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The adsorption of polyethyleneglycol with molecular weight 20,000 (PEG20000) on a Pt-QCM electrode
was investigated using an electrochemical quartz crystal microbalance (EQCM). A study of the
adsorption of PEGago0 on the surface of the Pt-QCM at the open circuit potential showed that the mass
adsorbed reached a stationary value with time. In addition, the adsorption of PEGjyygo did not interfere
with the oxidation of the Pt surface to form a PtO film. Analysis of simultaneously recorded
voltammograms and massograms disclosed that during the potential scan in the negative direction,
three processes occur involving the partial desorption from the Pt surface of different species formed
by the degradation of PEGygo00. During the positive potential scan, an oxidation/adsorption process was
observed in the potential range 0.10 to 0.60 V. This process involves the oxidation of products from
the reduction of PEGypo, and corresponds to the oxidation of an alcohol
( H-O-(CH,-CH, -0)3—CH,-CH; ) to form the corresponding adsorbed carboxylic acid

( CH3 —CH, —(O—CH, —CH, )¢ — (O — CH, - CH, - O — CH, — COOH), 4 )-
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1. INTRODUCTION

Polyethoxylated compounds are of great importance in the galvanoplastics industry, where they
are principally used as additives in electrolytic baths. Additives have come to be indispensable
components of electrolytic baths because their presence substantially improves the quality of the metal
coatings obtained. The advantageous effects of additives on the morphology and physical properties of
metal coatings include the following: reduction of the grain size of the metallic crystals, which aids in
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the production of smooth, adherent and shiny coatings [1-4]; modification of the crystallographic
orientation of the coating; and increased corrosion resistance [5]. The beneficial effects of adding
polyethyleneglycol (PEG) to an electrolytic bath have motivated growing interest in the effects of
these additives on the morphologies and physical properties of the deposits. In general, the effects of
PEG on the morphological characteristics of electrodeposited coatings principally stem from
adsorption of the additive molecules on the electrode surface [6-7]. However, in spite of numerous
studies of the effects of polyethoxylated compounds on coating characteristics, little is known about
the mechanism underlying the adsorption of these compounds on the electrode surface. Recently, on
the basis of cyclic voltammetry (CV) data, Safonova et al. [8] proposed that in an H,SOj electrolyte
solution, PEG adsorption onto a Pt/Pt electrode is accompanied by the electrooxidation of PEG
molecules (likely via a dehydrogenation mechanism) or by electroreduction of PEG molecules (likely
via a hydrogenation mechanism). Using the technique of capacitance measurements, Petri et al. [9]
found that PEG molecules are adsorbed on a Au(111) electrode forming two-dimensional condensates.
In a study using in situ spectroscopic ellipsometry, Walker et al. [10] showed that PEG is only weakly
adsorbed on a Ru electrode in the absence of CI ions. In addition, in situ electrochemical scanning
tunneling microscopic (EC-STM) images of PEGjop molecules adsorbed on a Fe (110) surface [11]
revealed that PEGg has a well ordered structure on this surface. On the basis of this finding, Kim et
al. [11] proposed a model for PEG adsorption in which PEG g is adsorbed in a planar configuration
via the oxygen atoms.

Based on Raman spectroscopy data, Healy et al. [12,13] suggested that the type of PEG species
adsorbed on an electrode surface depends on the applied potential. Specifically, they proposed that
neutral PEG molecules are adsorbed at more negative potentials, where copper deposition occurs,
whereas at potentials close to the open circuit potential, PEG adsorbs as a copper chloride complex
with the polymer acting as a ligand analogous to a crown ether. In addition, differential capacitance
measurements in a PEG-containing H,SO4 electrolyte solution exposed to a copper substrate disclosed
that PEG was weakly adsorbed onto the copper surface [14]. Similarly, Hope et al. [15] observed weak
adsorption of PEG on steel during the electrodeposition of copper. The weakly adsorbed
macromolecules are sufficiently mobile and remain trapped in the deposit by the approaching atomic
layer, leading to the incorporation of aggregates rather than individual molecules. In studies using a
quartz crystal microbalance and electrochemical impedance spectroscopy, Kelly and West [16,17]
found that adding PEG alone to an electrolytic bath had only a small effect on the electrode kinetics,
and that CI" alone promoted the copper deposition reaction. However, they found that when both PEG
and CI" were present in the solution, the PEG monolayer collapsed into spherical aggregates. Using
ellipsometry, Bonou et al. [18] found that the adsorption of PEG on a platinum electrode surface
depended on the applied potential, with PEG not being adsorbed at the open circuit potential. In
addition, various studies suggest that PEG adsorbed on an electrode surface forms a barrier that
inhibits metal deposition and increases the overpotential for the discharge of the metal ion, for example
Zn(ID) [19] or Cu(Il) [20], and that the degree of inhibition increases with increasing molecular weight
of the polyethoxylated compound.
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Here we present new results on the adsorption/desorption processes of PEG with a molecular
weight of 20,000 (PEGgg000) on the surface of a Pt-QCM electrode, in perchloric acid solutions. This
study was performed using CV in conjunction with a quartz crystal microbalance (QCM).

2. EXPERIMENTAL PART

The study of PEGappo adsorption was performed using solutions Sg (= 0.1 M HCIO4) and Sy
with 5 UM PEG000. The solutions were prepared immediately before each electrochemical experiment
from ultra-pure water (18 M cm) using analytical grade reagents purchased from J.T. Baker. Before
each electrochemical experiment, the solutions was deoxygenated for 30 min with ultra-pure nitrogen
(Praxair), and the experiments were carried out under a nitrogen atmosphere at 25.0 £ 0.5 °C.

The electrochemical and microgravimetric study was carried out in a conventional three-
electrode cell with a water jacket. A quartz crystal microbalance (Maxtek Mod. 710) and a
potentiostat/galvanostat (EG & G PAR Mod. 273A) controlled by independent computers running the
software PM710 and EG & G M270, respectively, were used to simultaneously measure
electrochemical parameters and the frequency of the quartz crystal. An AT-cut quartz crystal of
nominal frequency fy = 5 MHz, covered on both sides with Pt film (Maxtek, CA), was used as the
working electrode (Pt-QCM). The geometric area of the Pt-QCM electrode was 1.37 cm?. The real area
of the electrode was estimated to be 4.70 cm? from the desorption charge of UPD H and the charge
corresponding to the desorption of a monolayer of Hygs from polycrystalline platinum (0.210 mC cm™)
[21]. A saturated calomel electrode (SCE) and a graphite rod were used as the reference and counter
electrodes, respectively. All reported potentials are referred to SCE. In order to minimize iR-drop
effects, the reference-electrode and working-electrode compartments were connected with a Luggin
capillary.

The QCM signal was recorded as Af (= f-finiiiar) @s a function of the electrode potential. The
experimental frequency change can be expressed as [22,23]:

Af =—C,Am+ Af, + A, +.. (Eq. 1)

Where the first term on the right-hand side of Eq. (1) is the Sauerbrey term [24], which
represents the total mass change at the electrode surface. Other possible contributions to the frequency
change include changes in the solution viscosity (Af,) [25] and the surface roughness (Af,) [26].
Experimental studies have shown that surface roughness can drastically affect the resonance
frequency. This effect was attributed to rougher surfaces having a higher quantity of solvent molecules
trapped in surface cavities [27-30]. In the present work, the use of polished Pt-QCM electrodes
(roughness 1.2 nm, as measured by AFM) should minimize the effects of surface roughness, and the
effects of viscosity variations are expected to be negligible. Prior to the measurements, the sensitivity
factor (Cy = 0.030 Hz ng"') of the quartz crystal was determined using the chronoamperometry
calibration method described by Vatankhah et al. [31].
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3. RESULTS AND DISCUSSION
3.1. Study of the adsorption of PEG2ppp0 on Pt-QCM

3.1.1. Adsorption of PEGgp00 on the Pt-QCM electrode at the open circuit potential (Eocp )

Prior to each experiment, the Pt-QCM electrode was activated by cycling the potential between
the onset potentials of hydrogen and oxygen evolution. Typical stationary cyclic voltammograms for
the solution Sy (= 0.1 M HClO,) [21,32,33] were taken as indicating an active clean Pt-QCM surface.
The value of the open circuit potential (Eocp) for the Pt-QCM electrode in solution So was 0.740 V.

The study of the adsorption of PEGygnpp on Pt-QCM at Epcp was carried out in solutions Sy (=
0.1 M HCIOy) and Sy with 5 puM PEGogg00. PEG2oo00 was added according to the following procedure:
After the frequency of the microbalance had remained stable (Af =0) for 2 min in the electrolytic
solution Sy (with constant agitation), the PEGyop00 Was injected into Sy to a final concentration of 5
WM. The change in the resonant frequency of the quartz crystal was recorded for 4 min following the
addition of the polymer, to monitor the adsorption of the additive (the agitation was continued through
this 4-min period). Fig. 1 shows the mass changes, which were calculated using Eq. 1. Immediately
after adding the PEGygo00, the mass on the electrode surface increases rapidly and reaches a stationary
state. After 4 min, the amount of PEGygn99 adsorbed at the open circuit potential (Amffvcz““‘)“’E”C”) was
210.7 ng cm” In a previous study using EQCM and EC-STM, Kim et al. [11] showed that after the
initial rapid rise in the mass of polymer adsorbed on the quartz crystal surface, the adsorbed polymer
layer enters a stabilization phase in which the adsorbed PEG molecules rearrange into more ordered
structures.
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Figure 1. Mass change (Am) as a function of time after adding PEGygg00 to solution Sp (= 0.1 M

HCIO,), to a final concentration of 5 WM PEGago00. The experiments were carried out at the open
circuit potential (Egcp = 0.740 V).
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In our experiments, after the adsorption of PEGzgpo on the surface of the Pt-QCM electrode for
4 min, the value of Egcp (= 0.740 V) had shifted to a smaller value, E'gcp = 0.670 V, indicating
modification of the electrode surface. In other work in this area, Safonova et al. [8] proposed that the
shift in Egcp toward lower values (E’ocp) is associated with the adsorption of PEG, probably by
electro-oxidation via a dehydrogenation mechanism. Additionally, such dehydrogenation processes
may be accompanied by the scission of PEG molecules. For PEG as an additive, the question of the
most relevant chain length is still open, as the PEG molecules are degraded in the acidic electrolyte. It
appears that an average chain length of around 13 prevails in a bath under normal operating conditions.

3.2. Cyclic voltammetry study

Immediately after the 4-min period in which the PEGyg000 adsorbed onto the Pt-QCM electrode,
we performed simultaneous CV and QCM studies. The potential scan was started in the negative
direction from E’gcp, over the potential range -0.25 to 1.15 V. Fig. 2 shows typical voltammograms
obtained under these conditions. Curve a shows the typical voltammogram for Pt in solution Sy. The
electric charge density for the desorption of hydrogen, obtained by integrating the anodic current
density in region A (-0.24 to 0.10 V, UPD H) of curve a, was 0.19 mC cm'z, after correcting for the
double layer charge. Similarly, an electric charge density of 0.56 mC cm” was obtained by integrating
the anodic current density in regions B and C (0.10 to 1.15 V); this charge density is associated with
the double layer charge and oxidation of the electrode surface to form PtO.

The addition of PEGyy to the base solution Sy caused significant changes in the
voltammogram profile (curve b, Fig. 2). The intensity of peak Ic, associated with the reduction of the
PtO film on the surface, is approximately the same for solutions with and without the polyethoxylated
compound, indicating that the adsorption of PEGyg009 on the electrode surface does not interfere with
the formation of the oxide film. At less positive potentials, in the range of 0.30 to 0.10 V (the double
layer region), an oxidation process (P*) is observed during the potential scan in the negative direction,
which may correspond to the electrooxidation of adsorbed PEGygyg residues on the surface of the Pt-
QCM electrode. In region A (-0.25 to 0.10 V), the presence of PEGjyo causes a decrease in the
current density (cathodic and anodic) associated with the adsorption and desorption of hydrogen.
Specifically, in the cathodic part, the current density associated with the adsorption of strongly bound
hydrogen (peak H[) decreases considerably, indicative of the displacement of H.s by adsorbed

PEGjp000- In addition, the current density associated with the adsorption of weakly bound hydrogen
(peak H?) increases, indicative of the reduction of adsorbed PEG2ono0.

Under the conditions studied, the current density associated with the adsorption-desorption
processes of UPD H was not completely suppressed, indicating that the additive adsorbed on the
surface of the Pt-QCM electrode blocked only a fraction of the active sites for the adsorption of
hydrogen. The suppression of hydrogen desorption (region A) by adsorbed PEGygo, after the potential

scan in the negative direction, can be employed as a measure to estimate the degree of coating of the
surface by adsorbed PEGgg0o molecules (@®"*%) using the following equation:

ads
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®¢11)va20000 = (Qdes,H - Q;ﬁ%oooo ) X (Qdes,H )71 (Eq 2)

where Q,., (= 0.19 mC cm?®) and Q%% (= 0.14 mC cm?) are the electric charge densities

associated with the desorption of hydrogen in the absence and presence of PEGygooo respectively. The
charge densities were obtained by integrating the voltammetric current density (Fig. 2) in the
corresponding potential range.

Thus, the difference between Q.. ,; and ngsGI_f’“m is proportional to the number of active sites

for the desorption of hydrogen that are blocked by PEGyggo residues that remain adsorbed after the
potential scan in the negative direction starting from E ocp. The value of @”7°»» obtained was 0.26,

which is less than the value of 0.60 reported by Safonova et al. [8]. This difference may be due to the
greater porosity of a Pt/Pt electrode in comparison to a smooth platinum electrode.

i/mAcm -2

E/V vs.SCE

Figure 2. Cyclic voltammograms of a Pt-QCM electrode in solutions (a) Sy (= 0.1 M HCIOy) and (b)
So+ 5 UM PEGag000. v = 0.05 V s™".

During the potential scan in the positive direction, the voltammogram profile (curve b, Fig. 2)
showed an increase in the anodic current density beginning at 0.10 V and a well-defined peak (P1) at
around 0.50 V; this process is associated with the oxidation of the product of the reduction of adsorbed
PEGj000 molecules, produced during the potential scan in the negative direction in the potential range
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-0.25 to -0.17 V. The net charge density of oxidation in the potential range 0.10 to 0.60 V (Q** )

(0.1,0.6 V)
(after the maximum of peak P1) can be calculated from the difference in the anodic charge density,

measured from the voltammograms obtained in the presence ( Q?g‘id(i]°6 - 0.265mC cm™) and absence

of PEGy(pp9 (0.079 mC cm’z). The estimated value of QI?)X1 06 V) for PEGyggg in the base solution (Sg)

was 0.185 mC cm, which corresponds to 45% of the total anodic charge density. At potentials greater
than 0.60 V,SCE, a broad current density superimposed on the Pt oxide potential region is observed.

3.2.1. OCM Study

The QCM experiments were carried out simultaneously with the voltammetry measurements,
immediately after the adsorption of the polyethoxylated compound on the Pt-QCM surface. The QCM
data are presented as plots of ddm dr’ vs. E, known as massograms [34-36], where d4m dr’ is the rate
of change of the mass (mass flux) at the electrode surface. For changes in mass associated with charge
transfer at the electrode surface (faradaic processes), d4m dr’ is directly proportional to the current
density and hence the massogram is analogous to the voltammogram. In addition, given that
observation of a mass flux in the massogram without a corresponding current density in the
voltammogram is evidence of a nonfaradaic mass change (i.e. a mass change without an associated
charge transfer) on the electrode surface, it is possible to distinguish between faradaic and nonfaradaic
processes by comparing a massogram with its corresponding voltammogram.

In the massograms, negative mass flux (-dAm dt'l) corresponds to the loss of mass (desorption)
at the electrode surface, while positive mass flux (dAm det) corresponds to mass gain (adsorption) at
the electrode surface. Fig. 3 shows the massograms corresponding to the voltammograms in Fig. 2.
During the potential scan in the negative direction, three desorption processes are observed in different
potential regions. At the beginning of the potential scan in the negative direction starting from E ocp, a
peak of negative mass flux (peak I’c, Fig. 3), associated with the loss of mass due to the reduction of
the PtO film, is observed. It is important to emphasize that the intensity of this peak increases when
PEGjg00 1s present in the solution (curve b); this behavior differs from that observed for cathodic peak
Ic in the corresponding voltammograms (Fig. 2), which exhibited similar intensity for the solutions
with and without PEGyg009. The mass lost due solely to the desorption of PEGsgg00, Amﬁiﬁf"""" (=15.7

ng cm™), was determined from the difference between the mass loss in peak I'c in the absence of
PEGy0000 and that in the presence of the polymer additive.

The second desorption process, peak I’ci, is observed at potentials less positive than the
potential of peak I’c. It is important to note that the potential range in which peak I’c1 is observed in
the massogram (0.04 to 0.30 V, curve b, Fig. 3) corresponds to the potential range in which the
oxidation process P* is observed in the voltammogram (curve b, Fig. 2) during the potential scan in the
negative direction. On the basis of these results, it is possible to propose that peak I’c1 corresponds to
the loss of mass due to the oxidation of adsorbed PEGyp00. The amount of mass lost in this potential
range, associated with the oxidation and desorption of PEGyggp adsorbed on the electrode surface,
Amgi((}gf‘(‘;;;‘,‘oﬁ v, (=33.77 ng cm™), was calculated from the following equation:
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PEGogp00 A total AL HO PEG 0000
Ayl 6040.33v) = AMas0.04.033v) ~ AMaes 004033 vy (1- 0,4 004033 v)) (Eq. 3)

total

where Amg o403 v, (=384 ng cm™) is the amount of mass desorbed in the interval 0.04 to 0.33 V,

which was determined from the massogram in Fig. 3 (curve b), using the following equation:

E=0.33 V
m* [ (aam ar v'dE

_ )Wi[h PEG20000
des(0.04,033 V)
E=0.04V (Eq. 4)

with v=0.05 Vs’

Am;{eg%%o% vy (=7.77ng cm™) is the mass of water desorbed in the absence of PEGaoon in the
interval 0.04 to 0.33V during the potential scan in the negative direction. Amg . 04y, Was

determined from the changes in mass as a function of potential, i.e., Am vs. E (data not shown).
The degree of coating of the surface (@ w0 =0.40) before the desorption of adsorbed

ads (0.04,0.33 V)

PEG;g00 in the potential range 0.04 to 0.33 V (Peak I’c1) was calculated using the following equation:

Eocr _ PEG 20000 (Eq 5)
PG _ Am 27 —Amg i « @m0
ads (0.04,0.33 V) E=—0.17V E=033V ads
Amiiﬂ 2000 Eoce AmchsG.IlE:m _ I (dAm dtfl )W"hPEG 20000 VﬁldE + I(dAm dtfl )‘MthEG: xxxxxxx VﬁIdE _ AmiiO/PEG: xxxxxxx
E=-0.25V E=0.04v
Where:

PEGa000-Eocp \ 2
(Am,, "oy =210.7 ng cm
PEG -2
Am 2% =15.7 ng cm

E=-0.17 V

Am® j (dAm dt™

)With PEG 30000

v'dE=419ngcm™

des(=0.25,-0.17V) —
E=-0.25V

Am0 PP (= A0 (1- @) =12.6 ngcm ™) is the amount of water desorbed during the

potential scan in the negative direction in the presence of PEGapoo. Am’2° (= 17.0 ng cm™) is the mass

of water desorbed in the absence of PEGygo in the interval 0.33 to -0.25 V, obtained from a plot of
Am vs. E (data not shown), and @™ (= 0.26) is the fraction of the surface blocked by PEGyo

ads
molecules adsorbed after the potential scan in the negative direction.

The third desorption process (peak I’cy) occurs in the potential region -0.25 to -0.17 V, and
corresponds to the replacement of water molecules with Hygs. It is important to point out that in the
voltammogram in Fig. 2 (curve b), an increase in the cathodic current density is observed in the same
potential range, suggesting that the loss of mass detected by QCM may contain a contribution from the
product of the reduction of adsorbed PEGyggo residues.

The amount of mass desorbed, associated with the reduction of PEGagoqo, in this potential range
(Amji?j;)fgg,_o‘” vy =37.6ngcm™) was calculated using Eq. 3, with Amyri, s 017y, (= 41.9 ng cm™),
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evaluated from Fig. 3 (curve b) and using Eq. 4. The values of Amiﬁ?_mi_w v, (= 6.57 ng cm™) and

G)Ei%gf’;g o1 vy =0.34 were obtained as described above.
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Figure 3. Massograms obtained at the same time as the cyclic voltammograms in Fig. 2, for solutions
of composition (a) Sp (= 0.1 M HCIOy), (b) So + 5 UM PEGggg00. v =0.05 V s,

Thus, the total mass lost due to the desorption of PEGyggoo from the electrode surface during the

: : : : ; PEG 09, cathodic PEG3000 PEG 0000 PEG 0000
potential scan in the negative direction, Amg 3550, (5 AMg, 2™ + Ay, 600 33 v) + AMges (935 017 v )»

was 87.0 ng cm™. In addition, the difference between the mass adsorbed at the open circuit potential

PEGy0.E, - i .
(Am[yoomFor =210.7 ng cm?) and  Amromme™  suggests that some adsorbed PEGagono residues

(Am!™E02000 = 123 7 ng cm™) remain adsorbed on the Pt-QCM surface after the potential scan in the

negative direction. These remaining adsorbed species block a fraction (@77 = (.26) of the active

sites on the electrode surface, rendering it partially inactive.

In the anodic part of the massograms, the beginning of peak P’1 of positive mass flux (i.e. mass
gain) is observed at 0.1 V. The maximum of this peak appears at Ep-;= 0.50 V, a value similar to the
peak potential of the oxidation process observed in the voltammogram (Peak P1, curve b, Fig. 2). The

dic PEG
amount of mass adsorbed (Am™"° 720000 —

35.7ngcm™) during the potential scan in the positive
ads (0.1,0.6 V)

direction in the potential range 0.10 to 0.60 V, associated with the oxidation of the product of the
reduction of adsorbed PEGygo00, was calculated using the following equation:
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anodic, PEG0000 _ total _ l H,0 PEG 0000 PO J
Am, 0.106V) — Am, 0.1,0.6V) Amads(().l,()AV) (1-0,4 ™) + Amads(().4,06)

where

total

_ N . P
wds (0.1.06 V) (=70.1 ng cm™) is the total mass adsorbed in the potential interval 0.1 to 0.6 V,

obtained from Fig. 3 (line b), using Eq. 4. Amiﬁ?.ogs,m vy (= 38.5 ng cm™) is the mass of water
adsorbed in the interval -0.25 to 0.4 V in the absence of PEGyg (data not shown). @ = =(.26 is

the fraction of surface active sites for hydrogen adsorption blocked by PEGygp00 molecules adsorbed

after the potential scan in the negative direction. Am,, (;0(0‘4,0‘6” (= 5.9 ng cm™) corresponds to the mass

gain associated with the formation of the PtO film in this potential interval. The value of
anodic PEG 0000

s (0106 V) obtained corresponds to 43% of the total mass adsorbed during the positive potential

scan.

3.2.2. Experiments varying the switching potential (E,)

To identify the mechanism of adsorption, as well as the nature of peak P1 in the voltammogram
(Fig. 2) and peak P’1 in the massogram (Fig. 3), CV with potential switching was employed. In this
technique, the potential scans were initiated in the negative direction from E’gcp and were switched to
the positive direction at different values of the switching potential, E;. The values of E; were chosen to
coincide with potential regions where desorption processes occurred in the massograms. Figs. 4 and 5
show the massograms and voltammograms, respectively, obtained for different values of Ej,.

Analysis of the plots in Figs. 4 and 5 discloses the following characteristics: During the
potential scan in the negative direction starting from E’ocp, the intensity of peak I’c in the massograms
(Fig. 4) is higher when PEGygg is present in the solution. This behavior differs from that observed in
the corresponding voltammograms (Fig. 5), in which the intensity of peak Ic is similar for the solutions
with and without PEGypyp0. These findings suggest that the increase in mass loss in this potential

region, Am;fﬁi‘“’“ (=157 ¢ mol™), is due to a nonfaradaic process corresponding to the desorption of

species adsorbed on the PtO film. When the PtO film is reduced, adsorbed species are desorbed from
the film.
To analyze the desorption process that occurs in the potential range 0.09 to 0.30 V (peak I’ci,

Fig. 4) during the potential scan in the negative direction, the ratio (PM ' anl);”“’d"" is evaluated for
each value of Ej (Exe(0.09, 0.20 V)). (PM ' xn™")%"" can be determined based on the changes in

E;

PEG 4000 : anodic, P* : : : .
mass (A, 200002 v, ) and charge density (AQ¥ (90, v, )> using the following equation:

C1 —1 \ cathodic __ PEGZOOOO anodic, P* _lJ
(PM™ Xn") = lAmdes.Ek(O.OQO.ZV) X(AQEA 00m02v))  JF (Eq. 6)

The values of the mass change (Amfi%i%{oao'z v, ) were calculated using Egs. 3-5.
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Figure 4. A series of massograms obtained at the same time as the cyclic voltammograms in Fig. 5, for
different switching potentials, E,.
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Figure 5. Cyclic voltammograms of a Pt-QCM electrode in solution So + 5 UM PEGggo00, obtained
using different values of the switching potential, Ej. v =0.05 V s™.
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The charge density associated with the oxidation (desorption) of adsorbed PEG,pg00 molecules
(AQE 6002 v)) Was obtained by integrating the voltammetric current density during the potential scan

in the negative direction (Fig. 2), in the corresponding potential range.

Table 1. Mass changes (Am) and charge density (AQ) in different potential ranges (Ej0.085.0.2 v.scE)
0.30 V,SCE) obtained from the voltammograms (Fig. 2) and massograms (Fig. 3), during the potential
cathodic

scan in the negative direction. The values of the ratio (PM “' xn™")54"** for different values of Ej are
also listed.

"
anodic,P

By MG, AMELT AW e, (MR
Vvs.SCE  (ngem?) (ng em?) (ng cm?) (mC cm?) (g mol!)
0.200 -19.1 -2.3 -21.0 0.03 67.53
0.150 -31.7 -2.7 -29.0 0.04 69.95
0.085 -37.6 -3.9 -33.8 0.05 65.22

The results obtained (Table 1) show that the ratio (PM®' ><n"l)f§‘£hOdiC has an average value of

67.56 g mol ™. This finding suggests the simultaneous oxidation and desorption of fractions of PEGgg00
adsorbed (PM“' = 135 g mol” n = 2), leading to the formation of the corresponding aldehyde by
transfer of 2 electrons. Considering the model of PEGjgy adsorption on Fe (110) proposed by Kim et
al. [11], in which the PEG molecules are adsorbed in a planar configuration via the oxygen atoms, the
PM“ calculated in the present work (= 135 g mol™) corresponds to the molecular weight of the number
of oxygen atoms (approximately 8) that are desorbed from the Pt-QCM electrode surface, in
accordance with the following reaction:

[HO- (CH, - CH, ~0-), CH, ~CH,0H] , —2*— HO-(CH,~CH, -0-), ~CH, ~CHO + 2H", 1 =6

The species |HO-(CH, ~CH, —0-), CH, —CHZOHJa 4 18 quite possibly present on the electrode

surface, given that the adsorption of PEGyg009 on the Pt surface at Eqocp occurs via a dehydrogenation
process that is typically accompanied by the scission of PEG molecules [8,37].
For the reduction process and mass loss that occurs in the potential range -0.25 to -0.17 V

(Peak Ic2), the ratio (PM© xn™")51%0% 017 v, (=81.9 gmol ™) was evaluated with Eq. 6 using the values of

PEG20000 _ -2 red.PEG 5099 _ -2 red.PEG g0
Am 3550017 vy (=37.6 ng em™) and AQ 55 51y, (= 0.05 mC ecm™). The value of AQ ;55 01y, was

obtained from the following equation:
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red.PEG,, __ (total des,H,O/PEG,,
AQ(*OQS,*OOAOIO;) V) — Q(m.zs,fo.n v) — Q(70.25,70.17 v(;ooo

where Q;‘i‘(‘)“lzsg_o‘nv) (= 0.13 mC cm™) corresponds to the total charge density obtained in the potential
interval -0.25 to -0.17 V. Q?i@ﬁ;ﬁﬁ??@gm (= 0.08 mC cm™) corresponds to the charge density associated

with the desorption of H,O molecules in the presence of PEGygog in the same potential range and was
calculated using Eq. 7, considering that only a fraction (0.28) of a H,O molecule is adsorbed on a
hydrogen site [38]:

des,H,O/PEG g9
Qs HLOPEG e _ 1 [ Am 55800 oF (Eq. 7)
(-025-0.17V) 0.28 PM H:° N

des.H,O/PEG H,0 - .
where  Am{5270 70 (= Amy (1- Oy a5 00ev)) =4.33ngem™) is the mass of water desorbed

des

during the potential scan in the negative direction in the presence of PEGygoop. Amg,jo (=6.57 ng cm'z)

is the mass of water desorbed in the absence of PEGygo in the interval 0.33 to -0.25 V, obtained from
a plot of Am vs. E. 6550(3%]955,_0'04 v, (=0.34) is the fraction of the surface blocked by PEGzo00 molecules
adsorbed before the potential scan in the negative direction in the potential interval -0.25 to -0.17 V.
The value of the ratio (PM“ xn™")5h0% 17 v, (=81.9 gmol™) is consistent with a mechanism
involving the simultaneous desorption and reduction of adsorbed PEGyg residues, in a process
including hydrogenolysis on the OH groups. Considering that PEG adsorbs on the Pt-QCM in a planar
configuration via the oxygen atoms, the molecular weight of the desorbed species
((PM)ghode. 17 v) =163.6 gmol ™', n=2) corresponds to the molecular weight of the oxygen atoms

(approximately 10) desorbed from the Pt-QCM electrode surface.
[H-O0-(CH,-CH,—-0),-H], +2PtH —%  H-0-(CH, —-CH, —-0), —CH, —CH, +H,0 +2Pt

The formation of hydrocarbons via the reduction of alcohols has been proposed by Horanyi et
al. [39].

Next we analyze the anodic part of the plots in Figs. 4 and 5. When the switching potential (E;)
was in the potential range of 0.09 to 0.20 V in the voltammograms (Fig. 5), the anodic current density
increased during the potential scan in the positive direction and its intensity was independent of E,. In
addition, the corresponding massograms (Fig. 4) exhibit a constant positive mass flux. Inspection of
the voltammograms and massograms additionally reveals that the peaks P1 (Fig. 5) and P"1 (Fig. 4) are
observed only when Ej =-0.25 V. From these results, it is evident that the anodic current density (Peak
P1, Fig. 5) and the positive mass fluxes (peak P’1, Fig. 4) that manifest during the potential scan in the
positive direction in the potential range 0.09 to 0.60 V, when E; = -0.25 V, correspond to a complex
process that involves the oxidation of various species.

To determine the mechanism of the oxidation process that occurs during the potential scan in
the positive direction in the potential range 0.09 to 0.60 V, we evaluate the ratio (PM Xn‘l) for each

0x-PEG 50000

value of E,, using the anodic charge densities (AQg,

) and the corresponding positive mass
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changes (Amj, ;***). Table 2 summarizes the results of the variation of AQJF% and
Amyy- l;]fG”""" when Ej was in the range of 0.085 to 0.20 V.
From the mass gain (Amg; 1;]::020000) and the charge density consumed during the potential scan

0x-PEG 509

in the positive direction (AQ.;'w ), it is possible to calculate the apparent molecular mass of the

species that is adsorbed during the oxidation process, using Eq. 6. The value of the ratio

(PMxn ™) 0,y, 18 similar for the different values of Ej, with a mean value of 17.5 g mol” (see

anodic
EA(0.09,0.2V)

Table 2). For an oxidation process that involves the transfer of two electrons (n = 2), P. is
equalto35 g mol™, which is approximately equal to the molecular weight of two oxygen atoms. This
result is consistent with a situation in which during the potential scan in the positive direction, in the
potential interval 0.09 to 0.6 V, a carboxylic acid forms via oxidation of the aldehyde previously
formed during the potential scan in the positive direction:

HO-(CH, -CH,-0-),-CH,-CHO + H,0 —*— HO-(CH,-CH,-0-),—CH, -(COOH),, +2H"

ads
In this scheme, the two oxygen atoms of the carboxylic acid are adsorbed on the Pt-QCM
electrode surface.

Table 2. Mass changes (Am) and charge density (AQ) in different potential ranges (Ej, 0.30 V)
obtained from the massograms (Fig. 4) and voltammograms (Fig. 5), during the potential scan in the

anodic

positive direction. The values of the ratio (PM ' Xn™") {55 05502y, for different values of Ej are also
listed

By Anlify | AmEOe  Ampl Qs (PMOOTELL,
Vvs.SCE  (ngem?) (ng cm?) (ng cm?) (mC em?) (g mol™)
0.200 22.96 2.05 12.45 0.068 17.5
0.150 24.62 2.98 13.18 0.073 17.3
0.085 30.35 3.91 17.98 0.097 17.8

When Ej = -0.25 V, the values of Amye o and AQu . were 34.08 ng cm” and

EA(0.1,0.6 V,SCE)
0.20 mC cm™, respectively.
From the above results, the apparent molecular mass of the adsorbed species (peak P’1, Fig. 4)
that is the product of the oxidation process (peak P1, Fig. 3) can be calculated using Eq. 6, with

oxidation P1 ,__ -1\ __ total anodic 0x-PEG (00
Amm:ﬂzsv (_ 16.1 g mol ) - AmE/l(OJ,OﬁV) Amads,E4
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Qoxidation P1 (: 0. 10 mC Cm—Z) — Qtolal anodic QUX’PEGZOOOO

E;=-025V EA(0.1,0.6V) ads,E;

The value obtained for the ratio (PM *¥4in P! s p=")oxidstion Pl ya5 14,6 g mol'. Supposing that 4

electrons are transferred during the oxidation process that gives rise to peak P1 (n = 4), we obtain
pMidaion PI— 58 4 o mol™, which corresponds to the molecular weight of the species that is adsorbed
(mass gain) during the oxidation process (peak P1) when E; = -0.25 V. This value of PM** " "' jg
close to the molecular weight of four oxygen atoms. On the basis of these results (n=4, PM *"" "' =
58.4 g mol™), we propose that each alcohol group formed during the reduction process gains an
oxygen atom via the oxidation of the alcohol to give the corresponding carboxylic acid. The
carboxylate moieties, as well as two oxygen atoms of the chain, are adsorbed to the surface.

H-0-(CH,-CH,-0),~CH,-CH, +H,0 —* s CH,-CH,-(0-CH,~-CH,),-(0-CH, -CH, -O-CH, —~COOH) ,,

These results support the argument of Damaskin et al. [37], who proposed that oxidation of an
alcohol occurs in the potential range where peak P1 appears. In another study of the oxidation of
ethylene glycol in an acidic medium, Chbihi et al. [40] used SNIFTIRS to detect the presence of
carbonyl groups (C=0) that they attributed to a carboxylic acid adsorbed on the Pt surface.

4. CONCLUSIONS

In the present study, we examined the adsorption/desorption processes of PEGyno on the
surface of a Pt-QCM electrode by analyzing quantitative data obtained from simultaneous CV and
QCM measurements.

A study of the adsorption of PEGzg009 on the surface of the Pt-QCM at the open circuit potential
(Eocr) showed that the mass adsorbed reached a stationary value with time. The mass of the adsorbed
PEGyg000 at Eoce was 210.7 ng cm™. In addition, the adsorption of PEGyggyo did not interfere with the
oxidation of the Pt surface to form a PtO film.

The present study using a combination of CV and QCM disclosed three desorption processes
during the potential scan in the negative direction, each in a distinct potential range. The first
desorption occurred in the region of the reduction of the PtO film, and corresponds to the non-faradaic
desorption of PEGyg0p species adsorbed on the PtO film. When the PtO film is reduced, the PEGyg00
species are desorbed from the film.

The second desorption process was observed at less positive potentials, in the range 0.10 to
0.30 V. The average value of the ratio (PM“' ><n_1)§f‘;h°dic (= 67.5 g mol™) for this process suggested

the simultaneous oxidation and desorption of fractions of PEGygy adsorbed (PMCI =135¢g mol'l, n=
2), leading to the formation of the corresponding aldehyde by transfer of 2 electrons. From the model
of the adsorption of PEGgy molecules on Fe (110) proposed by Kim et al. [11], in which the PEG
molecules are adsorbed in a planar configuration via the oxygen atoms, the value of PM calculated in
the present work (= 135 g mol™) corresponds to the molecular weight of the number of oxygen atoms
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(approximately 8) that desorb from the Pt-QCM electrode surface, in accordance with the following
reaction:

[HO-(CH, -CH, -0-),CH, -CH,0H] , —%— HO-(CH, -CH, -0O-), —~CH, -CHO + 2H", n=06

At the lower potential limit, the third desorption process is observed. This process corresponds
to the desorption of the product formed by the reduction (via a hydrogenation mechanism) of adsorbed
PEG molecules.

[H-0—-(CHy—CHy—0)g — Hlygs + 2PtH — 25 H-O-(CH, — CH, — O)g — CH, — CH3 +H,0 +2Pt

Finally, comparison of the electrochemical and QCM results indicates that the oxidation
process observed at 0.50 V corresponds to the oxidation of alcohols formed during the reduction
process. On the basis of the results (n=4, PM *“" "' = 58 4 g mol™), we propose that each alcohol
group formed during the reduction process gains an oxygen atom via the oxidation of the alcohol to
give the corresponding carboxylic acid. The carboxylate moieties, as well as two oxygen atoms in the
chain, are adsorbed to the surface.

H-0-(CH, —CHj, ~O)g —CH, —CH3 + HyO ——¢ 5 CH;—CH, —(O—CHy — CHy)g — (O — CH, - CH, - O — CH, — COOH)
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