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Abstract 

The electrochemical behavior of poly (2-cinnamoylethyl methacrylate) (PCEMA) coatings, dip-coated on Au 
electrodes from PCEMA/THF solutions, was investigated primarily in pH 7 buffer solution. The thickness and mass 
of the PCEMA coatings on Au sputter-coated quartz crystals, established using ellipsometry and mass measurement 
(QCMB) techniques, were found to initially increase rapidly and then linearly with increasing PCEMA concentration 
of the deposition solution, while the coating density was found to be higher at the PCEMA/Au interface. The 
PCEMA coverage of Au can be established from the magnitude of the compact Au oxide film (a-Au oxide) 
oxidation/reduction charges in pH 7 buffer solution and was found to increase with the concentration of PCEMA in 
the THF solution. The presence of the PCEMA film on Au was found to promote the growth of a hydrous |3-Au 
oxide film, normally formed at bare Au only when much higher potentials are applied. The stability of the PCEMA 
coating in basic and acidic solutions, and the resistance of the PCEMA coating to degradation by extreme anodic and 
cathodic polarization, are also discussed. © 2000 Elsevier Science Ltd. All rights reserved. 
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1. Introduction 

A range of polystyrene-poly(2-cinnamoylethyl 
methacrylate) (PS-PCEMA) copolymers have recently 
been synthesized [1,2] and their deposition on mica and 
silica substrates, from a mixture of cyclopentane (CP) 
and THF, has been investigated primarily using TEM 
methods [1,2]. PS dissolves readily in both CP and 
THF, while PCEMA dissolves only in THF, and not in 
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CP [1]. Therefore, in a mixed CP/THF solvent, micellar 
particles of PS-PCEMA copolymer can be formed, with 
PCEMA in the inner core and the PS chains extended 
outwards. These micelles then readily deposit on solid 
surfaces. This has been reported [1,2] to lead to the 
formation of a brush-like structure on mica and silica 
surfaces, with PCEMA forming the anchoring layer 
and PS the outer, buoy layer, when the content of CP 
in the mixture is sufficiently high (60-90'/) by volume). 
Based on TEM images [2], these PS-PCEMA copoly­
mer brush monolayers on mica were found to be very 
thin (ca. 20 nm), highly ordered and densely packed. 

The application of this copolymer as an adherent and 
protective coating for use in the corrosion field was one 
of the original goals of this work. In order to under­
stand the behavior of these copolymeric films, it was 
found to be necessary to establish first the properties, 
individually, of PS and PCEMA polymer films on 
metallic surfaces. In our laboratory, recent work [3,4] 
has examined the properties of PS thin films, deposited 
on a range of Au surfaces from a single solvent, CP. It 
was found that longer time spent (e.g. 2 h) in the CP 
solvent results in the formation of an inner adsorbed 
layer of polymer, while an outer polymer layer also 
forms from solvent evaporation after removal of the 
substrate from the CP solution. Also, higher concentra­
tions of PS in the deposition solution lead to the 
formation of thicker coatings [3.4], 

The PS coverage of Au was established using various 
techniques [3], e.g. by measuring the amount of Au 
oxide which can be formed (or reduced), by measuring 
the double layer capacitance and from a.c. impedance 
data. It was found [3,4] that the coverage of Au by PS 
depends on the thickness of both the inner and outer 
PS layers. Potential cycling in a range of solutions [4] 
can cause pinholes to form, stretching of the polymer 
coils to occur, and some irreversible delamination of 
the film. The adsorption behavior of PS in cyclohexane 
(CH) at the 0 temperature (35°C) on various solid 
surfaces has also been investigated in other earlier 
work, using in-situ ellipsometry and the quartz crystal 
microbalance (QCMB) technique [5-11], 

The principal purpose of the present paper is to 
present the properties of dip-coated PCEMA films on 
Au electrodes in aqueous solutions, and to compare 
these primarily with pure PS films [3,4], and later, with 
the PS-PCEMA copolymeric films. Also, the effect of a 
number of experimental variables, including the time of 
potential cycling, more extensive anodic and cathodic 
polarization, and the pH of the solution, on the 
PCEMA coating properties, has been studied. In addi­
tion, the PCEMA coating thickness and density was 
established using the ellipsometry and QCMB tech­
niques. To our knowledge, no prior literature exists 
which has involved a study of PCEMA thin films on 
metal surfaces. 

2. Experimental 

2.1. Equipment 

An EG&G PARC 173 potentiostat was used in con­
junction with a PARC 175 Universal programmer for 
the electrochemical experiments. All electrochemical 
data were recorded using a BBC SE 780 X/Y recorder 
or HP7044A X/Y recorder. 

A Pierce-type oscillator and a Philips PM6654C high 
resolution frequency counter-timer were employed for 
the quartz crystal microbalance (QCMB) experiments. 
A Gaertner L116C ellipsometer was employed in the 
monochromatic mode in all of this work, using a 
He-Ne laser at a wavelength of 623.8 nm. Instrument 
operation and all ellipsometric data collection were 
controlled by an IBM computer, interfaced to the 
system. 

2.2. Electrodes and cells 

The mass measurements (QCMB) were carried out 
using AT-cut 5 MHz quartz crystals (2.5 cm dia., 
Valpey-Fisher), first sputter-coated in the standard key­
hole shape with an undercoat of Ti to a thickness of ca. 
20 nm, followed by a coating of Au to ca. 120 nm. 
Electrochemical experiments were carried out using a 
Au wire (99.999%), embedded in soft glass tubing, or a 
sputter Au-coated quartz crystal as the working elec­
trode (WE). 

A two-compartment glass cell was used in all experi­
ments. In the QCMB measurements, the quartz crystal 
was sandwiched horizontally between two rubber O-
rings at the base of the main compartment. A Pt gauze 
counter electrode (CE) was placed in the same compart­
ment as the WE, while the reversible hydrogen elec­
trode (RHE), used as the reference electrode in all of 
this work, was located in a second compartment. All 
currents, charges and masses are reported with respect 
to the apparent surface area of the WE in this paper 
and all potentials are given versus the RHE. 

2.3. Solutions 

All solutions were prepared using Analar-grade 
NaOH, KH2P04, KCl, K.4Fe(CN)6 and H2S04, using 
triply distilled water. The cell solutions were thoroughly 
deaerated by vigorous bubbling of nitrogen gas, which 
was passed through the solution prior to each experi­
ment and then blanketed the solution during the exper­
imental measurements. All experiments were carried 
out at room temperature, 21 + 1CC. 

2.4. Deposition of PCEMA films on An 

PCEMA (600 000 MW, i.e. 2610 CEMA repeat 
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units) was dissolved in THF to form the polymer 
solutions, ranging from 0.7 to 10 g/1 in the PCEMA 
concentration. The PCEMA coating on Au wire elec­
trodes was formed using a dip-coating technique, i.e. by 
immersion of the Au wire electrodes in the PCEMA/ 
THF solution for 2 h and then withdrawal. On the 
Au-sputtered crystals, the PCEMA coating was de­
posited by adding the polymer solution into a 20-ml 
cell, in which the crystal was immersed, with both faces 
exposed to the solution. After 2 h, the crystal was 
withdrawn from the cell. Prior to mass or thickness 
measurements, the PCEMA coatings were not rinsed 
with the THF solvent, but were simply left to dry in air. 
After that, electrical contact was made to each side of 
the crystal with Ag wires using conducting silver epoxy. 
All gold surfaces were degreased with acetone prior to 
polymer deposition. 

3. Results and discussion 

3.1. General characteristics of PCEMA coalings on Au 
sputter-coated quartz crystals 

In order to determine the PCEMA coating thickness 
and density on Au, smooth Au sputtered quartz crys­
tals were used as the substrate. Before coating deposi­
tion in each solution, the refractive index and extinction 
coefficient of Au (n = 0.30 ± 0.02 and k = 3.26 ± 0.03, 
respectively) and the frequency (mass) of the Au sput­
ter-coated quartz crystal were measured in air. After 2 
h in the PCEMA/THF solution, the PCEMA-coated 
Au/quartz crystal was removed from the cell and left to 
dry in air before thickness and mass measurements were 
made using the ellipsometric and QCMB techniques, 
also in air. It was found that QCMB measurements in 
the PCEMA/THF solution were not possible, because 
of random fluctuations of the frequency with deposition 
time (probably due to solvent evaporation effects). 

Assuming that the PCEMA film is transparent, i.e. 
that Ar = 0, the thickness and refractive index of the 
PCEMA film could be calculated from the experimental 
ellipsometric data using a homogeneous film model 

[12]. The refractive index of the PCEMA coating was 
found to be 1.47 ±0.03, the same value as obtained for 
PS films [3]. The change of the PCEMA film thickness 
as a function of the PCEMA concentration in the 
polymer deposition solution is shown in Table 1. The 
thicknesses given in Table 1 are average values obtained 
from 10 different locations on the same sample, while 
the masses in Table 1 are average values, arising from a 
single measurement for each PCEMA coating. It can be 
seen that the PCEMA film thickness increases rapidly 
at low PCEMA concentrations, and then close to lin­
early with a further increase in the PCEMA concentra­
tion. Compared with PS films (MW = 90 000) formed 
under the same conditions, but in CP solutions [3], the 
PCEMA films are all thicker, probably due to the 
larger size of the PCEMA chains (e.g. a PS film formed 
in a 10 g/1 solution was ca. 30-nm thick [3]). Using the 
frequency change measured after PCEMA deposition, 
the mass of the PCEMA coating on the Au sputter-
coated quartz crystal was calculated using the Sauer­
brey equation [13], 

Table 1 shows that, assuming n to be constant at 
1.47, the PCEMA film density is ca. 1.35 g/cm3 for thin 
films (low PCEMA concentrations), ca. 1.2 g/em3 for 
medium films (medium PCEMA concentrations), and 
ca. 1 g/cm3 for thick films (high PCEMA concentra­
tions). The value for bulk PCEMA, formed by evapora­
tion in air and further drying at 110°C under vacuum, 
has been reported to be 1.25 g/cm3 [14]. Clearly, the 
PCEMA film is more porous as it becomes thicker. In 
our parallel work with PS films on Au, it was found 
that their density remained nearly constant, at ca. 1.2 
g/cm3, for all thicknesses [3]. 

In the case of PS coatings, it was also found that 
films deposited for long times, e.g. 2 h, have a higher 
coverage and are thicker than are the 5-s coatings [3]. 
The films were thought initially to form only as a result 
of solvent evaporation, and would have been expected 
to have properties independent of the time of deposi­
tion. However, these differences showed that, given 
enough time, e.g. 2 h, an inner PS layer, having the PS 
chains directly adsorbed on Au, could form, along with 
the evaporated outer layer. The 5-s coatings were found 

fable 1 
Dip-coated PCEMA film thickness, mass and density as a function of PCEMA concentration in THF" 

Concentration (g/1) Film thickness (nm) Frequency change (Hz) Mass (ug/cm2) Density (g/cm3) 

1.38 1.35 
2.01 1.28 
2.65 1.1') 
3.69 1.10 

5.12 0.99 

0.7 
1.4 
2.0 
3.0 
5.0 

10.2 

15.7 

22.2 

33.5 

52.0 

- 7 8 
-114 
-150 
-208 
- 2 9 0 

11 Films formed in 2 h of immersion of Au sputter-coated quartz crystal in PCEMA/THF solutions. 
h Frequency converted to mass using Sauerbrey equation [13], i.e. —56.6 Hz per gain of 1 ug/cm2. 
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Fig. I. CVs of (a) bare and (b) PCEMA-coated Au wire 
electrodes between 0.2 and 1.7 V at 100 mV/s in pH 7 
phosphate buffer solution. The coating in (b) was formed by 2 
h ol' immersion in a 5 g/1 PCEMA/THF solution. 

to consist of an outer layer only. An increase in the PS 
concentration in CP caused the thickness of the outer 
PS layer to increase much more rapidly than did that of 
the inner layer. By analogy, it is likely that the 2-h 
PCEMA coatings, studied here, also contain an inner 
layer, with a thickness dependent on the number of 
PCEMA molecules adsorbed on the Au surface. 

3.2. Cyclic voltammetry (CV) response of Au wire 
electrodes in pH 7 phosphate buffer solution: promotion 
of formation of hydrous Au oxide 

Fig. 1 shows the CVs of a bare (a) and PCEMA-
coated (b) Au wire electrode in a pH 7 phosphate buffer 
solution. This PCEMA coating was formed by immers­
ing the Au wire electrode in a 5 g/1 PCEMA/THF 
solution for 2 h. The CV of bare Au reaches a steady-
state after a few minutes of cycling, and shows the 

characteristic i-E behavior of Au a-oxide formation 
(A,) and reduction (C,) [15], It can be seen from Fig. 
1(b), however, that the CVs of the PCEMA-coated Au 
wire electrode are quite different from that of bare Au. 

The i-E signal is significantly smaller, indicating the 
blockage of much of the Au surface, although some loss 
of coverage is seen with cycling time. Also, with contin­
ued cycling, all at E+ = 1.7 V, a second reduction peak, 
C2, centered at ca. 0.7 V but negative of C,, appears. In 
the first few cycles, the C2 peak is very small compared 
with that of C, in Fig. 1(b), but it increases in size with 
cycling time, until both C, and C2 reach a steady-state 
size. As the C, peak in Fig. 1(b) has the same general 
features as at bare Au (Fig. 1(a)), it is considered to 
reflect the reduction of the normal compact a-oxide film 
on exposed Au sites beneath the PCEMA film. 

Since PCEMA has no intrinsic electroactivity, the C2 

peak likely also reflects the reduction of a Au oxide film. 
It has been reported [16-19] that, on bare Au, a second 
Au oxide film (a hydrous, dispersed (3-oxide) can be 
formed at high anodic potentials in many solutions, 
with its reduction peak being negative of that of the 
a-oxide. Normally, the [3-oxide only forms at very high 
potentials, at which the Au surface is already fully 
covered by an a-oxide film [16-20], For example, in 
parallel work in pH 7 buffer solutions [20], a (3-oxide 
peak was seen at a bare Au electrode at ca. 0.84 V 
versus RHE, but only when E + was extended to > 2.4 
V in a single potential cycle at 100 mV/s. 

It is also known [19,20] that, on bare Au, the growth 
rate of the Au (3-oxide film depends on the upper 
potential limit (E + ) employed. Fig. 2 shows the effect of 
E+ on the CV behavior of (a) bare and (b) PCEMA-
coated Au electrodes in the pH 7 buffer solution. On 
bare Au, as expected, no (3-oxide reduction peak ap­
pears, even when E+ is as high as 2.0 V. The C, peak 
potential shifts negatively and the a-oxide reduction 
charge increases with increasing E+, indicating the 
formation of several monolayers of a compact Au oxide 
film. However, on the PCEMA-coated Au (Fig. 2b), the 
|3-oxide reduction peak is clearly seen when £ 4 exceeds 
1.6 V. Its size increases rapidly with E+, and its 
potential shifts negatively as well. The magnitude of the 
C, peak also increases with E+, but more slowly. 

The dependence of the magnitude of both the Au a-
and (3-oxide reduction peaks on the upper potential limit 
(E+) in a single potential cycle at 100 mV/s is shown in 
Fig. 3. This PCEMA film was formed on Au by 2 h of 
immersion in a 10 g/1 PCEMA/THF solution. It can be 
seen that the p-oxide forms only when E+ is greater 
than 1.6 V, with the total maximum charge of the a- and 
(3-oxides together (total oxide formation charge is equal 
to total oxide reduction charge) being close to 0.7 
mC/cm2 (several monolayers of film [21]). Also, the 

%la: ratio is seen to increase with E, 
The increase in the size of peaks C, and C, at the 

PCEMA-coated Au wire electrode, as a function of 
cycle number, all at E+ = 1.7 V, is shown in Fig. 4, for 
the data of Fig. 1. It can be seen that the ratio of peak 
C2 to C, increases with cycling time, and that the a-
and (3-oxide reduction charges become close to constant 
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after ca. 10 full cycles. Since 
peak was never observed on 
[3], using otherwise identical 
velopment of the Au (i-oxide 
the presence and properties 
itself on Au. The ester group 
fers the polarity to PCEMA, 

a Au [5-oxide reduction 
PS-coated Au electrodes 
conditions, the facile de-
appears to be caused by 
of the PCEMA coating 
on PCEMA, which con-
may promote the forma­

tion of the more hydrated, dispersed Au oxide film. 
This may occur by the trapping of water in the 
PCEMA pores, where the (3-oxide film would then 
form. 

3.3. Determination of PCEMA coating coverage on Ait 
electrodes 
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Fig. 2. The effect of upper potential limit (E+) on the cyclic 
voltammetry, at 100 mV/s, of (a) bare and (b) PCEMA-coated 
Au wire electrodes in pH 7 buffer solution. The coating in (b) 
was formed by 2 h of immersion in a 10 g/1 PCEMA/THF 
solution. 

For PS coatings on Au electrodes, the magnitude of 
the a-oxide reduction peak was used to determine the 
coating coverage, i.e. 9= 1 — (qjq^), where q% is the 
reduction charge of the a-oxide at PS-coated Au, and 
q° is the charge at bare Au [3], This was found to 
correlate with the coverages obtained from other tech­
niques, e.g. from the double layer capacitance [3], In the 
case of PCEMA-coated Au, assuming that the Au 
electrode surface is composed only of PCEMA-coated 
and of bare Au areas, Au a-oxide film formation will 
occur only at the uncovered Au sites. The p-oxide film 
is then expected to form on top of the a-oxide phase, as 
has been proposed for bare Pt, Pd and Au electrodes 
[19,20,22-25]. 

As an example, the coverage of the PCEMA film on 
Au in the 15th cycle in Fig. 1(b), determined from the 
a-oxide reduction charge, is 0.62. The PCEMA cover­
age for a variety of PS coatings, obtained after steady-
state CV signals were obtained in each solution, is 
plotted in Fig. 5 as a function of the PCEMA concen­
tration in the THF deposition solution. All of these 
PCEMA coatings were formed by 2 h of immersion of 
the Au wire electrode in the PCEMA/THF solutions. It 
is clear that the coverage increases with the PCEMA 
solution concentration, although the maximum cover­
age is only ca. 0.83. In comparison, the PS (lower MVV 
of 90 000) coverage on a Au wire electrode was some­
what higher, i.e. 0.90, when formed from a 10 g/1 
PS/CP solution [3], It is possible that the dip-coated 
PCEMA films may crack more readily than the PS 
coatings after the electrode is removed from the deposi­
tion solution and left in air to dry, perhaps because of 
the larger size of the PCEMA chains. It is also possible 
that the higher polarity of PCEMA allows more water 
into the region of the Au substrate. 

PCEMA-coated Au electrodes were also examined by 
potential cycling between 0.4 and 1.1 V in a 1 mM 
Fe(CN)^" pH 7 solution [3,26]. Fig. 6 (curve a) shows 
the CV response for a bare Au wire electrode in a 1 
mM Fe(CN)*^ pH 7 solution. Fig. 6 (curve b) shows 
the CV response in the same solution, but after the 
deposition of a PCEMA film, identical to that in Fig. 1, 
and after 15 full cycles of potential (from 0.2 to 1.7 V 
at 100 mV/s) in the pH 7 buffer solution. As shown in 
Fig, 6, the PCEMA coating on Au electrodes not only 
significantly blocks the peak current, but increases the 
peak-to-peak separation as well. These changes in the 
CV response are indicative of a transition from planar 



4(>N 5./. Xia et at. /Electrochimica Acta 46 (2000) 463-474 

sou 

400 

3 
o 

1.7 1.8 1.9 

E./Vvs. RHE 

Fig. 3. The reduction charges of Au p-oxide (A) and a-oxide (O) film, as well as their ratio (• ) . at PCHMA-coated Au wire 
electrode, as a function of upper limit potential (E + ) during cycling between 0.2 and E + at 100 mV/s in pH 7 solution. The coating 
was formed by 2 h of immersion in a 10 g/l PCFMA/THF solution. 

diffusion, in the case of the bare electrode, to diffusion 
associated with isolated microelectrodes [27], suggesting 
the presence of pinholes in the PCEMA film. 

The CVs in Fig. 7 show that the magnitude of the 
P-oxide peak charge (C2) depends on the final PCEMA 
coverage, which, in turn, depends on the PCEMA 
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Fig. 4. The reduction charges of Au P-oxide (A) and a-oxide (O) film, as well as their ratio ( • ) , at PCEMA-coated Au wire 
electrode, as a function of potential cycle number during cycling between 0.2 and 1.7 V at 100 mV/s in pH 7 solution. The coating 
was formed by 2 h of immersion in a 5 g/l PCFMA/THF solution. 


