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Non-Ideal Behavior of Fc SAM Cyclic Voltammogram and Relation to HOMO Energy 

 

The non-ideal CV behavior (Figure 1e) as shown by the broad and multiple CV peaks originates 

from the heterogeneity in intermolecular interactions. Ideal Nernstian behavior is indicated when 

the CV peak exhibits a FWHM of 90.6 mV which signifies the absence of lateral interactions 

involving the Fc/Fc+ termini (i.e. between O-O, R-R and O-R molecules).1 The deviation from 

the ideal behavior has been attributed to a variety of reasons including differences in the local 

packing density (i.e. ordered and disordered domains),2 isolated and clustered Fc3 and to buried 

Fc units.4 Specifically, the mismatch in dimensions between the diameter of the Fc termini and 

methylene (CH2) units of the alkyl chain results in a buildup of strain causing some of the Fc 

units to become buried and less accessible to the electrolyte4 leading to possible so-called double 

layer effects.5 The presence of multiple peaks is more prominent as the alkyl chain length 

increases (FcCnSAu when n ≥ ~8), which is met with an increase in coverage before a saturation 

in coverage owing to greater favorability in packing energy.4, 6 The CVs can become closer to 

exhibiting ideal behavior by reducing the Fc SAM coverage with the co-adsorption of 

unsubstituted n-alkanthiolates.3 

Regarding the multiple CV peaks and relationship with the HOMO energy, it is important to note 

that the UPS result neglects a key influencing parameter for the electrochemical response, which 

is the solvation energy of the electrolyte (solvent and salt).7 One approach to delineate the 

relationship between the multiple CV peaks and HOMO energy is the co-adsorption of n-

alkanethiolates7 which shows that the single CV peak is accompanied by a single HOMO peak 

that is comparable in position (binding energy) to the full coverage case8 thus, suggests the 

importance of solvation effects from the electrolyte. 

 

Attenuation Length (λ) for Effective Thickness 

 

The determination of effective thickness by XPS (eq. 2) depends on the attenuation length (λ). 

The attenuation length can be experimental measured from XPS provided the sample is of known 

thickness, which has been previously done for n-alkanethiolates.9 The estimation of λ can also be 

performed based on established equations from Seah and Dench10 or from equations based on so-

called TPP-2M methods11 provided that certain parameters are known (i.e. band-gap energy, 
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surface coverage, density of overlayer and molecular length etc). A comparison of these λ values 

for Fc SAMs by Yokota et al12 concluded that λ determined by Bain and Whitesides9 is 

comparable to the value determined by equations based on TPP-2M. Therefore, in our work we 

have used the λ from Bain and Whitesides for the determination of effective thickness for both 

the Fc and Fc+ states.  

The small change in actual thickness has led to a range of reported values ranging from 0.09-0.3 

nm obtained from typical methods such as ellipsometry or surface plasmon resonance (SPR), 

owing to the need for certain physical parameters to be deduced.6 For instance, the incident angle 

used to determine the change in thickness with SPR requires the refractive index (related to 

dielectric constant) of each layer within the measurement setup to be deduced.13 Typically, the 

value of dielectric constant is kept the same for both the Fc and Fc+ states, which also implies the 

assumption that there is no ingress of solvent into the SAMs.6 

Dipole Moment Change of Fc and Fc+ 

The work function is related to the change in dipole moment (Δμ) can be described with the 

Helmholtz equation (S1):14 

∆∅ =
���

���
   (S1) 

Where ΔΦ as the change in work function, e as elementary charge (1.602 × 10-10 C), N is the 

dipole density which equates to the surface density of Fc SAM, while ε and εo are the relative 

dielectric constant for n-alkanethiolates (3.4) and vacuum permittivity (8.55 × 10-12 F m-1), 

respectively. Relative to the Au metal surface, for the Fc state, we obtain Δμ = 7.6 × 10-30 C m or 

2.28 D (Debye, D = 3.336 × 10-30 C m). In the Fc+ state we obtain Δμ = 1.09 × 10-30 C m or 0.33 

D. The resulting change in dipole moment of the two states is therefore, -6.52 × 10-30 C m or -

1.95 D (negative denotes the change), which would be comparable in magnitude to partially 

fluorinated akanethiolate SAMs.15 

 

 



 

S4 

 

 

Figure S1. Digital photograph showing the interior of the electrochemical (EC) chamber. The 

EC cell is in the typical position for EC measurements. The hanging meniscus is visible in the 

photograph. 

 

 

Figure S2. XPS of pristine Fc SAMs after polarization at 0.5 and 0.1 V in 0.1 M NaClO4, 

corresponding to the oxidized Fc+ and neutral Fc states, respectively. The pristine and Fc spectra 

have been overlaid together. (a) Fe 2p, (b) Cl 2p, (c) O 1s, (d) C 1s and (e) S 2p spectra. The data 

correspond to Figure 2 in the main text. The overlaid Au 4f spectra can be found in the main text. 
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Figure S3. XPS following anodic polarization at 0.37 V (corresponding to the second oxidation 

peak) in 0.1 M NaClO4. The presence of mixed valence states of Fc/Fc+ is observed. (a) Fitted Fe 

2p spectrum with the Fe 2p1/2 fitting omitted for clarity (b) Cl 2p, (c) O 1s, and (d) C 1s spectra. 

The FeIII:FeII area ratio is 1:0.5, which equates to ~67% of the Fc as being oxidized. 

 

Figure S4. XPS following cathodic polarization at 0.1 V in 0.1 M HClO4. (a) Fe 2p, (b) Cl 2p, 

(c) O 1s, and (d) C 1s spectra. Despite polarization at a cathodic potential, there is the presence 

of mixed Fc/Fc+ states. 
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Figure S5. Cyclic voltammograms in 0.1 M HClO4 and NaClO4 performed at the scan rate of 50 

mV s-1. The formal potentials and EC response in the two electrolytes are have been reported to 

be virtually identical.16 

 

 

Figure S6. XPS of pristine Fc SAM electrode and following polarization at 0.5 and 0.1 V in 0.1 

M NaClO4 to yield Fc+ and Fc, respectively. (a) Na 1s, and (b) Na 2p spectra. In all, the XPS 

results show that there is no incorporation of Na species. 
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Figure S7. UPS spectra of the pristine Fc SAMs and after polarization at 0.5 and 0.1 V 

corresponding to oxidized Fc+ and neutral Fc states, respectively. The pristine and Fc spectra are 

overlaid together and are identical to Figure 5. (left panel) Secondary electron cutoff region. 

(middle panel) HOMO emission region. (right panel) Enlarged HOMO emission region near the 

Fermi level. The work function and HOMO energy of pristine and Fc are within 0.1 eV of each 

other. 
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