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Abstract

Dithiocarbamates (dtcs) have been implicated as important gold-binding groups in molecular 

electronics. Dtcs have two alkane branches connected at a single anchoring point that has a 

bidentate resonance structure. Forming readily in situ by the combination of secondary amines and 

CS2, dtcs adsorb quickly onto gold surfaces. Electroactive self-assembled monolayers (eSAMs) 

were prepared by the coadsorption of ferrocene dialkyldithiocarbamates (Fc dtcs) with diluent dtcs 

on gold electrodes. Short and long alkane chains were used (11 and 16 methylene groups, 

respectively), and a polar ester group was incorporated. Cyclic voltammetry (CV) shows that the 

electrochemistry is quasi-reversible. At high surface coverage, the peak separations and full 

widths at half-maximum for Fc dtcs deviate from theoretical values and are analogous to that of 

ferrocene alkane thiols on gold at high surface coverage. Importantly, these features do not change 

at low Fc dtc surface coverage as observed for ferrocene alkane thiols. Ferrocene dtcs were used to 

label monolayer defect sites and to demonstrate the exchange of surface-bound dtcs with solution 

dtcs. Finally, the rate of electron transfer was analyzed using Tafel plots and ac voltammetric 

methods. The results for both techniques are consistent with a kinetically disperse population of 

redox sites. The length of the diluent alkane chain appears to have an effect on the distribution of 

electron-transfer rates, likely because of the eSAM structure. This work indicates that structurally, 

Fc dtc eSAMs are fundamentally different from alkane thiol SAMs on gold.

Introduction

Since the discovery of electroactive self-assembled monolayers (eSAMs) of alkane thiols on 

gold, these materials have been used in the investigation of electron transfer. Specific areas 

of research include long-range electron transfer (ET) kinetics,1–4 photosynthetic models,5,6 

electrochemical biosensors7–12 and the development of molecular wires.13–17 eSAMs are 

currently employed in the electronic detection of single nucleotide polymorphisms 

(Osmetech, Pasadena, CA).18,19 Typically, the redox species in an eSAM is tethered to a 
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gold electrode via an organic linker and is anchored by a gold-thiolate bond. The redox 

species are often laterally separated from one another by diluent alkane thiols.

According to Marcus theory, the rate of electron transfer (ET) between a donor (D) and an 

acceptor (A) is dependent on the driving force, the electronic coupling, the reorganization 

energy, and the temperature.20 Structurally well-defined eSAMs are constructs that allow 

the positioning of a redox species such as ferrocene at a fixed distance from the gold surface. 

The electron-transfer distance and pathway can be controlled, allowing eSAMs to be used to 

probe electron-transfer kinetics as a function of distance, electronic coupling, and 

temperature. For thiol systems, the electron-transfer rate is directly affected by the number 

of atoms in the alkane chain linker.3 The effects of changing the length and nature of the 

organic linker or the diluent alkane thiols on the ET kinetics have been 

established.1–3,15,17,21,22

Since the earliest report by Chidsey, a number of researchers have used electrochemistry to 

investigate the electron-transfer kinetics of many types of eSAMs. Electrochemical methods 

including chronoamperometry (CA) and cyclic voltammetry (CV) can be used to generate 

Tafel plots (ln kapp vs overpotential). Experimentally, using CV or CA, an overpotential (η) 

is applied, resulting in an apparent rate constant, kapp, which is used to generate the Tafel 

plot. Apparent cathodic and anodic rate constants are calculated as a function of 

overpotential for electron transfer between a redox-active molecule and a metal electrode 

using Marcus density-of-states theory (1). The ET rate at a given overpotential is calculated 

via numerical integration of donor and acceptor levels over a range of energies ε, which is 

the energy level relative to the Fermi energy level of a metal (1).1 The experimental data are 

fit to 1 to determine the standard rate constant (the rate at zero overpotential, k0), the 

electronic coupling, and the reorganization energy.

In 1, the Fermi function f (ε) of the metal gives the probability that a given available electron 

energy state will be occupied at a given temperature.23 The density of states of the metal, 

ρ(ε), is assumed to be constant over the range of energies used to evaluate the integral 

because the density of states varies slowly near the Fermi level.24 The distribution of 

electron acceptor levels of the redox center is represented by a Gaussian function Dox(ε), the 

width of which is defined by the reorganization energy. The preintegral factor, A, includes 

factors such as electronic coupling, the probability of tunneling through an electronic 

barrier, and the surface coverage of redox-active sites.

(1)

To investigate outer-sphere effects on ET, the molecular environment of the redox species 

must be carefully controlled because the molecular environment of the redox species has a 

significant effect on the kinetics of ET.25–30 Mixed monolayers incorporating a wide variety 

of functionalities have been used to study the effects on ET kinetics. For example, an odd-

even effect has been reported, linking the structure of the eSAM to the rate of ET.3,31,32 

Terminal hydrogen-bonding groups can provide an alternate pathway for ET. Controlling 

the structure of mixed monolayers is not straightforward. Alkane thiols have the ability to 
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migrate on the gold surface, contributing to phase segregation when mixing alkane thiols of 

different lengths or terminal functionality.33–38 Asymmetric disulfides have been 

investigated as a route to mixed monolayers; the S-S bond is broken at the gold surface, and 

the two halves act as separate entities.39–41

SAM defects complicate electrochemical studies of ET and are caused by a variety of 

factors. Pinholes and collapsed sites in SAMs are related to atomic features on the gold 

surface (crystalline domains, terraces, holes, and steps) or to the alkane thiol chain length 

and headgroup size.42 Defects can be addressed by using long adsorption times,4,32,43 long-

chain alkane thiols,1,44 and thermal annealing procedures.27,28 Surface characterization 

techniques such as ellipsometry, contact angle goniometry, polarization modulation infrared 

reflection-absorption spectroscopy (PM-IRRAS), scanning microscopy, and atomic force 

microscopy (AFM) are traditionally used to describe the macroscopic character of the 

monolayer.42

Defects on the nanometer scale are difficult to discern using scanning techniques whereas 

electrochemical techniques are very sensitive to the smallest monolayer defects.45,46 

Ferrocene alkane thiols have been used to electrochemically label labile, or “fast exchange”, 

sites.46 Lennox et al. have shown that cyclic voltammetry can be used to distinguish 

collapsed sites electrochemically from pinhole defects using a ferrocene label.47,48

Cyclic voltammetry of eSAMs is very sensitive to the structure and dynamics of the SAM. 

Ideal, reversible behavior can be identified by symmetric peaks, zero peak splitting (ΔEp) at 

low scan rates, and a linear relationship between the peak current and scan rate. The 

charging current is sensitive to the overall order of the eSAM (e.g., a disordered SAM 

allows electrolyte penetration, increasing the capacitive current). The peak shape, described 

by the fwhm, is defined as 3.53RT/nF (90.6 mV at 25 °C). If the population of redox sites is 

disordered such that the distance between the population of redox sites and the electrode can 

be described by a distribution of values, then the peak shape deviates from the theoretical 

description. A mathematical model of this spatial inhomogeneity indicates that broad and 

asymmetric peak shapes would be observed in the CV.49

Loosely packed SAMs have advantages in a variety of electrochemical applications. 

Reversible electrochemical switching has been reported for a system based on loosely 

packed monolayers. In this case, large dynamic changes in interfacial properties are 

observed in response to the application of an electric potential.50 The molecular 

conformation of PEG-terminated monolayers in the PEG correlates with the ability of these 

films to resist protein adsorption; the less ordered PEG monolayers are more protein-

resistant.51–53 Kraatz and co-workers have reported electrochemical biosensor constructs 

based on short alkane and peptide-based thiol monolayers.11,12,54–56

The surface chemistry of dialkyldithiocarbamates (dtcs) has recently attracted significant 

interest. dtcs are sulfur-containing functional groups that bind tightly to transition metals, 

including gold surfaces.57 dtcs have two alkane branches connected at a single anchoring 

point that has a bidentate resonance structure. The versatility of in situ dtc formation by a 

combination of amines and CS2 has been illustrated.58,59 Using lithium 
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dialkyldithiocarbamate salts, Weinstein and co-workers have shown that monolayers of 

lithium dioctadecyldithiocarbamate have very similar thickness, crystallinity, wettability, 

and capacitance to octadecanethiol.60 The dtc-gold bond is stable over a wide range of pH 

and is not disrupted in the presence of alkane thiols.58

Early work by Frisbie et al. showed that electroactive dtcs can be attached to electrodes, but 

the electron-transfer kinetics were not studied.61 Recently, theoretical and experimental 

work has indicated that dtcs may be valuable tools in the burgeoning field of molecular 

electronics.62–64 Morf and co-workers have used XPS, cyclic voltammetry, and scanning 

tunneling microscopy to show that the chemisorption of dtcs results in compact monolayers 

that are characteristically different from thiol analogs.65 Three-dimensional materials 

consisting of dtc-linked nanoparticles have intriguing optical and electronic properties in 

comparison to their thiol analogs, which is evidence that the molecular junction has a 

significant influence on the bulk properties.63,64 The bidentate dtc appears to form a 

resonant system that may include the direct overlap of molecular and metal states.

Our investigation of dtc eSAMs is prompted by our interest in the effects of the molecular 

environment on ET kinetics10 as well as the relevance of dtcs to single-molecule electronics. 

We have chosen to use the electrochemistry of ferrocene-terminated dithiocarbamate self-

assembled monolayers (Fc dtc eSAMs) (Figure 1). As shown in Figure 1, the Fc dtc 

compounds used here were designed as analogs to published ferrocene-terminated alkane 

thiols and are studied in the absence and presence of diluent dtcs.66 The Fc dtcs form in situ 

and assemble on gold by the addition of CS2 to amines. The dtcs studied have 11 and 16 

methylene groups to probe the effect of alkyl chain length on ET kinetics. We have 

investigated the effect of headgroups (polar vs nonpolar) on the electrochemistry and 

exchange with solution dtcs. The electron-transfer kinetics were studied using CV and ac 

voltammetric methods.

Experimental Section

General Procedure for Secondary Amines

Synthesis of C16, CO2C16, FcC11, FcC16, and FcCO2C16—The secondary 

amines were synthesized and purified according to the following general procedure.67 Nosyl 

chloride was added to a solution of the alkyl amine (1.1 equiv) and NEt3 (1 equiv) in 

CH2Cl2 at 0 °C and stirred for 1 h at 0 °C and 1 h at RT. The solution was concentrated and 

washed through a pad of silica using CH2Cl2. Equimolar amounts of the Ns-protected amine 

and the alkyl halide (1a–1e in Scheme 1)66,68 and 3.5 equiv of K2CO3 were combined. DMF 

was added, and the reaction was allowed to stir at RT overnight. The product was purified 

by silica gel column chromatography (10:1 hexanes/EtOAc). The typical yield was 70%. 

The Ns-protected secondary amine, DMF, and 2 equiv of K2CO3 were combined in a 

Schlenk flask under argon. Thiophenol (3 equiv) was added, and the reaction was followed 

by TLC. Typically, the reaction was complete in 3 h. The solvent was removed under 

vacuum, and the product was purified by silica gel column chromatography (10:1 CH2Cl2/

MeOH). All compounds gave satisfactory ESI mass spectra and NMR spectra.
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Preparation of Electrodes

Electrode-Modification Procedure—A 7 cm length of gold wire (0.127 mm diameter, 

99.99% metals basis, Alfa Aesar Premion) was cut. Two centimeters of this wire was melted 

into a sphere with a 5 cm stem using a Bunsen burner flame. The diameter of the sphere was 

measured using digital microcalipers. The electrode was electrochemically cleaned in 1 M 

H2SO4 by scanning at 0.5 V/s from 0 to 1.6 V until the trace was constant (~200–300 scans). 

The electrode was immediately washed with water and ethanol and immediately immersed 

in the amine/CS2 solution. (CAUTION! CS2 is volatile and flammable and may be harmful 

if inhaled or absorbed through the skin. CS2 should be handled only in a fume hood.) The 

electrodes were rinsed with ethanol and water before being placed in a 1 M HClO4/0.1 M 

NaCl electrolyte solution for electrochemical measurements. Whereas part of the electrode 

stem was immersed in the monolayer solution, only the spherical part of the electrode was 

immersed in the electrolyte solution for the electrochemical measurements.

Mixed versus Resoak Preparation—The terms “mixed” and “resoak” refer to two 

different approaches to forming Fc dtc eSAMs. For the mixed case, stock solutions of 

ferrocenyl amines and diluent amines were prepared and mixed in specific ratios (1:1, 1:3, 

1:9; total concentration 1 mM 10% CS2 v/v). Electrodes were soaked in these solutions for 

24–48 h.

For the resoak case, a stock solution of the diluent amine was prepared and diluted to 1 mM 

10% CS2. The electrodes were soaked in this solution for 16–24 h. A stock solution of the 

ferrocenyl amine was prepared and diluted to the desired concentration of 0.5 mM 10% CS2. 

The electrodes were taken out of the diluent dtc solution, rinsed with ethanol, and then 

placed in the ferrocene dtc solution for 16–24 h.

Electrochemistry

Cyclic voltammograms and ac voltammograms were recorded on a CHI660a 

electrochemical analyzer with a Ag/AgCl (1 M HClO4/0.1 M NaCl) reference and platinum 

wire counter electrode in aqueous 1 M HClO4/0.1 M NaCl. Water used for preparation of 

aqueous solutions was purified with a Milli-Q ion-exchange system.

CV Analysis—Cyclic voltammograms (CVs) were measured at 0.1, 1, 10, 50, 100, 250, 

500, 715, 1000, 1250, 1667, 2500, 5000, 10 000, and 20 000 V/s. The Ep values were 

calculated with the CHI660a software. E1/2 was calculated as the sum of the cathodic and 

anodic peak potentials divided by 2, (Epc + Epa)/2. The fwhm was determined manually 

from the 100 mV/s CV. The coverage was calculated from Q, the amount of charge passed 

(integrated peak area divided by the scan rate). The capacitance was calculated from the 

charging current in a region of the CV with no ferrocene redox activity.

ACV Analysis. ac voltammograms were recorded at 1, 2, 5, 10, 20, 50, 100, 200, 303, 500, 

1000, 2000, 3333, 5000, and 10 000 Hz. The sample period was 1.1 s. The potential 

increment was 0.004 V, and the amplitude was 0.025 V. The peak height and background 

were determined using the CHI660a software. The ratio of the peak current to the 

background current (ip/ib) was plotted versus the log of ACV frequency (Hz) and was fit to 
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the equivalent circuit model according to the literature.69 The capacitance, solution 

resistance, coverage, and electrode surface area were measured and used as inputs in the 

spreadsheet.

Results and Discussion

System Design and Synthesis

Ferrocene is widely used because of its reversible electrochemistry and synthetic 

convenience.70 Ferrocene alkyl secondary amines (FcC11, FcC16, and FcCO2C16) and 

diluent amines (C12, C16, C18, and CO2C16) were designed as analogs to the ferrocene 

alkyl thiols studied by Chidsey in his seminal work of 1990.66 The ferrocene-containing 

amines, C16 and CO2C16, were synthesized as shown in Scheme 1. Commercially 

available amines such as CH3(CH2)10NH2 were first protected using NsCl, and ferrocenyl 

alkyl bromides were prepared according to literature procedures.67,68 Alkylation of the 

sulfonamide and deprotection of the amine were accomplished according to literature 

procedures.67 These secondary amines are readily converted to dithiocarbamates in situ by 

the addition of CS2.

Two lengths (FcC11 and FcC16) were chosen to compare the effect of chain length on the 

rate of ET. It has been suggested that a polar group stabilizes the Fc at the monolayer—

aqueous interface, so FcCO2C16 was designed to examine the effects of including a polar 

group.66

C12 and C18 amines are comparable in length to alkane thiols that are commonly used for 

eSAM electron-transfer studies. C12dtc and C16dtc match the lengths of FcC11dtc and 

FcC16dtc, respectively, such that Fc is exposed in both cases. C18dtc is two atoms longer 

than FcC16dtc but matches FcCO2C16dtc. CO2C16dtc was designed to incorporate a 

polar group into the diluent.

Assembly on Gold

Diluents C12, C18, and CO2C16—To test the in situ formation of dtcs on gold, 

electrodes were exposed to 1 mM solutions (EtOH, 10% CS2 v/v) of C12, C18, or CO2C16. 

The monolayers were allowed to form for 16–24 h, after which the charging current was 

measured using cyclic voltammetry and normalized to the electrode surface area (Table 1). 

The charging current was estimated from voltammetric charging currents at potentials more 

negative than the ferrocene wave in order to compare to ferrocene-containing eSAMs.

The double-layer charging current for C12dtc, C18dtc, and CO2dtc is larger than expected 

on the basis of thickness. For alkane thiol monolayers on Au(111) in aqueous media, the 

double-layer capacitance follows simple Helmholtz behavior. For example, the 

CH3(CH2)10SH monolayer exhibits a double-layer capacitance of 4.2 μF/cm2, whereas the 

double-layer capacitance for the C12dtc monolayer is 7 μF/cm2. Weinstein and co-workers 

have presented evidence that the C18dtc SAM is more permeable than the analogous 

octadecanethiol SAM to penetration by ions. The basis of this disorder may be the bidentate 

footprint of dtcs and the stronger binding to the gold surface. Due to the strong interaction 

with gold, the mobility of dtcs on the surface is probably low compared to that of alkane 
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thiols, resulting in less compact packing that in turn allows increased flexibility of the alkane 

chains. Therefore, we conclude that the capacitance of the dtc monolayers is dominated by 

ionic permeability rather than the absolute thickness of the layer.

FcC11dtc, FcC16dtc, and FcCO2C16dtc

Bare gold electrodes were exposed to 0.5 mM solutions of FcC11dtc, FcC16dtc, and 

FcCO2C16dtc for 24 h. The ΔEp (mV), fwhm (mV), and coverage (Γ, mol/cm2) obtained 

from CVs recorded at 0.1 V/s are summarized in Table S1. In all three cases, the peak 

separation at 0.1 V/s is >0, ranging from 9 to 26 mV. The peak shapes are not ideal. 

Shoulders are visible in some cases, although overall the fwhm ranges from 83 to 114 mV, 

which is near the ideal value of 90.6 mV. Values less than this theoretical number indicate 

the possibility of lateral electrostatic interactions (either attractive or repulsive) with 

neighboring charged species or lateral electron transfer. Given the high surface coverage, 

this is a likely possibility. The coverage ranges from 1.6×10−10 to 2.5×10−10 mol/cm2. The 

theoretical maximum for alkane thiols (one ferrocene per binding site, assuming spherical 

ferrocene with a diameter of 6.6 Å and hexagonal close-packed gold atoms) is 4.5×10−10 

mol/cm2.71 Fc dtcs presumably occupy two binding sites and have two alkane branches—

one with a ferrocene and one built-in diluent alkane—so the theoretical maximum coverage 

would be half of that expected for ferrocene alkane thiols, or 2.25×10−10 mol/cm2. The 

coverages obtained are in reasonable agreement with this prediction.

Chain Length and Polar versus Nonpolar Headgroups

The following seven systems were studied using cyclic voltammetry: FcC11dtc/C12dtc, 

FcC16dtc/C16dtc, FcC16dtc/C18dtc, FcC16dtc/CO2C16dtc, FcCO2C16dtc/C16dtc, 

FcCO2C16dtc/C18dtc, and FcCO2C16dtc/CO2C16dtc (Figure 1). Three ratios of Fc dtc/

diluent dtc were studied (1:1, 1:3, and 1:9) for each case. The E1/2 values are summarized in 

Table 2. The diluent dtc has a small effect on E1/2. Literature values (1 M HClO4 vs Ag/

AgCl) for Fc(CH2)11SH (225 mV), Fc(CH2)16SH (~200 mV), FcCO2(CH2)16SH (~500 m 

V) are comparable.4,46,66 The ΔEp, fwhm, and Γ obtained from CVs recorded at 0.1 V/s 

(Figures 2 and 3) are summarized in Table 3.

Coverage—The surface coverage of electroactive species (mol/cm2) is measured by 

integrating the CV peak area to determine the amount of charge passed. This charge is then 

normalized to the electrode surface area to give the coverage in mol/cm2. This value is often 

reported to give an idea of how much of the surface is occupied, which gives an indication 

of the monolayer packing density. The coverage is correlated to the deposition solution 

concentration. The theoretical maximum for a ferrocene alkane thiol on Au(111) is 4.5 × 

10−10 mol/cm2.

Given that each dtc has two branches and is bidentate on the surface, the predicted coverage 

for a 1:1 ratio of Fc dtc/diluent dtc should be approximately 25% of a full monolayer, or 1.1 

× 10−10 mol/cm2. The combinations with C16dtc and C18dtc diluents are as expected. For 

1:3 and 1:9 Fc dtc/diluent dtc, the coverages are on average 0.7 × 10−10 and 0.3 × 10−10 

mol/cm2, respectively, similar to the predicted 1/8 and 1/20 (0.6 × 10−10 and 0.2 × 10−10 

mol/cm2) of a full monolayer as expected. The FcC16dtc/CO2C16dtc and FcCO2C16dtc/
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CO2C16dtc coverages are approximately twice the expected value or 50% of a full 

monolayer. The FcC11dtc/C12dtc case is measurably lower than expected, presumably 

because of the increased solubilty in ethanol over FcCO2C16dtc and FcC16dtc. The 

coverage is approximately half the expected value for 1:1, one-third the expected value for 

1:3, and one-fifth the expected value for 1:9.

Peak Separation (ΔEp)—For an ideal system where both the oxidized and reduced 

species are strongly adsorbed to the electrode and the electrochemical reaction is nernstian, 

the CV peak separation (ΔEp) is theoretically 0 V. ΔEp is related to the electron-transfer rate 

and increases with scan rate.72 Values greater than 0 V, however, have been observed for 

long-chain eSAMs even at low scan rates.1 For FcCO2(CH2)16SH, Chidsey reports a ΔEp of 

27 mV at 0.1 V/s, corresponding to a low electron-transfer rate as expected for the long C16 

chain.66 Notably, the results for the longest-chain systems studied here, FcC16dtc/C18dtc 
and FcCO2C16dtc/C18dtc, are similar to this value. However, the FcC11dtc/C12dtc 
system exhibits similar ΔEp values, indicating that the nonzero ΔEp is due to SAM disorder. 

Combinations including C16dtc and CO2dtc typically exhibited smaller ΔEp values ranging 

from 4 to 13 mV. At 0.01 V/s, the ΔEp values decrease slightly but do not reach 0 mV, 

indicating that the redox centers may not be thermodynamically homogeneous. No trend in 

ΔEp with respect to surface coverage is observed, indicating that the proximity of the 

ferrocenes to one another does not affect the ΔEp.

Peak Shape—The ideal value of the fwhm, based on theory, is 90.6 mV. The measured 

fwhm of the CV peak can be used to assess the order of the system. For example, mixed 

monolayers of ferrocene alkane thiol and unsubstituted alkane thiols show double peaks 

when the ferrocene coverage is high.73–75 Using diluent alkane thiols with charged termini, 

the double peaks have been assigned to ferrocene species in two different environments—

one in which there are numerous ferrocenes clustered together and one in which the 

ferrocenes are isolated from one another.47,48 Furthermore, spatial inhomogeneity has been 

treated using mean-field analysis. This model shows that spreading the redox centers in 

three dimensions results in broad, asymmetric peak shapes, reflecting a layer-by-layer redox 

conversion.49

Broad peaks are indicative of thermodynamic/kinetic inhomogeneity whereas narrow peaks 

are associated with lateral electron transfer as a result of high coverage.48 Both cases have 

been observed for ferrocene alkane thiols. Both narrow and broad peaks can be caused by 

electrostatic interactions (attractive or repulsive) among redox sites.76,77 However, no 

correlation between the Fc dtc/diluent dtc ratio and the peak shape is observed, indicating 

that the peak shape is not correlated to the proximity of other ferrocene groups. The 

FcC11dtc/C12dtc system shows fairly large fwhm values ranging from 135 to 160 mV, 

indicating disorder. FcC16dtc/C16dtc and FcCO2C16dtc/C16dtc fwhm values are 

typically close to ideal (100–130 mV). The FcC16dtc/C18dtc and FcCO2C16dtc/C18dtc 
systems exhibited a wide range of fwhm values (100–160 mV), with one case at the lowest 

coverage too broad to be measured accurately. The FcC16dtc/CO2C16dtc and 

FcCO2C16dtc/CO2C16dtc systems showed a wide range centered near the ideal value 

(75–140 mV). Cases of fwhm < 90 mV are attributed to lateral electron transfer or 
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electrostatic interactions between redox groups due to the high surface coverage. In general, 

systems with the CO2 group have lower fwhm values than those without. This trend is 

attributed to the polar groups that facilitate the interaction between the otherwise 

hydrophobic monolayer with the aqueous electrolyte solution, resulting in a more ordered 

interface.

Importantly, the coverage does not appear to have an effect on the fwhm. The low-coverage 

cases (1:9) do not have lower fwhm values than the high-coverage cases (1:1), indicating 

that the proximity of the ferrocenes to one another does not affect the fwhm. The ferrocene 

terminus is able to “dissolve” in the hydrophobic environment of the dtc SAM, resulting in 

multiple conformations and variable interactions with the electrolyte solution, leading to the 

observed broad fwhm values. Alternatively, the dtcs form islands of ferrocene groups upon 

binding to the gold surface, regardless of the Fc dtc/diluent dtc ratio in the deposition 

solution.

Exchange—Chidsey found that annealing steps were necessary to obtain ideal 

electrochemical behavior. He proposed that there are fast-exchange and slow-exchange sites 

within the eSAM.1 Electroactive species bound in the fast-exchange sites can be easily 

exchanged with nonelectroactive species such that the electrochemical experiment addresses 

only redox centers in relatively homogeneous environments. Collard and co-workers further 

explored this idea using ferrocene alkane thiols with different electrochemical signatures to 

label exchange sites.46 dtcs are purported to have much stronger binding than thiols on gold. 

X-ray photoelectron spectroscopy showed no change in the ratio of nitrogen to sulfur on a 

dtc-modified gold surface upon exposure to thiols.52 This method does not lend itself to the 

investigation of the exchange of surface-bound dtcs with solution dtcs because the nitrogen/

sulfur ratio would not change. Electroactive labeling is the ideal way to investigate whether 

dtc SAMs have labile sites.

SAMs of diluent dtcs (1 mM C12dtc, C16dtc, or C18dtc) were deposited on freshly 

prepared gold electrodes for 24 h. The electrode was then scanned electrochemically to 

provide a background scan. The electrode was exposed to a solution of Fc dtc (0.5 mM 

FcC11dtc or FcC16dtc) for 24 h and remeasured. In all cases, a significant electrochemical 

response was observed. Resoaking in diluent dtc overnight (1 mM, 16–20 h) resulted in an 

average decrease in the coverage of 35% (Figure 4).

The fact that dtc SAMs incorporate Fc dtcs indicates that the SAM is not fully formed and 

contains significant defects even after a 24 h period. Alternatively, this result indicates that 

there is exchange between surface dtcs and solution dtcs. When the diluent-only SAM is 

exposed to Fc dtc, the Fc dtc fills in the fast-exchange sites that are exchanging readily. 

Subsequently, these sites exchange with diluent dtc in the second step.

Mixed eSAMs (1:1 FcC11dtc/C12dtc, FcC16dtc/C16dtc, or FcC16dtc/C18dtc) were 

deposited on freshly prepared gold electrodes for 24 h and measured. The electrode was 

exposed to a solution of diluent dtc (1 mM C12dtc, C16dtc, or C18dtc) for 24 h and 

remeasured. The coverage decreases on average 13% (Figure 4). This result is definitive for 

the exchange of electroactive surface species with solution species. When mixed Fc dtc/
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diluent eSAMs are exposed to diluent dtc solutions, the decrease in coverage is small 

because the Fc dtcs are distributed over all sites and are not just bound to the fast-exchange 

sites.

Electron-Transfer Kinetics

Tafel Plots from Cyclic Voltammetry—Tafel plots can be fit to the Marcus density of 

states model to determine the electron-transfer rate, reorganization energy, and electronic 

coupling, with the latter two parameters being of particular interest in our system. Figure 5 

shows a Tafel plot for 1:3 FcC16dtc/C16dtc generated from CV data. (Data and fits for the 

other systems are shown in the Supporting Information.) FcC16dtc has 18 atoms between 

the ferrocene terminus and the surface-binding sulfur atom. This Fc dtc is directly 

comparable to Chidsey's FcCO2(CH2)16SH, which also has 18 atoms. The k0 for FcC16dtc 
is therefore expected to be very similar to that for FcCO2(CH2)16SH (1.25 s−1). The 

theoretical and experimentally confirmed reorganization energy for ferrocene is 

approximately 0.8 eV.1

In general, CVs of the Fc dtc systems resulted in asymmetric Tafel plots, indicating that the 

barriers to electron transfer for the oxidation and reduction of the ferrocene species are 

different. This behavior has been observed for osmium and ferrocene complexes attached to 

electrodes.29,30,78 Asymmetry in the Tafel plots has been attributed to the molecular 

movement of the redox species on the monolayer surface or penetration of the monolayer by 

the supporting electrolyte or solvent.78 These phenomena have been observed for 

monolayers with a high surface coverage of redox species and poorly ordered systems.79

A model describing the effects of disordered systems on Tafel plots was developed by 

Murray and co-workers.71 A kinetic dispersion can arise from a spread in the formal 

potentials E0′ of surface ferrocene sites, a spread in the reorganization energies, or a spread 

in the tunneling distance. In Murray's work, Tafel plots were derived from calculations 

incorporating either a Gaussian distribution of E0′ or λ as a model of kinetic dispersion. 

Marcus theory fits of these Tafel plots gave erroneously low values of λ and high values of 

k0 as compared to the values calculated for a homogeneous population of kinetic sites 

(single value of E0′ or λ).

The FcC16dtc/C16dtc Tafel plot was fit using the Marcus density of states model. The 

anodic and cathodic branches were fit separately to give unexpectedly high apparent rate 

constants of 350 and 100 s−1 for the anodic and cathodic branches, respectively. These 

values are 2 orders of magnitude higher than for FcCO2(CH2)16SH. Furthermore, the 

apparent reorganization energies of 0.7 and 0.6 eV are significantly lower than the expected 

0.8–0.9 eV. These anomalously high apparent rate constants and low λ values appear to be a 

manifestation of Murray's predictions. The distributions of E0′ and λ can arise from ion 

pairing, Fc–Fc interactions, or a distribution of monolayer structures and varying solvation. 

If the Fc dtc system is disordered as indicated by the nonideal ΔEp, fwhm and capacitance 

measurements, then these interactions and conditions may be present in the Fc dtc 

environment. The apparent rate constants and λ values obtained by fitting the Tafel plot 

almost certainly do not accurately represent the kinetics of electron transfer through the dtc 

molecule but rather represent the kinetics for a disordered SAM.
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ACV Analysis—A method of using ac voltammetry to investigate kinetically 

heterogeneous electron transfer in eSAMs has been described by Creager and co-

workers.63,74 A significant advantage of this approach is that the kinetic heterogeneity can 

be easily identified.69 This method has been used to investigate ferrocene- and ruthenium-

based systems.16,80,81 The relationship of the ip/ib to the applied ACV frequency describes 

the distribution of rates. Creager has developed a method of fitting this ACV data using up 

to 11 weighted rates.69 A distribution of rates can result in shoulders or shallow slopes for 

the part of the plot that covers the intermediate frequencies. Simulations are shown in the 

Supporting Information to illustrate the differences between data for a kinetically 

homogeneous system and a kinetically disperse system.

We chose to use this method to investigate possible kinetic dispersion in the dtc eSAMs as 

indicated by the Tafel plot analysis. Representative sets of data for 1:1 FcC11dtc/C12dtc, 

FcC16dtc/C16dtc, FcC16dtc/C18dtc, and FcC16dtc/CO2C16dtc are shown in Figure 6. 

The shape of the plots indicates that the results for the Fc dtcs are due to a combination of 

fast and slow rates. Table 4 and Figure 7 show the distribution of rates for these four cases.

FcC11 and FcC16 were designed to compare the effect of chain length on the rate of 

electron transfer in Fc dtc eSAMs. Solely on the basis of the length, the short-chain system 

is expected to have a faster rate than the long-chain system. The closest Fc alkane thiol 

analog to FcC11dtc (13 atoms) in the literature, FcCONH-(CH2)10SH (12 atoms), has a 

reported rate of 1200 s−1.29 The rates for FcC11dtc/C12dtc are distributed in a high range, 

between 1000 and 10 000 s−1. The population of kinetic sites (~20%) behaves as expected, 

with slow electron transfer (~1000 s−1) through the dtc molecule. There is a significant 

population (~80%) exhibiting fast electron-transfer kinetics, likely as a result of disordered 

sites in the eSAM.

The FcC16dtc/C18dtc system shows the slowest rate components (~36% < 10 s−1) of all 

four systems studied. (Table 4, Figure 7) This rate component is comparable to the rates 

obtained for analogous ferrocene alkane thiols (1–9 s−1 for 17 to 18 atoms).1,29,74 The 

FcC16dtc/C16dtc and FcC16dtc/CO2C16dtc systems exhibit distributions of rates with 

slow components similar to those in the FcC16dtc/18dtc system but contain faster 

components than found in the FcC16dtc/C18dtc system. This result indicates that the 

C16dtc and CO2C16dtc diluents result in a more disordered eSAM than C18dtc, consistent 

with capacitance measurements.

No correlation between the rate distribution and the Fc dtc/diluent dtc ratio could be 

discerned. In most cases, the data could be fit to the same distribution of rates by adjusting 

only the surface coverage (Supporting Information). For ferrocene alkane thiols, ideal 

behavior is typically observed at low surface coverage, when the ferrocene centers are 

isolated from one another. This difference in behavior between the Fc dtcs and ferrocene 

alkane thiols demonstrates a fundamental difference in the eSAM structure that affects the 

electron-transfer kinetics. The alkane thiol eSAMs possess a higher degree of order than 

does the dtc eSAMs.
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For direct comparison of alkane thiol eSAMs to Fc dtc eSAMs, 1:9 FcCONH(CH2)15SH/

HO(CH2)16SH was investigated using the ACV method. In our hands, the results were very 

similar to literature reports of a single electron-transfer rate of 6.6 s−1.32 The ACV ip/ib plot 

could be fit to this value, although a fit with two rates (85% 6.6 s−1, 15% 40 s−1) was 

slightly better (Supporting Information).

The observed distributions for the Fc dtcs cover 5 orders of magnitude. The data for the Fc 

dtcs are clearly due to a distribution of rates and are significantly different from ferrocene 

alkane thiol data. The fits to the data presented here are generated manually and are not 

unique solutions. There appear to be significant populations of disordered and ordered redox 

centers that exhibit fast and slow rates, respectively.

Conclusions

Short- and long-chain ferrocene dithiocarbamates have been synthesized and assembled on 

gold surfaces. The capacitances (obtained from the charging current) for the dtc monolayers 

are higher than expected when compared to alkane thiols of similar lengths. The coverage of 

ferrocene is similar in the dtc system to that of analogous thiol SAMs formed under similar 

conditions. The electrochemistry is quasi-reversible at low scan rates based on the peak 

separation and peak shape. Importantly, these features do not improve at low ferrocene 

surface coverage, as observed for ferrocene alkane thiols. This result indicates that 

structurally, Fc dtc SAMs are fundamentally different from alkane thiol SAMs on gold.

CV and ACV methods were used to investigate the electron-transfer rate in dtc monolayers. 

Results from the seven dtc cases show that electron transfer in these systems is best 

described by a distribution of rates. Monolayers grown with the C18dtc diluent had the 

slowest rates, indicative of electron transfer through the alkane chain rather than faster, 

lateral mechanisms across the surface. It has been reported that C18dtc forms crystalline 

monolayers,60 and our observations are consistent with this report. Of the four diluent dtcs 

examined, C18dtc and CO2dtc have the lowest capacitances and the slowest components in 

the observed distributions of electron-transfer rates.

Theory has suggested that the electronic coupling for dtcs is greater than for thiols; 

therefore, our long-term goal is to determine values for this variable experimentally.56 

Furthermore, reorganization energy can be used to evaluate the molecular environment of 

the ferrocene groups and thereby give information regarding the SAM structure. However, 

because of the SAM disorder and consequent kinetic dispersion, an accurate determination 

of electronic coupling and reorganizational energy is precluded for this system.

The exchange of solution dtcs with surface-bound dtcs was investigated. When a neat 

diluent dtc monolayer is exposed to an Fc dtc solution, an electrochemical signal is 

observed, indicating either that exchange occurs or SAM defects are filled. When mixed 

monolayers of Fc dtc/diluent dtc are exposed to solutions of diluent dtc, the ferrocene 

coverage decreases, indicating that surface dtcs have exchanged with dtcs in solution. These 

observations are similar to reports of alkane thiol exchange.
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In general, the structure of dtc SAMs on the molecular scale appears to be more disordered 

than for thiol SAMs on the basis of the larger than ideal peak separations and fwhm values. 

The basis of this disorder may be the bidentate footprint of dtcs and the stronger binding to 

the gold surface. The resulting fluidity of the monolayer may allow the hydrophobic 

ferrocene groups to adopt assorted conformations in the nonpolar alkane environment and to 

have varied interactions with the solvent shell and electrolyte. Kinetic dispersion in the dtc 

eSAMs likely arises from a distribution of E0′ and/or λ because of disorder in the monolayer 

packing. Through the choice of diluent dtcs and the noncovalent interactions that they 

impose, the observed distribution of electron-transfer rates for Fc dtcs can be shifted. We are 

currently investigating alternative diluent molecules to control the degree of order in the 

monolayer. The results from this electrochemical study suggest that dtcs may have 

applications in nanoscience and interfacial technology.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Ideal configuration of ferrocene dithiocarbamate eSAMs on a gold surface. Top (Left to 

Right): FcC11dtc/C12dtc, FcC16dtc/C16dtc, FcC16dtc/C18dtc, and FcC16dtc/CO2C16dtc. 

Bottom (Left to Right): FcCO2C16dtc/C16dtc, FcCO2C16dtc/C18dtc, and FcCO2C16dtc/

CO2C16dtc.
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Figure 2. 
CV at 0.1 V/s for FcC11dtc/C12dtc shows reversible behavior. E1/2 for FcC11dtc/C12dtc 
was found to be 270 mV vs Ag/AgCl.
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Figure 3. 
Representative CVs for the six long-chain systems at 0.1 V/s and 1:1 Fc dtc/ diluent dtc. Top 

(Left to Right): FcC16dtc/C16dtc, FcC16dtc/C18dtc, and FcC16dtc/CO2C16dtc. Bottom 

(Left to Right): FcCO2C16dtc/C16dtc, FcCO2C16dtc/C18dtc, and FcCO2C16dtc/
CO2C16dtc. The FcC16dtc/C18dtc and FcCO2C16dtc/C18dtc cases show the largest 

peak separation at this scan rate. A narrow fwhm is observed in some cases.
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Figure 4. 
Examples of exchange experiment CVs. (Left) A mixed monolayer of FcC16dtc/C18dtc 
(black) was exposed to 1 mM C18dtc, resulting in a decrease in coverage (red). (Right) A 

C18dtc monolayer was formed (black) and exposed to 0.5 mM FcC16dtc, resulting in an 

electrochemical response (red). This electrode was resoaked in a fresh solution of C18dtc, 

which resulted in a decrease in coverage (green).
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Figure 5. 
Tafel plot for FcC16dtc/C16dtc. The asymmetry is typical for all dtc cases that were 

studied.

Eckermann et al. Page 20

Langmuir. Author manuscript; available in PMC 2015 June 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Representative ACV data plots (red points) and fits (black lines) for (a) 1:1 FcC11dtc/
C12dtc, (b) 1:1 FcC16dtc/C16dtc, (c) 1:1 FcC16dtc/C18dtc, and (d) 1:1 FcC16dtc/
CO2dtc.
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Figure 7. 
Histogram comparing the average distributions of rates for the four systems as determined 

using the ACV method. The distribution for the short-chain FcC11dtc/C12dtc (red) is 

clearly weighted toward higher rates than the distribution for the long-chain FcC16dtc/
C18dtc (blue) as expected on the basis of the alkane chain length.
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Scheme 1. 
Synthesis of secondary amines C16, CO2C16, FcC11, FcC16, and FcCO2C16a
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Scheme 2. 
Exchange of Solution dtcs and Surface dtcs Using Ferrocene-Labeled dtcsa
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Table 1

Capacitance of dtc Monolayers Obtained from Charging Current Data
a

C12dtc C18dtc CO2C16dtc C11SH C18SH

7.0 2.0 2.8 4.2 1.4

a
The values are reported in 10−6 F/cm2.
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Table 2

Summary of E1/2 Values for Combinations of Fc dtc and Diluent dtc
a

diluent dtc

C16dtc C18dtc CO2C16dtc

FcC16dtc 264 274 247

FcCO2C16dtc 525 530 511

a
Values are in mV versus Ag/AgCl. Dtc monolayers were grown from solutions containing 1:9 Fc dtc:diluent dtc, 1 mM total dtc.
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Table 3

Summary of ΔEp fwhm, and Coverage for All Combinations of Fc dtc and Diluent dtc
a

ΔEp (mV) fwhm (mV) coverage (10 −10 mol/cm2)

1:1 1:3 1:9 1:1 1:3 1:9 1:1 1:3 1:9

FcC11dtc/C12dtc 24 25 13 135 140–160 160 0.6 0.2 0.06

FcC16dtc/C16dtc 10 10 9 100–130 110–120 130–135 1.3 0.6 0.4

FcCO2C16dtc/C16dtc 8 8 13 97–100 100–115 95–140 1.2 0.5 0.2

FcC16dtc/C18dtc 19 25 26 130–160 105–130 120–150 1.2 0.6 0.3

FcCO2C16dtc/C18dtc 10 24 20 90–110 120–140 broad 1.3 0.6 0.3

FcC16dtc/CO2C16dtc 4 11 9 93–98 135–155 130–140 2.2 0.8 0.3

FcCO2C16dtc/CO2C16dtc 23 8 13 75–110 110–140 100–120 2.0 0.7 0.2

a
The ratios of Fc dtc/diluent dtc in the deposition solution were 1:1, 1:3, and 1:9. In the case of FcCO2C16dtc/C18dtc (1:9), the CV peaks were 

too broad to measure accurately.
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Table 4

Rate Data Obtained Using the ACV Method
a

rate (s−1) FcC11dtc/C12dtc FcC16dtc/C16dtc FcC16dtc/C18dtc FcC16dtc/CO2dtc

0–10 0.00 0.00 0.36 0.00

11–100 0.00 0.06 0.18 0.08

101–1000 0.19 0.53 0.33 0.41

1001–10000 0.38 0.15 0.13 0.39

> 10001 0.43 0.26 0.00 0.12

a
The slowest components for FcC11dtc/C12dtc and FcC16dtc/C18dtc are similar to literature values for analogous ferrocene alkane thiols. The 

fast components are due to disordered populations of redox centers (fast kinetic sites).
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