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Abstract 

 Analytical expressions describing the electrochemical impedance spectrum of a 

metallic electrode modified with an acid thiol monolayer, that undergoes a potential-

induced proton transfer, have been derived from an electrostatic model of the interface. The 

frequency dispersion of the electrode impedance is described by an equivalent circuit that 

bears some similarities with that associated with a surface redox process. Good agreement 

is found between the theoretical predictions and the impedance of a Au(111) electrode 

modified with a 11-mercaptoundecanoic monolayer recorded as a function of ac frequency, 

dc potential and surface concentration of electrochemically active carboxylic groups. The 

same thermodynamic and kinetic parameter values are obtained from independent analysis 

of the voltammetric and impedimetric responses, except in the case of the reorganization 

energy for proton transfer, which seems to be affected by a slow potential-induced 

reorientation and dissociation of the external acid groups of the monolayer. 

 

Keywords: Self-assembled monolayers, 11-mercaptoundecanoic acid, potential-

induced dissociation, electrode impedance, proton transfer. 
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1. Introduction 

The electrode potential provides a convenient tool to control the thermodynamics 

and kinetics of typical electrochemical processes, such as electron transfer [1] or cation 

deposition [2]. Moreover, other processes involving adsorbed species, such as dissociation 

of weak acids, can also be manipulated through the electrode potential. In fact, in situ 

spectroscopic measurements have shown an increase of the dissociation degree of adsorbed 

acids as the potential is made more positive [3,4], a behavior that is consistent with Wien’s 

secondary effect. These types of non-faradaic processes can become amenable to study by 

conventional electrochemical techniques, inasmuch as the resulting charge displacement 

can eventually be observed as a current flow under potentiostatic conditions [5].  

Molecular self-assembly of thiol monolayers is commonly used to modify metallic 

substrates in a predetermined way [6-8]. By an adequate choice of the monolayer 

composition, reactive functionalities can be immobilized in the vicinity of the electrode 

surface. Thus, White et al. [9] were the first to report the electrochemical characteristics 

associated with a potential-induced protonation / deprotonation of an acid thiol monolayer. 

They analyzed the voltammetric response of a Ag(111) electrode coated with a mixed 

monolayer of 11-mercaptoundecanoic acid (MUA) and 1-decanethiol, and showed that it 

was similar to that of a surface-confined redox probe, but including also some specific 

variations of peak area and potential with the solution pH. The same behavior was observed 

later with gold electrodes modified with monolayers of MUA [10-12], 4-mercaptobenzoic 

acid [13], 3-mercaptopropylphosphonic acid [14] and 2-dimethylaminoethanethiol [15], and 
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is consistent with an increase in the degree of acid dissociation as the potential is made 

more positive. However, the opposite trend (i.e. a decrease in the degree of dissociation at 

more positive potentials) has also been observed in quartz microbalance [16] and infrared 

absorption [17-19] experiments performed on gold electrodes modified with -

mercaptoalkanoic monolayers, and has been explained in terms of a cation-exchange 

mechanism, to the effect that the strength of electrostatic adsorption of cations in the 

diffuse layer favors their exchange with the protons of the immobilized carboxylic groups 

at negative potentials. 

Recently, we have developed an electrostatic model [11,12] that accounts for these 

observations in terms of two populations of carboxylic groups. In our model, the large 

majority of carboxylic groups are in contact with the electrolyte solution and far from the 

electrode surface. Dissociation of this population is only weakly affected by changes in the 

electrode potential, but can still be modified indirectly by the potential-induced adsorption / 

desorption of nearby cations. The second population consists of a small number of 

carboxylic groups that are buried inside the organic layer, close to the electrode surface, 

and presumably held there by image forces [12]. Their dissociation is strongly influenced 

by the electrode potential, and only weakly affected by the adsorption of cations in the 

outer part of the monolayer. The model predicts that the potential-induced protonation / 

deprotonation of the latter population should produce non-faradaic voltammograms similar 

to those of a surface-confined redox probe [20], in agreement with experimental findings 

[9-15]. Though the model does not speculate on this population’s physical origin, it is 

likely that it consists of physisorbed mercaptoalkanoic molecules, since their surface 
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concentration increases with the thiol concentration in the deposition solution and the time 

the electrode is immersed in it 12]. 

Besides displaying opposite responses to changes in the applied potential, the two 

populations of carboxylic groups also differ in the time scale of those responses. A 

comparison of the evolution of surface infrared spectra of MUA monolayers with time [19], 

collected under low potential-scan rate conditions, and their voltammetric response [11] 

suggests that the ion exchange mechanism is much slower than the direct proton transfer 

mechanism. In order to contend with two processes that operate on different time scales, it 

would be desirable to carry out a detailed analysis of the impedance of these electrodes as a 

function of the ac perturbation frequency [21]. The first attempt was due to Burgess et al. 

[10], who described the frequency dependence of the charge rearrangement associated with 

a potential-induced protonation process as a series connection of a resistance  /p dpR  and a 

capacitance  /p dpC . Then, the electrode impedance was intuitively derived as a parallel 

connection of this protonation impedance and the monolayer capacitance. This equivalent 

circuit was shown to fit satisfactorily the frequency dependence of the electrode impedance, 

but the number of parameters and the empirical approach of their derivation precluded a 

satisfactory interpretation of the elements of their equivalent circuit.  

In the present work, we derive an explicit analytical expression for the impedance of 

an electrode modified with an acid thiol monolayer, on the basis of an electrostatic 

description of the electrode and of our previous model for a potential-induced proton 

transfer process, that assumes the adequacy of a nonadiabatic mechanism. We have also 

measured the impedance of a MUA-modified Au(111) electrode as a function of the ac 

frequency, dc potential and surface concentration of embedded carboxylic groups, and have 
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found a quantitative agreement between the theoretical predictions and the experimental 

results. 

 

2. Material and methods 

11-Mercaptoundecanoic acid (MUA) was purchased from Aldrich. High purity 

Puratronic sodium fluoride was from Alfa Aesar. Water was purified with a Millipore 

Milli-Q system (resistivity 18 M cm). The solution pH was adjusted to 8.5 in the 

electrochemical cell by adding a few drops of a freshly prepared 1 mM NaOH (Fluka) 

solution to a previously de-aerated 20 mM NaF solution. The pH was continuously 

monitored with an Orion 8102BN electrode connected to an Orion 420A pH meter.  

A Au(111) single crystal electrode (Metal Crystals and Oxides), with a geometric 

basal surface area of 0.225 cm
2
, was used as working electrode. Self-assembled monolayers 

(SAMs) of MUA with 3.5, 10 and 20 pmol cm
-2

 of embedded carboxylic groups were 

obtained by immersing the Au(111) surface in a 50 mM MUA ethanolic solution for 1, 2.5 

and 3 h, respectively, while those with 40 pmol cm
-2

 were obtained by contacting the gold 

surface with a 18 mM MUA ethanolic solution for 19 h. The modified electrode was first 

rinsed with ethanol and then with a 5 mM NaF aqueous solution at pH 8.5. Contact of the 

thiol-coated Au(111) surface with the electrolyte solution in the electrochemical cell was 

made by the hanging meniscus configuration, and it was allowed to equilibrate with the 

solution for 5 min. prior to performing the electrochemical measurements. A 

AgAgClNaCl (sat’d) electrode and a Pt wire were used as reference and auxiliary 

electrodes, respectively. The reference electrode made electrical contact with the cell 

solution via a salt bridge filled with the same cell solution. All measurements were 
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performed in a water-jacketed glass cell, thermostated at 25.0  0.2ºC with a Haake D8.G 

circulator thermostat. Electrolyte solutions were de-aerated with a presaturated argon 

stream prior to the measurements, and a positive argon pressure was maintained over the 

solution during the measurements. All the potential values are referred to the 

AgAgClNaCl (sat’d) electrode. Voltammetric and cell impedance measurements were 

carried out with an Autolab PGSTAT30 (Eco Chemie). After applying the required dc 

potential, a 3 s delay was observed to allow for monolayer stabilization. Subsequently, a 5 

mV rms sinusoidal perturbation was applied and impedances were recorded at 20 

frequencies in the 0.5 s
-1

 ≤ f ≤ 5000 s
-1

 range.  

 

3. Theory 

We have shown previously [11,12] that the voltammetric response of 

mercaptoalkanoic monolayers can be described quantitatively by assuming that the thiol 

monolayer contains two populations of carboxylic groups. The first consists of those 

carboxylic groups that are exposed to the external solution, and whose degree of ionization 

varies very slowly with the applied potential, so that it can be assumed that it is determined 

only by the interaction with the contents of the solution. The second includes those 

carboxylic groups that are buried inside the monolayer, and whose degree of ionization is 

controlled not only by the solution pH but also by the electrode potential. We denote by 

ext

T  and p / dp

T  the surface concentrations of the external and buried carboxylic groups, 

respectively. The buried carboxylic (R-OH) and carboxylate (R-O
-
) groups are assumed to 

be located at a plane a (see Figure 1), parallel to the electrode surface. The proton exchange 

also involves a proton acceptor (OH
-
) and a proton donor (H2O) from solution, which share 
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a common plane (b) of closest approach to the electrode surface (see Figure 1). Other 

electrolyte ions are allowed to approach the electrode up to plane d only, which can be 

identified with the Outer Helmholtz Plane. The average potential values at the first two 

planes, a  and b , with respect to the bulk solution ( s = 0) can be expressed in terms of 

the electrode potential m , as follows: 

 

p / dp

Ta d m d R O
a

ma

F

K

 
    


 

    
 
 

 (1) 

where d  is the potential drop across the diffuse layer, 
R O

 
is the degree of ionization of 

buried carboxylic groups, a md adK / K  is the ratio of the integral capacity of the solvated 

monolayer ( mdK ) and that of the dielectric slab bounded by plane a and the diffuse layer 

boundary d ( adK ), so that 0 < a < 1, and 1 1 1

ma md adK K K    . 

Analogously, 

 

p / dp

Tb d m d R O
b

ma

F

K

 
    


 

    
 
 

 (2) 

where b md bdK / K  . 
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Figure 1. Schematic representation of the potential-induced proton transfer process at an 

electrode modified with a -mercaptoalkanoic acid monolayer, which is in contact with an aqueous 

electrolyte solution. Carboxylate and carboxylic groups that are involved in the potential-induced 

proton transfer are located at plane a inside the monolayer. Proton donors and acceptors from 

solution are located at plane b. Other symbols are defined in the text. 

 

On the basis of eqs. 1 and 2, quantitative relationships between the electrode 

potential m  and the extent of ionization 
R O

 
 can be derived under equilibrium and non-

equilibrium conditions (see eqs. S5 and S7 in the Supporting Information section). 

a) Transient response of the modified electrode. As stated before, a change in the 

electrode potential can trigger a proton exchange between monolayer and solution, 

producing a flow of non-faradaic current through the external circuit. Potential perturbation 

and current flow are related through the model parameters, and this relationship defines the 

transient response of the modified electrode. 
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The non-faradaic current density i stems from a change in the charge density at the 

electrode surface q
m
, which satisfies the electroneutrality condition at the interface: 

 m d p/ dp ext

T R O R O
q  q   F   F    

     (3) 

where q
d
 is the charge density in the diffuse layer and 

ext

O R
  is the surface concentration of 

ionized carboxylic groups in the external part of the monolayer. Therefore, 

 
m d

p/ dp R O
d T

ddq d
i C F

dt dt dt




    (4) 

since ext

R O
  is assumed to depend on the solution pH only, and where Cd is the diffuse 

layer capacity. Furthermore, the interfacial potential drop m  can be split into three 

contributions 

 

p / dpm
Tm dR O

md ad

Fq

K K

 
 

    (5) 

which relate mq  and d  at a given m . By taking the first derivative with respect to time, 

the following expression is obtained 

 
/m p dp d

T R O

md ad

dd i F d

dt K K dt dt

      (6) 

The protonation / deprotonation rate in the second term of the r. h. s. can be expressed as 

[11]: 

  1solR O
dp pOH R O R O

d
k c k

dt


 



  



 
    (7) 

where pk  and dpk  are the protonation and deprotonation rate constants, respectively, and 

sol

OH
c   is the bulk concentration of the proton acceptor OH  . By combining eqs. 4, 6 and 7, 

we obtain: 
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 / (1 )

1

p dp solm
T p dpR O OH R O

d

ma

d

md

F k k cd

d dt K

Cdt

K

  



   
 







             (8) 

The transient response of the modified electrode can now be obtained by solving 

numerically eqs. 7 and 8, after substituting for  d

dC  , pk  and dpk  as a function of the 

dependent variables 
R O

 
 and d  and the control variable  m t .  

b) Impedance spectrum of the modified electrode. To obtain an expression for 

the admittance 1

elZ   of the modified electrode, we consider that the electrode, under 

equilibrium conditions at a potential m , is subjected to a small periodic perturbation of the 

potential m j te   , and that the current response is of the form j ti e   , where  is the 

angular frequency of the perturbation, m  and i  are the amplitudes of the perturbation 

and response, respectively, and 1j   , so that 1 / m

elZ i   . Then, eq. 4 can be 

rewritten as: 

                          
/

d
j t p dp m j tR O

d Tm m
i e j C F e 


   

 


 

      
 

                    (9) 

and, 

                          
1 /( )

d
p dp R O

el d Tm m m

i
Z j j C F

 
  

  

 
 

    
 

                      (10) 

The relationships between the 


OR
 , d and m  amplitudes can be derived 

from eqs. 6 and 8. After substituting for 


OR
  and d  into eq. 10 we obtain the 

frequency dispersion of the electrode admittance in terms of the model parameters (see the 
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Supporting Information section for a detailed derivation), which is shown to be identical to 

that of the equivalent circuit depicted in Figure 2a.  

 

Figure 2.  a) Theoretical equivalent circuit that describes the impedance of an electrode that 

undergoes a potential-induced protonation / deprotonation process. Circuit elements are defined in 

the text. b) Equivalent circuit of the electrode impedance, where the maK  and adK  capacitors have 

been replaced by the constant phase elements maQ  and adQ , respectively, and where the diffuse 

layer capacity dC  has been neglected. 

 

Besides the three capacitors Kma, Kad and Cd, which have already been defined, the 

equivalent circuit in Figure 2a includes a series connection of the /p dpR  resistance and the 

/p dpC  capacitance. These last two elements contain the relevant information on the proton 

transfer process. General expressions of /p dpR  and /p dpC  are presented in the Supporting 

Information (eqs. S24 and S25) but they can be simplified under the usual experimental 
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conditions. Thus, we have shown [12] that whenever 2100 pmol cmext

R O




   the value of 

d  remains constant within the potential interval where proton exchange takes place. Then, 

1 2 1 2

m m

/ /E E     where E is the electrode potential measured with respect to the 

reference electrode and 1 2/E  is its value when R OHR O
  

  = 0.5 under equilibrium 

conditions, so that /p dpC  and /p dpR  can be expressed as: 

                                      
 

  

2 /

/ 2

exp

1 exp

p dp
aT

p dp

a

F
C

RT

 

 



                                     (11) 

                                       / 2 /

1 1
p dp p dp sol

T p dp OH

RT
R

F k k c 

 
   

 

                                      (12) 

where 

                                          
 

1 2

1 2 p/ dp

TR O

/

ma

/ FF
E E

RT K





  
   
 
 

                             (13) 

The two rate constants pk  and dpk  vary with the applied potential according to [11]: 

                                                  2ln ln ap ap

p s p Mk k                                                   (14) 

                                                2ln ln sol ap ap

dp s dp MOH
k c k                                              (15) 

where the parameters ap

p , ap

dp  and M  are defined in eqs. S11-S13, and ap

sk  is the 

apparent standard proton transfer rate constant, such that 
ap sol

s dp pOH
k k c k   when 1 2/E E . 

 The equivalent circuit in Figure 2a displays a frequency dispersion similar to that of 

the equivalent circuit derived by Burgess et al. [10] when 1a  , since then 

ma ad md
K K K  . Moreover, the expressions for /p dpC  and /p dpR  in terms of pk  and dpk  

become identical in both derivations (i.e. eqs (11) and (12) above and eqs. (30) and (29) in 
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ref. [10], respectively) if it is assumed that all the carboxylic groups are involved in the 

proton transfer process (i. e. 10 28 10 mol/cmp/ dp

T tot     ) and that Burgess’ 

parameter    m

R O E
q / 


    equates to p/ dp

TF . However, these authors could not 

provide a complete description of the proton transfer process due to the absence of an 

adequate procedure to analyze the equilibrium limit at each potential, and to extract the 

individual values of the protonation / deprotonation rate constants.  

 

4. Results and discussion 

4.1 Frequency and potential dependence of the cell impedance 

The cell impedance ( cellZ ) consists of a series connection of the modified electrode 

impedance ( elZ ) and the ohmic resistance ( R ) originated mainly in the electrolyte 

solution, so that: 

                                                  '  "cell cell cell elZ Z j Z R Z                                          (16) 

where 'cellZ  and "cellZ  are the real and imaginary components of the cell impedance, 

respectively, which can be related to the components of the equivalent circuit in Figure 2a 

according to: 

                                           

 

/

2

2

/

/

'

1

p dp

cell

as
p dp as

p dp

R
Z R

C
R C

C





 
 
   

 

                        (17) 

                                      

 

 

1

/ 2

/

/

2

2

/

/

1

1
''

1

p dp as

as p dp

p dp

cell

ma
as

p dp as

p dp

C C
C R

C
Z

K C
R C

C












  
 
   

 

                     (18) 
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where 1 1 1

as ad dC K C    . Eqs. 17 and 18 show explicitly the dependence of the cell 

impedance on the ac perturbation frequency, and reveal some close similarities with those 

corresponding to a surface redox process [22,23]. However, the dependence on the applied 

potential E  remains implicit in these equations, since it arises from that of each equivalent 

circuit element. To visualize the variation of the cell impedance with frequency we have 

used Bode plots, in which the phase angle ( ) and the logarithm of the impedance 

modulus ( cellZ ), defined as: 

                                                             
''

arctan
'

cell

cell

Z

Z
                                                     (19) 

and 

                                                         
2 2

' ''cell cell cellZ Z Z                                          (20) 

are plotted as a function of the logarithm of the ac frequency 2f /  . 

 In the absence of a proton transfer process, 0p/ dpC   and p/ dpR   , so that the 

protonation branch in the equivalent circuit is cancelled, and pure R-C behavior is predicted 

(see the red lines in Figures 3a and b). Then, the cell impedance is dominated by the ohmic 

resistance at high frequencies (so that    0º and | cellZ |  R ) and by the series connection 

of the maK , adK  and dC  capacitances at low frequencies (so that    -90º and log| cellZ | 

 log f ). 

 The presence of the proton transfer process leads to the emergence of a minimum in 

the phase angle plot (see Figures 3a and 3c) and an inflection point in the impedance 

modulus plot (see Figures 3b and 3d). The minimum and the inflection point appear at the 

same characteristic frequency *f , which helps to locate an adequate frequency range to 
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carry out the experiments and it also provides an initial estimate of the rate of proton 

transfer, since * ap

sf k . It may be observed also in Figure 3 how the extent of the deviation 

from the R-C limiting behavior is a measure of the surface concentration of acid groups 

p/ dp

T  that are involved in the proton transfer process. 

 

Figure 3.  a) and b) Influence of ap

sk  on the cell impedance, ap

sk / s
-1

: 0 (red line), 1 (green 

line), 10 (black line). c) and d) Influence of p / dp

T  on the cell impedance, p / dp

T  / pmol cm
-2

: 1 

(green line), 10 (black line), 100 (red line). Default parameter values: p / dp

T  = 20 pmol cm
-2

, 

ap

sk  = 10 s
-1

, 0 98a .  , 21000  cmR   , 23 F cmmdK   , T = 298 K. Cell impedances have 

been computed assuming that 1 2/E E  and d adC K . 

 

 In the case of MUA monolayers in contact with dilute basic solutions it can safely 

be assumed [11,12] that d adC K  and that both a  and mdK  are independent of the 

applied potential. Therefore, any variation of the cell impedance with the dc potential will 
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originate in those of /p dpC  and /p dpR , which depend on the values taken by 

,  and p dp R O
k k  

 at each potential, according to eqs. 11-13. A closer look at these 

equations reveals that the proton transfer capacitance p/ dpC  is related to parameters 

describing the proton transfer equilibrium, whereas the relevant kinetic parameters are all 

included in the proton transfer resistance p/ dpR .  

 Since  / 1p dp R O R O
C    

   at each potential (see eq. S24), /p dpC  is a scaled 

version of the dc voltammetric current under equilibrium conditions [20,24], and we can 

expect a bell shaped dependence of /p dpC  with the applied potential, with a maximum at 

1 2/E  (see Figures 4b and 4d). Analogously,  
1

1

/

sol

p dp p dp OH
R k k c 


   and the variation of 

/p dpR  with the applied potential will reproduce those of pk  and dpk , which are determined 

by the values of the parameters 
ap

p , 
ap

dp  and M , according to eqs. 14 and 15. In the 

simplest case, when ap ap

p dp   and 0M  , the /p dpR  vs. E  plots take the form of a 

hyperbolic cosine with a minimum at 1 2/E  (Figures 4a and 4c). More general cases for 

1ap ap

p dp/    and 0M   are considered in the Supporting Information section. Figure 4 

also shows the influence of the number ( p/ dp

T ) and location ( a ) of the buried carboxylic 

groups on the potential dependence of /p dpC  and /p dpR . It may be observed that p/ dp

T  acts 

simply as a scaling factor, without modifying the aforementioned basic shapes. However, a 

decrease of a  results in a broadening of the /p dpC  and /p dpR  vs. E  plots, since it makes 

the potential at the protonation / deprotonation site a  less sensitive to changes in the 

electrode potential m . 
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 It may be concluded from Figure 4 that proton transfer impedances are more 

conveniently obtained at potentials close to 1 2/E . As E  moves away from 1 2/E , both /p dpR  

and /1/ p dpC  increase, and eventually 1p/ dp asZ / j C , so that: 

                               
1 2

1 1 1 1
m m

/
cell

ma as md

Z R R
j K C j K

     

 
     

 
                       (21) 

and any information on the proton transfer process is lost. 

 

 

Figure 4.  a) and b) Influence of a  on the variation of p / dpR  and p / dpC  with the applied 

potential. c) and d) Influence of p / dp

T  on the variation of p / dpR  and p / dpC  with the applied 

potential. Default parameter values: p / dp

T  = 10 pmol cm
-2

, ap

sk  = 10 s
-1

, 0 9a .  , 2ap

p a /  , 

0M  , 23 F cmmdK   , ext

R O
 

 = 400 pmol cm
-2

, T = 298 K.  
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4.2 Comparison with experiment 

 Rather than attempting a direct fit of the cell impedances to the equivalent circuit 

depicted in Figure 2a, we will analyze first the impedance spectrum at potentials well away 

from 1 2/E , where eq. 21 holds. In a previous voltammetric study of the same electrode we 

obtained  1 2 0
0 23 Vp / dp

T
/E .

 
  , so that no potential-induced proton transfer is expected to 

take place for 0 35 VE .   (where 0
O R
 

 ) and for 0 11 VE .   (where 1
O R
 

 ). It 

may be observed in Figure 5 how cell impedances take the same values at potentials close 

to the indicated positive and negative limits. It is also evident that eq. 21 can only 

reproduce satisfactorily the experimental Bode plots at high frequencies, i.e. for 

1100 sf  (dashed lines). At low frequencies, cellZ  deviates moderately from the 

behavior predicted by eq. 21, but a more pronounced deviation is observed for the phase 

angle, which reaches a low frequency plateau at  -80º rather than the expected -90º. 

Similar results have been obtained for other hydrophilic SAMs, and have been ascribed to a 

slow ion/water penetration into the SAM [25]. It should be noted that Burgess et al. [10] 

reported a low-frequency phase angle plateau of  -88º for their MUA monolayers 

deposited on polycrystalline gold beads, which suggests that their monolayers were less 

permeable than ours. 

To account for the measured low-frequency phase angle values, the interfacial 

capacitance mdK  was replaced by a constant phase element (CPE) mdQ , whose impedance 

takes the form     1
n

CPE mdmd
Z / Q j   , with 0 1n   [10]. In these electrodes, the 

CPE is likely to originate in a slow spatial redistribution of charges and dipoles (such as 

water molecules or polar groups tethered to the monolayer) in response to the externally 
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imposed ac perturbation [26-28]. Such redistribution can certainly include the slow 

potential-induced protonation / deprotonation of the external carboxylic groups via an ion-

exchange mechanism [17-19]. A satisfactory fit of the observed impedance spectrum at 

potentials far from 1 2/E was obtained when the capacitive term in eq. 21 was replaced by a 

CPE with 6 1 24 2 10   s  cm
n

mdQ .       and 0 91n .   (solid lines in Figure 5). 

 

Figure 5.  a) Phase angle and b) impedance modulus Bode plots of a Au(111) electrode 

modified with a MUA monolayer, contacting a 20 mM NaF aqueous solution of pH 8.5 at 298 K. 

Impedances were measured at -0.100 V (○) and -0.375 V (○). Dashed lines ( ) have been 

computed from eq. 21 with 2290  cmR    and 22 2 F cmmdK .   . Continuous lines () have 

been computed from a series connection of 2290  cmR    and a constant phase element (CPE) 

6 1 24 2 10   s  cmn

mdQ .       with exponent 0 91n .  . 

 

This approach was then extended to the impedance analysis at potentials close to 

1 2/E  by replacing the two capacitances maK  and adK  with two CPEs maQ  and adQ , 

respectively, in the equivalent circuit of Figure 2a. These two CPEs were assumed to share 
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the same exponent value 0 91n .   so that their series combination 

        
1 1 1n n n

ma ad mdQ j Q j Q j    
  

  could be compared with the CPE value 

obtained at potentials far from 1 2/E  [29]. Moreover, as stated previously, dC  takes such 

high values that its contribution to the electrode impedance was neglected. On the basis of 

these considerations, the equivalent circuit in Figure 2a was replaced with its modified 

version in Figure 2b, where the diffuse layer capacity has been neglected and the 

monolayer capacities have been replaced by constant phase elements.  

 Figure 6 illustrates the influence of the electrode potential E  on the impedance 

Bode plots for two values of the surface concentration of ionizable groups. The p/ dp

T  and 

1 2/E  values indicated in Figure 6, together with a value of 0 986a .  , were derived from 

the integration and location, respectively, of low scan rate voltammetric peaks recorded 

under the same experimental conditions (a more detailed explanation can be found at the 

end of Section 2 in the Supporting Information). It may be observed how   develops a 

progressively deeper minimum at 110 s*f  , as E  approaches 1 2/E  from more anodic 

potentials. Simultaneously, the low-frequency cellZ  values display an inflection point at 

frequencies close also to 10 s
-1

,
 
and decrease as E  approaches 1 2/E . The direction of these 

sequential variations of   and cellZ  is reversed when potentials are made progressively 

more negative than 1 2/E (not shown for clarity). The same behavior can be observed in the 

Bode plots reported by Burgess et al. [10] in their Figure 2. It may be noticed also in Figure 

6 how p/ dp

T  modulates the deviations of   and cellZ  with respect to the limiting 

CPER   behavior, in agreement with the theoretical predictions. In fact, the equivalent 
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circuit of Figure 2b reproduces satisfactorily the observed impedance spectrum, for any 

p/ dp

T  and E values, with fixed values of 2

Ω
280 30 Ω cmR   , 0 91n .  , 

6 1 0 91 290 20 10   s  cm.

maQ        and 6 1 0 91 24 2 0 2 10   s  cm.

adQ . .       , and the /p dpC  

and /p dpR  values depicted in Figure 7. 

 

Figure 6.  Influence of potential E  and surface concentration of carboxylic groups Γ p / dp

T  

on the Bode plots of a Au(111) electrode modified with a MUA monolayer, contacting a 20 mM 

NaF aqueous solution of pH 8.5 at 298 K. Values of p / dp

TΓ , 1 2/E  and E  are indicated in the Figure. 

Symbols are experimental data and lines are fits to the equivalent circuit in Figure 2b with 

2

Ω
280 30 Ω cmR   , 0 91n . , 6 1 0 91 290 20 10   s  cm.

maQ       , 

6 1 0 91 24 2 0 2 10   s  cm.

adQ . .       , and the /p dpC  and /p dpR  values depicted in Figure 7. 
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 Figure 7 illustrates the variation of p/ dpR  and p/ dpC  with the applied potential for 

four different values of p/ dp

T . Besides a qualitative agreement with the theoretical trends 

illustrated in Figures 4c and 4d, satisfactory fits of these p/ dpR  and p/ dpC  values to eqs. 10 

and 11 were obtained by using p/ dp

T , 
1 2/E  and a  values derived independently from low 

scan rate voltammograms, as indicated before, and 19 4 0 5 sap

sk . .   , 0 45 0 03ap

p . .    

and 0 04 0 02M . .   (solid lines in Figure 6). Both ap

sk  and ap

p  values are in good 

agreement with those determined previously from the analysis of fast scan voltammograms 

recorded on the same system [11]. Since the   values reported by Burgess et al. [10] 

develop a minimum at 110 s*f  , it can reasonably be assumed that their results are also 

consistent with 110 sap

sk  . 
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Figure 7.  a) /p dpR  and b) /p dpC  values that fit the impedance spectrum of a Au(111) 

electrode modified with a MUA monolayer, contacting a 20 mM NaF aqueous solution of pH 8.5 at 

298 K, as a function of overvoltage 
1 2/E E  and surface concentration of carboxylic groups p / dp

TΓ . 

Lines are theoretical values computed with eqs. 11 and 12 and the parameter values indicated in the 

text. Broken and dotted lines were computed by setting 0M   and 0.006, respectively. 

 

Proton exchange between two adjacent oxygen atoms takes place typically in a time 

scale [30-32] much shorter than the 0.1 s determined for potential-induced proton transfer 

in MUA monolayers. Therefore, a mechanism based on a field-assisted displacement of the 

proton through the organic monolayer has been proposed before [11], in agreement with the 

observation that 2 0 49ap ap

p dp a / .     , which implies that 0b   (see eqs. S11 and 

S12), so that the proton acceptor and donor from solution remain close to the OHP, while 

their surface immobilized counterparts are close to the metal. On the other hand, the present 

estimate of M  is significantly higher than the 0.006 value reported previously [11] 

(compare the dotted and full lines in Figure 7a). The new M  value translates into a 

reorganization energy for proton transfer   (see eq. S13) of 20 kJ mol
-1

, much lower than 

our previous estimate of 80 kJ mol
-1

. The present estimate of M  is expected to be more 

accurate, since it has been obtained from experiments spanning a broader range of p/ dp

T  

values, but there may be a more fundamental reason that justifies the difference between 

the M  values obtained from voltammetric and impedance measurements. In a recent study 

of the IR signature of MUA monolayers deposited on gold [19], we have observed a slow 

and reversible reorientation of the hydrocarbon chains upon application of a large potential 
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perturbation. Previously reported fast scan voltammetric experiments sampled a 1 V 

potential window in less than 50 ms, so that proton transfer took place at potentials far from 

1 2/E  in an effectively frozen monolayer structure. On the other hand, impedance 

measurements are collected at each potential after a 3 s delay to allow the monolayer to 

reorganize its molecular structure. Therefore, the variation in the proton transfer 

reorganization energy, as determined by voltammetric and impedance measurements, may 

just be a consequence of the slow response of the monolayer structure to changes in the 

applied potential.  

 

5. Conclusions 

 The good agreement between the theoretically derived electrode impedance and the 

experimental results lends some additional support to our description of potential-induced 

proton transfers in acid thiol monolayers. This description is based upon two basic 

assumptions, a) proton transfer takes place according to a nonadiabatic mechanism and b) it 

involves a small population of physisorbed thiol molecules. The first assumption 

determines the potential dependence of the proton transfer parameters p/ dpR  and p/ dpC , 

which has been carefully examined over a 200 mV potential window. The second 

assumption agrees with the consistent variation of p/ dpR  and p/ dpC  as the surface 

concentration of buried thiol molecules was systematically varied between 3.5 pmol cm
-2

 

and 40 pmol cm
-2

. Voltammetric and impedance measurements provide the same values of 

the standard rate constant and transfer coefficients 2 0 49ap ap

p dp a / .      and, therefore, 

support the same physical picture of the proton transfer process. However, they produce 

different estimates of the reorganization energy that are tentatively ascribed to slow 
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changes in the molecular structure of the monolayer as the external potential is being 

varied. Derivation of explicit contributions to the cell impedance of potential-induced 

reorientation and dissociation of the external acid groups that would account for these types 

of effects, is currently underway. 
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1. Summary of thermodynamics and kinetics of the potential-induced proton 

transfer.  

This section is a summary of our previous work on the thermodynamics and kinetics 

of potential-induced proton transfer at self-assembled acid thiol monolayers [11,12]. In 

order to describe the electrochemical response of mercaptoalkanoic monolayers, we assume 

that the thiol monolayer contains two populations of carboxylic groups. The first one 

consists of those carboxylic groups that are exposed to the external solution, and whose 

ionization degree is determined only by their interaction with the solution components. The 

second one includes those carboxylic groups that are buried inside the monolayer, and 

whose ionization degree is controlled not only by the solution pH but also by the potential 

at the gold substrate m . We denote by ext

T  and p / dp

T  the surface concentrations of the 

external and buried carboxylic groups, respectively. The buried carboxylic (R-OH) and 

carboxylate (R-O
-
) groups are assumed to be located at a plane a (see Figure S1), parallel to 

the electrode surface. The proton exchange process involves also a proton acceptor (OH
-
) 

and a proton donor (H2O) from solution, which share a common plane b of closest approach 

to the electrode surface (see Figure S1). Other electrolyte ions are allowed to approach the 

electrode up to plane d only, which can be identified with the Outer Helmholtz Plane. The 

average potential values at the first two planes, a  and b , with respect to the bulk solution 

( s = 0) can be expressed in terms of the electrode potential m , according to:
 

 

p / dp

Ta d m d R O
a

ma

F

K

 
    


 

    
 
 

 (S1) 

where d  is the potential drop across the diffuse layer, 
R O

 
is the ionization degree of the 

buried carboxylic groups, a md adK / K  is the ratio between the integral capacity of the 
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solvated monolayer ( mdK ) and that of the dielectric slab limited by plane a and the diffuse 

layer boundary d ( adK ), so that 0 < a < 1, and 1 1 1

ma md adK K K    . 

Analogously, 

 

p / dp

Tb d m d R O
b

ma

F

K

 
    


 

    
 
 

 (S2) 

where b md bdK / K  . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S1. Schematic representation of the potential profile at the interface between a gold 

electrode modified with a -mercaptoalkanoic acid monolayer and an aqueous electrolyte solution.  

The equilibrium condition for proton transfer involving the buried carboxylic 

groups: 

 2R OH  (plane a) + OH ( sol.)  R O  (plane a) + H O ( sol.)    (S3) 

can be expressed in terms of the electrochemical potentials of each species as: 

 
2

0 0 0 0 ln  ln  ln ,a ,sol sol ,a a ,sol

R OH R OH H OOH OH R O R O
RT RT a RT F            

        (S4) 

  

m  

a  
b  
d  

a b d 
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where p/ dp p/ dp

i i T/   and the other symbols have their usual meaning. This expression 

shows that 
R O

 
depends on the applied electrode potential m  via eq S1. This relationship 

can be made explicit under equilibrium conditions, by combining eqs S1 and S4 to obtain: 

 
1
2

1 2 1 2

1
ln

1

p/ dp

Tm m d da R O R O
/ /

a a maR O

( )FRT
( )

F K

  
   

  

 



 



  
       

 (S5) 

where 1 2

m

/  is the half-conversion equilibrium potential, where R OHR O
  

 , so that 

 
0

1 2 1 2

1
ln 

2

p/ dp
m d sola T
/ / OH

a a a ma

G RT F
a

F F K

  
 

  



     (S6) 

with 
2

0 0 0 0 0,a ,sol ,a ,sol

H O R OHR O OH
G     

     and 1 2

d

/  is the diffuse layer potential drop at 1 2

m

/ . 

Therefore, 1 2

m

/  depends on the solution pH and the location and surface concentration of 

buried carboxylic groups. 

Following our previous derivation [11], the net rate of deprotonation (v) can be 

expressed in terms of the deprotonation (kdp) and protonation (kp) rate constants  as follows: 

 
sol

dp R OH pOH R O
v k c k   
   (S7) 

where kp and kdp vary with m  according to: 

 
2ln ln ap ap

p s p Mk k        (S8) 

  
 1 2 2ln ln 

d d

/sol ap ap

dp s dp MOH

F
k c k

RT

 
   


     (S9) 

where ap

sk  is the apparent standard rate constant of proton transfer and 

    
 

1 2 1 2

1 2 p/ dp

Tm m d d R O

/ /

ma

/ FF

RT K


    


  
     
 
 

 (S10) 
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 1 21
2

ap a b /
p

w 




  
  

 
 (S11) 

 1 2

2 2

ap a b a b /
dp

w   




  
    (S12) 

 
 

2

4

a b

M

RT 





  (S13) 

where   is the reorganization energy for the proton transfer step and 1 2/w  is the 

difference between the amounts of work required to bring H2O and OH
-
 from the solution 

to plane b when 1 2

m m

/  . It is interesting to note that ap ap

dp p a    . 

 

2. Derivation of the proton transfer impedance. 

Let us consider a small periodic perturbation of the equilibrium film by a signal 

tjmm e   , where the over-bar refers to the equilibrium state,  is the perturbation 

angular frequency, m  the perturbation amplitude and 1j   . The responses of OR
  

and d  are represented as 
tj

OROR
e   

  and tjdd e   , respectively, where 




OR
  and d  are complex amplitudes that contain a frequency-dependent phase factor 

which accounts for the phase lag with respect to the applied signal. Now, the formula for 

the electrode admittance 1

elZ   can be easily derived from eq. 4 in the main text, when the 

current density response is expressed as j ti e   , to obtain: 

                          
1 /( )

d
p dp R O

el d Tm m m

i
Z j j C F

 
  

  

 
 

   
 

                     (S14) 

In order to determine the relationships between the 


OR
 , d and m  

amplitudes, their previously formulated time dependence is substituted into eqs. 7 and 8 in 
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the main text. By retaining only terms up to first order in the various amplitudes, we get 

from eq. 7, after some rearrangement, 

     (1 )
p dpsol sol

dp pOH R O OH R O R O

R O R O

k k
j k c k c   

 
    

 

  

 

  
      

   

 

    (1 ) (1 )
p dp dp psol d sol m

d d m mR O OH R O OH R O R O

k k k k
c c     

   
        

      
              

    (S15) 

Analogously, we get from eq. 8, 

/

(1 ) ..
p dp

dp psol solT
dp pOH OH R O R O R O

ma R O R O

k kF
k c k c

K


  

 
    

 

  

 

  
      

   

 

      
/

.. 1 (1 ) ..
p dp

dp psol dd T

d dOH R O R O
md ma

k kC F
j c

K K


   

 
   

     
         

    
 

                  
/

.. (1 )
p dp

p dp sol mT
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ma
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K
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     
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               (S16) 

Eqs. S15 and S16 are two simultaneous linear equations in terms of the complex 

amplitudes 


OR
  and d , that can be rewritten in a more manageable form as: 

                                 11 12 1( ) d m

R O
j      

                                      (S17) 

and 

                                    21 22 2( ) ( )d m

R O
j j       

                              (S18) 

where some coefficients are related by: /

21 11 /p dp

T maF K    , /

22 12 /p dp

T maF K     and 

/

2 1 /p dp

T maF K    . 

 By solving eqs. S17 and S18, and substituting for 


OR
  and d  into eq. S14, we 

obtain for the frequency dispersion of the electrode admittance: 
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      

  
 

   
 

       (S19) 

This frequency dependence is identical to that of the equivalent circuit depicted in Figure 

S2a, for which: 

                           
2

1 2 3 2 3
1 2

3 1 2 1 2 3

( )
( )

( ) ( )
circuit

RC C j C C
Z j j C

RC C C j C C C

 
 

 

   


    
                  (S20) 

It should be noted that the interpretation of the four circuit elements is not unique, 

since identifying the two expressions results in only three independent equations in terms of 

the four unknowns 1 2 3, ,C C C  and R. However, from the physical model, it is clear that we 

should identify 1C  with maK . The remaining circuit elements then follow from comparison 

of ratios of the corresponding coefficients in the two admittance formulae. After some 

algebra we find the following relationships between circuit elements and model parameters: 

                                                          
2

1 1 1 1

as ad dC C K C
                                                (S21) 
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      
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Figure S2.  a) Combination of three capacitors C1, C2 and C3 and a resistor R that 

reproduces the frequency dependence of the modified electrode admittance, as derived from the 

present model. b) Identification of the equivalent circuit elements in terms of the model parameters. 

The subscript p/dp refers to the protonation / deprotonation process. 

 

In order to express the components of the equivalent circuit more explicitly in terms 

of the actual model parameters, we need to evaluate 11 , 12  and 1  using their respective 

definitions and the formulae for kp and 
sol

OHdpck  , keeping in mind the fact that in 

equilibrium  


ORpOR

sol

OHdp kck  )1( . A straightforward calculation leads to the 

following, remarkably simple, results: 


ORp
a k

RT

F



1 , 112

1







a

a   and 
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1

/

11 
ma

dpp

T
p

sol

OHdp
K

F
kck


  , which, when inserted into the expressions for /p dpC  and 

/p dpR , yield the desired formulae 
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   (S24) 

                         / 2 / 2 /

1 1 1
p dp p dp p dp sol

T p T p dpR O OH

RT RT
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F k F k k c   

 
    

 

                   (S25) 

We have shown previously [11,12] that d  remains invariant within the potential 

window of interest when 2100 pmol cmext

R O




  , which applies under our working 

conditions. Then, 1 2 0d d

/   , 1 2 1 2

m m

/ /E E     and eq. S10 simplifies to: 

                             
 

1 2

1 2 p/ dp

TR O

/

ma

/ FF
E E

RT K

 



 
   
 
 

                            (S26) 

In order to compare theoretical predictions from the above equations with 

experimental results, the values of 1 2/E , a  and p/ dp

T  can be obtained from the location 

and shape of low scan rate voltammograms recorded under the same experimental 

conditions [12]. 1 2/E  coincides with the voltammetric peak potential, the area under the 

voltammetric peak is equal to the product p/ dp

a TF    and the full width at half height of 

the peak is given by     3 52 1 075 1 p/ dp

a a T md. RT / F . F / K       . Finally, the 

fraction of ionized groups 
R O

 
 at a given potential E  can be obtained by solving the 

equilibrium condition: 
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a mdR O
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

    
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                 (S27) 

where typically 22 5 F cmmdK .    for MUA monolayers.  

 

3. Influence of the kinetic parameters on the proton transfer resistance. 

 Figure S3 illustrates the influence of the kinetic parameters ap

sk , ap

p  and M  on the 

variation of /p dpR  with the applied potential. It may be observed that the /p dpR  values are 

proportional to 1/ ap

sk  at any potential (Figure S3a), whereas the slopes of these /p dpR  vs. E  

plots are mainly determined by the values of ap

p , ap

dp  and M . Whenever ap ap

dp p   

( ap ap

dp p  ), a higher slope is predicted for the cathodic (anodic) branch of the /p dpR  vs. E  

curve, since dpk  ( pk ) then varies faster than pk  ( dpk ) with the applied potential (Figure 

S3b). This lack of symmetry in the potential dependence of the two rate constants produces 

also a displacement of the potential minE  at which the minimum value of /p dpR  is observed, 

which in the case of 0M   and 0p/ dp

TΓ   is given by: 

                                                            1 2 ln

ap

dp

min / ap

a p

RT
E E

F



 
                                         (S28) 

On the other hand, the influence of M  is more evident at potentials far from 1 2/E , where it 

produces a symmetric broadening of the /p dpR  vs. E  curve, since it exerts the same 

inhibiting effect on pk  and dpk  at a given 1 2/E E .  
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Figure S3.  Influence of a) ap

sk , b) the ap ap

p dp/   ratio and c) 
M on the variation of p / dpR  

with the applied potential. Default parameter values: p / dp

TΓ  = 10 pmol cm
-2

, ap

sk  = 10 s
-1

, 0 9a .  , 

2ap

p a /  , 0M  , 23 F cmmdK   , ext

R O
Γ 

 = 400 pmol cm
-2

, T = 298 K.  
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