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Abstract 

The characteristics of dip-coated polystyrene-poly(2-cinnamoylethyl methacrylate) (PS„-PCEMA,„) copolymeric 
coatings on Au wire and sputtered Au (on quartz crystals) electrodes have been investigated using TEM, cyclic 
voltammetry, mass measurements and ellipsometry. TEM studies of PS800-PCEMA600 films, formed from an 86% 
cyclopentane (CP)/14% THF solvent, without subsequent rinsing, are 70-85 nm thick and are in the form of micelles, 
ca. 40 nm in diameter. The coverage of Au by the PS„-PCEMA„, micellar coating, established using cyclic 
voltammetry in pH 7 solutions, increases with deposition time and with the concentration of PS„-PCEMA,„ in the 
deposition solution. Also, the coverage is higher on smooth sputtered Au versus Au wires and for copolymers 
containing the greatest number of styrene units, independent of the ratio of the number of PS to PCEMA units. 
Rinsing the PS„-PCEMAm coating with the block selective solvent after coating deposition rapidly decreases the 
coating density, thickness and surface coverage. An interesting feature of these coatings is that the copolymer (likely 
the PCEMA block) promotes the formation of a hydrous Au (3-oxide film at anomolously low potentials. © 2000 
Elsevier Science Ltd. All rights reserved. 
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1. Introduction 

Polystyrene-poly(2-cinnamoylethyl methacrylate) 
(PS„-PCEMA,„) copolymers are composed of two 
blocks, with the PS chain containing up to n = 800 
units and the PCEMA chain up to m = 600 units. When 
dip-coated from a block selective solvent on mica and 
silica surfaces, PS-PCEMA has been reported [1,2] to 
form a brush layer, PCEMA block attached to the 
substrate and the PS block protruding away from the 
surface. 
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At these surfaces [1,2], it has been found that the 
polymer initially adsorbs as micellar particles, consist
ing of a PS corona and a PCEMA core. The micelles 
then deform, fuse together, and gradually rearrange 
into a brush monolayer. 

In the present work, various Au electrodes were 
employed as the substrate. Au was chosen versus other 
metals as there are no complications from concurrent 
metallic dissolution (as would be the case with most 
non-noble metals) and as its state can be controllably 
altered from metallic to oxide-coated by changing the 
potential. Based on previous work [1,2] using mica or 
silica substrates and a block selective solvent (cyclopen-
tane (CP) and THF), the formation of a brush mono
layer was also expected on Au. Such a layer would have 
been expected to be quite thin and hence rapidly pene
trated by solvent, such that research focus could be 
directed at establishing the coating coverage and the 
strength of the Au/polymer interactions. Also, it was of 
interest to modify the nature of the anchoring polymer 
block, from PCEMA, to a polymer containing other 
selected functional groups, so that it would be possible 
to establish the molecular factors, which lead to good 
coating adhesion. 

Parallel work [3-5] has involved the study of the 
properties of thin films of the two polymer blocks, 
individually, also dip-coated on Au. PS was dip-coated 
on Au from pure cyclopentane (CP) [3,4] and PCEMA 
from pure THF [5]. Clearly, a brush layer cannot form 
in either of these cases. For PS films [3], longer times in 
CP produced an inner adsorbed layer of polymer, prob
ably in a random coil structure, while an outer polymer 
layer also formed as a result of solvent evaporation 
after removal of the substrate from the solvent. For 
both the PS and PCEMA coatings, longer times (up to 
several hours) of deposition from a more concentrated 
polymer solution led to a higher degree of blockage of 
the Au electrochemistry in aqueous solutions [3-5]. 
Also, in the case of PCEMA films [5], its presence on 
Au was shown to promote the formation of a hydrous, 
dispersed form of Au oxide (P-oxide) at unexpectedly 
low potentials. 

One of the principal objectives of the present paper is 
to establish the extent of blockage (surface coverage, 0) 
of a Au electrode surface by dip-coated PS-PCEMA 
films. The PS-PCEMA coverage was determined as a 
function of a number of experimental variables, includ
ing the PS-PCEMA deposition solution concentration, 
the time of immersion in the coating solution, and the 
relative number of styrene and CEMA units in the 
copolymer. The thickness and density of the coatings 
were also established using ellipsometry and in situ 
mass measurement (QCMB) experiments, and the 
nanostructural properties by TEM. These characteris
tics of the PS-PCEMA coatings are then compared 
with those of pure PS [3,4], and PCEMA [5], also 
dip-coated on Au electrode substrates. 

2. Experimental 

2.1. Deposition of PS-PCEMA copolymer films on 
Au 

The PS„-PCEMA„, copolymer, containing /; styrene 
units and /;; CEMA units, was dissolved in the block 
selective solvent to form the polymer solution, ranging 
from 0.6 to 10 g 1 _ 1 in concentration. In this work, ;/ 
ranged from 60 to 600, and m from 100 to 800. The 
solvent used here was the reported block-selective sol
vent [1,2], an 86% CP mixture of CP-THF. 

The PS„-PCEMA„, coating was deposited on Au-
sputtered crystals by pouring a small amount of the 
polymer solution into a 20 ml cell in which the crystal 
was clamped between two Teflon coated O-rings at the 
cell base, with one face exposed to the solution. After 
desired times ranging from 5 s to 48 h, the polymer 
solution was removed from the cell. Prior to electro
chemical or thickness measurements, the PS„-
PCEMA,,, coating was not rinsed with the solvent, and 
was simply left to dry in air. The PS„-PCEMA,„ coat
ing on the Au wire electrodes was deposited by a 
standard dip-coating procedure, i.e. by immersing the 
Au wire electrodes (embedded in soft glass tubing) in 
the PS„-PCEMA„, solution for at least 2 h. All Au 
surfaces were degreased with acetone prior to polymer 
deposition. 

2.2. Electrodes, cell and solutions 

The relevant experimental details have all been pro
vided in our previous paper [3]. Au wire electrodes 
(0.25 cm2), embedded in glass, or substrates formed by 
sputter-coating Au onto a Ti-coated quartz crystal (ap
parent area 0.45 cm2) were used as the working elec
trodes (WE). A Pt gauze served as the counter electrode 
and the reference electrode was the reversible hydrogen 
electrode (RHE). All currents, charges and masses are 
reported with respect to the apparent area of the WE in 
this paper, and all potentials are given versus the RHE. 

All solutions were prepared using Analar-grade 
NaOH, K.H2P04 and K4Fe(CN)6 reagents, and triply 
distilled water, and were thoroughly deaerated by bub
bling nitrogen initially through, and later over, the cell 
solution. All experiments were carried out at room 
temperature. 

2.3. Ellipsometry, quart: crystal microbalance and elec
trochemical equipment 

A Gaertner LI 16C 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 
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operation and all ellipsometric data collection was con
trolled using an IBM computer, interfaced to the sys
tem. The refractive index of the bare Au substrate was 
measured prior to polymer deposition. After polymer 
film formation, the surface was analyzed at four differ
ent locations, and an average polymer thickness was 
then obtained. From the experimental data obtained 
for PS„-PCEMA„, copolymer coated Au/quartz crys
tals, the film thickness and refractive index were calcu
lated, assuming that the film is homogeneous and 
transparent [6]. The refractive index of dip-coated PS„-
PCEMA,,, copolymeric films was found to be 1.47 + 
0.03. 

A Pierce-type oscillator and a Philips PM6654C high-
resolution frequency counter-timer were employed for 
the quartz crystal microbalance (QCMB) experiments. 
All frequency data were plotted on a HP 7044A X/Y 
recorder. An EG&G PARC 173 potentiostat was used 
in conjunction with a PARC 175 Universal pro
grammer for the electrochemical experiments. All elec
trochemical data were recorded using a BBC SE 780 
X/Y recorder or a HP7044A X/Y recorder. 

2.4. Ultramicrotomy and TEM analysis 

Standard glass slides were painted with a thick 
PCEMA base coating (ca. 5 um in thickness) and left in 
air to dry for 30 min. The PCEMA-coated glass slides 
were heated at 100°C for 1 h, and then irradiated for 30 
min with UV light, which was passed through a 260 nm 
cut-off filter, using a 500 W Hg lamp. A ca. 120 nm 
thick Au layer was then sputtered onto the PCEMA 
base coating, to serve as the substrate electrode for the 
dip-coated PS800-PCEMA600 films. The polymer coat
ings were formed by immersion of the Au-coated slide 
in a 5 g 1"' PS80O-PCEMA600 solution in 86% C P -
THF for 3 days. 

A small area of the PS800-PCEMA600 coating (on the 
Au/PCEMA/glass substrate) was stained with Os04, 
and then an additional outer PCEMA coating (ca. 150 
nm thick) was applied onto the surface of the stained 
PS800-PCEMA600 coating. Following this, the entire 
PCEMA/PS800-PCEMA600/Au/PCEMA coating was 
scraped away from the glass substrate, and was then 
sandwiched between two PS plates (Aldrich, MW = 
45 485 g mol ~ '), each with a thickness of ~ 3 mm, and 
heated under pressure at 110°C for 10 min. The sample 
was then trimmed to expose the desired PS/PCEMA/ 
PSg00-PCEMA600 coating/Au/PCEMA interfaces and 
sliced into thin sections, typically 50 nm in thickness. 
The sections were cut using a Reichert/Jung Ultracut E 
microtome and a glass knife. The sections were floated 
on water and then collected on Formvar-coated copper 
grids. The samples were examined with a Hitachi 
H7000 TEM using an accelerating voltage of 125 kV. 

3. Results and discussion 

3.1. TEM determination of PSn-PCEMAm coating 
structure and thickness 

At mica surfaces, it has been shown [1,2] that, after 
ca. 20 h of immersion of the substrate in a PS„-
PCEMA,„ solution composed of 65 to 90% (by volume) 
CP in THF, followed by rinsing of the surface with the 
same solvent mixture, a single monolayer of polymer is 
formed. This layer has been reported to have a brush
like structure (PCEMA block on mica surface, PS block 
on air side of monolayer). This brush structure has 
been reported to be very stable to rinsing with solvent 
[1.2]. 

Based on these prior reports, it was with the expecta
tion of the facile formation of a brush layer on any 
substrate, which is exposed to the appropriate concen
tration of PS800-PCEMA600 in a solvent of the correct 
composition, that this study was initiated. However, it 
was found that, on Au-sputtered surfaces, at which the 
TEM studies were carried out, a brush monolayer 
could not be formed. Rather, Fig. 1 shows that, at 
sputtered Au, the PS800-PCEMA600 thin films deposit 
in the form of micelles, each with a diameter in the 
range of 40 nm. 

The coating shown in Fig. 1, formed after 3 days of 
immersion in a 5 g 1 ~ ' PS800-PCEMA600 solution in 
86% CP-THF without subsequent rinsing, has a total 
thickness of ca. 70-85 nm. It can also be seen that the 
PS (white) blocks appear to be in the corona of the 
micelles, while the PCEMA (gray) blocks are in the 
centers. However, both blocks appear to be in contact 
with the Au substrate in different locations. These thin 
films can be easily removed by rinsing with the C P -
THF solvent mixture, suggesting that the brush layer 
structure is required to yield the solvent resistant char
acteristic, seen at mica and silica and discussed earlier 
[1,2]. 

It will be shown below that micellar coatings such as 
shown in Fig. 1 are most likely to have formed during 
the evaporation of solvent from a residual layer of 
solution left on the surface after withdrawal of the 
electrode from the PS„-PCEMA„, CP-THF solution. 
In fact, only micellar films were seen, by TEM, in all of 
our experiments with Au electrodes. It is not clear 
whether the inability for the brush monolayer to form 
at Au under these conditions reflects the need for a 
particular surface chemistry at the polymer/substrate 
interface, or whether this is related to the relatively 
rough surface of sputtered Au, versus the well-known 
smoothness of mica. Because of the susceptibility of 
these coatings at Au to removal by rinsing with CP-
THF, most of the results reported in the present work 
were obtained without any rinsing of the PS„-
PCEMA,,, coated electrode surface after film formation. 
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Fig. 1. TEM image of PS^-POEMA,^, micellar copolymer coating on sputtered Au surface. The coating (seen located between 
black Au substrale and dark gray pure PCEMA) was formed by 3 days of immersion in a 5 g l _ l solution (86% CP-TIIF). The 
following sequence is seen in the image (top-down): PS outer coating/PCEMA strengthening layer/PS800-PCEMAft)(1 lilm/Au. 

In the case of pure PS [3.4] and pure PCEMA [5] 
coatings, rinsing was also not performed and these 
coatings were found to give very reproducible thick
nesses, densities and coverages. 

3.2. Extent of blockage of An by PS-PCEMA 
micellar coatings 

Fig. 2 shows a typical cyclic voltammogram (CV) of 
a bare Au wire electrode (a) and the same electrode, but 
coated with a PS800-PCEMA60 copolymer film (b), in a 
pH 7 phosphate buffer solution. On bare Au (a), it can 
be seen that Au a-oxide film formation commences at 
ca. 1.3 V, and its reduction occurs in a cathodic peak, 
C,, centered at ca. 1.1 V. Negative of this, only double 
layer charging is seen. All of these currents are known 
to be directly proportional to the true surface area of 
the Au electrode and hence their relative magnitude 
(coated versus bare Au) can be taken as an indication 
of the extent of blocking of the Au electrode by the 
coating [3-5]. 

The PS800-PCEMA60 copolymer examined by CV in 
Fig. 2(b) was formed on a Au wire electrode by immer
sion for 24 h in a 3 g l" 1 PS8OO-PCEMA60 86% 
CP-THF solution. The steady-state CV (after 15 cy
cles) is shown, and contrary to Fig. 2(a), two reduction 
peaks are seen. As in the case of the previously studied 
pure PS and pure PCEMA coated gold electrodes [3-
5], the CV response increases with cycling time, and for 
this particular PS800-PCEMA60 film, reaches a steady 
state after 15 cycles of potential between 0.2 and 1.7 V. 
This indicates a loss of Au coverage with cycling time. 

At PS-coated gold electrodes [3,4], only one Au oxide 
reduction peak (a-oxide), centered at ca. 1.1 V, was 
seen when cycling between 0.2 and 1.7 V at 100 mV 
s - 1 , while at PCEMA-coated gold [5], two Au oxide 

reduction peaks (centered at 1.1 and 0.7 V) were re
ported, under otherwise the same experimental condi
tions. The second peak was considered to reflect the 
reduction of some hydrous, dispersed (3-oxide film [5], 
P-Oxide films are known to form at bare Au, Pt and Pd 
if sufficiently high potentials (normally well over 2 V 
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Fig. 2. CVs of (a) bare and (b) PS^.-PCEMA,,, copolymer-
coated gold wire electrodes between 0.2 and 1.7 V at 100 mV 
s~' in pH 7 phosphate buffer solution. The coating was 
formed by immersion for 24 h in a 3 g 1~ 
86% CP-THF solution. 
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Table 1 
The initial and steady-state coverage" of Au wire electrodes obtained for a range of dip-coated PS„-PCEMA„, copolymeric films'1 

PS„-PCEMA„, {n-ni values) Deposition time (h) Initial coverage Steady-state coverage 

800-60 12 0.91 0.80 
800-600 20 0.87 0.81 
600-150 14 0.79 0.59 
600-500 17 0.83 0.62 
100-60 6 0.48 0.36 

"Coverage obtained from Au a-oxide reduction charges (100 mV s~', 1.7 V upper limit) in pH 7 buffer solution in first cycle 
(initial) and at steady-state. 

b PS-PCEMA coatings formed by immersion of Au wire electrodes in a 5 g l^1 PS PCEMA copolymeric solution (86% 
CP-THF). 

versus RHE) are used, in acidic or other solutions 
[7-14]. Their reduction peaks are always located several 
hundred mV negative of peak C,. It was shown previ
ously [5] that a PCEMA coating in contact with Au 
appears to catalyze the formation of the P-oxide film. 
This normally requires an upper potential limit of 2.1 V 
on a bare Au electrode [11,12] in pH 7 buffer solutions, 
while the (3-oxide peak was seen for E + values as low 
as 1.6 V at the PCEMA/Au [5] and PS„-PCEMA,„/Au 
electrodes. 

To explain this catalytic formation of the P-oxide 
film, it was argued [5] that the ester group on PCEMA, 
which confers the polarity to PCEMA, may promote 
hydration in the region of the Au/polymer interface. It 
is possible that the formation of the hydrated, dispersed 
P-oxide film may occur only at uncovered Au sites, 
which are surrounded by PCEMA ester groups. There
fore, the appearance of the p-oxide reduction peak (C2) 
in Fig. 2 suggests that the PCEMA block is. at least 
partially, in direct contact with the Au surface, consis
tent with the TEM image (Fig. 1). Notably, the brush 
structures which form at silica and mica surfaces [1,2] 
also involve the PCEMA block in direct contact with 
the substrate surface. 

By comparing the magnitude of the Au oxide CV 
signal at the bare and polymer coated electrodes, an 
estimate of the extent of the blockage of Au can be 
made. In this work, this is considered to be equivalent 
to the coverage of Au sites by adsorbed polymer 
groups. It should be noted that this may not accurately 
reflect the bulk film porosity, but rather, indicates only 
the conditions at the Au/polymer interface. In the case 
of PCEMA-coated Au [5], it was found that the extent 
of blockage of Au, calculated using only the a-oxide 
reduction charge yields the most reliable value. This is 
equivalent to assuming that the P-oxide film lies on top 
of the ot-oxide, consistent with prior models of hydrous 
metal oxide film formation [11-14]. Using this ap
proach, the coverage of the coating in Fig. 2 is 0.82 in 
the first CV cycle, stabilizing at 0.70 after 15 full cycles 
of potential. 

Table 1 gives a summary of the initial and steady-
State coverages, obtained for a range of PS„-PCEMA„, 
coatings, using the a-oxide charges for this calculation. 
It can be seen that the coverage obtained from the first 
cycle is always greater than that from the steady-state 
CV. as expected. Interestingly, it seems from Table I 
that the highest coverages are correlated with the 
highest PS content (largest n value), especially if the 
800-60 and 100-60 PS„-PCEMA,„ data are compared. 
PS is the more hydrophobic polymer and thus less 
water may penetrate the film where there is more PS 
present. 

The CV response for the PS-PCEMA polymer-
coated Au wire electrodes was also examined in ferri-
cyanide-ferrocyanide solutions. After cycling in pH 7 
phosphate buffer solution (Fig. 2), the PS8 0 0-
PCEMA60 coated gold wire electrode was rinsed with 
water and transferred to a 1 mM K4Fe(CN)0 pH 7 
solution. The CV for the PS800-PCEMA6() coated gold 
(Fig. 3, curve b) is considerably suppressed by the 
presence of the coating versus for the bare Au wire 
electrode (Fig. 3, curve a), reaching a steady-state after 
ca. 5 min of cycling. Also, the shape of the CV is 
significantly altered, with the peaks being less well 
formed and further apart in curve b versus curve a of 
Fig. 3. Also, the inset in Fig. 3 shows that the degree of 
suppression of the peak currents increases with increas
ing sweep rate. These observations are indicative of the 
presence of pinholes in the film, based on the develop
ment of radial/hemispherical diffusion behavior which 
is characteristic of the presence of microelectrode as
semblies [15,16]. This confirms that the pathways 
through the PS-PCEMA coating are small and likely 
well distributed. 

In order to test the effect of substrate properties on 
the coating, a PS800-PCEMA60 copolymer film was 
formed on sputtered Au on a quartz crystal by 24 h of 
immersion in a 3 g 1"' PS800-PCEMA60 solution in 
86% CP-THF, for comparison with the results ob
tained for similar coatings deposited on Au wire elec
trodes. The film thickness on the sputtered Au, 
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measured using ellipsometry in air, was 26 nm. The CV 
behavior of this coated Au in pH 7 solution, shown in 
Fig. 4, is very similar to that in Fig. 2 for the same 
polymer on a Au wire electrode. The coverage deter
mined electrochemically (from the oc-oxide charge den
sity) was 0.95 in the first cycle, and 0.92 after 60 cycles 
between 0.2 and 1.7 V at 100 mV s - 1 . The ratio of the 
fS- to a-oxide reduction charge in the final steady-state 
CV is as high as 1.8. Both the coating coverage and the 
(5- to a-oxide ratios are higher than those for the same 
coating, but when formed on a Au wire, for which the 
final degree of blockage of Au sites was 0.70 and the P-
to a-oxide peak ratio was 0.6. This indicates that the 
PS^-PCEMA,,, film on the smooth sputtered Au quartz 
crystal is either thicker or denser than that on the 
rougher, and curved, Au wire. This was also seen for 
pure PS and pure PCEMA coatings on Au [3-5] and 
was explained by the fact that the rougher Au wire 
substrate may promote coating cracking during drying. 
It may also imply that the polymer solution can drain 
more effectively from the cylindrical Au wire electrode 
than from the planar sputtered Au electrode. 

After 60 cycles of potential in the pH 7 buffer 
solution, the PS800-PCEMA60-coated Au (on quartz) 
electrode was removed from the aqueous solution, 
rinsed with three times with distilled water, and trans
ferred back to the pH 7 buffer solution. The coverage 
thus obtained from the a-oxide charge density in a 
single potential cycle was 0.95. After 3 h of soaking in 
pH 7 buffer solution, the coverage was identical to that 
before soaking, i.e. 0.95. This is in agreement with the 
reported results for pure PS and PCEMA films, which 
showed that potential cycling is required to alter the 
coverage of Au by these polymers in pH 7 solutions 
[3-5]. 

3.3. Effect of solvent rinsing on PS„—PCEMAm 

coating thickness, density and coverage 

It has been reported previously that an adherent 
brush monolayer can be formed on mica after long 
times of immersion in a block selective solvent, fol
lowed by rinsing with the same solvent, which was 
reported to remove the residual polymer solution [1,2]. 
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Here, ellipsometry. the QCMB technique and electro
chemical methods were employed to determine the ef
fect of solvent rinsing of a PSS00-PCEMA(,0 film on its 
thickness, density and apparent coverage (from the 
magnitude of the ot-oxide reduction peak). The QCMB 
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(on quartz) electrode between 0.2 and 1.7 V at 100 mV s~' in 
pH 7 phosphate buffer solution. The coating was formed by 24 
h of immersion in a 3 g 1~' PS800-PCEMAM copolymer 
solution (86% CP THE), and then rinsed with 82% CP-THF. 
Dotted line represents steady-state CV of polymer-coated Au 
without rinsing (Fig. 4). 

technique was used to determine the mass of the PS800-
PCEMA(,0 coatings on sputtered Au quartz crystal by 
measuring the frequency shift of the crystal after coat
ing deposition and using the Sauerbrey equation (crys
tal constant of -56 .6 Hz cm2 ug~ ' [17]). 

After 24 h of immersion of the sputtered Au elec
trode in a 5 g C PS8o,,-PCEMA(,u solution of 86% 
CP-THF, with no subsequent rinsing by the block 
selective solvent, a frequency drop of the crystal of 202 
Hz was observed, yielding a coating mass of 3.57 ug 
cm 2. For the same film, the average thickness ob
tained from the ellipsomeric measurements is 34 run. 
Therefore, the density of this coating is 1.06 g c m - 3 . 
This compares favorably with the ca. 1 g c m - 3 value, 
obtained for coatings formed on silica [I]. 

Then the coating was rinsed (ca. 0.1 ml of fresh block 
selective solvent was allowed to slowly flow over the 
surface) with the solvent mixture and the frequency 
shift decreased to 130 Hz, yielding a lower mass of 1.24 
ug cm , while the ellipsometrically determined film 
thickness decreased to 14 nm. The new density derived 
from this data is 0.88 g cm ~3. This lowered density 
suggests the loss of patches or individual micelles from 
the film, resulting in an increased film porosity, rather 
than the uniform removal of layers of micelles. Further 
rinsing with 86%> CP-THF removed the entire PS-
PCEMA coating. These results show that a stable brush 
PS-PCEMA film is not formed on Au under these 
conditions, consistent with the TEM results (Fig. I). 

For a coating formed on sputtered Au by immersion 
in a less concentrated 3 g 1 ~ ' PS800-PCEMA60 copoly
mer solution (86% CP) for 24 h, its initial thickness and 
coverage (before rinsing) were 26 nm and 0.95. respec
tively. After rinsing with ca. 0.1 ml of block selective 
solvent, the film thickness was measured again in air 
and found to be 9 nm. Its CV behavior in the pH 7 
phosphate buffer solution is shown in Fig. 5, yielding a 
coating coverage of 0.87 in the first cycle. The C, peak 
is seen to increase continuously in size, while the C : 

peak disappears completely with cycling time. It is 
possible that, when the film porosity is increased, by 
rinsing, the environment at the interface between Au 
and the coating is no longer sufficiently unique to allow 
the catalytic formation of the (3-oxide film. It is also 
possible that it is primarily the PCEMA blocks which 
detach from the Au substrate in the rinsing process, 
and thus the (5-oxide film is no longer stabilized. 

A more detailed indication of the relationship be
tween the extent of blockage of the Au electrochemistry 
(coating coverage) and the cycle number for the data of 
Fig. 5 is shown in Fig. 6 (curve b). This shows that, 
after rinsing, the coating can ultimately be fully re
moved by potential cycling, It is possible that rinsing 
causes the break-up of the micelles, and a consequent 
diminished strength of adsorption of the copolymer on 
the surface. Also, it is likely that some micelles are 
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cycle number 

Fig. 6. Relationship between PS800-PCEMAf)(j coating cover
age, without (a) (Fig. 4) and with (b) (Fig. 5) rinsing with 86% 
CP-THF, as a function of cycle number (100 mV s - 1) in pH 
7 buffer solution. 

removed altogether, as seen by the lowered film density. 
This may allow the aqueous solution to more easily 
reach the Au surface, thus undermining the coating. 

In comparison, Fig. 6 (curve a) shows that the cover
age of a non-rinsed PS800-PCEMA60 coating (data of 
Fig. 4) decreases only very slowly as a function of cycle 
number. Without an applied potential and just 3 h of 
immersion in the pH 7 solution, the coverage of a 
non-rinsed coating remains essentially unchanged. In 

0 10 20 30 40 50 

polymer deposition time / h 

Fig. 7. Coating coverage (•) on Au wire electrode and ratio 
of Au p-oxide to a-oxide reduction charges (O) as a function 
of polymer deposition time for PS8(x>-PCEMA(;oo copolymer 
deposited from a 5 g l" ' solution (86% CP-THF). 

contrast, when the coating is rinsed first, and then 
immersed at open-circuit, the coverage decreased from 
0.85 to 0.70 after l h in the pH 7 buffer solution. In a 
subsequent experiment, it was found that rinsing with 
pure CP, a poor micelle solvent, had no effect on the 
CV response or on the thickness and density of PS8 0 0-
PCEMA60 copolymer coatings deposited on sputtered 
Au surfaces. These results confirm that it takes the 
block-selective solvent to remove parts of the polymer 
coating, thus making it much more susceptible to un
dermining and subsequent loss from the surface. 

3.4. Effect of deposition time on PS-PCEMA coating 
coverage 

On mica, the deposition of a brush monolayer of the 
PS800-PCEMA600 diblock copolymer requires a certain 
length of time of exposure to a micellar solution of the 
polymer in the appropriate block selective solvent (e.g. 
86% CP in THF for this particular copolymer). This 
time is typically between 24 h and one week [1,2]. 
However, as stated in Section 3.1 above, TEM analyses 
of cross-sectional samples of polymer coatings on Au 
revealed only micellar film structures, and a brush 
monolayer was never seen. Nevertheless, it is still rea
sonable to presume that longer times in the polymer 
solution might result in different film properties. There
fore, in the present work, the effect of time of exposure 
of a Au wire electrode to a 5 g 1~' PS800-PCEMA600 

copolymer solution (86'/. CP) was studied, using the 
electrochemical methods discussed above to establish 
the coverage of Au. 

The relationship between the coverage of Au (esti
mated from the magnitude of the a-oxide reduction 
peak in the steady-state CVs), as well as the ratio of the 
[5- to a-oxide charge densities, with polymer deposition 
time, is shown in Fig. 7 for a PS800-PCEMA600 poly
mer deposited on a Au wire electrode from 86% C P -
THF. It is seen that the coverage increased to 0.81 with 
polymer deposition times up to 20 h, but then de
creased again to 0.67 after ca. 50 h in the 86% C P -
THF solvent. However, the ratio of the (3- to a-oxide 
reduction charge continues to increase with polymer 
deposition time. This may suggest that the PCEMA 
block of each micelle is increasingly in contact with the 
Au surface [5] and that a precursor structure, similar to 
the brush layer seen at mica, is gradually forming. 

In a parallel experiment, a sputtered Au coated 
quartz crystal was used to determine the coating thick
ness as a function of deposition time from a 3 g I ~ ' 
PS800-PCEMA600 copolymer solution (86%. CP), since 
it is impossible to measure the coating thickness on a 

Au wire using ellipsometry. Table 2 shows that the 
coating thickness increases with deposition time, and 
then becomes constant. The Au coverage, determined 
from the a-oxide reduction charge in the first and 
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Table 2 
PSgoo-PCEMArtK, copolymer film thickness and coverage" on Au sputter-coated quartz crystal as a function of polymer deposition 
time'1 

Deposition time Thickness (nm) Initial coverage Steady-state coverage 

5 s 
30 min 
17 h 
24 h 
48 h 

13.6 
16.8 
26.0 
30.0 
31.0 

0.90 
0.93 
0.95 
0.97 
0.98 

0.82 
0.89 
0.92 
0.94 
0.95 

" Coverage obtained from the Au a-oxide reduction charge (100 mV s _ l , 1.7 V upper limit) in pH 7 buffer solution at first cycle 
(initial) and steady state. 

b Coatings formed by immersion of sputtered Au quartz crystal electrode in a 3 g 1 ' PS^-PCRMA,-,,,,, copolymeric solution (86% 
CP-THF). 

steady-state CVs, also increases with deposition time up 
to ca. 20 h and then becomes constant after this, unlike 
the results for Au wire electrodes (Fig. 7). Also, the 
coverage on the sputtered Au crystal surfaces is signifi
cantly higher, overall, than on the Au wire, as was also 
seen for pure PS [3,4] and pure PCEMA [5] coatings on 
Au. This was explained as being due to the roughness 
and small diameter of the Au wire electrodes, leading to 
some polymer film cracking when dried in air. It is also 
possible that the polymer solution may drain more 
effectively from the cylindrical wire electrodes than 
from the planar sputtered electrodes, leaving more 
polymer coating on the sputtered surfaces. 

Overall, the results of Table 2 suggest that there is no 
advantage to coating sputtered Au surfaces with PS„-
PCEMA,,, films for longer than ca. 20 h. Also, the TEM 
studies (Fig. 1) show that a brush layer does not form, 
even after 3 days of deposition. 

3.5. Effect of the values of n and in in PS„-PCEMA„, 
on coating properties 

Table 3 lists the maximum coverage (determined 
from the steady-state CV response) of Au wire elec
trodes achieved by coatings formed from 5 g 1 1 PS„-

PCEMA,„ solutions in an 86% C P - T H F solvent 
mixture, for a range of n and in values. As before, the 
electrodes were not rinsed with solvent after coating 
deposition. The polymer deposition time required to 
reach maximum coverage and the ratio of the Au p- to 
a-oxide reduction charges are also given in Table 3. It 
is seen that the coverage appears to depend mainly on 
the value of n in the PS„-PCEMA„, copolymer and not 
on the n/m ratio. It is possible that, the greater the 
fraction of hydrophobic PS units in the polymer, the 
greater is the propensity for the polymer to repel the 
aqueous solution, resulting in a higher surface coverage 
[3,5], Therefore, fewer pathways into the coating to the 
underlying gold electrode would be available. 

The time to maximum coverage is also related to the 
values of n and in. The larger the sum of n plus m, the 
greater the mass of a single polymer chain. At a con
stant concentration of 5 g 1~ ' , this constitutes a lower 
concentration, in mol I - 1 , of the heavier polymers. 
Therefore, the rate of diffusion should be lower, and 
the time to maximum coverage would therefore be 
longer. This is in agreement with the results of previous 
research with PS polymers deposited on a chromium 
surface from cyclohexane at the 0 temperature (35°C) 
using ellipsometry [18-20], as well as on a gold surface 

Table 3 
Relationship between maximum PS„-PCEMA„, film coverage" on Au wire electrodes, the required deposition time to reach 
maximum coverage, and the ratio of the Au B- to a-oxide reduction charges for different values of n and mb 

PS„-PCEMA„, (n-m value) Deposition time (h) Maximum coverage 0 Charge ratio"' (q^lqj 

800-60 
800-600 
600-150 
600-500 
100-60 1 

12 
20 
14 
17 
6 

0.80 
0.81 
0.59 
0.62 
0.36 

1.4 
0.58 
0.47 
0.68 
0.16 

" Obtained from the Au a-oxide reduction charge (100 mV s ~ \ 1.7 V upper limit) in pH 7 buffer solution at steady-state cycle. 
b PS„-PCEMA„; coatings formed by immersion of Au wire electrode in 5 g l - ' copolymeric solutions (86% CP-THF). 
L' Obtained from the steady-state CV response (100 mV s~', 1.7 V upper limit). 
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using the QCMB technique [21] to study the film prop
erties. In these prior studies, it was found that the time 
to adsorption equilibrium is proportional to the poly
mer molecular weight for the same polymer concentra
tion in solution. This was suggested to be due to the 
fact that the interaction between molecules in solution 
increases with an increase in the polymer molecular 
weight [18,21]. 

The ratio of the Au B- to oc-oxide reduction charge 
does not correlate well with the value of in, as might 
have been expected. However, it does roughly track the 
trends in the time to maximum coverage, argued above 
to be a reflection of the length of the PS chain in the 
polymer, and hence perhaps to its hydrophobicity. The 
B- to a-oxide ratio of 1.4 for PSg00-PCEMA60-coated 
Au (coverage of 0.80) is very close to that on pure 
PCEMA-coated Au, ca. 1.35, at a coverage of 0.82 [5]. 
Therefore, it is possible that, the greater the n to m 
ratio and the more similar the coating is to pure 
PCEMA, the greater will be the propensity for the 
PCEMA block to be the dominant polymer on the Au 
surface. As an example of this principle, in the case of 
the PS800-PCEMA600 coating, which has a relatively 
low n to in ratio and a low |3- to a-oxide ratio (Table 3), 
Fig. 1 shows that both the PS and the PCEMA blocks 
populate the Au surface approximately equally. 

4. Summary 

Dip-coated PS800-PCEMA600 films, formed on Au 
surfaces, do not appear to exhibit the brush-like struc
ture reported previously for the deposition of these 
polymers on mica or silica surfaces. Rather, a micellar 
film, ca. 70-85 nm thick and having a film density of 
1.06 g c m - 3 , is obtained. Rinsing with the block selec
tive solvent, an 86'/) CP mixture of CP-THF, causes 
the rapid loss of the PS„-PCEMA„, coating, leading to 
a pronounced decrease in the coating thickness, cover
age and density with the extent of film rinsing. 

The coverage of non-rinsed PS„-PCEMA,„ films was 
established using cyclic voltammetry in a pH 7 buffer 
solution and, on Au-sputtered quartz crystals, was 
found to be higher than on the rougher Au wire 
electrodes, using identical deposition conditions. Poten
tial cycling between 0.2 and 1.7 V in a pH 7 buffer 
solution results in the formation of a Au B-oxide film, 
which normally requires much higher potentials (ca. 2.2 
V) on bare Au. This was also seen for pure PCEMA 
films on Au [5], and therefore indicates that the 
PCEMA block of the PS„-PCEMA„, films is in direct 

contact with the Au surface. The CY currents of coated 
electrodes in a ferricyanide-ferrocyanide solution are 
suppressed versus at a bare Au surface. The fact that 
the degree of suppression of the peak currents increases 

with increasing sweep rate is consistent with the radial/ 
hemispherical diffusion behavior of microelectrodes, in
dicating the presence of pinholes in these coatings. 

On Au wire electrodes, the PS„-PCEMA,„ coverage 
increases with deposition time, and then decreases 
slightly after a maximum coverage of ca. 0.8 is reached. 
However, on sputtered Au quartz crystals, both the 
coverage and film thickness increase with deposition 
time, and then remain constant at ca. 0.98. The geome
try of the substrate is clearly quite important in terms 
of the properties of these PS„-PCEMA„, coatings. The 
value of n, and not the ratio of n to /;;, in the PS„-
PCEMA,,, copolymer, appears to most strongly influ
ence the PS-PCEMA coverage. Based on TEM studies, 
polymers with low njm ratios, e.g. 800:600, are micellar 
in nature, with micelles ca. 40 nm in diameter. How
ever, from the observed relationship between the n to in 
ratio and the B- to oc-oxide charge densities (magnitude 
of (3-oxide charge is taken as an indication of the extent 
of PCEMA near the Au surface), high n to in ratios 
may reflect a higher concentration of PCEMA in con
tact with the substrate. This may even suggest that an 
incipient brush layer forms on Au surfaces under these 
conditions. 
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