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Electrografting of Mono-N-Boc-Ethylenediamine from
an Acetonitrile/Aqueous NaHCO; Mixture

Hisham Hamzah', Guy Denuault', Philip Bartlett" ,

Aleksandra Pinczewska?, Jeremy Kilburn®
(1. Chemustry, University of Southampton, Southampton, SO17 1BJ, UK; 2. School of Biological and
Chemical Sciences, Queen Mary University of London, Mile End Road, London, E1 4NS, UK;
3. King’s College, The University of Aberdeen, Aberdeen, AB24 3FX, UK)

Abstract : The electrografting of primary amines to carbon electrodes is now widely employed for electrode modification. Using
a mixture of acetonitrile and 0.1 mol-L" aqueous sodium hydrogen carbornate (NaHCO;) in the ratio of 4:1, the efficiency for
coupling of mono-N-Boc-ethylenediamine (EDA-Boc) on the surface of glassy carbon was significantly improved as compared with
that obtained using acetonitrile alone. In the presence of NaHCO; the initial current determined in the cyclic voltammogram became
higher, and the layer of attached amine was formed more rapidly, accordingly, the electrode was passivated more rapidly. The re-
sulting film of EDA-Boc was shown to be more severely blocking toward the electrochemical reaction of [Fe(CN)4]*. Following
removal of the Boc protecting group and coupling of the free amine to anthraquinone-2-carboxylic acid, a higher surface coverage
of the anthraquinone was obtained. Modelling for the electrografing reaction using a simple kinetic scheme, it was demonstrated
that the simulated voltammograms agreed well with the experimentally measured voltammograms. Comparison between the model
fitting parameters obtained from the acetonitrile alone and the acetonitrile/NaHCO; mixture showed that the competition between

reaction of the amine radicals with the carbon surface and reaction in the homogeneous solution became more favourable for the

surface reaction in the acetonitrile/NaHCO; mixture.
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The electrochemical attachment of primary
amines at carbon electrodes is an attractive method
for the systematic modification of electrodes. The
process is efficient and leads to the formation of a
strong carbon-nitrogen bond formed by reaction of
the product of the one electron oxidation process at
the surface!™?). Passivation of the electrode surface is
observed during the reaction, and on cycling the mag-
nitude of subsequent oxidation peaks decreases. Sec-
ondary amines are significantly less reactive and ter-
tiary amines do not react with the electrode surface,
most likely due to steric hindrance!*!. The electro-
grafting of primary amines has been shown to involve
sequential one electron oxidation to create an unsta-

ble cation radical followed by the rate limiting depro-
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tonation to form the neutral radical®™ (Scheme 1). Stud-
ies on deuterated species showed that the neutral rad-
ical, formed after the deprotonation step, reacts with
sp? carbon at the glassy carbon (GC) surface to form a
stable covalent bond!". However, limited studies have
been reported on the effect of the chemical deproto-
nation step on the overall rate of the amine attach-
ment.

Electroxidation of primary amines has been main-
ly carried out in organic solvents such as dimethylfor-
mamide, acetonitrile (ACN) and ethanol! ¢, Usually
acetonitrile is chosen as a medium for amine electro-
grafting due to its high polarity, relatively basic char-
acter as compared to other aprotic solvents and elect-

rochemical stability at the higher potentials usually

*Corresponding author, Tel: (44-2380)592373, E-mail: p.n.bartlett@soton.ac.uk
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Scheme 1 Established mechanistic sequence taking place during the electrochemical oxidation of primary amines in non-aque-

ous solvents

required for formation of the amine radical cation.

A number of studies about the attachment of
aromatic primary amines in organic medium with the
addition of aromatic base in order to increase the rate
determining deprotonation step have been reported.
Successful preparation of modified electrodes with
aromatic primary amines was achieved in the pres-
ence of trimethylaminopyridine™. Amatore et al. de-
scribed the attachment of w-conjugated ferrocifen
amine at GC where the addition of trimethylpyridine
base affected the deprotonation step observed by the
decrease of oxidation potential and the loss of amine
reversibility in comparison to the oxidation of the
same amine without the presence of the aromatic
base!®. However, addition of the aromatic amine base
did not increase the surface coverage of the primary
aliphatic amine bearing ferrocene functionality at the
carbon electrodes".

Use of aqueous media such as phosphate or
sodium hydrogen carbonate buffers is limited due to
problems of water oxidation occurring at higher po-
tentials which can compete with the amine radical
formation. Recent work by Geneste et al.['"! described
the primary amine attachment at polymerised pho-
toresist carbon films in aqueous sodium hydrogen
carbonate solutions and compared the result with at-
tachment of the same amines in organic medium.
Their results indicated that the relatively lower cover-
age of the amines was achieved by electrolysis in
aqueous basic solution in comparison with the attach-
ment carried out under the same conditions in ace-
tonitrile. The lower efficiency of the amine attach-
ment in the carbonate buffer was explained by the
lower amount of the amine radical electrogenerated
in close vicinity of the electrode and the higher num-
ber of possible side products formed in the aqueous
solution!?,

In this work we have investigated the electro-

grafting of aliphatic primary amines using an acetoni-
trile/sodium hydrogen carbonate mixture as the initial
studies showed significantly higher coverage when
compared to neat acetonitrile.

Studies of the electroxidation were carried out
using mono-N-Boc-ethylenediamine (EDA-Boc) as a
model system. Recent work by Bartlett et al. has
shown that the monolayers of EDA-Boc at glassy car-
bon and carbon nanotube electrodes could be formed
by electrochemical oxidation of EDA-Boc in acetoni-
trile!'%. After removal of the Boc group further chem-
ical modification steps allow the introduction of dif-
ferent redox probes and spacers to achieve a high lev-
el of control over the modification of the carbon sur-
face, and hence, its electrocatalytic properties. This
approach was successfully utilised in the design and
fabrication of electrodes for the electrocatalytic oxi-
dation of NADH and for laccase catalysed oxygen re-

duction!™®,
1 Experimental

1.1 Materials and Reagents

All the reagents for the electrochemical experi-
ments were used as received without further purifica-
tion. Acetonitrile (ACN) was HPLC grade (Fisher
Scientific), the aqueous solution of 0.1 mol - L sodi-
um hydrogen carbonate (Sigma Aldrich) was prepared
using water from a Millipore Milli-Q water purifica-
tion system. Mono-N-Boc-ethylenediamine (EDA-
Boc), 1-ethyl-3-(3-dimethylaminopropyl) carbodimide
hydrochloride (EDC) and N-hydroxysuccinimide (NHS)
were purchased from Sigma-Aldrich and used with-
out further purification.

All the electrochemical experiments were car-
ried out in standard glass 3-neck electrochemical
cells using a p-AutoLab III potentiostat/galvanostat
(Metrohm UK Ltd.). Working electrodes were glassy
carbon rods (3 mm diameter, SIGRADUR® G Glassy
Carbon HTW) sealed in glass tube and connected with
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copper wire using indium. The glassy carbon rods
protruded several mm beyond the end of the glass
tube and we used a meniscus contact!"” with the solu-
tion for all the electrochemical experiments as this
was found to give better repeatability between repli-
cate experiments. The counter electrode was a plat-
inum mesh (1 cm?) and the reference electrode either

a homemade saturated calomel electrode or a home-

made Ag/AgCl electrode in 3 mol -L*' KCI. Prior to

modification, the glassy carbon electrodes were pol-
ished using a silicon carbide polishing paper (grad

1200) followed by a 5 wm lapping film. The glassy

carbon electrodes were then polished with 0.1 and

0.3 pm alumina slurries on polishing cloth pads

(Buehler). The polished glassy carbon electrodes

were sonicated with deionized water for 7 min and

dried in air. They were then sonicated in ethanol for

10 min and dried in air.

1.2 Coupling of Anthraquinone-2-Carbox-
yclic Acid to EDA Modified GC Elec-
trodes
The Boc-protecting group was removed by sus-

pending the modified electrodes in 4 mol-L" HCI in
dioxane solution at room temperature with stirring
for 1 h. The electrodes were then washed thoroughly
with water and ACN, and dried. They were then im-
mersed in 6 mL of DMF solution containing 10 mg
anthraquinone-2-carboxylic acid (AQ), 480 wL EDC
and 68.4 mg of NHS at room temperature with stir-
ring for 16 h. The modified electrodes were then
washed thoroughly with deionised water and ACN,
and dried. The AQ modified GC electrodes were
stirred in DMF for 3 days in order to remove any ad-
sorbed AQ before the electrochemical characterisa-
tion.

2 Results and Discussion

2.1 Electrografting of EDA-Boc
Mono-N-Boc-ethylenediamine (EDA-Boc) is a

short, aliphatic primary amine which forms uniform

packed organic monolayers upon attachment at GC
by electroxidation in neat ACN!* 1 The EDA-Boc
gives a well-defined oxidation peak in ACN at ~1.5

V vs. Ag/AgCl that corresponds to formation of the

amine radical. Attachment to the GC surface occurs
by reaction of the radical with sp? carbon at the elec-
trode surface. The reaction is accompanied by a sig-
nificant decrease of the anodic current in the second
and following scans with passivation of the electrode
surface after 2 ~ 4 scans.

Fig. 1 shows a comparison on the voltammetric
curves for the oxidation of the amine in ACN, ACN
containing sodium hydrogen carbonate (4:1 ACN to
0.1 mol - L' aqueous NaHCO;) and in ACN contain-
ing water (4:1 ACN to water). The voltammograms
shown are representative of many replicate experi-
ments. Distinct differences are clear in the shapes of
the anodic peaks and in the values of the currents for
the first and following cycles.

The current during the first cycle is lower for
neat ACN in comparison to that in ACN/NaHCO; al-
though the oxidation peaks for the amine appear
around 1.5 V vs. Ag/AgCl in both cases. This sug-
gests that more of the amine cation radical is formed
in the presence of NaHCO;. The following cycles
show that the current decreases in both cases but for
the neat ACN 3 cycles are required to fully block the
oxidation of EDA-Boc at 1.5 V, whereas for the
ACN/NaHCO; mixture the blocking occurs more
rapidly and the peak at 1.5 V is absent on the second
cycle. Note that a persistent, increasing background is
observed from around 1.5 V vs. Ag/AgCl during the
second and subsequent cycles. The data for the oxida-
tion of the EDA-Boc in a mixture of ACN and water,
as seen in Fig. 1C, show similar passivation behavior
with a peak on the initial scan again at 1.5 V. The
voltammetric curve for the ACN/water mixture re-
sembles that for neat ACN more closely than that for
ACN/NaHCOs, indicating that the base is having a
distinct effect and it is not just the result of the added
water. The results suggest that the addition of NaHCO;
favours the coupling of the amine to the carbon sur-
face. It should be noted that in all cases the charge
passed during the cycling is many times greater than
that required to form a monolayer of amine attached to
the surface (~ 10 mC-cm? compared to 0.4 mC -cm?)

because many of the radicals generated undergo other
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Fig. 1 Cyclic voltammograms recorded for 10 mmol- L' EDA-Boc with 0.1 mol- L' TBATFB carried out in neat ACN (A), 20%
NaHCO; in ACN (B) and 20% water in ACN (C). All the experiments were recorded at a scan rate of 50 mV -s™ for 7 cy-

cles, electrode area 0.071 cm?

reactions in the solution.
2.2 Blocking by Immobilised EDA-Boc

The cyclic voltammetry of electroactive solution
species provides a convenient technique to study the
presence of the grafted films and their blocking prop-
erties on the electrode surface. As shown in Fig. 2,
the voltammogram of [Fe(CN)]® shows near reversible
voltammetric response (blue line) at the bare GC elec-
trode with a redox potential of ~190 mV vs. SCE.
However, after electrografting the voltammetric re-
sponse is significantly blocked by the EDA-Boc films
on the electrode surface. This leads to an increase in
the peak separation and a decrease in the peak cur-
rents; greater blocking by the surface film results in a
larger AEp value. The black and red voltammograms
in Fig. 2 show the behaviors at EDA-Boc films pre-
pared in ACN and ACN/NaHCO; respectively. It is
clear that the film formed in ACN/NaHCO; is more
blocking toward the [Fe(CN)s]*** couple than the film
formed in neat ACN.

Electroche mical impedance spectroscopy (EIS)
provides a complimentary technique to evaluate the
blocking nature of the EDA-Boc film!. Fig. 3 shows
the EIS results for the bare GC electrode and the
electrode coated with EDA-Boc from ACN and ACN/

a. Bare GC
I b. Neat ACN (method 1)
¢. ACN/NaHCO3 (method 2)

0.9 0.6 03 0.0 0.3 0.6 0.9 1.2
Potential/V(vs. SCE)

Fig. 2 Voltammograms for 10 mmol - L' K;[Fe(CN),] in 0.1
mol- L' KCI showing the blocking effect at EDA-Boc
modified GC electrodes. Scan rate = 50 mV -s”, elec-
trode area = 0.071 cm?, in each case the second cycle

is shown.
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NaHCOs. The Nyquist plots have the expected shape
for a simple solution redox process of a semicircle
and a 45° Warburg line at low frequency™?". The di-
to the

charge-transfer resistance (R), and it is very clear that

ameter of the semicircle corresponds
this increases in going from the bare GC electrode, to
the EDA-Boc coated electrode prepared in ACN, to
that prepared in ACN/NaHCO;. The EIS results agree
with those from voltammetric data: the electrografted
EDA-Boc film produced from the ACN/NaHCO; so-
lution is the most blocking among the three.
2.3 Coupling of AQ to the EDA Modified

GC Electrodes

The ultimate purpose of electrografting the
mono-amine EDA-Boc and similar mono-Boc pro-
tected diamines to the carbon electrode surface is to
use them as linkers in a synthetic strategy for the ra-
tional modification of carbon electrode surfaces™*'® "1,
Therefore, to test whether the films grown in the
ACN/NaHCO; solution were better for this purpose
we removed the Boc protecting group and then cou-
pled the free amines to anthraquinone-2-carboxylic
acid. This coupling reaction has been studied in detail

13,16,22]

in earlier work! . Fig. 4 shows replicate results for

6 electrodes, 3 prepared by mono-amine EDA-Boc

2.5
o Bare GC
2.0 ' ACN modified
2 ACN/NaHCO, modified
1.5¢ '
g 10
N o5l
0.0
-0.5 : :
00 08 16 24 32 40 48
Z/kQ
Fig. 3 Nyquist plots of the impedance spectra recorded at

0.188 V vs. SCE in 10 mmol-L" of K;[Fe(CN),] and
0.1 mol - L' KCI for bare GC electrode (blue), GC
electrode modified with EDA-Boc film by electro-
grafting in ACN (red), and GC electrode modified with
EDA-Boc film by electrografting in ACN/NaHCO;
(black). Frequency range 0.1 kHz to 100 kHz, mod-
ulation amplitude 5 mV.

Current/pA

-0.4
Potential/V(vs. SCE)

-0.6 -0.2

Fig. 4 Voltammograms from six AQ modified GC electrodes
in 0.1 mol-L" phosphate buffer, pH 7 (scan rate = 50
mV s, electrode area = 0.071 cm?, the sixth cycle is
shown). The dashed lines are for electrodes prepared
by electrografting the EDA-Boc linker from ACN,
the solid lines are for electrodes prepared by electro-
grafting from ACN/NaHCO;; all other conditions

were the same.

electrografting in ACN and 3 in ACN/NaHCO:;.

The dashed lines are the voltammograms for AQ
attached to the EDA linker grafted in ACN, the solid
lines for those with NaHCO; added to the electro-
grafting solution. The peaks around -0.45 V vs. SCE
correspond to the oxidation and reduction of the
bound anthraquinone. It is clear that the coverage is
significantly greater for the films electrografted from
ACN/NaHCO; (181 + 11.9 pmol-cm™ as compared to
112 + 3.54 pmol -cm?), again, consistent with more
efficient electrografting from the solution with the
added NaHCO;.

2.4 Modelling of the Electrografting Re-
action

In its simplest form the electrografting reaction

can be represented by the following three steps:

A — B + e rate constant, £, (1)
B + surface — C (inhibiting) rate constant, k,(2)
B — products in solution rate constant, &,  (3)

In Step (1), the electrochemical oxidation of EDA-
Boc, A, produces the reactive intermediate B. In Step
(2), B reacts with the electrode surface, to form C
which adsorbs and blocks further reaction. As the

coverage of C increases the amount of free surface
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available for reaction decreases; this is the basis of
the inhibition process. In Step (3), the reactive inter-
mediate B undergoes a homogeneous reaction in so-
lution. The parameters, ks, a, E°, k,, and k,, are, re-
spectively, the standard rate constant for electron
transfer, transfer coefficient, standard potential, rate
constant for adsorption and rate constant for the ho-
mogeneous reaction. The overall mechanism is repre-
sented mathematically and numerically as detailed in
Appendix 1. This model follows that proposed by
Bhugun and Savéant™ for the formation of blocking
films at electrode surfaces by diazonium reduction
and aryl radical coupling at the surface.

In this model, the voltammogram for the first cy-
cle and the significant current decrease over subse-
quent cycles are determined by several electrochemi-
cal parameters which describe the kinetic competition
of radical species at the surface (k,) to solution reac-
(ky), the diffusion coefficient of the substrate
(D,) and the coverage of the inhibiting species (I°).

tions

Savéant and co-workers®?! presented a theoreti-
cal model to analyse self-inhibition reactions from
simple repetitive cyclic voltammetry and to predict
how the film forms with time in preparative-scale
electrolysis. In their analytical model they assume
that the homogenous reaction is very fast, hence they
ignore the loss of B by diffusion into the bulk solu-
tion. We have modelled the behavior, including diffu-
sion of B into the bulk, using simulation code written
in MATLAB (see Appendix 1).

To apply the model we need to specify the pa-
rameters E°, Dy, I v, ka kv, @ and k. In order to de-
termine the diffusion coefficient, D,, for the EDA-Boc
in the different solutions we made chronoamperomet-
ric measurements and used the Cottrell equation to
analyse data from the first 2 s after the potential step
at a freshly polished electrode. In this way, the effect
of the blocking reaction is minimal. The values for
the diffusion coefficient of EDA-Boc in the three so-
lutions were found to be 4.84 x 10° cm?-s!, 742 x
10° ecm?-s" and 5.70 x 107 cm?-s”, respectively, for
ACN, ACN/NaHCO; and ACN/water. Notice that
this trend matches heights of the peak currents for the
first cycles in the voltammetric measurements in each
case (compare in Fig. 1).

2.5 Comparison of Modelled and Experi-
mental Results

In each case three replicate experiments were
performed and were found to be in close agreement.
In the plots only one of the replicates is shown. Fig. 5
shows the first seven voltammetric cycles for the
electrochemical grafting of EDA-Boc in ACN. The
corresponding simulated voltammograms from the
model are also shown. Both the experimental data
and the simulation reveal the blocking of the elec-
trode surface by the EDA-Boc film taking place after
three cycles.

The fitting values used for the simulation, Table
1, were obtained by manually varying the values. The

maximum coverage, [, was taken as 2.0 x 107

180, 180
150+ 150}
™ —1
120 o 120 - 2
< 31 " < 31
3 \ = th ~th
% 90 - 4" 7 % 90 - 477
E 60| Z £ 60
=60 / 4/ 3
30 /i 30+ )
0 L O 18 /i —
05 00 05 10 15 20 25 05 00 05 10 15 20 25

Potential/V(vs. Ag/AgCl)

Potential/V(vs. Ag/AgCl)

Fig. 5 A. First seven scans for electrografting in 10 mmol- L' EDA-Boc with 0.1 mol-L' TBATFB in neat ACN. Scan rate = 50
mV-s’, electrode area = 0.071 cm? B. Simulation curves using D, =4.9 x 10° cm?-s”, I',,= 2.0 x 10° mol-cm? k= 1.3 x
103 cm-s", k,=1.95 x10°cm-s", k,=0.6 s, a=0.7, E°= 1.48 V.
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mol-cm? for EDA-Boc and the value of k, was taken
as 1.3 x 10° cm +s”, of the same order of magnitude
as that reported by Adenier et al.”! from simulation of
the voltammetry for electrochemical oxidation of sec-
ondary and tertiary aliphatic amines. The values of
E°, k, and « directly affect the position and width of
the voltammetric peak. The parameters k, and k, di-
rectly affect its height, and the relative sizes of the
first, second and subsequent peaks. The efficiency of
the passivation reaction is determined by the balance
of the fates of the reactive species B that can react at
the electrode surface, or react with species in solu-
tion, or diffuse into the bulk. As explained by
Bhugun and Savéant™), the competition between cou-
pling of B to the electrode surface and reaction in so-
lution is described by the ratio of the heterogeneous
rate constants k, and (Daky)"*. In the present case,
k<< (Daky)", and therefore, it is the ratio k./k,"”
which determines the fitting rather than the individual
values of the two rate constants.

A very clear difference between the experiment
and the simulation is that in the experiment there is a
significant residual background current that increases
rapidly with potential above 1.5 V. To explore the
origin of this background current we recorded
voltammograms for the passivated electrodes in dif-
ferent solutions. Fig. 6 shows the voltammetric curves
for a bare GC (blue) and an EDA-Boc modified GC
electrode (red) in ACN solution. In both cases the
background current is low compared to that for the
EDA-Boc modified electrode in the ACN containing
EDA-Boc solution (black curve). It is clear that

the EDA-Boc contributes significantly to this back-
ground.

This background current is not included in the
simulation. To include its effect, and facilitate the
comparison of the simulation with experiment, we
have used the experimental background current mea-
sured from the fourth to seventh voltammetric scans
and added this to the simulated current from the model.
Fig. 7 shows an example to illustrate this approach.
When the experimentally determined background
currents are included in the simulation, the experi-
mental and simulated voltammograms show good
agreement (Fig. 8). The same approach was applied to
modelling the cyclic voltammograms for electrograft-
ing of EDA-Boc in the ACN/NaHCO; mixture, as
presented in Fig. 9. The corresponding parameters
used in the model are given in Table 1. Again, there
is satisfactory agreement between the experimental
results and the simulation data once the background
is included.

The sensitivity of the fit to the value of the ratio
k./ky'? is shown in Fig. 10, where we keep k,, constant
and vary k,. As expected, for larger k./k,"* the surface
is blocked more rapidly and the height of the peak
current of the first scan decreases, in addition the cur-
rent on the second cycle (not shown) gradually de-
creases until the peak disappears. From Fig. 10 we
find that the best fit corresponds to the value of k/k,"
being 8.3 x 10° cm-s'2

Comparing the fitting parameters in Table 1, it is
clear that the difference between the ACN and the
ACN/NaHCO; is that the value of k/k,'? is signifi-

Tab. 1 Values for MATLAB parameters obtained from the experiments and used in irreversible CV simulation

Parameter

ACN ACN/NaHCO;

Redox potential (E°)

Experimental diffusion coefficient
Diftusion coefficient (D) in simulation
Maximum surface coverage (/)

Rate constant for electron transfer (k)

Transfer coefficient ()

. 12
Rate constant ratio (k/k, )

148V 1.48V

4.6 x 10° cm?-s 7.42 x 10° cm?- s
49x10° cm?-s’ 7.5 x10° cm?- s
2.0 x 10° mol-cm? 2.0 x 10° mol-cm?
1.3x 10 cm-s 1.3 x 10° cm-s
0.7 0.7

2.5x10% cm-s? 8.3 x 10° cm-s'?
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Fig. 6 Voltammograms showing the background currents on
bare GC electrode and EDA-Boc modified GC elec-
trodes in different solutions (in each case the third
cycle is shown). Scan rate = 50 mV -s”, electrode

area=0.071 cm?,
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Fig. 7 First cycle experimental (A) and simulated voltamm-
ograms (B) for 10 mmol-L"'EDA-Boc with 0.1 mol-L"!
TBATFB in ACN, scan rate = 50 mV s and elec-
trode area = 0.071 c¢cm? C. Background current de-
termined from the fifth experimental cycle; D. Sim-
ulated voltammogram with added experimental
background current from (C). Simulation parameters
Dy, =49 x 10° cm? s, I',= 2.0 x 10” mol -cm?,
k=13 x10°cm-s', k,=1.95x 10° cm-s™, k= 0.6
shba=0.7,E°=148 V.

cantly larger for the ACN/NaHCOs;, 8.3 x 10° cm-s™2,
as compared to 2.55 x 10° cm-s™?

ence of base the rate for the attachment of EDA-Boc

. Thus, in the pres-

to the surface of the GC electrode is enhanced. This is
most likely because the intermediate radical species
B reacts less rapidly with solution species in the
ACN/NaHCO; solution (%, smaller), leading to more

coupling to the electrode surface.
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Fig. 8 Experimental (A) and simulated (B) voltammograms
for seven cycles of electrografting of EDA-Boc in
ACN. The simulated voltammograms include the ex-
perimentally determined background currents. Scan
rate = 50 mV -s”, electrode area = 0.071 cm?. Simu-
lation parameters D, =4.9 x 10° cm?-s™, ', = 2.0 x
10° mol-cm?, k= 1.3 x 10° cm-s™, k, = 1.95 x 10°
cm-s! k,=0.6s", =07 E,=148 V.

3 Conclusions

We have shown that changing from ACN to
ACN/NaHCO; (4:1 ACN to 0.1 mol L' aqueous
NaHCO;) mixture significantly improves the efficien-
cy in coupling of EDA-Boc to the surface of glassy
carbon electrodes. In the presence of added NaHCO;
the initial current measured in cyclic voltammetry is
greater because the diffusion coefficient for the EDA-
Boc is larger.

Using cyclic voltammetry to study [Fe(CN)J* in
solution, and using impedance measurements, we
have shown that the EDA-Boc layers formed in the
ACN/NaHCO; solution mixture provide a more sig-
nificant blocking effect; and using coupling of an-
thraquinone-2-carboxylic acid to the deprotected lay-

ers we have shown that there are significantly more
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Fig. 9 Experimental (A) and simulated (B) voltammograms for the first two cycles of electrografting of EDA-Boc in ACN/NaHCO:;.

The simulated voltammograms include the experimentally determined background currents. Scan rate = 50 mV -s”, elec-

trode area = 0.071 cm? Simulation parameters D, = 7.5 x 10° cm?-s”, I',,= 2.0 x 10" mol-cm? k= 1.3 x 10* cm-s?, k, =

6.4x10°cm-s!, k,=0.6s", aa=0.7, E°=1.48 V.

180 K =3.85x10° cm-s”
ka =4.90x10” cms™
150 ka = Experiment
ka =6.10x10” cms™
<j:_ 120 i ka = 6.40x10” cm-s™
= ka =6.95x10° cms™
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Fig. 10 Comparison of first scan voltammograms for electr-
ografting of EDA-Boc in ACN/NaHCO; and
simulations calculated for different values of k., the
other simulation parameters were Dy = 7.5 x 10?
cm?-st, [=2.0 x 10° mol-cm? k= 1.3 x 107
cm-s!, k=0.6s", a=0.7, E°=1.48 V. Scan rate =

50 mV-s™, electrode area = 0.071 cm>

amine groups available for subsequent derivatisation
on the surface modification in ACN/NaCO,. Thus, us-
ing the ACN/NaCOs; has potential practical benefits
for the attachment of the Boc protected linker to the
carbon surface and we expect that a similar effect
should be seen for other mono-Boc protected di-
amines.

The experimental voltammetric results for the
electrograftng have been modelled using a simple ki-
netic model originally proposed by Savéant for diazo-
nium coupling at electrodes. Good agreement between

the modelled and experimental results was obtained

when the residual background current was included
showing that the simple kinetics scheme adequately
describes the process.

Comparison of the fitting parameters for the two
cases, the electrografting from ACN and electrograft-
ing from ACN/NaHCO;, shows that there is a signifi-
cant difference in the ratio of the rate constants for at-
tachment to the surface and reaction in solution
k./ky'"% that is probably due to the slower loss of the
radical species by reaction in homogeneous solution
(lower k) in the more basic solution.
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