring the contact angle of a liquid drop on a solid surface. The contact angle (θ) 

is determined by the thermodynamic equilibrium of the three interfacial tensions, i.e., the 

solid−vapor tension (γSG), the solid−liquid tension (γSL), and the liquid−vapor tension (γLG), 

at the line where the three phases meet, as shown in Figure 2.7. This can be described 

by Young’s equation as expressed in equation 2.18:302  
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𝑐𝑜𝑠𝜃 =
(𝛾 − 𝛾 )

𝛾
                                                                                    (2.18) 

The contact angle predicted by Young’s equation usually deviates from the experimental 

value (e.g., contact angle hysteresis), this is due to its assumption of an ideal 

homogeneous and total smooth surface, which cannot be really achieved. Until now, 

Young’s equation has been consistently modified by incorporating more real factors of 

solid surface (e.g., roughness), and outside factors (e.g., gravity).302  

 

 

Figure 2.7.  Schematic view of a liquid drop on a solid surface showing the 
quantities in the Young equations. γSG, γSL and γLG represent the solid-
gas, solid-liquid, and liquid-gas interfacial energy, respectively; Θ is 
the contact angle. 

 

Usually, a high contact angle (> 90°) indicates a low solid-liquid interfacial energy, while a 

low contact angle (< 90°) indicates a high solid-liquid interfacial energy; if the liquid is 

water, the corresponding surfaces are recognized as hydrophobic and hydrophilic, 

respectively. The water contact angle measurement has been widely used for the study 

and characterization of alkanethiolate SAMs on gold, as the surface hydrophobicity is 

strongly related to their chemical composition (e.g., polarity of terminal groups) and 

structural property (e.g., degree of organization, packing density).137,160  

In this thesis, all water contact angles were measured with the goniometer technique, 

which allows the simple and direct measurement of tangent angle at the three-phase 

contact point on a sessile drop profile. As illustrated in Figure 2.8, the modern contact 

angle goniometers usually consist of following parts: A horizontal stage to mount the solid 

sample; a microliter syringe/pipette to deliver the liquid drop; a light/luminescent source to 

gain the visibility of the drop profile; and a high-resolution camera to take the amplified 
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image of the drop profile. In order to establish an advancing contact angle, 1~2 μL of liquid 

water was slowly added onto the solid sample. The individual contact angle was measured 

on both sides of the sessile drop profile as it might be unsymmetrical, and for each sample 

its reported contact angle result is the average value of three measurements at different 

sites. 

 

 

Figure 2.8. Schemetic view of a typical contact angle goniometer.  
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Chapter 3.  Ferrocene@cucurbit[7]uril host-guest 
binding at organized molecular interface: 
thermodynamics and kinetic studies 

 

In this chapter, the binding of CB[7] on binary ferrocenylundecanethiolate/octanethiolate 

SAM gold (FcC11S-/C8S-Au SAM), has been investigated as a trial system to improve 

our understanding of host-guest chemistry at molecular interfaces. Upon incubation with 

CB[7] solution, the redox behavior of FcC11S-/C8S-Au changes remarkably, i.e., a new 

pair of peaks appeared at more positive potential. The ease of quantitation of surface 

bound-redox species (Fc+/Fc and Fc+@CB[7]/Fc@CB[7]) enabled us to determine the 

thermodynamic formation constants of Fc@CB[7] at FcC11S-/C8S-Au SAM. With time-

dependent redox responses, we were able to, for the first time, deduce both the binding 

and dissociation rate constants. These results showed substantial differences both 

thermodynamically and kinetically for the formation of host-guest inclusion complex at 

molecular interfaces with respect to solution-diffused, homogenous environments. 

 

Note: this chapter is adapted with permission from  

Qi, L.; Tian H.; Shao, H.; Yu H.-Z. Host-Guest Interaction at Molecular Interfaces: Binding 

of Cucurbit[7]uril on Ferrocenyl Self-Assembled Monolayers on Gold J. Phys. Chem. C, 

2017, 121, 7985-7992. Copyright (2017) American Society of Chemistry.  

I have performed most of the experimental work and drafted the paper; Huihui Tian (a 

visiting student from 2012 to 2015) explored the preparation of mixed FcC11S-/C8S-Au 

SAMs and performed preliminary CV and FTIR studies. Professor Huibo Shao, the 

supervisor Huihui Tian at Beijing Institute of Technology, together with Dr. Hogan Yu 

supervised the entire project and helped with writing the paper.   
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3.1. Introduction 

The ultra-strong and redox-active Fc@CB[7] supramolecular host-guest binding pair 

has shown great application potentials as an alternative of traditional natural binding pairs 

(e.g., biotin-avidin, antigen-antibody) for fabricating bio-functional interfaces. So far there 

have been two general strategies for applying this host-guest binding pair on electrode 

surfaces, one is the direct deposition of CB[7] monolayer via noncovalent 

interactions,123,126 the other one is the covalent immobilization of derivatized CB[7] to 

functionalized electrode surfaces.120,122 However, previous electrochemical and 

microscopic characterizations have confirmed the imperfect structure of directly deposited 

CB[7] monolayer (complex orientations and multiple layers) with poor Fc packing 

efficiency (less than 50% of the theoretical value);126,129 moreover, the stability of 

noncovalently formed CB[7] monolayer is another concern, where the dissociation of CB[7] 

from electrode surfaces could happen upon binding with strong guests in solution. The 

covalent immobilization of CB[7] requires laborious and time-consuming work on 

molecular synthesis and surface modifications; besides, the functionalization of CB[7] still 

faces the challenge of low yields (5 ~ 30%).117 Compared to the tremendous studies in 

homogeneous solution phase,46 there is still lack of fundamental understanding about the 

thermodynamic and kinetic binding behavior of this particular, inclusion type host-guest 

pair formed at interfaces (with much more complexity and spatial restrictions), which would 

certainly help guide and promote its wide applications. Due to the above mentioned 

limitations of the two widely used interfacial Fc@CB[7] host-guest binding systems, they 

are not ideal for carrying out the fundamental binding studies. 

In order to strengthen our understanding about the interfacial Fc@CB[7] host-guest 

binding, in this chapter we have explored the binding of CB[7] onto a mixed 

ferrocenylundecanethiolate/octanethiolate SAM on gold (FcC11S-/C8S-Au SAM), which 

is shown in Figure 3.1. The FcC11S-/C8S-Au SAM can be viewed as a “near-ideal” 

molecular interface due its high stability, well-organized crystalline structure, dispersed Fc 

terminal groups (as CB[7] binding sites), easy preparation, and the commercially available 

raw materials (FcC11SH and C8SH). 
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Figure 3.1.   Binding of CB[7] onto the “ideal-structured” FcC11S-/C8S-Au SAM. 

 

The formation of Fc@CB[7] host-guest complex on mixed FcC11S-/C8S-Au SAM 

was characterized by FTIR, water contact angle measurement, and CV. Particularly,  

based on the remarkably changed CV response of Fc terminal groups upon encapsulation 

by CB[7], it is easy to quantify the amount of free and bound Fc terminal groups, which 

enable both thermodynamic and kinetic studies of this widely interested host-guest binding 

at organized molecular interface. The results of these studies clearly reveal the substantial 

differences both thermodynamically and kinetically for the formation of Fc@CB[7] host-

guest pair on solid surface with respect to in solution environment. 

3.2. Experimental details 

3.2.1. Reagents and materials 

11-Ferrocenyl-1-undecanethiol (98%) was purchased from Dojindo Laboratories Inc. 

(Tokyo, Japan); 1-ocanethiol (C8SH), cucurbit[7]uril hydrate (CB[7]), sodium perchlorate 

(NaClO4), sulfuric acid (96%), and hydrogen peroxide (30%) were purchased from Sigma 

Aldrich (St. Louis, United States). Ethanol (95%) was obtained from Commercial Alcohols 
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(Toronto, Canada). All chemicals were of ACS reagent-grade and used as received. All 

solutions were prepared with 95% Ethanol solution or deionized water (> 18.2 MΩ·cm, 

produced with a Barnstead EasyPure UV/UF compact water system (Dubuque, IA)), and 

deoxygenated with Ar before use. The gold slide (regular glass slide coated with 5 nm Cr 

and 100 nm Au film) used as working electrode was purchased from Evaporated Metal 

Films (EMF) Inc. (New York, United States); the platinum counter electrode and the 

Ag|AgCl reference electrode were purchased from CH Instrument (Austin, United States).  

3.2.2. Preparation of mixed FcC11S-/C8S-Au SAMs and CB[7] binding  

The mixed FcC11S-/C8S-Au SAM was prepared according to previously proposed 

co-adsorption method.188,214 Briefly, the pretreated gold slides (see section 2.1.3 for details) 

were immersed in a mixed FcC11SH/C8SH ethanol solution (95%) at room temperature 

for overnight (> 12 h). The total concentration of the thiols is 1.0 mM with 5% (mole fraction) 

of FcC11SH. After incubation, the gold slides were thoroughly washed with copious 

amounts of ethanol solution (95%) and deionized water. For CB[7] host binding, the above 

prepared mixed FcC11S-/C8S-Au SAM was immersed with different concentrations of 

CB[7] solution for 180 min, or immersed with 1.0 mM CB[7] solution for different periods 

of time.  

3.2.3. Surface characterizations by various techniques 

FTIR and water contact angle were measured for mixed FcC11S-/C8S-Au SAM 

before and after incubation with 1.0 mM CB[7] for 180 min. CVs were measured for mixed 

FcC11S-/C8S-Au SAMs before and after incubation with CB[7] of various concentrations 

and for different times; CVs were also measured for CB[7] pre-saturated FcC11S-/C8S-

Au SAM upon incubation with CB[7]-free electrolyte solution for different periods of time.  

The reflection-absorption FTIR spectrum was obtained by using a Nicolet Magna 

560 Fourier transform infrared spectrometer (Thermo Nicolet Co. Madison, WI) equipped 

with KBr beam splitter in interferometer, an automated VeeMAX II variable angle 

accessory (Pike Technologies, Madison, WI) in the sample compartment, and a mercury 

cadmium telluride (MCT) detector. The p-polarized IR laser beam was incident at 80°; the 

MCT detector was cooled by liquid nitrogen prior to use. The FTIR spectrum was reported 

as absorbance vs. wavenumber, and the background spectrum was obtained from the 
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piranha solution-cleaned gold slide. The water contact angles were measured immediately 

after adding 1~2 μL water droplet onto the solid samples by using AST VCA goniometer 

system (Billerica, MA).  

The CV measurements were carried out in a Faradic cage at room temperature 

under the protection of Ar; all electrolyte solutions in electrochemical cell were 

deoxygenated for at least 10 min before use. The CHI 1040A Electrochemical Analyzer 

was used as potentiostat (Austin, United States). More detailed information of our 

electrochemical detection system is described in section 2.1.3.  

3.3. Results and discussion 

3.3.1. Characterization of Fc@CB[7] host-guest complex formed on 

FcC11S-/C8S-Au SAM 

In order to achieve the ideal structure for studying interfacial Fc@CB[7] host-guest 

binding, the binary FcC11S-/C8S-Au SAM was prepared by co-adsorption method with a 

low mole fraction of FcC11SH (5%) used in the mixed assembly solution;188,214 the 

relatively shorter C8SH was used as diluent alkanethiol in order to ensure the dispersed 

and exposed Fc terminal groups on SAM, as illustrated in Figure 3.1. 

The blue curve in Figure 3.2 (A) shows the CV response of thus prepared binary 

FcC11S-/C8S-Au SAM. A single pair of symmetric redox peaks was observed, with a 

formal potential of 262 ± 5 mV, nearly no peak separation (< 5 mV), and a half-height peak 

width (97 ± 6 mV) close to the theoretical value (90.6 mV at 25 °C) predicted from 

Langmuir adsorption isotherm.204 Those CV features have been considered as the 

characteristic properties of an ideal-structured mixed SAM with well-dispersed and non-

interacting redox-active terminal groups.68 Besides CV characterization, the binary 

FcC11S-/C8S-Au SAM was also examined by FTIR spectroscopy, with its spectrum 

shown in Figure 3.2 (B). It can be seen that the adsorption peaks corresponding to various 

C-H stretching regions (i.e., -CH2- group of alkane bridge, -CH3 terminal group, and CH 

bond of Fc terminal group) are clearly observed for this binary FcC11S-/C8S-Au SAM. 

According to previous studies, the peak position of va(-CH2-) found in this study (2924 cm-

1) indicate that the shorter and mixed alkanethiolate SAM may have less crystalline 
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structure with respect to the single C18S-Au SAM, whose va(-CH2-) was observed at 2918 

cm-1.175,222  

 

 

Figure 3.2.  (A) CVs of FcC11S-/C8S-Au SAM before (blue curve) and after 
incubation with 1.0 mM CB[7] for 3 h (red curve). The supporting 
electrolyte was 0.1 M NaClO4, and the scan rate was 50 mV/s. (B) 
Reflection-adsorption FTIR spectra of FcC11S-/C8S-Au SAM before 
(blue curve) and after incubation with 1.0 mM CB[7] for 3 h (red curve). 
(C) The water contact angles of FcC11S-/C8S-Au SAM before (top) and 
after incubation with 1.0 mM CB[7] for 3 h (bottom).  

Note: Reprinted with permission from J. Phys. Chem. C 2017, 121, 7985-7992. Copyright (2017), 
American Chemical Society. 

 

The binding of CB[7] host on this mixed FcC11S-/C8S-Au SAM was also confirmed 

by FTIR and CV techniques, as well as wetting study. In FTIR spectra, it can be seen that 
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after incubating FcC11S-/C8S-Au SAM with a high concentration of CB[7] (1.0 mM), two 

new adsorption peaks appeared at 1751 cm-1 and 1474 cm-1 (red curve in Figure 3.2B), 

redpectively, which correspond to the stretching vibrations of C=O and C-N bonds of CB[7]; 

in the mean time, the adsorption peaks of above mentioned C-H stretching regions 

remained nearly unchanged in their position and intensity.123 The wetting study displayed 

in Figure 3.2 (C) shows a decreased water contact angle (from 82° to 56°) on FcC11S-

/C8S-Au SAM after CB[7] incubation, indicating a more hydrophilic surface caused by the 

electronegative carbonyl portals of CB[7]. As shown in Figure 3.2 (A), the CV response of 

FcC11S-/C8S-Au SAM also changed dramatically after CB[7] incubation, with its formal 

potential shifting to much more positive value (375 ± 6 mV). According to the basic 

thermodynamics of redox process (equation 2.5 in section 2.1.1),204 the positively shifted 

formal potential indicates more difficult oxidation of Fc terminal groups upon binding with 

CB[7]. Interestingly, the similar phenomena were also observed for those cationic Fc 

derivatives in solution, but not for the neutral Fc derivatives (less than +30 mV formal 

potential shift upon CB[7] binding).114-116 A more detailed discussion about their different 

degrees of formal potential shifts is given in chapter 5 (section 5.3.1).  

3.3.2. Thermodynamic study based on CV 

Based on earlier described advantages (see section 2.1.1), the thermodynamic 

stability of Fc@CB[7] host-guest binding on mixed FcC11S-/C8S-Au SAM was 

investigated by measuring its CV responses after incubation with different concentrations 

of CB[7]; a long incubation time (180 min) was used in order to ensure the binding can 

reach equilibrium state. From the results displayed in Figure 3.2 (A), it can be seen that 

with a low concentration of CB[7] (5 μM), a shoulder peak starts to appear on the right 

side of the original pair of CV redox peaks; this new pair of redox peaks grows with 

increased concentrations of CB[7], which should result from more Fc@CB[7] host-guest 

complexes formed on FcC11S-/C8S-Au SAM. Simultaneously, the original CV redox 

peaks at lower potential becomes smaller and closer to the new pair of redox peaks, 

indicating less amount of free Fc terminal groups remained on SAM. The saturation state 

is reached when CB[7] concentration is higher than 80 μM, where the original CV redox 

peaks eventually diminishes and the new pair of redox peaks is dominant, indicating that 

nearly all Fc terminal groups on FcC11S-/C8S-Au SAM are bound to CB[7].  
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Figure 3.3.   (A) CVs of FcC11S-/C8S-Au SAM before and after incubation with 
different concentrations of CB[7] for 3 h. The supporting electrolyte 
was 0.1 M NaClO4, and the scan rate was 50 mV/s. (B) Gaussian-
Lorentzian deconvolution of the CV anodic wave of FcC11S-/C8S-Au 
SAM before and after immersing with different concentrations of CB[7] 
for 3 h. The open circles (red) are the original CV anodic peak with the 
correction of the capacitive (baseline) current; the dashed lines in 
blue are the deconvoluted peaks of Fc+/Fc and Fc+@CB[7]Fc@CB[7], 
respectively; the solid line in black is the sum of two deconvoluted 
peaks. 

Note: Reprinted with permission from J. Phys. Chem. C 2017, 121, 7985-7992. Copyright (2017), 
American Chemical Society. 

 

As a generally strategy, the Langmuir-type adsorption models are widely used for 

analyzing the experimentally obtained isotherm data for molecular binding events on 

surface, from which their thermodynamic equilibrium constants (i.e., formation and 

dissociation constants) can be determined from the best fitting results.223 However, the 

ideal condition assumed by Langmuir adsorption cannot be truly achieved due to the 

intrinsic complexity of surface (e.g., roughness, defects, nonspecific adsorptions, various 



59 

intermolecular interactions among adsorbates), which may strongly affect the accuracy of 

the fitting results.  

The CV results shown in Figure 3.3 (A) indicate that the free Fc terminal group and 

Fc@CB[7] host-guest complex formed on FcC11S-/C8S-Au SAM have distinct redox 

peaks located at lower and more positive potentials. Accordingly, it would be possible to 

quantify their amounts at equilibrium state, which can be further used to directly calculate 

the formation constant (K) of Fc@CB[7] host-guest complex formed on FcC11S-/C8S-Au 

SAM based on equation 3.1 and 3.2:  

FcC11S-/C8S-Au +  CB[7] ⇌ CB[7]@Fc@C11S-/C8S-Au                    (3.1) 

𝐾 =
Fc@CB[7]

Fc 𝑐CB[7]
                                                                                                     (3.2) 

Without the interferences from mass transport processes in solution, the amount of 

adsorbed redox species can be determined by integrating their CV redox peaks.203 From 

the CVs shown in Figure 3.3 (A), the total surface density of Fc terminal groups on 

FcC11S-/C8S-Au SAM was determined to be (5.9 ± 0.4) × 10-11 mol/cm2, based on 

equation 3.3:  

Fc (total) =
𝑄  ( )

𝑛𝐹𝐴
                                                                                        (3.3) 

where QFc (total) is the total faradic charge transported between Fc+/Fc terminal groups and 

gold electrode;203 n = 1 for Fc+/Fc. One difficulty for quantifying the individual amount of 

free Fc terminal group and Fc@CB[7] complex is that their CV redox peaks, although 

located at different potentials, are largely overlapped. The solution to this problem is by 

deconvoluting the split CV redox peaks with combined distribution functions; and the 

combination of Gaussian and Lorentzian distributions has been confirmed the most 

effective CV deconvolution protocol,213 as shown by equation 3.4:  

𝑦 = 𝑎 exp −0.5
𝑥 − 𝐸

𝑏
+ 𝑎 1 +

𝑥 − 𝐸

𝑏
+  𝑦                   (3.4) 

where a1 and a2 represent the peak intensity, E1 and E2 represent the peak potentials, b1 

and b2 represent the peak width, y0 is a constant. The Gaussian (a1, E1 and b1) and 

Lorentzian parts (a2, E2 and b2) of equation 3.4 represent the two overlapped CV redox 

peaks located at lower (peak I) and higher potentials (peak II), respectively. Briefly, the 
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CV deconvolution was conducted by fitting the baseline (capacitive current) corrected CV 

anodic waves with equation 3.4; the parameters obtained from the best fit were then used 

to generate peak I and peak II via Gaussian and Lorentzian functions, respectively. Figure 

3.3 (B) shows the Gaussian-Lorentzian deconvolution results (blue dashed lines) for the 

CVs displayed in Figure 3.3 (A). Based on the area fraction of deconvoluted redox peaks 

to original CV anodic wave (Apeak/Atotal), the surface density of free Fc terminal groups (ΓFc) 

and Fc@CB[7] host-guest complex (ΓFc@CB[7]) formed on FcC11S-/C8S-Au SAM were then 

calculated from equations 3.5 and 3.6:  

Fc = Fc (total)
𝐴  

𝐴
                                                                                        (3.5) 

Fc@CB[7] = Fc (total)

𝐴  

𝐴
                                                                            (3.6) 
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Figure 3.4.  Surface densities of free Fc terminal group (open circles) and Fc@CB[7] 
complex (solid circles) formed on FcC11S-/C8S-Au SAM upon reaching 
binding equilibrium with different concentrations of CB[7]. The dashed 
lines are to guide eyes only. (B) Formation constant (K) of interfacial 
Fc@CB[7] host-guest binding determined at different incubation 
concentrations of CB[7]. The dotted and dashed lines show the 
average and standard deviations of all K values.  

Note: Reprinted with permission from J. Phys. Chem. C 2017, 121, 7985-7992. Copyright (2017), 
American Chemical Society. 
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Figure 3.4 (A) summarize the ΓFc and ΓFc@CB[7] determined at different equilibrium 

states of Fc@CB[7] host-guest binding on FcC11S-/C8S-Au SAM. It clearly shows that 

with increased concentration of CB[7] (cCB[7]), the value of ΓFc decreases while that of 

ΓFc@CB[7] increases monotonically; at high cCB[7] (≥ 80 μM), over 90 % of Fc terminal groups 

are converted to Fc@CB[7] complex. With the above determined ΓFc@CB[7] and ΓFc, the K 

value of Fc@CB[7] complex formed on FcC11S-/C8S-Au SAM was calculated at different 

cCB[7] (cCB[7] remains nearly constant before and after incubation since the amount of CB[7] 

is in large excess with respect to that of Fc terminal groups on SAM (vide infra)). As 

displayed in Figure 3.4 (B), these K values show no significant variations with an average 

of (7.3  1.8)  104 M-1, which further confirm the validity of the CV deconvolution method 

based on Gaussian-Lorentzian fitting protocol.  

 

 

Figure 3.5.   The formation constants (K) of Fc@CB[7] host-guest binding on 
FcC11S-/C8S-Au SAMs with different total surface densities of Fc.  

Note: Reprinted with permission from J. Phys. Chem. C 2019, 123, 26315-26323. Copyright (2019), 
American Chemical Society. 

 

In order to further minimize the influence of surface crowdedness on interfacial 

Fc@CB[7] host-guest binding, the K values were also determined on FcC11S-/C8S-Au 

SAM with lower total surface density of Fc (ГFc (total)). As shown in Figure 3.5, with reduced 
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mole fraction of FcC11SH used for co-adsorption (from 5% to 1%), the ГFc (total) also 

decreases accordingly (from 5.90.6  10-11 mol/cm2 to 1.50.4  10-11 mol/cm2), which 

becomes much lower than the surface density of “closely-packed” CB[7] monolayer (7.5 

 10-11 mol/cm2).123 Based on above described method, it was found that the K value can 

be improved to (1.5  0.3)  105 M-1 when ГFc (total) decreases to 2.4  10-11 mol/cm2; the 

even lower ГFc (total) (1.5  10-11 mol/cm2) does not result in further improved K value.     

With above results, it is believed that the thermodynamic stability of ultra-strong 

Fc@CB[7] host-guest binding pair (K > 109 M-1)114 is significantly affected even forming at 

such a highly-organized molecular interface; the possible reasons are given and 

discussed below. First, as previously revealed by X-ray crystallographic technique, in 

solution phase Fc has two co-existed orientations inside the inner cavity of CB[7] (with 22° 

and 78° angles formed between their main molecular axises, as shown in Figure 1.4 of 

chapter 1); such a geometric feature may indicate a certain degree of rotational freedom 

of Fc inside CB[7] inner cavity, which enables it to reach the thermodynamically most 

favorable orientation.114 In contract, the intrinsic complexity of molecular interfaces (e.g., 

heterogeneous structural domains, defects, spatial restrictions) could prevent the motion 

of Fc terminal group to reach its most favored orientations inside CB[7], and thus lead to 

smaller enthalpy change for Fc@CB[7] host-guest binding on FcC11S-/C8S-Au SAM. 

Besides, several studies based on reflectometry techniques (X-ray, neutron, electron),224, 

225 and theoretical simulations (MD)226 have found that for densely-packed alkanethiolate 

SAMs, their interfacial water solvent molecules evolve into 2~4 nm condensed layer with 

ice-like crystalline structure; as a result, the entropy gain caused by the release of high 

energy water molecules trapped inside CB[7]47,108 upon guest binding could also become 

smaller for Fc@CB[7] binding on FcC11S-/C8S-Au SAM than it in bulk aqueous solution. 

In addition, the use of electrolyte solution for CV measurement may bring “salt effect” 

towards CB[7]-guest binding affinity.269   

3.3.3. Kinetic study based on CV 

It is well known that the thermodynamic equilibrium constant of a reversible chemical 

process can be deduced from its forward (k1) and backward rate constants (k-1), which is 

expressed by equation 3.7:149  
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𝐾 =
𝑘

𝑘
                                                                                                        (3.7)  

Therefore, in order to further understand the decreased thermodynamic stability of 

Fc@CB[7] host-guest complex formed at organized molecular interface, the investigation 

was proceeded to the binding and dissociation kinetics of CB[7] on FcC11S-/C8S-Au SAM.  

 

Figure 3.6.   (A) CVs of FcC11S-/C8S-Au SAM before and after incubation with 1.0 
mM CB[7] for different periods of time. The supporting electrolyte was 
0.1 M NaClO4, and the scan rate was 50 mV/s. (B) Gaussian-Lorentzian 
deconvolution of the CV anodic waves of FcC11S-/C8S-Au SAM 
before and after incubation with 1.0 mM CB[7] for different periods of 
time. The open circles (red) are the original CV anodic peak with the 
correction of the capacitive (baseline) current; the dashed lines in 
blue are the deconvoluted peaks of Fc+/Fc and Fc+@CB[7]Fc@CB[7], 
respectively; the solid line in black is the sum of two deconvoluted 
peaks. 

Note: Reprinted with permission from J. Phys. Chem. C 2017, 121, 7985-7992. Copyright (2017), 
American Chemical Society. 
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The binding process was first studied by measuring the CVs of FcC11S-/C8S-Au 

SAM (prepared by co-adsorption with 5% mole fraction of FcC11SH) upon incubation with 

1.0 mM CB[7] for different periods of time. Figure 3.6 (A) shows that the redox peak 

corresponding to free Fc terminal groups (located at lower potential) diminishes rapidly 

with longer incubation time; after 10 min, the new redox peaks (located at more positive 

potential) corresponding to Fc@CB[7] complex becomes dominant; no further change was 

observed on CV when the incubation time is over 90 min.  

Following the thermodynamic study described above, the CVs in Figure 3.6 (A) were 

quantitatively analyzed by Gaussian-Lorentzian deconvolution protocol, whose results are 

displayed in Figure 3.6 (B). Based on these CV deconvolution results, the mole ratio of 

free Fc terminal groups at different CB[7] incubation times ((Γt/Γ0)Fc) were calculated and 

plotted in Figure 3.7 (A). It can be seen that (Γt/Γ0)Fc decreases exponentially with 

elongated incubation time (t). By treating the CB[7] based host-guest binding reaction as 

an elementary process,229,230 the rate law of Fc@CB[7] host-guest binding on FcC11S-

/C8S-Au SAM can be expressed as equation 3.8: 

𝑅𝑎𝑡𝑒 = −
𝑑(Γ )

𝑑𝑡
= 𝑘 𝑐 [ ]Γ                                                                          (3.8) 

In this study, since the amount of CB[7] in incubation solution (cCB[7]  volume > 10-8 mol) 

is in large excess with respect to the total amount of Fc terminal groups on FcC11S-

/C8S-Au SAM (ΓFc (total)  area < 10-11 mol), the rate law can be simplified to equation 3.9: 

  𝑅𝑎𝑡𝑒 = −
𝑑(Γ )

𝑑𝑡
= 𝑘 Γ   with 𝑘 =  𝑘 𝑐 [ ]                                            (3.9) 

where k’ is the apparent pseudo-first-order binding rate constant at a given cCB[7]. 
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Figure 3.7.   (A) The ratio of free Fc terminal groups on FcC11S-/C8S-Au SAM 
((Γt/Γ0)Fc) as the function of CB[7] incubation time (t); Γt and Γ0 are the 
surface density of free Fc terminal groups at certain incubation time 
and at initial state. The dashed line is to guide eyes only. (B) The 
relationship between ln(Γt/Γ0)Fc and t; the solid line shows the best 
linear fit based on pseudo-first-order kinetic model (see the text for 
details), from which the binding rate constant (k1) of CB[7] on FcC11S-
/C8S-Au SAM was determined. 

Note: Reprinted with permission from J. Phys. Chem. C 2017, 121, 7985-7992. Copyright (2017), 
American Chemical Society. 

 



67 

The integration of equation 3.9 provides the natural logarithm correlation between the 

surface density of free Fc terminal group (ΓFc)t and CB[7] incubation time (t), as expressed 

by equation 3.10, which can be further converted to the linear relationship as shown in 

equation 3.11.  

 ln(Γ ) = ln (Γ ) − 𝑘 t                                                                                   (3.10) 

ln(
Γ

Γ
) = −𝑘 t                                                                                                      (3.11) 

The experimental data (solid circles) in Figure 3.7 (B) shows the expected linear 

relationship as predicted by equation 3.11, which validates the pseudo-first-order 

binding kinetics as deduced above. By fitting this experimental relationship with 

equation 3.11, we were able to determine k’ (2.8  0.3 min-1) from the slope of the 

best linear fit (solid line in Figure 3.7B); then based on equation 3.9 and the known 

cCB[7] (1.0 mM), k1 was obtained to be 2.80.3  103 M-1min-1.  
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Figure 3.8.   (A) CVs of the CB[7] pre-saturated FcC11S-/C8S-Au SAM (incubating 
FcC11S-/C8S-Au SAM with 1.0 mM CB[7] for 3 h) upon immersing in a 
CB[7]-free solution for different periods of time. The scan rate was 50 
mV/s, and the electrolyte was 0.1 M NaClO4. (B) Gaussian-Lorentzian 
deconvolution of the CV anodic wave of CB[7]@FcC11S-/C8S-Au SAM 
after incubation with 1.0 mM CB[7] for different periods of time. The 
open circles (red) are the original CV anodic peak with the correction 
of the capacitive current (baseline); the dashed lines in blue are the 
deconvoluted redox peaks of Fc+/Fc and Fc+@CB[7]Fc@CB[7], 
respectively; the solid line in black is the sum of two deconvoluted 
peaks. 

Note: Reprinted with permission from J. Phys. Chem. C 2017, 121, 7985-7992. Copyright (2017), 
American Chemical Society. 

 

Besides binding process, the dissociation of Fc@CB[7] host-guest complex 

formed on FcC11S-/C8S-Au SAM was investigated by first incubating the FcC11S-

/C8S-Au SAM (co-adsorption with 5% mole fraction of FcC11SH) in 1.0 mM CB[7] 

solution for 3 h, then transferring it into a CB[7]-free electrolyte solution and 
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measuring its CVs at different incubation times. As shown in Figure 3.8 (A), the CV 

redox peaks at higher potential corresponding to Fc@CB[7] complex gradually 

decreases; in the meantime, a pair of shoulder redox peaks corresponding to free 

Fc terminal groups gradually appears at lower potential. It should be noted that 

even after 5 h incubation, the redox peaks of Fc@CB[7] complex is still 

predominate, indicative of a rather slow dissociation kinetics. Even simpler than 

the binding process, the dissociation of Fc@CB[7] complex formed on FcC11S-

/C8S-Au SAM can be directly treated as the first-order reaction, for which the rate 

laws are described from equations 3.12 to 3.14:  

𝑅𝑎𝑡𝑒 = −
𝑑 Γ @ [ ]

𝑑𝑡
= 𝑘 Γ @ [ ]                                                                (3.12) 

ln( Γ @ [ ]) = ln(Γ @ [ ]) − 𝑘 t                                                                 (3.13) 

ln(
Γ

Γ
) @ [ ] = −𝑘 t                                                                                            (3.14) 

where k-1 is the dissociation rate constant.  
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Figure 3.9.   (A) The mole fraction of Fc@CB[7] complex remained on FcC11S-
/C8S-Au SAM (CB[7] pre-saturtaed) as the function of incubation time 
(t) in CB[7]-free electrolyte solution. Γt and Γ0 are the surface density 
of Fc@CB[7] complex at certain incubation time and at initial state. 
The dashed line is to guide eyes only. (B) The relationship between 
ln(Γt/Γ0)Fc@CB[7] and t. The solid line shows the best linear fit based on 
first-order kinetic model (see text for details), from which the 
dissociation rate constant (k-1) of Fc@CB[7] complex formed on 
FcC11S-/C8S-Au SAM was determined. 

Note: Reprinted with permission from J. Phys. Chem. C 2017, 121, 7985-7992. Copyright (2017), 
American Chemical Society. 
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Based on the CV deconvolution results shown in Figure 3.8 (B), the mole fraction of 

Fc@CB[7] complex (Γt/Γ0)Fc@CB[7]) remained on CB[7] pre-saturated FcC11S-/C8S-Au 

SAM was determined and plotted as the function of its incubation time (t) in a CB[7]-free 

electrolyte solution, which is shown in Figure 3.9 (A); and its natural logarithm form 

(ln(Γt/Γ0)Fc@CB[7]) shows the linear decreasing trend (Figure 3.9B) as predicted from the 

first-order kinetics. The fitting of this result with equation 3.14 yields a k-1 of (0.08 ± 0.01) 

min-1 for the dissociation of Fc@CB[7] host-guest complex formed on FcC11S-/C8S-Au 

SAM.   

The impacts of these kinetic data are substantial. First is their correlation with the 

experimentally determined formation constant (K) of Fc@CB[7] host-guest complex, the 

other is the comparison with the host-guest reaction kinetics in homogenous solution. For 

the former, the deduced K value (3.5±0.8 × 104 M-1) from above determined binding (k1) 

and dissociation rate constant (k-1) based on equation 3.7 is similar to the value 

determined from thermodynamic studies (7.3±1.8 × 104 M-1 for Fc@CB[7] complex formed 

on FcC11S-/C8S-Au SAM prepared by co-adsorption with 5% mole fraction of FcC11SH). 

Their consistency confirms our CV deconvolution based electrochemical quantitative 

approach as a convenient and reliable tool for studying supramolecular host-guest binding 

chemistry at electroactive molecular interfaces.    

The comparison between above determined kinetic parameters for Fc@CB[7] host-

guest binding at organized molecular interfaces with those in solution phase is more 

intriguing. The high binding affinities of CB[7] with small guest molecules (e.g., 

naphthylethylammonium cation, berberine, and adamantly guests) in aqueous solution 

have been attributed to their very large binding rate constant (107 to 109 M-1s-1), as well as 

their very small dissociation rate constants (10-2 to 101 s-1). 229-231 Compared with CB[7], 

CB[6] with a smaller sized inner cavity has many orders of magnitude lower binding rate 

constants (< 104 M-1s-1) with guests (e.g., cycloalkylmethylamines, alkylammonium 

ions);56,233 and β-CD with similar sized inner cavity but significantly different composition 

and structure has much higher dissociation rate constant (> 104 s-1) for its host-guest 

complexes (e.g. naphthylethanols).234  

As our experimentally determined dissociation constant (0.0013 s-1) of Fc@CB[7] 

complex formed on FcC11S-/C8S-Au SAM is similar to the dissociation constants of ultra-

stable guest@CB[7] complexes formed in solution, it becomes clear that the major kinetic 
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difference between the Fc@CB[7] host-guest binding at molecular interface and in 

homogenous solution is that the former has much lower binding rate constant (< 102 M-1s-

1). According to transition state theory and Arrhenius equation,149 this could be due to the 

limited collision frequency and orientation between CB[7] and covalently attached Fc 

group as the result of strong steric hindrance effect on surface; besides, the 

electronegative carbonyl portals of immobilized CB[7] on FcC11S-/C8S-Au SAM may 

cause enhanced activation energy for subsequent CB[7] binding; The exact reasons 

behind the restricted host-guest binding kinetics at organized molecular interfaces 

certainly deserve further investigation from both experimental and theoretical aspects.  

3.4. Conclusion 

For the first time, the formation of Fc@CB[7] host-guest complex at “near-ideal” 

electroactive self-assembled monolayer on gold was quantitatively evaluated by 

systematic CV investigations. It was found that compared with free Fc terminal groups, 

the Fc@CB[7] complex formed on FcC11S-/C8S-Au SAM has a distinct pair of CV redox 

peaks located at more positive potential. By deconvoluting their overlapped CV redox 

peaks with Gaussian-Lorentzian fitting protocol, the mole fraction of Fc terminal groups on 

SAM bound to CB[7] can be easily quantified. Based on this, the thermodynamic study 

shows that the Fc@CB[7] host-guest binding on FcC11S-/C8S-Au SAM has a moderate 

thermodynamic stability (sub-μM level formation constant) with respect to its ultra-strong 

binding in solution phase (above nM level formation constants). The subsequent kinetic 

study further reveals its much lower binding rate constant, but similar dissociation rate 

constant compared with those CB[7]-guest pairs formed in solution phase. Although not 

that impressive, the Fc-terminated alkanethiolate SAMs still provide a reliable and 

convenient platform for forming stable Fc@CB[7] host-guest complex at molecular 

interface, as well as for its surface characterizations based on electrochemical and other 

techniques (e.g., FTIR spectroscopy, contact angle measurement). Following this 

fundamental study, we subsequently explored the broad application potentials of this new 

interfacial Fc@CB[7] host-guest binding system, which are described in the chapters 4-6.  
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Chapter 4.  
 
Host-guest binding as a structural probe for self-
assembled monolayers  

In this chapter, we combined host-guest recognition chemistry and electrochemical 

analysis (CV) to demonstrate that the nanometer-sized supramolecular host can be 

adapted as sensitive probes for the structural heterogeneity in organized molecular 

assemblies on surface. Based on the distinct CV responses of Fc@CB[7] complex and 

free Fc terminal group on SAMs, we were able to estimate the conversion rate of Fc to 

Fc@CB[7], a direct indication of the overall Fc density and uniformity. It was found that 

the FcC11S-/C8S-Au SAM prepared by co-adsorption in a binary solution with low mole 

fraction of FcC11SH and by exchanging the pre-assembled C8S-Au SAM with FcC11SH 

for short time have more uniformly isolated Fc groups. In contrast, the FcC11S-/C8S-Au 

SAM prepared by exchanging FcC11S-Au SAM with C8SH for prolonged time has non-

uniformly clustered Fc groups. These results are consistent with previous studies based 

on conventional electrochemical or microscopic studies.  

 

Note: this chapter is adapted with permission from:  

Qi, L.; Tian H.; Shao, H.; Yu H.-Z. Host-Guest Interaction at Molecular Interfaces: 

Cucurbit[7]uril as a Probe of Structural Heterogeneity in Ferrocenyl Self-Assembled 

Monolayers on Gold J. Phys. Chem. C, 2018, 122, 15986-15995 (featured as the front 

cover). Copyright (2018) American Society of Chemistry 

I have performed most of the experimental work and drafted the paper; Huihui Tian (a 

visiting student from 2012 to 2015) explored the preparation of mixed FcC11S-/C8S-Au 

SAMs and performed preliminary CV studies. Professor Huibo Shao, the supervisor Huihui 

Tian at Beijing Institute of Technology, together with Dr. Hogan Yu supervised the entire 

project and helped with writing the paper.  
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4.1. Introduction 

As one important type of molecular assemblies, the self-assembled monolayers 

(SAMs) formed on solid substrates have been explored for applications in many fields, 

such as surface wetting/lubrication,175,235 photolithography,143,236 and nanofabrication.134 

With specific terminal groups, additional intriguing functions can be introduced to SAMs, 

which enable their use for fabricating biosensors141 and other types of molecular 

devices.142,237 Moreover, the properties and functions of SAMs have been found strongly 

related to their distribution of terminal groups; as a typical example, the Fc-terminated 

alkanethiolate SAMs on gold have been widely used for studying the long-range ET 

kinetics.208-210 For this purpose, an “ideal structured” SAM with uniformly dispersed Fc 

terminal groups is preferential in order to ensure their noninteracting, independent, and 

homogeneous ET behavior.203  

The general strategy for achieving such “ideal structured” SAM is by preparing mixed 

component ferrocenylalkanethiolate/alkanethiolate SAMs on gold, where the 

ferrocenylalkanethiols are diluted by another alkanethiols on surface134 The conventional 

microscopic (1-2 nm sized “bright spots” observed in STM image)238 and electrochemical 

evidences (a single pair of symmetric CV redox peaks with peak width at half-height close 

to 90.6 mV)203 have indicated that the mixed Fc-SAMs with ideal structural features could 

be made by either co-adsorption (with low mole fraction of ferrocenylalkanethiol in the 

mixed assembly solution)188, 214 or exchange method (immersing the pre-assembled 

alkanethiolate SAM with ferrocenylalkanethiol for a short period of time).238 In addition, our 

recent CV study indicates that another way of exchange method (i.e., immersing the pre-

assembled ferrocenylalkanethiolate SAM with diluent alkanethiol for long period of time) 

may result in clustered Fc terminal groups (a broad pair of CV redox peaks located at 

higher potential).188 However, the distribution of Fc terminal groups probed by above two 

conventional techniques are not so convinced: First, it is still controversial that whether 

the tiny regions (nm2 to μm2) imaged by microscopic techniques are capable of 

representing the real scenario at macro-scale ranges; secondly, although CV as a macro-

scale technique can provide multiple information about the structure of 

ferrocenylalkanethiolate SAMs on gold,46 these information are indirect and inadequate 

for knowing the exact distribution of Fc terminal groups at molecular level.  
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Figure 4.1.   Schematic view of the dimensions of Fc@CB[7] host-guest binding 
on mixed FcC11S-/C8S-Au SAM.  

Note: Reprinted with permission from J. Phys. Chem. C 2018, 122, 15986-15995. Copyright (2018), 
American Chemical Society. 

 

In chapter 3, it has been confirmed that CB[7] can bind with the Fc terminal group of 

the mixed FcC11S-/C8S-Au SAM; their strong binding either in solution or at molecular 

interface can be attributed to the “perfect” geometric match between Fc and the inner 

cavity of CB[7]. Moreover, according to the dimension of Fc203 and CB[7]31 shown in Figure 

4.1, a CB[7] molecule would occupy much larger area than that of a Fc terminal group on 

surface; this corresponds well to the previous estimation that the theoretical maximum 

surface densities of a closely-packed ferrocenylalkanethiolate SAM and a CB[7] 

monolayer are 4.6 × 10-10 mol/cm2,213 and 7.5 × 10-11 mol/cm2,126 respectively. Accordingly, 

the Fc@CB[7] host-guest binding on SAMs should strongly depend on the free space 

around Fc terminal groups, which directly correlates to their distributions on surface. 

Therefore, it is possible to probe the distribution of Fc terminal groups on SAMs based on 

the interfacial Fc@CB[7] host-guest binding, which could provide more reliable and 

straightforward information compared to the conventional microscopic and 

electrochemical characterizations. 

In this chapter, the degrees of Fc@CB[7] host-guest binding on mixed 

ferrocenylundecanethiolate/n-alkanethiolate SAMs on gold (FcC11S-/CnS-Au SAM) 

prepared with different routes and using various lengths of n-alkanethiols were 

investigated by CV. These binding results as well as their comparison with previous 
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microscopic and electrochemical studies strongly confirm the great ability of this interfacial 

Fc@CB[7] host-guest binding pair as a molecular probe for the distribution of Fc terminal 

groups on SAMs, which further strengthened and extended our understanding about the 

structural heterogeneity of alkanethiolate SAMs on gold.  

4.2. Experimental details 

4.2.1. Reagents and materials 

1-hexanethiol (C6SH), 1-undecanethiol (C11SH), and 1-tetradecanethiol (C14SH) 

were purchased from Sigma Aldrich (St. Louis, MO). Other chemicals and materials are 

same with those described in section 3.2.1 (chapter 3).  

4.2.2. Preparation of ferrocenylundecanethiolate/n-alkanethiolate 

SAMs on Gold (FcC11S-/CnS-Au SAMs) and their incubation with CB[7] 

Co-adsorption method for preparing binary FcC11S-/CnS-Au SAMs (n = 6, 8, 11, 

and 14): the piranha-cleaned gold slides (see section 2.1.3) were immersed in a mixed 

FcC11SH/CnSH ethanol solution (95%) at room temperature for more than 20 h. The total 

concentration of thiols was 1.0 mM with different mole factions of FcC11SH (χFcC11SH). 

After incubation, the gold slides were thoroughly washed with copious amounts of ethanol 

solution (95%) and deionized water.  

Post-assembly exchange method for preparing mixed FcC11S-/C8S-Au SAMs: the 

piranha-cleaned gold slides were first immersed in 1.0 mM FcC11SH ethanol solution 

(95%) at room temperature for more than 20 h (a pre-assembled single FcC11S-Au SAM). 

Then the gold slides were taken out and immersed into 1.0 mM C8SH ethanol solution 

(95%) for different periods of time. For direct comparison, the exchange was also carried 

out in the reversed manner, i.e., a single C8S-Au SAM was first prepared by immersing 

the piranha-cleaned gold slides in 1.0 mM C8SH ethanol solution (95%) at room 

temperature for more than 20 h, then the gold slides were taken out and immersed into 

1.0 mM FcC11SH ethanol solution (95%) for different periods of time. 

To examine the degree of interfacial Fc@CB[7] host-guest binding, the freshly 

prepared FcC11S-/CnS-Au SAMs were immersed in the aqueous solution containing 1.0 

mM CB[7] for 2 h in prior to the CV detections.  
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4.2.3. Surface characterizations by CV and contact angle 

measurements 

CVs and water contact angles were measured for mixed FcC11S-/CnS-Au SAMs 

before and after incubation with 1.0 mM CB[7] for 2 h. The detailed information of CV and 

water contact angle measurements are described in chapter 2 and section 3.2.3 (chapter 

3).  

4.3. Results and discussion 

4.3.1. Fc@CB[7] host-guest binding on FcC11S-/C8S-Au SAM 
prepared by different routes 

 

Figure 4.2.   CVs of FcC11S-/C8S-Au SAMs prepared by (A) co-adsorption method 
with different χFcC11SH, (B) exchange the pre-assembled C8S-Au SAM 
with 1.0 mM FcC11SH for different periods of time, and (C) exchange 
the pre-assembled FcC11S-Au SAM with 1.0 mM C8SH for different 
periods of time. The blue and red curves are the CVs before and after 
incubation with 1.0 mM CB[7] for 2 h. The supporting electrolyte was 
0.1 M NaClO4, and the scan rate was kept as 50 mV/s. 

Note: Reprinted with permission from J. Phys. Chem. C 2018, 122, 15986-15995. Copyright (2018), 
American Chemical Society. 
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We first investigated the distribution of Fc terminal groups on mixed FcC11S-/C8S-

Au SAMs prepared with various methods. The blue curves in Figure 4.2 (A) show the CVs 

of FcC11S-/C8S-Au SAMs prepared by co-adsorption method with different mole fractions 

of FcC11SH (χFcC11SH). It can be seen that the both size and shape of CVs are highly 

dependent on χFcC11SH: For low χFcC11SH (5%), only a single pair of symmetric redox peaks 

is clearly observed; with higher χFcC11SH, the CVs not only become stronger but also show 

the appearance of a shoulder pair of redox peaks at more positive potential, which 

gradually becomes significant. The blue curves in Figure 4.2 (B) and (C) are the CVs of 

FcC11S-/C8S-Au SAMs prepared by the two exchange methods. As expected, the CV 

peaks become stronger when exchanging the pre-assembled single C8S-Au SAM with 

FcC11SH for longer period of time, which is also accompanied with an enhancing shoulder 

pairs of redox peaks located at higher potential (Figure 4.2B); in contrast, the other way 

of exchange, i.e., exchanging the pre-assembled single FcC11S-Au SAM with C8SH, 

results in “opposite” variations on CVs (i.e., shrinking and less splitting CVs with longer 

exchange time). By integrating the anodic waves of all blue CVs shown in Figure 4.2, the 

total Fc surface densities (ΓFc) of FcC11S-/C8S-Au SAMs prepared by various methods 

were determined based on equation 3.3 (see section 3.3.1) and summarized in Figure 4.3, 

which are consistent with the visually observed variations on the size of their CVs (i.e., ΓFc 

increases with higher χFcC11SH or longer exchange time by FcC11SH, but decreases with 

longer exchange time by C8SH).  
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Figure 4.3.    Total surface densities of Fc terminal groups (ΓFc) on FcC11S-/C8S-
Au SAMs prepared by (A) co-adsorption with different χFcC11SH; (B) 
exchange C8S-Au SAM with FcC11SH for different times; and (C) 
exchange FcC11S-Au SAM with C8SH for different times. The dashed 
lines are for eney guide only. 

Note: Reprinted with permission from J. Phys. Chem. C 2018, 122, 15986-15995. Copyright (2018), 
American Chemical Society. 

 

The red curves in Figure 4.2 are the CVs of these FcC11S-/C8S-Au SAMs after 

incubation with CB[7], where interesting phenomenon were observed: First, for FcC11S-

/C8S-Au SAMs prepared by co-adsorption and by exchanging the pre-assembled single 

C8S-Au SAM with FcC11SH (Figure 4.2, A and B), remarkable changes were observed 

at the cases of low ΓFc (e.g., co-adsorption with χFcC11SH of 5%; exchange C8S-Au SAM by 

FcC11SH for 10 s and 1 min), where the original pair of CV redox peaks vanished and a 

new pair of redox peaks appeared at more positive potential; this indicates a high 

conversion rate of Fc terminal group to Fc@CB[7] host-guest complex on SAM. With 

higher ГFc prepared by these two methods (e.g., co-adsorption with χFcC11SH of 10% and 

20%; exchange C8S-Au SAM by FcC11SH for 15 min and 1 h), the CB[7] incubation 

induced changes on CVs become rather complicated due to their originally “split” CV 

responses as caused by more heterogeneously distributed Fc terminal groups on SAMs213, 

239, 297); specifically, the redox peaks at lower potential (peak I) diminish and shift positively, 

while the redox peaks at higher potential (peak II) become stronger but show no obvious 

peak shift; these observations indicate the “preferential” binding of CB[7] to more 

dispersed Fc terminal groups on SAMs (corresponding to peak I at lower potential),213, 239 

and the resulted Fc@CB[7] host-guest complex may have a strongly overlapped CV redox 

peak and similar formal potential with the aggregated Fc terminal groups on SAMs 

(corresponding to peak II at more positive potential);213, 239 this might be the reason for the 
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“enhanced” peak II after CB[7] incubation. When ΓFc is close to its maximum value (e.g., 

co-adsorption with χFcC11SH of 50% and 100%; exchange C8S-Au SAM by FcC11SH for 

20 h), there are much less or even negligible changes on the CVs of FcC11S-/C8S-Au 

SAMs after CB[7] incubation, which is easily understandable as the Fc terminal groups 

become too crowded to bind with CB[7] (lack of surrounding space). More interestingly, 

for FcC11S-/C8S-Au SAMs prepared by exchanging the pre-assembled single FcC11S-

Au SAM with C8SH (Figure 4.2C), only those at earlier stage of exchange process (5 min 

and 15 min) show obviously changed CV after CB[7] incubation; while those after long 

time of exchange (≥ 1h), although has much decreased ΓFc, show negligible changes 

after CB[7] incubation. These interesting phenomena indicate that the two different ways 

of exchange method may eventually result in distinct distributions of Fc terminal groups 

on FcC11S-/C8S-Au SAM.  

In order to quantify the Fc@CB[7] host-guest complex formed on FcC11S-/C8S-Au 

SAMs prepared by different methods, especially for those with split CV responses before 

and after CB[7] incubation, the Gaussian-Lorentzian fitting protocol (as described in 

section 3.3.2) was used to determine the surface densities of Fc contributed from 

individual redox peaks. In Figure 4.4, an example is provided with the CVs of FcC11S-

/C8S-Au SAM prepared by co-adsorption method with χFcC11SH of 20%. As clearly depicted, 

with similar formal potentials the relative size between the two deconvoluted redox peaks 

(I and II) at lower and higher potentials changes significantly after CB[7] incubation (I’ and 

II’); the Fc surface densities corresponding to each deconvoluted redox peak (ΓI/I’ and ΓII/II’) 

were then calculated (based on equations 3.5 and 3.6, see section 3.3.2) and summarized 

in Table 4.1 together with the total Fc surface density (ΓFc) derived from the original CV 

anodic waves.  
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Table 4.1.    Quantitative analysis of the CVs of FcC11S-/C8S-Au SAM prepared 
with a χFcC11SH of 20% before and after CB[7] incubation. 

 ΓFc (10-10 mol/cm2) ΓI/I’ (10-10 mol/cm2) ΓII/II’ (10-10 mol/cm2) 

FcC11S-/C8S-Au 2.23 ± 0.22 1.14 ± 0.14 1.16 ± 0.11 

CB[7]@FcC11S-/C8S-Au 2.28 ± 0.18 0.82 ± 0.09 1.45 ± 0.12 

 0.05 ± 0.28 0.32 ± 0.17 0.29 ± 0.16 
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Figure 4.4.  Gaussian-Lorentzian deconvolution of the CV anodic waves of (A) 
FcC11S-/C8S-Au SAM prepared by co-adsorption with 𝛘𝐅𝐜𝐂𝟏𝟏𝐒𝐇 of 20% 
and (B) after incubation with 1.0 mM CB[7] for 2 h. The blue and red 
circles show the experimental data (i.e., the original CVs); the dashed 
lines are the deconvoluted redox peaks, and the black solid lines 
show their sum (i.e., the overall fit). 

Note: Reprinted with permission from J. Phys. Chem. C 2018, 122, 15986-15995. Copyright (2018), 
American Chemical Society. 
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It can be seen that within experimental uncertainties, ΓFc remains unchanged before 

and after CB[7] incubation (ΔΓFc = 0.05±0.28 × 10-10 mol/cm2), which confirms that the 

CB[7] host binding does not affect the redox activity of Fc terminal groups on SAMs. More 

importantly, upon CB[7] incubation the decreased Fc surface density corresponding to 

peak I at lower potential (ΓI’  ΓI = 0.32±0.17 ×10-10 mol/cm2) equals to the increased Fc 

surface density corresponding to peak II at higher potential (ΓII’  ΓII = 0.29±0.16 ×10-10 

mol/cm2). This further confirms that the enhanced peak II to peak II’ after CB[7] incubation 

could be the sum of the redox responses from Fc@CB[7] host-guest complex and the 

aggregated Fc terminal groups on FcC11S-/C8S-Au SAM. Accordingly, the conversion 

rate of Fc terminal group to Fc@CB[7] complex (χFc@CB[7]) for each SAM can be estimated 

by equation 4.1: 

𝜒 @ [ ] =
Γ − Γ

Γ
                                                                                        (4.1)  

 

 

Figure 4.5.  Conversion rate of Fc terminal group to Fc@CB[7] host-guest complex 
(χFc@CB[7]) as the function of total Fc surface density (ΓFc) of FcC11S-
/C8S-Au SAMs prepared by (A) co-adsorption method, (B) exchange 
the pre-assembled C8S-Au SAM with FcC11SH, and (C) exchange the 
pre-assembled FcC11S-Au SAM with C8SH.  

Note: Reprinted with permission from J. Phys. Chem. C 2018, 122, 15986-15995. Copyright (2018), 
American Chemical Society. 

 

Based on equation 4.1, χFc@CB[7] was determined as the function of ΓFc for FcC11S-

/C8S-Au SAMs prepared by different methods, which are displayed in Figure 4.5. It can 

be seen that regardless of the preparation methods, the FcC11S-/C8S-Au SAMs with high 

ΓFc (> 3.0×10-10 mol/cm2) all have very low χFc@CB[7] (< 10%); this is because of the too 
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crowded Fc terminal groups (lack of surrounding space). However, the circumstances 

become significantly different with decreased ΓFc: For FcC11S-/C8S-Au SAMs prepared 

by co-adsorption method and by exchanging the pre-assembled C8S-Au SAM with 

FcC11SH, their χFc@CB[7] increase with decreased ΓFc, which reach above 90% when ΓFc 

decrease to extremely low level (< 0.5 × 10-10 mol/cm2). However, for FcC11S-/C8S-Au 

SAMs prepared by exchanging the pre-assembled FcC11S-Au SAM with C8SH, only a 

moderate χFc@CB[7] (15%) was found at an intermediate level of ΓFc (2.8 × 10-10 mol/cm2); 

and the further decreased ΓFc leads to unnoticeable χFc@CB[7] (< 5%). 

 

 

Figure 4.6.   Schematic view of the distribution of Fc terminal groups on mixed 
FcC11S-/C8S-Au SAMs (low ГFc) prepared by different methods as 
probed by Fc@CB[7] host-guest binding.  

Note: Reprinted with permission from J. Phys. Chem. C 2018, 122, 15986-15995. Copyright (2018), 
American Chemical Society. 

 

By taking into account the CVs before and after CB[7] incubation, as well as the 

estimated χFc@CB[7], the structural information learned for the mixed FcC11S-/C8S-Au 

SAMs with low ΓFc prepared by different methods are illustrated in Figure 4.6 (The drawing 

of curved gold surfaces represents the atomic level of roughness and crystal defects). 

Briefly, the ideal-structured mixed SAM with well-dispersed Fc terminal groups (enough 

surrounding space for CB[7] host binding) could be achieved by co-adsorption with low 

χFcC11SH, and by exchanging the pre-assembled C8S-Au SAM with FcC11SH for a short 

period of time. In contrast, the other way of exchange method may finally result in 

“clustered” Fc terminal groups on mixed SAM, which are not able to bind with CB[7] due 

to the lack of surrounding space. Above findings are generally consistent with the previous 
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studies based on microscopic (STM)238 and electrochemical characterizations;214 

nevertheless, the interfacial Fc@CB[7] host-guest binding results derived from CV provide 

much more straightforward and unequivocal evidence for the distribution of Fc terminal 

groups on SAMs in either macroscale or molecular level.  

4.3.2. Fc@CB[7] host-guest binding on mixed FcC11S-/CnS-Au SAMs 

prepared with different lengths of diluent alkanethiol 

Besides different preparation methods, another important modification to mixed 

ferrocenyllalkanethiolate/alkanethiolate SAMs is to adopt different lengths of diluent 

alkanethiols, by which one can tune the dielectric properties in the microenvironment of 

Fc terminal groups.215, 217, 240 For evaluating the ability of Fc@CB[7] host-guest binding for 

probing the exposure degree of Fc terminal groups surrounded by different lengths of 

diluent alkanethiols, three other mixed FcC11S-/CnS-Au SAMs (n = 6, 11, 14) were 

prepared by co-adsorption method with low χFcC11SH, and their CVs are shown in Figure 

4.7. The original CVs (blue curves) of these binary SAMs are all dominated by single pair 

of redox peaks without obvious “splitting” shapes; and their redox peaks shift positively 

with longer diluent alkanethiols (thermodynamically more difficult oxidation of Fc to Fc+ in 

less polar microenvironment). Upon CB[7] incubation (red curves), the CV of FcC11S-

/C6S-Au SAM shows essentially the same change as that of FcC11S-/C8S-Au SAM; for 

FcC11S-/C11S-Au SAM, its CV shows a pair of small but discernible shoulder peaks at 

more positive potential; most strikingly, the CV of FcC11S-/C14S-Au SAM shows almost 

no changes.  
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Figure 4.7.   CVs of mixed FcC11S-/CnS-Au SAMs prepared by co-adsorption of 
FcC11SH with different n-alkanethiols: (A) C6SH (χFcC11SH = 3%), (B) 
C11SH (χFcC11SH = 10%), and (C) C14SH (χFcC11SH = 20%). The blue and 
red curves are the CVs before and after incubation with 1.0 mM CB[7] 
for 2 h. The supporting electrolyte was 0.1 M NaClO4, and the scan 
rate was kept as 50 mV/s. 

Note: Reprinted with permission from J. Phys. Chem. C 2018, 122, 15986-15995. Copyright (2018), 
American Chemical Society. 

 

By deconvoluting the anodic waves of CVs (shown in Figure 4.7) before and after 

CB[7] incubation with Gaussian-Lorentzian fitting protocol, the χFc@CB[7] of these mixed 



87 

FcC11S-/CnS-Au SAMs were estimated based on equation 4.1 and compared with the 

χFc@CB[7] of the mixed FcC11S-/C8S-Au SAM prepared by co-adsorption method (χFcC11SH 

= 5%).  

 

 

Figure 4.8.   ΓFc (dark gray bars) and χFc@CB[7] (light gray bars) of mixed FcC11S-
/CnS-Au SAMs (n = 14, 11, 8, 6) prepared by co-adsorption method 
(with different χFcC11SH).  

Note: Reprinted with permission from J. Phys. Chem. C 2018, 122, 15986-15995. Copyright (2018), 
American Chemical Society. 

 

As shown in Figure 4.8, all these mixed FcC11S-/CnS-Au SAMs have with similar 

and low ΓFc (4.5 × 10-11 mol/cm2 to 6.4 × 10-11 mol/cm2). Their χFc@CB[7] are highly dependent 

on the length of diluent alkanethiols: The χFc@CB[7] of FcC11S-/C14S-Au SAM is negligible 

(< 1%), and it is also small for FcC11S-/C11S-Au SAM (9±3%). In contrast, for FcC11S-

/CnS-Au SAMs with short diluent alkanethiols (C8SH and C6SH), their χFc@CB[7] become 

much higher; moreover, it is also interesting to find a relatively lower χFc@CB[7] for FcC11S-

/C6S-Au SAM (76±4%) than that of FcC11S-/C8S-Au SAM (92±3%).  
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Figure 4.9.   Schematic view of the distribution of Fc terminal groups on mixed 
FcC11S-/CnS-Au SAMs (n = 6, 11, 14) as probed by interfacial 
Fc@CB[7] host-guest binding. 

Note: Reprinted with permission from J. Phys. Chem. C 2018, 122, 15986-15995. Copyright (2018), 
American Chemical Society. 

 

Above results clearly reflect that the interfacial host-guest binding between CB[7] 

and Fc terminal groups on mixed FcC11S-/CnS-Au SAMs is strongly inhibited by using 

longer diluent alkanethiols (n = 11 and 14), which is indicated by their less changed CVs 

after CB[7] incubation and the lower value of χFc@CB[7]. This could be due to the buried or 

shielded Fc terminal groups (lack of surrounding space for CB[7] binding) by surrounding 

longer alkanethiols, as illustrated in the top and middle of Figure 4.9. In contrast, the 

significantly changed CVs and much higher χFc@CB[7] found for mixed FcC11S-/CnS-Au 

SAMs prepared with shorter diluent alkanethiols (n = 8 and 6) indicate their more exposed 

Fc terminal groups (enough surrounding space for CB[7] binding). It is also noticed that 
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compared with FcC11S-/C8S-Au SAM, the relatively smaller χFc@CB[7] of FcC11S-/C6S-Au 

SAM may indicate its more complicated distribution and orientation of Fc terminal groups 

(e.g., small portions of clustered or bent ferrocenylalkanethiols may exist when the diluent 

alkanethiol is too short, as illustrated in the bottom of Figure 4.9).  

4.3.3. Water contact angle measurements of mixed FcC11S-/CnS-Au 

SAMs prepared under different conditions 

As the electronegative carbonyl portals of CB[7] should be less hydrophobic than 

Fc-terminated alkanethiolate SAMs, in support of above interfacial Fc@CB[7] host-guest 

binding results obtained by CV, several wetting studies were also carried out with their 

results shown in Figure 4.10. It is clearly seen that upon CB[7] incubation, only FcC11S-

/C8S-Au SAMs prepared by co-adsorption method with low χFcC11SH (5%), and by 

exchanging the pre-assembled C8S-Au SAM with FcC11SH for very short time (1 min) 

show significantly decreased water contact angles; in contrast, the water contact angles 

kept nearly constant for mixed FcC11S-/C8S-Au SAMs prepared by exchanging the pre-

assembled FcC11S-Au SAM with C8SH for prolonged hours (20 h), the mixed FcC11S-

/C14S-Au SAM prepared by co-adsorption, as well as the single-component FcC11S-Au 

SAM. These results are consistent with the Fc@CB[7] host-guest binding results learned 

by CV.  
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Figure 4.10.  Water contact angles before (top) and after (bottom) incubation with 
1.0 mM CB[7] for 2 h for (A/A’) FcC11S-/C8S-Au SAM prepared by co-
adsorption method (χFcC11SH = 5%); (B/B’) FcC11S-/C8S-Au SAM 
prepared by exchanging the pre-assembled C8S-Au SAM with 1.0 mM 
FcC11SH for 1 min; (C/C’) FcC11S-/C8S-Au SAM prepared by 
exchanging the pre-assembled FcC11S-Au SAM with 1.0 mM C8SH for 
20 h; (D/D’) FcC11S-/C14S-Au SAM prepared by co-adsorption 
method (χFcC11SH = 20%); and (E/E’) single-component FcC11S-Au 
SAM prepared by immersing the gold slide in 1.0 mM FcC11SH 
solution for 20 h.   

Note: Reprinted with permission from J. Phys. Chem. C 2018, 122, 15986-15995. Copyright (2018), 
American Chemical Society. 

 

4.4. Conclusion 

Based on the CVs before and after CB[7] incubation, as well as the estimated 

conversion rates of Fc terminal group to Fc@CB[7] host-guest complex, the distribution of 

Fc terminal groups of various ferrocenyalkanethiolate SAMs were examined. Specifically, 

the well-dispersed Fc terminal groups as the ideal structural feature for many applications 

could be achieved by either co-adsorption with low mole fraction of ferrocenylalkanethiol 

in the mixed assembly solution, or by exchanging the pre-assembled single-component 

alkanethiolate SAM with ferrocenylalkanethiol for a short period of time. In contrast, the 

other way of exchange method, and the use of longer diluent alkanethiols may result in 

clustered or buried Fc terminal groups on mixed SAMs. These results are consistent with 

and provide stronger complementary evidences to the conventional electrochemical and 

microscopic characterizations. More importantly, it strongly indicates that by adapting a 

supramolecular approach, the structural heterogeneity in organized molecular assemblies 

can be effectively identified.  
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Chapter 5.  
 
Host-guest binding to regulate long-range electron 
transfer process in self-assembled monolayers 

In this chapter, the long-range electron transfer (ET) of Fc terminal groups on mixed 

FcC11S-/C8S-Au SAM is investigated upon host-guest encapsulation by CB[7], whose 

inner cavity provides both a structurally defined and spatially confined nonpolar micro-

environment. It was discovered that the CB[7] host binding results in thermodynamically 

inhibited oxidation of Fc to Fc+, and retarded ET kinetics between Fc terminal group and 

gold electrode. By fitting the experimentally obtained Tafel plot with Marcus-Hush-Chidsey 

model, it was also found that both reorganization energy and electronic coupling for the 

ET kinetics between Fc terminal group and gold electrode show noticeable decrease upon 

CB[7] encapsulation. These results not only augment the potential of this supramolecular 

host-guest pair as an effective and convenient regulator of long-range ET at organized 

molecular interfaces, but also provide insights for understanding the microenvironmental 

nature of biological ET processes.  

 

Note: this chapter is adapted with permission from:  

Qi, L.; Yu H.-Z. Supramolecular Host–Guest Inclusion to Regulate Long-Range Electron 

Transfer at Highly Oriented Molecular Interfaces J. Phys. Chem. C, 2019, 123,26315-

26323. Copyright (2019) American Society of Chemistry. 

 

 

5.1. Introduction 

Long-range electron transfer (ET) across various molecular bridges have been 

investigated for decades as they play critical roles in both life science processes (e.g., 

photosynthesis, respiration, cellular signal transduction, and metabolic cycles)241,242 and 

engineering applications (e.g., electrochemical biosensing and energy 
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conversion/storage).243,244 Up to date, there have been tremendous amount of efforts on 

exploring the factors affecting long-range ET processes, such as the length, structure, and 

composition of the “molecular bridges” between the ET donor and acceptor, as well as 

their surrounding medium, which provided unequivocal insights for understanding the ET 

mechanism via tunneling, hopping, or flickering resonance mechanism.242,245-248 

It is also well known that the ET processes involved in biological systems usually 

occur in lower dielectric medium (e.g., proteins) with respect to aqueous solution (ε = 78), 

which would lead to the smaller reorganization energy for ET kinetics according to the 

prediction of Marcus theory.248-252 However, the actual impacts of biological medium on 

the ET kinetics is rather complicated as both faster (e.g., 108 ~ 1015 folds enhanced ET 

rates by enzymatic catalysis250) and slower ET processes have been found with different 

structural origins of the low-dielectric medium (i.e., nonpolar structures or fixed polar 

structures/dipoles).249-251,253 Therefore, an in-depth understanding about the role of low-

dielectric medium with a well-defined structural origin will help to better understand and 

modulate biological ET processes, as well as guide the design of more efficient molecular 

electronic devices. 

The mixed ferrocenylalkanethiolate/alkanethiolate SAMs on gold with highly-

organized structure have been intensively used for long-range ET studies208,210,254-265 due 

to the following reasons: First, the covalently immobilized redox-active Fc terminal groups 

allow the nonadiabatic ET tunneling process across the alkyl bridge (a thickness less than 

20 Å) without the interference from the mass transport processes in solution (e.g., 

diffusion);208,210,263 besides, by using diluent alkanethiols the Fc terminal groups can be 

well-separated on mixed SAMs with minimized heterogeneous distribution of ET 

kinetics.210,214 With this ideal platform, the influence of many factors (e.g., 

temperature,210,263 type of solvent medium262 and supporting electrolyte,260,261 chemical 

nature of bridge and diluent alkanethiols)256-259 on long-range ET process have been 

investigated. The thermodynamics of ET can be evaluated from its redox potential, while 

the kinetics of ET is always evaluated by those important parameters (e.g., standard rate 

constant k0, reorganization energy λ, and electronic coupling H) determined from Bulter-

Volmer or Marcus-type kinetic models.210,220,252 Moreover, the tunneling constant (β), a 

parameter associated with the ET mechanism, can be obtained by measuring k0 at 

different ET distances (controlled by the length of alkyl bridge).208,254-257 



93 

Based on mixed ferrocenlyalkanethiolate SAMs, previous investigations on low-

dielectric ET medium were conducted with different organic solvents.261,262 Unfortunately, 

these nonaqueous solvents always bring “global-scale” influences on the structure of  

alkanethiolate SAMs besides changing the dielectric properties of their surroundings, 

which impose much difficulty for either accurately measuring or interpreting the results of 

ET kinetic study.261 An alternative approach is to use diluent alkanethiols of varied lengths 

to modulate the dielectric medium around Fc terminal groups on SAMs;265 however, such 

approach require massive preparation work on molecular synthesis and modification; 

moreover, no systematic changes were found on the reorganization energy of Fc terminal 

surrounded by different lengths of diluting alkanethiols, which indicates that a low-

dielectric ET medium might not be well-created by this approach.265 

Fortunately, the simple and conveniently adapted supramolecular host-guest 

binding chemistry may provide a promising alternative way for studying the ET behavior 

of redox-active terminal groups in nonaqueous environment since the inner cavities of 

macrocyclic host molecules are less polar and polarizable than bulk aqueous medium, 

which provide lower dielectric ET media upon binding with guests. More importantly, such 

a host-guest binding based environmental modulation only takes effect at very confined 

space (molecular range), which would not cause “global” influences on the structure of 

SAMs. Among all macrocyclic hosts, CB[7] could be most suitable for this purpose due to 

the extremely low polarity and polarizability of its inner cavity,37,38 as well as its confirmed 

strong binding with Fc terminal group on mixed alkanethiolate SAMs (sub-μM level binding 

affinity as determined in chapter 3). In addition, unlike other host molecules whose binding 

affinity towards oxidized Fc guests (Fc+) could be dramatically weak (e.g., Kf of β-

cyclodextrin@Fc+ host-guest complex is less than 103 M-1),266,267 CB[7] was confirmed 

having similar binding affinities towards both reduced and oxidized forms of neutral Fc 

derivatives, and moderately decreased binding affinity towards oxidized cationic Fc 

derivatives (1 to 2 orders of magnitude).113-115 

Inspired by above descriptions, in this chapter, with mixed FcC11S-/C8S-Au SAM 

as an “ideal” system for both interfacial CB[7] host-guest binding and long-range ET study, 

the influences of CB[7] binding on the ET behavior (especially the kinetic aspect) of Fc 

terminal groups were systematically investigated. The results of this study clearly confirm 

the ability of this supramolecular host-guest binding pair for modulating the local dielectric 

medium of long-range ET process; moreover, they further reveal the role of a nonpolar-
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structure based low-dielectric medium on ET kinetics, which help better understand the 

rather complicated environmental requirement of the much faster enzymatic ET reactions. 

5.2. Experimental details 

5.2.1. Reagents and materials 

Perchlorate acid (70%) were ordered from Sigma Aldrich (St. Louis, MO), and was 

diluted to 0.1 M with deionized water. Other chemicals and materials are same with those 

described in section 3.2.1 (chapter 3). 

5.2.2. Preparation of FcC11S-/C8S-Au SAM and CB[7] binding 

Briefly, the piranha-cleaned gold slides (see section 2.1.3 for details) were immersed 

in a mixed FcC11SH/C8SH ethanol solution (95%) at room temperature for more than 20 

h. The total concentration of thiols was 1.0 mM with 2% mole faction of FcC11SH. After 

immersion, the gold slides were thoroughly washed with copious amounts of ethanol 

solution (95%) and deionized water. For CB[7] binding, the mixed FcC11S-/C8S-Au SAM 

was incubated with 1.0 mM CB[7] aqueous solution for 2 h. 

5.2.3. Electrochemical measurements 

CVs and chronoamperometric responses (CAs) were measured for mixed FcC11S-

/C8S-Au SAMs before and after CB[7] incubation. The pulse width and the sample interval 

of CA measurement were set as 100 ms and 0.02 ms, respectively. Other detailed 

information of our electrochemical detections is described in section 2.1.3 (chapter 2) and 

section 3.2.3 (chapter 3).  
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5.3. Results and discussion 

5.3.1. Investigate the influence of interfacial Fc@CB[7] host-guest 

binding on ET thermodynamics  

In this study, the mixed FcC11S-/C8S-Au SAM prepared by co-adsorption method 

with low χFcC11SH (2%) was employed due to its ideal structural features and strong host-

guest binding ability with CB[7] as confirmed in chapter 3 and 4. Upon well-dispersed and 

exposed on surface, the microenvironment of Fc terminal groups should be remarkably 

changed upon binding with CB[7]. The CVs of mixed FcC11S-/C8S-Au SAM before and 

after CB[7] incubation (1.0 mM, 2 h) were displayed in Figure 5.1.  

 

 

Figure 5.1.  CVs of mixed FcC11S-/C8S-Au SAMs prepared by co-adsorption 
method (χFcC11SH = 2%) before (blue curve) and after incubation with 
1.0 mM CB[7] for 2 h (red curve). The supporting electrolyte was 0.1 
M HClO4, and the potential scan rate (v) was kept at 0.05 V/s. 

Note: Reprinted with permission from J. Phys. Chem. C 2019, 123, 26315-26323. Copyright (2019), 
American Chemical Society. 
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Similar to the observations in previous chapters, the CV of FcC11S-/C8S-Au SAM 

(blue curve) shows a single pair of symmetric redox peaks with half-height peak width 

(Efwhm) of 97 ± 4 mV, and peak separation (∆Ep) less than 10 mV. These CV properties 

indicate the nearly noninteracting and highly-reversible redox behavior of Fc terminal 

groups.68,204 By integrating the CV anodic wave and based on equation 3.3 (see section 

3.3.2), the surface density of Fc terminal groups (ΓFc) was determined to be (2.3 ± 0.3) × 

10-11 mol/cm2; in terms of the geometric dimension of CB[7] (as illustrated in Figure 4.1 in 

chapter 4), such a low ΓFc should ensure enough surrounding space for interfacial 

Fc@CB[7] host-guest binding. Upon incubation with CB[7], a new pair of redox peaks 

appeared at more positive potential (red curve), and the integration of its anodic wave 

gives a similar value of ΓFc (2.2±0.3 × 10-11 mol/cm2). Based on Gaussian-Lorentzian 

deconvolution and equation 4.1 (see section 4.3.1), a high conversion rate (χFc@CB[7] > 95%) 

was estimated from the CVs before and after CB[7] incubation. The unchanged ΓFc and 

high χFc@CB[7] confirm that nearly all Fc terminal groups on mixed FcC11S-/C8S-Au SAM 

were bound to CB7] without losing their redox activity.  

The rather remarkable, positive formal potential shift (89 ± 6 mV) observed in Figure 

5.1 clearly reflects the influence of CB[7] host binding on the ET thermodynamics of Fc+/Fc 

terminal groups, i.e., the oxidation of Fc@CB[7] to Fc+@CB[7] is more difficult compared 

with the free Fc+/Fc. This phenomenon is not exactly the same with previous CV studies 

of Fc@CB[7] host-guest complexations in solution phase, where the large degree of 

positive formal potential shifts (80~110 mV) were only observed for cationic Fc derivatives, 

but not for neutral Fc derivatives (< 30 mV).114-116 As described by equations 5.1 to 5.5, 

the formal potential shift (ΔEo’) of a redox couple (R and O) upon ligand (L) binding is 

strongly correlated to their relative binding affinity towards ligand (i.e., KRL/KOL, where KRL 

and KOL are the formation constants of RꞏL and OꞏL complex): 

𝑅 − 𝑛𝑒 ⇌ 𝑂                                                                                                   (5.1) 

𝐸 = 𝐸 −
𝑅𝑇

𝑛𝐹
𝑙𝑛

[𝑂]

[𝑅]
                                                                                 (5.2) 

𝑅 ∙ 𝐿 − 𝑛𝑒 ⇌ 𝑂 ∙ 𝐿  𝐾 =
[𝑅 ∙ 𝐿]

[𝑅][𝐿]
, 𝐾 =

[𝑂 ∙ 𝐿]

[𝑂][𝐿]
                           (5.3) 

𝐸 = 𝐸 −
𝑅𝑇

𝑛𝐹
𝑙𝑛

[𝑂 ∙ 𝐿]

[𝑅 ∙ 𝐿]
= 𝐸 −

𝑅𝑇

𝑛𝐹
𝑙𝑛

𝐾

𝐾

[𝑂]

[𝑅]
                            (5.4) 



97 

𝛥𝐸 = 𝐸 −  𝐸 =
𝑅𝑇

𝑛𝐹
𝑙𝑛

𝐾

𝐾
                                                             (5.5) 

Based on those earlier CV studies in solution phase and equation 5.5, it has been 

proposed that CB[7] may have similar binding affinities towards both reduced and oxidized 

forms of neutral Fc guest (i.e., KOL ≈ KRL, ΔEo’ ≈ 0).113 Nevertheless, due to their distinct 

charge states they could have different thermodynamically most favored orientations 

inside the inner cavity of CB[7]; therefore, there might be a certain degree of spatial 

adjustment of neutral Fc guest upon oxidation/reduction in order to achieve their individual 

most favorable orientation inside CB[7]. In contrast, for cationic Fc guests their positively 

charged side groups could form additional ion-dipole interactions with the electronegative 

carbonyl portals of CB[7],114,115 which may lead to a “locking effect” that restricts the spatial 

adjustment of Fc+ residue inside CB[7] through the electrostatic repulsion force; as a result, 

their thermodynamic binding stability with CB[7] could be affected upon oxidation (i.e., KOL 

< KRL, ΔE’ > 0).   

For neutral Fc terminal groups on SAMs, it is no doubt that they have much limited 

motion (particularly rotational) freedom compared with the neutral Fc guests in solution. 

As a result, it is very likely that neither its reduced nor oxidized form is able to reach their 

thermodynamic most favorable orientations inside CB[7], and this is, in fact, a possible 

reason for the relatively moderate binding stability of Fc@CB[7] host-guest complex 

formed on SAMs (see chapter 3 for detailed thermodynamic study); such an effect could 

be somehow even stronger for oxidized Fc terminal group with its orientation inside CB[7] 

“further away” from its thermodynamically most favored state.  
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Figure 5.2.   CVs of mixed FcC11S-/C8S-Au SAM (prepared by co-adsorption 
method with χFcC11SH of 2%) at different concentrations of HClO4 (0.05 
to 1.0 M) before (A) and after (B) incubation with 1.0 mM CB[7] for 2 
h. The potential scan rate was kept at 0.05 V/s.  

Note: Reprinted with permission from J. Phys. Chem. C 2019, 123, 26315-26323. Copyright (2019), 
American Chemical Society. 

 

Besides ligand binding, it has been confirmed that the redox thermodynamics of Fc 

terminal groups on SAMs is strongly influenced by the ion pairing between the oxidized 

Fc terminal group (Fc+) and the anion in solution (ClO4
− in this study). From 

thermodynamic aspect, ClO4
− can neutralize the positive charge of Fc+ terminal group 
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upon forming an ion pair, and thus improve its thermodynamic stability within the nonpolar 

environment of alkane chains. This was evidenced by the negative formal potential shifts 

of Fc-terminated alkanethiolate SAMs in the electrolyte solution with increasing 

concentrations of ClO4
−.216,217 Due to its nonpolar inner cavity and electronegative carbonyl 

portals, it is very likely that the CB[7] host binding would inhibit the anion pairing of Fc+ by 

limiting the accessibility of ClO4
- to encapsulated Fc terminal groups on SAMs (i.e., the 

concentration of ClO4
- in the local environment of Fc terminal groups could be lower than 

its concentration in bulk solution). To verify this, CVs of mixed FcC11S-/C8S-Au SAM were 

measured at different concentrations of electrolyte (HClO4) before and after CB[7] 

incubation, which are shown in Figure 5.2 (A) and (B). It can be clearly seen that with 

increased concentration of ClO4
−, the CV redox peaks of FcC11S-/C8S-Au SAM (Figure 

5.2A) show much more obvious negative potential shifts compared with its CVs after CB[7] 

incubation (Figure 5.2B).  

 

 

Figure 5.3.   The relationship between the CV anodic peak potential (Epa) and the 
logarithm concentration of ClO4

− (log([ClO4
−]) before (blue solid 

circles) and after CB[7] incubation (red solid circles). The solid lines 
are the best linear fits to experimental data. 

Note: Reprinted with permission from J. Phys. Chem. C 2019, 123, 26315-26323. Copyright (2019), 
American Chemical Society. 
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The relationship between the CV anodic peak potential (Epa) and the logarithm 

concentration of ClO4
− (log[ClO4

−]) were plotted in Figure 5.3. It was found that without 

CB[7] incubation (blue circles/line), Epa decreases linearly with higher value of log[ClO4
−], 

which has a slope of –(54 ± 2) mV (R2 = 0.9959). This indicates a “near-ideal” ion pairing 

thermodynamics of Fc+ terminal groups since our determined slope is close to the 

theoretical value (–59 mV) predicted from the ion paring model, as expressed by equation 

5.6:216 

𝐸 =  𝐸˚  −
2.303𝑅𝑇

𝑛𝐹
𝑙𝑜𝑔 𝐾 −

2.303𝑅𝑇

𝑛𝐹
𝑙𝑜𝑔[ClO ]  (𝐾[ClO ]  ≫ 1)   (5.6) 

where 𝐸˚  is the formal potential adsorbed Fc+/Fc redox couples; K is the formation 

constant of Fc+ ClO4
̄ ion pair. After CB[7] incubation, the linear fit ends up with a poor 

slope (−11 ± 1 mV ) and a unsatisfactory R2 value (0.9710), which indicate a significantly 

affected ion pairing thermodynamics. With inhibited ion paring, the oxidation of Fc@CB[7] 

to Fc+@CB[7] could also become less favored on alkanethiolate SAMs. Besides above 

mentioned two factors, the CB[7] host binding may bring other influence factors to the ET 

thermodynamics of Fc+/Fc terminal groups on SAM, such as the varied local electrical field 

and interfacial double layer capacitance. It is believed that the positive formal potential 

shifts observed in Figure 5.1 should be an overall effect of various environmental factors 

brought by interfacial Fc@CB[7] host-guest binding. Further efforts are needed to identify 

the contribution from different influence factors.  

5.3.2. Investigate the influence of interfacial Fc@CB[7] host-guest 

binding on ET kinetics  

In addition to the ET thermodynamics of Fc+/Fc redox couple, which is strongly 

related to its distinctive charge states (+1 and 0), it is more interesting to explore the more 

universal influence caused by CB[7] host binding on the ET kinetics of Fc+/Fc at such a 

highly organized molecular interface. This was first investigated by measuring the CVs of 

FcC11S-/C8S-Au SAM at different potential scan rates (v) before and after CB[7] 

incubation, which are displayed in Figure 5.3.  
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Figure 5.4.  CVs of mixed FcC11S-/C8S-Au SAM (prepared by co-adsorption 
method with χFcC11SH of 2%) at different scan rates (v) (A) before and 
(B) after incubation with 1.0 mM CB[7] for 2 h. The current signals are 
normalized with scan rates (i/v). The supporting electrolyte was 0.1 M 
HClO4. 

Note: Reprinted with permission from J. Phys. Chem. C 2019, 123, 26315-26323. Copyright (2019), 
American Chemical Society. 

 

It can be seen that with faster potential scan rates (v), the CVs of FcC11S-/C8S-Au 

SAM before and after CB[7] incubation both show increased peak separations. Such a 

trend is much more significant after CB[7] incubation, which indicates the less reversible 

and slower ET kinetics of Fc@CB[7] host-guest complex formed on SAMs. For 
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quantitative analysis, the CV peak separations (Epa - Epc) were subsequently plotted with 

the natural logarithm of potential scan rate (ln v), i.e., the Laviron plot, as shown in Figure 

5.5 (A).  

 

 

 Figure 5.5.  (A) Laviron plots (Epa−Epc vs. ln v) of FcC11S-/C8S-Au SAMs (prepared 
by co-adsorption method with χFcC11SH of 2%) before (blue solid circles) 
and after incubation with 1.0 mM CB[7] for 2 h (red solid circles). The 
dashed lines show the best linear fits to the experimental data at 
higher scan rates. (B) The ko of Fc+/Fc terminal group and 
Fc+@CB[7]/Fc@CB[7] complex determined from the best linear fits. 

Note: Reprinted with permission from J. Phys. Chem. C 2019, 123, 26315-26323. Copyright (2019), 
American Chemical Society. 

 

In general, the peak separations are small at low scan rates (ln v < 0), indicating the 

highly reversible ET process; with higher scan rate (ln v > 0), the peak separations start 

to increase, indicating the less reversible ET process. With even higher scan rate, the 

good linear relationship (R2 > 0.99) can be observed in both cases before and after CB[7] 

incubation; however, the linear relationship appears earlier for Fc+@CB[7]/Fc@CB[7] 

complex (when v > 80 V/s) than free Fc+/Fc terminal groups (when v > 250 V/s). Based 

on the data shown in Figure 5.5 (A), the standard ET rate constant (k0) was determined 

by fitting the linear parts with Laviron model (derived from conventional Butler-Volmer 

kinetic equation), as expressed by equation 5.7:220 

𝐸 − 𝐸 =
𝑅𝑇

𝑛𝐹

1

1 − 𝛼
+

1

𝛼
𝑙𝑛𝑣 +

𝑅𝑇

𝑛𝐹(1 − 𝛼)
𝑙𝑛

(1 − 𝛼)𝑛𝐹

𝑅𝑇𝒌𝒐
+

𝑅𝑇

𝑛𝐹𝛼
𝑙𝑛

𝛼𝑛𝐹

𝑅𝑇𝒌𝟎
               (5.7) 
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where R is the gas constant, T is the temperature, F is the Faradic constant, n is the 

number of electrons involved in the ET process (n = 1 for Fc+/Fc), α is the ET coefficient 

(a symmetric factor of activation energy barrier). For mixed FcC11S-/C8S-Au SAM, the 

best fit shown in Figure 5.5 (A) (blue dashed line) yields an α of 0.46 ± 0.02 and k0 of (9.8 

± 1.1) × 102 s-1, respectively. The k0 determined here is a bit lower than those (103 to 104 

s-1) reported for other Fc-terminated alkanethiolate SAMs with similar length of alkyl 

bridge,208,257,259 which could be due to the relatively lower concentration of electrolyte (0.1 

M HClO4) used in this study in order to minimize the “salt effect” on host-guest binding 

stability.269 As shown in Figure 5.6, the k0 of FcC11S-/C8S-Au SAM can be improved to 

over 2.0 × 103 s-1 in 1.0 M HClO4.  

 

 

Figure 5.6.   (A) Laviron plots of FcC11S-/C8S-Au SAMs (prepared by co-
adsorption method with χFcC11SH of 2%) in 0.1 M HClO4 (solid circles) 
and 1.0 M HClO4 (open circles). The dashed lines show the best 
linear fits to the experimental data at higher scan rates. (B) The 
values of ko determined from the best linear fits: (9.8 ± 1.1) × 102 s-1 

for 0.1 M HClO4
 and (2.4 ± 0.3) × 103 s-1 for 1.0 M HClO4.     

Note: Reprinted with permission from J. Phys. Chem. C 2019, 123, 26315-26323. Copyright (2019), 
American Chemical Society. 

 

For FcC11S-/C8S-Au SAM after CB[7] incubation, the best linear fit (red dash line in 

Figure 5.5 A) yields a similar value of α (0.44 ± 0.02), but a much smaller k0 (5.3±0.6 × 102 

s-1). It has been confirmed that the ET process of redox-active terminal groups across 

alkanethiolate SAMs (thickness less than 20 Å) is dominated by through-bond tunneling 
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mechanism, for which k0 decays exponentially with increasing ET distance (r), as 

described by equation 5.8:208,245,254-257 

𝑘  ( )  =  𝑘  (   )e                                                                                  (5.8) 

where r is controlled by the number of methylene groups (-CH2-) in alkyl bridges; β is the 

tunneling constant that depends on the chemical position and physical properties of alkyl 

bridges. According to previously reported tunneling constant (β ≈ 1.1 per -CH2-),208,255 the 

degree of change on k0 found in this study (less than 50 %) is smaller than that caused by 

adding or removing one methylene group to/from alkyl bridge (3-folds smaller or higher k0 

would be expected based on equation 5.8), indicating the minute structural variations of 

FcC11S-/C8S-Au SAM upon CB[7] binding to its Fc terminal group. Moreover, the change 

on k0 found in this study is much less compared to previous studies in solution phase, 

where 20~50 folds decreased k0 were observed for various Fc derivatives upon 

encapsulation by CB[7]; 115 however, in solution phase the dramatically decreased k0 could 

be mainly attributed to the larger-sized Fc@CB[7] complex, which lead to smaller diffusion 

coefficient and the longer ET distance (to electrode surface).115 More interestingly, an 

increased k0 was also reported for the self-exchange ET between 

(trimethylammonio)methylferrocene (FcTMA+) and (trimethylammonio)methylferrocenium 

(FcTMA2+) upon encapsulation by CB[7]; and the possible reason behind this is that CB[7] 

might bring closer distance between FcTMA+ and FcTMA2+ as their intermolecular 

electrostatic repulsion force could be compensated by the electronegative carbonyl portals 

of CB[7] (via ion-dipole interactions).87 In addition to CB[7], the ET studies of redox-active 

SAMs associated with host-guest binding were also reported with β-cyclodextrin (β-

CD);266,267,270,271 however, the much less stable complexes formed between β-CD and 

redox-active terminal groups may lead to their dissociations occurred during the ET 

process,266, 267 which bring much difficulty on accurately measuring and interpreting the 

ET kinetic results (both slightly enhanced and reduced k0 were reported270,271). 

Considering all above, the moderately reduced k0 found with Fc@CB[7] host-guest 

complex formed on mixed FcC11S-/C8S-Au SAM may most precisely reflect the kinetic 

influence of the low-dielectric medium brought by supramolecular host-guest binding.  
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Figure 5.7.   The parabola potential energy profile of a ET system as proposed by 
Marcus theory.  

 

To further confirm that the retarded ET kinetics of Fc@CB[7] host-guest complex 

formed on SAMs is or partially originated from the nonpolar and low-dielectric inner cavity 

of CB[7], we subsequently conducted the ET kinetic study with the help of Marcus-type 

theory.252 Unlike the conventional ET kinetic models derived from transition state theory 

(i.e., a chemical reaction must proceed through a specific energic and coordinate pathway 

with intermediate compound formed, whose free energy determines the reaction rate),149 

Marcus theory considers the fact that for a simple “outer sphere” ET process without 

chemical bonds formed or broken (e.g., the self-exchange ET between metal ions 

complexes of different charge states), there is no structurally defined intermediate 

compound formed; and the electron jump between the donor and acceptor is much faster 

than other processes occurred in the ET system (e.g., changes on the nuclear coordinate 

of reactant; rearrangements of solvent orientation in the surrounding). Moreover, such an 

electron jump was also confirmed an energy conserved process since it can happen in 

dark.252 These mean that there should be neither horizontal transition in reaction 

coordinates (Franck-Condon principle) nor vertical transition in energy for a simple 

electron jump process. Accordingly, Marcus proposed that the electron jump process 

happens when the thermo fluctuation states of ET reactant and product (including their 

molecular vibrational states and surrounding solvation states) match well in both energy 

level and coordinate (i.e., at the crossing point of their energy profiles);252 by further 
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assuming the parabola-shaped energy profiles of ET reactant and product (harmonic 

oscillators), as shown in Figure 5.7, and by taking into account the electronic coupling 

(essentially the interaction between the two molecular orbitals involved in ET), the modern 

Marcus ET model was developed, as expressed in equation 5.9:203 

𝑘 =
4𝜋 𝐻

ℎ 4𝜋𝜆𝑘 𝑇
𝑒𝑥 𝑝

−(∆𝐺 + 𝜆)

4𝜆𝑘 𝑇
                                                            (5.9) 

where kapp is the apparent ET rate constant, kB is the Boltzmann constant (1.38 × 10-

23 m2 kg s-2 K-1), h is the Plank’s constant (6.63 × 10−34 J⋅s), and H represents the 

electronic coupling. The term in the square bracket of equation 5.9 represents the 

activation energy solved at the crossing point of the two parabola-shaped potential energy 

profiles (displayed in Figure 5.7), which involves the contribution from the free energy 

difference (ΔG) between the most stable states of ET reactant and product (i.e., the 

bottoms of their energy curves), as well as the reorganization energy (λ) needed to 

rearrange the coordinates of the ET system (so that the ET product with a different charge 

state can reach its most stable state). According to the prediction of Marcus model, there 

should be an “inverted” region between kapp and ΔG (i.e., kapp reaches maximum when 

𝛥𝐺 = −𝜆) instead of the monotonical relationship predicted by traditional Bulter-Volmer 

kinetic model; and the “inverted” region has been experimentally confirmed.252 

Marcus model was later confirmed also valid for “inner-sphere” ET process 

(covalently bridged donor and acceptor), and was further derivatized to study the ET 

kinetics between the redox-active terminal group on SAMs and the metal electrode with 

continuously distributed electronic states (partially filled band).210,272 The resulted Marcus-

Hush-Chidsey (MHC) model is given as equation 5.10 and 5.11:272  

𝑘 (𝜂) = 𝐴 exp −
(𝑥 − 𝜆 ± 𝑒𝜂)

4𝜆𝑘 𝑇

𝑑𝑥

1 + exp
𝑥

𝑘 𝑇

                           (5.10)  

𝐴 = 𝜌𝐻
𝑘 T

ℏ

π

𝜆𝑘 𝑇
                                                                                 (5.11) 

where A is the pre-factor consisting of the electronic coupling factor (H) and the presumed 

constant density (ρ) of the electronic states near the Fermi level of metal electrode (0.3 

eV-1 estimated for gold);257 η is the overpotential that controls the free energy change (ΔG) 

of the ET process. The MHC model considers the probability of all electrons in the 
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electronic states (x) near the Fermi level of metal electrode participating into the ET 

process, which is achieved by numerically integrating the Marcus model over the Fermi-

Dirac distribution, as shown by the integral part of equation 5.10. Based on MHC model, 

the λ and H of an interfacial ET process can be obtained by fitting the experimentally 

obtained relationship between kapp and η (i.e., Tafel plot) with equation 5.10 and 5.11.  

Chronoamperometry (CA) has been confirmed a convenient electrochemical 

technique for obtaining the experimental Tafel plot. In CA, the overpotential (η) is 

controlled by the step potential applied to working electrode against the formal potential 

of adsorbed redox couples (𝜂 = 𝐸 − 𝐸˚ ; η > 0: oxidation, η < 0: reduction). At a given 

η, the faradic current (i) of a homogeneously distributed redox couple on surface decays 

exponentially with time (t), as described by equation 5.12:203,204  

𝑖 = 𝑘 𝑄exp −𝑘 𝑡                                                                                    (5.12) 

where Q is the total faradic charge transferred between the redox couple and electrode 

surface. According to equation 5.12, a linear decay can be expected with the natural 

logarithm of faradic current (ln(i)), as shown by equation 5.13, from which kapp can be 

determined from either slope or intercept. 

ln(𝑖) = ln 𝑘 𝑄 − 𝑘 𝑡                                                                             (5.13) 
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Figure 5.8.   (A) Representative CA current decays and (B) their natural logarithm 
form at different overpotentials (η) for mixed FcC11S-/C8S-Au SAMs 
prepared by co-adsorption method with χFcC11SH of 2%. The solid lines 
in (B) indicate the linear part of the faradic current decays in natural 
logarithm form. The pulse width and sample interval of CA are 100 ms 
and 0.02 ms respectively.  

Note: Reprinted with permission from J. Phys. Chem. C 2019, 123, 26315-26323. Copyright (2019), 
American Chemical Society. 

 

Figure 5.8 (A) shows the representatives of experimentally measured CA current 

decays of FcC11S-/C8S-Au SAM at different η. The current spikes observed at very earlier 

stage (< 2 ms) should be caused by the non-Faradic charging current of the interfacial 

double layer capacitance.264 Afterwards, the CA currents decrease exponentially with time, 

which also show the expected linear decays in their natural logarithm form, as shown in 
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Figure 5.8 (B). The initial data points (0~3 ms) deviated from the linear relationship could 

be the overall effects of non-Faradic charging response and the uncompensated 

resistance (R);264 the latter was estimated to be less than 11 Ω based on Pouillet's law 

(𝑅 = × ),204 the conductivity of 0.1 M HClO4 electrolyte solution (σ = 0.32 S/cm), and 

the dimensions (𝑙 ≈ 0.5 cm, A = 0.15 cm2) of the electrochemical cell system used in this 

study (see Figure 2.4 of chapter 2). According to equation 2.16 (see section 2.1.2), the 

above determined R value does not cause significant ohmic drop (< 0.05 V) with the 

faradic current intensity shown in Figure 5.8. Based on equation 5.13, the kapp 

corresponding to different η were determined from the linear Faradic current decays; and 

the experimental Tafel plots (lnkapp vs. η) of mixed FcC11S-/C8S-Au SAM before and after 

CB[7] incubation are displayed in Figure 5.9.  

 

 

Figure 5.9.  Experimental Tafel plots (lnkapp vs. η) of FcC11S-/C8S-Au SAMs 
(prepared by co-adsorption method with χFcC11SH = 2%) before (blue 
solid circles) and after incubation with 1.0 mM CB[7] for 2 h (red solid 
circles). The solid lines are the best fitted theoretical Tafel plots 
generated by the simplified MHC model (equation 5.14). 

Note: Reprinted with permission from J. Phys. Chem. C 2019, 123, 26315-26323. Copyright (2019), 
American Chemical Society. 

 

It can be seen that for both oxidation (η > 0 V) and reduction (η < 0 V) branches, 

lnkapp increases sharply with |η| at earlier stages (0~0.2 V), and gradually levels off when 
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|η| is larger than 0.5 V. This observation is in good agreement with the prediction of MHC 

model, i.e., when |η| > λ, further increasing the driving force (|η|) no longer creates more 

electronic states to gain the probability of ET.272 For FcC11S-/C8S-Au SAM after CB[7] 

incubation, its Tafel plot (red circles) appears at lower position and levels off at relatively 

smaller η.  

Due to its high complexity and difficulty for direct use, the MHC model was usually 

applied with mathematically approximated versions, such as the one proposed by Zeng et 

al.,273 in which the integral part in equation 5.10 was simplified to known functions, as 

expressed by equation 5.14: 

𝑖 = 𝑘 (𝜂)𝑄 = 𝐴√π𝜆 tanh
𝜂

2
erfc 

⎝

⎛
𝜆 − 1 +  √𝜆  + 𝜂

2√𝜆
⎠

⎞                (5.14) 

where A is the pre-exponential factor as defined in equation 5.11; Q is the total faradic 

charge; λ and η are scaled to kBT and kBT/e, respectively. A and λ were used to generate 

the best fitted theoretical Tafel plots as shown by the solid curves in Figure 5.9. The 

electronic coupling factor H was then calculated from equation 5.11; and k0 was calculated 

from equation 5.14 at η = 0 V. These kinetic parameters before and after CB[7] incubation 

were summarized in Table 5.1. It can be seen that the k0 determined from CA and 

simplified MHC model (9.2 × 102 s-1) is close to its value determined from the Laviron’s 

method (9.8 × 102 s-1); the λ (0.80 eV) and H (0.90 cm-1) of FcC11S-/C8S-Au SAM 

determined here are close to their previously reported values for Fc-terminated 

alkanethiolate SAMs with similar length of alky bridges.208,257 Remarkably, both λ and H 

for the ET between Fc+/Fc terminal group and gold electrode decrease upon binding with 

CB[7].  
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Table 5.1    ET kinetic parameters determined for FcC11S-/C8S-Au SAM before 
and after CB[7] incubation. 

 

 λ (eV) H (cm-1) ko (s-1) by CA ko (s-1) by CV 

FcC11S-/C8S-Au 0.80 0.90 916 983 

CB[7]@FcC11S-

/C8S-Au 
0.60 0.70 509 528 

Note: the relative uncertainties of these values are within 15%  

 

According to Marcus theory, the reorganization energy is defined as the energy 

needed to rearrange the coordinates of entire ET system in order to reach the most stable 

state for ET product, which has a different charge state with respect to ET reactant. The 

total reorganization energy (λ) can be viewed as the sum of two parts, as shown in 

equation 5.15:252   

𝜆 =  𝜆  + 𝜆                                                                                                 (5.15)  

where λi is the “inner” part of reorganization energy needed to adjust the nuclear 

coordinates (e.g., bond length and bond angle) of ET reactant and product, while λo is the 

“outer” part of reorganization energy associated with the reorientation of solvent 

dipoles/molecules. It has been confirmed that the reorganization energy for the 

nonadiabatic ET process of redox-active SAMs is dominated by the outer part λo (λi is less 

than 0.1 eV);208,261,265 by assuming the solvent medium as a dielectric continuum and the 

redox couple as simple sphere model, the λo of an interfacial ET process can be expressed 

by equation 5.16:252 

𝜆 =  (𝑒
𝑁

2
)

1

𝑎
−

1

2𝑑

1

ɛ
−  

1

ɛ
                                                          (5.16) 

where e is the charge of electron; a is the average radius of redox couple; d is the distance 

between the redox couple and electrode surface; NA is Avogadro’s number (6.02 × 

1023/mol); ɛh and ɛs are the high frequency and static dielectric constants of solvent 

medium. By assuming the constant geometric factors (a and d) for FcC11S-/C8S-Au SAM 

before and after CB[7] incubation, the reduced λ indicates a smaller “Pekar factor” 
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𝑐 =
ɛ

−  
ɛ

,249 which corresponds well to the low dielectric/polarizable medium of CB[7] 

inner cavity; thus, the reduced λ found in this study validates the ability of CB[7] host-guest 

binding as an effective environmental modulator of ET kinetics. In addition, the moderately 

decreased k0 found in this study more truly reflects the role of a nonpolar structure based 

low-dielectric medium on ET kinetics compared with the earlier studies of using organic 

solvents, where their increased k0 could be mainly attributed to the disordered SAM 

structure that leads to reduced ET distances.261   

By and large, the kinetic results described above provide unprecedented insights for 

unveiling the medium nature of biological enzymatic ET process. So far the studies on 

enzymatic reactions have revealed that an active domain of protein with pre-organized 

dipoles/polar structures is necessary for accelerating the ET process.249-251, 253 Compared 

to the aqueous medium, such a protein based active domain has a lower dielectric medium 

as created by the “fixed” arrangement of polar dipoles/polar structures, which are 

electrostatically “complementary” to the molecular structure of substrate, and thus result 

in a reduced activation energy. In contrast, the nonpolar structure based lower dielectric 

medium without such an electrostatic complementarity towards ET reactants/products is 

believed to cause a higher activation energy.250,251,253 In this study, since CB[7] host 

provides a structurally well-defined nonpolar low-dielectric medium, the retarded ET 

kinetics of Fc@CB[7] host-guest complex formed on SAMs can be viewed as an additional 

supporting evidence to the important role of electrostatic complementarity in rapid 

enzymatic ET reactions.   

It should be noted that when studying ET kinetics, it is impossible to isolate the 

medium effect from its complicated structural origins, where different types of covalent 

bonds and noncovalent interactions may form specific electronic coupling pathways with 

either constructive or destructive contributions to the overall electronic coupling between 

the molecular orbitals/electronic states of ET donor and acceptor.248,256,259,265 Previous ET 

studies on redox-active SAMs have revealed that the electron coupling factor H and 

tunneling constant β is very sensitive to the structure and composition of both bridging and 

diluent alkane chains.256,265 This may explain why in those earlier studies, the buried redox-

active terminal groups by surrounding longer diluent alkanethiols show significantly 

retarded ET kinetics even without obviously changed reorganization energy (more 

destructive coupling pathways could be formed).265 In this study, besides the reduced 

reorganization energy, we also observed a smaller electronic coupling factor (from 0.90 
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cm-1 to 0.70 cm-1) between the Fc+/Fc groups and gold electrode after CB[7] incubation, 

which indicates that the CB[7] host binding may also affect the electronic coupling 

pathways by introducing more types of noncovalent interactions. To further investigate the 

influence of host-guest binding on ET coupling or tunneling mechanism, the tunneling 

constant β can be determined and compared.  

5.4. Conclusion 

In this chapter, the influences of CB[7] host binding as a showcase of well-confined 

nonpolar low-dielectric medium on ET behavior were studied with Fc-terminated 

alkanethiolate SAMs on gold (i.e., FcC11S-/C8S-Au SAM prepared by co-adsorption 

method 2% mole fraction of FcC11SH), which serves as an ideal system for both ET study 

and interfacial Fc@CB[7] host-guest binding. It was discovered by CV that the oxidation 

of Fc terminal groups become thermodynamically more difficult upon CB[7] binding, which 

might be the overall effect of multiple factors, such as the reduced stability of Fc+ inside 

CB[7] and its inhibited ion pairing (with ClO4
−). In terms of ET kinetics, the analysis of 

experimental Tafel plots (obtained by CA) with MHC model yields reduced ET rate 

constant (k0), reorganization energy (λ), and electronic coupling (H) for the ET between 

Fc+/Fc terminal groups and gold electrode upon CB[7] binding. The smaller reorganization 

energy confirms a low dielectric medium brought by CB[7] binding; the weaker electronic 

coupling indicates that the reduced k0 could be the overall result of CB[7] host binding on 

ET medium and coupling pathways. These results provide indirect insights for 

understanding the environmental nature of the enzyme active domains (i.e., low dielectric 

media with “fixed” arrangement of polar components and dipoles, which is electrostatically 

complementary to the substrate), and augment the application potential of supramolecular 

host-guest binding as a convenient and efficient way to regulate long-range ET at highly-

organized molecular interfaces.  
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Chapter 6.  
 
Host-guest binding as a convenient method for 
electrochemical study and quantitation of drug@CB[7] 
complexations 

In this chapter, we developed a general electrochemical assay for drug@CB[7] (as 

excipient) complexations based on their competitive host-guest binding with Fc@CB[7] 

complex formed at highly organized molecular interface. Particularly, by incubating a 

mixture of CB[7] and drug molecule with FcC11S-/C8S-Au SAM, the competitive host-

guest binding equilibrium can be quantitatively analyzed from the CV measurements. 

Based on the known concentrations of CB[7] and drug, as well as the electrochemically 

determined mole ratio between free and bound Fc terminal groups, the formation constant 

of drug@CB[7] complexation can be determined. With several drug molecules as 

examples, we have demonstrated the capability of this electrochemical assay for the 

thermodynamic study of supramolecular drug@CB[7] complexations interested in 

pharmaceutical and biomedical science. More importantly, this work also promises a 

general assay that allows the electrochemical quantitation of electro-inactive analytes 

based on the competitive host-guest binding at redox-tagged molecular interfaces. 

 

Note: this chapter is adapted with permission from:  

Qi, L.; Wang, R. B.; Yu H.-Z. Electrochemical Quantitation of Supramolecular 

Excipient@Drug Complexation: A General Assay Strategy based on Competitive Host 

Binding with Surface-Immobilized Redox Guest Anal. Chem., 2020, 92, 2168-2175. 

Copyright (2020) American Society of Chemistry. 

I have performed most of the experimental work and drafted the paper; professor Ruibing 

Wang at university of Macau, together with Dr. Hogan Yu supervised the entire project 

and helped with writing the paper. 
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6.1. Introduction 

Owing to the exceptional host-guest binding ability of CB[7] towards a wide range of 

small aromatic or other ring structured organic compounds (1:1 ratio complexes),46,106 as 

well as its excellent biocompatibility and low toxicity, tremendous studies have been 

focusing on the great application potential of CB[7] as an efficient excipient for many drug 

molecules interested in pharmaceutical and biomedical science.58,103,276 For example, 

CB[7] has been confirmed able to change the chemical, physical, and biological properties 

of guest compounds;277 in particular, the enhanced biocompatibility,278 water solubility,92 

therapeutic activity,279 as well as the reduced toxicity,280 masked taste,281 and modulated 

pharmacokinetics282,283 were reported for many drug moelcules upon their encapsulation 

by CB[7]. Besides, more and more novel in vivo drug delivery and release systems have 

been developed based on drug@CB[7] host-guest complexations.84,102 Recently, the 

detection method of drug molecules was also developed based on the optical sensing 

response to drug@CB[7] host-guest binding.6 

As the strong binding is a prerequisite for above mentioned applications of 

drug@CB[7] host-guest complexations, their thermodynamic stability have been widely 

investigated by isothermal calorimetry and various spectroscopic techniques (e.g., UV-vis 

and NMR).58,103,284 Typically, an experimental binding isotherm curve is obtained by 

recording the signal responses upon titrating a fixed concentration of drug molecule with 

increasing concentrations of CB[7] (as ligand); by fitting the experimental binding isotherm 

curve with proper binding models (1:1 binding model for drug@CB[7] complexation), those 

important thermodynamic parameters (i.e., enthalpy and entropy changes, 

dissociation/formation constants) can be determined.281,285 The ability of various analytical 

techniques for studying the thermodynamic stability of host-guest complexes highly 

depends on their sensitivity (i.e., the lower concentration can be accurately detected, the 

stronger molecular binding can be effectively evaluated). Moreover, for ultra-strong host-

guest complexes (nM or even higher levels of binding affinity), the multi-steps competitive 

binding experiment and much more complicated competitive binding models are required 

for accurately determining their formation/dissociation constants.   

Considering the high sensitivity, easy quantitation, and convenient operation, 

electrochemical techniques could be promising for evaluating the thermodynamics of 

supramolecular host-guest complexations. However, there are two main factors that 
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limiting the application of electroanalysis in host-guest binding study. First, most host and 

guest molecules (including CB[7] and most drug molecules) are redox-inactive; thus no 

direct redox signals can be obtained for evaluating their binding behavior. Secondly, for 

electroactive guest species (e.g., Fc and its derivatives) in solution, usually a high 

concentration (sub mM level) is needed to generate a distinguishable diffusion-controlled 

redox current signal against the background charging current signal.114,115 In comparison, 

without the influences from mass transport process, only small amount of adsorbed 

electroactive species on surface is able to generate strong faradic current signal, which 

makes it possible to investigate the strong molecular binding events occurred at 

interfaces.286,287 As described from chapter 3 to chapter 5, the study of Fc@CB[7] host-

guest binding on highly-organized FcC11S-/C8S-Au SAM can be viewed as a good 

example, where the highly reversible CV redox peaks can be clearly seen with the Fc 

surface density as low as 10-11 to 10-10 mol/cm2. More remarkably, its thermodynamic 

binding stability can be quantitively evaluated by integrating and deconvoluting the CVs of 

FcC11S-/C8S-Au SAM after CB[7] incubation (the split CVs were deconvoluted into two 

redox peaks corresponding to free Fc terminal group and Fc@CB[7] complex formed on 

SAM), which allowed the direct calculation of its formation constant. 

Inspired by this new interfacial Fc@CB[7] host-guest binding system, herein we 

proposed a general electrochemical assay for the thermodynamic study of redox-inactive 

drug@CB[7] complexations based on their competitive host-guest binding with Fc@CB[7] 

complex formed at organized molecular interface.  
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Figure 6.1.   Schematic view of a general electrochemical strategy for studying the 
thermodynamic stability of drug@CB[7] complexation (K2) based on 
its competitive host-guest binding with Fc@CB[7] complex (known 
binding affinity K1) formed on FcC11S-/C8S-Au SAM.    

Note: Reprinted with permission from Anal. Chem. 2020, 92, 2168-2175. Copyright (2020), 
American Chemical Society. 

 

As shown in Figure 6.1, compared to only incubation with CB[7] (top), the incubation of 

FcC11S-/C8S-Au SAM with the mixture of CB[7] and drug molecule (bottom) is expected 

to reach a competitive host-guest binding equilibrium between the drug@CB[7] complex 

formed in solution and Fc@CB[7] complex formed on SAM. Therefore, it is possible to 

quantitatively analyze the thermodynamic stability (K2) of drug@CB[7] complexation 

based on the CV of FcC11S-/C8S-Au SAM at competitive host-guest binding equilibrium, 

as well as the earlier determined binding affinity (K1) of Fc@CB[7] complex formed on 

FcC11S-/C8S-Au SAM.  

In this chapter, the feasibility of this idea was tested with several drug molecules as 

example; all of them can form 1:1 ratio host-guest complexes with CB[7], and their 

formation constants have been previously determined based on conventional 

spectroscopic and calorimetric titration studies. Besides thermodynamic study, the 

application potential of this redox-active alkanethiolate SAM based competitive host-guest 

binding strategy as a convenient electrochemical assay for drug quantitation was also 

evaluated.  
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6.2. Experimental details 

6.2.1. Reagents and materials 

Denatonium benzoate (DB) and alagebrium (ALA) were obtained from Dr. Ruibing 

Wang’s lab (Institute of Chinese Medical Sciences, University of Macau). Adamantanol 

(AdOH) and Ferrocenylmethanol (97%) were purchased from Sigma Aldrich (St. Louis, 

MO). Other chemicals and materials are same with those described in section 3.2.1 

(chapter 3). 

6.2.2. Preparation of FcC11S-/C8S-Au SAM by co-adsorption method 

It is same with the procedure described in section 5.2.2 of chapter 5. 

6.2.3. Competitive host-guest binding study on FcC11S-/C8S-Au SAM 

For carrying out the competitive host-guest binding studies at organized molecular 

interface, the above prepared FcC11S-/C8S-Au SAMs were incubated in aqueous solution 

containing 20 μM CB[7] and different concentrations of drug compound (DB, ALA, or 

AdOH) for 2 h. 

6.2.4. Electrochemical measurements 

CVs were measured for FcC11S-/C8S-Au SAMs before and after incubation with the 

mixed solution containing 20 μM CB[7] and different concentrations of drug (DB, ALA, or 

AdOH) for 2 h. Other detailed information of our electrochemical detection system is 

described in section 2.1.3 and section 3.2.3.  
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6.3. Results and discussion 

6.3.1. Drug candidates used in this study 

In order to evaluate the feasibility of the competitive host-guest binding idea shown 

in Figure 6.1, three drug candidates were tested in this study, as shown in Figure 6.2, 

which all have previously confirmed strong 1:1 binding with CB[7] in aqueous 

solution.281,284,285 

 

 

Figure 6.2. Drug candidates tested in this study 

Note: Reprinted with permission from Anal. Chem. 2020, 92, 2168-2175. Copyright (2020) 
American Chemical Society 

 

The first candidate is denatonium benzoate (DB), the bitterest compound recorded 

in the world,288 which is popularly used in placebo medications and to discourage the 

consumption of harmful alcohols. The earlier study based on H-NMR titration study have 

revealed that the denatonium cation of this drug compound can form strong host-guest 

complex with CB[7] (Kf = 4.6±0.1 × 105 M-1), by which its bitter taste can be largely 

concealed.281 The second candidate is alagebrium (ALA), which is widely used in the 

treatment of diabetic and cardiovascular diseases. It was found that the therapeutic 

efficacy of ALA can be significantly improved upon forming host-guest complex with CB[7] 

(Kf = 7.3±0.6 × 105 M-1 as determined by isothermal titration calorimetry).285 The third 

candidate is adamantanol (AdOH), which is an important raw material for drug 

synthesis;289,290 compared with above two drug compounds, AdOH has much stronger 
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host-guest binding towards CB[7] (Kf = 4.3±1.5 × 109 M-1 as determined by competitive 

NMR titration).284 

The redox activity of these drug candidates was first examined by comparing their 

CVs with a known redox molecule, ferrocenemethanol (FcCH2OH). In Figure 6.3, It can 

be seen that only 2.0 mM FcCH2OH causes strong diffusion-controlled CV redox peaks 

(red curve), while no redox peaks were observed for all the three drag candidates (their 

CVs are similar to the background charging current of 1.0 M KCl (black curve)). These 

results clearly indicate that the drug candidates selected in this study have no redox 

activity, which is hard to be directly studied by electrochemical techniques.  

 

 

Figure 6.3.   CVs of 2.0 mM FcCH2OH in 1.0 M KCl (red curve), 2.0 mM DB in 1.0 M 
KCl (green curve), 2.0 mM ALA in 1.0 M KCl (blue curve), 2.0 mM AdOH 
in 1.0 M KCl (gray curve), and 1.0 M KCl only (black curve); the scan 
rate was kept at 0.05 V/s.  

Note: Reprinted with permission from Anal. Chem. 2020, 92, 2168-2175. Copyright (2020), 
American Chemical Society. 

 

A key factor for the competitive host-guest binding idea shown in Figure 6.1 is that 

there should be no strong interactions between the drug molecules and the Fc terminal 

groups on SAM, so that the changes observed on CVs of FcC11S-/C8S-Au SAM are only 
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caused by Fc@CB[7] host-guest binding; in other words, the competitive host-guest 

binding equilibrium should be only formed between drug@CB[7] complexation in solution 

and Fc@CB[7] binding on SAM. In order to verify this, the CVs of FcC11S-/C8S-Au SAM 

were examined before and after incubation with the three drug candidates, which are 

displayed in Figure 6.4:  

 

 

Figure 6.4.   CVs of FcC11S-/C8S-Au SAMs prepared by co-adsorption (𝝌𝐅𝐜
𝐬𝐨𝐥𝐧 = 2%) 

before (black curves) and after (red curves) incubation with (A) 100 
μM DB, (B) 100 μM ALA, and (C) 100 μM AdOH. The supporting 
electrolyte was 0.1 M NaClO4, and the potential scan rate (v) was kept 
at 0.05 V/s.  

Note: Reprinted with permission from Anal. Chem. 2020, 92, 2168-2175. Copyright (2020), 
American Chemical Society. 

 

It can be seen that all three drug candidates with a high concentration (0.1 mM) bring 

no significant changes on the original CV of FcC11S-/C8S-Au SAM (the slight deviations 

are possibly due to their nonspecific adsorptions on SAMs, which cause small variations 

on the background charging current), indicating that there is no strong interactions 

between these drug compounds and Fc terminal groups on SAM.  

6.3.2. Thermodynamic study of Drug@CB[7] complexations based on 

competitive host-guest binding 

The feasibility of this competitive host-guest binding based electrochemical assay 

was first evaluated with DB by comparing the CVs of FcC11S-/C8S-Au SAM after 

incubation with CB[7] only, and after incubation with the mixture of CB[7] and DB. Figure 
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6.5 (A) shows that after incubation with 20 μM CB[7], the original single pair CV redox 

peaks of FcC11S-/C8S-Au SAM almost shifts to another single pair of redox peaks located 

at more positive potential. According to the studies in chapter 3 and chapter 4, this 

indicates that a large fraction of Fc terminal groups are converted to Fc@CB[7] complexes 

on SAM. In contrast, when using the mixed solution of CB[7] and DB (each of 20 μM), an 

obvious splitting can be observed on the CV of FcC11S-/C8S-Au SAM after incubation 

(red curve in Figure 6.5B); this can be viewed as a strong evidence for the competitive 

host-guest binding occurred at interface since the split CV indicates a decreased fraction 

of Fc terminal groups converted to Fc@CB[7] complexes on SAM. The competitive two 

host-guest binding equilibriums are expressed as equation 6.1 and 6.2:  

CB[7] + FcC11S-/C8S-Au ⇌ CB[7]@FcC11S-/C8S-Au 

 𝐾 =
Γ @ [ ]

[CB[7]] Γ
                                                                                                  (6.1) 

 

CB[7] + DB ⇌ CB[7]@DB 

𝐾 =  
DB@CB[7]

[CB[7]] [DB]
                                                                                              (6.2) 

Based on the Gaussian-Lorentzian fitting protocol described in section 3.3.2 (chapter 3), 

the anodic wave of the split CV response (red curve in Figure 6.5B) was deconvoluted, 

whose result is shown as the blue dashed lines in Figure 6.6. From the two 

deconvoluted CV redox peaks, the mole ratio between free Fc terminal groups and 

Fc@CB[7] complexes formed on FcC11S-/C8S-Au SAM (ΓFc@CB[7]/ΓFc) was determined 

to be 1.52 ± 0.28 at competitive host-guest binding equilibrium.  
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Figure 6.5.   CVs of FcC11S-/C8S-Au SAMs prepared by co-adsorption (χFcC11SH = 
2%) before (black curve) and after (red curves) incubation with (A) 20 
μM CB[7] solution or (B) the mixed solution containing 20 μM CB[7] 
and 20 μM DB for 2 h. The supporting electrolyte was 0.1 M NaClO4, 
and the potential scan rate (v) was kept at 0.05 V/s.  

Note: Reprinted with permission from Anal. Chem. 2020, 92, 2168-2175. Copyright (2020), 
American Chemical Society. 
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Figure 6.6. Gaussian-Lorentzian deconvolution of the CV anodic wave of FcC11S-
/C8S-Au SAM prepared by co-adsorption (χFcC11SH = 2%) after 
incubation with the mixed solution containing 20 μM CB[7] and 20 μM 
DB for 2 h. The red circles show the experimental data (original CV); 
the green dashed lines represent the two deconvoluted redox peaks 
corresponding to Fc+/Fc (lower potential) and Fc+@CB[7]/Fc@CB[7] 
(higher potential), respectively; the black solid line shows the overall 
fit. 

Note: Reprinted with permission from Anal. Chem. 2020, 92, 2168-2175. Copyright (2020), 
American Chemical Society. 

 

In chapter 3, it has been determined that K1 of Fc@CB[7] host-guest complex formed 

on FcC11S-/C8S-Au SAM prepared by co-adsorption with χFcC11SH of 2% is (1.5 ± 0.3) × 

105 M-1. Based on K1 and ΓFc@CB[7]/ΓFc, the equilibrated concentration of CB[7] in solution 

([CB[7]]) can be determined based on equation 6.3:  

[CB[7]] =
Γ [ ]@  

𝐾  Γ  
                                                                                                 (6.3) 

Subsequently, the equilibrated concentration of DB@CB[7] host-guest complex formed in 

solution ([DB@CB[7]]) can be obtained by subtracting [CB[7]] and the “effect 

concentration” of Fc@CB[7] host-guest complex formed on SAM (i.e., the concentration 
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as if they were all released from surface and dispersed throughout the sample solution286) 

from the total concentration of CB[7] (cCB[7]), as shown by equation 6.4: 

[DB@CB[7]] = 𝑐 [ ] − [CB[7]] − Γ [ ]@  

𝐴

𝑉
                                             (6.4) 

where A is the real electrode area (0.15 cm2), V is the solution volume (1.0 mL). Since the 

maximum “effective concentration” of Fc@CB[7] host-guest complexby assuming 100% 

conversion rate of Fc terminal group to Fc@CB[7] complex on SAM (~ 3.0 nM) is still much 

smaller than cCB[7] and [CB[7]] (μM level), the equation 6.4 can be simplified to equation 

6.5: 

[DB@CB[7]] = 𝑐 [ ] − [CB[7]]                                                                        (6.5) 

Afterwards, the equilibrated concentration of DB ([DB]) can be obtained based on equation 

6.6 (i.e., subtract [DB@CB[7]] from the total concentration of DB (cDB)): 

[DB] = 𝑐 − [CB[7]@DB]                                                                                (6.6) 

Once the equilibrated concentrations of CB[7], DB@CB[7] host-guest complex and DB 

are all known, the formation constant (K2) of DB@CB[7] host-guest complex can be 

calculated by equation 6.2. Based on the above described procedure and the Gaussian-

Lorentzian deconvolution result shown in Figure 6.6, the K2 of DB@CB[7] host-guest 

complexation was determined to be (1.0±0.4) × 105 M-1. The uncertainty of K2 is 

propagated from the experimental uncertainties of ΓFc@CB[7]/ΓFc (originated from the 

intrinsic surface heterogeneity and the limited accuracy of Gaussian-Lorentzian fitting 

protocol) and the uncertainty of K1.   

Similar to the observations with DB, Figure 6.7(A) shows that the incubation of 

FcC11S-/C8S-Au SAM with the mixed solution of CB[7] and ALA (each of 20 μM) result 

in the change from its original single pair of CV redox peak (black curve) to split CV 

response (red curve); the Gaussian-Lorentzian deconvolution result of its CV anodic wave 

after incubation is shown in Figure 6.7 (B), from which the ΓFc@CB[7]/ΓFc and K2 of 

ALA@CB[7] host-guest complexation were determined to be 0.94 ± 0.13 and (3.3±1.2) 

×105 M-1, respectively (based on equations 6.2 to 6.6).  

Besides DB and ALA, whose previously determined formation constant281,285 are 

similar to K1 of Fc@CB[7] host-guest complex formed on FcC11S-/C8S-Au SAM (sub-μM 

level), this competitive host-guest binding based novel electrochemical strategy was then 
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tested with AdOH, which has over nM level binding affinity towards CB[7].284 Interestingly, 

such an ultra-strong drug@CB[7] host-guest binding resulted in “distinct” CV phenomenon. 

As shown in Figure 6.8 (A), the incubation of FcC11S-/C8S-Au SAM with the mixed 

solution containing 20 μM CB[7] and 20 μM AdOH, brought no obvious changes to its 

original CV redox peaks (the black and blue curves); this result indicates that very little Fc 

terminal groups are converted to Fc@CB[7] complex on SAM after incubation, which 

should be attributed to the much stronger AdOH@CB[7] host-guest binding in solution. In 

comparison, as shown by the red curve in Figure 6.8 (A), the split CV appeared upon 

reducing the total concentration of AdOH (15 μM) in the mixed incubation solution (CB[7] 

was still 20 μM), where there was excess amount of CB[7] (> 5 μM) to bind with Fc terminal 

groups on SAM. Similarly, based on the deconvolution result (ΓFc@CB[7]/ΓFc = 0.78 ± 0.13) 

shown in Figure 6.8 (B) and the equations 6.2 to 6.6, the K2 of AdOH@CB[7] host-guest 

complexation in solution was determined to be (14.2 ± 42.8) ×105 M-1; clearly, the rather 

huge propagated uncertainty (over 300%, its origin is discussed below) indicates the 

limitation of the current system in evaluating the thermodynamic stability of ultra-strong 

drug@CB[7] host-guest complexations.   
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Figure 6.7.   (A) CVs of FcC11S-/C8S-Au SAM prepared by co-adsorption (χFcC11SH 
= 2%) before (black curve) and after (red curve) incubation with the 
mixed solution containing 20 μM CB[7] and 20 μM ALA for 2 h. The 
supporting electrolyte was 0.1 M NaClO4, and the scan rate was kept 
at 0.05 V/s. (B) Gaussian-Lorentzian deconvolution for the anodic 
wave of the red CV curve shown in (A); the red circles show the 
experimental data (original CV); the green dashed lines represent the 
two deconvoluted redox peaks corresponding to Fc+/Fc (lower 
potential) and Fc+@CB[7]/Fc@CB[7] (higher potential), respectively; 
the black solid line shows the overall fit. 

Note: Reprinted with permission from Anal. Chem. 2020, 92, 2168-2175. Copyright (2020), 
American Chemical Society. 

 



128 

 

Figure 6.8.  (A) CVs of FcC11S-/C8S-Au SAMs prepared by co-adsorption (χFcC11SH 
= 2%) before (black curve) and after incubation with the mixed 
solution containing 20 μM CB[7] and 20 μM AdOH (blue curve), or the 
mixed solution containing 20 μM CB[7] and 15 μM AdOH (red curve) 
for 2 h. The supporting electrolyte was 0.1 M NaClO4, and the potential 
scan rate was kept at 0.05 V/s. (B) Gaussian-Lorentzian deconvolution 
result of the red CV anodic wave shown in (A); the red circles show 
the experimental data (original CV); the green dashed lines represent 
the two deconvoluted redox peaks corresponding to Fc+/Fc (lower 
potential) and Fc+@CB[7]/Fc@CB[7] (higher potential), respectively; 
the black solid line shows the overall fit. 

Note: Reprinted with permission from Anal. Chem. 2020, 92, 2168-2175. Copyright (2020), 
American Chemical Society. 
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Table 6.1.    Total and equilibrated concentrations of CB[7], drug molecules, and 
drug@CB[7] complexes associated with this competitive host-guest 
binding system, as well as the electrochemically determined 
formation constants of drug@CB[7] complexes. 

 

 DB ALA AdOH 

cdrug (μM) 20.0 20.0 15.0 

cCB[7] (μM) 20.0 20.0 20.0 

K1 (Fc@CB[7]) (M-1) (1.5±0.3)105 (1.5±0.3)105 (1.5±0.3)105 

ΓFc@CB[7] /ΓFc   1.52±0.28 0.94±0.13 0.78±0.13 

[CB[7]] (μM) 10.1±2.4 6.4±1.5 5.2±1.4 

[drug@CB[7]] (μM) 9.9±2.4 13.6±1.5 14.8±1.4 

[Drug] (μM) 10.1±2.4 6.4±1.5 0.2±1.4 

K2 (drug@CB[7]) (M-1) in 

this study 
(1.0±0.4)105 (3.3±1.2)105 (14.2±42.8)105 

K2 (drug@CB[7]) (M-1) 

from literature 
(4.6±0.1)105 281 (7.3±0.6)105 285 (4.3±1.5)109 284 

Note: Reprinted with permission from Anal. Chem. 2020, 92, 2168-2175. Copyright (2020), 
American Chemical Society. 

 
In Table 6.1, the related total and equilibrated concentrations, surface densities, as 

well as the K2 values of the three drug@CB[7] host-guest complexes determined in this 

work and reported in previous studies are summarized. For DB@CB[7] and ALA@CB[7] 

host-guest complexations, their K2 values determined here are in same order of magnitude 

compared with their previously reported values based on conventional NMR or ITC 

titration methods; their relatively smaller K2 found in this study might be attributed to the 

“salt effect” on the stability of host-guest binding (especially for cationic guests),269 since 

a certain concentration of electrolyte (0.1 M NaClO4 used in this study) is needed for CV 

measurements.203 As the binding affinities of most drug@CB[7] complexations reported 

so far are M or sub-M level,58,103,277 the results obtained with DB and ALA confirm the 

great application potential of this competitive host-guest binding based electrochemical 

assay as a general strategy for evaluating the thermodynamic stability of nonredox-active 

drug@CB[7] host-guest complexations.  
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As for AdOH@CB[7] host-guest binding, it is not meaningful to compare the K2 

determined in this study with its value determined by conventional titration method, since 

the former has “unacceptable” level of accuracy with its propagated relative uncertainty 

(Rsd) over 100%. This is not surprising when the binding affinity of drug@CB[7] host-guest 

complex formed in solution is much higher than the Fc@CB[7] host-guest complex formed 

on SAMs; as a result, there would be very tiny amount of free drug molecules remained in 

solution at competitive binding equilibrium (i.e., [drug] is very small) since nearly all drug 

molecules are complexed by CB[7]. Such a small [drug] cannot be effectively determined 

due to the limited accuracy of Gaussian-Lorentzian deconvolution method (e.g., there 

might be more than two overlapped redox peaks under the split CVs;297) and the intrinsic 

heterogeneity of substrate surface (the Rsd of ΓFc@CB[7]/ΓFc obtained from several repeating 

experiments is ~ 15%, which could lead to over 100% propagated uncertainty to [drug] if 

its value is very small).  

Although it is difficult to accurately quantify the thermodynamic stability of ultra-

strong drug@CB[7] host-guest complexations with the current system, the qualitative 

voltammetric evaluation is still feasible as indicated by the CVs (blue and black curves) 

shown in Figure 6.8 (A). That is, if the drug@CB[7] host-guest complexation is much 

stronger than the Fc@CB[7] host-guest binding at molecular interface, the incubation of 

FcC11S-/C8S-Au SAM with the mixed solution containing same concentrated CB[7] and 

drug would bring no obvious change to its CV response (i.e., nearly no Fc@CB[7] complex 

formed on SAM).  

6.3.3. Electrochemical quantitation of drug based on competitive 

host-guest binding 

Besides the thermodynamic study described above, this redox-active SAM based 

competitive host-guest binding strategy may be capable of electrochemically detecting the 

nonredox-active drug compounds in solution (the more drugs competitively binding with 

CB[7] in their mixed solution, the less amount of CB[7] bound to Fc terminal groups on 

SAM, which, according to above study, can be quantitatively reflected by CV). Such a 

detection principle reassembles the idea of conventional, indirect competitive 

immunoassays but has its particular merits: First, unlike the conventional immunoassays 

that require customized, animal-based processes to obtain specific antibodies for 
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individual drug compound (as target antigen),291 the artificially synthesized CB[7] 

macrocyclic host can accommodate many drug compounds with satisfied affinity, 

specificity, and simplificity.58,277 Secondly, with the strong and distinct CV redox peaks of 

Fc terminal group (serves as the role of surface-bound competitive antigen) and Fc@CB[7] 

host-guest complex formed on SAM, no additional signal modification is needed for 

generating the sensing response; in contrast, the time consuming and complicated 

covalent signal labeling is usually required for conventional immunoassay.  

With DB as an example, the feasibility of this electrochemical drug assay has been 

proved with the CV results shown in Figure 6.9, which exhibits the CVs of FcC11S-/C8S-

Au SAMs after incubation with the mixed solution containing 20 μM CB[7] and different 

concentrations of DB. It can be seen from Figure 6.9 (A) that when there is no DB in the 

solution (cDB = 0), the CV of FcC11S-/C8S-Au SAM shows a single pair of redox peaks 

located at a higher potential, which results from the Fc@CB[7] host-guest complexes 

formed on SAM; with increased cDB (5 to 60 μM), the CVs gradually shift negatively to the 

single pair of redox peaks located at lower potential, which corresponds to the free Fc 

terminal groups on SAM; no further change on CV is observed when cDB is higher than 60 

μM. In order to quantify the “sensing” responses, all CVs shown in Figure 6.9 (A) were 

deconvoluted by Gaussian-Lorentzian fitting protocol. Based on the deconvolution results 

displayed in Figure 6.9 (B), the mole fraction of free Fc terminal groups on SAM (ΓFc/ΓFc 

total) was plotted as the function of cDB in the mixed incubation solution, which is shown in 

Figure 6.10. It is clear that ΓFc/ΓFc total increases proportionally with cDB at early stage, and 

reaches plateau at cDB of ~30 μM. In fact, the concentration level of DB used for poisoning 

prevention is usually 22 μM (10 mg/L) or higher,292 for which the present assay can 

certainly accommodate such tests. The proof-of-concept results shown in Figure 6.9 and 

6.10 clearly demonstrate the great potential of such a redox-active SAM based competitive 

host-guest binding system as an electrochemical assay for drug detection, which is 

simpler and more convenient than those conventional methods relying on titrimetric, 

chromatographic, spectroscopic, or immune techniques.293  
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Figure 6.9.   (A) CVs of FcC11S-/C8S-Au SAMs prepared by co-adsorption method 
(χFcC11SH = 2%) after incubation with a mixed solution containing 20 μM 
CB[7] and different concentrations of DB for 2 h. The supporting 
electrolyte was 0.1 M NaClO4, and the potential scan rate (v) was kept 
at 0.05 V/s. (B) Gaussian-Lorentzian deconvolution results of the CV 
anodic waves shown in (A); the red circles show the experimental 
data (original CV); the green dashed lines represent the two 
deconvoluted redox peaks corresponding to Fc+/Fc (lower potential) 
and Fc+@CB[7]/Fc@CB[7] (higher potential), respectively; the balck 
solid line shows the overall fit. 

Note: Reprinted with permission from Anal. Chem. 2020, 92, 2168-2175. Copyright (2020), 
American Chemical Society. 
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Figure 6.10.  The mole fraction of free Fc terminal groups (ΓFc/ΓFc total) on FcC11S-
/C8S-Au SAM prepared by co-adsorption method (χFcC11SH = 2%) as a 
function of total DB concentration (cDB) in the mixed incubation 
solution with 20 μM CB[7]. The black solid line is the best linear fit to 
the data points between 0 and 30 μM DB (R2 = 0.9862). 

Note: Reprinted with permission from Anal. Chem. 2020, 92, 2168-2175. Copyright (2020), 
American Chemical Society. 

 

It should be noted that in terms of practical application, there are still limitations for 

this competitive host-guest binding based electrochemical assay, such as the prerequisite 

of preparing high-quality SAMs, the narrow-range binding affinities of drug@CB[7] 

complexations can be quantitatively studied, and the nonspecific adsorption problem. 

Nevertheless, with additional efforts some of these limitations could be mitigated. For 

example, the quantitative ability of this method can be extended to ultra-strong 

drug@CB[7] host-guest complexations by further improving the binding affinity of 

Fc@CB[7] host-guest complex formed on SAM; the nonspecific adsorption problem can 

be mitigated by using diluent alkanethiols with more hydrophilic or hydrophobic terminal 

groups (based on the composition of drug compound). Despite of these, this novel method 

exhibits great potential of broader applications. Firstly, it should be capable of investigating 

the kinetics of drug@CB[7] complexations, which will help to guide the design of more 

efficient CB[7]-based drug delivery system. Not limiting to drug molecules, this competitive 
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host-guest binding based electrochemical assay could be also applied for other 

biomedically/pharmaceutically interested guest@CB[7] complexations with intriguing 

properties and functions.58, 294 With more advanced nanoelectrode techniques, the ultra-

small sample volume analysis, which is of great significance in terms of studying trace 

amount of biomolecules, could be achieved with this method as well. In addition to CB[7], 

it is also expected that this method could be extended to broad macrocyclic host-guest 

complexations. All these new directions to expand the spectrum of this novel 

electrochemical assay is the long-term goal of this thesis study. 

6.4. Conclusion 

In this study, a redox-active Fc-SAM based competitive host-guest binding strategy 

has been proposed as convenient and sensitive electrochemical assay for the 

thermodynamic stability of nonredox-active drug@CB[7] host-guest complexations 

interested in pharmaceutical and biomedical science. With three representative drug 

molecules as examples, it has been confirmed by CV that when drug@CB[7] host-guest 

complexations (e.g., DB@CB[7] and ALA@CB[7]) are as strong as the Fc@CB[7] host-

guest binding on FcC11S-/C8S-Au SAM (sub-μM level binding affinity), their binding 

affinities can be quantitatively evaluated; when drug@CB[7] host-guest complexation is 

much stronger than Fc@CB[7] host-guest binding on FcC11S-/C8S-Au SAM (e.g., 

AdOH@CB[7], nM level binding affinity), its ultra-strong binding can still be qualitatively 

assessed. Moreover, the prospect of using this redox-active SAM based competitive host-

guest binding strategy as a quantitative electrochemical assay for drug detection was also 

demonstrated by the varied CVs of FcC11S-/C8S-Au SAM in response to different 

concentrations of drug (DB) in the mixed incubation solution (with a fixed concentration of 

CB[7]). In addition to drug@CB[7] complexations, this proposed strategy shed lights on 

how “ordinary” supramolecular host-guest complexes without redox activity can be 

electrochemically studied, which would certainly promote the adaptation of 

electrochemical analysis in either fundamental studies of supramolecular host-guest 

chemistry or its practical applications.  
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Chapter 7.  
 
Summary and outlook 

7.1. Summary  

In this thesis study, we explored the surface binding stability of the ultra-strong host-

guest recognition pairs formed between macrocyclic CB[7] (host) and redox-active Fc 

(guest). The system chosen for this study was the redox-active binary FcC11S-/C8S-Au 

SAM as it offers the advantages of high stability, highly-organized structure, and well-

dispersed Fc terminal groups (as CB[7] host binding sites). The CV studies confirm that 

compared with the free Fc terminal group, the Fc@CB[7] host-guest complex formed on 

FcC11S-/C8S-Au SAM has a pair of distinct redox peaks located at a more positive 

potential; by deconvoluting and integrating the splited CV redox peaks, free and CB[7]-

bound Fc terminal groups were quantified, which allowed for the direct thermodynamic 

and kinetic investigations. Compared with previous studies in solution phase, it was found 

that the stability of this host-guest recognition pair, even formed at such an “ideal” 

molecular interface, is largely reduced as indicated by its dramatically decreased binding 

affinity (from over nM level to sub-μM level) and association rate constant (from close to 

diffusion-controlled process to less than 104 M-1 s-1). Nevertheless, its binding affinity is 

still acceptable for practical use and could be further improved (vide infra).  

By evaluating the changes on CV responses, which reflect the fraction of Fc terminal 

groups bound to CB[7], this interfacial host-guest recognition pair can be employed as a 

robust and convenient molecular probe for the distribution of Fc terminal groups (isolated 

or clustered, buried or exposed) on SAMs. Compared with the conventional 

electrochemical and microscopic characterizations, this novel method provides more 

direct and reliable information to reveal the structural heterogeneity of the mixed 

ferrocenylalkanethiolate/alkanethiolate SAMs prepared via different routes or conditions. 

The extremely low polarizability of CB[7] inner cavity also enables CB[7] to be used as a 

local environmental regulator for the ET behavior of guest species; this was confirmed by 

the decreased ET rate constant (from 103 s-1 to 5×102 s-1), the smaller reorganization 

energy (from 0.8 eV to 0.6 eV), and the weakened electronic coupling (from 0.9 cm-1 to 0.7 

cm-1) of Fc terminal group upon encapsulation by CB[7]. These kinetic studies provide 
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further insights into the environmental requirement (i.e., a fixed arrangement of dipoles 

that is electrostatically complementary to substrate) of biological enzymatic ET processes. 

In addition, based on the competitive host-guest binding associated with the Fc@CB[7] 

host-guest complex formed on FcC11S-/C8S-Au SAM, an universal electrochemical 

quantitative assay was developed for evaluating the thermodynamic stability of non-

electroactive drug@CB[7] host-guest complexations, which allows for drug quantitation in 

pharmaceutical/biomedical applications. 

7.2. Future studies from fundamental aspects 

In order to further promote the broad application of this new interfacial Fc@CB[7] 

host-guest system, more in depth fundamental studies are essential for answering the key 

question: why the ultra-strong binding affinity of Fc@CB[7] host-guest complex formed in 

solution phase is significantly decreased upon transferring onto molecular interface? 

Although CV as a convenient and quantitative characterization technique is suitable for 

investigating the binding behavior of CB[7] to Fc terminated electroactive SAMs, it lacks 

the ability to provide molecular/atomic level of information, which need to be studied by 

other characterization techniques. For example, by examining this interfacial host-guest 

binding with microscopic techniques, the detailed morphology and distribution of 

Fc@CB[7] host-guest complexes formed on FcC11S-/C8S-Au SAM could be obtained; 

with the help of X-ray based crystallographic techniques, it is possible to see how different 

is the orientation of Fc terminal group inside the inner cavity of CB[7] compared with the 

orientations of free Fc guest inside CB[7] (displayed in Figure 1.4 of chapter 1). This may 

reveal the different spatial arrangement of their intermolecular interactions in solution and 

on surface; X-ray or neutron reflectometry techniques can also be used to explore the 

structure and density of the water layer near the CB[7]-bound FcC11S-/C8S-Au SAM,224-

226 which could strongly affect the entropy gain associated with the release of high energy 

water molecules from the inner cavity of CB[7]; By taking the advantage of structurally 

well-defined and organized FcC11S-/C8S-Au SAM, the application of 

computing/theoretical chemistry, such as DFT and MD, may allow for the simulation of 

thermodynamic and structural parameters associated with this interfacial host-guest 

binding. It is believed that the information obtained from these methods and techniques 

will certainly help to answer the above-mentioned questions. Meanwhile, the influence of 

other factors on the interfacial Fc@CB[7] host-guest binding can also be investigated, 
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such as the hydrophilic terminal group of diluent alkanethiols, the odd-even effect of 

ferrocenylalkanethiol, and the cationic derivatizations on Fc terminal group (form 

additional ion-dipole interactions with CB[7]); these studies will help explore possible 

approaches to improve its stability. The binding kinetics of this particular host-guest pair 

formed at organized molecular interface can be further studied by measuring its rate 

constants at different temperatures, from which the activation energy and pre-exponential 

factor (related to collision frequency and orientation) can be determined (based on 

Arrhenius equation) and compared.149 The influence of CB[7] host binding on the ET 

mechanism can be further investigated by measuring the tunneling constant across Fc-

SAMs (obtained from the slope of lnket vs. n, where n is the number of methylene groups 

in alkane bridge).245 

7.3. Future studies of application perspectives  

An important future goal of this thesis is to explore the potential application of this 

intriguing interfacial Fc@CB[7] host-guest binding system for developing better-controlled, 

more versatile, and reusable bio-functional devices.  

The multiple-charged DNA strands with highly flexible and programmable structure, 

and the sequence-dependent ligand binding (Aptamer) and catalytic functions (DNAzyme) 

have been widely applied as a new generation of material for fabricating versatile bio-

functional devices.303,304 Particularly, the successful immobilization of redox-labeled DNA 

probes on electrode surface (e.g., through thiolated DNA) have greatly promoted the 

development of convenient electrochemical biosensors for a wide range of analytes.305-308 

Unfortunately, as both a chemically and structurally complex biopolymer, the immobilized 

DNA monolayers on solid substrates always have high degree of structural heterogeneity 

(large fraction of aggregated or clustered domains) and strong nonspecific adsorptions,309 

which strongly affect the interfacial DNA-analyte binding behavior, and cause poor sensing 

sensitivity and reproducibility.310  
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Figure 7.1.  Preparation of DNA monolayer on highly organized molecular interface: 
(A) immobilization of CB[7]-coupled DNA on Fc-terminated mixed 
alkanethiolate SAM on gold; (B) immobilization of Fc-coupled DNA on 
CB[7]-terminated mixed alkanethiolate SAM on gold. 

 

Based on the new interfacial Fc@CB[7] host-guest binding system developed in this 

thesis, a novel strategy for fabricating DNA monolayer based electrochemical biosensors 

is proposed here, as shown in Figure 7.1. The (A) and (B) in Figure 7.1 are two different 

options of this novel strategy: In (A), the DNA probe is immobilized on surface via 

interfacial host-guest binding between the CB[7]-coupled DNA and Fc terminal group on 

mixed alkanethiolate SAMs on gold. In (B), Fc guest is coupled to DNA while CB[7] is 

attached to surface as the terminal group of alkanethiolate SAMs. There are several 

intriguing advantages expected with this novel DNA immobilization strategy. First, the 

nonspecific adsorption of DNA on gold can be largely inhibited by the pre-assembled 

alkanethiolate SAMs; second, with the strict 1:1 ratio host-guest binding between CB[7] 

and Fc as well as the rather large molecular size of CB[7] along with a much limited surface 

density (< 7 × 10-11 mol/Cm2),126 the formation of aggregated or clustered DNA domains 

could be inhibited. In addition to mitigating the intrinsic limitation of DNA monolayers, this 

interfacial Fc@CB[7] host-guest binding-based DNA immobilization strategy may provide 

additional merits towards electrochemical sensing and characterization. For example, the 

redox response of Fc as well as its changes induced by the CB[7] host binding would allow 

for the easy and informative electrochemical investigations on thermodynamic and kinetics 

properties of DNA monolayer. For the design shown in Figure 7.1 (B), the surface density 
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of DNA monolayer can be easily quantified from the redox response of Fc that is 

conjugated to the DNA probe via 1:1 stoichiometry. More importantly, the redox response 

of Fc can serve as an internal reference for developing ratiomeric electrochemical 

biosensors with higher reproducibility in sensing and background signals, and thus a 

improved detection limit.310 Last but not the least, the noncovalent nature of Fc@CB[7] 

host-guest binding pair may allow these electrochemical biosensors to be regenerated or 

recycled by removing DNA probes from the surface by adding another strong guest 

molecule (through competitive host-guest binding).  

 

 

Figure 7.2.  (A) A proposed synthetic approach of propargyl CB[7] based on 
Ref.313. (B) Covalent coupling of propargyl CB[7] to azide-terminated 
DNA strand or azide-terminated alkanethiolate SAMs on gold via 
Cu(I)-catalyzed azide–alkyne cycloaddition (CuAAC).  

 

As the Fc-conjugated DNA311 and various ferrocenylalkanethiol derivatives312 are 

all commercially available, the main challenge of this novel DNA immobilization strategy 

is the covalent coupling of CB[7] to DNA strand or to alkanethiolate SAMs. A possible 

solution is to introduce an alkyne group to CB[7] via the previously reported synthetic 

procedure of propargyl CB[6].313 Briefly, as illustrated in Figure 7.2 (A), CB[7] will be first 

oxidized by K2S2O8 with proper amount of K2SO4 in order to generate the monohydroxyl 

group, then the alkyne group can be introduced to the monohydroxylated CB[7] via its 
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reaction with propargyl-bromide. Based on the advantageous (simple, fast, and high yields) 

“click” chemistry of Cu(I)-catalyzed azide–alkyne cycloaddition (CuAAC), the propargyl-

CB[7] can be subsequently conjugated to a commercially available azide-DNA, or to the 

azide-terminated alkanethiolate SAMs on gold, as illustrated in Figure 7.2 (B).  

Not limiting to DNA, this new interfacial Fc@CB[7] host-guest binding system could 

be applied for immobilizing other types of biosensing entities (e.g., proteins and cells) with 

versatile functions. It is also interesting to investigate this new interfacial Fc@CB[7] host-

guest binding system on gold nanoparticles or gold nanoarrays, which have more complex 

surface structure and morphology, distinctive physical and chemical properties, as well as 

expanded application fields. In addition to Fc@CB[7] host-guest binding, the use of 

electroactive alkanethiolate SAMs as a “near ideal” system for electrochemical 

characterization and applications could be applied to other widely interested 

supramolecular host-guest recognition pairs, such as the 1:2 ratio host-guest complexes 

formed with CB[8],51,52 which might enable more convenient surface immobilization 

strategies.  
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Appendix A. Additional experimental results  

 

1. Determination of real electrode area based on Randle-Sevcik equation 

 

(A) CVs of 1.0 mM K4Fe(CN)6 in 1.0 M KCl recorded at different scan rates. (B) The 

relationship between the CV peak current (Ip) of and the square root of scan rate (v1/2); the 

solid line is the best linear fitting based on Randle-Sevcik equation (equation 2.3). The 

good linear relationship (R2 > 0.99) confirms the diffusion-controlled redox behavior; and 

the real electrode area (A = 0.15 ± 0.01 cm2) was determined from the value of slope.  
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2. CV and water contact angle characterizations of based gold slide before and 

after cleaning with piranha solution 

 

CVs of gold slide before (dashed line) and after (solid line) cleaning with host Piranha 

solution (following the procedure described in section 2.1.3). The electrolyte solution is 1.0 

M KCl; the scan rate is 100 mV/s. (B) Water contact angles of gold slide before (top) and 

after (bottom) cleaning with host Piranha solution. These results indicate the existence of 

organic contaminations on uncleaned gold slide (lower charging current and higher water 

contact angle). 

  



169 

 

3. CV study of directly deposited CB[7] monolayer on gold 

 

CVs of CB[7] monolayer (formed by immersing the cleaned gold slide in 2.0 mM CB[7] 

solution for overnight) before (black curve) and after incubation with 1.0 mM FcCH2OH 

solution for 2 h (red curve) (the ГFc determined by integrating the anodic wave is 6.8±0.9 

× 10-11 mol/cm2), and then treating with 1.0 mM C8SH solution (95% ethanol) for only 5 

min (black curve). The electrolyte solution is 0.1 M NaClO4; the scan rate is 100 mV/s. 

These results confirm that the directly deposited CB[7] monolayer on gold can be easily 

replaced by C8SH. 
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4. CV study of host-guest binding between ferrocenemethanol (FcCH2OH) and 

CB[7] in aqueous solution 

 

(A) CVs of 1.0 mM FcCH2OH in the presence of different concentrations of CB[7]. The 

supporting electrolyte is 1.0 M KCl, and the scan rate is kept at 50 mV/s. (B) The fraction 

of peak current change ((i0  i)/i0, where i0 and i are the peak current of FcCH2OH before 

and after adding CB[7]) as a function of the molar ratio between CB[7] and FcCH2OH 

(cCB[7]/cFc). These results confirm their 1:1 mole ratio binding (from the turning point of the 

binding isotherm curve). The decreased CV peak currents upon CB[7] binding is caused 

by the smaller diffusion coefficient of FcCH2OH@CB[7] host-guest complex than the free 

FcCH2OH.   
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5. The standard ET rate constant of FcC11S-/C8S-Au SAMs with different surface 

densities of Fc 

 

The standard ET rate constant (k0) was determined by Laviron method for mixed FcC11S-

&C8S-Au SAM prepared by co-adsorption with 5%, 3%, 2%, and 1% mole fraction of 

FcC11SH in the mixed assembly solution. It was found that k0 decreases with increased 

surface density of Fc, which might be due to the higher degree of SAM disorders/defects.   

  

Fc (10-11 mol/cm2)

1.02.03.04.05.06.07.0

ko
 (

s-1
)

600

900

1200

1500

1800

2100



172 

 

6. Compare the CVs of mixed FcC11S-/C10S-Au SAM in the electrolyte solution with 

different type of cations 

 

Red curve: CV of FcC11S-/C10S-Au SAM (prepared by co-adsorption method with 10% 

mole fraction of FcC11SH in the mixed assembly solution) in 1.0 M HClO4; Black curve: 

CV of FcC11S-/C10S-Au SAM in 1.0 M NaClO4. The CV scan rate was 0.05 V/s. It shows 

that the different types of cation (Na+ and H+) has no significant influences on the CV of 

mixed Fc-SAMs on gold.  
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Appendix B. Binary thiolate DNA/ferrocenyl self-
assembled monolayer on gold: a versatile platform for 
probing biosensing interface 

This is a study I did for another research project related to the electrochemical 

characterization and biosensing application of DNA self-assembled monolayers on gold. 

In this study, a binary component thiolated DNA/ferrocenyl-6-hexathiolate SAM on gold 

was developed where the surface properties of DNA (density, distribution, and orientation) 

can be effectively evaluated from the CV response of Fc+/Fc terminal group. This study is 

published and reprinted below with permission from Anal. Chem. 2020, 92, 2168-2175. 

Copyright (2018) American Chemical Society.  

Huihui Tian, a visiting student from 2012 to 2014, preliminarily explored the proper 

conditions for preparing this mixed DNA/ferrocenyl SAM and did some CV 

characterizations.  
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