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Abstract: Organic linkers such as (N-
Boc-aminomethyl)phenyl (BocNH-
CH,C¢H,) and N-Boc-ethylenediamine
(Boc-EDA) have been covalently teth-
ered onto a glassy carbon surface by
employing electrochemical reduction of
BocNHCH,C¢H, diazonium salt or oxi-
dation of Boc-EDA. After removal of

(N-Boc-aminomethyl)benzoic acid or
N-Boc--alanine was also performed
by following this methodology. The sur-
face coverage, stability and electron
transfer to/from the tethered anthra-
quinone redox group through the link-
ers were investigated by cyclic voltam-
metry. The effects of pH and scan rate

were studied, and the electron-transfer
coefficient and rate constant were de-
termined by using Laviron’s equation
for the different types of linker. The
combination of electrochemical attach-
ment of protected linkers and subse-
quent modifications under the condi-
tions of solid-phase synthesis provides

the Boc group, anthraquinone as a
redox model was attached to the linker
by a solid-phase coupling reaction.
Grafting of anthraquinone to electro-
des bearing a second spacer such as 4-

Introduction

Covalent attachment of monolayers of specific organic func-
tional groups to conducting surfaces has received great at-
tention because of its benefits for potential application in
molecular electronics, bioelectronics, sensors, surface adhe-
sion, and corrosion protection. Two methods, recently re-
viewed by Downard™ and by Pinson and Podvorica,? are
available to covalently bond functional organic monolayers
directly to the surfaces of carbon, metal or semiconductor
electrodes. The first method is based on the electrochemical
generation of primary or secondary amine radical cations,
which then form covalent bonds to the carbon surface. A
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a very versatile methodology for tailor-
ing a wide range of organic functional
arrangements on a glassy carbon sur-
face.

wide range of amine-modified electrodes has been made by
this amine electro-oxidation method."*”1 However, this
modification method has the disadvantage of forming poly-
meric chains or bridge structures on the carbon surface
when an organic substrate bearing two amino groups is
used.! In the second method, developed by Pinson et al.”l
the covalent bond between the organic molecule and the
carbon electrode surface is formed by electrochemical re-
duction of aryl diazonium salts.>>* The literature on modi-
fied electrodes prepared by this method and bearing a wide
variety of aromatic functionality has been reviewed."”
These attachment methods show good reproducibility, and
the covalently bonded organic layers produced by them
were found to be stable for long-term storage and upon
sonication in aggressive solvents.’! Further chemical modifi-
cation can be performed on the electrodes through specific
substituents (e.g., —COOH,”) —SO;H,”) —NMe,”! or —
CH,CI'"") present on the aromatic ring and used to bond
metal complexes,”) enzymes,' or as potential supports for
combinatorial chemistry.'”! Of particular relevance to our
work described here, Pinson, Savéant et al. attached both p-
nitrophenol and p-acetamidophenyl radicals onto a carbon
surface using diazonium salts. Electrochemical reduction of
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the resulting nitro group or acid hydrolysis of the acetamide
group provided a route to aminophenyl-modified carbon
surfaces which could be further functionalised with epichloro-
hydrin and characterised by XPS.'* The major disadvantage
of using electrochemical reduction of substituted aryl diazo-
nium salts for surface modification is the low stability and
availability of diazonium salts bearing suitable functional
groups. In addition, under some circumstances multilayers
of substituted aromatic compounds can be formed by elec-
trolysis of diazonium salts, as reported by McDermott and
Karjuki™ and Podvorica et al.l'® Nevertheless, the robust
linkage between the carbon surface and the modifier makes
the covalently attached monolayer very suitable for further
chemical modification.

Here we describe a novel approach in which, for the first
time, linkers bearing a Boc-protected amino group have
been grafted onto carbon surfaces. This avoids the formation
of polymeric chains or bridge structures in the oxidation of
a diamine linker and solves the problem of stability and dif-
ficulties of synthesising diazonium salts with different func-
tional groups. After initial grafting of the protected linker at
the carbon surface, the protecting group can be removed to
give a free amino group with high surface coverage. Further
modification with various organic molecules can be made at
this reactive site by using solid-phase synthesis methodology,
and modified carbon surfaces can subsequently be character-
ised by cyclic voltammetry. This therefore provides a more
general and flexible approach to the synthesis of modified
carbon electrodes than those used hitherto.

Results and Discussion

Two  different  linkers,  (N-Boc-aminomethyl)phenyl
(BocNH-CH,C¢H,) and N-Boc-ethylenediamine (Boc-
EDA), were immobilised by electrochemical reduction of
BocNHCH,C-H, diazonium salt and electrochemical oxida-
tion of Boc-EDA, respectively, at glassy carbon (GC) elec-
trodes. After removal of the Boc group, coupling of anthra-
quinone 2-carboxylic acid directly to the linker or via a
second spacer such as 4-(N-Boc-aminomethyl)benzoic acid
or N-Boc-B3-alanine, was achieved by using solid-phase syn-
thesis methodologies. Anthraquinone (AQ) was chosen in
these model studies because of its application in electroana-
lytical chemistry and its reversible redox behaviour."” In ad-
dition, coupling of the anthraquinone redox group through
different spacers allows the modification efficiency and yield
of each attachment step to be monitored electrochemically.
Anthraquinone has previously been directly attached on
carbon™1"¥ or nickel electrodes!"” by electrochemical re-
duction of the corresponding diazonium salt or electrochem-
ical oxidation of the corresponding carboxylate™ but, to
our knowledge, there are no examples in the literature of
grafting of anthraquinone onto a carbon surface by solid-
phase coupling reactions.

The surface coverage, stability and electron transfer to/
from the anthraquinone redox group tethered to the glassy
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carbon electrode through the different linkers were explored
by cyclic voltammetry (CV). The effects of pH and scan rate
were also studied, and the electron-transfer rate constants
determined by using Laviron’s equation for the different
spacers.

Electrochemical immobilisation of BocNHCH,CH, and
Boc-EDA linkers on GC surface: Immobilisation of the
BocNHCH,C¢H, linker on the GC electrode was carried out
by electrochemical reduction of the corresponding diazoni-
um tetrafluoroborate salt to give electrode 1 (Scheme 1).2!

i - + a
@ + BF, N2—< >—\ — @4< >—\
NHBoc NHBoc
1

Scheme 1. Electrochemical immobilisation of C,H,CH,NHBoc on the
GC surface (electrode 1). a) 0.6 to —1.0 V versus Ag/AgCl, CH;CN.

4-(N-Boc-aminomethyl)benzene diazonium tetrafluorobo-
rate salt was obtained in two steps from 4-aminobenzyla-
mine: first, regiospecific Boc protection of the amino group
in the benzylic position® in 97 % yield was carried out, fol-
lowed by formation of the diazonium salt® in 86% yield.
Figure 1 shows consecutive cyclic voltammetric scans in
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Figure 1. Cyclic voltammogram recorded at a scan rate of 50 mVs™' for
3mm diameter GC electrode in 3 mM 4-(N-Boc-aminomethyl)benzene
diazonium tetrafluoroborate salt in acetonitrile with 0.1 M TBATFB.

5mMm BocNHCH,C¢H, diazonium salt in acetonitrile at a
GC electrode. In the first scan at 50 mVs™' a rather broad
irreversible peak is obtained starting from +0.4V and
reaching a peak at —0.4 V versus Ag/AgCl; this was attrib-
uted, as shown in Scheme 1, to one-electron reduction of the
BocNHCH,C¢H, diazonium salt and formation of the aro-
matic radical, which bonds to the GC surface.”! Continuing
cycling in the same solution leads to complete disappear-
ance of the cathodic peak in the second and subsequent
cycles. This indicates blocking of the electrode by the organ-
ic layer generated during the first cycle, and this is consis-
tent with the results obtained in the literature for the reduc-
tion of diazonium compounds."? A charge of —2.6 mCcm
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was obtained by integration of the area under the first scan
after baseline correction. However, it is difficult to relate
this charge accurately to surface coverage or number of im-
mobilised layers, since the reduction efficiency and molecu-
lar orientation are not known.

Electrode 2 was prepared by electrochemical immobilisa-
tion of Boc-EDA as linker on the surface of the GC elec-
trode (Scheme 2). Figure 2 shows the cyclic voltammogram

4 NHBoc
¥ IR —. NH/\/

2

Scheme 2. Electrochemical immobilisation of Boc-EDA on the GC sur-
face (electrode 2). a) 0.5 to 1.8 V versus Ag/AgCl, CH,CN.
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Figure 2. Cyclic voltammogram recorded at a scan rate of 50 mVs™ for

3 mm diameter GC electrode in 10 mm N-Boc-ethylenediamine in aceto-
nitrile with 0.1 TBATFB.

for the electrochemical oxidation of 10 mmM Boc-EDA in
0.1™ tetrabutylammonium tetrafluoroborate (TBATFB) and
acetonitrile. It shows a single broad irreversible peak start-
ing from +1.4V and reaching a peak at about +1.6V
versus Ag/AgCl. The absence of the corresponding cathodic
peak on the reverse scan indicates that the amine radical
cation generated during the forward scan undergoes fast
chemical reaction, either binding to the GC surface (as
shown in Scheme 2) or forming dimers or polymeric species
in solution.” In subsequent scans, complete disappearance
of the oxidation peak indicates that the electrode has been
passivated by grafting of a Boc-EDA layer to the GC elec-
trode surface.”’) The charge obtained by integrating the area
under the peak (first scan) is about 100 times larger than
that required to form a monolayer of Boc-EDA
(2.0 nmolcm ™). This could be attributed to the occurrence
of side reactions, such as dimerization of the radicals in the
solution, which contribute to the overall current.?!

No attempt was made to measure the surface coverage of
GC with the BocNHCH,C¢H, or Boc-EDA linker, because
the subsequent coupling of anthraquinone allows us to esti-
mate the surface coverage directly using cyclic voltammetry.
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Synthetic modification of glassy carbon by anthraquinone
redox groups and cyclic voltammetric characterisation: The
Boc groups of electrodes 1 and 2 were removed by a depro-
tection reaction with a 4.0m HCI solution in dioxane. Ninhy-
drin tests (colorimetric test used in solid-phase synthesis to
monitor the deprotection of primary amines™') on electro-
des 1 and 2 were negative before deprotection but positive
when performed after removal of the Boc group, that is, the
deprotection reaction was successful. This result is only
qualitative and the true yield of deprotection was not deter-
mined. The deprotected modified carbon surfaces are ana-
logues of aminomethyl resins classically used in solid-phase
synthesis, and therefore solid-phase synthetic methodologies
can now be applied to further develop the surface modifica-
tion. The electrodes were coupled with anthraquinone-2-car-
boxylic acid in the presence of O-(benzotriazol-1-yl)-
N,N,N',N'-tetramethyluronium hexafluorophosphate
(HBTU) as coupling agent and N,N-diisopropylethylamine
(DIEA) in N,N-dimethylformamide (DMF) at room temper-
ature for 16h to give electrodes 3 and 4, respectively
(Scheme 3).
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Scheme 3. Synthesis of anthraquinone-modified electrodes 3 and 4.
a)4.0m HCI in dioxane, RT, 1h. b) Anthraquinone-2-carboxylic acid,
HBTU, DIEA, DMF, RT, 16 h.
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A spacer was added to another set of electrodes 1 and 2
by using solid-phase synthetic methodology. 4-(N-Boc-ami-
nomethyl)benzoic acid was obtained in 85% yield by treat-
ing di-tert-butyl dicarbonate with 4-(aminomethyl)benzoic
acid in dioxane/water (1/1) in the presence of 1M NaOH™!
and, after removal of the Boc groups from electrodes 1 and
2, was then linked to the surface by a coupling reaction with
HBTU and DIEA leading to electrodes 5 and 7. The Boc
group on the spacer was then removed and anthraquinone-
2-carboxylic acid was coupled onto the GC surface by using
the same conditions as before to give electrodes 6 and 8, re-
spectively (Scheme 4).

To demonstrate the flexibility of this synthetic strategy,
we varied the type of the spacer starting with another set of
electrodes 1 and 2. Thus, N-Boc-f3-alanine was coupled with
the Boc-deprotected electrodes to obtain electrodes 9 and
11. These electrodes were deprotected and coupled with an-
thraquinone-2-carboxylic acid to give electrodes 10 and 12,
respectively (Scheme 5).
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Scheme 4. Synthesis of anthraquinone-modified electrodes 6 and 8 with C¢H,CH,NHBoc as spacer. a) 4.0M HCI in dioxane, RT, 1 h. b) 4-(N-Boc-amino-
methyl)benzoic acid, HBTU, DIEA, DMF, RT, 16 h. ¢) 4.0m HCl in dioxane, RT, 1 h. d) Anthraquinone-2-carboxylic acid, HBTU, DIEA, DMF, RT,

16 h.
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Scheme 5. Synthesis of the anthraquinone-modified electrodes 10 and 12 with Boc-B-Ala as spacer. a) 4.0m HCl in dioxane, RT, 1 h. b) N-Boc-$-alanine,
HBTU, DIEA, DMF, RT, 16 h. ¢) 4.0m HCl in dioxane, RT, 1 h. d) Anthraquinone-2-carboxylic acid, HBTU, DIEA, DMF, RT, 16 h.

After the chemical modifications, electrodes 3, 4, 6, 8, 10
and 12 were sonicated in DMF and ethanol for 5 min and
then rinsed with deionised water and characterised by elec-
trochemistry. Figure 3 shows the stable cyclic voltammetry
in 0.1M phosphate buffer solution (PBS, pH 7), recorded at
a scan rate of 50 mVs™! for the glassy carbon electrodes
functionalised with AQ redox groups and various modes of
attachment to the electrode surface. All voltammograms
show the characteristic redox peaks for AQ around —0.48 V
versus SCE. As expected for surface-immobilised redox cen-
tres, the peak currents are linearly proportional to scan rate
(see Figure 7b below) and the ratio between oxidation and
reduction peak currents at any given scan rate is close to
unity. However, on the first scans (not shown), the modified
GC electrodes showed 8-10% larger reduction peak cur-
rents, before remaining stable for more than 100 cycles. This
is most likely attributable to desorption of some non-cova-
lently bonded AQ molecules.!

Table 1 reports the values of the peak separation AE, the
midpoint potential E,,, [Eq. (1)] and the surface coverage I"
for the different electrodes in 0.1m PBS (pH 7).

Enp = (E,—E)/2 (1)

The AQ redox potential E,,, varies slightly for the differ-
ent linkages (Table 1) with an average value of —475+5 mV
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in 0.1 PBS for all the modified electrodes. Thus, the type
of linkage does not appear to have a significant effect on
the thermodynamics of anthraquinone oxidation and reduc-
tion. On the other hand, the type of linkage has a significant
effect on the kinetics of the reactions, as shown by the dif-
ferences in peak separation, AE. The EDA linker (electrode
4) showed the smallest values for AE, with 41, 112 and
132 mV in basic, acidic and neutral solution respectively.
The diazo linker with the alanine spacer (electrode 10)
showed the largest AE value of 232 mV in PBS. Based on
the peak-separation data, the electron-transfer kinetics are
consistently faster for structures with the EDA linker rather
than the diazo linker. The charges passed in oxidation or re-
duction of the immobilised anthraquinone are given in
Table 1 based, in each case, on measurements on three repli-
cate electrodes. The associated surface coverages I are cal-
culated from Faraday’s law [Eq. (2)]

I' = Q/nFAp 2)

where Q is the charge obtained from integration of the
baseline-corrected area under the oxidation or reduction
peak, F the Faraday constant, A the geometric area of the
electrode (0.071 cm?), n=2 the number of electrons trans-
ferred, and p is the roughness of the electrode. Typical
values of p for polished GC electrodes of the type used here

—— 2551
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Figure 3. Cyclic voltammograms recorded at a scan rate of 50 mVs™' in 0.1m PBS, pH 7, for 3 mm diameter GC electrodes modified by AQ through vari-

ous linkages.

Table 1. AQ separation peak, midpoint potential and surface coverage
for modified electrodes in 0.1 M phosphate buffer solution.

Electrode AE  E,,+3 04001 r+01
[mV] [mV] [mCcm™] [nmolcm?]

3 (C4H,CH,NH-CO-AQ) 186  —485  0.540 0.70

4 (EDA-CO-AQ) 132 —472 0944 1.22

6 (CH,CH,NH-CO- 189 475  0.463 0.60

C,H,CH,NH-CO-AQ)

8 (EDA-CO-C,H,CH,NH-CO- 142 —471 0.49% 0.64

AQ)

10 (C4H,CH,NH-#-Ala-CO- 232 —479  0.386 0.50

AQ)

12 (EDA-B-Ala-CO-AQ) 146 —483  0.800 1.05
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lie between 4 and 8 and a value of 4 was used in our calcula-
tions. The coverages in Table 1, given the uncertainty in the
roughness of the electrodes, are consistent with approxi-
mately monolayer coverage of the AQ groups. The results
fall into two groups. For electrodes 4 and 12, where the
linker is an alkyl chain, the coverages are approximately
twice as large as for electrodes 3, 6, 8, and 10, which have a
more bulky aryl ring within the linker. The other trend
which emerges from Table 1 is that the AQ coverage falls
slightly as the number of linking steps increases, so that the
coverage of electrode 4 is greater than that of electrode 12,
and that of electrode 3 is greater than those of electrodes 6

Chem. Eur. J. 2008, 14, 2548 -2556
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and 10. This is expected if the coupling efficiency is not
100 % at each step. Finally, comparing the coverages for the
AQ-modified electrodes with the calculated coverage for a
full monolayer of EDAM™ we find, as expected, that our cov-
erages are somewhat smaller, presumably due to the pres-
ence of the bulkier AQ group. Pinson et al. reported that,
after grafting of EDA onto carbon surfaces, approximately
75% of the diamine molecules were bonded through both
nitrogen atoms in a bridge configuration, and only 25%
through one nitrogen atom.®! A subsequent quantification
of unprotected EDA-modified carbon fibre by Antoniadou
et al. showed that only 1% of free amino groups were avail-
able and could be coupled to an electroactive group.!
Using Boc-EDA means that only the unprotected primary
amine is bonded to the GC surface, as the protected amine
is both less reactive and the bulky Boc group sterically hin-
ders access to the active sites on the surface of GC.1¥

To investigate the effect of the surface coverage of the
linker on the final AQ surface coverage, we altered the sur-
face coverage of the linker by varying the amount of charge
passing during immobilisation of EDA-Boc and then cou-
pled the anthraquinone to the different surfaces. Figure 4

2

r'/nmol ecm ~

0.94

0.8

0.7

0.6+

0.5

T T T T T T T T T T 1

0 ' 2 4 6 8 10 12
EDA-Boc deposition Q / mC

Figure 4. The effect of charge for immobilisation of EDA-Boc on the AQ
surface coverage for EDA-CO-AQ-modified electrode 4.

shows a plot of AQ surface coverage as a function of the
charge passed in deposition for EDA-CO-AQ (electrode 4).
The AQ coverage increases with the charge passed in the in-
itial coupling of EDA-Boc to the electrode but then reaches
saturation quite sharply after the passage of about
02mCcm ™2 of charge during EDA-Boc coupling. This
charge is consistent with monolayer coverage of EDA on
the surface.

The stability of the AQ-modified electrodes was moni-
tored by recording CVs in PBS at pH 7 for different storage
times in air at room temperature. Table 2 shows the change
in AE, E,,, and I for electrodes modified with C;H,CH,NH-
CO-AQ (electrode 3) and EDA-CO-AQ (electrode 4) over
a period of 20 d. The data reveal very small changes in AE
and E,, and the surface coverage gradually decreased by
23% after 20 d. There does not appear to be any significant
difference in stability for the two linkages.

Chem. Eur. J. 2008, 14, 2548 -2556
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Table 2. Stability of anthraquinone-modified electrodes 3 and 4 over
time at pH 7 (0.1m PBS).

Electrode t AE E.,£3 r+o.1
[days] [mV] [mV] [nmolcm~?]
3 (C,H,CH,NH-CO-AQ) 0 186 —485 0.70
3 (C,H,CH,NH-CO-AQ) 2 182 —496 0.62
3 (C,H,CH,NH-CO-AQ) 10 178 —492 058
3 (C,H,CH,NH-CO-AQ) 20 180 —500 0.55
4 (EDA-CO-AQ) 0 132 —472 1.22
4 (EDA-CO-AQ) 2 115 475 09
4 (EDA-CO-AQ) 10 109 —480 0.92
4 (EDA-CO-AQ) 20 111 —479 0.89

Effect of pH: The AQ redox couple is known to be pH-de-
pendent because it undergoes two-proton/two-electron re-
duction to give the corresponding hydroquinone derivative.
Figure 5 shows representative voltammograms for a GC
electrode modified by EDA-CO-C,H,CH,NH-CO-AQ
(electrode 8) in 0.1m NaOH, 0.1m PBS (pH7) and 0.1m
H,SO, solutions.

iii)

Current / pA

T T T T T T T
-0 08 -06 -04 -02 00 02

Potential / V (vs. SCE)

Figure 5. Cyclic voltammograms at a scan rate of S0 mVs™' for EDA-
C¢H,CH,NH-CO-AQ-modified electrode 8 in solutions of i) 0.1 NaOH,
ii) 0.1m PBS, pH 7 and iii) 0.1 M H,SO,.

Each voltammogram shows the AQ redox peaks for all
studied pH values, and in strongly acidic solution E,, shifts
to more positive potentials (about —106 mV), while in
strongly basic solution E,,, is about —775 mV. This shift in
E,, with pH is consistent with the 2e /2H* anthraquinone
redox system. In 0.1 NaOH solution, there is a slight de-
crease in the peak currents, which is probably due to hydrol-
ysis of the immobilised anthraquinone at higher pH.?%%)
This hydroquinone hydrolysis is not recovered by cycling in
acid, as confirmed by our own experiments. Figure 6 shows
the relation between E,, of anthraquinone-modified elec-
trode 4 and pH in the range from 1 to 13. In the pH range
from 1 to 8, E,,, is linearly shifted to more negative poten-
tial with a slope of 59 mV per pH unit, which is equal to the
anticipated Nernstian value for a two-electron/two-proton
process. Above pH 8, the slope changes to 35 mV per pH
unit, corresponding to a two-electron/one-proton mecha-
nism. This is consistent with the pK, of 7.5 for anthraqui-
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Figure 6. Dependence of AQ midpoint potential E,,, on pH for EDA-
CO-AQ-modified electrode 4 in 0.1 M PBS solution.

none and indicates that the pK, of anthraquinone is not
changed by immobilisation.

Effect of scan rate: The effect of scan rate on the electro-
chemical behaviour of the C(H,CH,NH-CO-AQ (3) and
EDA-CO-AQ (4) electrodes was studied to investigate the
effect of the spacer on the heterogeneous electron-transfer
kinetics. Figure 7 shows a series of cyclic voltammograms at
different scan rates in PBS (pH7) for C;H,CH,NH-CO-
AQ-modified electrode 3.

A well-defined redox peak can be observed that corre-
sponds to the reversible process of the immobilised anthra-
quinone group. As shown in Figure 7b, the anodic and
cathodic currents increase linearly with scan rate with a
small AE at slow scan rates. This is consistent with surface
immobilisation of the AQ redox centre. The midpoint po-
tential stayed almost unchanged at —795+5 mV versus SCE
and the ratio between anodic and cathodic peak was almost
unity for all studied scan rates. However, at higher scan
rates (>200 mVs™), the anodic—cathodic separation AE is
significantly increased. The apparent rate constant k,,, and
the transfer coefficient a for a two-electron/two-proton sur-
face-confined anthraquinone redox centre can be deter-

mined by plotting the variation of peak potential separation
AE with the logarithmic scan rate by using the well-known
Laviron formulation.™"

Figure 8a and b show plots of E,..—E,, versus logv for
electrodes 3 (C4H,CH,NH-CO-AQ) and 4 (EDA-CO-AQ),
respectively. At higher scan rate, the slopes of the linear
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Figure 8. Plot of the variation of E ., —Ey, vs the logarithm of the scan
rate for GC electrodes modified by a) C;H,CH,NH-AQ (electrode 3)
and b) EDA-AQ (electrode 4).

part of the plot are equal to —2.3 RT/anF for the cathodic
branch, and 2.3 RT/(1—a)nF for the anodic branch. In our
case, we obtain a values of 0.48 and 0.5 and apparent rate
constants k,,, of 147 and 2.36 st for electrodes 3
(C¢H,CH,NH-CO-AQ) and 4 (EDA-CO-AQ), respectively.
The symmetry of anodic and cathodic branches of the plot
in Figure 6 confirms that the transfer coefficient a is about
0.5. These values for k,,, are consistent with the values ob-
tained for alkylthiol-terminated hydroquinone (C, to Cg
chains) self-assembled on a gold electrode."

Conclusion

Glassy carbon electrodes have
been modified with anthraqui-
none redox systems and differ-
ent spacers. Modification was
performed in two steps. Firstly,

two different linkers,
CH,CH,NHBoc and EDA-
Boc, were electrochemically

immobilised on the carbon sur-
face by electrochemical reduc-
tion and oxidation, respective-
ly. Secondly, after removal of
the Boc group of the linkers,
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Figure 7. a) Effect of scan rate on C,H,CH,NH-CO-AQ-modified electrode 3 in 0.1 PBS (pH 7). b) Plot of

AQ anodic and cathodic peak current and scan rate.
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anthraquinone as a model
redox centre was covalently at-
tached under solid-phase syn-
thesis conditions. This anthra-
quinone centre was also at-

T T T 1
300 400 500 600

Chem. Eur. J. 2008, 14, 2548 -2556


www.chemeurj.org

Organically Functionalised Glassy Carbon Electrodes

tached to the GC electrodes via other spacers such as 4-(N-
Boc-aminomethyl)benzoic acid and N-Boc-f3-alanine. These
new AQ-modified electrodes were fully characterised by
cyclic voltammetry, and the electrodes with EDA as a
spacer were shown to have larger electron-transfer rate con-
stants and have a more tightly packed monolayer surface
coverage than electrodes modified with C¢H,CH,NH
spacers. Furthermore, the AQ-modified electrodes were
shown to have long-term storage stability, and no change in
thermodynamic potential or pK, value occurred for any of
the studied linker arrangements.

Hence we have shown that it is possible to covalently
modify GC surfaces with linkers bearing a Boc-protected
amino group. The Boc protecting group appears to prevent
the formation of bridged structures or polymeric layers in
the case of EDA coupling. In the case of diazonium cou-
pling our approach using the Boc-protected compound
allows us to use a single diazonium salt to couple a range of
molecules to the electrode surface, avoids the necessity to
synthesise a variety of different diazonium salts and over-
comes problems of poor stability for some of the salts. Re-
moval of the Boc group from the amine leads to modified
carbon surfaces which are analogues of aminomethyl resins
used routinely in solid-phase synthesis and provides a reac-
tive site at the carbon surface for further synthetic modifica-
tions by various organic molecules. This strategy, which
combines electrochemical and solid-phase synthetic method-
ologies, therefore constitutes a general and flexible ap-
proach for the functionalisation of different types of carbon
surfaces. Work is currently in progress for the design of li-
braries of large numbers of organic compounds on different
types of carbon surfaces.

Experimental Section

General: N,N-Dimethylformamide (DMF, synthesis grade) and ethanol
(analytical grade) were obtained from Fisher Scientific. O-(Benzotriazol-
1-yl)-N,N,N',N'-tetramethyluronium hexafluorophosphate (HBTU) was
obtained from Novabiochem. All other reagents were obtained from
Sigma-Aldrich and were used as received without any further purifica-
tion. fert-Butyl N-(4-aminobenzyl)carbamate® and 4-(N-Boc-aminome-
thyl)benzoic acid®! were synthesised by literature procedures.

'H and "C NMR spectra were recorded on a Bruker AV300 spectrome-
ter at 300 and 75.5 MHz, respectively. Spectra were referenced to the re-
sidual 'H peak of the deuterated solvent.

All solutions for electrochemical experiments were prepared with re-
agent-grade water (18 MQcm) from a Whatman ROS80 system coupled to
a Whatman “Still Plus”. All glassware was cleaned by soaking in a 5%
Decon 90 (Sigma-Aldrich) solution for at least 5 days followed by rinsing
with deionised water and drying in an oven at 50°C.

Electrochemical experiments were performed in a conventional three-
electrode cell using an Autolab PGSTAT30 Potentiostat/Galvanostat. A
home-made saturated calomel electrode (SCE) or Ag/AgCl was used as
the reference electrode, and about 1 cm? platinum gauze as the counter-
electrode. The working electrode was a 3 mm diameter (0.071 cm?®) glassy
carbon disc (RA3-100, Tokai Carbon, Japan) sealed in glass tube and
wired up with copper wire by using melted indium (Aldrich). Prior to
modification, the working electrodes was polished with silicon carbide
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polishing paper (grade 1200) then with 1 pm alumina and rinsed with de-
ionized water followed by sonication for 5 min in acetonitrile.

4-(N-Boc-aminomethyl)benzene diazonium tetrafluoroborate salt: Fol-
lowing a literature procedure,?! tert-butyl N-(4-aminobenzyl)carba-
mate® (1.67 g, 7.5mmol) was dissolved in HBF, (40%, 1.65mL,
7.5 mmol) and water (10 mL). The solution was cooled on ice, and
NaNO, (0.55 g, 8.0 mmol) dissolved in water (2 mL) was added dropwise
under an inert atmosphere while the solution was stirred. The reaction
mixture was allowed to warm to room temperature and the solution was
concentrated to half its original volume. The residue was cooled in ice
before filtration to give the diazonium salt as an orange solid, which was
washed with diethyl ether and dried in vacuo (2.08 g, 86%); '"H NMR
([Dg]DMSO): 6=1.40 (s, 9H), 4.35 (d, 2H, J=5.5Hz), 7.65 (br, 1H),
7.79 (d, 2H, J=88Hz), 8.6l ppm (d, 2H, J=88Hz); "CNMR
([Dg]DMSO): 6=41.9, 115.4, 130.8 (2C), 132.7 (2C), 147.6 ppm; ATR-
IR: 7=2845, 1022, 1278, 1368, 1460, 1517, 1585, 1687, 2286, 3361 cm "
Electrode 1: Covalent attachment of C;H,CH,NHBoc to the GC surface
was performed by electrochemical reduction from a solution containing
5 mm BocNHCH,C¢H, diazonium salt and 0.1 TBATFB in acetonitrile.
The modification of three electrodes in parallel was carried out by cy-
cling the electrode potential from 0.6 to —1 V versus Ag/AgCl for three
cycles at a scan rate of SO0 mVs~.

Electrode 2: The Boc-EDA spacer was grafted from a solution containing
10 mM Boc-EDA and 0.1m TBATFB in acetonitrile by threefold cycling
of the electrode potential in the potential range from 0.5 to 1.8 V versus
Ag/AgCl at a scan rate of S0 mVs™.

General procedure for Boc deprotection of modified GC electrodes: A
Boc-protected modified GC electrode was suspended in a solution of
HCI in dioxane (4.0M, 0.5mL) at room temperature for 1h. The elec-
trode was then washed by sonication in DMF (0.5mL), 1.0m NaOH
(0.5 mL), deionised water (0.5mL) and absolute EtOH (0.5 mL) for
5 min before electrochemical characterisation.

General procedure for the coupling reaction of anthraquinone-2-carbox-
ylic acid at the GC surface: Anthraquinone-2-carboxylic acid (252 mg,
1.0 mmol), HBTU (450 mg, 1.2 mmol) and DIEA (0.7 mL, 4.2 mmol)
were dissolved in DMF (1.0 mL). The mixture was heated at 60°C for
15 min with magnetic stirring to obtain a homogeneous solution. A Boc-
deprotected modified GC electrode was then suspended in this solution,
which was allowed to cool to room temperature and stirred for 16 h. The
electrode was then washed by sonication in DMF (1.0 mL) and absolute
EtOH (1.0 mL) for 5 min before electrochemical characterisation.

General procedure for the coupling reaction at the GC surface: A Boc-
deprotected modified GC electrode was suspended in a solution of car-
boxylic acid (1.0 mmol), HBTU (450 mg, 1.2 mmol) and DIEA (0.7 mL,
4.2 mmol) in DMF (1.0 mL) at room temperature under magnetic stirring
for 16 h. The electrode was then washed by sonication in DMF (1.0 mL)
and absolute EtOH (1.0 mL) for 5 min before electrochemical characteri-
sation.
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