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Scheme 1. Structure of PQQ

Self-assembled monolayers (SAMs)1 have been extensively 
used as a model system to study long-range electron transfer 
(ET) kinetics between an electrode and a redox center. They 
form molecularly flat, well organized surfaces with minimal 
defects. This feature makes a SAM surface an ideal platform on 
which fundamental issues on the heterogeneous ET kinetics 
could be addressed. Other advantages are that complications 
arising from double layer effect or diffusion process can be 
avoided. Many systems have been studied. They include ruthe-
nium or osmium complexes,2,3 ferrocene,4,5 viologen,6 azo-
benzene,7,8 and various quinone systems.9-14 Quinones are im-
portant as they play an important role in biological systems.15 
Focus has mostly been made on the evaluation of the tunneling 
barrier constant (β) and the dependency of ET rate constant on 
the structure of bridges connecting an electrode and an electro-
active center. Although it seems that there is a general agreement 
on the β value of ca. 1.0 Å‒1 per CH2 unit, different β values 
have been reported for different quinines.9,16 The heterogeneous 
ET rate constant is greatly affected by the nature of bridging 
molecules. Conjugated bridges give higher ET rate constant 
compared to unconjugated systems.17 Also a double-bond bridge 
gives the fastest ET compared to single- or triple-bond bridges.18

In this work, we have studied effects of electroinactive dilu-
ents that were coadsorbed with an electroactive SAM on the 
ET kinetics. Pyrroloquinoline quinone (PQQ) was chosen as an 
electroactive group. PQQ is found in many dehydrogenases 
acting as a redox cofactor.19,20 PQQ has a unique heterocyclic 
o-quinone structure having three carboxylic groups (Scheme 1).

Previously we have shown that the ET kinetics of PQQ was 
greatly affected by the presence of diluents of fixed chain leng-

th.21 Diluents affected ET rate constants by lessening the lateral 
interaction between PQQ groups. This work is an extension of 
the previous study to cover the effect of different alkyl chain 
lengths of diluents on the ET reactions of coadsorbed PQQ.

Experimental Section

Materials and reagents. A gold wire (99.999%, 0.5 mm 
diameter) was obtained from Johnson Matthey (UK). Pyrrolo-
quinoline quinine, alkanethiols (Sigma-Aldrich, USA) and an 
aminoalkanethiol ((NH2(CH2)6SH, Dojindo, Japan) were used 
as received. All other chemicals were of reagent grade and used 
without purification.

Monolayer preparation. Working electrodes were made of 
Au beads (ca. 2.1 - 2.4 mm in diameter) formed at the tip of a 
gold wire (0.5 mm diameter) by melting it in oxygen-gas flame. 
These bead electrodes were cleaned in a hot “piranha” solution 
(3:1 mixture of concentrated H2SO4 and 30% H2O2) for 10 min. 
After rinsing with copious amount of deionized water, they 
were electrochemically cleaned by potential cycling in 0.5 M 
H2SO4 in the potential range of ‒0.20 and 1.50 V vs. SCE until 
a typical voltammogram of clean gold was obtained. This way 
the surface was maintained very smooth and quite reproducible 
data could be obtained.

The roughness factor was measured using Ru(NH3)6
3+. The 

actual surface area obtained from the slope of the linear plot of 
cathodic peak current versus (scan rate)1/2 for the reversible 
reduction was compared with a geometrical area. For the cal-
culation, diffusion coefficient of 7.5 × 10‒6 cm2 s‒1 at 25 oC was 
used.22 The roughness factor was between 1.1 and 1.2.

Fig. 1 shows a series of surface modification steps for a mixed 
monolayer preparation. A gold bead was thoroughly rinsed 
with deionized water and ethanol, and dried under nitrogen. 
Then the electrode was immersed in 1:1 ethanolic mixture of 
5 mM of NH2(CH2)6SH and 5 mM of CH3(CH2)n-1SH (n = 4, 
6, 8, 11) for 2 h. Physically adsorbed compound was removed 
by rinsing with fresh deionized water. The electrode was treated 
in solution containing 3 mM of PQQ and 10 mM of 1-ethyl-3-(3- 
dimethylaminopropyl)carbodiimide (EDC) in 10 mM HEPES 
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Figure 1. Surface modification steps for the formation of mixed monolayers of PQQ and alkanethiols. n = 4, 6, 8, 11.
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Figure 2. Cyclic voltammograms of PQQ-NH(CH2)6SH monolayers 
on gold diluted by butanethiol (solid), hexanethiol (solid dot), octan-
ethiol (dashed), and undecanethiol (solid dot dot) in 0.1 M HClO4. 
Scan rate = 0.1 V s‒1.
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Figure 3. Plot of ∆Ep (■) and ∆Efwhm (▲) vs number of carbons (n) in 
diluent molecules. Data were obtained from Fig. 2.

Table 1. Peak potentials and surface coverage of PQQ-NH(CH2)6SH 
diluted by CH3(CH2)n-1SH (n = 4, 6, 8, 11) on gold

n Epa (V) Epc (V) ∆Ep (V) ∆Efwhm (V) Γ (nmol cm‒2) Γ/Γfull

4 0.360 0.185 0.175 0.120 0.14 0.61
6 0.342 0.167 0.175 0.122 0.067 0.29
8 0.397 0.111 0.286 0.126 0.037 0.16
11 0.455 0.086 0.369 0.159 0.019 0.082

buffer (pH = 7.5) for 1 h to attach PQQ on the top of the amine 
group. Thus prepared PQQ-modified electrode was again rinsed 
in deionized water to remove the physically adsorbed PQQ 
before voltammetric study.

Measurements. Electrochemical measurements were carried 
out in a single compartment cell using a three-electrode system 
composed of a Au bead, a platinum wire, and SCE as working, 
counter, and reference electrodes, respectively. Voltammetric 
experiments were performed with a potentiostat (Autolab PG-
STAT 30, ECO CHEM). All the solutions were prepared with 
deionized water with resistivity of 18 MΩ cm or more purified 
by AquaMax-Ultra system (Younglin, Korea) and deaerated by 
purging with nitrogen. All measurements were carried out at 
room temperature.

Results and Discussion

Electrochemistry of mixed monolayers. Fig. 2 shows typical 
cyclic voltammograms (CVs) of PQQ-NH(CH2)6SH diluted 

by different alkanethiols, CH3(CH2)n-1SH (n = 4, 6, 8, 11) on 
gold. The redox waves found at ca. 0.35 and 0.18 V are due to 
the two-proton, two-electron process, PQQ + 2H+ + 2e‒ → 
PQQH2.23 The peak currents in all four cases were linearly pro-
portional to the scan rate indicating that PQQ was securely con-
fined on the surface, and unchanged over the potential cycling. 
The surface coverage (Γ) of PQQ was calculated from the 
charges under the voltammetric waves. Although mixed mono-
layers were prepared from 1:1 ethanolic mixture, the Γ values 
are less than half of that of a full monolayer (Γfull), except for 
n = 4 (Table 1). The coverage decrease with the increase in 
alkyl chain length is ascribed to the fact that alkanethiols of a 
longer chain length tend to form a more well-ordered and well- 
packed monolayer than those of a shorter chain length. For n = 
11, only 8.5% of the surface is covered with PQQ. The coverage 
of a full monolayer was obtained without dilution.

Some voltammetric characteristics should be noted. Rever-
sibility depends on the chain length of a diluent. ∆Ep increases 
with increase in the chain length (Fig. 3). ∆Ep for n = 4 and 6 
was 175 mV but it increased to 286 and 369 mV for n = 8 and 
11, respectively. Full width at half maximum (∆Efwhm) can also 
be an indicator for the reversibility. As the chain length increases 
from 4 to 11, ∆Efwhm increases from 120 to 159 mV accordingly. 
The increasing irreversibility with the chain length of diluents 
is surprising because it is expected that electron transfer kine-
tics is essentially independent of the presence of diluents under 
ideal conditions. With lateral interactions between electroactive 
head groups present, reversibility would be affected.24 Less 
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Table 2. Electrochemical kinetic parameters of PQQ-NH(CH2)6S/Au
diluted by CH3(CH2)n-1SH (n = 4, 6, 8, 11) in 0.1 M HClO4

n αn (1-α)n log kapp (s‒1)

4 1.22 0.78 ‒1.98
6 1.28 0.85 ‒2.26
8 0.95 0.53 ‒2.57
11 0.83 0.69 ‒4.10
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Figure 4. Dependence of apparent rate constant on the number of 
carbons (n) in diluent molecules.

repulsive lateral interaction upon dilution results in improved 
reversibility. The present results, however, shows exactly the 
opposite. More dilution by using a longer alkanethiol caused 
larger ∆Ep and ∆Efwhm. If the dilution only affects lateral inter-
actions, more dilution would have resulted in better reversibility. 
This strongly implies that there must be other factors influenc-
ing electrochemical reactions of PQQ. 

In their mixed monolayer experiments for naphthoquinone 
SAMs, Bulovas et al.25 have shown that proton accessibility 
to the quinone group played an important role in the electro-
chemical response. When a diluent was long enough to cover 
the quinone group preventing proton access to the surface from 
the bulk, a broad, ill-defined voltammograms were resulted. 
However, when a carboxyl group-terminated thiol was used, 
reversibility was recovered, indicating that protons from di-
ssociation of carboxyl groups participated in the reaction. The 
same argument may hold for our case. The presence of a diluent 
makes local pH around PQQ moiety different from that of the 
bulk, hindering protons from having access to the surface. This 
hindering effect will be greater for the diluent having a longer 
alkyl chain length. For n = 4 or 6, the PQQ moiety is well above 
the background diluents so that the voltammetric features are 
not much affected. For n = 8 and 11, however, proton accessi-
bility is much hindered, causing a local pH around PQQ to be 
higher than that of the bulk. This hindering effect becomes more 
and more pronounced and eventually affects electron transfer 
kinetics as the chain length increases.

Electron transfer kinetics. Finite electron transfer rate causes 
peak potential shift with scan rate. According to Laviron,26 

standard rate constant and the electron transfer coefficient could 
be extracted from the cyclic voltammograms by the following 
equations.

Epc = Ec
o' - (RT/αnF) ln[αnF νc/RTkapp] (1)

Epa = Ea
o' - (RT/(1-α)nF) ln[(1-α)nF νa/RTkapp] (2)

where α is the transfer coefficient, ν the sweep rate, kapp the 
apparent rate constant, and R, T, and F have their usual mea-
nings. νc and νa are the critical scan rates obtained by extra-
polating the linear portion of the Ep vs ln(ν) plots to the formal 
cathodic and anodic potentials Ec

o' and Ea
o'. The slopes of the 

linear portion of the Ep vs. ln(ν) curves are RT/αnF and RT/(1-α) 
nF for the cathodic and anodic branches, respectively. αn and 
(1-α)n values obtained from each slope were substituted to 
eqs 1 and 2 to solve for kapp. The two apparent rate constants 
obtained in this way were averaged. Table 2 lists αn and (1-α)n 
values along with kapp for different chain lengths. αn and (1-α)n 
values are not equal, indicating the energy barrier for the redox 
reactions of PQQ is not symmetrical regardless of diluents.

Fig. 4 shows the plot of the logarithmic heterogeneous appa-
rent rate constant as a function of the number of carbons (n) in 
diluent molecules. With the increase in the chain length, the 
electron transfer rate becomes slower, which is the cause of the 
voltammetric irreversibility (see above). A slight decrease in 
kapp up to n = 8 underwent abrupt drop for n = 11. This can be 
explained in terms of proton availability. The total length of 
PQQ-NH(CH2)6SH is 20.6 Å. The o-quinone part of PQQ is 
about 13 Å above the surface so that butanethiol (6.5 Å) and 
hexanethiols (9.8 Å) cannot effectively hinder the proton access 
to the PQQ moiety. A slight decrease in kapp may indicate that 
PQQ-NH(CH2)6SH is little bent. When an octanethiol (12.3 Å) 
was used, proton availability is believed to be somewhat limited, 
making kapp further decrease.

It has been well documented that proton concentration affects 
apparent rate constant when electron transfer is coupled with 
protons. Laviron27-30 formulated a nine-member square scheme 
for two-electron, two-proton reactions for quinone/hydroqui-
none redox reactions, assuming that protonation is at equili-
brium. Later Finklea31 extended Laviron’s work to include elec-
tron transfer coefficients varying with applied potential. The 
theory predicts a ‘W’-shape curve when the rate constant is 
plotted against pH with two minima near neutral pHs. Thus 
higher local proton concentration should give rise to higher rate 
constant in an acidic branch. The exact evaluation of local pH, 
however, is possible only when all six pKa values and six formal 
potentials for quinone/hydroquinone are known.32 Lower rate 
constants for longer diluents clearly indicate lower proton con-
centration around the PQQ moiety due to hydrophobic environ-
ment of alkyl chains. Although it is not possible to obtain exact 
local proton concentration, it may be at least two orders of mag-
nitude lower for undecanethiol than for butanethiol, estimated 
from the apparent rate constants.

In this paper, we have formed a PQQ monolayer diluted by 
alkanethiols of different chain length and showed electroche-
mical reversibility and electron transfer rate constant are greatly 
affected by the local proton concentration near the electroactive 
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group when protons are coupled with electrochemical reactions. 
By blocking the proton access to the PQQ moiety, the redox 
reaction of PQQ becomes irreversible and electron transfer rate 
slower accordingly.
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