
Journal of
Electroanalytical

Chemistry

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Servicio de Difusión de la Creación Intelectual
Journal of Electroanalytical Chemistry 571 (2004) 59–72

www.elsevier.com/locate/jelechem
Comparative voltammetric and FTIRRAS study on the
electro-oxidation of thiourea and methyl-thioureas on platinum

in aqueous acid solutions

A.E. Bolz�an a,*, P.L. Schilardi a, R.C.V. Piatti a, T. Iwasita b, A. Cuesta c,
C. Guti�errez c, A.J. Arvia a

a Instituto de Investigaciones Fisicoqu�ımicas Te�oricas y Aplicadas (INIFTA) (UNLP, CONICET), Sucursal 4, Casilla de Correo 16,

(1900) La Plata, Argentina
b Instituto de Quimica de S~ao Carlos, Universidade de S~ao Paulo, S~ao Carlos, Brazil

c Instituto de Qu�ımica F�ısica ‘‘Rocasolano’’, C.S.I.C., C. Serrano, 119, E-28006 Madrid, Spain

Received 16 December 2003; received in revised form 15 April 2004; accepted 22 April 2004

Available online 2 July 2004
Abstract

A comparative voltammetric and spectroscopic study on thiourea, methylthiourea, 1,3 dimethylthiourea and tetramethylthiourea

electro-oxidation is presented. The investigation was performed at platinum electrodes in aqueous acid solutions in the potential

range between 0.05 and 1.6 V (versus SHE). The electro-oxidation of thioureas starts at ca. 0.55 V and it involves at least two

reaction stages irrespective of their nature. The first electro-oxidation stage occurs in the range 0.55–0.9 V and involves the for-

mation of a soluble disulphide derivative influenced by the blockage of the electrode surface. The second electro-oxidation stage

occurs in the range 0.9–1.6 V and it involves a complex electrochemical process yielding products such as carbon dioxide, sulphate

ions, CN- and CO-containing species. The second electro-oxidation stage is likely mediated by the oxygen-containing layer that is

produced electrochemically on platinum in that range of potential. The gradual depletion of thioureas and the progressive formation

of soluble products in the thin solution layer in contact with the electrode are followed through changes in the band intensities of IR

spectra. From the correlation between voltammetric and spectroscopic data a description of global reactions involving the electro-

oxidation of thioureas to soluble products in both potential ranges is presented. The proposed reaction pathways are consistent with

the participation of different adsorbates as was reported earlier for thioureas on platinum.

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

In recent years, the study of the electrochemical be-

haviour of thioureas (TUs) at different metals has been

of increasing interest due to their application as addi-
tives for metal electrodeposition and corrosion inhibi-

tion [1–3]. In earlier work the nature and concentration

of each TU related to its optimal efficiency was selected

empirically. For instance, it is well established that the

specific optimal efficiency of TU in either metal plating
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or corrosion protection depends considerably on the

bath composition, the critical additive concentration

and its stability in solution under either open circuit or

an applied electric potential [4–6].

In general, additives modify the kinetics and mecha-
nism of the electrochemical process. For TU, these

changes depend on the strength of metal-thiol interac-

tions that are favoured by the tautomeric form of TU

(H2NHNCSH), which, in turn, depends on the solution

composition and the strength of the electric field at the

metaljsolution interface [7,8].

For E < 0:5 V (versus SHE), TU adsorption involves

the protonation–deprotonation equilibrium TU(aq) �
TU�(ad) +Hþ + e�, where (aq) and (ad) stand for
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aqueous-solvated and adsorbed species, respectively [9].

Conversely, for E > 0:5 V, TU-containing surface

complex species can be formed electrochemically [10,11].

These adsorbed species can be considered as precursors

of the metal electrodissolution processes as soluble TU-
ligand metal complexes. This type of product has been

found for a number of metals in acidic solutions [12–21]

even in the absence of amine hydrogens in the TU

molecules, as in tetramethylthiourea (TMTU). In this

case, the electron transfer reaction alone could produce

both adsorbates and dimerisation as occurs on gold [11].

Recently, voltammetric data of the formation of TU

and methyl-substituted TU adsorbates on platinum
showed that the corresponding adsorption kinetics fol-

low an Elovich-type rate equation and, under equilib-

rium conditions, adsorption data fit a Frumkin-type

isotherm including repulsive adsorbate–adsorbate in-

teractions. For different TUs, the corresponding degree

of surface coverage by adsorbates decreases according

to the corresponding cross section of each molecule [16].

In this work we attempt to establish a correlation
between the voltammetric behaviour of TU, meth-

ylthiourea (MTU), 1,3 dimethylthiourea (DMTU) and

tetramethylthiourea (TMTU) on polycrystalline plati-

num in aqueous acid solutions, and the formation of

soluble electro-oxidation products at different poten-

tials. Fourier transform infrared reflection absorption

spectra (FTIRRAS) are used for monitoring the for-

mation of a number of soluble electro-oxidation prod-
ucts and the disappearance of reactants. This procedure

makes it possible to determine unambiguously the var-

iation of the nature of products and their concentration

change at the thin layer of solution in contact with the

working electrode surface in different ranges of poten-

tials. From these correlations two limiting reaction

pathways that are applicable at low and high applied

potentials, irrespective of the TU solution can be pro-
posed. These reaction pathways involve the participa-

tion of both homogeneous reactions in solution and

surface electrochemical reactions including adsorption

processes [16].
2. Experimental

2.1. Electrochemical measurements

A conventional three-electrode electrochemical glass

cell was utilised. The working electrode consisted of a

polycrystalline platinum wire (J. Matthey, spec pure,

real area, 0.4 cm2) and a mercurous sulphate electrode

(MSE) was used as the reference electrode. The working

electrode surface was first polished with an alumina
(0.3 lm grit) water suspension and subsequently washed

repeatedly with Milli-Q� water. The area of the working

electrode was determined from the hydrogen adatom
voltammetric charge [22]. Runs were also made using a

rotating platinum ring-disc electrode (type EAD 10K

Tacussel) of 0.12 cm2 geometric area and collection ef-

ficiency N ¼ 0:24. The potential applied to the disc ðEDÞ
was in the range 0:056ED 6 1:55 V, whereas the po-
tential at the ring (ER) was kept constant at 0.15 V and

the rotation speed varied in the range 06x6 2000 rpm.

Voltammetric runs were performed using plain aque-

ous 0.5 M sulphuric acid or aqueous 1 mM X+0.5 M

sulphuric acid (X¼TU, MTU, DMTU, TMTU). Solu-

tions were prepared from Milli-Q� water, sulphuric acid
(98% Merck, p.a.), TU, MTU, DMTU or TMTU (all

Fluka, puriss. p.a.). For each experiment only freshly
prepared solutions continuously kept under nitrogen

(99.99%) saturation were used.

The electrochemical set-up comprised a conventional

potentiostat and wave generator coupled to a Houston

Omnigraphic recorder. Ring-disc measurements were

performed using a type BI-PAD Tacussel bipotentiostat.

2.2. FTIRRAS measurements

The electrochemical cell for in situ FTIRRAS mea-

surements consisted of a conventional three-electrode

design [23] with a fluorite 60� prism at the bottom of the

cell. A polycrystalline platinum disc (1.2 cm dia.) was

used as the working electrode. Before each run, this

electrode was polished to mirror grade with 0.3 lm grid

alumina and rinsed with Milli-Q� water. A platinum
sheet and a reversible hydrogen electrode in the working

solution (RHE) were used as counter and reference

electrodes, respectively.

For FTIRRAS measurements the concentration of

TUs was increased from 1 mM to 0.1 M in order to

obtain significant changes in the thin solution layer

spectra. The spectra were measured in aqueous solutions

of either 0.1 M X+0.1 M perchloric acid or 0.1 M
sulphuric acid (X¼TU, MTU, DMTU, TMTU). So-

lutions were prepared from perchloric acid (70% Alfa

Aesar, p.a.), sulphuric acid (98% Merck, p.a.) and Milli-

Q� water. The use of perchloric instead of sulphuric acid

avoided the interference of the latter in the evaluation of

the IR bands corresponding to sulphate ions produced

from the electro-oxidation of TUs. As no other differ-

ence was observed between the two systems, only those
spectra obtained with aqueous perchloric acid solutions

are reported here for simplicity.

As sulphuric acid involves an intrinsic lower content

of water, compared to perchloric acid, 0.1 M sulphuric

acid (Mallinckrodt AR, 99.9%) in deuterium oxide was

used to study the FTIRRAS spectra in the region where

water bands overlap those of TUs and disulphides

formed from electro-oxidation of TUs, such as form-
amidine disulphide (FDS) from TU.

Spectra were recorded using freshly prepared nitro-

gen-saturated solutions to minimise any influence of
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byproducts resulting from a possible spontaneous de-

composition of TUs.

Measurements were performed using a Nicolet Nexus

670 FTIR spectrometer coupled to a Wenking 72L po-

tentiostat. Each set of spectra was obtained by increas-
ing the potential 0.05 V stepwise from 0.05 to 1.6 V. At

each potential 256 interferometer scans with 8 cm�1

resolution were collected. Normalised reflectance spec-

tra were calculated as R=R0, where R is the value of the

reflectance at the sampling potential Es and R0 is the

reflectance measured at a reference potential Eref

(Eref ¼ 0:05 V).

Spectra with either p- or s-polarised light were re-
corded to collect information either from both soluble

and adsorbed species or exclusively from soluble species

in the thin solution layer. In the spectra, positive- and

negative-going absorption bands represent the loss and

gain of species at Es as compared to Eref , respectively.

All runs were performed at 298 K and potentials in the

text are referred to the SHE scale.
Fig. 1. First (full line) and stabilised (dashed line) voltammograms of

platinum run starting from the rest potential upwards in 1 mM

TUs+0.5 M sulphuric acid. Blank (dotted line) in 0.5 M sulphuric

acid, v ¼ 0:05 V s�1, 298 K.
3. Results

3.1. Voltammetry in the range 0.05–1.5 V

Blank voltammograms run at 0.05 V s�1 between 0.05

and 1.5 V confirm the well-known voltammetric features

of polycrystalline platinum [22] in aqueous 0.5 M sul-
phuric acid (Fig. 1, dotted lines). Briefly, they exhibit the

hydrogen atom electrosorption reaction (0:056E6

0:45 V), the oxygen-containing monolayer formation

and electroreduction (0:66E6 1:5 V), and the double

layer region (0:456E6 0.5 V).

Cyclic voltammograms from all TU-containing so-

lutions show a strong inhibition of hydrogen electro-

sorption reactions (Fig. 1(a)–(d)). The positive potential
scan shows that the electro-oxidation threshold poten-

tial for TUs is close to 0.55 V. This process involves two

main electro-oxidation regions, the first one in the range

0.6–0.9 V (current hump Ia), and the second one in the

range 0.9–1.5 V (peak IIa).

The reverse potential scan shows first the electrore-

duction of the oxygen-containing layer on platinum

(small cathodic peak at ca. 0.7 V) followed by a quasi-
limiting cathodic current from 0.6 to 0.3 V. From 0.3 to

0.05 V, the increase in the cathodic current is due to the

simultaneous electrosorption of TUs and hydrogen at-

oms on platinum.

In all cases, the stabilised cyclic voltammogram be-

tween 0.05 and 1.6 V exhibits a slight increase in the

threshold potential of the first electro-oxidation stage

and a decrease in that of the second one. These vol-
tammetric changes may result from the formation of

strongly bound residues on the electrode surface [16].

The negative potential shift of peak Ia increases in the
order TMTU>DMTU>MTU>TU and the positive
potential shift of peak IIa becomes more marked for

DMTU.

3.2. Voltammetry in the range 0.05–0.9 V

Voltammetric runs were also made restricting the

potential window to 0.05–0.9 V measuring from the first

to the stabilised cycle, i.e. a cycle that does not differ
from the previous one by more than 1%. In all cases, the

charges of these voltammograms were evaluated from

0.45 to 0.9 V (anodic) and from 0.45 to 0.05 V

(cathodic).

For TU-containing solutions, the voltammetric scan

restricted to the potential range of the first electro-oxi-

dation stage shows conjugated peaks Ia/Ic in the range

0.35–0.7 V (Fig. 2(a)), which have been related to the
redox electrochemical reaction TU � FDS+2 Hþ +

2e� [9,24]. The corresponding anodic and cathodic

voltammetric charges for v ¼ 0:05 V s�1 are qa ’
750 lCcm�2 and qc ’ 165 lCcm�2. The peak potential

difference (Ep
Ia � Ep

Ic ’ 0:35 V) indicates the degree of

irreversibility of the electrochemical reaction [9]. At the

10th cycle the voltammogram seems to be stabilised with



Fig. 2. First (dotted line) and stabilised (full line) voltammograms of

platinum run at v¼ 0.05 V s�1 between 0.05 and 0.9 V. Starting

potential¼ 0.4 V. 1 mM TUs+0.5 M sulphuric acid, 298 K.
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slight shifts of peak Ia to less positive potentials and

peak Ic to less negative potentials, as compared to the

very first cycle.

For MTU-containing solution, the first positive po-

tential scan shows also peaks Ia/Ic, although signifi-

cantly less defined (Fig. 2(b)). Compared to TU, the
overall voltammogram shows an appreciable inhibition

of both the electro-oxidation and the electroreduction

processes. Peak Ic appears overlapping a cathodic lim-

iting current that extends from 0.2 V downwards. The

10th potential cycle results in a stabilised profile with

a potential shift of peaks Ia/Ic similar to that found

for TU. In this case, qa ’ 475 lCcm�2 and qc ’
97:5 lCcm�2.

The voltammogram for DMTU (Fig. 2(c)) is largely

comparable to that of MTU although it exhibits an in-

creasing inhibition effect, particularly for the electrore-

duction reactions. In this case, qa ’ 472 lCcm�2 and

qc ’ 73 lCcm�2.

The voltammetric behaviour of TMTU (Fig. 2(d))

involves a higher irreversibility than those of the vol-

tammograms described above. In this case,
qa ’ 110 lCcm�2 and qc ’ 30 lCcm�2. For the case of

TMTU, as the potential cycling increases, the voltam-

metric current decrease gradually to attain a stable

profile after ca. 15 cycles.
From Fig. 2(a)–(d), the voltammetric charge ratios

are qa=qc ¼ 4:54 for TU, 4.87 for MTU, 6.5 for DMTU

and 3.6 for TMTU. These figures are consistent with a

decrease in the amount of soluble electro-oxidation

products on going from TU to TMTU, and an increase
in the inhibition process as the size of the molecule in-

creases. For the case of TMTU, this effect is consistent

with the fact that the molecule is apparently adsorbed

quasi-parallel to the electrode surface [25].

The above voltammetric description changes drasti-

cally when the potential cycling is continued for a couple

of hours under strong nitrogen bubbling. Then, the

voltammograms, formerly described as stable, for either
MTU, DMTU or TMTU, exhibit a marked change

approaching profiles similar to that for TU. Seemingly,

this behaviour would indicate either that adsorbed res-

idues resulting from substituted TUs tend to behave in a

way almost similar to those produced from TU or that

inhibiting species adsorbed on the electrode are pro-

gressively removed under such conditions. This trend

was confirmed from rotating disc electrode data, as de-
scribed further on.

3.3. Rotating disc and ring-disc electrode voltammetry

Voltammograms run at v ¼ 0:005 V s�1 with a plati-

num RDE in TU-containing solutions are different from

those run in quiescent solutions, particularly for the

negative potential scan (Fig. 3). Thus, the positive po-
tential scan shows an anodic hump Ia in the range 0.8–

0.9 V and anodic peak IIa at ca. 1.3 V for TU, MTU and

DMTU, and a hump at ca. 1.0 V for TMTU. The re-

verse potential scan shows a minimum anodic current at

about 1.25–1.3 V followed by a broad anodic current

peak at ca. 0.8–0.9 V (peak IIIa), its height decreasing in

the order MTU>TU>DMTU’TMTU. Accordingly,

in all cases, the electrode rotation produces a reactiva-
tion of the first electro-oxidation process, which is more

significant for TMTU.

For all TUs, the plots of the height of peak IIa versus

x1=2 approach a single straight line for 5006

x1=2
6 7000 rpm with a positive ordinate for x1=2 ¼ 0

that is close to 0.05 mA (Fig. 4). Conversely, the same

plot for peak IIIa approaches a straight line that tends

to go through the origin of coordinates for x < 2000
rpm. For x > 2000 rpm, data tend to a second linear

portion with a slope lower than the previous one and its

extrapolation to x ¼ 0 results in approximately the

same current value found for peak IIa. The behaviour of

these plots indicates that the main reactions related to

peaks IIa and IIIa are diffusion controlled, taking place

on a partially blocked surface [26]. This conclusion was

confirmed by plotting data from peaks IIa and IIIa as
I�1 versus x�1=2. In this case, for peak IIa a break in the

linear plot was observed at high x values, as expected

for a blocked surface [26]. Therefore, strongly bound



Fig. 3. Rotating disc voltammograms of platinum between 0.05 and

1.6 V in aqueous 1 mM TUs+0.5 M sulphuric acid, v¼ 0.005 V s�1;

x¼ 7000 rpm, 298 K.
Fig. 4. Dependence of peaks IIa and IIIa on x1=2. Data taken from

voltammograms run at 0.005 V s�1, 298 K.
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residues are likely produced from adsorption of TUs at

potentials below 0.9 V, and are electro-oxidised at po-

tentials above 1.0 V [16]. Consequently, the reaction

related to peak IIIa starts on an electrode that appears

almost free of surface residues. The current values ex-
trapolated for x ¼ 0 (Fig. 4) are consistent with the

participation of a stirring-independent electrochemical

process.

From the slope of the initial straight line portion for

the height of peak IIIa versus x1=2 plot (Fig. 4), an

approximate value of the diffusion coefficient ðDiÞ of the
reactants can be estimated. Thus, for all TUs under

comparable voltammetric conditions, using the Levich
equation for the RDE assuming that for the initial

process the reactant concentration at the electrode sur-

face at the peak potential is that in the bulk of the so-

lution, it results in values of Di decreasing from 9� 10�6

cm2 s�1 for TU–MTU to 4� 10�6 cm2 s�1 for TMTU.

Seemingly, the value of Di decreases with the solvody-

namic radius of the diffusing molecule, as expected.

As the positive potential limit is set to 0.9 V, repeti-
tive cycling of the RDE at 0.05 V s�1 and x ¼ 2000 rpm

results in a progressive increase of ID. The reactivation

involves the progressive disappearance of blocking spe-

cies, this being more marked for TMTU (Fig. 5). In

agreement, when stirring is interrupted after, for in-
stance, 20 min cycling, voltammograms resulting from

substituted TUs (Fig. 6) approach that of TU
(Fig. 2(a)). These results would suggest that similar ad-

sorbed residues are formed on platinum from all TUs by

potential cycling in the potential range of the TU/FDS

redox couple (0.05–0.9 V). These results indicate that

residues have already begun to appear when the poten-

tial is shifted about some hundreds of mVs either posi-

tively or negatively with respect to the equilibrium

potentials of different TUjdisulphide redox reactions
that lie in the range 0.42–0.46 V [27].

Soluble products from the first electro-oxidation

stage were detected using the RRDE technique in the

range 0.05–0.9 V at 0.05 V s�1 and x ¼ 2000 rpm. For

ED > 0:35 V, the values of both ID and IR (Fig. 7) in-

dicate that the amount of soluble products formed an-

odically decreased in the order TU>MTU>DMTU>
TMTU. Accordingly, for N ¼ 0:25, the ID=IR ratio re-
sults in 20 for DMTU and MTU, 12 for TU, and 3 for

TMTU, i.e., these figures indicate a decrease in the yield

of soluble products.

3.4. FTIRRAS data

The formation of electro-oxidation products and the

corresponding disappearance of reactants from TU,



Fig. 5. Repetitive voltammograms of a platinum disc at v¼ 0.05 V s�1

between 0.05 and 0.9 V under rotation at x ¼ 2000 rpm in aqueous

1 mM TMTU+0.5 M sulphuric acid obtained after decreasing the

positive potential limit from 1.55 to 0.9 V. v ¼ 0:05 V s�1, 298 K.
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MTU, DMTU and TMTU in the range 0.1–1.6 V were

followed by in situ FTIRRAS. Both p- and s-polarised
spectra in the range 1000–2500 cm�1 exhibited the same

bands, indicating that all the spectral changes were re-

lated to changes in the concentration of species in the

thin solution layer. Spectra were collected from 0.1 to

1.6 V, but only a subset of p-polarised spectra is shown

for clarity. The principal infrared absorption bands of
different TUs and FDS are assembled in Tables 1–3.

3.4.1. TU-containing solutions

The p-polarised spectra from the electro-oxidation of

TU in the range 0.6–1.6 V (Fig. 8) resemble to some

extent those reported for TU on platinum in aqueous

sodium chloride solutions [28]. As expected from the

above electrochemical data, changes in both the number
and intensity of negative and positive bands can be

distinguished from E ¼ 0:5 V upwards. The positive

bands at 1402 and 1481 cm�1, their intensity increasing

with E, correspond to the disappearance of TU from the

interface. The band at 1402 cm�1 has been assigned to

symmetric N–C–N and C–S bond stretching, and NH2

rocking modes [11,28,29], while the band at 1481 cm�1

corresponds to the asymmetric C–N stretching and NH2

bending modes [11,28,29].



Table 1

Principal infrared bands of TU, MTU, DMTU and TMTU

TU [29,45–47] MTU [48] DMTU [49,50] TMTU [51]

Frequency/

cm�1

Assignment Frequency/

cm�1

Assignment Frequency/

cm�1

Assignment Frequency/cm�1 Assignment

1040 qNH2,

maCN2

1124s mNCH3, 1038 dNCN, mCN 1096s qCH3, maNCN

1083s qNH2,

msCN2

1149s drCH3 1082 qCH3 1119s qCH3, mNCN

1086m qNH 1258w dNH 1287 mCS 1131s qCH3

1407s mCS, mCN 1297vs dNH, mCN 1358 dCH3 1150m daCH3NC,daCH3NCH3

1413vs mCN2,

qNH2, mCS
1404s dsCH3 1420 dNH,mCN 1208m qCH3, masCH3–N, masNCN

1413s mCS 1454s daCH3 1446 dCH3 1262s msCH3N,msNCN,qCH3

1470s mCS, mCN 1489s dNH, mCN 1506 mCS, dNH 1360vs masNCH3, dCH3

1472vs masCN2,

dNH2

1556vs mCN, dNH 1568 mCN,dNH 1369s dCH3, masNCN, masNCH3

1473s mCN 1627s dNH2 1403m daCH3NC,daCH3NCCH3

1588vs dNH2,

masCN2

1637s dNH2 1433m mCS,dsCH3NC,maCH3N

1612vs dNH2 1440m daCH3

1615s dNH2 1470m daCH3

1617s dNH2 1490m dCH3,daCH3NC,

daCH3NCH3

1508s msCN, qCH3, mCS

Table 2

Principal infrared bands of FDS from [29]

Frequency/cm�1 Assignment

1055 qNH2, masCN2

1095ms qNH2, msCN2

1400vs msNCN, qNH2, mCS
1585vs dNH2, masCN2

1630m dNH2, masCN2

1654vs dNH2

Table 3

Principal infrared bands of deuterated TU [14] and FDS [28]

Frequency/cm�1 Assignment Reference

1390 (TU) msCN2 [14]

1474 (TU) masCN2 [14]

1190 (TU) dND2 [14]

1140 (TU) dND2 [14]

1131 (TU) dND2 [52]

1284 (TU) dND2 [52]

1355 (TU) msCN [52]

1449 (TU) masCN [52]

1388 (TU) dND2 [36]

1507 (TU) dND2 [36]

1399 (FDS) [28]

1631 (FDS) [28]
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Fig. 8. p-Polarised FTIRRAS spectra of platinum in aqueous 0.1 M

TU+0.1 M perchloric acid at different sampling potentials, Eref ¼
0.05 V.
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The complex negative bands in the region of 1600

cm�1 can be considered as the contribution of two

overlapping bands located at ca. 1644 and 1665 cm�1.

The first one can be assigned to the OH bending of

water molecules and the second one to the bending of
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the NH2 group in the FDS molecule [28,29], the major

soluble product from the first TU electro-oxidation

stage [9,24]. This is, however, a tentative assignment

because of the interference of the water molecule

bending. For a definite identification of FDS absorption
bands, spectra in deuterium oxide solutions were re-

corded as described later on.

For E > 1:2 V, the complex negative bands at 1644

and 1665 cm�1 decrease and the positive band at

1402 cm�1 increases. Simultaneously, a new negative

band appears at 2343 cm�1 its intensity increasing with

E. This band is related to the asymmetric stretching of

CO2 [30] indicating that this molecule is produced from
TU electro-oxidation for E > 1:0 V. The detection of

carbon dioxide as an electro-oxidation product is at

variance with data previously reported for TU electro-

oxidation on platinum in sodium chloride solution [28].

From EP 1:4 V, a new ill-defined negative band

appears at ca. 1213 cm�1 due to the formation of bi-

sulphate ions [31]. The absorption band of sulphate ions

should appear at 1120 cm�1 but, in this case, it is
overlapped by the strong band at 1110 cm�1 corre-

sponding to perchlorate ions, which is observed in all the

spectra of TUs described later on. As E is made more

positive, migration of perchlorate ions towards the

electrode becomes more important and therefore the

contribution of perchlorate ions to this complex band

increases. At the same time, the local acidification

caused by anodisation modifies the sulphate/bisulphate
concentration ratio at the thin layer of solution.

Besides, for EP 1:4 V three small negative bands at

2156, 2227 and 2260 cm�1 can be seen (Fig. 8 inset).

These bands appear in the region where the stretching of

C�N bonds is usually observed [32]. In fact, cyanamide

has been reported as a product of TU electro-oxidation

on platinum [28]. Pure cyanamide shows the CN

stretching at 2280 cm�1 [33]. On the other hand, nitriles
easily hydrolyse in acid yielding the corresponding am-

ide. The formation of the latter results in the presence of

a negative band at ca. 1660 cm�1 due to the C@O

stretching [34]. In our case, the identification of this

band is obscured by those bands corresponding to water

and FDS in this range of the spectra.

Spectra in deuterium oxide and sulphuric acid solu-

tion were recorded to minimise the interference of water.
It should be noted that TU and FDS undergo an

isotopic exchange in deuterated acid solutions [35], re-

sulting in a shift of the main absorption bands. Conse-

quently, absorption bands for deuterated TU appear at

1388 and 1519 cm�1 [28,36], and for deuterated FDS at

1399 and 1631 cm�1 [28].

The p-polarised spectra recorded during the electro-

oxidation of TU from 0.6 to 1.6 V (Fig. 9) show positive
bands at 1385 and 1518 cm�1, and negative bands at

1110, 1180, 1263, 1402 and 1634 cm�1. Bipolar bands

are defined by the pairs of peaks at 1385/1402 cm�1 and
1518/1634 cm�1. The positive bands at 1385 and 1518

cm�1 are assigned to the depletion of deuterated TU,

and the negative bands at 1402 and 1634 cm�1 to the

appearance of deuterated FDS [28]. These bands can

already be seen from E ¼ 0:5 V upwards. The low in-

tensity of the negative band at 1402 cm�1 is probably

caused by the increase of the TU band at 1385 cm�1.
Negative bands at 1110, 1180 and 1263 cm�1 are related

to the presence of sulphate/bisulphate ions at the inter-

face from the base electrolyte solution and from the

electro-oxidation of TU.

3.4.2. MTU-containing solutions

The p-polarised spectrum from the electro-oxidation

of MTU recorded at 0.6 V (Fig. 10) shows positive
bands at 1302, 1399, 1475, 1558 and 1694 cm�1, and

negative bands at 1100, 1424, 1520 and 1606 cm�1, the

intensity of all bands increasing with E. The change in

the intensity of the positive bands agrees with the pro-

gressive disappearance of MTU as E is increased posi-

tively. These bands are assigned to NH deformation

(1302 cm�1) and CN stretching (1563 cm�1), and to CH3

deformation (1399 and 1475 cm�1) (Table 1).
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Negative bands appear at 1424 and 1606 cm�1. The

latter is red-shifted with respect to that corresponding to

unsubstituted FDS, which appears at 1650 cm�1 [28,37].
Presumably, these bands are related to the influence of

the N-substitution disulphide bond on the NH defor-

mation and CN stretching modes in the molecule.

From 0.8 V upwards, the intensity of the negative

band at 2228 cm�1 begins to increase. This band can be

assigned to the C�N stretching mode that is expected

from the formation of cyanamide [28,33]. At variance

with TU, this band is very sharp and free of satellite
bands. For E > 1:2 V, a negative band related to the

CO2 asymmetric stretching [30] at 2343 cm�1, and for

E > 1:4 V, a broad negative band at 1206 cm�1 related

to the formation of bisulphate species are recorded. As

for the case of TU, the negative band at 1100 cm�1 due

to the presence of perchlorate ions is also observed, the

intensity of this band increasing with E as expected.

3.4.3. DMTU-containing solutions

As compared to spectra of the previous TUs, those

resulting from DMTU-containing solution (Fig. 11)

exhibit significant changes from 0.5 V upwards. At

0.6 V, a series of positive-going bands that correspond
to the depletion of DMTU (Table 1) in the thin solution

layer is observed.

The negative band that appears at 1110 cm�1 is due

to migration of perchlorate ions. The band at 1620 cm�1

decreases for E > 1:1 V, i.e., concomitantly with the

occurrence of a new positive band at 1690 cm�1 that

increases with E. From 1.2 V upwards, three new neg-

ative bands at 1210, 1410 and 2343 cm�1 are observed.
The first one can be assigned to the appearance of bi-

sulphate ions from the protonation of sulphate ions

coming from DMTU electro-oxidation. The band at

2343 cm�1 is related to the formation of carbon dioxide.

The appearance of a negative band at 1410 cm�1 might

be related to the formation of the corresponding

disulphide.

In contrast to TU and MTU, the absence of a band at
ca. 2230 cm�1 would indicate that in the electro-oxida-

tion of DMTU no CN-containing product is formed.

Seemingly, the presence of CH3 groups on both N atoms

would prevent the formation of C�N bonds.

3.4.4. TMTU-containing solutions

The spectra recorded from 0.6 V upwards (Fig. 12)

show positive strong and medium bands whose location
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and relative intensity are in good agreement with IR

data that have been reported for TMTU (Table 1).

These spectra indicate the disappearance of TMTU

when the potential is increased in the range 0:66E6

1:6 V.

Negative bands observed for E > 0:5 V at 1405, 1458

and 1482 cm�1 together with a hump at 1617 cm�1 are
related to the formation of products from TMTU elec-

tro-oxidation. All these bands increase as E is shifted

positively. At 0.8 V, the negative band at 1617 cm�1 is

well defined and increases with E. From ca. 1.0 V up-

wards, the negative band at 2343 cm�1 due to the for-

mation of carbon dioxide is observed. Its intensity

increases with E.
For E > 1:15 V, the negative band at 1703 cm�1 co-

incides with that expected for the stretching band of

C@O and suggests the formation of a CO-containing

product. The intensity of the band at 1703 cm�1 in-

creases with E, whereas the height of the negative band

at 1617 cm�1 decreases. At 1.6 V, the presence of a

negative band at 1200 cm�1 indicates the formation of

bisulphate ions coming from the electro-oxidation of

sulphur atoms. Furthermore, as referred to in Section
3.4.2, negative bands in the range 1400–1630 cm�1 can
tentatively be assigned to the formation of the TMTU

disulphide species in solution. These results suggest that

for EP 1:15 V, the partial electro-oxidation of TMTU

to CO2, H
þ and SO2�

4 occurs via disulphide. In agree-

ment with FTIRRAS data for DMTU (Fig. 11), no
band related to the formation of cyanamide can be seen

in TMTU spectra.

The spectra recorded in 0.1 M sulphuric acid in

deuterium oxide (Fig. 13), i.e. without the interference of

the strong water band in the 1600 cm�1 range, show the

positive bands already identified for TMTU. This result

indicates that no isotopic exchange occurs between

methyl groups and solvent. At the same time, in com-
parison to TMTU-containing aqueous solution, no sig-

nificant change in the location of the negative bands is

observed. Taking into account that the bands at 1405

and 1623 cm�1 appear for E > 0:5 V and are not influ-

enced by the presence of deuterium atoms in the solu-

tion, it seems reasonable to assume that they are related

to the formation of tetramethylformamidine disulphide,

a species that can be produced from the chemical oxi-
dation of TMTU with hydrogen peroxide and is stable

in acid solutions [38].
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4. Discussion

Voltammetric data from TU-containing solutions

show that broadly two potential regions associated with

the main electro-oxidation reactions can be distin-
guished, irrespective of TUs. In the first region that

covers the range 0.5–0.9 V, peak Ia is the principal

voltammetric feature, mainly associated with the TU/

TU disulphide electrode reaction [9,24]. This is in

agreement with previous work reporting that TU di-

sulphides are produced in the oxidation of aliphatic TUs

[39] and the fact that molecules of TUs are readily ad-

sorbed on platinum producing surface residues that are
electro-oxidised at potentials above 0.7 V [16]. As far as

TU disulphides are concerned, the formation of (tetra-

methyl-formamidine) disulphide has been reported for

OH-radical-induced oxidation in aqueous solutions [38].

In this case, the resulting dimeric radical cation involves

resonant structures with the formation of C@N bonds.

The voltammetric electroreduction of soluble disul-

phides takes place in the range 0.1–0.5 V for all TUs,
and in all voltammograms the potential of zero current

(Ej¼0) is equidistant of the anodic and cathodic current

peak potentials (Fig. 6) and close to the reversible po-

tential of the TU/FDS redox couples (TU/FDS¼
0.42 V, MTU/MFDS¼ 0.46 V, DETU/DEFDS¼ 0.45

V [27]). These features suggest conjugated electrochem-

ical processes with rather sluggish kinetics.

The second electro-oxidation region in the range 0.9–
1.6 V is dominated by the appearance of voltammetric

peak IIa related to further electro-oxidation of TUs and

their disulphides to soluble and insoluble products. This

is concluded from FTIRRAS data showing the ap-

pearance of products in solution starting at ca. 0.5 V, the

formation of only TU disulphide species below 1.0 V

and higher oxidised species such as sulphate ions, cy-

anamide and carbon dioxide from 1.0 V upwards. The
relative yields of these species depend specifically on

each TU, i.e. whether it is non-substituted, mono-

substituted or multi-substituted.

4.1. Reactions in the first electro-oxidation stage

The threshold potential of the first electro-oxidation

stage is very close for all TUs, but the charge resulting
from peak Ia depends on the type of TUs, the positive

potential limit Eu, number of cycles and solution stir-

ring. Thus, when the stabilised voltammogram is run in

a quiescent solution covering the range from 0.05 to

1.6 V, the charge of peak Ia is almost the same for all

but TMTU (Fig. 1). For the latter, when Eu is decreased

to 0.9 V, the charges of peaks Ia and Ic are practically

nil (Fig. 2), i.e., the electron transfer is hindered by
TMTU residues remaining at the electrode surface.

For all substituted TUs after potential cycling for

several minutes in the first electro-oxidation potential
range, the voltammetric response tends to reach that of

TU. This fact suggests that the first electro-oxidation

reaction is progressively inhibited as the substitution in

TUs is increased, due to the blockage of the electrode,

although the reactivation is slowly recovered by poten-
tial cycling. The surface concentration of the inhibiting

residues appears to be rather low for substituted TUs at

low E, and only increases by potential cycling below

0.9 V. This agrees with the fact that on shifting Eu from

0.9 to 1.5 V peak Ia is again suppressed. Then, for all

TUs, as the coverage by residues at the surface reaches a

critical value, the first electro-oxidation reaction can be

represented by a common reaction formalism yielding
soluble disulphides as the main product.

FTIRRAS data are consistent with the interpretation

given above. All spectra exhibit bands for the depletion

of TUs in the thin solution layer starting from 0.5 V,

irrespective of TUs. At the same time, for E < 0:9 V, a

band at about 1600 cm�1 due to the formation of the

corresponding disulphides is systematically observed.

Besides, FTIRRAS data from TU in deuterium oxide
confirm the formation of FDS. For the electro-oxidation

of TMTU, spectra obtained in deuterium oxide also

exhibit negative absorption bands at 1405 and 1623

cm�1 similar to those observed during TU electro-oxi-

dation and related to the formation of tetramethyl-

formamidine disulphide (TFDS) [40].

The similarity of the spectra of the TUs and those of

their corresponding formamidine disulphides has been
pointed out in previous work for TU and DMTU, al-

though the identification of disulphides was complicated

by the similarity of the spectra of FDS and TU, and

(N ;N 0-dimethyl) formamidine disulphide and DMTU

[27]. The decrease in the intensity of the band close to

1600 cm�1 when going from TU to TMTU correlates

well with the voltammetric response in the range 0.05–

0.9 V, which shows that disulphide formation becomes
more difficult as the number of hydrogen atoms substi-

tuted by CH3 in TU increases.

The correlation between voltammetric and spectro-

scopic data suggests that the first electro-oxidation stage

of TUs in solution can be represented by a main formal

reaction involving the formation of disulphide linkage

through an electron transfer such as

2ðXYNÞðXY0NÞCS� ½ðXYNÞ2CS� SCðNXY0Þ2�
þ 2Hþ þ 2e� ð1Þ

yielding a soluble disulphide with X¼Y¼Y
0 ¼H for

TU, X¼Y¼H and Y
0 ¼CH3 for MTU, X¼H and

Y¼Y
0 ¼CH3 for DMTU and X¼Y¼Y

0 ¼CH3 for

TMTU.

Reaction (1), however, takes place on a platinum

surface that is largely covered by adsorbed TUs [16].

The yield of this reaction decreases in the order
TU>MTU>DMTU>TMTU, as seen from the height
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of peak Ia and the increasing irreversibility of the vol-

tammetric electroreduction (Fig. 2). This agrees with

RRDE data, in the range 0:76ED 6 0:9 V, where the

lowest ID=IR ratio at ER ¼ 0:15 V is obtained for

TMTU. The lower anodic current at 0.8 V for TMTU
indicates that reaction (1) is inhibited either by the

presence of TMTU adsorbates or by carbon- and sul-

phur-containing residues on the electrode surface re-

sulting from the adsorption of TMTU. This would

explain why one observes intermediate kinetics and an

increasing irreversibility for reaction (1) as the substi-

tution of H by CH3 increases. The inhibition effect is

also concluded by comparing the first and stabilised
voltammogram run in the range 0.05–0.9 V with differ-

ent TUs (Fig. 2).

The relatively strong TU-metal interaction via S at-

oms results in definite potential-dependent adsorption

patterns that have been observed with scanning tunnel-

ling microscopy [41]. Accordingly, reaction (1) should be

preceded by the spontaneous formation of TU adsor-

bates that later participate in different electrosorption
reactions. Some electroadsorbed species from these re-

actions would lead to the formation of soluble and in-

soluble products.

For simplicity, let us consider TU as representative of

all TUs. The chemical TU-platinum interaction yielding

the TU adsorbate TUad can be written as follows

PtðsÞ þ TUðaqÞ ! PtðTUÞad ð2Þ

that results in electroadsorbed deprotonated TU�

species,

PtðTUÞad ! PtðTU�Þad þHþðaqÞ þ e� ð3Þ

Reaction (2) would be favoured at E < Epzc, the po-

tential of zero charge of the metal, or assisted by si-

multaneous anion adsorption at E > Epzc, and reaction
(3), in principle, would precede the formation of either

blocking or soluble species, respectively. The rate con-

stant of reaction (3) on gold is of the order of ms�1 [42].

The electrode blockage may also occur from FDS

formation resulting from the following electrochemical

reaction

PtðTU�Þad þ TUðaqÞ þ Pt

! Pt2ðFDSÞad þHþðaqÞ þ e� ð4Þ

in which each FDS adsorbate involves two neighbour
platinum sites as has been observed on Au(1 1 1) [41].

Conversely, soluble disulphide results from either the

desorption of adsorbed FDS

Pt2ðFDSÞad � 2PtðsÞ þ FDSðaqÞ ð5Þ
or the electrochemical reaction

PtðTU�Þad þ TUðaqÞ ! PtðsÞ þ FDSðaqÞ
þHþðaqÞ þ e� ð6Þ
The formation of soluble disulphide is determined by

the diffusion of TU towards the electrode surface, irre-

spective of electrode blocking, although with a specific

current versus x response (Fig. 4). The kinetics of the

formation of the blocking adsorbate layer do not de-
pend on x and can be related to the current read at

x ¼ 0 in the I versus x1=2 plots. The rate of the surface

blockage should be related to the rate of reaction (2).

On the other hand, according to the experimental

results, the electrode surface becomes almost FDS-free

for E > 0:9 V due to the electro-oxidation of FDS.

Accordingly, the surface concentration of TU at the

interface increases and the reactivation peak IIIa, re-
lated to reaction (1), occurs in a situation considerably

different from that found for peak IIa.

The above reaction pathway seems to be the same for

substituted TUs yielding their corresponding formami-

dine disulphides.
4.2. The second electro-oxidation stage

For the second electro-oxidation stage that occurs

from 1.0 V upwards, voltammograms from different

TUs show anodic peak IIa at about 1.2 V related to

further electro-oxidation of the corresponding disul-

phides yielding soluble products, including oxygen-

containing ones. The latter are produced simultaneously

with the oxygen-containing layer, from a submonolayer

upwards, that is formed on platinum from water dis-
charge [22]. In this case, IR spectra show the formation

of different soluble species depending on the type of TU.

Nevertheless, in this potential range, all TUs exhibit as

common electro-oxidation products, carbon dioxide and

sulphate ions, which are related to the bands at 2343 and

1100 cm�1, respectively. Carbon dioxide was recently

reported as a product from TU electro-oxidation on

gold electrodes at potentials related to the formation of
the oxygen-containing layer on gold [37]. Sulphate ions

are produced by complete electro-oxidation of TU at

high potentials, as was found for both gold [37] and

platinum [28] electrodes in acid solutions. Sulphate ions

also result from migration into the thin layer of solution

due to the local acidification produced by the formation

of the oxygen-containing layer on platinum at these

potentials [22]. Hydrogen ions from this anodisation
process migrate outwards, or are, in part, neutralised by

sulphate ion migration inwards [23], favouring bisul-

phate ion formation, in agreement with the appearance

of IR bands at ca. 1050 and 1200 cm�1, particularly as E
is increased positively.

The main spectral difference in the second electro-

oxidation of TUs arises from the bands in the region

2200–2300 cm�1 that are related to the formation of
CN-containing species. It is known that cyanamide is a

major product in the oxygen-assisted oxidative degra-
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dation of TU [43,44] as has been detected by in situ

FTIRRAS during the electro-oxidation of TU on gold

[37] and platinum [28]. In the present case, cyanamide or

at least CN-containing products are produced only in

the case of TU and MTU. It appears that as amine
hydrogens are replaced by CH3 the formation of C�N

bonds is inhibited, probably because the N–CH3 bond

strength is greater than that of N–H. Therefore, only the

electro-oxidation of TU or MTU yields products with

C�N bonds, in contrast to DMTU and TMTU, which

are symmetrically CH3 di- and tetra-substituted TUs,

respectively.

For TMTU electro-oxidation at E > 1:0 V, the neg-
ative band at 1703 cm�1 suggests that the formation of

carbon dioxide and sulphate ions is accompanied by

some amount of C@O-containing products. Seemingly,

the increase in the intensity of this band is accompanied

by a decrease in the negative band at 1623 cm�1, which

corresponds to disulphide formation. In this case, the

formation of carbon dioxide and carbonyl-containing

species is likely to be assisted by the presence of the
oxygen-containing layer on platinum.

In the potential range of peak IIa, the specific elect-

rocatalytic properties of platinum covered by OH/O

species provide the oxygen atoms necessary for the

electro-oxidation of TUs and their byproducts produced

in the first electro-oxidation stage. Residues remaining

on the electrode surface from these reactions can be

removed from the surface by electro-oxidation at higher
potentials, yielding different soluble products, such as

sulphate ions, carbon dioxide and nitrogen-containing

species [28]. Therefore, for the second electro-oxidation

stage a common main electro-oxidation reaction for

TUs, in which disulphides yield carbon dioxide and

sulphate ions, can be expressed as

ðXYÞNðXY0ÞNCSSCNðXYÞNðXY0Þ þ ð12þ 2nÞH2O

! ð2þ nÞCO2 þ 2SO2�
4 þ 2N2 þ ð32þ 6nÞHþ

þ ð28þ 6nÞe� ð7Þ

where X, Y and Y
0
have the aforementioned meaning,

and n is the number of methyl groups in the disulphide

molecule. According to reaction (7), the number of

electrons increases from 28 for TU disulphide (FDS) to

76 for TMTU disulphide. This means that the maximal

electro-oxidation charge ratio between substituted TUs

and TU disulphides should be about 1.14 for MTU, 1.43

for DMTU and 2.71 for TMTU, figures however sig-

nificantly larger than those derived from the anodic
charges corresponding to the cyclic voltammograms

(Fig. 1). This discrepancy, as expected, is consistent with

a partial blockage of the electrode surface by strongly

bound residues and by the formation of products of an

intermediate oxidation state. The latter is consistent

with the formation of cyanamide and CO-containing

species, which are detected by FTIRRAS for E > 0:9 V.
5. Conclusions

1. The voltammetric electro-oxidations of TU, MTU,

DMTU and TMTU yielding well identified products

take place in two distinct potential regions. The first
one, between 0.5 and 0.9 V, is related principally to

the formation of the corresponding formamidine di-

sulphide, whereas the second region, between 0.9

and 1.6 V, is related to the formation of soluble prod-

ucts such as sulphate ions, carbon dioxide, cyanamide

and CO-containing species, their relative yield de-

pending on the type of TU considered.

2. The first electro-oxidation stage involves a competi-
tion between a reaction yielding soluble disulphides

and reactions yielding adsorbed residues that inter-

fere with the diffusion controlled electrochemical for-

mation of disulphides.

3. The second electro-oxidation stage leading to the

complete electro-oxidation of products from the first

electro-oxidation stage can be described as a complex

reaction also suffering interference from the presence
of adsorbed residues. In this case, the electro-oxida-

tion of TUs competes with the formation of the oxy-

gen-containing monolayer on platinum.

4. FTIRRAS data obtained at different potentials al-

lowed the changes in the solution constituents in

the thin layer of solution to be followed. The disap-

pearance of reactants and formation of reaction

products were followed using aqueous and deuterated
solutions at different applied potentials. The identifi-

cation of IR bands of reactants and products at dif-

ferent potentials correlates with the expectations

from voltammetric features.

5. Substitution in TUs plays an important role as the

presence of methyl groups inhibits the formation of

C�N bonds, and consequently, IR bands of cyana-

mide products from DMTU and TMTU are not
observed.

6. The electrochemical behaviour of all TUs can be de-

scribed by common reaction formalisms. Slight dis-

crepancies resulting from TMTU can be attributed

to TMTU-platinum planar adsorption interactions

instead of almost linear S-platinum interactions for

the other TUs.
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