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Abstract

4-Amino-2-mercaptopyrimidine self-assembled monolayer (AMP SAMs/Au) was prepared on a gold electrode. The AMP SAMs/Au was

characterized by using attenuated total reflection-fourier transform infrared (ATR-FTIR) and A.C. Impedance. The electrochemical behavior

of brucine on AMP SAMs/Au was studied by cyclic voltammetry (CV) and square wave adsorptive stripping voltammetry (SWASV). The

modified electrode showed an excellent electrocatalytic activity for the redox of brucine. The catalytic current increased linearly with the

concentration of brucine in the range of 4.0� 10� 7 to 2.0� 10� 4 mol l� 1 by square wave voltammetry response. The detection limit was

6.0� 10� 8 mol l� 1.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Brucine mainly exists in the seed of Strychnos nux-

vomica. Its structure is shown in Fig. 1. As an alkaloid, it

can be adsorbed by the human body and enter into the

blood stream. It has the efficacy of stimulating central

nervous system. It is often used as an anti-inflammatory

and analgesic drug to relieve arthritic and traumatic pains

[1]. Generally, the concentration of brucine in blood is low

after metabolization. Thus, the establishment of highly

sensitive methods for the determination of brucine is of

pharmacological importance. Presently, the determination

of brucine is carried out by using UV Spectrophotometry

[2], TLC scanning [3] and HPLC [4]. Some electrochem-

ical methods have also been reported for its determination

[5–7]. These electrochemical determinations require to

pre-oxidize brucine with nitric acid to an ortho-quinone,

which can then be reversibly electro- reduced to the

corresponding quinol [6,7]. These processes are obviously

complex, which will affect the accuracy of determination.
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The self-assembled monolayer technique has received

much interest in the field of electrochemistry and electro-

analytical chemistry during the last decade [8]. In particular,

the self-assembly of organosulfur compound on gold sur-

face have been extensively studied. These modified surfaces

exhibit new electrochemical and physical properties [9–12].

The aim of this work is to use the short-chain thiol—

4-amino-2-mercaptopyrimidine (shown in Fig. 2) to modify

the gold electrode. The AMP SAMs/Au was characterized

by using attenuated total reflection-fourier transform infra-

red (ATR-FTIR) and A.C. Impedance. The electrochemical

behaviors of brucine at AMP SAMs/Au were investigated.

Based on its voltammetric behavior, a square wave adsorp-

tive stripping voltammetry (SWASV) method for the direct

determination of brucine was developed. By this method, a

detection limit of 8� 10� 8 mol l� 1 was achieved for the

determination of brucine.
2. Experimental

2.1. Apparatus

Electrochemical measurements were carried out with a

model CHI660A electrochemical analyzer (CH Instrumen-



Fig. 1. Chemical structure of brucine.

X.-H. Zhang et al. / Bioelectroch42
tal, USA) controlled by a personal computer. A three-

electrode system was used in the measurements, with a bare

gold electrode (diameter 2 mm) or 4-amino-2-mercapto-

pyrimidine (AMP) self-assembled monolayer modified gold

electrode (i.e., AMP SAMs/Au) as the working electrode, a

saturated calomel electrode (SCE) as the reference electrode

and a platinum wire as the auxiliary electrode. Spectrum

One FTIR spectrophotometer (Perkin-Elmer, USA) was

used to achieve the ATR-FTIR spectra of AMP SAMs/Au

at a resolution of 4 cm� 1 over the 4000–600 cm� 1 spectral

region.

2.2. Chemicals

4-Amino-2-mercapto-pyrimidine was purchased from

Aldrich (USA). Brucine was purchased from Sigma

(USA). All other chemicals were of analytical-reagent

grade. All solutions were prepared with pure water. Brucine

is dissolved by K2SO4 solution. Then use H2SO4 to adjust

pH value to 1.0.

2.3. Preparation of the AMP SAMs/Au

Bare gold electrodes were prepared and treated according

to Refs. [13,14]. The freshly pretreated electrode was im-

mersed in 10 mmol l� 1 of 4-amino-2-mercapto-pyrimidine

solution for 24 h. The electrodes were ready for use after they

were rinsed with pure water and dried under nitrogen

atmosphere at room temperature.
Fig. 2. The structure of 4-amino-2-mercaptopyrimidine.
3. Results and discussion

3.1. ATR-FTIR characterization of AMP/Au SAMs

Fig. 3 shows the ATR-FTIR spectra of AMP (a) and

AMP/Au SAMs (b). Comparing the two spectra, the most

important difference is that the stretching vibration band at

2590 cm� 1 of USH in Fig. 3a disappeared in Fig. 3b. It is

attributed to the cleavage of SUH bond and the formation of

a new bond, i.e., SUAu bond. This phenomenon proves that

AMP has been assembled on the gold electrode. Further-

more, the vibration bands of UNH2, CUH appeared to exist

clearly both in Fig. 3a and Fig. 3b. These facts indicate that

the bond of SUAu is strong; other groups in the AMP

molecule do not affect its assembling.
3.2. Impedance analysis in the presence of Fe(CN)6
3�/4�

The A.C. Impedance method is based upon a measure-

ment of the response of the electrochemical cell to a small-

amplitude alternating potential. The response is often shown

in the complex-impedance presentation, and the result can

be interpreted in terms of an equivalent electrical circuit.

The surface changes of the electrode must cause a change in

the A.C. Impedance response; this change can be under-

stood according to Randles’ equivalent circuit [15], and can

be used to estimate the electrode coverage and some kinetic

parameter, such as the charge-transfer rate constant, and the

dielectric constant of the monolayer film.

In terms of the Randles’ equivalent circuit, two frequen-

cy regions, as at high and low, can be distinguished to

understand the change in faradaic impedance. Our attention

is focused on the more interesting part of the spectrum at a

high frequency where the electrode reaction is purely

kinetically controlled, and the heterogeneous charge-transfer

resistance is expected to increase due to inhibition of the

electron transfer by the monolayer on the electrode surface

[16]. The electrode coverage (h) is a key factor, which can

be used to estimate the surface state of the electrode, and the

charge-transfer resistance is also related to it. Assuming that

all the current is passed by pinholes on the electrode, the

electrode coverage can be calculated by [17]

ð1� hÞ ¼ R0
ct=Rct; ð1Þ

where Rct
0 is the charge-transfer resistance at bare gold and

Rct is the charge-transfer resistance at the monolayer-covered

electrode under the same conditions.

Fig. 4 is complex-impedance plot of AMP SAMs/Au. A

comparison of complex-impedance plots of a bare electrode

and a monolayer-covered gold electrode shows the effect of

the absorbed AMP monolayers on the A.C. Impedance

response. For the monolayer-covered electrode, Rct, which is

the diameter of the semicircle at high frequency, is clearly

greater than Rct
0 due to an inhibition of AMP SAM to electrode

surface. From an analysis of the spectrum shown in Fig. 4, the

charge-transfer resistance is 1210 V cm2. The electrode

coverage value was estimated to be 99.6%. The charge-transfer

resistance for bare gold was measured to be 4.8 V cm2.

3.3. Electrochemical behavior of AMP SAMs/Au

No redox peaks can be observed in cyclic voltammo-

grams of AMP SAMs/Au in the range of 0.7–0.1 V at pH

emistry 65 (2004) 41–46



Fig. 3. ATR-FTIR spectra of AMP (a) and AMP/Au SAMs (b).
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1.0 electrolyte solution. Compared with bare gold electrode,

background current decreased greatly, which indicates that

the electrode is efficiently coated by SAMs of AMP and that

the AMP monolayer blocks access of solvent molecules and

electrolyte ions to the gold surface [18].

Some papers have confirmed that there is a strong

affinity between sulfur atom and gold surface, sulfur and

selenium compounds can form monolayer on gold [19,20].

Because of containing USH in 4-amino-2-mercaptopyrimi-

din molecule, it can be adsorbed on gold electrode naturally,

forming self-assembled monolayer.

3.4. Electrochemical properties of brucine at AMP

SAMs/Au

As shown in Fig. 5, the Cyclic Voltammetry is used to

investigate the mechanism of the redox reaction. The
Fig. 4. A.C. Impedance plots in 0.5 mmol/l [Fe(CN)6]
3� + 0.5 mmol/l

[Fe(CN)6]
4� + 0.5 mol/l KNO3 with frequency of 0.05–10

5 Hz for bare gold

electrode (a) and AMP SAMs/Au-modified electrode (b).
initiative potential is 0.7 V and the scanning potential is

between � 0.1 and 1.1 V. At the first cathodic scanning,

there is no reductive peak. Then at the inverse scanning,

only an oxidative peak at the potential of 1.04 V appeared

(Fig. 5, Ipa). And in the subsequent scanning, a new

oxidative peak and a new reductive peak were found, at

the potential of 0.517 V (Fig. 5, IIpa) and 0.395 V (Fig. 5,

IIpc), respectively. The currents of IIpa and IIpc increased

with the increase of scanning circles, while the first oxida-

tive peak at 1.04 V (Fig. 5, Ipa) tends to decrease.

Fig. 6 shows the SWASV of 1.0� 10� 5 mol l� 1

brucine on AMP SAMs/Au (a) and the bare gold
Fig. 5. Cyclic voltammograms of AMP SAMs/Au in 1.0� 10� 4 mol l� 1

brucine (pH= 1.0) at scan rate of 100 mV/s.



Fig. 6. The SWASVof 1.0� 10� 5 mol l� 1 brucine on AMP SAMs/Au (a)

and on the bare gold electrode (b) at 0.1 mol l� 1 H2SO4 solution.

Fig. 8. SWASV of brucine on AMP SAMs/Au at different concentrations

(bottom to top): 1.0� 10� 6, 4.0� 10� 6, 6.0� 10� 6, 8.0� 10� 6, 2.0�
10� 5, 4.0� 10� 5, 6.0� 10� 5 mol l� 1.
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electrode (b) at 0.1 mol l� 1 H2SO4 solution. The

reduction peak current of brucine on AMP SAMs/Au

was higher than that on bare electrode. The SWASV

response of the AMP SAMs/Au electrode to brucine

should be ascribed to the interaction between the SAMs

of AMP and brucine. The interaction included the

electrostatic action [21], which caused the brucine to

easily access the surface of AMP SAMs/Au electrode

and might result in much faster kinetics of brucine redox

[22].
Fig. 7. Redox mechan
There was a shift in the peak potential when the pH was

changed. The potential shifted to lower value as the pH

(B.R. buffer) increased according to the equation:

Epc ¼ 0:537� 0:062pH r ¼ 0:998 ð2Þ

A coulometeric study performed in CHI660A electro-

chemical system showed that the number of the electrons

involved in the process, n, was 2. And thus, the proton

numbers intervening in the reduction process could also be

calculated and found to approximately be 2 from the slope

of Eq. (2) [23]. Therefore, the proposed redox mechanism

for brucine can be written as Fig. 7 [24,25].
ism of brucine.



Table 1

Determination result of brucine in sample

Sample

(Ag)
Added

(Ag)
Sample +

Added amount

(Ag)

Found

(Ag)
Recovery

(%)

Average

recovery

(%)

9.33 26.50 27.12 106.6

18.66 35.83 36.00 100.9

27.99 45.16 45.12 99.9

17.17 37.32 54.49 54.79 100.8 101.7

46.65 63.82 64.56 101.6

55.98 73.15 72.45 98.7

65.31 82.48 84.62 103.3
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Fig. 7 shows the electrocatalytic processes of brucine

on the AMP SAMs/Au modified electrode. Firstly, the

oxidation of brucine proceeded, after it was absorbed

onto AMP SAMs/Au electrode surface. The oxidation

production was dicarbonyl-strychnine (Fig. 7A). And

then in a reversible electrode reaction, the dicarbonyl-

strychnine was reduced to be B.

3.5. Analytical application

The possibility of using the AMP SAMs/Au modified

electrode for the determination of brucine was tested.

SWASV was adopted in the experiments. The cathodic peak

current of 1.0� 10� 6 mol l� 1 brucine at the AMP SAMs/

Au modified electrode increased markedly with preconcen-

tration time up to 300 s at the accumulation potential of 1.04

V. With longer preconcentration time up to 400 s, the rate of

the current increase obviously diminished. Considering both

sensitivity and time, a time of 300 s was chosen as the

preconcentration time. The SWASV parameters that were

investigated are the frequency, the pulse amplitude and the

pulse increment. These parameters are interrelated and have

a combined effect on the current response. The experiment

showed the frequency of 30 Hz, the pulse amplitude of 25

mV and the pulse increment of 4 mV were the optimum.

Under the optimum condition chosen, the SWASV peak

height was linearly related to the brucine concentration

range from 4.0� 10� 7 to 2.0� 10� 4 mol l� 1. Fig. 8 shows

the SWASVobtained for different concentrations of brucine.

The linear regression equation was ipc(AA) = 0.1489 +

0.424c (c/10� 5 mol l� 1), with the correlation coefficient

of 0.9996. The detection limit was up to 8.0� 10� 8 mol

l� 1. The relative standard deviation was 1.2% for solution

containing 1.0� 10� 5 mol/l brucine (n = 11).

In order to evaluate the validity of the proposed method

for the determination of brucine in sample, the recovery test

was carried out by adding known amounts of brucine

standard to sample. As shown in Table 1, the recoveries

were from 98.7% to 106.6%, indicating that the method is

reliable for the quantification of brucine.

The influence of the interference to 2� 10� 6 mol l� 1

brucine was evaluated. From the experiment, it is can be

conclude that, 500-fold glucose, glutamic acid, uric acid,

K+, Na+, Ca2 +, Al3 +, NH4
+, Cl�, PO4

3�, SO4
2� and Ac� did
not interfere the determination of brucine, while S2�, Fe2 +,

NO2�, EP, NE or DA interfered seriously.
4. Conclusion

The performance of the Au electrode coated with a self-

assembled monolayer of AMP has been studied. The ATR-

FTIR and A.C. Impedance results verified that AMP could

be self-assembled spontaneously onto a gold surface

through the formation of a SUAu bond. The electrochem-

ical behaviors of brucine on AMP SAMs/Au were studied

by cyclic voltammetry and square wave adsorptive stripping

voltammetry. The good results obtained in the analysis of

content of brucine in sample suggested that the proposed

method was suitable for the direct determination of brucine

and can be used in routine analysis.
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