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ABSTRACT 

 

Presented in this Dissertation is a new electrochemical methodology for surface deposition 

and interfacial assembly of materials. Using ferrocene-terminated self-assembled monolayers 

to electrochemically recruit polyelectrolytes and colloidal particles on electrode surfaces, I 

will detail herein the performance, mechanisms and application of this methodology. 

Specifically –  

In Chapter I, a literature survey is given on research topics mostly related to this work: 

surface-bound electroactive molecular assemblies and interfacial assembly of materials. We 

find that several powerful and versatile strategies have been developed over the past few 

decades, enabling such broad applications as electrocatalysis, electrochemical sensors, 

molecular electronics, actuators, molecular photovoltaics, energy storage, and 

nanotechnology.  

Chapter II describes a novel approach to surface deposition of polyelectrolytes on SAMs 

surface. This deposition process can be triggered facilely by a potential bias, which oxidizes 

ferrocene moieties included in the self-assembled monolayer to ferrocenium, whose charge 

compensation is fulfilled by polyelectrolytes and associated counterions. This approach is 

quite general, affording quantitative deposition of both polyanions and polycations with a 

wide range of chemical identities (synthetic polymers, peptides, and DNA) and molecular 

weights (103−107 Da as tested). Conventional layer-by-layer polyelectrolyte deposition can be 

straightforwardly combined with this method to produce electroactive polymer films. Several 

techniques, including voltammetry, fluorescence spectroscopy, contact angle analysis, 
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electrochemical quartz crystal microbalance (EQCM), and atomic force microscopy (AFM) 

were employed to characterize the deposition processes. A detailed discussion on the 

involved deposition mechanisms is also presented.  

Presented in Chapter III are our findings on employing the same electrochemical trigger, 

ferrocene oxidation, to achieve interfacial assembly of aqueous-suspended colloid particles. 

Using carboxylic-terminated polystyrene nano-/microbeads as a model colloid, we confirm 

first their transfer to and deposition at such redox active surfaces. Key factors involved, 

including the starting electrode surfaces, colloid size, range/duration of applied potential, and 

small supporting electrolytes, are examined in detail using voltammetry, EQCM, and 

confocal laser scanning microscopy. A particularly interesting finding among these is the 

superior efficiency of the electrochemically triggered assembly compared to the electrically 

driven process. Taking advantage of this feature, we demonstrate fast, high-fidelity colloid 

micropattern formation on electrodes at the end.  

In Chapter IV, the utility of this new methodology is further extended to other types of 

materials such as metal and metal oxides nanoparticles, quantum dots, multi walled carbon 

nanotubes (MWCNTs), and soft materials such as liposomes. We employed atomic force 

microscopy and confocal laser scanning microscopy to characterize those deposits and/or 

deposited materials on electrode surfaces. Using liposomes with well-defined surface charge, 

enabled us to demonstrate mechanistic differences utilizing this approach for deposition of 

materials with positive, negative and neutral surfaces respectively.  

Finally, in Chapter V, I will draw the main conclusions of my studies and offer an outlook of 

what might be done in the near future along this direction. 
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CHAPTER 1. INTRODUCTION 

 

Design of surface confined molecular architectures with advanced functionalities offers tailored 

and controlled chemical, physical, optical and electronic properties.1 Electroactive molecular 

assembly have attracted much attention not only because of economic and convenient operations 

but also offers structure-properties correlation and tunability.2 Redox modified electrodes with 

unique and desired properties can be used in electroanalytical and electrochemical sensors, 

molecular electronics, electrocatalytic energy conversion devices, energy storage, 

nanotechnology, biology, and so on.2,3,4 Coadsorbed materials are known to modify the 

properties of electrode surface by changing the local environment of the redox species.3 

Therefore, a crucial step is to develop devices/methodologies which will not only inherit the 

advantages of surface confined redox species but also capable of tuning the redox environment to 

offer improved functionality and controllability. 

This chapter starts with redox active surfaces, and their preparation. Following that, redox active 

self-assembled monolayers (SAMs) will be discussed while putting special emphasis on 

ferrocene terminated alkanethiols monolayers on gold and its electrochemical properties. After 

that, interfacial deposition/assembly of polyelectrolytes, water suspended colloids, and other 

materials will be discussed respectively. This chapter is concluded with the scope of this 

dissertation i.e. what this study intends to accomplish. 

1.1 Redox active surfaces 

Surface modification with electroactive species has been practiced in order to take advantage of 



2  

specific properties that such redox species exhibit in solution.3 Surface-bound redox molecules 

not only form an optimized surface but also offer improved electrode/electrolyte interfacial 

properties.5 Surface confined redox assemblies are superior to solution based redox species 

because of several reasons: (i) they provide ordered and densely packed arrangements that can 

lead to stronger and specific interactions which ensures fast responses, (ii) they are compatible 

with different media, (iii) may offer high sensitivity, and (iv) may ensure reproducibility in 

responses/results through stable electrochemical responses.6 Additionally, a small amount of the 

redox species is required usually for structured surface assembly compared to required 

concentration in liquid media to attain similar electrochemical activity. Three major factors are 

important for immobilization of redox species on electrode surfaces: a redox molecule, a 

substrate or support, and a mode of attachment. The characteristic of the substrate is important in 

determining the effectiveness of the system while the mode of attachment may lead to changes in 

the chemical and physical properties of the redox species upon immobilization.7 Redox species 

are often part of the integrated chemical entities with functionalities designed and compatible for 

surface binding either through physical or chemical interaction. 

1.1.1 Choice of substrate. 

Although there are no ideal supports/substrates for the immobilization of redox species, certain 

characteristic of the matrix such as ability to furnish chemical or physical interaction, mechanical 

or electrochemical stability, electron transfer kinetics, cost efficiency, etc. are generally 

considered important during selection of substrates/supports/matrices. Different substrates offer 

variable properties like hydrophobicity, surface functionality, and their difference in morphology 

and physiochemical properties can affects activity of redox species. Commonly used substrates 

are gold8,9,10, indium tin oxide (ITO) coated surfaces11,12,13, silicon substrates such as both n-type 
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and p-type monocrystalline Si(111)14,4,15,16, glassy carbon (GC)17,18 electrodes, etc. Substrates 

like other metal surfaces such as Cu10,19, Ag, Al10, silicon microwire arrays20, mica, carbon-based 

electrodes such as vitreous carbon, graphite, highly oriented pyrolytic graphite (HOPG)18,21, etc. 

are also reported. Each of these electrodes offers advantages or disadvantages. The choice of 

support is often made based on factors related to the application and the nature of the system. For 

example, gold as a substrate is easy to obtain in the form of thin films and as a colloid, easy to 

pattern, conductive, and reasonably inert to atmospheric gases.2 Thiolate anchored molecular 

assemblies on gold is one of the most studied platforms that provides a stable, flexible and 

organized assembly which can be easily characterized with many surface characterization tools.  

Silicon substrates such as molecularly modified SiOx substrates can withstand high temperature 

and are useful in the semiconductor industry. SiOx substrates like glass and quartz enable optical 

readout and do not quench fluorescence. ITO coated surfaces, on the other hand, provide highly 

conductive surfaces like metals while offering electrochemical and spectro-electrochemical 

detection capabilities.6 

1.1.2 Immobilization methods. 

Selection of an appropriate method for immobilization of redox species plays an important role 

determining the activity and surface bound properties of the redox molecule. Redox species are 

immobilized on electrode surfaces usually by two main strategies: physical adsorption or 

chemisorption.22,23 Physical immobilization methods are characterized by non-covalent 

interaction such as van der Waals forces, hydrophobicity, electrostatic attractions, hydrogen 

bonding, etc.21 Chemical immobilization is largely accomplished by covalent bond formation of 

integrated redox species with different substrate surface.24 Chemically modified surfaces with 

functional groups can react and form covalent bond with redox terminated chemical entities.25 
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1.1.2.1 Physical adsorption 

Physical adsorption is one of the straightforward methods for reversible attachment of chemical 

entities terminated with a redox molecule on substrate surface. Adsorption usually can occur 

through non-specific forces such as van der Waals, hydrophobic interactions, π-interactions, 

electrostatic interaction and hydrogen bonds.21  

 

Figure 1. 1 Schematic representation of various routes for assembly of materials on surface 

through physical adsorption (A) Incubation, (B) Layer by Layer (LbL) assembly, (C) Spin-

coating, and (D) Drop casting. Reprinted with permission from Coordination Chemistry Reviews, 

2017, 330, 144–163. Copyright (2017) Elsevier. 

Physical adsorption usually requires soaking or incubation of substrates into a solution 

containing the redox species or redox containing chemical entities.7 Other ways are Layer by 

Layer (LbL) assembly, spin coating, drop casting, patterning of surface by stamping, etc.6 LbL 

assembly is obtained starting with a charged surface and subsequent formation of layers by 
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electrostatic attraction between alternatingly charged materials with brief wash step in between.26 

Drop casting is allowing a solution of redox species to dry on the substrate surface and then wash 

away non-adsorbed material through rinsing/washing.6 Spin coating is a method in which thin 

films of materials are formed on substrate surface by using centrifugal force. It consists of 

several steps such as dispensing of material containing solution on surface, spin up, stable fluid 

outflow, spin off, and drying.27 Patterning of surface with materials of interest involves inking of 

stamp by materials of interest and then mechanically stamping on substrate surface.28 

These approaches are often accompanied by drawbacks such as desorption of redox species or 

leakage of redox species into solution. Substrates/supports/surfaces with physical interaction 

capabilities are often limited while some form of chemical modification is required to activate 

the surface for such interaction to take place. However, physical adsorption can be used to form 

many useful redox active surfaces through a hybrid attachment approach which is a combination 

of sequential chemical and physical adsorption processes. For example, Yang and co-worker has 

developed an alternative approach for non-covalent attachment by using hybrid non-covalent 

attachment of redox species on electrode surfaces. They derivatized a gold electrode with a 

sulfur-substituted pyrene and then physisorbed a pyrene-terminated ferrocene onto the modified 

gold electrode.7 Surfaces produced through such strategy are showed improved electron transfer 

kinetics compared to reasonably similar systems obtained through covalent bonding of redox 

active species on surfaces.29  
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Figure 1. 2 Methods for molecular attachment to electrode surfaces: conventional attachment vs 

hybrid non-covalent attachment. Reprinted with permission from ACS Appl. Mater. Interfaces 

2018, 10, 13211−13217. Copyright (2018) American Chemical Society. 

1.1.2.2 Chemical adsorption 

Chemical adsorption of redox species on surface usually involves two major strategies: covalent 

bonding and cross-linking.30 Both of these methods involve irreversible immobilization. 

Formation of a covalent bonds between redox terminated chemical entities and the surface of the 

substrate is probably the most widely used chemical adsorption strategy. In the 1980’s, Murry & 

co-worker demonstrated chemical modification of metal surfaces with redox active metal 
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complexes. At that time, they showed covalent attachment through coupling of Ru-complexes- 

and ferrocene terminated compounds with alkylamine-silanized Pt/PtO-surface.31,32 This strategy 

requires silanization of metal surfaces followed by coupling of surface bound amines with -

COOH terminated redox containing compounds. In 1990, Chidsey & co-worker showed a 

simpler strategy for formation of redox active self-assembled monolayers on gold through the 

co-adsorption of a ferrocene terminated unsubstituted alkanethiol to form a mixed SAMs.33 Ever 

since, this kind of metal-thiolate covalent bond formation is one of the most commonly used 

strategies to confine redox species on surface because this ensures unnecessary interactions 

between redox centers. There are reports describing formation of SAMs with organosulfur 

compounds on other metals, such as palladium, silver, copper, and mercury where different 

metal surfaces demonstrate very different reactivity towards sulfur compounds.2 Reports on the 

use of SAMs containing ferrocene terminated alkanethiol on gold, and their use in redox 

controlled maneuvers will be discussed in a later section. 

 

Figure 1. 3 Inferred structure of the monolayer formed by coadsorption of a ferrocene-

terminated alkanethiol and an unsubstituted alkanethiol on Au (111). Reprinted with permission 

from Science 1991, 251(4996), 919-922. Copyright (1991) American Association for the 

Advancement of Science. 
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Scientists around the world choose Si as their substrate of choice because, Si is the second most 

abundant chemical element on earth, its mass production as high purity crystalline form, and its 

semiconducting character.30 Zanoni & co-workers reported immobilization of vinylferrocene 

(VFC) on Si(100) while studing the SAMs of VFC molecules anchored on Si(100) through Si-C-

C-Fc linkages with those of ferrocenecarboxaldehyde (FCA) molecules anchored through Si-O-

C-Fc linkages.34,35 Sugimura & co-worker followed up with similar studies using thermal 

activation of  VFC and FCA molecules with hydrogen-terminated Si(111) substrate to compare 

their reactivities.36 Fabre & co-worker showed derivatization of monocrystalline Si (111) 

surfaces with alkanethiol monolayers terminated by ferrocene. This involves attachment of an 

amine-substituted ferrocene derivative to a pre-assembled acid-terminated alkyl monolayer using 

carbodiimide coupling.14 Tour & co-workers reported surface grafting of ferrocene containing 

triazene derivatives on Si (100).15 Gooding & co-worker demonstrated in-situ immobilization of 

ferrocene derivatives using “click” chemistry of alkyne-terminated alkyl monolayers on highly 

doped Si(100) surface.25 Following these reports, many studies were conducted on ferrocene 

containing compounds with different functionalities immobilized on Si-substrates.24,16,30 Gallei & 

co-worker reported immobilization of end-functionalized polyvinylferrocene (PVFc) and poly(2-

(methacryloyloxy) ethyl ferrocenecarboxylate) (PFcMA) on SiO2 substrates.37 Freund and co-

workers demonstrated coadsorption of vinylferrocene (VFC) derivatives and non-redox alkyl 

derivatives on silicon microwire arrays.20 Reports on chemical immobilization of entities 

terminated by redox species can also be found on other substrates. The methods discussed 

involves chemical interaction between redox species or their derivatives and substrates. 

Moreover, some require secondary activation to activate the surfaces towards useful 

electrochemical interaction. Therefore, simpler methods for surface modification is desired. 
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Figure 1. 4 Direct Covalent Attachment of α,ω-Disubstituted Bifunctional Molecules to Si-H. 

Reprinted with permission from Accounts of Chemical Research, 2010, 43, 1509-1518. 

Copyright (2010) American Chemical Society. 

1.1.3 Different surface bound redox species. 

Due to the stability at higher temperature (up to 400 °C), reactivity as an electrophile, well 

behaved redox capability, and comparatively easy to derivatize, ferrocene have been used 

extensively  as surface bound redox species.38 Quinones and their derivatives are organic 

compounds which experience proton coupled electron transfer.39 The biological importance of 

quinones has prompted numerous studies not only analyzing their electrochemical properties but 

also utilizing them in many redox controlled maneuvers.40,41 Reports of using surface confined 

quinone42,43, hydroquinone44, and anthraquinone41,45,46 terminated chemical entities, and other 
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quinone derivatives47,48 on different substrates are numerous. Studies of other surface bound 

redox species especially redox active complexes and catalyst/electrocatalyst, have been reported 

on various substrates.49,50 

1.2 Ferrocene terminated self-assembled monolayers (SAMs) on gold 

Self-assembled monolayers (SAMs) on solid substrates are organic assemblies formed by 

adsorption of molecular entities onto the surface of solids.2 Chemical compounds that form 

SAMs usually have an attached functional group as a head group with specific affinity for a 

substrate. For example, thiols have special affinity to noble and coinage metals which makes it 

possible to form well organized assemblies on surfaces of gold, silver, copper, palladium, 

amongst other.2  

 

Figure 1. 5 Schematic diagram of an ideal, single-crystalline SAM of alkanethiolates supported 

on a gold surface with a (111) texture. The anatomy and characteristics of the SAM are 

highlighted. Reprinted with permission from Chemical Reviews, 2005, 105, 1103-1169. 

Copyright (2005) American Chemical Society. 

Among all the platforms discussed in previous sections, self-assembled monolayers (SAMs) 
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composed of ferrocene containing alkanethiols on gold are probably the most studied platform 

due to the following reasons: (i) they are easy to prepare i.e. do not require in-situ chemical 

treatment, or other specialized conditions or equipment such as ultrahigh vacuum (UHV) during 

preparation, (ii) alkanethiols can be easily modified and are available in different chain lengths 

which offer different electron transfer kinetics to serve as a controlling factor, (iii) they are easily 

tunable media which link molecular-level structure to interfacial properties, (iv) they are a 

flexible and simple system that can be easily characterized with surface characterization tools.2 

In this section, self-assembled monolayers (SAMs) formed from ferrocene terminated 

alkanethiols (and their derivates) on gold, and their associated redox maneuvers will be discussed 

in brief. 

1.2.1. Why gold? 

Gold is historically the most studied substrate, and gold forms adequate SAMs although this 

metal is not uniquely good. For many applications Au may not be the substrate of choice but 

there are many reasons for which gold is a very good substrate to prepare SAMs: (i) gold is easy 

to obtain in pure form, (ii) thin films and colloids of this metal can be obtained, (iii) the 

malleable nature of this material enables simple shaping, as well as ease of patterning by 

lithography or other etching methods, (iv) easy to clean as gold is reasonably inert, and is not 

attracted by atmospheric gases and most other chemicals, (v) gold binds thiols with reasonably 

high affinity51, (vii) gold substrates are very common supports used for a number of 

characterization methods such as atomic force microscopy (AFM), surface plasmon resonance 

(SPR), ellipsometry, quartz crystal microbalance (QCM).52,53 

Other substrates show many of the above mentioned properties exhibited by gold but SAMs 

formation on those materials have been studied compared to gold. Silver is the second most 
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studied substrate after gold.2 Although silver forms simple and high quality SAMs, this metal 

readily oxidizes under air54, and is also toxic to some biological materials.55,56. Copper can be 

good choice because this is cheaper metal used in many conductive materials, but Cu is even 

more susceptible to oxidation than silver.54 Palladium seems to be a formidable alternative to 

gold since it has some superior quality than gold such as smaller grain size than gold thin films57, 

compatibility with CMOS (complementary metal oxide semiconductor)58, offers catalytic 

properties, equal or less than the cost of gold. Although Pd is a competitor to gold as a choice of 

substrate, the availability of Pd, use in different forms, and compatibility to characterization tools 

are not as viable as gold. 

1.2.2 Ferrocene 

Ferrocene is the first example of a large class of compounds known as metallocenes, also known 

as sandwich compounds.59 Ferrocene consists of two cyclopentadienyl rings sandwiched on 

opposite sides of a central iron atom. Since first reported in 1951 (discovery in 1940) by Pauson 

and Kealy60, ferrocene has become one of the most studied redox species mainly because of 

several exceptional properties: (i) stability up to 400 °C, well over its melting temperature of 

172.5 °C, (ii) reactivity as aromatic nucleophile61, (iii) exhibits mild and reversible oxidation at 

around +0.4 V versus the saturated calomel electrode (SCE), and (iv) good stability in air.38 For 

all these excellent properties along with the high solubility in many common organic solvents, 

and a huge number of derivatives synthesized in the last 70 years. For these reasons, ferrocene 

has become an icon in organometallic chemistry.38 

Ferrocene owes its stability probably to the existence of two aromatic cyclopentadienyl rings. 

When one proton is removed from the cyclopentadiene molecule, C5H6, the resulting anion 

becomes the aromatic cyclopentadienyl ion, C5H5
–; giving rise to a situation where instead of ten 
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electrons holding the ring together via five single carbon–carbon bonds, there are now six extra 

electrons delocalized above and below the ring. This is very similar to the situation of aromatic 

systems and thus yield a aroused stability analogous to that observed in the benzene molecule, 

C6H6. This similarity to benzene perhaps made Woodward suggest the name ferrocene for 

[Fe(C5H5)2]. This name was quickly accepted by the chemists around the world, and later 

compounds of the general composition [M(C5H5)2], found their general name as metallocenes.59 

 

Figure 1. 6 Reversible oxidation of ferrocene around +0.4 V versus sat. calomel electrode 

(SCE). Reprinted with permission from European Journal of Inorganic Chemistry 2017, 1, 6-29. 

Copyright (2017) John Wiley and Sons. 

Mild oxidation of ferrocene by, for example, iodine, FeCl3, etc. yields a stable blue ferricinium 

salt that can be reduced back to ferrocene with, for example, an acidic aqueous solution of TiCl3, 

thiosulfate or by other mild reductants.38 Ferrocene shows reversible single-electron (1e) redox 

wave upon anodic oxidation at around 0.4 V versus SCE.62 The actual redox potentials depend 

on the solvent because the positively charged central ion interact differently with different 

solvents.63 Ferrocene has been extensively used for internal standard for redox processes. As this 

potential really depends on nature of the medium, now-a-days people tend to use 

decamethylferrocene or other permethylated metallocenes as a more reliable references because, 

in the latter cases the central ion is protected from interacting with solvents by the cage of ring 



14 

methyl groups.64 Surface bound ferrocene may show a slightly different redox behavior 

depending on the nature of the substrates, chain length of the alkanethiols or other chemical 

entities, heterogeneity of the system. Details about the organization and behavior of surface 

confined ferrocene will be discussed in a later section. 

Electrochemical reversibility i.e. electron transfer from ferrocene to anode and back transfer 

between ferrocenium and anode are fast in the time scale of potential scan in cyclic voltammetry 

(CV).33 The fast electron transfer process is probably due to no significant structural change (no 

bond is broken/created during oxidation/reduction) during oxidation, as the structures of 

ferrocene and ferrocenium are very similar. During oxidation, Fe-C bond lengthening is in the 

order of 0.1 Å.65 Fast electron transfer and easy oxidation made ferrocene and its derivatives 

major candidates in the field of redox catalysis, electrochemical sensing, medicine, and materials 

science.38,59 

 1.2.3. Preparation of ferrocene terminated alkanethiol SAMs on gold 

In 1983, Nuzzo and co-workers first demonstrated the formation of self-assembled monolayers 

of disulfides on gold substrates.51 In early studies, scientists largely reported adsorption of 

organosulfur compounds from solution or vapor phase onto gold.33,52,66,67 Since early 1990, 

studies on a variety of ligands with limited functionalities have continued to focus on SAMs 

formed form thiols.54,68,69 After that, during last two decades scientists have developed 

technologies to form alkanethiol SAMs on gold with different derivatives of alkanethiols, with 

various functionalities, and redox capabilities, utilizing different methods. Fabrication of such 

assemblies can be done by both bottom-up (e.g., self-assembly) or top-down (e.g., 

micropatterning) methods. 
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Gold substrates used for SAM formation range from planer surfaces (thin films, foils, single 

crystals, etc.) to highly curved nanostructures (colloids, nanocrystals, nanorods, etc.). 

Alkanethiol SAMs on gold surface can be prepared either by adsorption of alkanethiols from 

solution or from gas phase. In either case, cleanliness of substrate is a must since any 

contaminants on the surface will affect the kinetics of SAM formation. It is recommended to use 

the substrates within an hour of preparation or cleaned with strong oxidizing agent such as 

piranha solution (3:1 of H2SO4:H2O2 ) or oxygen plasmas.2 Purity of thiols are also crucial for the 

formation of homogeneous and well organized SAMs. Common impurities in thiols are  disulfide 

(which are oxidation products) that are less soluble than the thiol precursors, hence more likely 

to physisorbed on the surface and alter the physical properties of SAM. Experiments suggest 

that, <5% of such impurities in thiols do not significantly impact the quality of SAMs.70,71 

Adsorption of thiols from a solution is very convenient and sufficient for most applications. 

Usually a number of factors are required to be considered such as solvent, temperature, 

concentration and immersion time, oxygen in solution.   Ethanol is the most used solvent for 

alkanethiols along with tetrahydrofuran, dimethylformamide, acetonitrile, toluene.71 While 

quality of SAMs prepared from these solvents is not much different from one prepared from 

ethanol but such alcohol is frequently used due to several reasons: (i) CH3CH2OH solvates 

variety of alkanethiols, (ii) it is inexpensive, and available in high purity, and (iii) exhibits low 

toxicity. Although SAMs are usually prepared at room temperature, studies suggest that 

preparation of SAMs above 25 °C helps improve the kinetics of formation and reduces the 

number of defects.72,73 Concentration and incubation time are inversely related as lower 

concentration of thiols require longer incubation  and vice versa.74 Concentration required for 

forming an alkanethiol SAM on gold is minimum of ~1 µM or higher.51 Although studies 

suggests that, SAMs prepared using different thiol concentrations differ in physical properties.71 
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In general, SAMs prepared from incubation of substrates in solution with ~1 mM thiol for 12-18 

hours results in densely packed well organized assemblies.2 

1.2.4. Gold-thiolate bonds 

The foundation to form robust SAMs of alkanethiol, arenethiol and disulfide compounds on gold 

is provided by the strength of the Au-S bond. Despite of fundamental advances, the dissociative 

chemistry of the S-H or S-S on gold leading to the formation of the sulfur–gold is still a matter of 

debate.2 

It is widely accepted that, covalent interaction at Au-S interface requires formation of gold-

thiolate bond.75 It has long been speculated and, also in some cases experimentally claimed that 

the formation of an Au-S bond is due to the cleavage of a S-H and S-S bond: the sulfhydryl 

group (R-SH) is cleaved to form a thiyl radical (RS·).66 On the other hand, the protonated one i.e. 

SH group can interact with gold only by weak coordination type bond. 65,66 The Au-S bond is 

suggested to be a strong one -homolytic-2, and the binding energy of thiolates to the planar gold 

surfaces is experimentally determined.76,77,78  However, the fate of the hydrogen of the S-H group 

has not been decided unambiguously as yet. The possibility that the loss of hydrogen may result 

in H2 formation has been discussed, and oxidative conversion of hydrogen to water is speculated 

in presence of oxygen in the reaction media.2 Kankate & co-workers suggested the release of 

hydrogen during the formation of SAMs of thiols on gold.78 On the contrary, in 2019, Inkpen and 

co-workers claimed that Au-S bond in SAMs prepared from solution deposition of dithiols is free 

of any chemisorbed character.79 

Reasonable conclusions are that, the true nature of the dissociation chemistry of S-H and S-S 

bonds during SAMs formation, and that the actual chemical characterization of Au-S bonds 
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within the SAMs of thiols on gold are still matter requiring further investigations. 

1.2.5. Fc-terminated alkanethiol SAMs, their electrochemistry and redox maneuvers 

Fc-terminated alkanethiol (in short SCnFc) SAMs serve as model systems to study the redox 

behavior of immobilized redox species on electrodes. Therefore, the electrochemical behavior of 

those SAMs in relation to their structure is an important outcome, which has been studied 

intensively. For a reversible one-step one-electron process, a single and symmetrical redox wave 

should be observed in cyclic voltammograms.65 This ideal behavior is observed when redox 

active species in SAMs do not interact with each other, and electron transfer is fast enough on 

the experimental time scales. In practice, ideal behavior is rare while non-ideal behavior is 

ascribed to the inhomogeneity of terminal redox active species in SAMs.80 In Fc-SAMs, this 

behavior depends on the electrochemical environments of the Fc-units within the SAMs. The 

electrochemical environment of the Fc-moiety within SAMs depends on a number of factors 

including - but not limited to – the packing density of Fc-terminated thiols, the number of 

carbons (odd or even) in the Fc-terminated alkanethiols, presence of other functional group in 

Fc-terminated thiol or other thiols within the SAM (in case of mixed SAM), as well as the types 

of anions in solution, nature of the solvent. 

Chidsey and co-workers found a reversible CV responses from mixed SAMs of FcCO2(CH2)nSH 

and CH3(CH2)nSH when formed at low mole fraction of Fc-thiol (χfc < 0.25).33,81 In their 

investigation they also observed that, increasing the fraction of Fc-thiols make the CV response 

less symmetric while the anodic peak response shifted to more positive potential vs Ag/AgCI in 

saturated KCl.33 The authors ascribed this non-ideal breakdown in this system to a combination 

of factors such as Fc-Fc interactions and inhomogeneity of Fc-moiety on those sites with 

increasing Fc-concentration on surface. This kind of peak broadening is also reported by others 
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as the fraction of Fc-terminated thiol increases in mixed SAMs.82,83,84 Ju and co-worker reported 

that, SAMs prepared from a mixture of Fc(CH2)11SH and CH3(CH2)11SH with different 

proportions displayed different peak shapes and potential separations while the most ideal 

electrochemical responses were obtained from SAMs prepared from a 50:50 thiol solution.85 

Even the number of carbons in the Fc-terminated alkanethiol chain can impact the outcome or 

electrochemical behavior, because the tilt angle of the ferrocene group will depend on the 

number of -CH2 units on the alkane chain.86,87 Since the Au−S−C bond angle is essentially 

similar in all SAMs, the angle of the ferrocene function with respect to the surface are different 

for odd or even number of -CH2 unit within the alkane chain.88 These so called “odd-even” 

effects can affect many properties of the SAMs, such as stability89, wettability76, and packing 

density.90 Moreover, in mixed SAMs, if the number of -CH2 units in the alkanethiol changes 

while keeping the Fc-thiol fixed, this can alter the surrounding of the redox species and hence the 

electrochemical response.91 Creager and co-worker reported mixed SAMs of Fc(CH2)6SH and 

CH3(CH2)nSH, where they found that increasing the chain length of the alkanethiol (n = 4 to 12) 

shifts the redox potential to more positive values.68 These shifts are predominantly 

thermodynamic in nature because the anodic and cathodic peak potentials both shifted together. 

In pure Fc-SAMs (i.e. SAMs constructed with the Fc-CnSH thiol only), varying the values of n 

can change the supramolecular interactions (i) - (v) depicted in Figure 1.7 by Nijhuis and co-

workers.80 Interplay of these interactions not only determines the structure and composition of 

the SAMs but also impact the electrochemical behavior of the redox species within SAMs, in this 

example ferrocene. Nonideal electrochemical responses of ferrocenyl alkanethiolates due to 

intermolecular interactions within Fc-CnS-Au SAMs were also explained by Yu and co-

workers.92 Moreover, the position of ferrocene within the alkyl chain can impact the 

electrochemical behavior and properties of SAMs as reported by Nijhuis and co-workers. They 



19 

inserted Fc-groups at 14 different positions along the alkyl chain (FcC13-nSH, n = 0 -13) and 

studied them by cyclic voltammetry.93 Differences in the connector group to which the ferrocene 

is attached (e.g. -CH2, -C=O, O-C=O, -O=CNH, etc.) in the Fc-terminated alkanethiol can 

impact the electrochemistry of the SAM as described by Nijhuis and co-worker.94 This is 

because the nature of the connector group not only determines the tilt angle of the ferrocene with 

respect to surface but also impacts the electron donating capability of ferrocene due to the 

presence of different functional groups. Similar observations were made by Yokota & co-

workers where they showed the effect of electron donating connector groups in Fc-SAMs.95 In 

mixed Fc-SAMs, alkanethiols modified with hydrophilic functional groups such as -OH, -

COOH, -NH2, etc. can impact the composition of SAMs and solvation of the SAMs surface.91 

 

Figure 1. 7 Schematic illustration of SAMs of Fc-CnSH with n = 2 and 11. The arrows labeled 

with i to v indicate the supramolecular interactions: (i) Fc-Fc, (ii) Fc-Cn, (iii) Cn-Cn, (iv) Fc-Au 

(non-covalent), and (v) Fc-Au (covalent). Electrochemical parameters: peak oxidation potential 

(Epa), peak reduction potential (Epc), full-width at half-maximum (Efwhm), anodic peak current 

(Ipa), cathodic peak current (Ipc), and total charge (Qtot). Reprinted with permission from Journal 

of Physical Chemistry C 2015, 119, 21978. Copyright (2015) American Chemical Society. 
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Other factors such as anions in solution can also dictate the outcome of electrochemical behavior 

of Fc-SAMs. The presence of different inorganic ions in electrolyte solution would provide 

different electrochemical response of the Fc-SAMs depending on the solvation nature of the 

anion.69,68 For instance, hydrophobic anions like ClO4
− and BF4

− would ion-pair with 

ferrocenium (Fc+) because these anions can be transported with almost no associated solvent 

molecule (e.g. H2O). On the other hand, anions such as NO3
−, Cl−, SO4

2−, HPO4
2−, HPO4

−, F−, 

and more hydrophilic anions would interact exclusively with solvent molecule (solvation) which 

eventually hinders their ability to ion-pair with ferrocenium (Fc+).85,96 Valincius and co-workers 

studied the electron transfer rate from the ascorbate to Fc-SAMs and found a more than ten-fold 

increase in the electrocatalytic oxidation rate constant of ascorbate along the sequence: PF6
−, 

ClO4
−, BF4

−, NO3
−, Cl−, SO4

2−, NH2SO3
−, and F−.97 This sequence suggests that, highly hydrated 

ions promote electrocatalytic electron transfer to Fc-SAMs while poorly hydrating ions inhibit 

the reaction. Moreover, in CV, the formal potential of Fc- in the SAMs was generally found to 

shift negatively with increasing anion concentration.68,98,99 

For Fc-SAMs, both anodic and cathodic peak currents were found to increase with increasing 

scan rate, as is expected for surface bound redox species in reversible electrode 

processes.33,65,82,85 The shape and general features of the voltammogram remain independent of 

scan rate (<100 mVs-1) with little peak separation.33,68,85,100 However, higher scan rates induce 

the positive and negative current peaks to split apart substantially indicating that the scan rate 

becomes comparable to the rates of electron transfer.81,84,98 

When an external potential is applied to Fc-SAMs in the positive direction, the conversion of Fc 

to Fc+ causes electrostatic repulsion between neighboring Fc-molecules, whereas Fc+ also 

interacting with counter ions. Consequently, the SAMs rearranges. This rearrangement has to 
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happen to minimize the electrostatic repulsion and to allow ingress of counterions to neutralize 

the excess surface charge.98 The Fc-SAMs was reported to reorient to a more upright position 

upon oxidation as shown in Figure 1.8.101,102 Since the distance between the Fc+ and gold 

electrode is smaller than the distance between counter ion and gold electrode, the repulsion 

between gold electrode and terminal Fc+ continue to dominate. Hence the monolayer changes 

orientation to more perpendicular position with respect to the electrode surface.101 Interaction of 

the counterions with Fc+ also play an important role in the process. Norman and co-workers 

studied electroactuation dynamics of gold coated microcantilevers modified with Fc-C11S-Au 

SAMs.103 They postulated that redox-induced deflection of the microcantilever is caused by 

volume expansion of the monolayer resulting from collective re-orientational motions induced 

by the complexation of counter ions (perchlorate) to the ferroceniums. A similar demonstration 

was provided by Badia and co-worker.104 Something similar was also found by ellipsometry and 

surface plasmon resonance studies that, thickness of Fc-SAMs increases upon oxidation.105,106,107  

Electrodes coated with electroactive self-assembled molecular films was demonstrated as 

molecular switch towards integration of electronic application.108 Marchante and co-worker 

demonstrated the use of Fc-C11S-Au SAMs probed with an ionic gel as electrolyte to produce a 

solid-state device capable of functioning as electrochemical switch.109 Oxidation of Fc to Fc+ 

also induce a wettability change to the SAMs surface i.e. transition from a pristine hydrophobic 

SAMs to hydrophilic SAMs upon oxidation.110 Smart surfaces with surface wettability switching 

properties can find applications as self-cleaning surfaces, lab-on-chip systems, microfluidic 

devices, and thin film sensors.37 
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Figure 1. 8 Schematic model for the orientation change of the Fc-C11SH monolayer: left side, 

monolayer terminated with ferrocene; right side, monolayer terminated with oxidized ferrocene, 

i.e., ferricenium cation. Reprinted with permission from Langmuir 1997, 13, 3157-3161. 

Copyright (1997) American Chemical Society. 

1.3. Surface deposition of polyelectrolytes 

1.3.1 Polyelectrolytes and their properties 

Polyelectrolytes are macromolecular species with ionizable repeating functional groups, that 

when placed in water or other ionizing solvent dissociate into highly charged polymers. Such 

dissociation typically takes place by releasing counter ions into the solution, leaving charges on 

polymer chains.111,112 Depending on the charges present in the polymeric backbones, 

polyelectrolytes types include cationic (polycations), anionic (polyanions), and zwitterionic 

(polyampholytes).113 Polyelectrolytes can also be classified into strongly and weakly charged 

ones. ‘Strong polyelectrolytes’ are the ones that completely dissociate in solution throughout the 

pH range whereas ‘weak polyelectrolytes’ exhibit has a dissociation constant (pKa or pKb) in the 

range of ~2–10, hence there will be partial dissociation at intermediate pH values.111 

Numerous properties of polyelectrolytes i.e. charged polymers differ considerably compared to 
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their electroneutral counterparts (uncharged polymers) such as excellent water solubility i.e. their 

natural tendency to swell and bind large amounts of water, and their ability to interact strongly 

with oppositely charged surfaces and other charged species.114 These unique properties of 

polyelectrolytes are being widely exploited in many technological and industrial fields.115 The 

physical properties of polyelectrolyte solutions are strongly affected by degree of dissociation. 

During the dissociation of polyelectrolytes, the counterions are released into the solution which 

affect the ionic strength of the solution. In a solution with low ionic strength, polyelectrolytes 

tend to exist in their most extended or uncoiled form due to repulsion between the unscreened 

charges in the polymeric backbone. On the other hand, as the ionic strength of solution increases, 

polyelectrolytes tend to be more coiled due to screening effect from the polymeric charges by the 

presence of salt counterions in higher concentrations as shown in Figure 1.9. The ionic strength 

of the polyelectrolyte solution will thus affect the conformation of the polymeric chain in 

solution.116 

 

Figure 1. 9 Ionic strength effect on polyelectrolyte conformation in solution. 

The solution behavior of polyelectrolytes is not well understood because, from an experimental 

point of view, there are too many variables that contribute to the polyelectrolyte phenomena. 

Often those variables are non-linearly coupled, and end results can be confusing.117 While a 
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number of other parameters can influence the behavior of polyelectrolytes, perhaps the most 

common are linear charge density of the chain, chain length (molecular weight), salt 

concentration, and pH of the solution.116,117 

1.3.2 Methods for physical deposition of polyelectrolytes 

Different methods have been developed for deposition of polyelectrolytes on surface. 

Polyelectrolytes can be adsorbed onto oppositely charged surface simply from solution, by spin 

casting, by solvent evaporation, by spray coating, etc. as shown in Figure 1.10.27 In all these 

cases, the adhesion is mainly obtained through a collective van der Walls interaction between the 

charges in the polymer backbone with oppositely charged substrate surface. Because of large 

surface area, these log-chain charged polymers do not desorb like smaller molecules.27 

There are other methods such as covalent grafting where polyelectrolytes can be grafted into a 

surface through chemical interaction between reactive groups within a polymeric chain and 

functional groups in a substrate.118 In this dissertation, the investigations are solely related to 

physical deposition of polyelectrolytes hence deposition through chemical interactions will not 

be discussed. 

1.3.2.1 Dip coating 

Adsorption of polyelectrolytes through dip coating method was first demonstrated by Decher and 

co-workers in the 1990s.26 In this method, a charged substrate is dipped or immersed in a 

solution of polyelectrolyte of opposite charge usually for 5 - 20 minutes, and then rinsed with 

deionized water to provide a layer of polyelectrolyte on surface. This technique is applicable for 

various types of substrates regardless of shapes and morphology.27 This method is time 

consuming because the deposition involved diffusion, adsorption and rearrangement of 
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polyelectrolyte chains. However, the procedure has certain advantages to offer such as low 

consumption of materials from solution hence the same polyelectrolyte solution can be used for 

several deposition steps. The thickness and roughness of the resulting layer on the surface 

usually depends on immersion time, ionic strength of polyelectrolyte solution, pH, temperature.27 

 

Figure 1. 10 Schematic representation of physical deposition processes of polyelectrolytes: (a) 

Dip-coating, (b) Spin-coating. (c) Spray-coating. Reprinted with slight modification with 

permission from Chemical Society Review 2012, 41, 5998-6009. Chemistry (2012) The Royal 

Society of Chemistry. 

1.3.2.2 Spin-coating 

Spin assisted polyelectrolytes assembly is used as an alternative to dip-coating assembly to 

accelerate the deposition process. This process was introduced in 2001, almost concurrently by 

three groups, Hong and co-worker119, Char and co-worker120 and Wang and co-workers.121 In 
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this process, a substrate is placed in an automated spin coater, and then the polyelectrolyte 

solution is introduced on substrate surface. The spin coater is then accelerated rapidly at a certain 

speed. Due to centrifugal force, the solution disperses throughout the surface while the excess 

solution is ejected off the substrate which provides a uniform layer of polyelectrolytes film. The 

resultant film is then rinsed with water and spin dried. This process is quicker, and film thickness 

can be controlled through variation of speed, and by changing the viscosity of the polyelectrolyte 

solution.121 There are also some disadvantages e.g. this process doesn’t work well in non-planner 

surfaces and generation of uniform films is difficult on substrates with large surface areas. 

Therefore, a flat surface with reasonable size is required. 

1.3.2.3 Spray-coating 

Polyelectrolyte films can be fabricated by spraying an aqueous solution of polyelectrolyte onto 

an oppositely charged surface.122,123  In 2000, Schlenoff and co-workers demonstrated the use of 

spray coating where they reported formation of LbL films by alternative spraying of a solution of 

poly(diallyldimethylammonium chloride) (PDDA) and another solution of poly(styrenesulfonic 

acid) (PSS) on surface.122 They found that the produced films exhibit similar morphology and 

composition compared to the one produced with a conventional dip-coating method. In spray-

coating, the polyelectrolyte solution is sprayed on a vertically held substrate by using an air-

pump-driven spray can containing the liquid.123 The air pump ensures that a constant flow is 

achieved throughout the spraying process while the vertically oriented substrate act as gravity-

driven drainage of the excess solution driven by gravity. Deposition is followed by rinsing with 

water to remove physically adsorbed polyelectrolyte molecules producing an uniform film.122 

The advantages of spray coating are fast fabrication of film and ability to cover larger surface 

areas. However, this requires large amount of polyelectrolyte solution, and solution drained in 
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the process is not reusable. Spraying time, spraying distance, solution flow rate, concentration 

and pH of the polyelectrolyte solution can influence the film thickness. A combination of 

techniques, such as spray- and spin- assisted formation of LbL, has also been used as means to 

optimize the deposition process.123,124 

1.3.3 Layer-by-layer (LbL) assembly of polyelectrolytes 

Self-assembled film formation is usually based on covalent, coordination, hydrogen bonding, 

host/guest interaction, and hydrophobic/hydrophilic interaction chemistry, etc. These interactions 

are often restricted to certain classes of compounds depending on the nature of interaction. For 

macromolecules such as polyelectrolytes, electrostatic attraction between oppositely charged 

entities is an obvious alternative as a driving force for multilayer buildup. In addition, other 

secondary interactions are possible such as hydrophobic/hydrophilic effects, hydrogen bonding, 

van der Waals interactions, etc.117 Even the electrostatic adsorption from solution is not 

straightforward in case of polyelectrolytes due to their complex properties in solution and many 

factors affecting adsorption onto a surface. Theoretical studies on deposition of polyelectrolytes 

form solution onto oppositely charged surfaces have been reported since 1970s.125,126 The first 

experimental observation was reported in 1985 by Cosgrove and co-workers who investigated 

the deposition of poly(styrene sulfonate) on both positively and negatively charged latex 

polystyrene.127 Since then a combination of theoretical and experimental works were reported to 

correlate experimental evidence with theoretical observations. The concept of layer-by-layer 

assembly was introduced first by Iler in 1966, when he reported fabrication of multilayers by 

alternative deposition of positively and negatively charged colloid particles128. However, the first 

multilayer formation of polyelectrolytes on flat surface was reported in 1990s by Decher and co-

workers.129,116 This process generally involved deposition of polyelectrolytes from solution onto 
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an oppositely charged substrate, and then building up layers of oppositely charged 

polyelectrolytes towards multilayer formation as demonstrated in Figure 1.11.26 A rinsing step is 

usually employed after each polyelectrolyte deposition to remove the chains that are not 

adsorbed or weakly adsorbed. This process can be repeated until the formation of film with 

desired thickness.130 

 

Figure 1. 11 (A) Schematic of the film deposition process. Steps 1 and 3 represent the adsorption 

of a polyanion and polycation, respectively, and steps 2 and 4 are washing steps. The four steps 

are the basic buildup sequence for the simplest film architecture. (B) Simplified molecular 

picture of the first two adsorption steps, depicting film deposition starting with a positively 

charged substrate. Counterions are omitted for clarity. Reprinted with permission from Science 

1997, 277 (5330), 1232-1237. Copyright (1997) American Association for the Advancement of 

Science. 

LbL assembly of thin polyelectrolyte films this process has received intense and growing 

interest.130,131 Although dip-coating is the most used method for LbL assembly, other methods 

such as spin-coating, spray-coating, perfusion are widely used.131 These methods have their 
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advantages and disadvantages while spin and spray-methods are often applied for industrial 

applications mainly due to their low-cost and time-effectiveness.132,133,134 However, other 

nonconventional methods including hydrodynamic-dip-coating135, high-gravity field-136, 

inkjet/3D printing-assisted137,138,139, electrodeposition140 are also reported for LbL assembly of 

polyelectrolytes. 

Almost any type of charged substrates or substrates with proper surface functionalities are 

suitable for LbL assembly of polyelectrolytes such as planar, porous, colloidal particles, and 

cylindrical structures regardless of size and shape.  By immersing a charged substrate into dilute 

solutions containing an oppositely charged polyelectrolyte followed by repeating immersion in 

alternatively charged polyelectrolytes leads to multilayer film formation. This kind of LbL 

assembly based on electrostatic interaction can lead to multilayer films of well-controlled 

composition, structure and thickness.130 Nevertheless, when using purely electrostatic 

interactions, changes in external stimuli such as ionic strength141,142,143, pH144,145,146, applied 

electric field147,148,149, light150,151, temperature143,152 may influence the adsorption of 

polyelectrolytes and the properties of the adsorbed layers; these factors might even induce 

desorption. Moreover, there is no general growth mechanism of LbL films as they are found to 

grow linearly, exponentially, or mixtures of the two types of growth depending on 

polyelectrolytes pair and deposition conditions. When two strong polyelectrolytes are used in the 

formation of LbL, liner growth is usually observed due to charge overcompensation.153,154,155 On 

the other hand, polyelectrolyte pairs consisting of at least one polypeptide or polysaccharide are 

found to show exponential growth which is more rapid compared to linear growth.156,157,158,159,160 

The mechanism of exponential growth is not fully understood yet, but may be related to fast 

diffusion of both polyelectrolytes involved in layer formation.161 Podsiadlo and co-workers 

showed a comparison of linear vs exponential growth where they incorporated an inorganic 
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sheet, Na+-montmorillonite (MTM) in combination with poly(ethylenimine) (PEI) and 

poly(acrylic acid) (PAA) to form a tricomponent film, shown in Figure 1.12.162 

 

Figure 1. 12 Comparison of linear and exponential LbL film growth on a silicon wafer with 

thickness measured through ellipsometry. The “exponential” upswing of the growth curve for 

(PEI/PAA/PEI/MTM)n can be clearly seen. The deposition interval was 2 minutes for e-LBL 

films, and 5 minutes for the (PEI/MTM)n films. Reprinted with permission from Nano Letter 

2008, 6, 1762-1770. Copyright (2008) American Chemical Society. 

LbL assembly is relatively cheap, can be done at room temperature, allows integration of 

biomaterials (polypeptides, polysaccharides, proteins, polynucleotides, DNAs, etc.) in films, and 

can be achieved under mild conditions compared to other bottom up approach. Several 

techniques are employed for characterization of the properties of LbL polyelectrolyte film 

assemblies including UV−visible spectroscopy, Fourier transform infrared (FTIR) spectroscopy, 

quartz crystal microbalance (QCM), surface plasmon resonance (SPR) spectroscopy, 

ellipsometry, differential scanning calorimetry (DSC), nuclear magnetic resonance (NMR), X-

ray diffraction (XRD), X-ray reflectometry (XRR), X-ray photoelectron spectroscopy (XPS), 
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dual polarization interferometry, atomic force microscopy (AFM), scanning electron microscopy 

(SEM), transmission electron microscopy (TEM), confocal laser scanning microscopy 

(CLSM).131 Due to fast formation, cost-effectiveness, possible integration of wide ranges of 

materials, and convenient characterization, LbL films have found applications in various fields 

including sensing and bioelectronics163,164,165,166, drug delivery167,168,169, protein adsorption, cell 

adhesion170,171, tissue engineering and regenerative medicine172,173,  separation technology174,175, 

energy storage and conversion.176 

1.3.4 Polyelectrolytes deposition on thiol SAMs surfaces 

Polyelectrolyte thin film formation was first reported in the 1980s when polyelectrolytes 

containing terminal thiol groups were self-assembled on metal surfaces.177 In the early 1990s, 

adsorption of charged biomolecules such as proteins on thiol SAMs was reported.178,179 

However, surface deposition of a polyelectrolyte from an aqueous solution onto functionalized 

thiol SAMs was introduced in 1994 by Corn and co-workers.180 They demonstrated electrostatic 

deposition of the cationic polypeptide poly-L-lysine (PLL) onto a carboxylic acid-terminated 

alkanethiol monolayer on gold. In 1996, Kaifer and co-workers reported adsorption of viologen-

containing polyelectrolytes on the surface of carboxylate-terminated SAMs. They indicated that, 

while carboxyl terminated SAMs enhances the adsorption, the hydrophobic character of the 

viologen polyelectrolyte was an important component of the overall driving force. In late 1990s, 

self-assembly of polyelectrolytes from aqueous solution on to patterned carboxylate-terminated 

alkanethiol SAMs generated through microcontact printing was reported by several groups.156,181  

In 2004, Gaub and co-workers studied adsorption and desorption of poly(acrylic acid) (PAA) 

covalently attached in an AFM cantilever, on/from alkanethiol SAMs with different terminal 

groups (-CH3, -OH, -COOH).182 Later, polyelectrolyte multilayer formation or LbL assembly on 
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SAMs were reported.183,184 Tiraferri and co-workers in 2014, investigated deposition of anionic 

sodium poly(styrene sulfonate) (PSS) and cationic poly(diallyldimethyl ammonium chloride) 

(PDADMAC) on SAMs of alkanethiols terminated with different functional groups (-CH3, -OH, 

-COOH, -NH2).185 Their study not only elaborated the role of surface chemistry on 

polyelectrolytes adsorption but also demonstrated the importance of other factors such as ionic 

strength, hydrophobicity, etc. It also suggests the likelihood of adsorption of polyelectrolytes on 

like charged substrates in the presence of small counter ions. The same group in 2015 further 

presented a comparative study of adsorption of cationic, anionic, and neutral polymers on both 

positively and negatively charged modified alkanethiols SAMs surface.186 Overall, tunable 

properties of SAMs offers the flexibility to control surface charges through wide range of 

functional groups attached at their distal end. This allows to control the amount of 

polyelectrolytes adsorption on surface.185 

1.4. Surface deposition/assembly of aqueous suspended colloids 

According to the IUPAC (International Union of Pure and Applied Chemistry) definition, a 

colloidal system “...refers to a state of subdivision, implying that the molecules or polymolecular 

particles dispersed in a medium have at least in one direction a dimension roughly between 1 nm 

and 1 μm, or that in a system discontinuities are found at distances of that order.”187 Colloidal 

particles may be considered as building blocks for materials with properties of technological 

interest. Due to the broad definition of colloidal particles, a wide range of structures can be 

generated though colloidal assembly. Colloidal assembly is considered as a model system for 

studying fundamental physics of the atomic world, and also found applications in photonic 

devices, nanoscale electronics, energy migration, energy-conversion, energy-storage, bio-

sensors, drug/gene delivery, hierarchically structured catalysts, etc.188,189  Strategies for colloidal 
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assembly are usually of two types: the physical approach governed by “top-down” 

methodologies, and complementary chemically inspired “bottom-up” strategies. The resulting 

structures after assembly on a surface can be 1D (one dimensional), 2D (two dimensional), and 

3D (three dimensional). In this part of the discussion, 1 D and 2D colloidal assembly on a 

substrate through physical approaches especially electrostatic self-assembly and electrically 

driven assemblies will be discussed because, these are more related to the work presented in this 

dissertation. 

Two-dimensional colloid assemblies on a solid substrate are generally termed as colloidal 

monolayers. This monolayer formation is usually subdivided into two types: closed packed and 

non-closed packed structures.190 Our selection for the discussion of electrostatic self-assembly 

and electrically driven assemblies will fall under the closed packed category. A brief overview of 

methods for closed packed 2D colloidal monolayers are showed in Table 1.190 

1.4.1. Electrostatic self-assembly 

Charged colloidal particles can be adsorbed into an oppositely charged surface using electrostatic 

attraction. However, electrostatic interactions between objects must not be too strong, otherwise 

it might lead to random aggregation due to irreversible bindings. When a dispersion of charged 

particles is allowed to deposit into an oppositely charged substrate, there is a competition 

between attraction of colloids and substrate and interparticle repulsions. Random deposition of 

particles onto surfaces is believed to be driven by such competitive forces, and the adsorption 

mechanism is described by the random sequential adsorption (RSA) theory.191 Once immobilized 

on the surface, the particles will no longer be able to move laterally across the surface. 

Moreover, any space between already adsorbed particles that is smaller than the average particle 

size becomes inaccessible for further adsorption of particles. Thus resulting disordered assembly 
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on surface are usually found to have a surface coverage of less than 50%.190  

Table 1. 1 Overview of 2D crystallization methods for close-packed colloidal monolayers. 

Reprinted with permission from Chemical Reviews 2015, 115, 6265-6311. Copyright (2015) 

American Chemical Society. 
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Electrostatic interactions can cause particles to self-assemble into crystalline or non-crystalline 

arrays. Electrostatic attractions between particles may be manipulated to control or direct 

particles adsorption towards a desired structured assembly. Surface charges on the particles can 

be maneuvered by varying functional groups on the surface and altering their density on the 

particle surface. The magnitude of electrostatic attraction or repulsion can also be tuned by 

changing the pH of the dispersion medium, by altering the ionic strength of the medium via 

adding small ions, etc. 

Electrostatic adsorption of charged particles on to an oppositely charged solid surface was shown 

by Iler in 1960s, who reported preparation of both monolayer192 and multilayers128 of particles on 

interface based on electrostatic adsorption. Preparation and characterization of mono- and 

multilayers using Iler’s technique was employed by several groups in the 1990s.193 In 2000, 

Hammond and co-workers reported self-organization of sub-micron sized colloid particles on a 

substrate.194 They first developed polyelectrolyte multilayer on chemically patterned surfaces 

followed by colloidal particle deposition onto patterned polyelectrolytes templates. After their 

report, controlled and patterned self-assembly of particles became popular due to promising 

potential applications in microelectronic devices. In 2002, Jonas and co-workers reported site-

selective assembly of colloidal polymer particles to generate molecularly mixed monolayers 

which allowed particle adsorption and photoactivation within the same monolayer.195 In 2010, 

Zhang and co-workers showed colloidal crystal formation based on electrostatic self-assembly 

where they formed a 2D poly(styrene sulfate) (PSS) colloidal crystal onto a positively charged 

substrate. Their unique strategy consists of two steps: formation of 3D PSS crystal in ethanol 

where electrostatic attraction is absent, which results in high quality colloidal crystals. A 

subsequent wash with water results in well-packed PSS colloidal monolayers tightly linked to the 

surface due to electrostatic interactions.196 
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1.4.2. Electrically driven assembly of colloids 

Like electrostatic assembly, electrically driven processes for example, electrophoretic deposition 

also take the advantage of electrostatic attractions to immobilize charged colloidal particles onto 

an oppositely charged substrate.197 In case of electrostatic assembly processes, charges are fixed 

on a substrate. On the other hand, a variable external electric field can generate either positive or 

negatively charges on the surface of a conductive substrate. In electrophoretic deposition, an 

applied electric field generates charges on the electrode surface which should induce a strong 

electrostatic attraction if probed with oppositely charged colloids. Like electrostatic self-

assembly, this attraction should impede ordering of colloidal particles on electrode surfaces 

resulting in random adsorption. However, in case of colloidal assembly under an electric field, 

ordering of particles has been observed due to interparticle attractive forces which lead to 

formation of crystalline monolayers.198,199 This kind of interparticle attraction between similarly 

charged colloids is not easy to explain only in terms of classical colloidal forces.190 In the usual 

sense, there should be repulsions between similarly charged colloid particles, and between the 

ion clouds around the colloids and the electrode. The unexpected attractive force between 

similarly charged colloids during formation of crystalline monolayer has been attributed to one 

or combination of the following phenomena: electrophoresis199, electroosmosis200,201,202, and 

electrohydrodynamic motion of ions.203,204,197 

When a dc electric field is applied, the dominating effect observed is electroosmotic flow, first 

observed by Bohmer205 and later elaborated by Anderson & co-workers.200,201 As the oppositely 

charged colloids are attracted towards the electrode, the counterion cloud of the colloids will 

contain charges of similar sign as those on the electrode. Therefore, ions are repelled from the 

electrode, subsequently drawing fluid across the electrode to maintain mass balance. This flow 
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pulls fluid towards the particle and is directed away from electrode. Attraction is observed when 

a second particle is dragged towards the first particle by this flow. In case of ac fields, usually 

electrohydrodynamic forces dominates.204,197,206 Here, ions produced upon water electrolysis are 

attracted towards oppositely charged electrodes to form a concentration gradient at each 

electrode. Any nearby colloids will disrupt the concentration gradient and initiate an ion flow 

towards the electrode. This convective flow will sweep particles toward each other across the 

electrode surface resulting in particles interaction.  

 

Figure 1. 13 Two-dimensional colloid assembly structures created by electrohydrodynamic flow 

on an electrode surface under varying confinement, which was characterized by the ratio of 

colloid diameter over cell gap dimension, as reported by Marr’s group207. With decreasing cell 

height, attractive electrohydrodynamic flows are decreased, leading to stronger contributions of 

repulsive dipole−dipole interactions. This causes a change in the assembly structures from close-

packed (a) to chain-like (b) and non-close-packed (c). Reprinted with permission from Chemical 

Reviews 2015, 115, 6265-6311. Copyright (2015) American Chemical Society. 

Compared to a single electrode, introduction of a second electrode creates another confining wall 

in a colloid system under an electrode field. Two-electrode confinement can decrease the fluid 

flow and overlap of the flow field is now possible. As a result, the particles can experience a 

diminished attraction between each other. This particle confinement can have a dramatic effect 

on the assembly of colloids, as demonstrated by Marr and co-workers. They showed that, 
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variation of the nature of electric field and degree of confinement can induce formation of 

different structures due to various degrees of attraction and repulsion. They demonstrated such 

effect for 4 μm polystyrene (PS) colloidal assembly under various confinement conditions, 

shown in Figure 1.13.207 

 

Figure 1. 14 (A to C) Silica particles 900 nm in diameter electrophoretically deposited onto the 

transparent anode with a controlled applied voltage (from 0 to 2 V) to maintain a constant current 

of 40 µA cm-2. (D to F) PS particles 2 µm in diameter deposited by application of a constant 

voltage (2 V). The time elapsed between successive frames is ~15 s. No field was applied in (A) 

and (D). Reprinted with permission from Science 1996, 272(5262), 706-709. Copyright (1996) 

American Association for the Advancement of Science. 

Electrophoretic assembly of colloids are often achieved using alternating electric fields.208,209 
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Alternating voltage allows manipulation of particles virtually in any type of media and also 

offers the advantage of attaining high voltages without causing water electrolysis or 

electroosmotic currents which can impact particle ordering.210 Liu and co-worker reported the 

formation of highly ordered monolayers by applying alternating fields which improved 

controlling the nucleation rate of ordered patches as compared to the case of a constant electric 

field.208 Formation of superstructures is also possible through pattern formation on electrode 

surfaces using electrophoretic assembly.211,212  

 

Figure 1. 15 Scanning electron microscope (SEM) image of a pattern produced by an applied 

electric field followed by concurrent UV illumination. Dense packing of particles results in 

crystalline (ordered) domains that vary in size (10±20 mm). The inset (600mm wide) shows the 

overall appearance of the pattern. Reprinted with permission from Nature 2000, 404, 56-59. 

Copyright (2000) Nature Publishing Group. 

Velev and co-workers demonstrated directed orientation of crystals by using two electrodes 

deposited on the same surface with a wide gap between them.210 The same group later reported 

an evaporative assembly process in combination with an applied ac field where they 
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demonstrated an electrowetting-on-dielectrics phenomenon introduced by the applied field to 

attain a more uniform coating with large crystallite domains.213  

 

Figure 1. 16 Time snapshots of large-area epitaxial crystallization and oriented patterning of a 

2D colloidal crystal using a colloidal line network as a template, under the alternating electric 

field of frequency f = 400 Hz and field strength E = 4.0 × 104 V/m. (a) 0 s, (b) 2.0 s, (c) 5.0 s, (d) 

10.0 s. Reprinted with permission from Journal of the American Chemical Society 2009, 131, 

4976-4982. Copyright (2009) American Chemical Society. 

Aksay and co-workers attained different 2D colloid phases (showed in Figure 1.14) by 

manipulating current density changes which ultimately control the magnitude of lateral attraction 

between colloidal particles at the electrode surface.204 As shown in Figure 1.14, the applied 

electric field restricts particles movement to two-dimensions across the electrode surface while 

long-range attractive forces accumulates particles resulting in a 2D crystal formation. The same 

group later reported a combined method of application of electric field followed by UV-

illumination to create ordered arrays of colloidal particles with tunable patterns showed in Figure 
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1.15.214 This optical tunability offers many possibilities for orchestrating electrophoretic 

deposition while allowing convenient control of the intensity and location of the photon flux. 

Liu and co-workers utilized predefined one-dimensional colloidal lines as an epitaxial template 

to initiate site specific 2D colloidal crystallization while the crystal growth can be manipulated 

by an external alternating electric field, shown in Figure 1.15.215 Zamborini and co-workers 

recently demonstrated redox mediated size selective electrophoretic deposition of gold 

nanoparticles.216 They utilized the proton coupled oxidation of hydroquinone to 

electrophoretically deposit citrate stabilized gold nanoparticles on glass/indium-tin-oxide (ITO) 

electrodes. An interesting find was that, oxidation on smaller particles occurred faster than larger 

particles which allowed deposition of 4 nm particles at a potential about 300-400 mV more 

negative than needed for 15 nm diameter particles, enabling to realize selective deposition. 

1.5 The scope of this dissertation 

The motivation of this dissertation is to utilize a redox-active surface to recruit different chemical 

entities to the surface which will provide the surface a new identity where variety of chemistry 

can be launched. We focused on developing a general method for electrochemical deposition of 

various materials such as polyelectrolytes, water suspended colloids, metal & metal oxide 

nanoparticles, carbon nanotubes, quantum dots, soft materials (liposomes), biomaterials 

(peptides, DNA), etc. utilizing the same platform, and novel integration of the thus produced 

technology. 

In Chapter 2, we demonstrated an electrochemical approach for surface deposition of 

polyelectrolytes. We used a ferrocene terminated alkanethiol SAMs on gold to initiate the 

deposition process by applying an external electric field while probed the SAMs surface with 
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polyelectrolytes solutions. We demonstrated deposition of both polyanions and polycations with 

wide range of molecular weight (103-107 Da as tested) on the same surface. We characterized 

deposition processes by using voltammetry, fluorescence spectroscopy, contact angle analysis, 

electrochemical quartz crystal microbalance, and atomic force microscopy. We presented a 

detailed mechanism of deposition processes for both polyanion and polycation. At the end, we 

reported the formation of electroactive layer-by-layer (LbL) polyelectrolytes film utilizing the 

deposition method while characterized the film formation by using UV-vis spectroscopy. 

In Chapter 3, we extended the utilization of the same redox-active surface to electrochemically 

deposit/assemble colloidal particles suspended in water, in this case carboxylated polystyrene 

nano-/micro-spheres. We studied in detail a couple of key factors involved in the process 

including the starting electrode surfaces, colloid size, range/duration of applied potential, and 

effects of small supporting electrolytes. In the process we used voltammetry, electrochemical 

quartz crystal microbalance, and confocal laser scanning microscopy to characterize the 

deposition process and study the key factors involved. We were able to demonstrate the superior 

efficiency of the electrochemically triggered assembly compared to the electrically driven 

process. We further demonstrated fast, high-fidelity colloid micropattern formation on electrodes 

at the end. 

In chapter 4, we further extended the deposition platform for various types of functionalized 

materials including metal & metal oxide nanoparticles, quantum dots, multi-walled carbon 

nanotubes (MWCNTs), liposomes, etc. We characterized depositions for materials of respective 

types by using atomic force microscopy and confocal laser scanning microscopy. We also 

compared deposition processes for materials containing negative and positive charge with the 

one with no charge, while using liposomes as model materials. This study provides us with a 
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better understanding of the forces and factors involved in the deposition process. 

In chapter 5, we have made general conclusion on our work. Here, we also discussed the 

usefulness, applications, and probable future directions of our research utilizing our developed 

deposition technique. 
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*This chapter is copied from a published paper (Langmuir 2018, 34, 12776 -12786) with minor modification. 

CHAPTER 2. ELECTROCHEMICALLY TRIGGERED SURFACE DEPOSITION OF 

POLYELECTROLYTES* 

2.1 Introduction 

This article reports a new approach to polyelectrolyte deposition on self-assembled monolayer 

(SAM) surfaces that can be triggered facilely by a potential bias. When applied, this bias drives 

the oxidation of ferrocene (Fc) moieties on the SAM to ferrocenium (Fc+), whose charge 

compensation in this particular case is fulfilled by polyelectrolytes and associated counterions 

present in the surroundings. This approach is quite general, enabling quantitative deposition of 

both polyanions and polycations with a wide range of chemical identities (synthetic polymers, 

peptides, and DNA) and molecular weights (103-107 Da). Besides its practical implications, this 

work also illustrates the possibility and potential benefits of conducting electrochemical 

processes under unconventional conditions-here, use of polyelectrolytes in place of small ions 

to maintain interfacial charge balance.  

Like many other truly useful technologies, gold-anchored alkanethiol SAMs1 are simple to 

operate and yet rich in offering. Through their distal end, a variety of functionalities can be 

attached to these alkanethiols, which, when similarly assembled, yield well-defined surfaces on 

which diverse chemistries can be launched. Among these are ferrocene-terminated SAMs, 

which have served not only as an invaluable model system for probing fundamental electron 

transfer processes2-4 but also a flexible platform for biosensing,5,6 electroactuation,7 and 

molecular photovoltaics.8,9 On the other hand, alkanethiols terminated with amine and 

carboxylic groups readily afford charged SAMs, which, among other possibilities, provide 
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excellent starting surfaces for layer-by-layer polyelectrolyte deposition.10,11 This fruitful 

integration has led to electroactive polymer/protein films displaying robust electrochemical 

communication,12,13 as well as redox-doped polyelectrolyte multilayers whose thickness and 

mechanical properties can be electrochemically manipulated.14,15  

This work introduces a new type of SAM/polyelectrolyte integration that is electrochemically 

initiated and controlled. In relation to existing systems, this approach combines the following 

features: (1) facile polymer deposition that can be accomplished in a matter of seconds; (2) 

quantitative deposition, according to ferrocene density prepared into the SAMs; (3) broad 

applicability, to both anionic and cationic polyelectrolytes, either synthetic or natural, in a wide 

molecular weight range; and (4) ready coupling to conventional layer-by-layer polyelectrolyte 

deposition to yield electroactive polymer composite films. All these features, importantly, can 

be obtained from the same starting surfaces-ferrocene-terminated SAMs. Several techniques, 

including voltammetry, fluorescence spectroscopy, contact angle analysis, electrochemical 

quartz crystal microbalance, and atomic force microscopy, were employed to characterize the 

deposition processes. A detailed discussion on the involved deposition mechanisms is also 

presented. 

2.2 Experimental Section 

2.2.1 Reagents 

11-Ferrocenyl-1-undecanethiol (Fc-C11SH), 1-dodecanethiol (C12SH), poly(acrylic acid 

sodium salt), poly(allylamine hydrochloride), poly(fluorescein isothiocyanate allylamine 

hydrochloride) with a polymer to fluorophore mole ratio of 50:1, DNA sodium salt from calf 

thymus, and sodium perchlorate hydrate (99.99% trace metal basis) were products of Sigma-



76 
       

Aldrich (St. Louis, MO). Poly(L-lysine hydrochloride) and poly(L-glutamic acid sodium salt) 

were obtained from Alamanda Polymers (Huntsville, AL). 5′- Fluorescein-labeled 

poly(adenine) 25-mer was obtained from Integrated DNA Technologies, Inc. (Coralville, IA). 

The structure and molecular weight of these polymers are listed in Table 2.1. Deionized water 

of 18.2 MΩꞏcm (Millipore) was used in preparing all aqueous solutions as well as in all rinsing 

steps. 

Table 2. 1 Polyelectrolytes Investigated in This Study and Their Structure and Molecular Weight 

(Da). 

  aPoly(allylamine HCl) only. 

Polymer Structure Polymer Structure 

Poly(acrylic acid  
sodium salt)  

 
2100 
8000 

15000 

 DNA sodium salt from calf 
thymus 

 
10-15 x 106 

not shown 

Poly(L-glutamic 
acid  

sodium salt) 
 

3000 
7500 

15000 

 

Poly(fluorescein 
isothiocyanate allylamine 

HCl) 
 

16200 
 17500a 

5´-fluorescein-(A)25-3´ 

Poly(L-lysine 
HCl) 

 
3300 
8200 

16000 

 
 

5´-fluorescein-labeled 
poly(adenine) 25-mer  

 
8300 

 

5´-fluorescein-(A)25-3´ 
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2.2.2 Formation of Self-Assembled Monolayers 

Self-assembled monolayers (SAMs) of Fc-C11SH, either pure or mixed 1:1 (mole ratio) with 

C12SH, were formed on three types of gold-coated substrates depending on the intended use. 

For voltammetric and water contact angle characterization, the substrates were prepared in-

house by sputtering gold onto chromium-coated silicon wafers (Au thickness: ∼1000 nm). The 

other two substrates were commercially obtained: semitransparent gold-coated microscope 

slides (Au thickness: 10 nm, Sigma-Aldrich) for fluorescence spectroscopy and atomic force 

microscopy and gold-coated quartz crystal wafers with a Cr adhesion layer (diameter: 1 in., 

Stanford Research System, Sunnyvale, CA) for quartz crystal microbalance. Right before their 

incubation in thiol solutions, these substrates were immersed in a piranha solution (3:1 v/v 

mixture of concentrated H2SO4 and H2O2 30 wt % aqueous solution) for either 15 (for the gold-

coated Si wafers) or 3 min (for the other two substrates), thoroughly rinsed with deionized 

water and ethanol, and then dried under N2. Thus, cleaned dry substrates were immediately 

immersed in an ethanol solution dissolved either with 0.5 mM Fc-C11SH and C12SH each (for 

mixed Fc SAMs) or with 1.0 mM Fc-C11SH alone (for pure Fc SAMs). The incubation was 

allowed to proceed for 16−18 h in the dark, after which the substrates were thoroughly rinsed 

with methanol to remove excess thiols on surface, then rinsed with deionized water, and finally 

dried under N2. These freshly prepared SAMs are immediately subjected to their next 

treatments as specified below. 

2.2.3 Electrochemical Treatments and Characterization 

Cyclic voltammetry (CV) and linear sweep voltammetry (LSV) were used in this work to (1) 

initiate polyelectrolyte deposition on Fc SAMs and (2) electrochemically characterize the Fc 

SAMs before/after the deposition step. These measurements were performed in homemade 



78 
       

Teflon cells housing SAM-covered gold substrates as the working electrode, a platinum wire as 

the counter electrode, and Ag/AgCl in saturated KCl solution as the reference electrode and are 

operated by a PC-controlled potentiostat (CHI 910B, CH Instruments, Austin, TX) with a 

potential scan rate of 100 mV/s. In the order of operation, a given SAM is typically treated with 

three separate voltammetric scans: (1) a CV scan in 0.1 M NaClO4, (2) an LSV or a CV scan in 

a 1.0 mM (polymer concentration) aqueous solution of a polyelectrolyte, and (3) another CV 

scan back in 0.1M NaClO4. In between scans, the solution occupying the electrochemical cell 

was thoroughly exchanged out first with deionized water and then with the medium intended 

for the next scan. To ensure reproducibility, it is critical to keep the SAM immersed in liquid 

during the entire time of these voltammetric runs. 

2.2.4 Water Contact Angle Measurement 

A Ramé-Hart model 200 automated goniometer (Succasunna, NJ) was used to measure the 

water contact angles of Fc-C11SH/C12SH mixed SAMs at room temperature. The Ramé-Hart 

DROPimage Standard software was used to collect images and analyze the obtained angles. 

Prior to a measurement, a SAM was first LSV-treated in either DI water alone or a 1.0 mM 

polyelectrolyte aqueous solution, thoroughly washed with deionized water, and then dried 

under N2. In each case, a measurement was promptly taken after a 4 μL deionized water droplet 

was gently placed onto the SAM. 

2.2.5 Electrochemical Quartz Crystal Microbalance (EQCM) 

EQCM measurements were carried out on a Stanford Research Systems QCM analyzer with a 5 

MHz crystal oscillator (Model: QCM25, Sunnyvale, CA) at room temperature. The quartz 

crystals used here are polished quartz wafers of 1 in. diameter with circular gold electrodes 
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coated on both sides, which are first grafted with a 1:1 Fc-C11SH/C12SH mixed SAM as 

described above. The SAM-coated crystal was subsequently mounted on the QCM crystal 

holder, and its solution-facing electrode was used as the working electrode in a three electrode 

configuration together with a Pt-wire counter electrode and a Ag/AgCl reference electrode (in 

saturated KCl). To do so, a PC controlled potentiostat (CHI 910B, CH Instruments) was 

connected to the QCM crystal holder via the crystal face bias connector of the QCM25 crystal 

controller. This setup enables simultaneous monitoring of the QCM frequency shift and current 

on the working electrode (crystal) as a function of the applied potential. The potential is fed by 

the potentiostat in the form of 10 consecutive CV scans between 0.1 and 0.8 V; scan rate: 100 

mV/s. 

2.2.6 Fluorescence Spectroscopy 

Fluorescence emission spectra of fluorescein-conjugated polyelectrolytes deposited on 

semitransparent gold-coated microscope slides were acquired on a PI Acton spectrometer 

(Spectra Pro SP 2356, Acton, NJ) equipped with a CCD (Charge-coupled device) camera (PI 

Acton PIXIS: 400B, Acton, NJ). This spectrometer is connected to the side port of an 

epifluorescence microscope (Nikon TE-2000 U, Japan), which provides light selection 

(excitation: 470 ± 11 nm; dichroic: 484 nm long pass; emission: 496 nm long pass) and holds 

the sample cells. For sample preparation, the gold-coated microscope slides were first grafted 

with 1:1 Fc-C11SH/C12SH mixed SAMs, which were then subjected to an LSV (or a CV) scan 

either in a 1.0mM aqueous solution of poly(fluorescein isothiocyanate allylamine 

hydrochloride) or in a 10 μM aqueous solution of 5′-fluorescein-labeled poly(adenine) 25-mer; 

potential scan rate: 100 mV/s. Following the electrochemical treatment, the SAMs were 

thoroughly rinsed with deionized water to remove unbound polyelectrolytes. The resulting films 
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remain immersed in deionized water during the entire course of fluorescence acquisition. 

2.2.7 Atomic Force Microscopy (AFM) 

AFM characterization of cleaned gold coated substrate, SAMs treated in deionized water, and 

polymer-modified SAMs was carried out using a Bruker MultiMode 8 atomic force microscope 

(Bruker, USA) in air and at room temperature. Silicon nitride probes (Model: ScanAsyst AIR, 

Bruker) used in these measurements have a force constant of 0.4 N/m, a resonant frequency of 

70 kHz, and a nominal tip radius of 2 nm and are operated in Scanasyst Air mode with a scan 

rate of 1 Hz and a resolution of 512 × 512 pixels. The substrates used are semitransparent gold-

coated microscope slides, on which ferrocene SAMs were first formed as described above. For 

deposition of polyelectrolytes, these SAMs were then subjected to a linear potential sweep from 

0.1 to 0.8 V vs Ag/AgCl at 100 mV/s in the following aqueous solutions: 1.0 mM poly(acrylic 

acid sodium salt), MW ∼ 15 kDa, and poly(L-lysine hydrochloride), MW∼ 16 kDa, and 0.1 

μMDNA from calf thymus. Thus, treated SAMs were thoroughly rinsed with deionized water 

and then dried under N2 before AFM scanning. All AFM images presented in this work are 

original with no graphical touchup. 

2.2.8 Layer-by-Layer Polyelectrolyte Deposition 

Pure Fc-C11SH SAMs deposited with poly(acrylic acid sodium salt) were used as the starting 

surfaces to build layer-by-layer polyelectrolyte films. These Fc- C11SH SAMs were formed on 

semitransparent gold-coated microscope slides, on which poly(acrylic acid sodium salt) (PAA, 

MW ∼ 15 kDa) was deposited by a linear potential sweep from 0.1 to 0.8 V vs Ag/AgCl at a 

scan rate of 100 mV/s in a 1.0 mM aqueous solution of PAA. The resulting films were 

thoroughly rinsed with deionized water and then incubated in a 1.0 mM aqueous solution of 
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poly(fluorescein isothiocyanate allylamine hydrochloride) for 15 min. Four additional rounds of 

15 min incubation were given alternately in 1.0 mM PAA and poly(fluorescein isothiocyanate 

allylamine hydrochloride) so they reached a total of 10 layers at the end of the deposition. In 

each round, a UV−vis absorption spectrum of the resultant film was taken with a UV−visible 

spectrophotometer (Cary 50 Bio, Varian). 

2.3 Results and Discussion 

2.3.1 Electrochemical Treatments and Characterization 

We initially hypothesized the following “trigger-and-trade” (TnT) scheme to electrostatically 

deposit polyanions, M+Poly−, where M+ refers to the counterions, onto ferrocene-containing 

SAMs:  

Fc‐SAM   −   e−       →    Fc+-SAM        (1) 

Fc+-SAM  +  M+Poly−    →   Poly− Fc+-SAM   +   M+        (2) 

To test this hypothesis, we first carried out cyclic voltammetry (CV) on 1:1 Fc-C11SH/C12SH 

mixed SAMs in poly(acrylic acid sodium salt) (PAA, MW 8000 Da) aqueous solutions. To 

diagnose the impact of such treatments on the SAMs, we also ran separate CV scans on the 

same SAMs in 0.1 M NaClO4 before and after each given treatment. As expected, the initial 

scan returns a symmetrical, bell-shaped voltammogram that is typical for electrode-bound 

ferrocenes probed in perchlorate (Figure 2.1 a). Compared to this standard response, the CV 

scan in PAA obtained afterward displays moderately sluggish ferrocene oxidation with its peak 

lagging the former by about 30 mV (CV in red, Figure 2.1 a). This result confirms that 1mM 

PAA, i.e., polymer plus its associated Na+, can sustain ferrocene oxidation sufficiently and, in 
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addition, reveals PAA’s lower tendency to ion pair with ferrocenium (Fc+) as compared to 

perchlorate. By stabilizing the reaction product, such ion pairing effectively improves the 

kinetics of and lowers the driving force required for ferrocene oxidation.16,17 This effect is 

clearly shown by the significantly more sluggish oxidation profile obtained in Cl−, a poor ion-

pairing agent18 to Fc+ (CV in gray, Figure 2.1 a). 

When this PAA/CV-treated Fc-SAM was rescanned in 0.1 M NaClO4, a ∼14% decrease in the 

amount of electron transfer was observed (CV in dashed line, Figure 2.1 a). Two processes may 

potentially be responsible for this decrease: (1) ferrocene loss from the SAM and (2) the 

intended polymer deposition. In the first case, it is well documented that Fc SAMs probed in 

hydrophilic small ions such as Cl− often suffer from electroactivity decays18-20 upon extended 

potential bias, pointing to the susceptibility of ferrocenium (Fc+) to secondary reactions21,22 

such as nucleophilic attacks when not properly protected, e.g., via ion pairing. To better gauge 

the contribution of this mechanism to the observed decay, we then examined fresh Fc-

C11SH/C12SH mixed SAMs under more stringent conditions. Subjected to 10 consecutive CV 

scans in PAA, the SAM displays progressively decreasing ferrocene redox features, with the 

largest decrease occurring during the first scan (Figure 2.1 b). Upon completion, this treatment 

registers a ∼45% decrease in redox activity of the SAM when probed in 0.1 M NaClO4, which 

is comparable to the level of decrease obtained from SAMs similarly treated in 0.1 M NaCl 

(data not shown). In comparison, no appreciable loss was observed from SAMs similarly 

treated in 0.1 M NaClO4. These results thus point to the likely occurrence of ferrocene loss 

from the SAM when oxidized in polyanion aqueous solutions. To minimize such losses, 

therefore, it is preferable to subject these Fc SAMs only to a short period of potential bias. 
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Figure 2. 1 Voltammetric monitoring of Fc SAMs undergoing either linear or cyclic potential 

sweeps in 1.0 mM poly(acrylic acid sodium salt) (PAA, MW8000 Da) aqueous solutions. (a) 

Voltammetric monitoring of 1:1 Fc-C11SH/C12SH mixed SAMs treated by a cyclic potential 

sweep in 1.0 mM PAA. CVs shown in black were acquired in 0.1 M NaClO4 aqueous solutions 

before (solid line) and after (dashed line) the CV scan in PAA. A control CV (in gray) obtained 

in 0.1 M NaCl is also included. (b) Voltammetric monitoring of 1:1 Fc-C11SH/C12SH mixed 

SAMs undergoing 10 consecutive cyclic potential scans in 1.0 mM PAA; the red arrows point to 

the direction of current decrease. (c) Voltammetric monitoring of 1:1 Fc- C11SH/C12SH mixed 

SAMs undergoing a linear potential sweep in 1.0 mM PAA. (d) Voltammetric monitoring of 

pure Fc-C11SH SAMs undergoing a linear potential sweep in 1.0 mM PAA. Potential scan rate: 

100 mV/s. 
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On the other hand, PAA deposition may as well induce Fc activity decrease either by lowering 

the amount of Fc available for oxidation (due to Fc+PAA− complexation) or by physically 

limiting perchlorate’s access to the SAM surface (i.e., partial blocking) during the subsequent 

scan. Follow-up voltammetric measurements showed the first signs of this process. For 

example, when freshly prepared SAMs of the same composition were treated by a linear 

potential sweep (LSV) instead of CV in the presence of PAA, a larger decrease, ∼20%, was 

obtained (Figure 2.1 c). This result argues against the material-loss mechanism-or, at least not 

as the sole mechanism in operation, because the Fc SAM was under longer potential bias in the 

CV treatment, which would have led to a greater loss and hence a larger decrease in 

electroactivity. Rather, this observation can be readily explained by the deposition scheme, in 

that the backward potential scan reduces most Fc+ back to Fc, which lifts the electrostatic 

attraction and in turn causes some deposited PAA to desorb from the SAM. This was found to 

be indeed the case, for example, from fluorescence spectroscopic characterization (next 

section). 

Additional voltammetric runs were also carried out using Fc SAMs of different compositions 

and on other polyanions. For example, when pure Fc SAMs were employed instead of Fc-

C11SH/C12SH mixed SAMs, an LSV treatment in PAA led to a ∼24% decrease of the 

ferrocene redox response (Figure 2.1 d), which is slightly larger than that obtained from the 

mixed Fc SAMs similarly treated. Provided that such a decrease is indeed indicative of polymer 

deposition, this result hints at the important possibility to control the amount of deposited 

polymer via Fc surface density in the SAM. On the other hand, we confirm the observation of 

similar trends when different polyanions or polyanions of different molecular weights were 

examined. One of such measurements, based on 7.5 kDa poly(L-glutamic acid, sodium salt) and 
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mixed Fc SAMs, is presented in Figure 2.2 a. 

     

     

Figure 2. 2 Voltammetric monitoring of 1:1 Fc-C11SH/C12SH mixed SAMs undergoing a 

cyclic potential scan in (a) 1.0 mM poly(L-glutamic acid sodium salt) (M.W. 7500 Da) (b) 1.0 

mM poly(allylamine hydrochloride) (M.W. 17.5 kDa) aqueous solution. CVs shown in black 

were acquired in 0.1 M NaClO4 aqueous solutions before (solid line) and after (dashed line) the 

CV scan in polyanion/polyanion. Potential scan rate: 100 mV/s. 

Similar voltammetric treatments were also extended to cationic polymers, which, surprisingly, 

led to partial activity loss in Fc-SAMs as well. As shown in Figure 2.3 a, this amounts to a 16% 
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decrease after the 1:1 Fc-C11SH/C12SH mixed SAM is treated by a single LSV scan in a 

poly(L-lysine hydrochloride) (PL, MW 8200 Da) aqueous solution. This result is unexpected, 

as it stands to suggest deposition of polymers carrying the same (positive) charge as the surface. 

Compared to the case of anionic PAA, the LSV response obtained here displays significantly 

more sluggish ferrocene oxidation, whose peak lags the one obtained in NaClO4 by >200 mV. 

When we treat the mixed SAMs with a single CV scan instead, a smaller (∼9%) decrease in 

ferrocene activity results (Figure 2.3 b). Here, interestingly, the second CV in NaClO4 

consistently emerges a few tens of millivolts more positive than the first one. This shift is likely 

due to the deposited PLs, whose presence modifies the local charge environment around the Fc 

moieties and makes electron removal from the latter more costly. Potential shifts of similar 

nature have been previously observed, for example, on binary SAMs containing ferrocenes23 as 

well as redox-active polyelectrolyte films.24 Such a positive shift is also discernible from the 

LSV-treated SAMs but not as large, ∼10 mV. In contrast, no shifts were found from the SAMs 

treated by either LSV or CV in the presence of PAA (Figure 2.1). This characteristic shift, 

therefore, once again suggests polycation deposition on Fc SAMs upon electrooxidation. 

Another polycation, poly(allylamine HCl), produces even more pronounced sluggishness and 

shifts when similarly treated (Figure 2.2 b). To gain a better understanding of the involved 

deposition processes, we thus moved onto other techniques for characterization of these films. 
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Figure 2. 3 Voltammetric monitoring of 1:1 Fc-C11SH/C12SH mixed SAMs undergoing linear 

(a) and cyclic (b) potential sweeps in 1.0 mM poly(L-lysine hydrochloride) (PL, MW 8200 Da) 

aqueous solutions. All CVs shown in black were acquired in 0.1M NaClO4 aqueous solutions, 

whereas voltammograms shown in green and red were recorded in 1.0 mM PL dissolved in 

water. A control CV (in gray) obtained in 0.1 M NaCl is also included in (b). Potential scan rate: 

100 mV/s. 
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2.3.2 Fluorescence Spectroscopy 

 

Figure 2. 4 Fluorescence spectroscopic characterization of electrochemically triggered 

polyelectrolyte deposition processes. (a) Representative fluorescence emission spectra collected 

on 1:1 Fc-C11SH/C12SH mixed SAMs or pure C12SH SAMs undergoing various treatments. 

All treatments were carried out in 1.0 mM poly(fluorescein isothiocyanate allylamine 

hydrochloride) (MW 16200 Da) aqueous solutions. (b) Representative fluorescence emission 

spectra collected on 1:1 Fc- C11SH/C12SH mixed SAMs undergoing either CV deposition 

(green) or 30 min incubation (black) in 50.0 μM 5′-fluoresceinlabeled adenine 25-mer (MW ∼ 

8300 Da). The embedded cartoons depict the charge and skeleton of the fluorescent 

polyelectrolytes employed. 
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Shown in Figure 2.4 (a) are fluorescence emission spectra acquired directly on 1:1 Fc-

C11SH/C12SH mixed SAM surfaces that have undergone various treatments with 

polyelectrolytes. The fluorophore probed here is fluorescein, which appears in the tested 

polycation in the form of poly(fluorescein isothiocyanate allylamine hydrochloride) and the 

polyanion, 5′-labeled adenine 25-mer. Due to existence of multiple complicating factors, such 

as fluorescence quenching (by gold25 as well as ferrocene26) and variations in polymer 

conformation and placement, we focus here on identifying the trend in the signals. As evident 

from Figure 2.4 (a), both single LSV and CV treatments lead to successful polycation 

deposition, with the former displaying slightly but consistently higher fluorescence intensity. 

By contrast, very little deposition resulted from the following controls: (1) 30 min incubation of 

the SAM in the polymer solution (i.e., no electrochemical treatment) or (2) a single LSV scan 

of pure C12 SAM in polymer (i.e., no ferrocene). These negative controls thus confirm the 

necessity of electrochemically modifying the surface charge of these SAMs in order to achieve 

polymer deposition. A similar trend is also observed in the case of polyanions (Figure 2.4 b). In 

accordance with the voltammetric evidence presented earlier, these results show a very minor 

polymer desorption upon the returning potential scan. Such irreversibility is generally observed 

in electrostatic polyelectrolyte deposition and points to the existence of other intermolecular 

forces, such as van der Waals and hydrophobic interactions, besides electrostatic attraction, in 

facilitating polymer surface binding. 

2.3.3 Water Contact Angle Measurements 

Water contact angles measurements were also conducted on these Fc containing SAMs 

subjected to similar electrochemical treatments (Table 2.2 and Figure 2.5). As expected, the 

untreated 1:1 Fc-C11SH/C12SH mixed SAM displays a relatively hydrophobic surface with a 
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water contact angle of about 91°, which decreases only slightly after the SAM undergoes an 

LSV scan in water alone, 88°. By contrast, the SAM similarly treated in PAA gives a water 

contact angle of about 71°, indicating a more hydrophilic surface as a result of PAA deposition. 

If the SAM is treated by 10 consecutive CV scans instead, a very comparable angle, 72°, 

results, suggesting that deposition occurs mostly during the initial scan. On pure Fc SAMs, a 

lower angle, ∼64°, is observed upon the same LSV treatment, which is suggestive of a higher 

PAA surface coverage due to higher Fc density.  

Table 2. 2 Water Contact Angle (in Degree) Measurements.a All SAMs Are Treated by an LSV 

Scan Unless Otherwise Specified.  

 
 

 

 

 

 

 

 

aA sample of water contact angle images is presented in Figure 2.5; bFresh SAM 

with no treatment; cLSV from 0.1 to 0.8 V vs. Ag/AgCl in water; dTen consecutive 

CVs from 0.1 to 0.8 V in water; Standard deviation values are based on at least 

three parallel measurements obtained from either one or two samples.  

In marked contrast, SAMs similarly treated in the presence of polycations only yield negligible 

(in the case of polylysine) to minor (in the case of polyallylamine) changes in water contact 

Polymer 
1:1 Mixed  

Fc-C11SH/C12SH 
100% Fc-C11SH 

SAM alone 
90.7 ± 0.4b 

88.1 ± 0.5c 
82.8 ± 0.5b 

 

Poly(acrylic acid  
sodium salt)  

71.4 ± 0.6c 

72.1 ± 6.4d 63.5 ± 1.5c 

Poly(L-lysine HCl) 

Poly(allylamine HCl) 

87.3 ± 0.2c 

            82.6 ± 4.3c 

81.7 ± 3.6c 

86.9 ± 1.7c 
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angles. These results thus point to the distinctive surface characteristics between deposited 

polyanions and polycations, which in turn suggest different deposition mechanisms involved. 

 

Figure 2. 5 Photographs of water droplets formed on various Fc SAM surfaces as obtained from 

water contact angle measurement. Volume of water droplets ~ 4.0 µL. The numerical version of 

these results is given in Table 2.2 of the main text. Surface/Treatment conditions: a) 1:1 mixed 

Fc-C11SH/C12SH SAM/no treatment, b) 1:1 mixed Fc-C11SH/C12SH SAM/LSV in water, c) 

pure Fc-C11SH SAM/no treatment, d) 1:1 mixed Fc-C11SH/C12SH SAM/10 consecutive CVs 

in 1.0 mM PAA, e) 1:1 mixed Fc-C11SH/C12SH SAM/LSV in 1.0 mM PAA, f) pure Fc-C11SH 

SAM/LSV in 1.0 mM PAA, g) 1:1 mixed Fc-C11SH/C12SH SAM/LSV in 1.0 mM PL, h) pure 

Fc-C11SH SAM/LSV in 1.0 mM PL, i) 1:1 mixed Fc-C11SH/C12SH SAM/LSV in 1.0 mM 

poly(allylamine HCl), and j) pure Fc-C11SH SAM /LSV in 1.0 mM poly(allylamine HCl). See 

Experimental Section for more details. 
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2.3.4 Electrochemical Quartz Crystal Microbalance (EQCM) 

 We next followed the deposition of PAA and PL, each in three molecular weights, using 

electrochemical quartz crystal microbalance. 

 

Figure 2. 6 Electrochemical QCM monitoring of polyelectrolyte deposition on 1:1 Fc-

C11SH/C12SH mixed SAMs. Responses of crystal oscillation frequency shift vs time obtained 

from 1.0 mM PAA (anionic) and PL (cationic) in water are shown in green and red, respectively. 

In each case, the solution-facing gold electrode on the crystal is biased between 0.1 and 0.8 V vs 

Ag/AgCl with a scan rate of 100 mV/s (waveform shown in solid black). A control response (in 

blue) recorded in water only is also included. The first complete CV scan is highlighted by light 

yellow/blue stripes. 
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For the anionic PAA of 8 and 15 kDa, the crystal oscillation frequencies start to drop almost 

immediately after the potential sweep commences (dotted and dashed traces in green, Figure 

2.6), indicating mass gain at the SAM surface as a result of polymer deposition. In both cases, 

the drop is quickly replaced by a new frequency rise that reaches a local maximum at around 

0.3 V vs Ag/AgCl, thereby registering a frequency decrease of 4 Hz (8 kDa) and 5Hz (15 kDa), 

respectively. Past the maximum, the frequency drops back down slowly toward the end of the 

forward potential scan at 0.8 V. Immediately following the start of the backward scan, a much 

larger frequency drop kicks in, producing a frequency decrease of 27 Hz (8 kDa) and 25 Hz (15 

kDa) at the completion of the backward scan (regions highlighted in light blue, Figure 2.6). On 

subsequent CV scans, the frequency profiles track the applied potential closely, but not exactly. 

On a closer look, it can be discerned that the frequency maxima/minima consistently precede 

the potential maxima/ minima (0.8 and 0.1 V, respectively). These frequency maxima/ minima 

are not constant from scan to scan, moreover. As the potential scan proceeds, the maxima 

decrease progressively, while the minima increase, thus narrowing the frequency swing in 

between. This tendency is more pronounced in the case of 15 kDa PAA, measuring 11 vs 18 Hz 

for the 8 kDa PAA, at the end of the final CV scan. In both cases, a stable baseline follows the 

potential switch-off. In comparison to these two cases, the 2.1 kDa PAA similarly probed 

displays much smaller frequency shifts as well as a different shift profile (solid trace in green, 

Figure 2.6). Starting off, the crystal oscillation frequency shifts downward only slightly, which 

is then superseded by a similar but more powerful frequency increase that produces a local 

maximum at around 0.25 V. From that point on, the frequency continues to drop until the 

forward scan completes, which, upon potential reversal, starts to rise again. This produces a 

new frequency maximum, beyond which the frequency drops sharply and reaches a minimum at 
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the end of the backward scan. Consecutive CV scans afterward produce a profile that generally 

resembles the other two cases, except that each frequency maximum now contains edges and 

between them a local minimum. On the other hand, control measurements conducted in water 

alone only yield a low-magnitude, despite potential responding, profile, which reestablishes the 

initial frequency baseline at the end of each forward scan as well as at the completion of the 

consecutive CV treatment (solid trace in blue, Figure 2.6). 

Similar EQCM characterization of cationic PLs deposition reveals a number of distinctive 

features as compared to PAAs (traces in red, Figure 2.6). (1) During the initial potential scan: 

For PLs of 3.3 and 8.2 kDa, the first forward scan lead to a monotonous frequency downshift 

starting at ∼0.3 V. The 16 kDa PL behaves quite differently, in that the frequency initially 

drops slightly and then rises abruptly at 0.4 V. (2) Subsequent potential cycles: Here, once 

again, PLs of 3.3 and 8.2 kDa share the same trend, in which the frequency increases/decreases 

are brought forth by the backward/forward potential scans, respectively; matching 

frequency/potential highs and lows are instead observed from the 16 kDa PL. (3) Extent of 

frequency fluctuation: In all three cases, the magnitude of frequency shifts becomes relatively 

stable after the first potential cycle. (4) Net frequency shifts: For all three PLs, a positive 

frequency shift in the range of 4−6 Hz results at the completion of the potential cycle. By 

contrast, all PAAs produce negative net frequency shifts: −9 Hz for the 2.1 kDa and about −28 

Hz for the other two. (5) The smallest PL (3.3 kDa) displays relatively flat frequency maxima 

as opposed to peaks from the other two in the series, which in a way is consistent with the PAA 

series. 

EQCM provides highly convoluted information about the deposition processes because the 

deposited polymers simultaneously change the surface mass, viscoelasticity, and SAM/water 
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interfacial slippage condition, each modifying the crystal oscillation frequency in its own 

fashion.27 Complicating the matter further are secondary processes caused by the applied 

potential bias, such as the swelling/shrinking of deposited polymers and accompanying 

ingress/egress of counterions and water. Fortunately, these secondary processes cannot take 

effect prior to polymer deposition. This thus points to the initial potential scan as the only 

window to observe the deposition alone, where the correspondence between frequency drops 

and polymer deposition suggests itself (yellow-highlighted region, Figure 2.6). Once deposited, 

both polyanions and polycations will electrostatically respond to the applied potential, which 

continues to drive the Fc/Fc+ redox cycles. In the case of PAA, the reduction of Fc+ back to Fc 

on the returning scan (blue-highlighted region, Figure 2.6) lifts the electrostatic attraction 

between Fc+ and PAA, producing a mechanically more relaxed and elastic structure. An influx 

of sodium ions, accompanied by their water shells, is also expected, so that the newly liberated 

negative charges on PAA can be neutralized. 

Collectively, these structural/compositional/mechanical changes register a large and abrupt 

frequency decrease on the oscillating crystal. The next forward potential sweep reverses the 

processes, whereupon a more adherent and rigid PAA layer enables the crystal to oscillate at a 

higher frequency. As the potential cycle continues, these processes repeat accordingly. Similar 

potential-modulated QCM responses have been observed previously, for example, from 

ferricyanide-doped polyelectrolyte films.14 Evaluating these PAA profiles together, we may 

reach two additional conclusions. First, the polyanion deposition is largely an irreversible 

process. This is evident from the similarity in QCM responses between the initial and 

subsequent scans, both operating on the same population of polymers deposited in the first 

scan. Such irreversibility is commonly found in LbL polyelectrolyte deposition28 and can be 
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generally attributed to (1) the large energy penalty associated with dissociating/rehydrating the 

surface and polymers, (2) the vanishingly small translational entropy29 of polymers as 

compared to small solutes, and (3) the presence of other binding mechanisms, such as van der 

Waals interactions. Second, beyond the initial scan, the applied potential acts to “anneal” the 

deposited polyanions, as manifested by the progressively decreasing magnitude of frequency 

shifts. Such annealing effect is most visible in the 15 kDa PAA, whose long polymer chain 

affords the highest number of loose segments that are mostly responsive to the electric field 

among the three. The other interpretation of the observed trend would be a gradual loss of PAA 

deposits from the surface, which is considered less likely because of its absence from the case 

of 2.1 kDa PAA. With its short chain carrying the same charge density, such loss would have 

been at least comparable to the other two PAAs, if not more. 

On the polycation side, PL deposition on Fc SAMs can be unequivocally identified from their 

highly characteristic QCM profiles. Similar to PAAs, their deposition is electrochemically 

triggered and takes place during the initial scan. But unlike their anionic counterparts, which are 

electrostatically drawn to the oxidized Fc SAM, these polycations experience repulsion as they 

move toward and subsequently land on the similarly charged surface. To overcome this 

repulsion, therefore, their counterions, Cl−, have to be directly involved. A detailed discussion 

on this mechanism will be presented in a separate section below. As the potential shifts toward 

more negative (reducing) values on the returning scan, the deposited PLs are pulled further in, 

which leads to an overall more compact structure and hence the observed frequency up shift. 

The next forward potential scan sets everything on reverse: a relaxed film displaying a 

frequency downshift. As the potential scan continues, such shrinkage/expansion processes take 

turns to dominate the resulting frequency response. These features are shared by the 3.3 and 8.2 
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kDa PLs, with their frequency maxima/minima completely “out of phase” with the applied 

potential. Between these two, the 3.3 kDa PL clearly responds to the applied potential faster 

than the other, likely due to its smaller size. In comparison, the frequency shift observed in the 

16 kDa PL not only kicks in early but also is in phase with the applied potential. The latter 

feature, which notably resembles PAA’s frequency profiles past the initial potential cycle, is not 

well understood at this moment. 

2.3.5 Atomic Force Microscopy (AFM) 

To gain detailed information on the morphology of thus deposited polyelectrolytes, we also 

carried out AFM measurements. We started with imaging the untreated cleaned gold surface (a-

c), and Fc-C11SH/C12SH 1:1 SAMs treated in deionized water by LSV scan (d-f) presented in 

Figure 2.7. From the comparison of their height vs distance profile, it seems the features on 

SAMs surface is ~2-3 nm higher than the features observed for bare gold surface. This 

observation is consistent with thickness of Fc-C11SH SAMs reported as 2.91 nm measured by 

ellipsometry and 1.84 ± 0.12 nm measured by AFM in air.30,31 It is important to note that, 

presented in Figure 2.7 (d-f) is the surface of a  Fc-C11SH/C12SH 1:1 SAMs treated in 

deionized water only. The 15 kDa PAA (a-c) and 16 kDa PL (d-f), LSV-deposited on the Fc 

mixed SAMs are presented in Figure 2.8. Since both 15 kDa PAA and 16 kDa PL are too small 

to be individually resolved with our current AFM setup, we cannot conclude from those images 

whether or not polyelectrolyte deposition has occurred. 
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Figure 2. 7 AFM characterization of untreated cleaned gold surface (a-c), and Fc-C11SH/C12SH 

1:1 SAMs treated in deionized water by a linear potential sweep from 0.1 to 0.8 V vs Ag/AgCl 

(d-f). (a) & (d) are topographic images, (b) & (e) represents the height vs distance profiles of 

selected sections in images (a) & (d) respectively, (c) & (d) are the 3D representation of surfaces 

shown in images (a) & (d) respectively. Scan size: 2 × 2 μm. 
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Figure 2. 8 AFM characterization of polyelectrolyte deposition on Fc-C11SH/C12SH 1:1 SAMs 

triggered by a linear potential sweep from 0.1 to 0.8 V vs Ag/AgCl in 1.0 mM PAA (M.W. 

15000 Da) solution (a-c) and 1.0 mM PL (M.W. 16000 Da) solution (d-f). (a) & (d) are 

topographic images, (b) & (e) represents the height vs distance profiles of selected sections in 

images (a) & (d) respectively, (c) & (d) are the 3D representation of surfaces shown in images 

(a) & (d) respectively. Scan size: 2 × 2 μm. 
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Figure 2. 9 AFM characterization of DNA deposition triggered by a linear potential sweep from 

0.1 to 0.8 V vs Ag/AgCl in DNA from calf thymus (MW ∼ 10-15×106 Da) on a 1:1 Fc-

C11SH/C12SH mixed SAMs (a-c) and on a pure Fc-C11SH SAMs (d-f). (a) & (d) are 

topographic images, (b) & (e) represents the height vs distance profiles of selected sections in 

images (a) & (d) respectively, (c) & (d) are the 3D representation of surfaces shown in images 

(a) & (d) respectively. Scan size: 2 × 2 μm. See the experimental section for details. 
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To circumvent this limitation, we then replaced PAA with DNA from calf thymus, a much 

larger polyanion with a MW of 10-15 million Da. This time, AFM imaging clearly identifies 

twisted, threadlike features spanning several hundred nanometers (Figure 2.9 a), which can be 

attributed to deposited DNAs with reasonable certainty. From their large sizes, i.e., tens of 

nanometers in width and >10 nm maximal height, we can further conclude that these threads 

represent bundles of DNA strands, whose formation may result from DNA minimizing 

hydrophobic contact. Beneath these DNA bundles, interestingly, another mesh like feature is 

also clearly visible. These meshes are relatively evenly distributed across the entire surface, and 

their sizes fall within a narrow range of 15-20 nm. Since this formation is exclusively observed 

for DNA, i.e., absent from SAMs similarly treated in PAA, PL, or water alone, we tentatively 

assign it to be the second main feature of DNA deposition besides the threads. To further verify 

this assignment, we also imaged DNA deposits formed on pure Fc-C11SH SAMs, which, once 

again, display a mesh like morphology (Figure 2.9 d). Here, a noticeable difference is that the 

DNAs deposited atop appear not only thinner but also shorter, which appear to resemble 

individual DNAs more than their bundles. This morphological difference may be due to the fact 

that, absent of hydrophobic C12 thiols, pure Fc SAMs produce a primarily charged surface 

upon oxidization, which can better accommodate binding of individual DNAs. By contrast, 

oxidation of the Fc-C11SH/C12SH mixed SAM yields a partially charged surface blended with 

hydrophobic components. From these images, we can further conclude that such 

electrochemically triggered polymer deposition proceeds evenly across the entire SAM surface. 

2.3.6 Deposition Mechanisms 

All the experimental evidence presented above suggests that the “trigger-and-trade” scheme 

describes the polyanion deposition reasonably well. Among these, the results of fluorescence, 
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contact angles, and AFM uniformly confirm the occurrence of such deposition, whereas the CV 

and EQCM data further shed light on the involved mechanism and dynamics. Of the latter, the 

well-defined Fc oxidation waves obtained in PAA (Figure 2.1) and poly(glutamic acid, sodium 

salt) (Figure 2.2 a) manifest their direct involvement and efficacy in charge compensation, 

despite their relatively low concentration and large size (e.g., vs 0.1 M NaCl). The EQCM 

responses of PAA (Figure 2.6) during the initial potential scan, on the other hand, identify a 

trend in which the mass gain on the electrode closely tracks the Fc oxidation. These results help 

establish a general sequence of events involved in the deposition: ferrocene oxidation→ charge 

compensation → polyanion deposition (Figure 2.10). Though not directly related, it should be 

pointed out that a similar scheme has been conceived by Badia and co-workers to attract 

anionic surfactants onto Fc SAMs.32 

The characteristically distinctive responses observed in polycations signify a different 

deposition mechanism all together. This becomes evident first from voltammetry, in which Fc 

oxidation in the presence of polycations is found to significantly lag behind that obtained in 

polyanion solutions. Of these, the CV obtained in PL closely resembles that in NaCl (Figure 2.3 

b), suggesting that chloride, the common anion of the two electrolytes, is responsible for 

compensating Fc+. Nevertheless, these two voltammograms are not exactly identical: Fc 

oxidation in NaCl not only appears slightly more dragged out but also peaks earlier than the 

other. The latter shift is not caused by conductivity difference between the two solutions (i.e., 

the iR drop), which remains observable in 1 mM as well as 1.0 M NaCl solutions (data not 

shown). A similar but even more pronounced trend was found in the case of poly(allylamine 

HCl) (Figure 2.2 b). These distinctive features thus lead us to an important conclusion: the 

movement of small counterions in polyelectrolyte aqueous solutions is not completely 
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independent of the polymer. For this to be true, therefore, a certain level of association must 

exist between polyelectrolytes and their counterions when dispersed in water. 

 

Figure 2. 10 Schematic illustration of mechanisms involved in the electrochemically triggered 

deposition of polyelectrolytes. Polyanions and polycations are depicted by thick curves in blue 

and yellow, respectively, whereas their counterions are presented by small dots (gray for cations 

and green for anions). Intrinsic charges on polyelectrolytes are shown by circles. 

Understandably, the strength and extent of such association is polymer dependent. In the case of 

PL, the pendant positive charge is located on the ε-position distant from the polymer backbone, 

which gives rise to a relatively “delocalized” charge distribution along the polymer. This in 

effect lowers the density of intrinsic charge carried by the polyanion and thus undermines its 

ability to electrostatically attract its counterion, Cl−. As a result, a significant portion of chloride 

ions in the system can move about nearly as freely as in NaCl. By contrast, charges are more 

locally distributed along the polymer in the case of poly(allylamine HCl), thanks to the close 
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placement of its ammonium group to the polymer backbone. This results in a higher level of 

association between polymers and their counterions at any given time, due to stronger 

electrostatic attraction and an elevated need to screen the monomer-monomer charge repulsion 

within the polymer. Consequently, to call these polymer-associated counterions to participate in 

charge compensation, a higher energy input is required, as manifested by its positive-shifted Fc 

oxidation potential (Figure 2.2 b). Once these chloride ions start to move toward the electrode, 

critically, they drag the associated polymers along with them. To see the feasibility of this 

potential-induced co-movement, we may first invoke an analogy with another electrokinetic 

phenomenon-electroosmosis (EO). In the latter process, counterions accumulated in the double 

layer of a charged surface can carry water molecules to produce bulk solution movement under 

an external electric field.33 With their stronger (charge-charge vs charge-dipole interaction in 

EO) and multiple binding with Cl−, polycations in the current case are expected to be even more 

susceptible to such induced motion. Accepting this possibility for the time being, we 

immediately arrive at another important conclusion: electrochemically triggered polycation 

deposition involves like-charge attraction. This has to be true because the polymer plus 

associated counterions are net positively charged-the same as the oxidized Fc SAM. 

Additional insights emerge when these electrochemically triggered processes are evaluated in 

light of established polyelectrolyte theories. In the classical Oosawa−Manning (OM) ion 

condensation theory,34,35,36 small counterions are postulated to distribute between two states in 

aqueous polyelectrolyte solutions: freely mobile vs territorially bound with polymers. 

Underlying this distribution is the thermodynamic balance between electrostatic attraction, 

which pulls the counterions within close proximity to the polymer, and the entropic gain 

associated with the release of counterions into the bulk. A key parameter formulated in the OM 
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theory is Manning linear charge density of the polyelectrolyte, ξ, which can be calculated from 

the following equation: ξ = e2/εkBTb, where e is the elementary charge, ε the dielectric constant 

of the solvent, kBT the thermal energy term, and b the average axial charge spacing of the 

polymer. Theoretically, counterion condensation sets in whenever ξ becomes greater than 1.35,36 

From this dimensionless quantity, one can also estimate the fraction of condensed ions, f, which 

takes the value of 1- (Zξ)−1, where Z is the valence charge of the counterion. Approximating b 

to be 0.3 nm for poly(allylamine HCl),37 we thus obtain ξ = 2.3 and f = 0.6 (in water and at 25 

°C), which suggest substantial ion condensation. In comparison, such condensation is 

considerably less in the case of PL due to its larger charge spacing, e.g., in the range of 0.5-0.7 

nm, depending on its secondary structure.38 These numerical estimates thus corroborate well 

with our qualitative analysis above. 

An important implication of ion condensation theory is attraction between polyelectrolytes 

carrying similar charges. This counterintuitive phenomenon arises because (1) the 

polyelectrolyte plus its counterions is a highly polarizable entity; as such, (2) thermal 

fluctuation causes temporary, but constant, uneven charge distribution along the polymer; and 

(3) correlated polarization between polyelectrolytes in close proximity lowers the total energy 

of the system. The latter, as Oosawa put forth first in his celebrated monograph, 

Polyelectrolytes, “...results in an attractive force between macroions, just as in the case of van 

der Waals interaction between atoms and molecules”.34 This thus leads to a peculiar scenario in 

which mobile ion clouds are shared by interacting polymers.39 While this phenomenon is 

prevalent and relatively well understood in cases where polyvalent counterions are directly 

involved, e.g., in DNA/dication binding,40,41 recent theoretical and experimental evidence39,42 

strongly suggests that like-charge attraction can be also mediated by monovalent ions. Besides 



106
       

polyelectrolytes, similar theoretical treatments43 can also be extended to explain attraction 

between like-charged surfaces. In this regard, therefore, our results on polycation deposition 

provide experimental evidence that the hybrid scenario, i.e., attraction between similarly 

charged polyelectrolytes and surfaces, also occurs (Figure 2.10). 

Still, such attraction would not proceed without the electrochemical trigger. Electrooxidation 

not only puts charge on the Fc-SAM surface but, in doing so, also provides the driving force for 

polyelectrolytes (i.e., polymers plus counterions) to migrate toward the surface. In between the 

two binding parties, importantly, the applied potential also tips the thermodynamic and 

mechanical balances at the Fc-SAM/water interface. Prior to oxidation, both mixed and pure Fc 

SAMs are moderately hydrophobic (Table 2.2). To cope with such hydrophobicity and at the 

same time maximally maintain their H-bonding network, water molecules in direct contact with 

the surface collectively will have to adopt a certain nonrandom orientation. As oxidation brings 

charges onto the hydrophobic SAM, many interfacial water molecules find themselves in wrong 

orientation so a major restructuring is due. Similar processes can also be expected of the 

incoming polyelectrolytes. In the case of polyanions, these may involve shedding of 

counterions and reorganization of polymer segments, presumably guided by the local surface 

charge distribution, so that Fc+ moieties can be neutralized fully and effectively. Such 

restructuring should be less for polycations because their binding to Fc+ is led by small 

counterions (no shedding is necessary, therefore), whose nimble movement allows quick 

adjustment of charge distribution around the polymers. This important distinction between 

polyanions and polycations is expected to cause further divergences after their landing, i.e., 

conformation/packing of deposited polyelectrolytes as well as the associated interfacial water 

structure. Such microscopic characteristics, in turn, lead to experimentally observable 
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differences, e.g., the constantly smaller signal fluctuations and deviations in EQCM (Figure 

2.6) and water contact angles (Table 2.2) obtained from polycations. While the mechanisms 

discussed above are clearly plausible, it must be stressed that other parameters and scenarios, 

either operating alone or alongside electrostatic interactions, may also exist. For example, we 

have not explicitly considered the influence of lateral surface heterogeneity, which can be 

particularly relevant in the case of mixed Fc SAMs. In the case of polycations, moreover, 

deposition may as well result from their decreased solubility as the Cl− exodus (upon Fc 

oxidation) causes the deprotonation, and hence neutralization, of these polymers. All these 

potential contributors attest the complexity of involved processes, which we hope to continue to 

explore in the near future. 

2.3.7 Layer-by-Layer Deposition 

Finally, as a preliminary effort to explore the potential applications of this deposition strategy, 

we examined the formation of conventional layer-by-layer (LbL) polyelectrolyte films starting 

with an electrochemically deposited first polyelectrolyte layer. This, if successful, should 

promise a general formation strategy for electroactive LbL films, whose ferrocene adlayer can 

be exploited for both diagnosis and electroactuation purposes. As shown in Figure 2.11, PAA 

films LSV-deposited on pure Fc-C11SH SAMs can indeed serve as the starting surface to 

sustain the growth of LbL polyelectrolyte films. For the 10-layer PAA/poly(fluorescein 

isothiocyanate allylamine) films investigated here, moreover, we observed a nonlinear layer-by-

layer growth profile. More detailed studies along this direction are currently ongoing in our 

laboratory to establish the structure and general properties of these electroactive polyelectrolyte 

films. 
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Figure 2. 11 Layer-by-layer polyelectrolyte deposition starting from a PAA layer deposited by 

the reported method. (a) Ten-layer film growth monitored by UV−vis absorption responses of 

poly(fluorescein isothiocyanate allylamine hydrochloride), which is deposited at evennumbered 

rounds. (b) Net UV−vis absorbance of poly(fluorescein isothiocyanate allylamine hydrochloride) 

monitored at ∼505 nm vs number of layers, replotted from (a). 

2.4 Summary and Conclusion 

In this chapter, we have presented a new approach to polyelectrolyte surface deposition based 

on electrochemical triggering. Starting from the same basic structure, ferrocene-decorated self-

assembled monolayers (Fc-SAMs), this approach enables quantitative deposition of both 
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polyanions and polycations with a wide range of chemical identities (synthetic polymers, 

peptides, and DNA) and molecular weights (103-107 Da).  

Such generality, combined with its ready access to conventional layer-by-layer film formation 

and electrochemical detection, should make this approach useful in a number of areas, for 

example, in polyelectrolyte-based diagnosis and electroactuation. Conceivably, the 

methodology detailed here may also be of some value in probing aqueous polyelectrolyte 

systems, in particular, their organization and mass transfer. To this end, for example, 

Osteryoung and co-workers demonstrated previously that quantitative information about 

counterion diffusion (in polyelectrolyte solutions44 and their colloidal suspensions45) could be 

extracted from steady-state voltammetry of proton reduction on microelectrodes. Compared to 

their approach, our Fc-SAM-based methodology imposes little restriction on experimental 

conditions under which the polyelectrolytes can be examined, such as pH or the type of ions. As 

such, it enables counterions in polyelectrolytes to be directly compared to their simple ion 

counterparts. While a fair amount of information can already be obtained from Fc/Fc+ 

voltammetry alone, such as shape, shift, and onset, additional information is possible when it is 

further coupled with a secondary technique, e.g., QCM. Some of these possibilities are 

currently being tested in our laboratory. 
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*This chapter is copied from a published paper (ChemElectroChem 2020, 7, 1097–1106) with minor modification. 

 
CHAPTER 3. ELECTROCHEMICALLY TRIGGERED INTERFACIAL 

DEPOSITION/ASSEMBLY OF AQUEOUS-SUSPENDED COLLOIDS* 

3.1 Introduction 

We report herein a new electrochemical method for facile deposition/assembly of aqueous-

suspended colloids on electrode surfaces. Key to the high efficiency of this method are ferrocene 

(Fc) moieties, which are introduced into the system via self-assembled alkanethiol monolayers 

(SAMs), and serve as an electrochemical trigger to initiate and control such deposition/assembly 

processes. With this method, high-fidelity colloid micropatterns can be formed in seconds. This 

work expands the utility of ferrocene-based redox-controlled surfaces, which was pioneered by 

the Whitesides group1 and has since then seen quite exciting new development in the field of 

metallopolymers.2,3 

Of particular relevance to this work is the research on electrically driven colloidal assembly on 

planar electrodes.4,5,6 Ordered colloidal assemblies often display interesting photonic, 

spectroscopic and catalytic properties,7,8,9 which, when interfaced directly with electrodes, can 

yield novel devices with improved functionality and controllability. In practice, both d.c. and a.c. 

electric fields have been commonly employed. Of the former, which is more related to this work, 

colloidal particles are driven toward the electrodes by one or a combination of the following 

mechanisms:7,10,11,12 electrophoresis, electroosmosis, and electrohydrodynamic motion. While the 

experimental setup is usually simple, containing primarily two parallel electrodes with controlled 

spacing, sorting out these mechanisms can be quite complex. Such complexity arises first of all 

from the four components typically involved in the assembly process: the colloids, the working 
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electrode (to some extent, the counter electrode as well), the aqueous medium and supporting 

electrolytes, which together give rise to at least two interfaces (i.e., electrode/water and 

colloid/water) with distinctive double-layer structure and charge distribution. Since any 

perturbation of charge distribution at these interfaces could potentially modify the 

electrohydrodynamics experienced by the colloids, their movement and assembly are subjected 

to the influence of not only the electrodes, but also each other. The latter effect is exemplified by 

the interesting observation of entrainment of colloidal particles,13,14 yielding well-ordered 2D 

colloidal crystals on electrodes. 

In the majority of existing work on electrically-driven formation of colloidal assemblies, faradaic 

electrode processes are not explicitly considered.15,16 This is not an oversight in practice, of 

course, considering the largely physical nature of the involved mechanisms driving such 

formations. Of the few studies17,18 in which the impact of faradaic reactions is specifically 

examined, the discussion has been primarily focused on the background redox processes, i. e., 

water hydrolysis. Nonetheless, it is clear that faradaic reactions can have a deciding influence on 

the electrokinetic and electrohydrodynamic behaviors15,16,19 of aqueous systems. Understanding 

these behaviors, accordingly, will uncover new ways of controlling and improving colloidal 

deposition under such settings. 

In this work, we studied the deposition/assembly behavior of negatively-charged colloidal 

particles on planar gold working electrodes grafted with ferrocene-terminated alkanethiol SAMs. 

This work follows our recent discovery20 that polyelectrolytes can be deposited onto these SAMs 

upon Fc oxidation, which switches the SAM from a hydrophobic surface to positively charged 

surface. We demonstrate that this drastic change of surface characteristics can be quite generally 

applied to initiate and control interfacial deposition and assembly of aqueous suspended colloidal 
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particles. Key factors involved, including the starting electrode surfaces, colloid size, 

range/duration of the applied potential, and small supporting electrolytes, are examined in detail, 

using voltammetry, confocal fluorescence microscopy and quartz crystal microbalance. A 

particularly interesting finding among these is the superior efficiency of the electrochemically 

triggered assembly compared to the electrically driven process, which we utilize to form high-

fidelity colloid micropatterns on electrodes. A detailed discussion on the deposition mechanisms 

is also provided. 

3.2 Experimental Details 

3.2.1 Chemicals 

11-Ferrocenyl-1-undecanethiol (Fc-C11SH), 1-dodecanethiol (C12SH), sodium perchlorate 

hydrate (99.99% trace metal basis), sodium chloride (≥99.5 %), TWEEN 20 were products of 

Sigma- Aldrich (St. Louis, MO). Fluorescent carboxylate-modified polystyrene 

nanospheres/microspheres were obtained from Bangs Laboratories, Inc. (Fishers, IN). Deionized 

water of 18.2 MΩꞏcm (Millipore) was used in preparing all aqueous colloid suspensions as well 

as in all rinsing and dilution steps. 

3.2.2 Formation of Self-Assembled Monolayers 

Self-assembled monolayers (SAMs) containing Fc-C11SH/C12SH binary mixtures formed on 

semi-transparent gold-coated microscope slides (Au thickness: 10 nm, Sigma-Aldrich) were used 

throughout this work. These SAMs were prepared in two fashions as follows: 

1) Solution Incubation 

Prior to the SAM formation, gold-coated substrates were immersed in a piranha solution (3 :1 v/v 

mixture of concentrated H2SO4 and H2O2 30 wt% aqueous solution) for 3 min, thoroughly rinsed 
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with deionized water, ethanol, and then dried under N2. Thus cleaned dry substrates were 

immediately immersed in an ethanol solution containing 0.5 mM Fc-C11SH and C12SH each; 

the incubation was allowed to proceed for 16-18 h in the dark. Upon completion, the substrates 

were rinsed first with methanol to remove excess thiols on surface, then DI water, and finally 

dried under N2. These SAM covered gold slides were normally used within the same day of their 

preparation. 

2) Microcontact Printing 

Silicone rubber stamps, containing either circular pillar arrays or custom micropatterns, were 

obtained from Research Micro Stamps (Clemson, SC). Of the latter, hand-drawn features were 

first converted to digital files with a digital camera and shrunk to desired sizes in Adobe 

Illustrator (version: CS6); the resulting miniaturized patterns were saved in .svg format and 

subsequently passed to the manufacturer for stamp production. Before use, the stamps were first 

cleaned by sonicating in ethanol for 5 min, and gently dried under a stream of N2. To ink, thus 

cleaned stamps were soaked in an ethanol solution of 0.5 mM Fc-C11SH and C12SH each for 10 

min and then gently dried under N2. Immediately afterwards, these inked stamps were placed 

conformally onto precleaned gold coated glass slides; the printing was allowed to proceed for 10 

min, during which a small weight block was placed on top of the stamp to ensure a gentle and 

even press. Upon completion, the stamps were removed, and the substrates were thoroughly 

rinsed with methanol, then DI water, and dried under N2. These SAM-patterned gold slides were 

normally used within the same day of their preparation. 

3.2.3 Electrochemical Treatments and Characterization 

Linear sweep voltammetry (LSV) operated by a PC-controlled potentiostat (CHI 910B, CH 

Instruments, Austin, TX) was used in this work to initiate colloidal deposition and assembly on 
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electrodes. A three-electrode setup was used throughout this work, consisting SAM-covered gold 

substrates as the working electrode, a platinum wire (diameter: 1 mm) as the counter electrode 

and Ag/AgCl in saturated KCl solution as the reference electrode, housed in homemade Teflon 

cells (Figure 3.1 a). To initiate the deposition, a given SAM was typically biased with an LSV 

scan in an intended colloid suspension in 0.05% (w/v) aqueous solution of TWEEN 20. After 

LSV scan, the initial suspension was thoroughly exchanged out with deionized water, and the 

gold electrode thus treated was taken out and dried under a gentle stream of ultrapure N2. 

Deposits can also be formed from colloids suspended in DI water without adding TWEEN 20 but 

with a slightly inferior reproducibility. 

3.2.4 Zeta Potential Measurements 

Zeta potential values of polystyrene nanobeads and microbeads suspended in DI water were 

obtained from a Malvern Zetasizer (Nano-ZS, Malvern Instruments, Worcestershire, UK) using 

capillary cells (DTS1070) operated under a 150 V bias at 25°C. Typically three parallel readings 

were taken for each sample. 

3.2.5 Electrochemical Quartz Crystal Microbalance (EQCM) 

EQCM measurements were carried out at room temperature using a QCM analyzer with a 5 

MHz crystal oscillator (Model: QCM25) from Stanford Research Systems (Sunnyvale, CA). The 

quartz crystals used are polished quartz wafers of 1-inch diameter with circular gold electrodes 

coated on both sides. Before use, these golf-coated quartz crystals were cleaned and grafted with 

a 1:1 Fc-C11SH/C12SH mixed SAM as described above. The SAM-coated crystal was 

subsequently mounted on the QCM crystal holder, and its solution facing electrode was used as 

the working electrode in a three electrode configuration together with a Pt-wire counter electrode 
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and a Ag/AgCl reference electrode (in saturated KCl). To do so, a PC controlled potentiostat 

(CHI 910B, CH Instruments) was connected to the QCM crystal holder via the crystal face bias 

connector of the QCM25 crystal controller. This setup enables simultaneous monitoring of the 

QCM frequency shift and current on the working electrode (crystal) as a function of the applied 

potential; the latter is furnished by the potentiostat in the form of LSV between 0.1 and 0.9 V at 

10 mV/s. 

3.2.6 Fluorescence Microscopy 

Fluorescence images were acquired on a Nikon A1+/MP confocal scanning laser microscope 

(Nikon Instruments, Inc., Melville, NY) with 4x and 10x objectives. Laser beams at 488 and 561 

nm were used to excite green- and red-emitting colloidal bead assemblies formed on semi-

transparent gold-coated glass slides, and the corresponding emission signals were filtered at 

525±25 and 595±25 nm, respectively. 

3.3 Results and Discussion 

3.3.1. Experimental Setup and Background Electrode Responses 

Figure 1a depicts schematically the experimental setup employed in this work. At the top is a 

Teflon cell, which contains a cylindrical through-hole as the solution reservoir at the center and 

two smaller slant side holes housing a Ag/AgCl reference electrode and a Pt wire counter 

electrode. The ring-shaped Pt wire is positioned roughly in parallel with the bottom gold-film 

working electrode, 0.3 cm above. As colloidal samples, carboxylate polystyrene (PS-COOH) 

beads of six different sizes suspended in DI water, with/without additional supporting 

electrolytes, were employed. These beads are fluorescently labeled so their deposition/assembly 

at the semi-transparent gold film electrodes can be fully followed with fluorescence microscopy. 
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Besides size, these beads also differ each other in surface –COOH density, which is reflected by 

their various zeta potentials that range from –20 to –70 mV (Table 3.1). 

Table 3. 1 General properties of carboxylate polystyrene (PS-COOH) beads studied. 

To identify the background electrochemical responses, we first ran linear sweep voltammetry 

(LSV) with this setup filled with DI water alone. With bare Au films as the working electrode, 

this yielded an i-V curve containing three main redox features (Figure 3.1 b, voltammogram in 

black). The first two broad peaks between 0.4 and 0.8 V appear to correspond to the monolayer 

and multilayer gold oxide formation,21,22 whereas the rise in current past 0.9 V is associated with 

oxygen evolution. The latter process apparently overloads the 10-nm thick Au films, causing 

their complete strip-off from the glass slides evident to the naked eye (not shown). With the film 

gone, the cell loses its electrical contact past 1.3 V. For Au films covered with 1:1 Fc-

C11SH/C12SH mixed SAMs, on the other hand, a quite distinctive LSV profile results (Figure 

3.1b, voltammogram in red). Here, the first pair of redox features are shifted to more positive 

potentials by about 0.2 V, likely a result of the SAM shielding the Au surface from water and 

thus hindering gold oxide formation. 

Size (μm) Parking Area[a] Zeta Potential (mV) Bead Concentration[c] 

0.06 57.2 -20.9 ± 2.2[b] 9.58 x 1010 

0.22 30.2 -36.3 ± 0.7[b] 2.39 x 1010 

0.51 9.4 -35.6 ± 0.5[b] 9.58 x 109 

1.0 21.8 -49.4 ± 0.4[b] 4.78 x 109 

2.19 186.2 -51.0 ± 2.1[b] 4.28 x 108 

4.95 23.8 -69.1 ± 0.7[b] 1.40 x 107 

[a] Average surface area (Å2) corresponding to each -COOH group, manufacturer’s data. 

[b] Standard deviation, n=3. [c] Count of beads per mL of samples employed in Figure 3.8. 
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Figure 3. 1 a) Schematic of the three-electrode experimental setup. For clarity, the Ag/AgCl 

reference electrode and assembly sockets are not included in the drawing. b) Background 

electrochemical processes probed in DI water using either bare or 1:1 Fc-C11SH/C12SH mixed 

SAM-covered gold films as working electrode. 

Following this pair is a prominent, symmetrical wave between 0.9 and 1.2 V, which can be 

attributed to the delayed Fc oxidation. Comparing the magnitude of this wave with that obtained 

in NaClO4 (see below), it appears that this feature contains in addition some other background 
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processes, perhaps e. g., continual oxide formation. After 1.2 V, the oxygen evolution sets in 

once again. 

3.3.2. Fluorescence Microscopy Confirmation of Colloidal Deposition 

With the background processes established, we next examined the deposition behavior of 0.5-

μm-diameter PS-COOH beads using bare Au films as the working electrode. As evident from 

Figure 3.2 a, a sub-monolayer deposition of randomly distributed beads occurred readily when 

the electrode was biased by a linear potential sweep from 0.1 to 0.4 V vs. Ag/AgCl. The main 

redox feature within this potential window roughly coincides with that observed from bare Au 

probed in water alone (Figure 3.1 b), but with an intensified current output.  

A similar deposition results when the bias is extended to 0.7 V, within which a small but 

discernable wave appears at about 0.6 V. Immediately following this wave, the current rises 

significantly, which, after a brief plateau, is substituted by the oxygen evolution reaction at about 

0.9 V. Because this feature is absent from the background responses and prior to it microbead 

deposition has already occurred, we tentatively assign it as expedited Au oxide formation 

facilitated by the PS-COOH microbeads on-electrode. Since the oxygen evolution causes the Au 

film to dissolve, the majority of the deposited microbeads are removed from the surface at the 

end of the 0.1–1 V scan. 
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Figure 3. 2 Linear sweep voltammograms (LSV) recorded on either bare gold films (a) or gold 

films covered with 1:1 Fc-C11SH/C12SH mixed SAMs (b) in aqueous suspensions of 0.5-μm 

PS-COOH beads (concentration: ca. 1x109 per mL). The suspensions in addition contain 0.05% 

(w/v) TWEEN 20; scan rate: 10 mV/s. The embedded fluorescence images in each case are 

obtained from three separate potential scans covering 0.1-0.4 V, 0.1-0.7 V, and 0.1-1 V, 

respectively. Only the LSVs of 0.1-1 V are shown here; the two short scans overlap with the 

corresponding segments of the former and are omitted for clarity. The scale bar represents 50 μm 

and applies to all images. 
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Similar tests were then run on Au films covered with 1:1 Fc-C11SH/C12SH mixed SAMs. The 

SAM modification of the working electrode completely alters the redox processes in operation 

and hence the course of colloid deposition. Starting off, the relatively quiet electrochemical 

process within 0.1–0.4 V only led to low-level colloid deposition, whereas sub-monolayer 

colloid depositions with coverage comparable to that seen on bare gold were obtained in the next 

two potential windows (Figure 3.2 b).  

 

Figure 3. 3 Large-area fluorescence images of 0.5-μm PS-COOH beads electrochemically 

deposited. Images a) to c) are obtained on bare gold electrodes from three separate potential 

scans covering 0.1-0.4 V, 0.1-0.7 V and 0.1-1 V, respectively. Images d) to f) are obtained from 

gold electrodes grafted with 1:1 Fc-C11SH/C12SH mixed SAMs undergone similar treatments. 

Bead concentration: ~1x108 per mL; scale bar: 500 μm. 
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The stable deposition obtained from 0.1–1 V scan apparently benefited from the 

shielding/protection of Au films by the SAM. In the entire scan, there exists only one main 

electrochemical wave, which starts to rise past 0.5 V and subsequently peaks at 0.7 V. This 

feature results from the superimposition of at least two redox processes: Au oxide formation 

(Figure 3.1b) and Fc SAM oxidation. The latter process, as will be elaborated in more detail 

later, is compensated mostly by chloride ions leaked into the solution from the Ag/ AgCl 

reference electrode. 

While the fluorescence images in Figure 3.2 (as well as elsewhere in the main text) are taken 

using a 10x objective lens focused near the center of Au electrodes, low-magnification (4x) 

imaging was also performed on above samples to cover larger areas of colloidal deposits (Figure 

3.3). These images display radially distributed microbead patterns, clearly due to the ring-shaped 

Pt wire C.E. that causes distortion of the electric field. The patterns formed on bare electrodes 

are very distinguishable from those on SAM-covered electrodes; the uniform coverage achieved 

on the latter after 0.1–1 V LSV scan is also evident. 

3.3.3. Electrochemical QCM Characterization of Deposition 

To further characterize these colloid deposition processes, we also carried out electrochemical 

quartz crystal microbalance (EQCM) analysis. By employing Au films directly coated on crystal 

disks as the working electrode, this technique reveals the mass change on the electrode in real 

time as the associated electrochemical process takes place.23 For the bare Au electrode probed in 

water alone (Figure 3.4, black trace), the crystal oscillation frequency tips downward shortly 

after the inauguration of the LSV scan, indicating a mass gain on the electrode that is likely due 

to the oxide formation on the gold film. The frequency decrease continues at a slow pace before 

reaching a plateau after 0.7 V vs. Ag/AgCl. 
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Figure 3. 4 Electrochemical QCM monitoring of deposition of 0.5 μm PS-COOH beads (low-

density: ca. 1×107 per mL vs. high density: ca. 1×109 per mL) on either bare gold electrodes or 

gold electrodes covered with 1:1 Fc-C11SH/C12SH mixed SAMs. The samples in addition 

contain 0.05% (w/v) TWEEN 20. In each case, the gold electrodes were biased by a liner 

potential scan from 0.1 to 0.9 V at 10 mV/s, as marked by the yellow triangle. 

When the system is in addition suspended with 0.5 μm PS-COOH beads, the same LSV scan 

produces a frequency profile with greater downward shift, which can be assigned to the 

accompanying colloid deposition on the electrode (Figure 3.4, gray trace). The concurrency of 

frequency change shown by the two profiles, moreover, indicates a likely connection between 

Au oxide formation and bead deposition. To be consistent with the conventional nomenclature 
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and distinguish it from the Fc-SAM based process, however, we describe colloidal assemblies 

formed on bare Au as electrical deposition throughout this work.  

Similar tests once again were carried out on Au films covered with 1:1 Fc-C11SH/C12SH mixed 

SAMs. Here, several deviations are apparent. 1) Onset potential for frequency downshift. Due to 

suppression of gold oxidation by the SAM, the crystal oscillation frequencies do not shift 

downward appreciably until 0.4 V (in water alone) or past 0.5 V (in colloid aqueous 

suspensions), matching well with the LSV results (Figures 3.1 b and 3.2 b); 2) Correspondence 

between the colloid deposition and Fc oxidation. The steepest frequency decreases coincide with 

the voltammetric peak of Fc oxidation, which strongly suggests the latter process is responsible 

for the observed deposition; 3) Magnitude/speed of frequency shifts. For the same concentration 

of suspended PS-COOH microbeads, the frequency shift takes place more steeply on SAM 

covered electrode than on the bare electrode. A >60% higher downshift was also observed on 

SAM-covered electrode (Figure 3.4, red vs. gray traces) at the end of the LSV scan; 4) 

Dependence of deposition on colloid concentration. When the bead density was increased from 

1×107 to 1×109 per mL, an approximate doubling of frequency downshift was registered. In the 

latter case, a frequency minimum was reached before the end of the scan (~ 0.8 V), suggesting 

faster bead deposition and saturation on the SAM. 

3.3.4. Simultaneous Electrochemical and Electrical Deposition 

With the results presented above establishing colloidal deposition on both SAM-covered 

electrodes and bare electrodes, an interesting question emerges: Are they the same or different 

processes? To answer this question, we next employed Au films partially covered with SAMs so 

that the two formats of deposition can be run side-by-side on the same electrode. 
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Figure 3. 5 a) Linear sweep voltammogram of patterned 1:1 Fc-C11SH/C12SH mixed SAMs 

probed in 0.5 μm PS-COOH microbead aqueous suspensions (concentration: ~1x109 per mL, 

with 0.05% (w/v) TWEEN 20). Inset: schematic depiction of the layout and dimensions of the 

microarray employed in microcontact printing of thiols. See the Experimental section for more 

details. b) to d) Fluorescence images of gold film electrodes covered with 1 :1 Fc- 

C11SH/C12SH mixed SAM micropatterns after a single LSV scan from 0.1 to 0.4 V (b), 0.1 to 

0.7 V (c), and 0.1 to 1 V (d), in 0.5 μm microbead aqueous suspensions. Potential scan rate: 10 

mV/s; scale bar: 50 μm. 
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To achieve such partial coverage, we chose to graft the thiols onto the bare Au electrodes via a 

pre-patterned silicone rubber stamp, using the microcontact printing (μCP)24 technique initially 

developed by the Whitesides group. As shown schematically in Figure 3.5 a, the stamp carries 

positive features of a 10-μm-diameter micropillar array with 10 μm spacing, which, upon 

printing, will yield SAM patterns with the same shape/dimension on the electrodes. 

As before, we ran LSV scans on these thiol-patterned Au film electrodes in three potential 

windows in 0.5 μm-diameter PS-COOH bead aqueous suspensions. Upon the initial 0.1-0.4 V 

sweep, strikingly, a microbead array that reproduces the original pattern on the stamp results 

(Figure 3.5 b). Despite their low coverage, the fact that the beads only land on spots where the 

thiols are put down via μCP is unmistakable. Such exclusive deposition becomes more evident as 

a result of more extended potential scans (Figure 3.5 c, d), yielding on average 3–5 beads per 

SAM micropatch after the 0.1–0.7 V run and 7–10 beads after the 0.1–1 V run. Since deposition 

occurs more efficiently on bare Au alone than on SAM-covered electrodes in the potential 

window of 0.1–0.4 V (Figure 3.2), it follows that the thiol anchorage on gold completely disables 

the remaining open Au surface from recruiting microbeads. We will defer a detailed discussion 

of involved mechanisms till a later section. 

3.3.5. Effect of Supporting Electrolyte 

To better understand the electrohydrodynamic characteristics of these colloidal particles during 

Fc SAM oxidation, we then chose to examine a series of parameters critically involved in the 

deposition process. This started with small supporting electrolyte, in which we examined how 

the presence of either NaClO4 or NaCl in the system would influence the deposition. Of the two, 

perchlorate stands clearly as the electrolyte of choice for probing Fc SAM electrochemistry, 

owing to its low hydration that leads to strong ion-pairing with ferrocenium.25,26 In comparison, 
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the highly solvated chloride ions26 are less effective in accommodating the Fc/Fc+ transition, 

giving rise to a higher Fc oxidation potential. 

 

Figure 3. 6 Linear sweep voltammograms of 1:1 Fc-C11SH/C12SH mixed SAMs probed in 0.5 

μm PS-COOH microbead aqueous suspensions (bead concentration: ca. 1×109 per mL, 0.05% 

(w/v) TWEEN 20) in the presence of either 0.1 M NaClO4 (green) or 0.1 M NaCl (black and 

white). Inset: fluorescence images of the SAM-covered gold surfaces following the LSV 

treatments. Potential scan rate: 10 mV/s; scale bar: 50 μm. 

When the SAM-modified Au film electrodes were probed in 0.1 M NaClO4 (together with 0.5-

μm-diameter PS-COOH beads), a typical bell-shaped Fc SAM oxidation voltammogram was 

obtained27 (Figure 3.6). Remarkably, a >80% decrease in the bead coverage was detected on the 

electrode compared to that obtained in DI water after the 0.1–0.7 V scan (Figure 3.2b), which 

indicates NaClO4 can effectively suppress colloid deposition. In contrast, colloidal deposition 
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proceeds largely undisturbed in the presence of 0.1 M NaCl (Figure 3.6), which remains the case 

even when the NaCl concentration is raised to 2 M (Figure 3.7). Taken together, these results 

strongly suggest the direct involvement of ferrocenium in driving colloidal deposition, whose 

neutralization by perchlorate (but not chloride) effectively abolishes the deposition process. 

 

Figure 3. 7 Fluorescence image of 0.5-μm PS-COOH beads electrochemically deposited on a 1:1 

Fc-C11SH/C12SH mixed SAM. The beads were suspended in water at ~1x108 per mL 

additionally mixed with 0.05% (w/v) TWEEN 20 and 2 M NaCl. The deposit was prepared from 

a single LSV scan in the suspension from 0.1 to 0.8 V at 10 mV/s. The scale bar (at the lower 

right corner) corresponds to 5 μm. 

On the other hand, the voltammogram obtained in 0.1 M NaCl matches the one shown in Figure 

3.2 b closely in shape and peak position, confirming that chloride ions are also responsible for 

charge compensation in the earlier case. 
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3.3.6. Effect of Colloid Size 

To further shed light on the deposition mechanisms, we also extended the above characterization 

procedure to 5 other PS-COOH bead samples, which together cover two orders of colloid size. 

The fluorescence imaging results of the deposited PS-COOH beads are shown in Figure 3.8. 

Among these, the 60 nm beads are not individually resolved due to their small size, resulting in a 

relatively weak, continuous fluorescent image. As will become evident later, their deposition has 

successfully occurred nevertheless.  

 

Figure 3. 8 Fluorescence images of electrochemically triggered deposition of PS-COOH beads 

of various sizes on 1 :1 Fc-C11SH/C12SH mixed SAMs. Bead size: a) 0.06 μm, b) 0.22 μm, c) 

0.51 μm, d) 1.0 μm, e) 2.19 μm and f) 4.95 μm; their concentrations are specified in Table 3.1. 

All samples were treated by a single LSV scan from 0.1 to 0.8 V at 10 mV/s. The scale bars 

correspond to 50 μm. 
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In general, as the size of colloids increases, their distribution becomes less even. This trend is 

most evident for the 2-μm and 5-μm samples, in which cases most deposited particles actually 

exist in clusters. The coverage of these two microbeads on electrodes is also noticeably lower 

than other samples. Factors that may cause such characteristic formations will be discussed in a 

later section. 

Table 3. 2 Scan rate dependence of electrochemically triggered deposition of 0.5-μm-diameter 

PS-COOH beads. 

Scan rate (mV/s)[a] Particle coverage (%) Particle count 

10 8.9 ± 0.7[b] 3127 ± 138[b] 

100 9.4 ± 0.3[b] 2955 ± 114[b] 

250 6.8 ± 0.5[b] 1896 ± 97[b] 

500 3.7 ± 0.2[b] 847 ± 48[b] 

1000 2.2 ± 0.5[b] 559 ± 147[b] 

[a] Results obtained from a single LSV scan from 0.1 to 0.8 V; bead concentration: 

9.58 ×109 per mL. [b] Standard deviation, n=3 or 4. 

3.3.7. Effect of Scan Rate 

Finally, we examined the effect of LSV scan rate on the colloid deposition. As summarized in 

Table 3.2, comparable deposition was obtained at relatively slow scan rates, i. e., between 10 

mV/s and 100 mV/s, for 0.5-μm PS-COOH beads; as the scan rate increases further, a steady 

decrease of colloid surface coverage results. At the highest scan rate tested, 1 V/s, for example, 

the count of deposited particles drops by >80% compared to that obtained at 10 mV/s and 100 
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mV/s. Using the latter rate as the threshold at which the colloid mass transfer limit (by diffusion) 

sets in, we can roughly estimate a timescale of a few seconds, i.e., the minimum time needed for 

a full-extent deposition of 0.5 μm PS-COOH beads on 1 :1 Fc-C11SH/C12SH mixed SAMs. 

3.3.8. Deposition Mechanisms 

With all the characterization results presented above, we now attempt a preliminary and 

qualitative analysis of the involved deposition mechanisms in this section.  

1) Magnitude and Distribution of the Electric Field  

In order to assess the relative contribution of each possible mode of motion, it is helpful to first 

establish the size/distribution of electric field (E) present in our system. For that, we need to 

know the potential drop on both working and counter electrodes. For the latter, we take the value 

of -0.6 V vs. Ag/AgCl, assuming 2H+ +2e¯= H2 under neutral pH as the redox process occurring 

on the Pt wire.28 Taking the peak potentials on working electrodes to be 0.4 V (bare Au, Figure 

3.2 a) and 0.7 V (SAM-covered Au, Figure 3.2 b), respectively, and the distance between W.E. 

and C.E. to be 0.3 cm (Figure 3.1 a), we can roughly estimate their corresponding apparent 

electric field: 3.3 and 4.3 V/cm. It is important to note once again that the electric field is not 

uniform in either case (Figure 3.3). 

As discussed above, significant concentrations of KCl were expected to be present in the 

colloidal suspensions due to its leakage from the reference electrode. This condition gives rises 

to a thin double-layer surrounding the PS-COOH beads, i.e. with their Debye length expected to 

be on the order of nm.29 By contrast, the double-layer structure associated with the electrode 

prior to the potential sweep is less well-defined due mainly to the hydrophobicity of the SAM 

surface. 
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2) Classical/Linear Electrophoretic Motion of Colloidal Particles 

As the linear potential sweep is switched on, an electric field starts to develop between the W.E. 

and C.E., to which the negatively charged colloidal particles have to respond with electrophoretic 

motion. The resultant electrophoretic mobility (μ) can be estimated from the zeta potential of the 

colloid according to the Helmholtz-Smoluchowski equation:30 μ = ɛoɛζ/η, in which ζ is the zeta 

potential of the particle, ɛo the vacuum permittivity, ɛ and η are respectively the relative 

dielectric permittivity and viscosity of the medium. From the zeta potential measured for the 0.5 

μm PS-COOH beads, -35.6 mV (Table 3.1), we then obtain μ at -2.5×10-4 cm2V-1s-1, which, 

under the pertinent electric field, corresponds to a scenario where a microbead migrates at most 

10 μm a second. On the other hand, if the bead movement is driven by such electrophoresis 

alone, longer runs should always result in more extensive deposition. The fact that this is not the 

case, e.g. in 10 mV/s vs. 100 mV/s depositions, therefore, points to the likely presence of other 

driving mechanism(s) in the current system. 

3) Faradaic-Charge-Induced Electrophoresis and Electroosmosis 

Upon Fc oxidation, a positively charged layer starts to emerge at the SAM/water interface. This 

instantaneously triggers an influx of anions toward the SAM-covered electrode, which in turn 

creates a region near the surface where surface cations (i.e. ferrocenium) and the incoming 

anions are separated in space. As the oxidative current continues to develop, this zone of charge 

imbalance expands further into the bulk, producing a double-layer that is considerably thicker 

than normal. The physical significance of this dipolar zone lies in that 1) it imposes a second 

electric field on top of the external electric field and 2) the electrostatic interactions between the 

two fields create a whole new series of electrokinetic flows in the system. To begin with, a 
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secondary electrophoretic motion arises because this bulk charge region directly modifies the 

charge distribution on the surface of colloidal particles dispersed within (Figure 3.9). Similarly, 

any tangential field component existing in the system can cause the incoming counter anions to 

slip at the SAM surface, i. e., electroosmotic flow (EOF), which in turn triggers circulating fluid 

movement capable of carrying the suspended colloids toward the electrode surface (Figure 3.9). 

 

Figure 3. 9 Schematic illustration of some key mechanistic features of the electrochemically 

triggered deposition. Following Figure 3.1a (with 90° rotation), the primary electric field is 

established between Au film W.E. and Pt wire C.E. Upon Fc-SAM oxidation, a secondary field 

also develops between the Fc+ layer (orange circles with embedded plus signs) and the front of 

the counterion influx (green circles with embedded minus signs). Colloidal particles (one shown 

in gold) situated within this zone are subjected to the influence of both fields, whose interactions 

generate secondary electrokinetic flows. The drop shadow in purple depicts the distorted diffuse 

layer of the bead particularly caused by the local secondary electric field; arrowed lines in gray 

are idealized streamlines of the flow pattern. 
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According to the existing theoretical models on induced charge electroosmosis15,16 as well as the 

‘electrokinetic phenomena of the second kind’,31,32 the velocity (u) of such induced electrokinetic 

flows generally takes the nonlinear Smoluchowski form, u ∝ ɛoɛEEia/η, where E and Ei are the 

primary and induced electric field components, respectively, and a the particle radius. In 

comparison to the linear Smoluchowski formula,30 here Ei appears in place of ζ, whereas the new 

term, a, marks the size-dependent nature of such flows. Of the former, it is precisely because Ei 

can be substantially larger than ζ that these secondary electrokinetic flows sometimes exceed the 

classical motions in velocity by several orders of magnitude.31,32 On the other hand, it is tempting 

to attribute the observed clustering of large microbeads (2 μm and 5 μm, Figure 3.8) to the size 

dependence predicted of these nonlinear induced electrokinetic flows. Their low surface 

coverage, on the other hand, is likely due to a combination of the following two factors: their 

lower starting concentrations (Table 3.1) and slower diffusion. The latter process scales with 1/a 

and is expected to pose a more severe mass-transfer limit on these larger beads once they are 

depleted near the electrode by the secondary electrokinetic flows. This attribution is also in line 

with the different impacts on the colloidal deposition observed between ClO4- and Cl- (Figure 

3.6): due to its strong ion-pairing with Fc+, ClO4- does not effectively sustain EOF. Without EOF 

carrying the microbeads toward the electrode, accordingly, the resulting deposition is greatly 

suppressed. 

Extrapolating from the observations above, we can see easily the likely importance of many 

other factors associated with the Faradaic processes, such as type/kinetics of the involved 

electrochemical reaction(s), in the colloidal deposition. For instance, although gold oxidation 

itself is sufficient to trigger deposition on bare Au electrodes (Figure 3.2a), it is sluggish and 

does not produce nearly as much charge as the competing reaction, Fc – e- = Fc+. These enable 
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the latter reaction to sustain secondary electrokinetic flows much more strongly, which in turn 

lead to faster colloid deposition (Figure 3.4) and a complete dominance over the gold oxidation 

based process (Figure 3.5). 

    

Figure 3. 10 Removal of deposited microbeads by thiol desorption. a) Fluorescence image of 

0.5- μm PS-COOH beads deposited on 1:1 Fc-C11SH/C12SH by a single LSV from 0.1 to 0.8 V 

vs. Ag/AgCl at 10 mV/s. b) Fluorescence image of the deposit shown in a) after 5 consecutive 

cyclic voltammetry scans in DI water from 0 to – 2 V vs. Ag/AgCl at 0.1 V/s. Scale bar: 100 μm. 

4) The Actual Deposition and Post-deposition Stability 

Another conclusion we may draw from the discussion so far is that Faradaic reactions can 

accelerate the arrival of colloidal particles at the electrode. Mechanically, this fast motion may 

lead to a ‘hard landing’ scenario, in which the momentum due to colloid stoppage at the surface 

may afford the particle a closer contact with the SAM and hence more intimate electrostatic and 

van der Waal interactions than otherwise possible. Of course, with the colloid’s fixed surface 

charge releasing small ions and water into the bulk, the deposition process also leads to an 



141
       

entropy gain of the system. These considerations help explain the observation of irreversible 

surface adhesion of microbeads following electrochemically triggered deposition. For example, 

the deposited beads can withstand typical washing steps well and do not come off the electrode 

until we electrochemically desorb the SAM underneath at -2.0 V vs. Ag/AgCl (Figure 3.10). By 

contrast, colloidal formations driven by electrophoretic deposition are often reversible 

assemblies.7 Once the electric field is switched off, a random distribution of the colloidal 

particles often resumes as a result of Brownian motion; alternatively, the initially deposited 

colloids can be lifted off from the electrode by reversing the field polarity. 

3.3.9. Electrochemically Triggered Colloid Micropattern Formation on Electrodes: An 
Application  

Taking advantage of the superior efficiency of the electrochemically triggered assembly 

compared to the electrically driven process, we conclude this investigation with a demonstration 

of fast, high-fidelity colloid micropattern formation on electrodes. Shown in Figure 3.11a is a 

~200×300 μm portrait of Einstein formed by 60 nm fluorescent PS-COOH beads 

electrochemically assembled on a Au film electrode. Fine lines down to just a few microns are 

satisfactorily resolved. Obtained under similar conditions, a cartoon rendering of the historical 

‘Moon Landing’ with similar resolution is also shown in Figure 3.11b. Separately, we also 

attempted similar patterning/assembly using C12SH alone as the ink followed by electrical 

deposition, which fails to produce any recognizable microbead patterns on the electrode (not 

shown). This negative control once again illustrates the critical role played by Fc in achieving 

successful micropattern formation. Using better-resolved stamps and colloids of smaller size, it 

should be possible construct still finer features in a similar fashion. 
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Figure 3. 11 (a) Head portrait of Einstein (b) cartoon rendering of the historical ‘Moon 

Landing’, formed by 0.06 μm green-fluorescent PSCOOH beads assembled on a gold film 

electrode using our electrochemically triggered approach. Prior to the assembly step, the portrait 

patterns were first microcontact-printed onto the gold electrode in form of 1:1 Fc-C11SH/ 

C12SH mixed SAMs via a silicone rubber stamp. A linear potential sweep from 0.1 to 0.8 V was 

then applied at 10 mV/s; scale bar: 50 μm (a) and 100 μm (b). 

3.4 Conclusion 

Above we have presented a new electrochemical method for efficient and straightforward 

deposition/assembly of aqueous suspended colloids on electrode surfaces. Using carboxylic 

terminated polystyrene nano-/microbeads as a model colloid, we characterized this 

electrochemically triggered process in detail; by comparing its performance with conventional, 

electrically driven processes, we demonstrated superior deposition efficiency achievable with 

this new method. A qualitative discussion of the involved deposition mechanisms is also given, 

featuring secondary, induced electrokinetic flows carrying the microbeads toward the electrode 
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surface. To showcase the potential utility of this method, we also demonstrated fast and high-

fidelity colloid micropattern formation on electrodes. 

The approach described here offers several exciting new possibilities. Fundamentally, adding 

well-defined faradaic reactions into the deposition process offers a new and largely independent 

mechanism to induce secondary electric field components. With their great design flexibility, 

SAMs brings a new dimension into controlling/tuning various physicochemical parameters 

involved the deposition process. Through control of Fc density in the SAMs, for instance, one 

can easily access a range of surface potentials following the same preparation procedure. Since 

all redox-active materials are surface-bound, importantly, such gains in control and efficiency are 

achieved without complicating/compromising the solution phase. On the other hand, the low-

voltage and fast operation characteristic of this approach should make it an appealing alternative 

for applications involving colloidal assemblies.7,8,9 Auxiliary techniques amenable to the SAM 

formation, such as microcontact printing we employed here, will certainly extend the level of 

control and sophistication of these practices further. Work is ongoing in our laboratory to explore 

some of these possibilities. 
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CHAPTER 4. ELECTROCHEMICALLY TRIGGERED INTERFACIAL DEPOSITION 

OF NANOMATERIALS AND SOFT MATERIALS 

4.1 Introduction 

In previous two chapters, we have discussed about a general and facile electrochemical method 

for deposition/assembly of polyelectrolytes and aqueous suspended colloids. We have 

demonstrated in detail their deposition on electrode surfaces and some keys factors involving 

deposition processes. We have also discussed utilization of the newly developed method towards 

innovative applications using those materials. In this chapter, the utility of this new methodology 

is further extended to other types of materials such as metal and metal oxides nanoparticles, 

quantum dots, multi walled carbon nanotubes (MWCNTs), and soft materials such as liposomes. 

This should demonstrate the power and generality of this method for fabrication of surface with a 

different class of chemical entities with varying sizes and shapes using the same electroactive 

platform. Apart from that, using liposomes with well-defined surface charge, enabled us to 

demonstrate mechanistic differences utilizing this approach among deposition of materials with 

positive, negative and neutral surfaces respectively. 

Modification of electrodes with nanomaterials1,2, micromaterials3 and biomaterials4 are common 

practices, in an attempt to provide the electrode with new identity where numerous chemistries 

can be launched. One of the widely used strategies to deposit those materials on electrode is first 

modify the electrode surface with self-assembled monolayers (SAMs) of thiols which contain a 

functional group or redox species to its distal end, and then deposition of materials on SAMs 

surface. For example, many have used this strategy to deposit carbon nanotubes (CNTs) on 

electrode surface to allow the CNTs working as nanoelectrodes5,6,7, and some demonstrated 
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deposition of metal nanoparticles on electrode for enhancement of electron transfer.8,9 Moreover, 

assembly of the AuNPs-SAMs-gold substrate provides metal-metal junctions formed between 

nanoparticles and metal substrates where electron tunneling and nonlinear optical properties such 

as Raman scattering can occur.10 Other attractive materials for photovoltaic applications are 

colloidal quantum dots (CQDs) upon adsorbed on SAMs; the resulting platforms are capable of 

providing proper band alignment at electrodes to confer efficient charge extraction.11 Similarly, 

electrode surfaces modified with different materials have been employed in a wide range of 

applications including electroanalytical analysis12, heterogeneous catalysis12,13, corrosion 

protection14, antireflective films15, substrates for cell adhesion16, bioelectronics17,18, energy 

storage device, energy conversion19, microelectronics20, etc. Various types of materials are used 

for coating surfaces such as metal nanoparticles (Au, Ag, Pt, Cu)9,21,22,23, metal oxides 

nanoparticles (Fe2O3, SnO2)24,25, fluorescent quantum dots (CdS, CdSe, ZnS)26,27, polymeric 

(polystyrene)28, carbon nanotubes5,29, biomaterials (peptides, proteins, DNA, liposomes)30,31, etc. 

However, deposition of nanomaterials in device structures requires precise control in size, their 

distribution on surface, and their ability to electronically connect them to microscopic structures. 

On the other hand, fabrication of biomaterials on surface often need to satisfy a more subtle set 

of requirements for life science applications. 

In the majority of the existing works, deposition of different materials on SAMs are usually 

performed by simply soaking/incubating the SAMs surface in a solution or suspension of a 

desired material for hours.7,8,32 This kind of depositions are often random and exhibit low 

stabilities on surface. Nano- and micro- particles can also be tethered onto surfaces by different 

chemical ligation methods33,34, electrodeposition35,36, sol-gel37 techniques, etc. While we have 

already demonstrated the superiority of our electrochemical method28 over conventional 



150
       

electrodeposition, other methods generally require substrate-specific procedures. On the other 

hand, we have utilized well defined redox active SAMs to electrochemically deposit materials on 

surface which found to have higher stability compared to conventional methods.28,30 Other than 

offering a well-defined surface with tunable surface properties (such as wetting, adhesion, 

corrosion resistance, etc.), redox active SAMs also offers utilization of redox species within the 

surface devoid of many complicating solution characteristics. Our method can be considered as a 

one-step electrofabrication of materials as the deposition can be achieved with a single liner 

voltammetric sweep within seconds. Distribution of particles/materials on surface can also be 

controlled with parameters such as scan rates, concentration, small ions, Fc-loading on SAMs, 

etc. This kind of platform is useful especially for biomaterials and soft materials deposition 

where materials need to retain their biological capabilities and functions after deposition. The 

redox active layer at the bottom of the deposited materials film also holds the potential to guide 

biological responses through electrical cues. We envision that this electrobiofabrication method 

will emerge as an important platform for organizing biomaterials and soft materials towards 

formation of dynamic material systems that are capable of mimicking complex biological 

structures and their versatile functionalities.  

Here, we have shown the deposition of carboxyl functionalized gold nanoparticles, carboxyl 

functionalized iron-oxide (Fe3O4) nanoparticles, carboxyl functionalized multi-walled carbon 

nanotubes (MWCNTs), carboxyl functionalized CdSSe/ZnS based quantum dots, and charged 

liposomes on Fc-terminated alkanethiol SAMs on planner gold electrode. We employed atomic 

force microscope and confocal laser scanning microscope to characterize the electrode surface 

and deposited materials on them. In an attempt to demonstrate mechanistic differences among 
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the deposition of materials with positive, negative and neutral surfaces respectively, we have 

used liposomes with well-defined surface charges as our model material. 

4.2 Experimental Details 

4.2.1 Chemicals 

11-Ferrocenyl-1-undecanethiol (Fc-C11SH), 1-dodecanethiol (C12SH), sodium perchlorate 

hydrate (99.99% trace metal basis), TWEEN 20 were products of Sigma- Aldrich (St. Louis, 

MO). Carboxyl functionalized gold nanoparticles (Au NPs) were obtained from NNCrystal US 

corp. (Fayetteville, AR). Carboxyl functionalized iron oxide (Fe3O4) nanoparticles, and carboxyl 

CdSSe/ZnS based quantum dots (QDs) were obtained from Ocean NanoTech (San Diego, CA). 

Carboxyl functionalized multi walled carbon nanotubes (MWCNT’s) (>95%) were obtained 

from US Research Nanomaterials, Inc. (Houston, TX). 1-palmitoyl-2-oleoyl-glycero-3-

phosphocholine (POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (sodium 

salt) (POPG), 1,2-dioleoyl-3-trimethylammonium-propane (chloride salt) (DOTAP), 23-

(dipyrrometheneboron difluoride)-24-norcholesterol (Bodipy-Cholesterol) were obtained from 

Avanti Polar Lipids (Alabaster, Alabama). Deionized water of 18.2 MΩꞏcm (Millipore) was used 

in preparing all aqueous colloid suspensions as well as in all rinsing and dilution steps. 

4.2.2 Formation of Self-Assembled Monolayers 

Self-assembled monolayers (SAMs) containing Fc-C11SH/C12SH binary mixtures formed on 

semi-transparent gold-coated microscope slides (Au thickness: 10 nm, Sigma-Aldrich) were used 

throughout this work. These SAMs were prepared in two fashions as follows: 
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1) Solution Incubation 

Prior to the SAM formation, gold-coated substrates were immersed in a piranha solution (3 :1 v/v 

mixture of concentrated H2SO4 and H2O2 30 wt% aqueous solution) for 3 min, thoroughly rinsed 

with deionized water, ethanol, and then dried under N2. Thus cleaned dry substrates were 

immediately immersed in an ethanol solution containing 0.5 mM Fc-C11SH and C12SH each; 

the incubation was allowed to proceed for 16–18 h in the dark. Upon completion, the substrates 

were rinsed first with methanol to remove excess thiols on surface, then DI water, and finally 

dried under N2. These SAM covered gold slides were normally used within the same day of their 

preparation. 

2) Microcontact Printing 

Silicone rubber stamps, containing either circular pillar arrays or custom micropatterns, were 

obtained from Research Micro Stamps (Clemson, SC). Of the latter, hand-drawn features were 

first converted to digital files with a digital camera and shrunk to desired sizes in Adobe 

Illustrator (version: CS6); the resulting miniaturized patterns were saved in .svg format and 

subsequently passed to the manufacturer for stamp production. Before use, the stamps were first 

cleaned by sonicating in ethanol for 5 min, and gently dried under a stream of N2. To ink, thus 

cleaned stamps were soaked in an ethanol solution of 0.5 mM Fc-C11SH and C12SH each for 10 

min and then gently dried under N2. Immediately afterwards, these inked stamps were placed 

conformally onto precleaned gold coated glass slides; the printing was allowed to proceed for 10 

min, during which a small weight block was placed on top of the stamp to ensure a gentle and 

even press. Upon completion, the stamps were removed, and the substrates were thoroughly 

rinsed with methanol, then DI water, and dried under N2. These SAM-patterned gold slides were 

normally used within the same day of their preparation. 
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4.2.3 Electrochemical Treatments 

Linear sweep voltammetry (LSV) operated by a PC-controlled potentiostat (CHI 910B, CH 

Instruments, Austin, TX) was used in this work to initiate colloidal deposition and assembly on 

electrodes. A three-electrode setup was used throughout this work, consisting SAM-covered gold 

substrates as the working electrode, a platinum wire (diameter: 1 mm) as the counter electrode 

and Ag/AgCl in saturated KCl solution as the reference electrode, housed in homemade Teflon 

cells. To initiate the deposition, a given SAM was typically biased with an LSV scan in an 

intended colloid materials suspension in aqueous solution. Particle/materials sizes, concentration 

and other specifications are provided in Table 1. After LSV scan, the initial suspension was 

thoroughly exchanged out with deionized water. The gold electrode thus treated was taken out 

and dried under a gentle stream of ultrapure N2
 in all cases except for liposomes in which case 

the gold electrode left immersed under water after deposition and exchange throughout the 

characterization process. Deposits can also be formed from colloids suspended in DI water 

without adding TWEEN 20 but with a slightly inferior reproducibility. 

4.2.4 Preparation of Liposomes 

The preparation of small unilamellar vesicles (SUVs) was carried out using an extrusion based 

method.38 To start, appropriate quantities of lipids dissolved in chloroform were combined into a 

50 mL round-bottom flask and thoroughly dried by rotary evaporation. The resulting thin lipid 

film on the flask wall was then rehydrated with deionized water by 1 h sonication at room 

temperature (25 °C) since transition temperatures for all lipids used are under the room 

temperature. Such lipid suspensions were then extruded consecutively through polycarbonate 

membranes with 800 and 200 nm pores (Nuclepore, Whatman). The final concentration of the 
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as-prepared liposomes is typically ∼4.0 mM while the suspension was diluted to working 

concentration for electrochemically triggered deposition was ~1 mM.  

4.2.5 Zeta Potential Measurements 

Zeta potential values of liposomes suspended in deionized water were obtained from a Malvern 

Zetasizer (Nano-ZS90, Malvern Instruments, Worcestershire, UK) using capillary cells 

(DTS1060/DTS1061) operated under a 150 V bias at 25°C. The measurements were made on 

diluted samples of freshly prepared liposomes with a total lipid concentration of ~1 mM. 

Typically five parallel readings were taken for each sample.  

4.2.6 Fluorescence Microscopy 

Fluorescence images were acquired on a Nikon A1+/MP confocal scanning laser microscope 

(Nikon Instruments, Inc., Melville, NY) with 4x and 10x objectives. Laser beams at 488 and 561 

nm were used to excite blue quantum dots and green fluorescent tagged liposomes deposited on 

semi-transparent gold-coated glass slides, and the corresponding emission signals were filtered at 

450 ± 25 and 525 ± 25 nm, respectively. 

4.2.7 Atomic Force Microscopy (AFM) 

AFM characterization of materials-modified SAMs was carried out using a Bruker MultiMode 

8 atomic force microscope (Bruker, USA) in air and at room temperature. Silicon nitride probes 

(Model: ScanAsyst AIR, Bruker) used in these measurements have a force constant of 0.4 N/m, 

a resonant frequency of 70 kHz, and a nominal tip radius of 2 nm and are operated in Scanasyst 

Air mode with a scan rate of 1 Hz and a resolution of 512 × 512 pixels. The substrates used are 

semitransparent gold-coated microscope slides, on which ferrocene SAMs were first formed as 

described above. For deposition of carboxyl functionalized materials, these SAMs were then 
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subjected to a linear potential sweep from 0.1 to 0.8 V vs Ag/AgCl at 10 mV/s in the following 

aqueous solutions: 2.61 × 1010 particles/mL of carboxyl functionalized gold nanoparticles, 10.0 

nM carboxyl functionalized iron oxide (Fe3O4) nanoparticles, and 0.015 wt% of carboxyl 

functionalized multi walled carbon nanotubes (MWCNT’s) respectively. Thus, treated SAMs 

were thoroughly rinsed with deionized water and then dried under N2 before AFM scanning. 

Right before probing the mixed Fc-SAMs with carboxyl functionalized multi walled carbon 

nanotubes (MWCNT’s) suspension, 0.015 wt% aqueous suspension was centrifuged at 10,000 

rpm for 5 minutes. Then the resulting supernatant suspension was used for probing or 

deposition purpose. 

4.3 Results and Discussion 

Table 4. 1 Carboxyl functionalized nanoparticles (NPs) or nanomaterials, their size and working 

concentration/ particle counts in aqueous suspension employed in this study. 

 

 

 

 

 

 

Nanomaterials Size (nm)[a] Concentration[b] 

Au NPs 20 2.61 x 1010 

Fe3O4 NPs 25 10.0 nM 

MWCNTs 15 ± 5 0.015 wt% 

CdSeS/ZnS based QDs 13 ± 1 25.0 µM 

[a] According to manufacturer’s data. Given is the outside diameter of MWCNTs 

while the length is 20 ± 10 µm, and QDs hydrodynamic size while inorganic core size 

is ~ 4 nm. [b] Particle count of Au NPs per mL of samples. 
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4.3.1 Atomic Force Microscopy (AFM) Characterization 

We have carried out AFM measurement to characterize the deposited carboxyl functionalized 

gold nanoparticles, carboxyl functionalized iron oxide (Fe3O4) nanoparticles, carboxyl 

functionalized multi walled carbon nanotubes (MWCNTs), and thus resulted surface. 

      

 

Figure 4. 1 AFM characterization of carboxyl functionalized gold nanoparticles. (a) Topography 

image of resulted surface after deposition of carboxyl functionalized gold nanoparticles on mixed 

Fc-SAMs. (b) Height vs distance profile of the selected section (white line) in the image. (c) 3D 

image of the surface presented in (a). 
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In all cases, it also enabled us to gain some detailed information about the surface morphology 

upon materials deposition on surface. Images obtained with AFM for the deposition of these 

materials and thus obtained surfaces are shown in Figure 4.1- 4.3 respectively. 

4.3.1.1 Carboxyl functionalized gold nanoparticles (Au NPs) 

Figure 4.1(a) represents the surface resulted from the deposition of carboxyl functionalized gold 

nanoparticles (Au NPs) on mixed Fc-SAMs (1:1 Fc-C11SH/C12SH) on gold. From 4.1(a), AFM 

image with a scan size of 10 × 10 µm, it can be said that the deposition of gold nanoparticles 

occurs almost homogeneously across the surface as AuNPs are found relatively evenly 

distributed. From this image, it is evident that Au NPs aggregates mostly in 2D clusters from two 

to several nanoparticles clustered together while there is some single particle deposition. There 

are also a few large clusters with minimal z-overlapping. Figure 4.1(b) represents height distance 

profile which supports the visual observation in Figure 4.1(a) while Figure 4.1(c) is the 3D 

image of the surface. These observations are also is agreement with Calvo & co-worker where 

they demonstrated electrostatic adsorption of negatively charged gold nanoparticles (-COOH 

functionalized) on NH2- terminated SAMs surface.9 

4.3.1.2 Carboxyl Functionalized iron oxide (Fe3O4) nanoparticles 

Figure 4.2(a) depicted resulted surface after deposition of carboxyl functionalized iron oxide 

(Fe3O4) nanoparticles on mixed Fc-SAMs. It is evident from Figure 4.2(a) that, deposited Fe3O4 

NPs are distributed relatively even across the mixed Fc-SAMs surface. It is observable that 

Fe3O4 NPs aggregates mostly in 2D clusters from two to several nanoparticles clustered together. 

There is also some single particle deposition while very few large clusters with minimal z-

overlapping can be spotted. Fe3O4 NPs are more densely populated in comparison to Au NPs in 
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Figure 4.1(a). Figure 4.2(b) represents height distance profile which supports the visual 

observation in Figure 4.1(a) while Figure 4.2(c) is the 3D image of the surface. 

  

 

Figure 4. 2 AFM characterization of carboxyl functionalized iron oxide (Fe3O4) nanoparticles. 

(a) Topography image of resulted surface after deposition of carboxyl functionalized iron oxide 

nanoparticles on mixed Fc-SAMs. (b) Height vs distance profile of the selected section (white 

line) in the image. (c) 3D image of the surface presented in (a). 

These results are found in agreement with the observation by Pichon & co-workers who reported 

carboxyl functionalized Fe3O4 NPs deposition on thiol SAMs on gold through incubation of 
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SAMs in THF suspended Fe3O4 NPs.39 Other groups also reported similar observations in case of 

distribution of NPs across the surface.40 

   

 

Figure 4. 3 AFM characterization of carboxyl functionalized multi walled carbon nanotubes 

(MWCNTs). (a) Topography image of resulted surface after deposition of carboxyl 

functionalized multi walled carbon nanotubes (MWCNTs) on mixed Fc-SAMs. (b) Height vs 

distance profile of the selected section (white line) in the image. (c) 3D image of the surface 

presented in (a). 
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4.3.1.3 Carboxyl Functionalized Multi Walled Carbon Nanotubes (MWCNT’s) 

Figure 4.3(a) portrayed resulted surface after deposition of carboxyl functionalized multi walled 

carbon nanotubes (MWCNTs) on mixed Fc-SAMs surface. From the image, it can be said that 

MWCNTs aren’t evenly distributed across the surface rather they are found in 2D clusters mostly 

in various sizes. This cluster formation could be due to the presence of charge across the CNT’s 

outer wall, and while in solution they would form conformation with minimal interaction 

between those functional groups containing charges. It is not clear though whether these 

structures are formed due to some kinds of rearrangement while CNTs are on the surface upon 

responding to Fc-oxidation i.e. electrochemical trigger. By analyzing height distance profile in 

Figure 4.3(b), it is evident though CNTs are distributed as 1D and 2D structures across the 

surface with an outer diameter ranging ~10-40 nm while according to manufacturer data the 

outer diameter of these MWCNTs are 15 ± 5 µm which are in agreement with our observation. 

The 3D image in Figure 4.3(c) is suggesting that, the CNTs deposited are a combination of single 

and cluster structures across the surface while validating previous observations. Deposition of 

CNTs on SAMs reported are almost exclusively through covalent coupling between -COOH 

functional group within CNTs and -NH2 terminal of the thiol SAMs.5,41,42 Our deposition method 

can provide an alternative and easier way to deposit CNTs on SAMs surface. Further 

investigations are necessary to explore the nature of the deposition, deposited CNTs, and their 

properties. 

4.3.2. Fluorescence Microscopy Characterization 

We then decided to test our electrochemical method with two more interesting materials- 

colloidal quantum dots, and liposomes. While quantum dots are fluorescent, liposomes during 

preparation can easily be labeled with fluorescent tagged lipids. While liposomes are very 
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interesting soft material and widely used in different applications, the charge on the surface can 

also be easily controlled and varied by using charged lipids in various compositions. Moreover, 

confocal microscopy is convenient and time efficient, we believed these materials on surface can 

be studied thoroughly in quick time using confocal laser scanning fluorescence microscope.  

       

Figure 4. 4 Fluorescence images of electrochemically triggered deposition of (a) carboxyl 

functionalized CdSSe/ZnS based quantum dots and (b) negatively charged liposomes 

(POPC/POPG/Bodipy-Chol 89:10:1 ratio) on mixed Fc-SAMs. The scale bars correspond to (a) 

5 μm, and (b) 20 μm. 

4.3.2.1 Carboxyl Functionalized CdSSe/ZnS based colloidal quantum dots 

Figure 4.4(a) depicting the surface resulting from deposition of carboxyl functionalized 

CdSSe/ZnS based colloidal quantum dots on mixed SAMs surface. Due to their tiny sizes (13 ± 1 

nm; hydrodynamic size including the outer functionalized layer), quantum dots are not 

individually resolved by confocal microscope used. However, their deposition across the surface 

is evident, and in good agreement with observation made by Karim and co-workers who 
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investigated the deposition of CdSe/ZnS core-shell quantum dots on -NH2 functionalized thiol 

SAMs surface.27 This confirms the effectiveness of our method for deposition of quantum dots. 

Again, further investigations are required to fully characterize and reveal the properties of the 

resulted surface. 

4.3.2.2 Liposomes 

To begin with we choose a ternary system, POPC/POPG/Bodipy-Cholesterol as our model 

liposome. We combined POPC (with no charge) with anionic lipid POPG to obtain liposome 

containing negative charges while Bodipy-Cholesterol was introduced as fluorescent labeled 

lipid for easy characterization under fluorescence microscope. Figure 4.4(b) represents the 

resulting surface obtained while mixed Fc-SAMs were probed with 1.0 mM suspension of 

POPC/POPG/Bodipy-cholesterol (89:10:01) liposomes in water, and usual LSV treatment.  

Liposome depositions are evident with mostly individual liposomes (~200 nm) depositions while 

brighter spot might indicate towards multidirectional depositions. This kind of deposition on 

SAMs surface are novel to the best of our knowledge. Drop coating deposition of liposome 

suspension on surfaces were reported by Procházka and co-workers where they demonstrated 

deposition of liposomes on solid surface upon evaporation of a drop of biomolecular solution on 

substrate surface.31 In our case, the deposition was monitored while the surface was still covered 

with deionized water to help keeping the liposome structure intact on surface if there is so. 

Although further characterization is necessary to characterize the true structure of the deposited 

liposomes on surface and thus resulted surface, it is encouraging to see sustained deposition of 

those liposome on surface. This will provide us with an opportunity to explore the deposition of 

different charged system (negative, positive and neutral) utilizing our electrochemical method 

while controlling the charge on materials effectively and quantitatively. In an effort to do so, we 
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constructed two more liposome system along with our previous one, POPC/POPG/Bodipy-

Cholesterol. Structures of all lipids used in this study is given in Table 4.2. All the liposome 

systems and their corresponding zeta potential values are given in Table 4.3. In all cases, 

working concentration of liposome used was ~ 1.0 mM. 

Table 4. 2 Lipids used in this study and their structures. 

Figure 4.5 (a) represents the resulted surfaces after deposition of POPC/POPG/Bodipy-

cholesterol (89:10:01) liposomes on mixed Fc-SAMs (a-top), and on patterned mixed Fc-SAMs 

on gold (a-bottom). We have already discussed about deposition on surface fully covered with 

mixed Fc-SAMs. For surface patterned with mixed SAMs on gold, it is notable that deposition of 

Lipids Structure 

1-palmitoyl-2-oleoyl-
glycero-3-

phosphocholine 
(POPC) 

 

1-palmitoyl-2-oleoyl-sn-
glycero-3-phospho-(1'-
rac-glycerol) (sodium 

salt) 
(POPG)  

1,2-dioleoyl-3-
trimethylammonium-

propane (chloride salt) 
(DOTAP) 

 

23-
(dipyrrometheneboron 

difluoride)-24-
norcholesterol 

(Bodipy-Cholesterol) 
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liposomes occurred preferably on the round patches where the mixed Fc-SAMs are situated. This 

observation is consistent with liposomes zeta potential value of -31.8 ± 1.8 mV, indicating 

primary interaction between the liposomes and the electrode surface is electrostatic in nature. In 

contrast, the areas with bare gold surface is very fade in color indicating some sort of physical 

deposition might have occurred or it could be due to the presence of some fused lipids from 

liposome core on to gold the surface. But these probabilities are yet to be confirmed. As 

observed, these deposits are minor to negligible compared to the deposition on Fc-SAMs 

patches. Further investigation is required at this point to draw any definitive conclusion. 

Table 4. 3 Zeta potential of different liposomes systems in aqueous suspensions. 

Lipid composition in liposomes 
Zeta potential 

(mV) 

POPC/POPG/Bodipy-cholesterol (89:10:01) - 31.8 ± 1.8 

POPC/Bodipy-cholesterol (99:01)  - 1.06 ± 1.12  

POPC/DOTAP/Bodipy-cholesterol (89:10:01) 54.6 ± 2.6 

Standard deviation, n = 5. 

In Figure 4.5 (b), resulted surfaces after deposition of POPC/Bodipy-cholesterol (99:01) 

liposomes on mixed Fc-SAMs (b-top), and on patterned mixed Fc-SAMs on gold (b-bottom) are 

depicted. In case of surface fully covered with mixed Fc-SAMs, it has been noted that the 

deposition is much more uniform across the surface compared to the ternary system 

POPC/POPG/Bodipy-cholesterol. Again, in patterned Fc-SAMs deposition is found to be 

exclusive compared to bare gold surface. There are only a very few liposome depositions 

occurred across bare gold surface as observed, and those seems to be individual liposomes. As 

this binary liposome POPC/Bodipy-cholesterol are reasonably neutral with zeta potential of -1.06 
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± 1.12 mV, their response to Fc-oxidation and preferential deposition on Fc-SAMs are quite 

surprising. 

       

        

Figure 4. 5 Fluorescence images of electrochemically triggered deposition of (a) 

POPC/POPG/Bodipy-Chol (89:10:01), (b) POPC/Bodipy-Chol (99:01), and (c) 

POPC/DOTAP/Bodipy-Chol (89:10:01) ratio on mixed Fc-SAMs (upper row) and patterned 

mixed Fc-SAMs co-existed with bare gold (bottom row). 

Figure 4.5 (c) represents the resulted surfaces after deposition of POPC/DOTAP/Bodipy-

cholesterol (89:10:01) liposomes on mixed Fc-SAMs (a-top), and on patterned mixed Fc-SAMs 

on gold (a-bottom). It is evident from both images that, there is almost no deposition occurred. If 

seen carefully, the patterns are found to be very faint. From these observations and considering 

liposomes zeta potential 54.6 ± 2.6 mV, it can be concluded that due to repulsion between the 
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like charges, depositions of liposomes are discouraged. This also indicates that, electrostatic 

interaction being the primary contributing factor for initiating the deposition.  

In case of neutral liposome system POPC/Bodipy-Chol, we observed good deposition even if the 

electrostatic attraction was absent assuming the value of zeta potential of the liposomes (-1.06 ± 

1.12 mV) is true. And, the deposition almost exclusively occurred on patches of Fc-SAMs while 

both SAMs and gold surface was offered as patterned Fc-SAMs on gold. These observations 

suggest, there might be some secondary factors contributing towards deposition despite there is 

no electrostatic attraction between liposomes and surface. Upon Fc-oxidation, the SAMs surface 

suddenly holding all these Fc+, incurred a dramatic change in surface hydrophilicity while 

increased. The water molecule in the vicinity of the surface has to rearrange themselves to 

maintain dipole-dipole balance. At the same time, the solvated liposomes near the surface also 

has to respond to this sudden change. Polar headgroup of the lipids constitutes the outer surface 

of the liposomes, those polar headgroup can easily interact with the hydrophilic SAMs surface, 

and hence deposited on surface. Since rehydration of deposited liposomes and the SAMs-surface 

would burden the system with large entropic penalty, the deposited liposomes prefer to stay on 

the surface even after lifting the applied potential. In case of positively charged liposomes, the 

electrostatic repulsion is so strong that, it surpasses any secondary polar interactions that might 

have been in effect otherwise between liposomes and the SAMs surface. Although these 

assumptions are being made according to current observation, further study in detail is required 

to be able to establish a definitive mechanistic difference between the deposition processes of 

negative, charge neutral, and positively charged particles/materials. Studies are currently ongoing 

in our laboratory to serve the purpose. 
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4.4. Conclusion 

Above we have demonstrated deposition of various materials including metal & metal oxide 

nanoparticles, carbon nanotubes, quantum dots, and especially a novel kind of deposition for 

liposomes using our previously developed electrochemical method.28,28 We have characterized 

the depositions of  metal nanoparticles, metal-oxide nanoparticles, and carbon nanotubes by 

using AFM. We also have characterized deposition for quantum dots and three different 

liposome systems with confocal fluorescence microscope. Although further characterization is 

required in each case, this study helps us to establish our electrochemical method as a truly 

general deposition method for a wide variety of chemical entities including charged polymers 

(negative & positive), aqueous suspended colloids, biomaterials, soft materials, and various 

nano- and micro- materials of technological interest.  To showcase the true capability of our 

deposition method while demonstrated deposition of charge neutral materials in this study. We 

also have attempted to explore the mechanistic differences between the deposition processes of 

negative, charge neutral, and positively charged particles/materials. 

The approaches described here offers exciting new possibilities. Deposition of all these materials 

on electrode surface would provide the electrode to gain new identities upon which numerous 

chemistries can be launched. On the other hand, the low-voltage, convenient and fast operation 

characteristic of this approach should make it an appealing alternative for materials deposition. 

Since its an electrochemical approach, this deposition in principle should work for planar, non-

planer and substrate with any size as long as a uniform distribution of potential is maintained 

across the substrate surface. Therefore, it can be particularly interesting for large industrial 

applications also.  
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CHAPTER 5. CONCLUSION 

In previous three chapters, we have discussed about a general and facile electrochemical method 

for deposition/assembly of various chemical entities including polyelectrolytes, aqueous 

suspended colloids, biomaterials, soft materials, and nano- & micro- materials of other kinds. We 

have demonstrated in detail deposition of those materials on electrode surface and some keys 

factors involving deposition processes. 

We have started with a redox active surface i.e. ferrocene terminated self-assembled monolayers 

(SAMs) of thiol on gold.  Surface confined redox assemblies in the form of SAMs are superior to 

solution based redox species because of several reasons: (i) they provide ordered and densely 

packed assemblies leading to stronger and specific interactions which ensures fast responses, (ii) 

these are compatible with different media, (iii) offer high sensitivity, and (iv) ensure 

reproducibility in responses/results. Ferrocene-terminated SAMs have been used in the system 

for studying fundamental electron transfer processes,1,2 biosensing3,4, electroactuation5, and 

molecular photovoltaics6,7, etc. We had envisioned to expand the utility of Fc-SAMs by 

integrating them with different materials via electrochemical deposition of materials on the 

surfaces utilizing their built-in redox capabilities. This kind of integration would provide the 

SAMs surface (electrode surface) a new identity with the materials deposited/assembled. Those 

surfaces with new properties offer the possibility of launching a variety of new chemistries. 

Moreover, the redox active layer beneath the deposited materials can be removed by 

electrochemical desorption of thiols. Electrode surfaces modified with different materials have 

been employed in a wide range of applications including electroanalytical analysis8, 

heterogeneous catalysis8,9, corrosion protection10, antireflective films11, substrates for cell 

adhesion12, bioelectronics13,, energy storage device, energy conversion14, microelectronics15, etc. 
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In chapter 2, we have presented a new approach to polyelectrolyte surface deposition based on 

electrochemical triggering. Starting from the same basic structure, ferrocene-decorated self-

assembled monolayers (Fc-SAMs), this approach enables quantitative deposition of both 

polyanions and polycations with a wide range of chemical identities (synthetic polymers, 

peptides, and DNA) and molecular weights (103−107 Da). Such generality, combined with its 

ready access to conventional layer-by-layer (LbL) film formation and electrochemical detection, 

should make this approach useful in a number of areas. 

For example, these polyelectrolytes modified redox active surfaces are promising for 

electroactuation applications. Redox actuation of a microcantilever driven by a self-assembled 

ferrocenyl undecane thiolate monolayer has been reported earlier by Badia and co-workers. They 

reported, oxidation of the Fc-SAMs in a perchlorate electrolyte generating a cantilever 

deflections ranging from ∼0.8 μm to ∼60 nm for spring constants between ∼0.01 and ∼0.8 Nm-

1.5 Although encouraging but these deflections are relatively small for a real life application. On 

the other hand, our integrated Fc-SAMs with polyelectrolytes on their surfaces might be a better 

candidate towards improvement in this regard. This kind of platform may respond to electric 

field upon potential sweep. The electrostatic attraction/repulsion between flexible 

polyelectrolytes with the charges on electroactive surface might be able to exert/release stress on 

electrode which may results in deflection at a certain direction. As we have ready access to 

deposition of both polyanion and polycation16, the direction of the deflection may be better 

controlled. Further investigations are required to make our platform useful towards development 

of an actuator. 

LbL films or polyelectrolytes (PE) films can be used as membranes for nanofiltration and water 

purification.17,18 Now, even after deposition of polyelectrolytes, our Fc-SAMs was found to 
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remain active as a redox surface, and the polyelectrolyte films are porous.16 Thus loading the 

resulting system with different kinds of materials to further enhance the films filtration property 

seems possible. Redox active Fc-SAMs may also act as a probe to monitor the ingress and egress 

of small ions through PE films to monitor the effectivity of the thick LbL film as a filter. 

Investigations can be done to test these capabilities. Moreover, this technology can also be used 

in polyelectrolyte-based diagnosis, drugs/biomaterials delivery, etc.19 

Polyelectrolytes when deposited on surface, are capable of modifying the wettability of the 

surface. Since our method is suitable for deposition of both negative and positively charged 

polyelectrolytes with wide range of molecular weights, this can be useful towards attaining 

desired surface wettability. Surfaces with controlled wettability might find prospective biological 

applications as optimum surface conditions are often required for biomaterials.20 On the other 

hand, surfaces modified with polyelectrolytes or LbL are well known for enhanced durability, 

corrosion prevention and flame retardation.21,22 Further investigation on these direction can be 

launched using our electrochemical method for modifying surfaces with polyelectrolytes. The 

release of LbL film might be possible by electrochemical means by utilizing the redox active Fc-

SAMs layer beneath the resulting film. All these possibilities can be tested. 

In chapter 3, we have presented a new electrochemical method for efficient and straightforward 

deposition/assembly of aqueous suspended colloids on electrode surfaces. Using carboxylic 

terminated polystyrene nano-/microbeads as a model colloid, we characterized this 

electrochemically triggered process in detail; by comparing its performance with conventional, 

electrically driven processes, we demonstrated superior deposition efficiency achievable with 

this new method. To showcase the potential utility of this method, we also demonstrated fast and 

high-fidelity colloid micropattern formation on electrodes.23 
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In addition to SAMs great ability to control and tune various physicochemical parameters 

involved the deposition process, the addition of well-defined faradaic reactions offers a new and 

largely independent mechanism to induce secondary electric field components. By controlling 

the Fc-density across the SAMs, one can control the materials deposition. Moreover, we have 

demonstrated that, by varying the scan rate or adjusting potential window, it is also possible to 

control the amount of materials deposition on surface. These easy to maneuver controls provide 

this methodology a great flexibility. More importantly, such gains in control and efficiency can 

be achieved without complicating/compromising the solution phase. 

Recently Zhang and co-workers demonstrated facile fabrication process for microswarm on 

electrode surface using conductive paramagnetic nanoparticles.  Their microswarm system is 

capable of generating a conductive pathway for electrons across a gap far beyond the capabilities 

of the individual building blocks.15 This kind on platform can be used as a switch in electrical 

circuits. Our developed technology has a similar potential with better control factors on board. 

Our electrochemical method is already capable of micropattern formation of materials on 

electrode surfaces. Since we have an electroactive layer underneath, we can possibly use that 

trigger to desorb material by electrochemical triggering and reabsorbing the materials with a 

reverse potential. Investigation towards this direction can be launched to explore these 

capabilities. 

Colloidal semiconductor nanocrystals (SCNCs) have found recent attention for their potential 

application in display devices. Controlling size, shape and composition of these materials in 

devices is essential to benefit from their powerful properties in optoelectronic applications.24 We 

have demonstrated not only the deposition of colloidal materials towards 2D crystal formation 

but also explored size dependent depositions. More importantly, with our electrochemical 
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method in combination with conventional microcontact printing, micropattern formation is 

possible. With control of size, shape and composition, application towards display devices can be 

explored. Moreover, colloidal crystals has found applications in photodetectors & solar cells25, 

field-effect transistors (FETs)26,27, memory devices28, etc. All these possibilities can be tested 

with our developed techniques. 

In chapter 4, we have demonstrated deposition of various materials including metal nanoparticles 

(Au NPs) metal oxide nanoparticles (Fe3O4 NPs), multi walled carbon nanotubes (MWCNTs), 

CdSSe/ZnS core-shell quantum dots (QDs), and especially a novel kind of deposition for 

liposomes using our previously developed electrochemical method. We have also explored 

mechanistic differences among the deposition processes of negative, charge neutral, and 

positively charged particles/materials using different liposomes system as models by effective 

charge control. 

Colloidal nanocrystals formed from quantum dots have exciting applications in electronic 

devices. For example, colloidal nanocrystals (NCs) have been explored as emitters for thin film 

light emitting diodes (LEDs). CdSe/ZnS core–shell NCs and QDs are often used for this 

purpose.29,30  We have demonstrated deposition of carboxyl functionalized CdSSe/ZnS core shell 

QDs on surface. Since our technique is capable of micropattern formation by a combination of 

top down and bottom up approaches, it is possible to have patterned structures with different 

compositions on electrode surfaces seems possible. This will enable controlled device fabrication 

for LED applications. 

CNTs are often grafted on surface using bottom up chemical approaches in the form of amide 

bond formation between functional groups of CNTs and substrates, which are time consuming 
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and costly. And, physical deposition of CNTs are suffered with stability issue. Our method on 

the other hand is very strait forward, cost effective and time efficient. We also found better 

stability of materials on surface compared to conventional similar techniques.23 CNTs modified 

electrodes are being used as nanoelectrode to enhance electrode efficiency.31,32 Investigations on 

stability of CNTs on electrode surface produced by our techniques  should be explored to claim 

its prospective superiority over conventional tethering methods. 

Scientists have demonstrated deposition of metal nanoparticles on electrode for enhancement of 

electron transfer.33,34 Assembly of the AuNPs-SAMs-gold substrate provides metal-metal 

junctions formed between nanoparticles and metal substrates where electron tunneling and 

nonlinear optical properties such as Raman scattering can occur.35 There are numerus 

applications already demonstrated for metal and metal oxide modified surfaces. By utilizing our 

novel techniques, formation of different types of meta nanocrystals, and different pattern 

formation and their utility can be explored. 

Another general application of this method can be integration of materials of interest onto 

electrode surface to generate chemically modified electrodes. Thus produced platform might be 

useful towards enhancing the electrocatalytic efficiency of oxidation or reduction processes 

commonly used in energy transfer reactions. 

Last but not the least, we have demonstrated a novel electrochemical deposition technique for 

liposomes on surface. Surfaces modified with this deposition process can now be widely 

explored. Currently, in our lab we are exploring the impact of charge density on deposition and 

on the resulted surface using EQCM. This should provide us with a clearer picture about the 

mechanism involved. Liposomes has received attention over last couple of decades for drug 
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delivery applications.36,37 As we demonstrated a novel deposition for liposomes, key factors such 

as their size, lipid composition, and other aspects involving their deposition can be explored. 

Our developed electrochemical deposition technique can be regarded as one pot 

electrofabrication. This process offers convenient operations, cost effectiveness, robustness, and 

capability of handling many materials including polyelectrolytes (both negative & positive), 

colloidal materials, biomaterials (peptides, proteins, DNA), soft materials (lipids, liposomes), 

and many other nano- and micro- materials would make this technique truly useful and efficient 

for material deposition on surfaces. Its ready access to LbL film formation, and micropattern 

formation on electrode surface would open doors to many useful technological advances in 

different areas of scientific research. 
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