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ABSTRACT

In this work we study the molecular structure formed by the reaction of 3-mercapto-1-propanol
(3-MP) with acrylamide (AA) on gold surfaces, through of self-assembly technique. The first
step was the formation of a self-assembled monolayer (SAM) of 3-MP on the gold surface,
using a 3.0 mM solution in anhydrous ethanol. Then, this monolayer reacted with acrylamide
using a 2.5 mM solution of AA in a slightly basic solution. These surfaces were characterized
by cyclic voltammetry (CV), X-ray photoelectron spectroscopy (XPS), and FT-IR specular
reflectance. By CV, 2.5 mM Fe(CN) > solution as the redox active couple was used, in 0.10 M
KCI solution. Increasing amount 3-MP and AA on the gold surface, the reduction and oxidation
current of ferricyanide species become smaller, indicating a blockade of the surface. In the
XPS study, the binding energy peaks of Au, C, O, S, and N were shown. In the 3-MP/Au
surface the C, O, and S were presents. In the derivatized surface we obtained clear signals of C-
O-C, C=0 and C-NH,. The results obtained by FT-IR specular reflectance showed different
absorption bands for 3-MP, AA and after derivatization on the gold surface.

Keywords: SAMs; 3-mercapto-1-propanol; acrylamide, chemical derivatization, surface
analysis.

RESUMEN

En este trabajo se estudia la estructura molecular sobre superficies de oro formada por la reac-
cion de 3-mercapto-1-propanol (3-MP) con acrilamida (AA), mediante la técnica de
autoensamblaje. El primer paso fue la formacion de una monocapa autoensamblada (SAM, por
sus siglas en inglés) de 3-MP sobre la superficie del oro, utilizando una solucion 3,0 mM en
etanol anhidro. Luego, esta monocapa reacciond con acrilamida usando una soluciéon 2,5 mM
de AA en una solucién ligeramente basica. Estas superficies se caracterizaron por
voltamperometria ciclica (CV, por sus siglas en inglés), espectroscopia de fotoelectron de ra-
yos X (XPS, por sus siglas en inglés) y reflectancia especular FT-IR. Por CV, se utiliz6 una
solucion de ferricianuro (Fe(CN).) 2,5 mM como el activo redox, en una solucion de KCl
0,10 M. Al aumentar la cantidad de 3-MP y AA en la superficie del oro, la corriente de reduc-
cién y oxidacion del ferricianuro se hacen mas pequeiias, lo que indica un bloqueo de la super-
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ficie. En el estudio de XPS, se mostraron los picos de energia de enlace de Au, C, O, S y N. En
la superficie 3-MP/Au estaban presentes C, O y S. En la superficie derivatizada se obtuvo
sefiales claras de C-O-C, C=0 y C-NH,. Los resultados obtenidos por reflectancia especular
FT-IR mostraron diferentes bandas de absorcion para 3-MP, AA y después de derivatizacion

sobre la superficie del oro.

Palabras claves: SAMs; 3-mercapto-1-propanol; acrilamida, derivatizacion quimica,

analisis de superficies.

INTRODUCTION

Acrylamide (AA) is a neurotoxic substance that
is formed when we cook foods rich in sugars at
high temperatures. This compound is formed
when an amino acid reacts with a reducing sugar.
(Tateo ET 4r. 2010; ANESE ET 4L. 2011). This
substance is present in coffee, chips, cookies, and
cereals (ANDRZEJEWSKI ET 4L. 2004; TAEYMANS ET
4L. 2005). The risks of developing cancer and
genetic mutations have been proven in animal
studies in research laboratories (Von
MUHLENDAHL & Ot10 2003; TORNQVIST 2005;
Capruano & FogLiano 2011). This compound has
been classified as a chemical producer with
carcinogenic potential and has been included in
category 2. Until now, the minimum concentra-
tion to be considered dangerous in the human
body is not known, although it is not cumulative
and is discarded by the body.

The determination of acrylamide in foods has
been done by several analytical techniques,
including capillary electrophoresis, high perfor-
mance liquid chromatography, gas chromatogra-
phy and electrochemistry. The most used
technique is high performance liquid chromato-
graphy and mass spectroscopy (DUNOVSKA ET AL.
2006; KeraMAT ET 4L, 2011; TEKKELI ET 4L. 2012;
VESELA & SucMaN 2013; YosHiokaA £T 4L. 2020).

The self-assembly technique allows us to form
ordered monolayers of molecules on the metal
surface, by adsorption. This allows us to obtain
well-defined molecular structures on solid
surfaces (Krajewska £7 4z 2008). The formation
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of these organized surfaces allows us to react on
them, to be used in molecular recognition on a
well-ordered surface (ALLara & Unozo 1985;
FINKLEA ET 4L. 1986; SWALEN ET 4L. 1987; CHIDSEY
& Loiacono 1990; LABINIS £7 4L. 1991; FINKLEA
& HaNsHEW 1992; FINKLEA ET 4L. 1993; ULMAN
1996; KRAJEWSKA ET 4L. 2008).

This work is focused on the study of the reaction
of 3-MP with AA on gold surfaces using
spectroscopic and electrochemical techniques.
SAM of 3-MP on gold surfaces was prepared
successfully. This reaction was followed by CV,
XPS and FT-IR. This new system can serve to
recognize the acrylamide compound in aqueous
solution.

MATERIAL AND METHODS
Chemicals

Potassium ferricyanide (K,Fe(CN),) (Aldrich,
99%),3-mercapto-l-propanol
(HSCH,CH,CH,OH, 3-MP) (Aldrich, 99%),
acrylamide (H.NCOCHCH,, AA) (Aldrich,
99%), potassium chloride (KCI), ethanol
Anhydrous (Aldrich, 99.8), sulfuric acid
(Aldrich, 99.999%), sodium hydroxide (NaOH,
99%), were used as received. The water used was
previously distilled and pumped through a
nanopure system (Barnstead) to give 18 MW-
cm water. All electrochemical measurements
were done at room temperature. The aqueous
solutions were degassed with nitrogen for least
30 min prior to an electrochemical experiment.
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Cell and instrumentation

The electrochemical cell employed was a
conventional three-electrode cell using platinum
wire as a counter electrode. All potentials are
reported with respect to Ag/AgCl reference
electrode. A potentiostat/galvanostat EC Epsilon
from BASI, connected to a cell stand C-3 for
voltammetry. The cell is equipped with a
platinum wire auxiliary electrode (7.5 cm) with
gold-plated connector (MW-1032),and a 7.5 cm
long RE-5B Ag/AgCl reference electrode with a
Vycor frit (the filling solution is aqueous 3 M
NaCl that has been saturated with AgCl). Soft-
ware: EC epsilon version 1.60.70, were used.

X-ray photoelectron spectroscopy (XPS) was
done using a PHI 5600ci spectrometer with an
Al Ka X-ray source at 15 kV and 350 W. The
pass energy used was 93 eV for the survey
analysis and 59 eV for high energy resolution
studies.

The binding energy values reported were
corrected using the C 1s signal of the atmospheric
contaminants (285.0 eV).

For FT-IR studies a 100 FTIR Spectrometer, from
Perkin Elmer, equipped with a Universal ATR
(uATR) top plate accessory one refraction. Soft-
ware: Spectrum version V.6.0, was used.

Substrate pre-treatment

A cleaning treatment was applied to the gold
surfaces used, before being modified. The
polycrystalline gold electrodes used for the elec-
trochemical measurements were prepared by
polishing gold electrodes with 1.0, 0.3, and 0.05
mm AL O, paste, and then rinsed copiously with
nanopure water. Before the modification and
derivatization, the cleaning of the electrodes was
verified by cyclic voltammetry ina 1.0 M H SO,
solution until the characteristic CV was observed.
The electrode was polished with AL O, paste,
again and washed copiously with nanopure water.
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Finally, they were dried with an argon gas flow.
A cyclic voltammogram of a clean gold electrode
of 1.6 mm of diameter in 1.0 M H,SO,, at 100
mV/s scan rate is shown in Fig. 1. The current-
potential behavior shown in this figure is
characteristic of a clean Au surface in a clean
test solution (MAcDONALD & JoHNsON 1987;
LABINIS ET4L. 1992; TocN1 & HavasHr 1995; XING
ET 4L. 2003).

Oxidation
1m10*4 Clean Au
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3 -1.0x10% -
.3 m-la-!'_ Rﬂduc“uﬂ
00 04 08 12 16

Potential (V) vs. AglAgCl

Figure 1. Cyclic voltammogram of clean gold surface in
1.0 M H,SO, solution. Scan rate 100 mV's™'. The solution
was degassed with N, flow for least 30 min. Measurements
were performed at 21 + 1 °C.

Preparation of self-assembled of 3-MP on
gold surfaces

MAXTEK?® gold substrates were used for the
surface study. These crystals are composed of
2000 A of gold on top of a polished AT-cut quartz
crystal, using a thin film of chromium or titanium
as an underlayer to improve adhesion between
gold and the quartz crystal.

Commercial gold disk electrodes (Bio-Analytical
System, BAS) of 1.6 mm of diameter were used
to carry out the electrochemical study.

The previously cleaned substrates were
submerged in a 3.0 mM 3-MP ethanol solution
for 24 hours, for surface studies.
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Derivatization of the SAMs of 3-MP/Au

The surface modified with 3-MP, was exposed
to an AA solution for its derivatization. The
reaction was carried out in 2.5 mM AA, in a
slightly basic solution, for 48 hours. After this
step, the AA/3-MP/Au surface was removed
from this solution, rinsed with ethanol, dried with
argon and placed in a desiccator to be
characterized. Scheme 1 shows the complete
process of modification and reaction on gold
surfaces.

RESULTS AND DISCUSSION
Electrochemical studies

To study the modified gold surface with a 3 MP
monolayer, the cyclic voltammetry (CV)
technique was applied. With this technique it is
possible to demonstrate that the gold surface has
been modified with this molecule. 2.5 mM of
Fe(CN).*,in 0.10 M KCl solution, was used to
characterize these modified surfaces. The elec-
trochemical responses of Fe(CN) > on these
surfaces are shown in Fig. 2, corresponding to
(a) for clean gold, (b) gold surface modified with
3.0 mM 3-MP for 24 hours, in alcoholic solution
(3-MP/Au) and (c) 3-MP/Au surface derivatized
with 2.5 mM acrylamide (AA) for 48 hours, in a
slightly basic solution. It was noted that the
increasing number of organic molecules on gold
surface bring as consequence a diminution of the
peak current of the reduction and oxidation of
ferricyanide species, indicating a blockade of the
surface.

The electrochemical responses are clear and an
important difference between peak currents of
the unmodified and modified surface is observed.
The answer in Fig. 2 (¢) is due to the derivatiza-
tion achieved on the surface. A possible expla-
nation for this current may be that the molecules
are relatively small. Another explanation is the
possible presence of active sites on the gold
surface, which could be causing current respon-
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ses to be observed, without the surface being
completely blocked. A similar voltammetric
behavior was found previously with modified
platinum electrodes with 3 mercaptopropionic
acid (HSC,H,COOH) and 3-aminopropyltrime-
thoxysilane (H,NC,HSi(OCH,),) (LABINIS £7
4L. 1992; Toont & Hayashr 1995).
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Figure 2. Cyclic voltammograms of 2.5 mM K Fe(CN),
in 0.10 M KCl solution: (a) for clean gold, (b) gold surface
modified with 3.0 mM 3-MP for 24 h (3-MP/Au) and (c)
3-MP/Au surface derivatized with 2.5 mM acrylamide
solution for 48 h. Scan rate 100 mV s'. Measurements
were performed at 21 + 1 °C.

Spectroscopic characterization.

X-ray photoelectron spectroscopy (XPS)
studies

X-ray photoelectron spectroscopy (XPS) has
been widely used to study the composition of
self-assembled thiols. For example, LABINIS ET
4L. (1992) studied the structure and composition
of different n-alkanethiols on copper, silver, and
gold surfaces. In this work, we performed XPS
measurements to study the composition of 3-MP/
Au SAM and AA/3-MP/Au derivatized on gold
surfaces at take-off angle of 45 degrees. The
survey XPS spectra of the gold substrate
untreated (blank) and treated with 3 mM 3-MP,
in ethanolic solution for 24 hours, afterward de-
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rivatized with AA, are shown in Fig. 3 (A, B,
and C).
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Figure 3. XPS spectra of the (A) bare Au, (B) 3-MP/Au,
and (C) AA/3-MP/Au electrode systems.

These spectra showed photoemission peaks that
were attributed to the Au, C, O, N, and S atoms
that are present in the 3-MP and AA modified
gold surface. The spectra in Fig. 3A present the
binding energy peaks that were attributed to the
Au (41, and 4f, ) and Cls, which are present at
the gold clean. The presence of carbon is
attributable to environmental pollution. The
blank XPS spectrum, shown in Fig. 3A, has the
same XPS signals as that presented for the Au
modified surfaces, with exception of the S2p and
Ols signals (Fig. 3B). The modification of the
gold surfaces with 3-MP is confirmed with the S
binding energy peaks. Fig. 3C shows the
presence of Cls and Ols with greater intensity
than in Figs. 3A and 3B. It also shows N1ls. In
addition to the above signals, the presence of
sodium is shown, because it was part of the
aqueous solution where the derivatization
reaction occurred, being trapped in the monola-
yer (LABINIS E7 4L. 1992; YANG ET 4L. 2001).

XPS spectra for the core binding energy region
of gold are shown in Fig. 4. The three spectra,
taken under the same instrumental conditions,
reveal how the signal of gold is reduced when
the Au surface is modified with 3-MP (Fig. 4Ab)
and derivatized with AA (Fig. 4Ac). The decrease
on the peak height and area is an indication that
these compounds are adsorbed on the Au surface
and are blocking the XPS detection of Au 4f
photoelectrons.
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Fig. 4B shows the C1s region, where is observed
1201 B Cis that the greatest displacement in binding energy
c is shown by the AA/3-MP/Au surface (Fig. 4Bc),
1.0x10° presenting a wide peak, where it can deduce
b : ;

" several types of carbon on this surface. Figure 5
£ soa0’ shows the high resolution XPS to assign the
é binding energies for each type of carbon, by

6.0x10° 1 functional groups.

a

4ﬂxt|}’-w“wj\fm‘1 Fig. 4C shows the Nls region, where the
presence of nitrogen in the derivatized surface
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y (Fig. 4Cc) is clearly observed. On the others
Binding Energy (V)

surfaces, only noises were observed, discarding
presence of nitrogen.

C Nis
1.2010°1 c Fig. 4D shows the S2p region. The presence of
sulfur on the surface of 3-MP/Au (Fig. 4Db) is
clearly observed. The sulfur signal is attenuated
on the AA/3-MP/Au surface because the sulfur
atom forms a thiolate with the gold surface and
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sepndha e N Wi @ derivatized molecules (Fig. 4Dc).
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Figure 5. Curve-fitted high-resolution XPS spectra for
(A) Cls, (B) Ols, and (C) N1s regions of AA/3-MP/Au
electrode system.

Fig. SB shows the curve-fitted high-resolution
XPS spectra obtained for Ols. Here we observe
two signals for Ols, one peak at 531.6 eV
assigned at —C=0 and 532.7 assigned at C-O-C
(CHipsey & Loiacono 1990; FINKLEA & HANSHEW
1992; FINKLEA ET 4L. 1993).

XPS spectrum obtained of the N1s region, only
one peak was observed at 400 eV (See Fig. 5C),
attributable at -NH,, this observation indicates
the presence of amide bonds on the modified gold
surface.

The atomic composition of C, O, Au, N and S,
for each surface under study is shown in Table
1. The Cls signal for the AA/3-MP/Au surface
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is maximum. The presence of O1s on the 3-MP/
Au and AA/3-MP/Au surfaces, is evident. The
S2p signal on the 3-MP/Au surface is clearly
seen, while it is almost imperceptible for the AA/
3-MP/Au surface.

The atomic ratio of carbon to oxygen was
calculated from XPS spectrum after each
treatment at Au surface. The atomic ratio of C1s/
Olsis 3.4 (3:1 for 3-MP/Au and 6:2 for AA/3-
MP/Au). The atomic ratio of C1s/N1sis 6.3 (6:1).
In these atomic composition ratios, an amount
of carbon coming from atmospheric
contaminants is observed.

Element {I: :.;ri:rl:l: E:'H::I::f‘:'u-] ::Imj*n:r{‘}l':u
Cls 9.5 519 0.4
Ols .1 135 1T
A w02 196 11.4
Kls 0.0 0.0 G
52p 0.0 120 [

Table 1. Atomic composition (%) on the different Surface
from XPS analysis.

The organization of AA/3-MP on Au surface was
studied by angle resolved X-ray photoelectron
spectroscopy (ARXPS). As the take-off angle
decreases, the surface sensitivity of XPS
increases (RATNER E74L. 1997; Brito ET 4L. 2004).
From angle-resolved XPS measurements, the
AA/3-MP organization on gold surfaces at 15°,
30°, 45°, 60°, and 75° take-off angles was
obtained. The

relative presence for Au4f, at five different take-
off angles, to derivatized gold surfaces (AA/3-
MP) is shown in Fig 6a. It is observed that the
relative presence of the substrate was increasing
as the take-off angle was decreased. Since, the
take-off angle was moved away of the surface
and increased the sensitivity in depth, greater
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amount of the substrate is detected. The sulfur
intensity decreased at greater angles (Fig. 6b).
On the other hand, the carbon intensity decreased
at 75° (Fig. 6¢). These results indicate that the 3-
MP compound have been adsorbed on the gold
surface, through the sulfur. This demonstrates the
diminution in the carbon intensity and the high
presence of N1s (Fig. 6d) to greater angles. The
amount of oxygen on the surfaces as the angle
changes is shown in Fig. 6e. The -OH
functionality (from 3-MP) being exposed in the
film-solution interface has been derivatized,
forming O=C-NH,. Now, the amide will be
present in the surface.

{
310"+ 1“--~..,i
o 2”1‘:'._
g
:
O 12104
{1

20

Binding Energy (eV}
Figure 6. X-ray photoelectron angle resolved
measurements for gold surface derivatized with

acrylamide. Relative presence for (a) Audf; (b) S2p; (c)
Cls; (d) Nls; (e) Ols.

Infrared Spectroscopy Study

Infrared spectroscopy was another useful tool
for studying the processes of chemical
transformations on the gold surface. Figures 7A
and 7B show the 3-MP and AA spectra,
respectively. In the Fig. 7A can be observed
absorption bands characteristics of the 3-MP.
For example, the bands at 3350 cm™, 2480 cm
!, and 1080 cm™ corresponding to the stretch -
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OH, -SH, and -C-O, respectively. In the Fig.
7B absorption bands at 3369 cm™ and 3177 cmr
' corresponding to the stretch -NH, can be
appreciated. Also, the absorption band
corresponding to the stretch -C=0 of the
acrylamide appear at 1661 cm’. Finally, the
absorption band at 1600 cm™ can be assigned
to the C=C stretch conjugated ofthe acrylamide
(Park & Kim 2010).

On the other hand, the IR spectrum of the gold
surface derivatized with 3-MP and AA is shown
in Fig. 7C. Some changes can be observed when
this spectrum is compared with the spectra in
Figs. 7A and 7B. For example, the disappea-
rance of the absorption band at 2480 cm™ (n-
SH) is indicative that the 3-MP is adsorbed on
the gold surface in the first step of the
modification reaction forming Au-S(CH,),OH
SAMs (Scheme 1). Other important fact is the
disappearance of the stretch C=C at 1600 cm’!
of the AA. In this case an absorption band at
1092 cm! is appreciated. This band is attributed
to the stretch C-O-C of the ether group that can
be formed when the -OH group of the 3-MP
and the double bond of the AA react in the final
step of the derivatization on gold surfaces. The
displacement of the stretch -C=0 of AA from
1661 cm™ to 1667 cm™ is also be observed. This
can be attributed to the effect of the derivatiza-
tion reaction on gold surfaces in the final step
of the reaction. The double bond of acrylamide
is electron-deficient and produces Michael-type
addition reactions, many of which are reversi-
ble. In general, the greater the nucleophilic
character of the species it attacks, the faster the
reaction will be. Compounds including a
hydroxyl group, such as alcohols and phenols,
react rapidly with the acrylamide in the presence
of a base to form the corresponding ethers
ROCH,CH,CONH, (Park & Kim 2010).

These results corroborate the modification of
the Au surface and the derivatization achieved
with AA, presented in the Scheme 1.



% Transmittance

W Tramsrmeittanc s

% Reflectance

TREMONT ET 4L. Reaction of 3-mercapto-1-propanol with acrylamide...

P I.'"'
u\,n.hll A hx_'_ S r-\'\\'_ \:II I|'|I !
1 i | I
I | W |
1 Il.""i { I
I| A J Jéﬂﬂ A | ’
|'I I Iil: | | |
- (1 1/ l'] 1 |1
| L 111
| | |
| | | li ll |
| [ [ |
I' .'r |‘ If
w0\ /S | 108, |
|.h:|;r4;a||.£:---\.|-;|..;;-; .-;-”.|n - v |:;|

Wawvenumbers (cm')

N0

g ..'r"('.{..‘r.- ﬁhrﬁ'. i ‘I.I.| |
A ‘
0 f\ : . [' |
|! I i |
N\ .
i i [\ | | |
| _|- l I| |
VRN
1t , | |: .I |
A [ Vrgon |
V2 o o
WA Wm0 ma0 mp w0 wor we om i
Wavenumbers (cm|
glni]
- e
T
\ll
N I.'." #’AHI -\v.i f,..-"‘"\__
52 1 Y Y] \N
LY I |
BH - 1667 A
|'.:i.JI.|I
84 4 '| |
1002 |
e
m Ls T LI T T L]
4000 3500 000 2500 2000 1500 10000

Wavenumbers (cmr?)

Figure 7. FT-IR spectrum of: (A) 3-mercapto-1-
propanol (3-MP); (B) acrylamide (AA); (C) gold
electrode derivatized with 3-mercapto-1-propanol
and acrylamide measured by specular reliectance.
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Scheme 1. Complete process of modification and reaction
on gold surfaces.

CONCLUSIONS

The reaction of a-b unsaturated double bond of
an amide, as in AA, with a surface that presents
SAMs of 3-MP/Au (see Scheme 1) is a versatile
and synthetically convenient method to generate
derivatized surfaces that can be used to study
the processes of adsorption. The derivatization
of 3-MP/Au systems through Michael Addition
reaction is a general procedure for inserting a
wide variety of functionalities into modified
surfaces. The cyclic voltammetry results
indicate that the derivatized gold surfaces,
compared with the modified gold surfaces, is
most free of mass transfer effects. The
spectroscopic analysis showed evidence of the
process of chemical transformation on gold
surface. XPS analyses indicated that the 3-MP
and AA modified and derivatized the gold
surfaces, respectively. These analyses also
demonstrate the derivatization or conversion of
the hydroxyl groups, of 3-MP, to ether groups
when AA react with 3-MP, through Michael
addition reaction. On the other hand, from the
IR specular reflectance studies it was possible
to corroborate the results obtained by XPS.
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