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Abstract 

Networked films of monolayer protected clusters (MPCs), alkanethiolate stabilized gold 
nanoparticles, can be thermally decomposed to form stable gold on glass substrates that are 
subsequently modified with self-assembled monolayers (SAMs) for use as modified electrodes.   
Electrochemical assessment of these SAM modified gold substrates, including double-layer 
capacitance measurements, linear sweep desorption of the alkanethiolates, and diffusional redox 
probing, all show that SAMs formed on gold supports formed from thermolysis of MPC films 
possess substantially higher defect density compared to SAMs formed on traditional evaporated 
gold.  The density of defects in the SAMs on thermolyzed gold is directly related to the strategies 
used to assemble the MPC film prior to thermolysis.  Specifically, gold substrates formed from 
thermally decomposing MPC films formed with electrostatic bridges between carboxylic acid 
modified MPCs and metal ion linkers are particularly sensitive to the degree of metal exposure 
during the assembly process.  While specific metal dependence was observed, metal 
concentration within the MPC precursor film was determined to be a more significant factor.  
Specific MPC film linking strategies and pretreatment methods that emphasized lower metal 
exposure resulted in gold films that supported SAMs of lower defect density.  The defect density 
of a SAM-modified electrode is shown to be critical in certain electrochemical experiments such 
as protein monolayer electrochemistry of adsorbed cytochrome c.  While the thermal 
decomposition of nanoparticle film assemblies remains a viable and interesting technique for 
coating both flat and irregular shaped substrates, this study provides electrochemical assessment 
tools and tactics for determining and controlling SAM defect density on this type of gold 
structure, a property critical to their effective use in subsequent electrochemical applications.                   
_____________________________ 

Keywords:  self-assembled monolayer, monolayer protected clusters, nanoparticle films, double-
layer capacitance, linear sweep desorption, redox probe voltammetry, thin gold films 
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1. Introduction 

Stabilized forms of metallic nanoparticles (NPs) can be arranged into higher order 

assemblies that are of interest because of their unique optical, electrochemical, and structural 

properties and their potential use in macroscopic applications as materials coatings.  Assemblies 

of NPs have been investigated as functional materials for a variety of specific uses, including  

potential bio-interfaces [1, 2], fundamental electron transfer systems [3], analytical sensors [4], 

and chromatography media [5-8], for example.   Monolayer protected clusters (MPCs) represent 

an important and highly versatile example of ligand-stabilized metallic nanomaterials explored in 

these capacities [9, 10].  MPCs offer a high level of structural stability and are easily 

functionalized, making them ideal for incorporation into a film with a multitude of interparticle 

linking mechanisms.  Various types of MPC films have been exploited as sensing materials, most 

notably for chemical vapor [11-15] and metal ion detection [16].   

One unique application of interest is the use of assembled NP films as a precursor to thin 

metal film deposition [17-22].  Thin metal layers, especially those composed of coinage metals, 

are of particular interest for a range of applications, including modified electrodes [23], computer 

media [24], electronics [25], and protective films [26].   Several groups have explored thin metal 

films derived from NP film assemblies [17-22].  Typically, NP films have been assembled on a 

substrate and subsequently decomposed to create a metallic coating.  Natan and coworkers 

formed multi-layer films of citrate-stabilized NPs (Au, Ag, Au/Ag alloy) with various sized 

cross-linking molecules.  As these films were grown thicker, those formed with shorter linking 

ligands, e.g., 2-mercaptoethylamine, were observed to coalesce into bulk metal coatings [18].  

Thin gold films were created by Claus et al. by thermally treating dithiol-linked MPC assemblies 

[19].  In similar work by Nagasawa, silver metallation of a surface was achieved by thermally 
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decomposing stearate-coated NPs [20].  In all cases, thermal heating was kept below the melting 

point of the NP’s bulk metal and was instead used as a means of disengaging the linking 

mechanism within the MPC film assembly and subsequently removing the NP’s protecting 

ligands. 

Due to their superior stability and high versatility, alkanethiolate-based MPCs have also 

been assembled into films and explored as precursors to thin metal coatings.   Colvin’s 

laboratory attached MPCs of this nature to modified colloidal silica followed by thermal 

treatment by a propane torch at 575ºC to produce freestanding, macroporous metal films [21].  

Using slightly lower thermolysis temperatures (<400ºC), Zhong and coworkers characterized 

metal films derived from MPC assemblies linked with both covalent (dithiol) and hydrogen 

bonding interparticle interactions.  Spectroscopic characterization of the systems suggested that 

the structure of the resulting metal film was highly influenced by the linking mechanisms 

employed to create the MPC film precursor [22].   

Murray and coworkers investigated the formation of thin metal layers resulting from the 

modest thermal treatment (<300ºC) of MPC films either drop-cast from solution or assembled 

via electrostatic bridges between carboxylic acid functionalized MPCs and copper ions on a glass 

slide [17].  After thermolysis, the resulting thin gold film formed from drop-cast material lacked 

adhesion to the underlying glass substrate while stable, continuous gold films were readily 

formed from the electrostatically-linked MPC film assemblies.  Murray’s work succeeded in 

establishing methodology for effectively coating an irregularly shaped or three-dimensional 

surface with high quality, mechanically stable, thin metal films.  Metal films formed in this 

manner were found to have physical properties similar to that of commercially available 

evaporated metal substrates [17].  Unlike traditional evaporated gold, usually available only in a 
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planar geometry, the use of nanoparticle films as a precursor for surface metallation allows for 

the application of thin metal films to an object of any size or shape that can be affixed with an 

MPC film and subsequently thermolyzed [17].   

The reports described above all focus on the thermal deposition of a thin layer of metal 

onto a surface from a nanoparticle film precursor.  From their work and others, it has been 

established that even modest thermal treatment of an MPC film composite results in the 

breakdown of interparticle linking followed by the liberation of the stabilizing ligands and the 

coalescence of metal directly onto the substrate surface. In the case of Murray’s alkanethiolate 

MPCs, thermolysis results in the disintegration of carboxylic acid–metal ion–carboxylic acid 

linking bridges, subsequent liberation of disulfides, and the deposition of gold onto the substrate 

[17].  In all these reports, however, specific connections between how aspects of the NP (MPC) 

film assembly, prior to thermal decomposition, affect the properties and functionality, in terms of 

consequences for typical electrochemical applications of thin gold films (see below),  were 

unexplored.     

 A primary use of thin metal films is as a platform for self-assembled monolayers 

(SAMs).  For over 25 years, alkanethiol-based SAMs have seen an enormous amount of attention 

for a variety of purposes ranging from biosensor design to corrosion protection, with several 

excellent reviews available [27-29].  These self-assembling films, most commonly formed on 

gold substrates, provide a structurally stable and well-defined interface that can be tailored to 

exhibit specific chemical interactions by altering the end group and/or chainlength of its 

alkanethiol components.  Several reports indicate that the order and structure of SAMs, including 

their defect density, is highly sensitive to the topography of the underlying gold substrate.  From 

that work, it appears that this factor is heavily influenced by the type of gold and the 
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pretreatment applied to the gold prior to SAM modification [30-32].  Electrochemical techniques 

such as voltammetry have been shown to be an effective tool for assessing defect density and 

general structure of SAMs on gold substrates [33].   

 In this report, we present an intensive electrochemical analysis of ω-substituted SAMs on 

gold substrates that were produced from the thermal treatment of MPC films.  Multi-layer MPC 

films were assembled with different interparticle linking strategies and heat treated under 

moderate temperatures to produce thin gold films on glass substrates.  These films were 

subsequently modified with SAMs of varying chainlength and terminal functionality before 

being thoroughly characterized with electrochemical techniques designed to assess the quality 

and integrity of the SAM adlayers on these uniquely formed surfaces.  Particular attention was 

given to determining if the linking mechanism and/or method of assembly of the MPC films had 

an impact on the properties of the SAM formed on the thin gold film after thermolysis.  Results 

were compared directly to those of SAMs on traditional evaporated gold substrates that are 

commercially available and commonly used in electrochemistry.  This study expands upon 

previous work [17] establishing methods of translating NP assemblies into thin metal films by 

examining a specific application of the films, namely as a SAM support material in the context 

of protein monolayer electrochemistry [2].  Our results suggest that the quality of SAMs formed 

on the nanoparticle gold is highly dependent on the specific assembly of the MPC film precursor, 

a development that can have substantial effects on potential applications of SAMs. 
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2. Experimental Methods and Materials  

2.1 Apparatus, instrumentation, and materials 

Electrochemical measurements were carried out on CH Instruments Electrochemical 

Analyzers (Model 650A or 610B).  Evaporated gold substrates were purchased from EMF 

Corporation (Ithaca, NY) and mounted as previously described [34], in house “sandwich” cells 

featuring Ag/AgCl (satr. KCl) reference electrodes (Microelectrodes, Inc.).  UV-Vis 

spectroscopy was performed on a dual beam spectrophotometer (ThermoSpectronic-Unicam 

Model UV500) using a 3-MPTMS-modified glass slide as a reference.  Unless otherwise 

specified, all chemicals used were available commercially and of analytical-reagent grade.   

 

2.2. Procedures  

2.2.1. Glass slide preparation       

 Glass slides were prepared for MPC growth based on previously reported procedures [35-

37].  Briefly, glass slides (Fisher-finest) were cut into 2.5 x 1.0 cm pieces and submerged in 

Piranha solution (2:1 ratio of concentrated H2SO4 to 30 % H2O2) for 15 minutes.  WARNING:  

Piranha solution reacts violently with organic materials; use extreme caution when handling this 

material.  Slides were rinsed thoroughly with purified water (18 MΩ·cm) and propanol before 

immersion in a near boiling solution of propanol, water, and 3-mercaptopropyl trimethoxy silane 

(3-MPTMS, Aldrich) for 45 minutes [38].  After immersion in the silane, the slides were rinsed 

thoroughly with propanol, dried in a stream of nitrogen, and allowed to cure in an oven at 100º C 

for at least one hour.  The entire silanization procedure was then repeated a second time before 

the slides were stored in the oven until further use.   
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2.2.1. Monolayer-protected cluster synthesis and functionalization 

 Hexanethiolate-coated MPCs were prepared as previously described using a modified 

Brust procedure [39].  Briefly, tetraoctylammonium bromide was used as a transfer reagent to 

move gold salt (AuCl4
-) from an aqueous phase to a toluene organic phase.  Hexanethiol (Aldrich) 

was added to the organic phase in a 3:1 ratio of thiol-to-gold.  Rapid addition of a strong 

reductant (NaBH4) and stirring overnight at 0º C resulted in a slurry of hexanethiolate (C6) 

protected nanoparticles that could then be rotary evaporated and collected on a glass frit with 

copious acetonitrile (ACN) washing to produce MPCs with an average composition of Au144(C6)60 

[35-37].  To reduce the polydispersity of the product, “annealing” procedures described by Hicks 

et al. were employed [40] where the MPC material was re-dissolved in methylene chloride and 

stirred (24 hours) in the presence of additional hexanethiol (1:50 ratio of thiol-to-MPC).  The 

annealed MPCs were again collected as described above and differential pulse voltammetry was 

used to observe slightly more defined quantized double layer charging, an indication of modestly 

improved polydispersity.     

 MPCs were functionalized for film growth using place-exchange reactions [41-42].  

Briefly, MPCs and 11-mercaptoundecanoic acid (MUA) were co-dissolved in tetrahydrofuran 

and stirred for approximately 72 hours.  The mixture was rotary evaporated, precipitated with 

anhydrous ACN, and recollected on a glass frit with several additional washings of ACN.  NMR 

analysis of liberated disulfides upon iodine-induced decomposition of the MPCs in CD2Cl2 was 

used to characterize the extent of functionalization (see Supplementary Materials).  This 

procedure typically produced MPCs with an average composition of Au144(C6)32-37(MUA)23-28 as has 

been observed in other reports [11,17,35-37].       
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2.2.2. MPC film assembly and thermal treatment 

Assembly procedures for electrostatic-linked (i.e. metal ion – carboxylic acid bridged) 

films were adopted from literature reports [35-37].  Briefly, solutions of a metal salt, e.g., 0.1 M 

copper perchlorate or 0.2 M zinc nitrate[44], and MPC (1 mg/1 mL) in ethanol were prepared.  

The silanized slide was subjected to sequential “dipping cycles” consisting of immersing it for 1 

hour in the metal ion solution followed by thorough ethanol rinsing (continuously for 2-3 

minutes) and subsequent exposure to the MPC solution for another hour, followed by additional 

extensive rinsing with ethanol.  Research in our lab and others has shown that this procedure, if 

continuously repeated, results in multilayer growth of an MPC film on the glass slide, observed 

as a thick, black coating [11,17,35-37].  Growth progress was monitored via UV-Vis 

spectroscopy as a reasonable determination of general thickness (see Scheme I, Step (1), MPC 

film assembly and UV-Vis tracking).  Film growth was continued until an absorbance at 300 nm 

of ³ approximately 3.0 a.u. was achieved, a process usually requiring between 7 and 10 dipping 

cycles (Scheme I).  Based on estimations from Murray’s work [17], this absorbance corresponds 

roughly to a film consisting of approximately 300-400 monolayers of MPC and an average film 

thickness of almost 1 µm on each side of the glass slide, a visibly thick black coating 

(Supplementary Materials).  We note here that films grown to greater thicknesses did not yield 

significantly different results than described in this report (results not included). 

 After MPC films were grown to the targeted thickness, they were subsequently 

thermolyzed in a vented oven at 375º C for 15-20 minutes as described in the literature.  

Temperature was carefully controlled in order to not approach the softening temperature of gold, 

staying well below the melting transition temperature (1064°C [45]) as well [17].  Upon removal 

from the oven, the black assembly had transformed to a shiny, mirror-like, gold coating on the 
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glass slide (Supplementary Materials).  These gold films have previously been characterized and 

determined to be comparable to evaporated gold substrates [17].  Prior to use in this study, we 

found that gold coatings formed in this manner are mechanically stable by the Crook’s “tape 

test”, exhibiting excellent adhesion to the glass [43].  As described in the literature, the bulk loss 

of the organic component of the film reduces the thickness an order of magnitude, estimated 

conservatively as being over 100 Å thick [17].  For this study, the slides were allowed to cool for 

several minutes and then immediately modified with a self-assembled monolayer (SAM) as 

described below.  Commercially purchased evaporated gold substrates were electrochemically 

cleaned as previously shown with cyclic voltammetry in 0.1 M H2SO4 and 0.01 M KCl prior to 

SAM modification [34]. 

 

2.2.3. SAM Modification of Gold Substrates and Electrochemical Cell Loading 

The thermolyzed nanoparticle-based gold as well as the purchased evaporated gold 

substrates were immersed for 48 hours in one of the following 5 mM alkanethiol solutions 

(Aldrich):  butane thiol (BT), octane thiol (OT), dodecane thiol (DDT), 6-mercaptohexanoic acid 

(MHA) [46], 11-mercaptoundecanoic acid (MUA), 16-mercaptohexadecanoic acid (MHDA), 6-

mercaptohexanol (MHOL), or 11-mercaptoundecanol (MUD).  After initial SAM modification, 

the substrates were rinsed thoroughly with ethanol and mounted in the sandwich cells.  To 

compensate for any damage to the SAM during handling, additional 5 mM alkanethiol solution 

was added to the cell for another 48 hours and then thoroughly rinsed with ethanol and water 

before the SAM was characterized using electrochemical-based techniques.     

 

3.  Theory – Electrochemical SAM Characterization 
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3.1. Double Layer Capacitance of SAM-modified Electrodes 

Double layer capacitance (Cdl) measurements are based in theory on the Helmholtz model 

for the electrical double layer of an electrode in solution.  The Helmholtz theory essentially treats 

the electrode-solution interface as an ideal capacitor where the planes of charge, located at the 

electrode surface and at the closest ionic charge from solution compensating the charge on the 

electrode, are separated by a dielectric layer.  According to this model, Cdl usually adheres to the 

following relationship: 

      (1)  

where e is the dielectric constant, an indicator of the polarizability of the separating medium, d is 

the distance between the planes of charge, and eo is the permittivity of free space constant [47].  It 

follows that a SAM adlayer, composed of unfunctionalized alkanethiolates, would result in a 

substantially lower value of Cdl compared to a bare metal electrode because of both an increase in 

d and a decrease in e.  As the chainlength of the alkanethiols used to make the SAM increases, 

capacitance is observed to decrease.  Due to a substantial increase of lateral interactions among 

the methylene backbones of components of a SAM, films formed from longer chain alkanethiols 

(i.e., greater number of methylene units) are known to exhibit a greater degree of order compared 

to shorter chain films [33].  Thus, these films are better able to exclude water and other polar 

species, lowering the dielectric of the capacitor and decreasing Cdl.  Likewise, more polar end 

groups systematically increase the polarizability of the dielectric layer, making SAMs formed 

from ω-substituted alkanethiol exhibit higher Cdl.  Of note for this study is that Cdl also increases 

with the presence of defects in the SAM, a factor affecting both the average distance and 

dielectric [48].  Thus, Cdl measurements can be used as a tool to assess defect density in SAMs.   

d
εεCdl
!

×
»



 FILMS_EC.VER23, 2/25/2021 

 11 

For simple systems such as SAMs on gold, Cdl is easily measured by immersing the SAM 

in a solution of supporting electrolyte and performing cyclic voltammetry.  In the absence of a 

redox species in solution (Faradaic current), only non-Faradaic or charging current is recorded.  

For the potential windows scanned in these experiments, the current at 250 mV vs. the Ag/AgCl 

reference electrode was recorded.  Based on the equation below, this current can be translated 

into Cdl:   

     (2) 

where i is the total current (amps), u is the scan rate (V/sec), and A is the area of the working 

electrode (cm2).   

 

3.2. Linear Sweep Voltammetric Desorption of SAMs 

The application of linear voltage sweep toward increasingly negative potentials to a SAM 

under basic solution conditions results in the reductive desorption of the thiolated adlayer 

according to the following reaction: 

AuS(CH2)nX  +  1e -   ®  Au°  +  X(CH2)nS-    (3) 

which produces a sharp, cathodic wave in the voltammogram [51].  The area of this peak has 

been used in previous reports as a means of determining the surface concentration of thiolates 

[52].  Reductive desorption can also be useful in assessing the relative integrity of SAMs as well.  

The potential at which the reductive wave is observed is highly dependent on several factors 

including the strength of the Au-S bond as well as lateral interactions among the SAM 

components (i.e., intermolecular interactions between endgroups and alkyl chains).  Thus, SAMs 

comprised of longer chainlength alkanethiolates will require more negative potentials for 

electrochemically-induced desorption [33].  Since the reductive desorption process requires at 

6-
2

dl 10 Aν2
  

)μF/cm(C
´××

=
i



 FILMS_EC.VER23, 2/25/2021 

 12 

least partial solvent access to the electrode surface, a SAM with high defect density will be 

reduced at a much lower negative potential than the same film without defects.  Often, linear 

sweep voltammetry used for this purpose results in multiple cathodic peaks at negative 

potentials, typical of alkanethiolate desorption from a polycrystalline gold surfaces such as those 

used in our study.  Since our main concern was a qualitative comparison of SAM defect density, 

we measured the peak potential of the first reductive wave as an initial indicator that SAM 

integrity had been compromised.     

 

3.3. Redox Probe Voltammetry at SAM-modified Electrodes 

A classical property of a well-formed SAM is its ability to inhibit Faradaic electron 

transfer (ET) of solution redox species [33].   The oxidation and reduction of a redox species in 

solution is dependent on its access to the electrode surface.  Alkanethiol SAMs of sufficient 

blocking ability can prevent the facile approach of most aqueous redox species as it is 

energetically unfavorable for a hydrophilic molecule to traverse a well-packed hydrocarbon 

layer.  Cyclic voltammetry of a redox couple in solution at a SAM-modified electrode indicates 

blocking behavior by the attenuation or loss of the voltammetric waves during potential sweeps.  

Moreover, SAMs can cause a redox couple to display more irreversible peaks (i.e., a greater 

separation of anodic and cathodic peak potentials, ΔEp or | Ep,c – Ep,a | ) as a manifestation of 

effective blocking ability.  For SAMs having higher defect density, solution redox molecules 

gain access to the electrode via pinhole defects.  At a SAM with a high density of pinholes, the 

voltammetry of the molecule in solution often referred to as a redox probe, will resemble that of 

the probe at a bare metal electrode in terms of size, shape, and ET kinetics.  Thus, recording the 

cyclic voltammetry of redox probes at various types of SAMs is a common and effective way of 
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learning about the density of defects in films.  Some common redox probes, which can vary in 

their sensitivity for defects, include metal ion couples [53], ruthenium hexamine chloride 

(Ru(NH3)6Cl3) [54], potassium ferricyanide (K4Fe(CN)6) [55], ferrocene (Fc) and Fc derivatives 

[56].         

 

4. Results and Discussion 

 The thermal treatment of assembled MPC films is an established method for creating 

novel thin films of gold.  One application of gold substrates is as a support for multi-purpose 

SAMs.  To the best of our knowledge, the important properties of SAMs formed on gold 

substrates created in this manner have not been characterized.  Electrochemistry, namely 

voltammetry, is a relatively easy and effective methodology for characterizing SAM adlayers, 

especially in the determination of film defect density.  The following results were collected 

during electrochemical testing of SAMs varying in end group and chainlength, at gold substrates 

formed from thermal treatment of networked MPC films (MPC gold), and at evaporated gold 

substrates, for comparison.   

  

4.1. SAMs on Gold from Thermolyzed Metal-Linked MPC Film Assemblies 

Carboxylic acid-modified MPCs linked via carboxylic acid-metal ion (II)-carboxylic acid 

interparticle bridges were assembled into film geometries on a glass slides until an absorbance of 

3.0 a.u. or greater at 300 nm was achieved (Scheme I).  These films were formed and 

subsequently thermolyzed in an oven to produce a shiny gold adlayer that was immediately 

modified with a specific SAM (see Section 2.2.2. for details).  These SAMs, in parallel with 

identical SAMs on evaporated gold, were then characterized with electrochemical experiments 
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including double layer capacitance measurements, linear sweep voltammetric desorption of the 

SAMs, and voltammetry of solution based redox probe molecules at the SAM – all experiments 

designed to assess the quality (i.e., defect density) of the thin film adlayers.   

    

4.1.1. Double Layer Capacitance Results  

One of the simplest methods of assessing the quality of a SAM at a metal electrode is to 

measure the double layer capacitance (Cdl) of the system, a parameter directly proportional to the 

non-Faradaic charging current during simple cyclic voltammetry (see Section 3.1.) in only 

supporting electrolyte solution.  For example, the inset of Figure 1 shows voltammetric 

measurements of Cdl in 1.0 M KCl on evaporated gold substrates modified with methyl 

terminated SAMs of increasing chainlength (BT < OT < DDT).  As expected, the charging 

current, measured at 250 mV and depicted by the thickness of the voltammograms, drastically 

decreases, along with the corresponding calculated Cdl, as the SAM structure becomes more 

structurally ordered with longer chainlength alkanethiol components.   

 In similar experiments, Figure 1 also compares the Cdl of DDT SAMs on evaporated gold 

to DDT SAMs on gold formed from thermolyzed metal-linked (M-L) MPC films constructed on 

glass slides with both Zn2+ and Cu2+ linkages.  As seen by the results, the SAMs formed on the 

gold substrates formed from thermolyzed NP films display strikingly higher charging currents 

and subsequently have much larger Cdl values than their counterparts on evaporated gold.  

Likewise, Cdl measurements for SAMs with varying end groups and chainlengths, including long 

and short chain hydroxyl and carboxylic acid terminated films formed on the different types of 

gold substrates are displayed graphically in Figure 2 and summarized along with the other 

results in Table 1 with estimates of the uncertainty associated with the measurements.  In the 



 FILMS_EC.VER23, 2/25/2021 

 15 

interest of simplifying the graphical and tabular representation of our results throughout our 

report, we have sometimes omitted the results for SAMs formed on thermolyzed MPC films 

assembled with Zn2+ metal linkers during the initial comparisons because of the data’s similarity 

to the results observed with Cu2+ linked films.  The minor metal dependence observed in these 

materials is discussed in a later section.  For comparison purposes, the data for Zn2+ M-L MPC 

films is included in tables found in the Supplementary Materials.  

Collectively, the results of Figure 2 and Table 1 yield some notable trends.  In addition to 

having significantly smaller Cdl, all the SAMs on evaporated gold substrates (Figure 2, closed 

symbols and inset) adhere to the expected trend regarding chainlength - decreasing Cdl with 

increasing number of methylene units or total carbons.  Likewise, the expected endgroup effect, 

with more polar endgroups yielding higher Cdl values in the following order:  COOH > OH > CH3 

is also clearly observed [33] with SAMs on evaporated gold.  Interestingly, both the chainlength 

and functional group trends are also evident with identical SAMs formed on the gold formed 

from M-L MPC films (Figure 2, open symbols), though their actual Cdl values are 1-2 orders of 

magnitude greater.  The one exception to the expected functional group trend for SAMs is that of 

the hydroxyl terminated SAMs on the M-L substrates was unexpectedly lower than that of 

methyl terminated films on these surfaces (COOH > CH3 > OH).  This finding, however, is not 

totally unprecedented as Miller et al. observed hydroxyl terminated SAMs to have lower Cdl than 

their equivalent alkanethiol SAMs, a result attributed to hydrogen bonding stabilization of the 

hydroxyl groups [49].  Also noteworthy in the comparison of the data is the higher degrees of 

uncertainty associated with the Cdl of SAMs formed on the substrates derived from MPC films.  

Higher uncertainty is often observed with shorter chain SAMs and is a reflection of the higher 

level of disorder inherent in these films [33].  In the case of the thermolyzed M-L MPC 
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substrates, the film-to-film variation seemed to persist through all chainlengths tested.  One 

explanation of this high uncertainty with SAMs at gold derived from the NP films is an inherent 

variation in film-to-film quality due to the numerous steps they require and the increased 

handling required by the preparation procedures for these substrates.      

 Of particular note in these results is the striking difference between the measured Cdl of 

SAMs on the two types of substrates.  For every SAM tested, the Cdl of the SAM on M-L MPC 

gold substrates was at least one order of magnitude higher than the same film on evaporated 

gold.  These results suggest a systematic difference between the two film systems, most likely 

the result of a significantly greater density of defects in the thermolyzed NP gold films.  The 

same trends were observed regardless of how thick the MPC films were grown prior to thermal 

treatment (results not shown). A greater degree of defect density would result in a breakdown of 

the dielectric layer and a subsequent increase in Cdl as seen here.  Because SAMs are often 

utilized in bioanalytical applications [28,33], the Cdl of SAMs at these substrates was also 

measured in a second electrolyte, sodium phosphate buffer (Na-PB) at pH 7 and the same general 

trends seen with KCl were observed with Na-PB solutions (see Supplementary Materials for 

examples).  The lower values of Cdl in Na-PB relative to KCl electrolyte are consistent with the 

hydration and permeability of ions into films of this nature [50].  

            

4.1.2. SAM Desorption Results 

 Linear sweep voltammetric desorption of the SAMs was employed as a supplemental 

method to see if the SAMs at the thermolyzed M-L gold films possessed a higher density of 

defects compared to SAMs at evaporated gold substrates.  As described in Section 3.2, SAMs 

with higher defect density are expected to desorb at more positive potentials than less defective 
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films.  Figure 3A shows linear sweep voltammograms of the reductive desorption of DDT 

SAMs from both the Cu2+ M-L MPC gold and evaporated gold substrates.  The peak potential (Ep) 

for the evaporated gold-supported SAM is at much greater negative potential, indicating the 

superior structural integrity of this film compared to its counterpart on the Cu2+ MPC gold.  

Figure 3B shows collective desorption results for methyl terminated SAMs of varying 

chainlength (n) on evaporated gold (closed symbols) compared to the same films at thermolyzed 

Cu2+ M-L MPC films (open symbols).  Both substrates exhibit the expected chainlength trend 

with longer chainlength SAMs yielding more negative desorption peak potentials – an effect 

observed regardless of the endgroup.  However, the reduction potential for SAMs on M-L Cu2+ 

MPC gold were systematically less negative potentials than their corresponding films on 

evaporated gold.  Cumulative desorption results for all the SAMs tested on the gold substrates 

are shown in Table 2.  In all cases, the SAM formed on the Cu2+ MPC gold was more easily 

desorbed (i.e. less negative cathodic peak potentials) than the same SAM formed on evaporated 

gold.  These results, as with the Cdl, suggest that the SAMs formed on the NP gold have a higher 

defect density.  Desorption results for SAMs at thermolyzed Zn2+ M-L MPC films showed similar 

trends (Supplementary Materials).   

 

4.1.3. Redox Probing 

 As a final test for defect density in SAMs at these gold substrates, the voltammetry of a 

solution species or redox probe molecule at the SAM interface was investigated.  The theory of 

using redox probe voltammetry to assess defects in SAMs was discussed in Section 3.3.  Briefly, 

greater peak splitting in the cyclic voltammetry of the redox probes is indicative of SAMs with 

greater blocking capacity and a corresponding lower density of defects.  For the SAM/Au 
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systems studied here, we first utilized the negatively charged potassium ferricyanide redox probe 

(Fe(CN)6
3-/4-).  As summarized in Table 3, SAMs of any appreciable chainlength on evaporated 

gold showed little or no Fe(CN)6
3-/4- redox activity (i.e., complete blocking behavior by the SAM 

indicated by the no peaks designation “NP” in Table 3).  Indeed, only the MHOL SAM at 

evaporated gold exhibited small anodic and cathodic diffusional waves for Fe(CN)6
3-/4- while 

SAMs of BT and MHA at evaporated gold yielded only small anodic signals (indicated by “AN” 

in Table 3).  On the other hand, all SAMs of significant chainlength formed on gold derived from 

the thermolysis of Cu2+ M-L MPC films revealed significant redox activity.  Figure 4 illustrates 

an example of this type of result comparison, showing Fe(CN)6
3-/4- voltammetry at a bare gold 

electrode, a DDT SAM on evaporated gold, and at DDT SAM on Cu2+ M-L MPC gold.  From this 

result, it is clear that the DDT SAM formed on the NP gold (trace b in Figure 4) clearly allows 

redox probe (Fe(CN)6
3-/4- ) access to the electrode, another indication that these films have a high 

density of defects.  Of the SAMs on Cu2+ M-L MPC gold showing voltammetry, the most 

significant blocking behavior recorded was with the carboxylic acid terminated films, MUA and 

MHDA.  The apparent enhanced blocking ability of these films is most likely due to the 

combination of the longer chainlength of the SAMs and the electrostatic repulsion between the 

negatively charged carboxylic acid endgroups and anionic ferricyanide probe.  Taken 

collectively, however, the redox probing results with Fe(CN)6
3-/4 are consistent with the 

capacitance and desorption results that suggest the SAMs on the NP-based gold possess a high 

density of defects.   

 As in other literature reports [30], a neutral ferrocene derivative called hydroxymethyl 

ferrocene (HMFc) was utilized as a more defect sensitive redox probe for the methyl terminated 

SAM systems.  The higher hydrophobicity of HMFc, coupled with its ability to maintain 
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solubility in aqueous environments, allows for a greater propensity to interact with the SAM, 

thereby making it more sensitive to defects in the film [30].  In a similar fashion to Fe(CN)6
3-/4-, the 

diffusional voltammetry of HMFc transitions from reversible to quasi-reversible with attenuated 

current flow or increases in the anodic and cathodic peak potentials (ΔEp) as the SAM increases 

in chainlength and is more effective at blocking access to the electrode.  SAMs with significant 

defect density, because of the nature of the HMFc, are likely to exhibit diffusional behavior 

closer to that of an unmodified gold interface (i.e., lower values of  ΔEp). HMFc probing of 

unfunctionalized SAMs on both types of substrates again revealed the same trend as seen with 

Fe(CN)6
3-/4- with regard to the gold substrates.  For example, voltammetry of HMFc at SAMs of 

BT, OT, and DDT on evaporated gold had an average ΔEp of 73, 101, and 253 mV, respectively.  

Identical films formed on the Cu2+ M-L MPC gold showed systemically lower average values of 

60, 95, and 110 mV for ΔEp, respectively, indicating that these films possess defect density that 

allows more facile redox activity of HMFc.            

All three electrochemical techniques for characterizing SAMs strongly suggest that, despite 

their identical physical appearance, there is a fundamental difference between the evaporated 

gold substrates and the thermolyzed M-L MPC films that directly contributes to a higher density 

of defects in SAMs on the latter substrate.  X-ray photoelectron spectroscopy (XPS) of the 

unmodified gold substrates revealed that the substrates formed from thermolysis of the Cu2+-

linked MPC film possessed a significantly higher surface concentration of copper (average 3%) 

than the evaporated gold substrates (average 0.1%).  Several reports indicate that this may be a 

source for defects in the SAM adlayers.  Specifically, Guo [31] and Finklea [33] suggest that 

surface impurities such as copper deposits can serve as loci for defect sites in SAMs.  Moreover, 

even though alkanethiols are known to spontaneously bond to copper metal, SAMs on copper 
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substrates have been found to have different properties than corresponding films on gold 

substrates, including significantly different structure (e.g., bond angle) [57].  If significant 

amounts of copper are deposited on a gold substrate, subsequent SAMs formed on those surfaces 

could display a mixture of properties typical to SAMs formed on uncompromised metal surfaces.  

The copper contamination is likely to produce SAMs with greater interfacial heterogeneity and 

regions of disorder, both of which could serve as sources for defects.   

 

4.2. Dependence of SAM Properties on MPC Film Assembly Strategy and Treatment  

4.2.1.  Low Metal Ion Exposure During MPC Film Assembly 

In order to examine if the source of SAM defect density on the thermolyzed gold films was 

related to the metal ion content of the MPC film precursor, alternative assembly procedures 

developed in our laboratory were employed to minimize the amount of excess metal ions within 

the MPC films [36].  The basis of the alternative assembly procedures was to limit the exposure 

of the MPC film to the metal ion linker solution.  Well-established in the literature, a key aspect 

of the growth mechanism for these multi-layer MPC films is the mobility of the metal ions 

within the film that allow for the self-assembly of additional, multiple layers of MPC during a 

single, one hour exposure to MPCs [11,35].  In the alternative procedure, the extensive rinsing 

after exposure to metal linker or MPC solutions is unchanged but the metal exposure is limited to 

only one minute.  As described elsewhere [36], this low metal exposure procedure produces 

films of equal thickness and identical properties compared to the traditional procedures [11,35] 

but should also limit excess (uncoordinated) metal ions within the film due to extensive rinsing 

and minimizing the penetration of the metal ions into the film during film growth (see Figure 5A, 
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inset).  Essentially the procedure focuses the use of metal ions at the film-solution interface 

where they only serve to bind additional MPCs.    

Within the collective results of this study, a very minor metal dependence trend is 

observable.  That is, in comparing results from the Cu2+ M-L films with the Zn2+ M-L films 

(Supplementary Materials), SAMs on the latter substrates consistently exhibited slightly lower Cdl 

(Table SM-1), slightly more negative desorption potentials (Table SM-2), and increased blocking 

behavior toward the Fe(CN)6
3-/4- redox probe (Table SM-3).   Even though Cu2+ linked MPC 

assemblies are very common in the literature [11,35], the aforementioned XPS results confirming 

copper contamination of the gold, as well as the well known ability of copper and gold to form 

alloys, motivated the use of zinc ions as another MPC linking system.  Because Zn2+ is a weaker 

oxidizing agent than Cu2+, Zn metal is less likely to co-deposit with the gold film.  Thus, for this 

part of the study, a second alteration to our assembly strategy for the MPC films was the use of 

Zn2+ as opposed to Cu2+ metal ion linkers.  Zn2+ M-L films were grown to similar thicknesses (as 

determined by optical absorbance measurements on the films) as the Cu2+ M-L films and 

thermolyzed before being modified with SAMs.  After thermal treatment, the Zn2+ MPC gold 

substrates were immediately modified with methyl-terminated SAMs and subjected to the same 

electrochemical testing as before.   

Cdl measurements of the SAMs on the low exposure M-L Zn2+ MPC gold revealed a striking 

difference compared to the values recorded for the thermolyzed films from the traditionally 

assembled Cu2+ and Zn2+ M-L MPC films, especially when compared to the films on evaporated 

gold substrates as well (Figure 5A).  As can be seen in the figure, methyl-terminated SAMs on 

the low exposure Zn2+ MPC gold display much lower capacitance, nearly matching that of the 

evaporated gold films. Likewise, Figure 5B, illustrates linear sweep desorption results for the 
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methyl-terminated SAMs that reinforce the phenomenon.  SAMs on Cu2+ MPC gold desorbed at 

much lower potentials than the same films on evaporated gold, but SAMs on Zn2+ MPC gold 

formed with low exposure were found to desorb at similar potentials to the same SAMs on 

evaporated gold.  This similarity was especially pronounced at longer chainlengths where 

structural order in the SAM is higher and more influenced by the nature of the gold substrate 

[32,33].  Results with redox probing analysis of these low exposure films were also consistent 

with the findings of the capacitance and desorption results.  For example,  Fe(CN)6
3-/4- probing for 

defects at a DDT SAM on the low exposure Zn2+ MPC gold resulted in voltammetry that was 

virtually indistinguishable from that of the evaporated gold (results not shown).  More sensitive 

HMFc redox probing at methyl terminated SAMs on the low exposure Zn2+ MPC gold reiterated 

the overall theme as well.  Figure 6 tracks the peak splitting (ΔEp) of HMFc voltammetry at 

methyl terminated SAMs on the various types of gold and shows that for SAMs larger than BT, a 

substantially larger ΔEp value (i.e., fewer defects in the SAM) compared to Cu2+ MPC gold, a 

result that is also more aligned with SAMs at evaporated gold.  In fact, we note that similar peak 

splitting (~250 mV) of the HMFc voltammetry was recorded for an OT SAM at the low exposure 

Zn2+ gold as at a DDT SAM at evaporated gold (comparing black arrows in Figure 6) even though 

the chainlengths differ by 4 methylene units.  Results for low exposure M-L (Zn2+) films modified 

with DDT were not included as the probe was completely blocked (no peaks observed) and 

prevented a measurable ΔEp in that specific case.   

 

4.2.2. Metal Ion Extraction from MPC Films Prior to Thermal Treatment 

 To further the hypothesis regarding the important role of excess metal ions in MPC films 

that are to be thermally treated for use as a gold substrate for SAMs and to assess the degree to 
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which we have control over determining the defect density of SAMs on these surfaces, excess 

metal ions were extracted from the MPC films prior to thermolysis.  Briefly, films of Zn2+ M-L 

films were grown with traditional 1 hour exposure to both Zn2+ solutions as well as the MPC 

solutions to ensure deep metal penetration into the film (Figure 5A, inset, bottom).  After growth 

of the film was completed, the films were immersed in pure ethanol (EtOH) solutions for up to 

45 minutes, with the EtOH solution renewed every 15 minutes during this time.  Exposure to 

pure EtOH should serve to swell the film and leech excess, uncoordinated metals from the film 

while maintaining film integrity [11].  Capacitance scans show that there is a substantial decrease 

in charging current during the first 10 minutes as excess metal ion is extracted rather quickly.  

This effect quickly levels off as charging current measured after 20 minutes of soaking is not 

significantly different than the 10 minute measurement.  It is believed that this change in Cdl is 

directly attributable to the loss of the uncoordinated metal ions since spectroscopic scans of the 

films before and after the extraction show very little change in the overall absorbance, indicating 

the film is of similar thickness after extraction, and no corresponding shift in the NP’s 

characteristic surface plasmon band at 550 nm, an indication that the MPCs have not rearranged 

or experienced a significant change in interparticle distances (Supplementary Materials). 

Metal ions (Zn2+) were extracted from the MPC films with pure EtOH as described above, 

subsequently treated thermally in the oven, and modified with a select number of SAMs as 

before.  Specifically, SAMs of significant chainlength (e.g., DDT, MUA, MUD) were used 

exclusively in order to avoid some of the erratic behavior of short chain SAMs and because of 

their prominent use in bioanalytical chemistry (Section 4.3, below).  Cdl measurements and linear 

sweep desorption were both used to again assess SAM defect density.  Figure 7 serves as an 

example focusing on DDT SAMs of the Cdl trends observed and clearly shows that the extraction 
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procedure, after only 20 minutes of soaking, produced a DDT SAM of similar quality to the 

films formed from low metal ion exposure during assembly.  Likewise, the Cdl of DDT SAMs on 

gold produced from either the extraction or the low exposure procedures remains substantially 

lower than the same SAM formed traditionally (Zn2+ M-L films) with no strategic alteration to 

assembly procedures and/or specific pretreatment and approaches the Cdl of DDT SAMs on 

evaporated gold,.    Cdl and desorption results for additional SAMs on these substrates are 

compiled in Table 4 for comparison and reiterate that the quality of SAMs on gold formed from 

the MPC films can be controlled by manipulating assembly procedures and minimizing metal ion 

content.   Results for extraction procedures on SAMs of MHDA, a significantly longer 

chainlength SAM, on these substrates created from Zn2+ M-L films revealed similar trends in Cdl 

and LSV (Supplementary Materials).   

Fe(CN)6
3-/4- redox probing experiments at SAMs formed on gold substrates from MPC films 

that were metal-extracted prior to thermolysis confirm drastic improvement in SAM defect 

density.  All SAMs previously revealing diffusional Fe(CN)6
3-/4- voltammetry at untreated M-L 

films (Table 3) showed no corresponding Faradaic activity (i.e., no peaks) at the same films 

formed on substrates formed after extraction of excess metal ions as part of their assembly 

pretreatment (results not shown).  For example, Fe(CN)6
3-/4-  redox probing of MUD SAMS formed 

from MPC films assembled traditionally with Cu2+ linkages resulted in a diffusional 

voltammogram shape with both anodic and cathodic peaks (DEp =  131 mV, Table 3) whereas the 

same system at metal extracted films results in no peaks for the redox probe (i.e., the probe is 

completely blocked by a lower defect density film) and is similar to probing results of the same 

SAM at evaporated gold.   
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Analogous metal ion extraction experiments on a limited number of SAMs (e.g., MUA) 

formed on thermolyzed Cu2+ M-L MPC assemblies resulting in similar trends, significantly lower 

Cdl, more negative desorption potentials, and greater blocking ability compared to their untreated 

(i.e., no metal extraction) counterparts (results not shown).  The specific metal dependence, the 

difference between Cu2+ and Zn2+, is very subtle, particularly when compared to the results of the 

same SAM at traditional evaporated gold.  As will be discussed below, it appears that the mere 

presence of any excess metal ion, regardless of Zn2+ vs. Cu2+, clearly overshadows any specific 

metal dependence and dictates the overall properties of the SAM formed on these substrates.      

Our results strongly suggest that the presence of excess and residual uncoordinated metal 

ions within the MPC films that are thermally treated to produce gold films for SAM modification 

is a critical issue.    MPC films can also be assembled with strategies not involving electrostatic 

metal ion linkages at all and thus use no metal at all.  One such assembly method seen in the 

literature is the use of covalent interparticle bridges created from ester coupling reactions [37] or 

dithiol linkers [16,58].  In our own laboratory, these methods have been successful at assembling 

MPC films but clearly exhibit approximate layer-by-layer growth [16,37] rather than the multi-

layer growth per exposure to MPC solution observed with metal-linked MPC films.  Thus, due to 

the significant thickness of the MPC films in the application studied in this report, covalently 

assembled films display insufficient film growth in a reasonable amount of time and are not 

recommended.  In our lab, a limited number of experiments involving the thermolysis of dithiol-

linked MPC films (not shown) were consistent with the results presented in this paper – the 

production of gold films that support low defect SAMs.   

 

4.3. Implications for SAM Application – Protein Monolayer Electrochemistry 
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 The collective results of this study indicate that SAMs formed on nanoparticle-based gold 

will have density of defects dependent on how the MPC precursor film is assembled, a variable 

that can be easily controlled.  This type of control is important for many applications of SAMs in 

bioanalytical chemistry.  One common use of SAMs is as an interfacial layer for controlling 

surface adsorption of proteins and enzymes for biological electron transfer (ET) studies [59].    

One such system that has enjoyed attention in this area is the adsorption of the ET protein 

cytochrome c (Cc) to a SAM terminated with carboxylic acid endgroups [60].  With an 

asymmetric distribution of charged amino acids, Cc is an ideally designed to electrostatically 

adsorb to anionic interfaces such as a carboxylic acid terminated SAM (Figure 8, inset).  Here, 

we use Cc at carboxylic acid terminated SAMs as a model system to study adsorbate behavior at 

the SAM systems in this study and the impact the defect density attributable to the MPC film 

assembly procedures prior to thermal decomposition can have on this particular application.    

 Gold substrates formed from thermolyzed, traditionally grown M-L Zn2+ MPC films, 

either soaked for metal ion extraction or not, were modified with a MUA SAM and exposed to a 

solution of Cc.  In addition, a MUA SAM was also formed on evaporated gold and exposed to 

the same protein solution.   The cyclic voltammetry of Cc adsorbed to all of these SAMs are 

shown in Figure 8 where it is clear that the SAM at the Zn2+ M-L MPC film exhibits a drastically 

larger background signal (i.e., charging current) consistent with a higher density of defects in the 

SAM interface.  Without taking steps to remove excess metal ions, the MUA SAM is subject to 

greater defect density and lower signal-to-noise ratios (S/N) that may obscure or mask the actual 

protein voltammetry [2].  For the MUA SAMs on both the evaporated gold as well as the gold 

from Zn2+ M-L MPC films that were metal extracted with ethanol soaks, this ratio is improved 

and more defined voltammetry is observed.      
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4.  Conclusions 

Films of MPCs can be assembled on glass substrates and subsequently thermolyzed to 

produce thin gold coatings.  While this technique has proved successful for creating gold films 

on both flat and irregular shaped substrates [17], the use of these materials in a specific 

application was largely unexplored.  In this report, we investigated the gold coatings created in 

this manner as a supporting substrate for SAMs.  Electrochemical techniques were used to 

evaluate the defect density of SAMs at gold substrates made from the temperature induced 

decomposition of MPC films as compared to the same SAMs on common evaporated gold 

electrodes.  This work establishes three important findings about the properties of these SAMs 

on this type of gold substrate.  First, expected SAM trends regarding the effects of endgroups and 

chainlength are also observed with SAMs on the gold substrates derived from the MPC films.  

That is, longer chainlength alkanethiols and more hydrophobic endgroups yield more structured 

SAMs with better blocking characteristics, regardless of the type of gold substrate.   Second, 

while the observed trends are consistent with other types of SAMs, films formed on gold from 

the thermal treatment of MPCs were recognized as having a substantially higher density of 

defects than corresponding films on evaporated gold.  Lastly, control over the density of defects 

in these SAMs is dependent on the linking mechanism, assembly strategy, and pretreatment of 

the MPC film prior to the thermal decomposition to form the gold coating.  Specifically, the 

density of defects of the eventual SAM on the gold is directly related to the content of metal ion 

linkers in the MPC film precursor.   This work showed that the defect density of SAMs on the 

gold substrates created from NP films can have a significant impact in how those SAMs can be 

used or how they perform in a specific application like protein monolayer electrochemistry 
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where it can impact the signal-to-background of the voltammetry.   By better understanding the 

properties of SAMs that form on the NP-based gold, one can begin to engineer these methods for 

application to three-dimensional or porous materials applications [61-62].   
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Captions 
 
Fig. 1.  Cyclic voltammetry for Cdl measurements of DDT SAMs at gold substrates formed from the 
thermal decomposition of (a) Zn2+ M-L MPC films, (b) Cu2+ M-L MPC films, and (c) evaporated gold.  
Inset: Cyclic voltammetry of methyl-terminated alkanethiolate SAMs of varying chainlength on 
evaporated gold substrates in 1.0 M KCl.  Current was measured at 250 mV (inset, dashed vertical arrow) 
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for Cdl calculations.  Note: BT = butanethiolate SAM, OT = octanethiolate SAM, and DDT = 
dodecanethiolate SAM.   
 
Fig. 2.  Cdl trends of SAMs with varying endgroups and chainlength (n) on evaporated gold (closed 
symbols/solid trend lines) and Cu2+ M-L MPC gold substrates (open symbols – dotted trend lines) in 1.0 M 
KCl.  Inset: Expansion of Cdl trends for SAMs on evaporated gold substrates (closed symbols)*.  
Analogous results were observed with Zn2+ M-L MPC gold substrates and in different electrolytes (see 
Supplementary Materials).    
 
Fig. 3.  A) Examples of linear sweep voltammograms for the reductive desorption of methyl terminated 
DDT SAMs on (a) Cu2+ M-L MPC gold and (b) evaporated gold substrates in 1 M KOH solution.  B) 
Reductive desorption peak potentials (Ep) for methyl terminated SAMs of varying chainlength (n) on 
evaporated gold (closed symbols) and Cu2+ M-L MPC gold (open symbols) substrates.   
 
Fig. 4.  Cyclic voltammetry of 2 mM K4Fe(CN)6 redox probe at (a) bare evaporated gold, (b) DDT SAM 
on Cu2+ M-L MPC gold, and (c) DDT SAM on evaporated gold.  Inset: Expansion of voltammetry at 
DDT SAM on evaporated gold (c) showing complete blocking behavior. 
 
Fig. 5.  A) Cdl trends of methyl terminated SAMs of varying chainlength (n) on evaporated gold (♦) 
compared to M-L MPC gold (open symbols) where the MPC film was assembled with Cu2+ linkers (Δ) 
and Zn2+ linkers with either traditional procedures (○) or with low exposure to Zn2+ (□) during MPC film 
assembly.  Inset: Schematic representation of limiting metal ion penetration into the MPC film during 
assembly.  Lowering exposure to metal ion species during this process (bottom) reduces the defect density 
in SAMs on gold substrates formed from these films.   B) Reductive desorption peak potentials (Ep) for 
methyl terminated SAMs of varying chainlength (n) on evaporated gold (♦), Cu2+ M-L MPC gold (Δ), 
and low exposure Zn2+ M-L MPC gold (□).   
 
Fig. 6.  Peak potential difference (ΔEp) between anodic (Ep,a) and cathodic (Ep,c) peak potentials of HMFc 
redox probe cyclic voltammetry at SAMs of varying chainlength (n) on evaporated gold (♦), M-L Cu2+ 
MPC gold (Δ), and M-L Zn2+ MPC gold assembled with low exposure to Zn2+(□).  The black arrows 
illustrate a dramatic comparison in that the ΔEp for HMFc at an OT SAM on gold formed from the 
thermolysis of a Zn2+ M-L MPC film is similar (~250 mV) compared to a significantly longer DDT SAM 
at evaporated gold.    
 
Fig. 7.  Cyclic voltammetry for Cdl measurements of DDT SAMs at gold substrates formed from the 
thermal decomposition of (a) Zn2+ M-L MPC films, (b) Zn2+ M-L MPC films with low exposure to Zn2+ 
during assembly, (c) Zn2+ M-L MPC films that were soaked or metal extracted with ethanol after 
assembly/prior to thermal decomposition and (d) evaporated gold.   
 
Fig. 8.  Protein monolayer electrochemistry or cyclic voltammetry of cytochrome c at MUA SAMs on (a) 
Zn2+ M-L MPC films, (b) Zn2+ M-L MPC films that were soaked (metal extracted) with ethanol after 
assembly/prior to thermal decomposition and (c) evaporated gold. 
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