J Solid State Electrochem (2007) 11:1497-1503
DOI 10.1007/s10008-007-0318-0

ORIGINAL PAPER

The adsorption and faradaic processes of formylferrocene
thiosemicarbazone monitored by in situ SERS

and UV-VIS spectroscopies

Gustavo F. S. Andrade - Marcia L. A. Temperini

Received: 31 January 2007 /Revised: 19 March 2007 / Accepted: 26 March 2007 / Published online: 26 April 2007

© Springer-Verlag 2007

Abstract The adsorption and faradaic processes of for-
mylferrocene thiosemicarbazone (TFF) on gold electrode in
0.1 mol L' NaClO, acetonitrile solution were monitored
by surface-enhanced Raman scattering (SERS) and ultravi-
olet-visible (UV-VIS) techniques. SERS data indicate that
TFF adsorbs through the iminic N(2') and S atoms on the
gold electrode. The reduction product formed on the gold
surface was aminomethylferrocene, whose experimental
spectrum was supported by density functional theory
calculations. In solution, thiourea was detected by the UV-
VIS technique. Although there was an oxidation wave in
the TFF cyclic voltammogram, no spectral changes were
observed after the oxidation process.

Keywords Formylferrocene thiosemicarbazone -
Faradaic reactions - Surface-enhanced Raman scattering -
UV-visible spectroscopy - Density functional theory

Introduction

Thiosemicarbazone derivatives are a family of compounds
with great interest because of their biological properties as
antibacterial, antimalarial, antineoplastic, and antiviral drugs
[1-6]. Some of these compounds are also surface modifiers
of gold electrodes, allowing the study of electrochemical
properties of biological molecules, such as horse heart cit ¢
[7]. The knowledge of the modifiers’ adsorption configura-
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tion and faradaic behavior in metallic surfaces is thus
important for understanding the structure/properties relation.

The reduction behavior of thiosemicarbazones has been
widely studied using electrochemical techniques, and
Soucaze-Guillous and Lund [8] proposed a general pathway
to the reduction of this family of compounds. In a recent
work, it has been shown using surface-enhanced Raman
scattering (SERS) and ultraviolet-visible (UV-VIS) tech-
niques that 2-formylpyridine thiosemicarbazone follows
this general reduction pathway, resulting in 2-picolyl-
amine and thiourea as reduction products [9].

Formylferrocene thiosemicarbazone (TFF, structure in
Scheme 1) has the thiosemicarbazone moiety and a
ferrocenyl group. Ferrocene derivatives have been widely
studied by electrochemical techniques and are employed as
amperometric glucose biosensors [10, 11]. TFF and some
of its derivatives were studied by cyclic voltammetry [12]
and show a reversible process with E;,=0.56 V vs
saturated calomel electrode assigned to Fe'/Fe'".

The vibrational spectrum of ferrocene has been intensively
studied [13-20], and the bands assignments are well
established. In a recent work, the resonance Raman study of
TFF was reported, and a band assignment based on the
density functional theory (DFT) approach was proposed [21].

The aim of this work is to characterize the adsorption of TFF
and its faradaic reduction and the oxidation processes on gold
surfaces using in situ SERS and UV-VIS absorption techniques.

Experimental section
Chemicals

Acetonitrile (Aldrich) was distillated before use. Deionized
water was used to prepare all the aqueous solutions. The salts
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Scheme 1 Structure of TFF
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KCI (Fluka) and NaClO4 (Merck) were used as received.
Thiosemicarbazide was recrystallized from 1:1 vol water/
ethanol, and formylferrocene was used as received.

Synthesis of TFF

TFF was synthesized using a method described in the study
of Wiles and Suprunchuk [22]: 25 ml of an ethanolic
solution of formylferrocene (265 mg, 1.25 mmol) was
added dropwise to 30 ml of an aqueous solution of
thiosemicarbazide (114 mg, 1.25 mmol). Acetic acid (0.5
ml) was added to this solution that was heated at 70 °C for
20 min. The orange solid formed was filtered off and
washed with 15 ml of a cold 1:1 vol water/ethanol solution
and dried under vacuum. The results of the elemental
analysis (expected/calculated) were the following: C=
50.2%/50.3%, H=4.56%/4.68%, and N=14.6%/14.8%.

Treatment of the metallic surface and self-assembly
procedure for SERS experiments

Before each experiment, the working electrode was
mechanically polished with a 600-mesh sandpaper, rinsed
with water, and then polished with a 1,000-mesh sandpaper.
For cleaning the electrode, it was sonicated for 10 min in
ethanol, rinsed with deionized water, and sonicated for 10
min in deionized water.

The SERS activation was performed by 25 successive
oxidation—reduction cycles applied to the electrode in a 0.1
mol L™ KCI aqueous solution in the absence of TFF. After
the roughening procedure, the activated electrode was
thoroughly rinsed with pure acetonitrile. The self-assembly
was done by immersion of the electrode in a saturated
solution of TFF (about 70 mmol L™") in acetonitrile for 20
h. The electrode was then rinsed with pure acetonitrile. For
the in situ procedures, the electrode was subsequently
placed in the electrochemical cell filled with a solution of
0.1 mol L™! NaClO, in acetonitrile, saturated with TFF to
acquire the SERS spectra. In the ex situ procedure, the
electrode was dried, and the SERS spectra were obtained
from the dry surface.

The SERS and Raman (of the solid compound) spectra
were obtained in a Renishaw Raman Imaging Microscope
System 3000 fitted with a Peltier-cooled charge-coupled
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device detector and with an Olympus metallurgical micro-
scope with a 50% objective lens to focus the laser beam on
the sample. As exciting radiation, the 632.8-nm line from
an air-cooled He—Ne laser (Spectra Physics model 127-35)
was used. The laser power at the sample was approx. 100
uW to avoid sample decomposition.

Cyclic voltammetry

The cyclic voltammograms were obtained using an EG&G
Princeton Applied Research model PAR-263A Potentiostat/
Galvanostat. The TFF concentration used was 1 mmol L™ in a
0.1-mol L' NaClO, acetonitrile solution. The working
electrode was a 0.13-cm® polycrystalline gold rod (99.99%)
inserted in a Teflon sleeve; the auxiliary and reference
electrodes were a platinum wire and an Ag wire, respectively.

In situ UV-VIS spectra

The UV-VIS spectra were obtained on a HP8453 spectro-
photometer and with an EG&G Princeton Applied Research
model PAR-362 Potentiostat/Galvanostat. The working
solution was 5.0x10* mol L™' TFF in 0. mol L'
NaClO, acetonitrile. The spectroelectrochemical cell con-
sists of a standard quartz cuvette with an optical path of 10
mm, where the working (gold wire), reference (silver wire),
and counter electrodes (platinum wire) are inserted in a
Teflon sleeve close to the walls, allowing a solution-free
volume for detection, as can be seen in Scheme 2. As the
reduced dimensions of the cuvette did not allow stirring, the
potentials were applied during 5 min before each spectra.

Computational details

The equilibrium structure and vibrational wavenumber of
aminomethylferrocene were calculated by the DFT ap-
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electrode (Pt)
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Working
electrode
(Au)

Approximate
radiation
incidence spot

Scheme 2 Spectroelectrochemical cell for the in situ UV-VIS experiments
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Fig. 1 Raman spectrum of TFF in the solid state and ex situ SERS
spectrum of a dry gold electrode with TFF adsorbed from an
acetonitrile solution

proach using the B3LYP functional [23, 24] and the double-
¢ quality with polarization function 6-31G(d) basis set from
the Gaussian 98 program package [25] following the same
procedure used in TFF calculations [21].

Results and discussion

The ex situ SERS spectrum of TFF on the gold electrode and
the Raman spectrum of the compound in the solid state are
shown in Fig. 1. Comparing the two spectra, it can be seen
that the strongest ferrocenyl bands (306 and 1,105 cm™") do
not shift upon adsorption, while the thiosemicarbazone
moiety bands present considerable wavenumber shifts.
Indeed, the normal Raman spectrum of the compound
presents intense bands in 1,593 and 1,611 em !, assigned
respectively as v(C = N'') and §(N*H,)+v (C = N") [21],
and in the SERS spectrum, one can observe only one band
at 1,599cm . In the normal Raman spectrum, the bands at
625 and 1,290 cm', assigned to 5(N2’CN4,) and to
V(CN4’)+6(N2’H)+6(C”H), respectively, are observed at
635 and 1,278cm ' with higher relative intensity in the SERS
spectrum. The wavenumber shifts of these bands indicate that
TFF interacts with the metallic electrode through the
thiosemicarbazone moiety groups, primarily by the N
and S atoms (see Scheme 3). This adsorption configuration

H,N 229
?/N{N//

[I777777 77777777 777777777777

Gold surface
Scheme 3 Proposed adsorption configuration of TFF on gold
electrodes

agrees well with the configuration of TFF acting as a ligand
in gold complexes [26]. Using the golden rule of SERS,
which states that the bands assigned to moieties bonded
directly to the surface are the most enhanced [27], the
increase in the relative intensities of the bands assigned to
the thiosemicarbazone group in the SERS spectrum is

I/pA

Eletrolitic Sol—=>- E/V

0.0

oua  Sol+ 10> mol.L”* TFF

0.1V

had 1250

04V

-1.0V

-14V

Intensity / Arbitr. Un.

1592

After applying —1.4 V for 40 minutes

1460
636 %l

307 * *

Backto-02V

400 600 800 1000 1200 1400 1600
Wave number / cm’™
Fig. 2 a Cyclic voltammogram of a gold electrode with TFF (1.0
mmol L™") in 0.1 mol L™" NaClO, acetonitrile solution for negative
potentials; sweep rate=100 mV s '. b In situ SERS spectra of TFF
adsorbed in a gold electrode in NaClO4 0.1 mol L™" in acetonitrile
solution for several applied potentials. Asterisk, acetonitrile bands
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Table 1 Experimental wavenumber in the TFF SERS spectrum at £=0.0 and —1.4V, characteristic frequencies of the amino group [28], the
calculated frequencies of aminomethylferrocene using the DFT approach, and a frequency assignment

SERS (TFF, 0.0V) SERS (reduction product)

CH,—NH, group wavenumber [28]

DFT wavenumber® Assignment”

306 307
639 636
827 750-850
991 1,035-1,045
1,104 1,103
1,199
1,251 1,236
1,276 1,292
1,465 1,460
1,599 1,592 1,590-1,650

329 v(FeCp,)

667 B(CCO)+B(NH)
853 w(NH,)

1,012 v(CN)

1,060 v4(CC) Cp

1,105 V(CN)+v4(CC) Cp

1,232 v4(CC) Cp (1)+v(CC™)
1,314 T(NH,)

1,429 v,(CC) Cp(1)

1,695 5(NH,)

# Calculated for aminomethylferrocene; the calculated wavenumbers were multiplied by an adjust factor of 0.9804 [33]. All wavenumbers are

: -1
reported in cm .

® 1 Stretching; ¢ in-plane bending; § out-of-plane bending; p rocking; w wagging

experimental evidence that reinforces the proposed ad-
sorption configuration for TFF in gold electrodes.

For negative potentials, the voltammogram of the gold
electrode in 1 mmol L' TFF in 0.1 mol L' NaClO,
acetonitrile solution (Fig. 2a) shows a cathodic current at
potentials more negative than —0.6 V, indicating that a TFF
reduction process occurs. No anodic current is observed in
the reversal sweep, indicating that the reduction is an
irreversible process. In Fig. 2b, the in situ SERS spectra of
TFF adsorbed on a gold electrode in 0.1 mol L™ NaClO,
acetonitrile solution at different applied potentials are
presented. In these spectra, the relative intensity of the
band at 1,599 cm ' decreases as the potential becomes
more negative. For potentials more negative than —1.0 V, no
TFF bands can be observed, and the S/N ratio markedly
decreases.

Although the CV curve indicates a TFF reduction
process, the SERS spectra obtained for potentials more
negative than —1.0 V (Fig. 2) show only weak solvent
bands. Nevertheless, after applying —1.4 V for 40 min,
yellow regions can be seen on the gold electrode, and a
different SERS spectrum is obtained on the entire electrode
surface. This spectrum is different than the SERS spectrum
of TFF at 0.0 V and presents a higher S/N ratio. This
spectrum can be attributed to the reduction product. The
spectrum remains the same when the potential is turned
back to —0.2 V (Fig. 2b), confirming the irreversible
character of the reduction process observed by CV. The
new bands at 827, 991, 1,199, and 1,592 cm ! can be
assigned to vibrational modes of the amine group [28],
while the bands at 307, 636, 1,103, and 1,460 cm ', which
have corresponding bands in the SERS spectrum before
reduction, are characteristic of the ferrocenyl moiety [13—
20]. This spectral pattern leads one to suggest that the
reduction product is aminomethylferrocene.

@ Springer

To verify if the spectrum obtained is of aminomethyl-
ferrocene, calculations of the wavenumbers of the vibra-
tional bands of this compound were done using the DFT
approach. In Table 1, the calculated wavenumbers are

Absorbance

200 300 400 500 600
Wavelength / nm

b — S min
- —~= 10 min
----- 15 min
------- 20 min
— 25 min
- — = 30 min
----- 35 min
........... 40 min

Absorbance

T T T T T T T T T
200 300 400 500 600
Wavelength / nm
Fig. 3 a In situ UV-VIS spectra of TFF (5.0x10* mol L") in 0.1
mol L' NaClO, acetonitrile solution; b In situ UV-VIS spectra of
TFF with E=—1.4 V as a function of time
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Scheme 4 TFF reduction pathway [8] as indicated by SERS and UV-

VIS techniques: Aminomethylferrocene and thiourea are the reduction
products
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presented together with the experimental wavenumbers of
TFF and the reduction product. As can be seen, there is a
high coincidence between the calculated spectrum of
aminomethylferrocene and the SERS spectrum of the
reduction product at —1.4 V, which is another evidence
that aminomethyferrocene is formed.

To further evaluate the faradaic reduction process of
TFF, in situ UV-VIS was used. Figure 3 presents the in situ
UV-VIS spectra of the compound as a function of the
applied potential in an acetonitrile electrolytic solution,
having 1.0 mmol L™ of TFF in 0.1 mol L™' NaClO,4. At 0.0
V, the spectrum presents a strong band at 312 nm, assigned
to the n—7* transition of the thiosemicarbazone moiety,
involving a molecular orbital mainly centered in the C =
N' and C=S groups [29, 30]. At potentials more negative
than —0.8 V (Fig. 3a), the band at 312 nm looses intensity,
the bands at 220 and 255 nm coalesce, and a weak band at
244 nm appears. These spectral changes indicate that a
reduction process is occurring.

In Fig. 3b, the evolution of the UV-VIS spectra at —1.6 V
in function of time is shown. In these spectra, the
thiosemicarbazone moiety band at 312 nm decreases, and
a new band at 244 nm increases for longer times. The band
at 244 nm can be assigned to thiourea, because this
compound has a strong band at 240 nm [9].

Based on SERS and UV-VIS data, the reduction
products of TFF are aminomethylferrocene and thiourea,
which is in agreement with the reaction pathway proposed
by Soucaze-Guillous and Lund [8]. Based on this mecha-
nism, the reduction of an aromatic thiosemicarbazone
should occur through the transference of four electrons:

Fig. 4 a Cyclic voltammograms of a gold electrode in TFF (1.0 mmol P>
L") in 0.1 mol L™! NaClO, acetonitrile solution with sweep rates: a=
10; b=20; ¢=30; d=50; e=100; /=200 mV s L. b In situ SERS spectra
of TFF on a gold electrode in NaClO, 0.1 mol L' acetonitrile
solution for positive potentials. Asterisk, solvent bands. ¢ SERS
spectrum after applying £=0.0 V for 40 min. d In situ UV-VIS spectra
of TFF (5.0x10 * mol L") in the positive potentials range

S 05V
£
<
Z 0,7V
g
k=

0,8V
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C *
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d
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the cleavage of the N—N single bond by reduction with two
electrons and then reduction by two electrons at the imine
formed, as shown in Scheme 4.

The SERS and UV-VIS techniques are also used for
monitoring the oxidation of the ferrocenyl moiety of TFF.
This process was observed at 0.53 V in the cyclic
voltammogram of TFF in a 0.1mol L' BuyNClO,
acetonitrile solution [12]. Figure 4a presents the CV curves
of TFF in a2 0.1mol L™} NaClO, acetonitrile solution in the
positive potential range for the indicated sweep rates. The
CV curves and peak values correspond to a reversible
process, and they agree well with those in the study of
Graudo et al. [12]. The SERS spectra of TFF at positive
applied potentials are presented in Fig. 4b. In these spectra,
the relative intensity of the bands of TFF and the S/N ratio
are practically constant from 0.0 to 0.4 V applied potentials.
At more positive potentials, the signal decreases and the
spectrum at 0.8 V shows only weak solvent bands and a
broad feature from 1,200 to 1,600 cmfl, because of
amorphous carbon.

The decrease in the S/N ratio of the spectra after
oxidation of TFF can be due to desorption of the oxidized
compound, because it has a positive charge and can suffer
electrostatic repulsion by the electrode surface. Another
possible explanation to this result is the decomposition of
the oxidized compound, as the ferricenyl group is a more
reactive species than the ferrocenyl moiety [31]. No bands
are observed in the spectrum at 0.0 V after applying 0.8 V
to the electrode, but if 0.0 V is applied for 40 min, the
SERS spectrum obtained (Fig. 4c) is very similar to the
initial spectrum at 0.0 V but with lower S/N ratio.

The in situ UV-VIS spectra of TFF at positive potentials
did not present any significant change as a function of
applied potential, even for potentials as positives as 1.0V,
as can be seen in Fig. 4d. The behavior of TFF is different
from those of other ferrocene derivatives, which suffer a
shift of the d—d electronic transition in the visible region to
lower energy [32]. A possible explanation to this behavior
is that TFF shows a strong electronic delocalization, as has
been verified by resonance Raman spectroscopy [21],
diminishing the shift of d—d electronic transition.

Conclusions

In this work, from the ex situ SERS results, it was proposed
that the TFF adsorption on the gold electrode occurs
through the S and iminic N'" atom.

The electrochemical reduction process of TFF was
investigated. The necessity of the association of two
different techniques for a complete understanding of the
reduction process was demonstrated. It was verified that the
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faradaic reduction products of TFF are aminomethylferro-
cene, observed in the in situ SERS spectra, and thiourea,
detected in the in situ UV-VIS spectra. Several new bands
observed in the SERS spectrum of the reduction product
have their counterpart in the aminomethylferrocene vibra-
tional spectrum obtained by DFT calculations.

The SERS spectra at positive potentials, close to the
oxidation of the ferrocenyl moiety (0.53 V), did not show
any band that could be assigned to the oxidized TFF.
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