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a b s t r a c t

Thin organic films with desirable redox properties have long been sought in biosensor research. We
report here the development of a polymer thin film interface with well-defined hierarchical nanos-
tructure and electrochemical behavior, and its characterization by electrochemical surface plasmon
resonance (ESPR) spectroscopy. The nano-architecture build-up is monitored in real time with SPR, while
the redox response is characterized by cyclic voltammetry in the same flow cell. The multilayer assem-
bly is built on a self-assembled monolayer (SAM) of 1:1 (molar ratio) 11-ferrocenyl-1-undecanethiolate
(FUT) and mercaptoundecanoic acid (MUA), and constructed using a layer-by-layer deposition of cationic
poly(allylamine hydrochloride) (PAH) and anionic poly(sodium 4-styrenesulfonate) (PSS). Electron trans-
fer (ET) on the mixed surface and the effect of the layer structures on ET are systematically studied. Under
careful control, multiple layers can be deposited onto the 1:1 FUT/MUA SAM that presents unobstructed
redox chemistry, indicating a highly ordered, extensively porous structure obtained under this condition.
The use of SPR to trace the minute change during the electrochemical process offers neat characterization

of local environment at the interface, in particular double layer region, allowing for better control over the
redox functionality of the multilayers. The 1:1 SAM has a surface coverage of 4.1 ± 0.3 × 10−10 mol cm−2

for ferrocene molecules and demonstrates unperturbed electrochemistry activity even in the presence
of a 13 nm polymer film adhered to the electrode surface. This thin layer possesses some desirable prop-
erties similar to those on a SAM while presenting ∼15 nm exceedingly porous structure for high loading
capacity. The high porosity allows perchlorate to freely partition into the film, leading to high current

sensit
density that is useful for

. Introduction

Electroactive thin organic films have attracted much interest
ecause of their wide range of applications as electro-optics, semi-
onductor devices, molecular memory electronics, electrochromic
isplays, and sensors [1–9]. A number of methods have been
eveloped to create these ultrathin multilayer films, such as the
angmuir–Blodgett (LB) assembly, dip-coating, spin-coating, and
apor-deposition, among others [10–15]. Although the LB assem-
ly technique offers a versatile way to build a functional surface at
liquid/gas interface, LB films must be formed in a very condensed
anner to obtain proper film stability due to the weak nature

f the non-covalent forces [16]. Dip-coating and spin-coating are

ommonly adopted techniques for achieving thin multilayer films
ecause of simplicity, low cost, and efficiency of coverage. However,
hese approaches usually yield molecularly disordered structures,
nd are difficult to control and monitor at nanometer scale. Vapor-

∗ Corresponding author. Tel.: +1 951 827 2702; fax: +1 951 827 4713.
E-mail address: quan.cheng@ucr.edu (Q. Cheng).

013-4686/$ – see front matter © 2010 Elsevier Ltd. All rights reserved.
oi:10.1016/j.electacta.2010.02.088
ive electrochemical measurements.
© 2010 Elsevier Ltd. All rights reserved.

deposition method is a useful technique for coating substrates with
high purity and high performance metal oxides and semiconduc-
tors. Its use for depositing organic molecules is limited due to the
required operational conditions of high temperature, vacuum and
volatile precursors, and the formation of volatile by-products is a
common result [17]. There is a need to explore alternatives to creat-
ing nanoscale 3D architecture that provides a more ordered surface
with high quality and desirable features such as controlled porosity.

One attractive technique for building a 3D multilayer molecular
nanostructure is the “layer-by-layer” (LbL) method, which works by
alternating physiosorption of oppositely charged molecules [18].
Many types of charged molecules and nano-objects are suitable
for deposition by the LbL method, such as DNA, enzymes, viruses,
and polyelectrolytes [19–22]. One advantage of the LbL method is
that the amount of material deposited on each cycle approaches
a constant and reproducible value, allowing a large number of

controllable layers and specific properties to be incorporated into
the thin films. The initial layer on the substrate is important for
the functionality of the nanostructure and a versatile technique
to achieve this first layer is self-assembled monolayers (SAMs).
SAMs provide a convenient, flexible, and straightforward system

http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
mailto:quan.cheng@ucr.edu
dx.doi.org/10.1016/j.electacta.2010.02.088
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peak corrected for the charging current, n is the number of electrons
ig. 1. A schematic of LbL build-up of polymeric thin films on a mixed SAM with
SPR configuration and structure of polyelectrolytes and alkylthiol derivatives for
elf-assembly.

ith which to tailor the interfacial properties of organic functional
roups and metal oxides [23–25]. The combination of LbL and SAMs
s a great bottom-up approach to creating a functionally active
anostructure.

Many methods have been used to analyze the build-up of
hese molecular structures on a solid substrate, such as ellipsom-
try, atomic force microscopy (AFM), cyclic voltammetry (CV),
nd surface plasmon resonance (SPR) spectroscopy. The combi-
ation of electrochemistry and SPR is of particular interest to us
ue to its ability to probe the interface properties simultaneously
n two different physical quantities at the same surface inside
n electrochemical cell [26–28]. Cyclic voltammetry in particu-
ar offers kinetic measurement of heterogeneous electron-transfer
eactions and coupled chemical reactions [29,30]. SPR, a direct
ptical-sensing technique, measures the refractive index change
ue to specific interactions occurring at a metal dielectric inter-
ace [31,32]. The use of SPR to monitor the creation of multilayer
lms is advantageous because one could promptly observe film
hickness change and screen for new polymers in real time with
o external/internal labels using only small volumes of sample.
pplication of electrochemical surface plasmon resonance (ESPR)

or monitoring the development of polymeric film build-up while
imultaneously examining redox characteristics has appeared in a
ew recent publications [33–35].

In this work, we report the development of a polymer thin
lm interface with well-defined hierarchical nanostructure and
lectrochemical behavior, and its characterization by ESPR spec-
roscopy. Our focus is to build nano-architectures less than 20 nm
n thickness that offer higher loading capacity while still exhibit-
ng attractive physiochemical (redox in this case) properties as
hose observed on a 2 nm alkylthiol homogeneous monolayer. Thin
lms of these characteristics are very useful for creation of energy-

fficient miniaturized devices and biosensors, but have not been
idely studied largely due to lack of proper fabrication meth-

ds. Fig. 1 illustrates the scheme of the design and the structure
f the SAMs and polyelectrolytes utilized in this work. A mixed
Acta 55 (2010) 4468–4474 4469

SAM surface of 11-ferrocenyl-1-undecanethiol (FUT) and mercap-
toundecanoic acid (MUA) is used, which lends itself to two different
primary functions. The ferrocene surface provides electrochemical
signal while the carboxylic acid will allow for a more desirable elec-
trostatic attachment for the polyelectrolytes. Specifically we plan
to seek to achieve 3D nano-architecture with properties match-
ing those on 2D surfaces in terms of efficient ET with a bottom-up
approach. A facile redox communication is sought to take place
after organic layers are coated to the surface. We will also take
advantage of the high sensitivity of SPR to explore the doping and
dedoping process on the thin films, in an attempt to understand
and optimize the ion mobility property across the membrane.

2. Experimental

2.1. Materials

Poly(sodium 4-styrenesulfonate) (PSS), poly(allylamine
hydrochloride) (PAH), mercaptoundecanoic acid (MUA) and
NaClO4 were purchased from Aldrich (Milwaukee, WI). Dojindo
Molecular Technologies (Japan) supplied the 11-ferrocenyl-1-
undecanethiol (FUT). Microscope slides were purchased from
Fisher (Pittsburgh, PA) and the platinum wire (0.5 mm, 99.997%)
was purchased from Alfa Aesar (Ward Hill, MA). All chemicals were
of the highest analytical grade, and were used without further
purification. Milli-Q (>18 M�) water was used in the preparation
of all electrolyte solutions, and absolute ethanol was used to
prepare all thiol solutions.

2.2. Preparation of redox active self-assembled monolayer
electrodes

The Au electrodes were prepared by e-beam evaporation of a
thin film of Au (ca. 46 nm) onto microscope glass slides with 2-nm
Cr as the adhesive layer. Prior to modification, the Au substrates
were cleaned with piranha solution, then extensively rinsed in
Milli-Q water, absolute ethanol, and dried with a stream of N2 gas.
The electrodes were then immersed in a 1 mM (1:1) FUT/MUA for
12–24 h and rinsed with ethanol, DI water and dried in a N2 stream.
The same procedure was repeated for all other SAM surfaces used
in this work.

2.3. Cyclic voltammetry

The electrochemical measurements were carried out with a
three-electrode system using a CHI 650 electrochemical work sta-
tion (CH Instruments, Austin, TX). The modified Au electrode served
as the working electrode, and an Ag/AgCl electrode was used as
the reference electrode which was placed at the outlet of the
nanoSPR flow cell. The platinum counter electrode was machined
into the top of the SPR flow cell. The 0.1 M NaClO4 (pH 6.6) solu-
tion was used as the supporting electrolyte. The CV data fitting
was performed using Origin software (Microcal, Inc.). The quan-
tity of electro generated ferrocenium (�Fc+ ) was calculated using
the following equation (Eq. (1)) [36]:

�Fc+ = QFc+

nFA
(1)

where QFc+ is the charge associated with the ferrocene oxidation
determined through the integration of the voltammetric anodic
involved in the electron-transfer process (n = 1 for the ferrocene
redox couple), F is the Faraday constant, and A is the geometric
surface area of the exposed FUT/MUA substrate electrode, which is
defined by a silicon rubber cast.
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.4. Surface plasmon resonance

The surface plasmon resonance (SPR) spectrometer employed
n the procedure is a dual channel nanoSPR in the Kretschmann
onfiguration (Morton Grove, IL) with a semiconductor laser
� = 670 nm) as the excitation source. Surface interaction and modi-
cation were monitored and characterized using the tracking mode
f SPR angular scanning at the minimum angle. The SAM modified
orking electrodes were clamped down to a flow cell on a high-

efractive index prism (Fig. 1). Once the electrolyte solution had
stablished a stable baseline, 1 mg mL−1 of PAH and PSS (in 0.1 mM
aClO4) were injected in sequential order for layer build-up.

.5. Atomic force microscopy (AFM)

AFM images were obtained using a Veeco Dimension 5000
tomic force microscope (Santa Barbara, CA) with manufacturer
rovided software. All images were obtained under the tapping
ode, and root-mean-square (rms) surface roughness values were

btained by averaging multiple 25 �m2 areas across the entire sur-
ace area at a scan rate of 1.5 Hz.

.6. Ellipsometry measurements

Spectroscopic ellipsometric (SE) measurements were con-
ucted using a Jobin Yvon UVISEL (Edison, NJ) Spectroscopic Phase
odulated Ellipsometer (SPME) Version M200 in the spectral range

f 300–800 nm. For all SE measurements, the chip was placed
n a sample stage situated on a goniometer with light from a
5W Xenon arc source at 70◦ angle of incidence, and reflected

ight was detected by a PMT. Three spots on each substrate sur-
ace were analyzed, and the results were averaged. The thickness
f the FUT/MUA monolayer and the subsequent polymer layers
as determined from using the Levenberg–Marquardt non-linear

ptimization algorithm within the vendor’s DeltaPsi2 software.
he thickness of the chromium and gold were fixed to the mea-
ured thickness during the calibrated quartz crystal monitor during
-beam evaporation (2 and 46 nm, respectively). The n(�) and
(�) values provided in the vendor’s materials database for gold,
olycrystalline chromium, and BK7 glass were used in the fitting
rocess. For the FUT/MUA monolayer, the refractive index (n) used
ere n = 1.464 [26,37] and n = 1.45 [38], respectively. The n value
sed for the polyelectrolytes was n = 1.54 [39,40]. The extinction
oefficient (k) for all polymers in the calculations was set to be k = 0
41].

. Results and discussion

.1. Electrochemical behavior of FUT/MUA interface

Ferrocenylalkanethiolate SAMs are a much studied electroactive
ystem, and their Faradic electrochemistry is extensively docu-
ented [26,42–46]. Fig. 2 shows a cyclic voltammogram of a
ell-defined reversible redox wave for 1:1 mixture of FUT/MUA

curve 1) and a flat wave for MUA (curve 2) in 0.1 M NaClO4.
ymmetrical redox peaks were obtained with a slight peak sep-
ration at a scan rate of 100 mV s−1. The oxidation, reduction and
ormal potential (E◦) of the terminal ferrocene group in the mono-
ayer were found to be 412, 382 and 397 mV, respectively. A peak
eparation (�Ep) of 30 mV is a strong indicator that a facile electro-
hemical process occurs on the electrode surface. The coverage of

UT, from the charge of the anodic peak (45 �C cm−2), is calculated
o be 4.7 × 10−10 mol cm−2. The CV shown in Fig. 2 and the data
eported compare well to values previously reported in the liter-
ture [26,42,45]. To screen for the most suited electrolyte for this
ork, solutions of 0.1 M HClO4, LiClO4, and NaClO4 were tested.
Fig. 2. Cyclic voltammograms for MUA (curve 1) and 1:1 FUT/MUA (curve 2) in 0.1 M
NaClO4 (pH 6.6). The scan rate is 100 mV s−1.

NaClO4 offers the most consistent signal among the three, espe-
cially with polyelectrolytes, and has thus been used throughout
the work.

It should be noted that a small shoulder peak is located on the
negative potential side of the FUT/MUA response. In fact, this is a
common trait found in ferrocene containing SAMs, and it is believed
that the shoulder is due to the inhomogeneous spatial distribu-
tion of ferrocene in the SAM [26]. The shoulder peak was further
examined by comparing the FUT/MUA SAM mixture with a pure
FUT surface (supplementary material). As expected, the pure FUT
SAM surface shows a larger current due to more ferrocene attached
to the surface. However, the shoulder peak for the pure FUT SAM
surface is also larger, indicating that mixed FUT/MUA SAMs can
improve spatial distribution within the layer.

In order to perform an effective LbL build-up, the ratio of FUT
to MUA was varied and optimized as it affects the negative sur-
face charge density and thus the attachment of the polycations and
redox current density. We compared the ratios of 1:10, 1:5, and
1:1 of FUT to MUA to screen for the optimal surface conditions
and found that the 1:1 FUT/MUA surface gave the strongest and
most reproducible redox communication at the same time achiev-
ing a high charge density (data not shown). This surface was chosen
for further study and building of a 3D nanostructure with multiple
layers.

3.2. Characterization of electrostatic self-assembly by SPR

Real time monitoring of assembly of a polycation–polyanion
molecular film with bottom-up construction was carried out with
SPR. Fig. 3 shows the sensorgrams for the process. The result clearly
reveals the build-up of the film by alternating the injection of poly-
electrolytes with the corresponding charge. Since the MUA film
contains carboxylic acid headgroup, polycationic PAH solution was
first injected. The inset of Fig. 3 illustrates the specificity of the PAH
onto the surface while polyanionic PSS does not bind on FUT/MUA.
The first layer of polycation adhesion produced a signal increase of
95 millidegrees. Once the baseline was stabilized, PSS was injected,
giving an SPR angular increase of 200 millidegrees. PSS is a con-

siderably larger molecule than PAH, therefore leading to a larger
refractive index change and response in the SPR sensorgram. The
electrostatic interaction between PAH and PSS is very effective and
complete adsorption of the layers did not require any incubation
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Fig. 3. SPR sensorgram of a 10-layer nanostructure build-up by alternating injec-
tion of oppositely charged polyelectrolytes in 0.1 M NaClO4 on a 1:1 FUT/MUA SAM
surface. Inset is an SPR sensorgram of a 5-layer build-up on a MUA surface. The circle
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llustrates the specific electrostatic interaction of PAH with surface carboxylate (red
urve) while PSS (black curve) shows no interaction with the negatively charged
urface. Arrows indicate first (1) and second (2) injection of the polyelectrolyte
emonstrating complete adsorption of the polymer in the first injection.

ime. For proof of principle all layers were injected twice. The sec-
nd injection shows little signal as compared to the first injection,
learly demonstrating the completion of the electrostatic interac-
ion right after the initial injection (Fig. 3). Flow rate was optimized
t 138 �L min−1, yielding a 10-layer nanoassembly in less than
00 min.

The pH-dependent thickness behavior of the sequentially
dsorbed polyions layers must be considered when creating mul-
ilayer thin films. Rubner et al. has studied the pH dependence
roperties extensively, demonstrating that control over the bulk
nd surface composition of the resulting multilayer films is read-
ly achievable via simple pH adjustments [47,48]. Furthermore, pH
ontrols the linear charge density of an adsorbing polymer as well
s the charge density of the previously adsorbed polymer layer.
n this work we focus on optimizing deposition solution at a rela-
ively neutral pH for all polyion adsorption for better control over

he surface charge density and film thickness while at the same
ime offering high-quality voltammograms. We used 0.1 M NaClO4
ecause it is a non-reactive electrolyte with a pH of ∼6.6, which in
urn allowed for us to obtain controllable adsorption layers within
he film.

ig. 4. SPR angular scan curves of reflectivity versus incident angle recorded after each
heoretical SPR minimum angle shifts for polymer films on SPR gold substrates (right).
Acta 55 (2010) 4468–4474 4471

A more careful study on the quantitative layer adding up has
been performed with SPR and Fresnel simulation to understand the
correlation of layer deposition and thickness increase. Fig. 4 shows
a series of SPR angular scan curves of reflectivity versus incident
angle recorded after each layer of polyelectrolyte was deposited.
The left-most curve corresponds to the monolayer of FUT/MUA on
the Au surface. A total of 10 layers of organic polyelectrolyte were
added to the SAM surface, leading the reflection curves shifting
from left to right. SPR angular shifts correlate very well with the-
oretical predictions from the Winspall program (R2 = 1) developed
by the Knoll group (Fig. 4 right). The average thickness of PAH and
PSS is 0.96 and 1.2 nm, respectively. The overall thickness of the
film is determined to be 12.6 nm, including the SAM surface.

3.3. Electrochemical behavior of the nanostructured multiple
layers

To seek thin organic films exhibiting ideal electrochemical
behavior, nanostructure of the FUT/MUA monolayer and polyelec-
trolyte multilayer were studied for their electron-transfer property.
After the deposition of the polymer layers, it is expected that these
layers block or slow down electron transfer because of the poly-
mer attachment [49–51]. To our surprise, facile electron transfer
can be achieved through the carefully prepared PAH/PSS thin films
continuously. The physical stability of the electrode surface and
polymer build-up appears to be good, with little to no deterio-
ration after multiple scans. Fig. 5 shows the CV results on a 1:1
FUT/MUA SAM system with polymer deposition. The ferrocene on
the FUT/MUA surface showed well-defined, reversible response
after each layer was attached, suggesting the PAH/PSS films pro-
vide a favorable environment/membrane that does not interfere
with the transfer of electrons and movement of counter ions. There
is little or no effect on the magnitude and shape of the electrochem-
ical signals even after the build-up of multiple layers of polymer.
More detailed results are summarized in Table 1. The average cur-
rent (ip), peak separation (�Ep), and formal potential (E◦) was
found to be 8.6 ± 0.3 �A, 31 ± 5 mV, and 398 ± 2 mV for all layers,
respectively. The amount of adsorbed FUT remained constant at
4.7 ± 0.9 × 10−10 mol cm−2, all of which strongly indicates there is
unconstrained redox communication between the working elec-
trode and the ferrocene interface even after adding 10 polymer
layers.
Modified electroactive surfaces have been studied extensively.
However, to sufficiently have facile counterion diffusion through
a redox inactive film, efficient relay of electrons is often required
within the film using redox active polymers [52]. Clearly effective
ionic movement through the organic film above the redox SAM

layer of polyelectrolyte (left) and linear relationship between experimental and
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Fig. 6. (a) Zoomed-in SPR sensorgram of a 10-layer nanostructure on a 1:1 FUT/MUA
SAM surface in a 0.1 M NaClO4 solution. The spikes indicate SPR response to
CV cycles. Inset is the overlay of cyclic voltammograms at different scan rates
ig. 5. Overlay of the cyclic voltammograms taken after each layer of polyelectrolyte
as adsorbed on a 1:1 FUT/MUA surface in 0.1 M NaClO4. The scan rate is 100 mV s−1.

nset: The dependence of the ipa on the scan rate after each layer (n = 11).

lays an important role in the observed electrochemical properties
53,54]. To further understand the ionic movement, we evalu-
ted the effect of scan rate on response. A plot of the average
eak current versus the scan rate for all layers is shown in the

nsert of Fig. 5 with the appropriate error bars. The peak current
ip) is directly proportional to the scan rate (v), not v1/2, which
s characteristic of ET for species immobilized on the surface of
he electrode. Plotting log(ip) versus log(v) yields an average slope
f 0.92, which is slightly less than the anticipated value of 1.0 for
urface-localized electroactive species. Nevertheless, this value is
arge and consistent with films of different thicknesses, further
roving that the diffusion process of the non-electroactive species
hrough the nanostructures is unhindered. We also observed the
nsensitivity of the average peak separation versus the scan rate
p to 800 mV s−1 for all layers, further illustrating an unobstructed
ass transport through the film and facile electron tunneling

t the surface (supplementary material). To our knowledge, this
s the first report on unhindered redox chemistry through a
3 nm polyelectrolyte nanosystem without the use of a redox
elay.

SPR is sensitive to the structural change on the Au surface,
hich offers a useful tool to probe continual functionalization of

he nanoassembly. The electrochemical reaction of the ferrocene

eadgroup introduced a local change in the double layer zone and
he result of this local change can cause an increase in refractive
ndex. The ESPR technique employed here appears to be ideal to
robe the changes within the dielectric layer from the applied

able 1
oltammetric results for peak current (ip), formal potential (E◦), and peak separation

�Ep) obtained before and after each layer.

Layer ip , �A E◦ , V �Ep , mV

FUT/MUA 7.9 0.400 27
1 9.1 0.395 22
2 8.3 0.398 31
3 8.8 0.396 20
4 8.5 0.400 35
5 8.9 0.398 31
6 8.7 0.397 34
7 8.8 0.400 35
8 8.9 0.400 37
9 8.4 0.400 37
10 8.7 0.396 32
(100–800 mV). (b) Zoomed-in SPR sensorgram of a 10-layer nanostructure on a MUA
SAM surface in a 0.1 M NaClO4 solution. Inset is the overlay of cyclic voltammograms
at different scan rates (100–800 mV).

electric field, especially for layers covered with redox active mate-
rial. We observed that when a modulating potential (cyclic) is
applied, the SPR signal responds to it and offers good measure-
ment of the surface property pertinent to the deposited molecules.
Upon a CV potential applied to the 1:1 FUT/MUA surface, there
is an angular change in the SPR, which returns back to the base-
line when the potential is returned (Fig. 6a). However, when there
is no redox material present on the electrode surface, no SPR
response was observed (Fig. 6b). Three contributing factors to the
SPR response caused by cyclic voltammetry have been suggested,
including a change in dielectric constant (�ε), a change in average
thickness of the molecular layer (�d), and/or a change in surface
charge density of the electrode (�q) [55,56]. In this case, it appears
to be the change of charge density that has a large and direct
impact on SPR signal due to the presence of a redox active film.
It was observed that the SPR signal is proportional to the poten-
tial applied, indicating the method could be used to probe the

extent of redox reaction on the surface. It also indicates that the
polymer film has no blockage to the establishment of the double
layer at the headgroup region. The deprotonation and protona-
tion of ferrocene occurs rapidly, allowing for anionic electrolytes to
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detection, and creation of electroactive sites for biological detec-
Fig. 7. Atomic force microscopy (AFM) images of (a) bare Au, (b

ove into and out of the porous polymer films (doping/dedoping)
reely.

.4. AFM and ellipsometry characterization

Further studies have been conducted using AFM and ellipsome-
ry to confirm the ESPR results. The AFM image presented in Fig. 7a
hows that the Au surface consists of flat grains, ∼200 nm in size,
nd is characterized by the root-mean-square (rms) roughness of
.2 ± 0.1 nm over an area of 5 �m2, which is in good agreement
ith previously reported Au substrates [26]. After incubation with

:1 FUT/MUA the electrode surface becomes homogenously cov-
red with ferrocenyl-carboxylic alkanthiolates. The rms roughness
or 1:1 FUT/MUA was found to be 1.3 ± 0.5 nm, with little structural
eterogeneity observed on the surface. The ellipsometric measure-
ent for the FUT/MUA monolayer had an effective film thickness

f 1.5 ± 0.1 nm. The theoretical thickness of a COOH(CH2)10SAu and
c(CH2)10SAu monolayer is found to be 1.5 and 1.7 nm, respec-
ively. The theoretical and actual values are in good agreement with
revious values found in the literature [26].

A 5-layer and a 10-layer polymer coating on 1:1 FUT/MUA
ere characterized by AFM, giving a rms roughness of 6.0 ± 1.3

nd 15.2 ± 5.6 nm, respectively. The increase in roughness is a
trong indicator that the surface is being built up by the depo-
ition of polyelectrolytes that yield inhomogeneous structures.
llipsometry measurements taking at layers of 1, 2, 4, 6, 8, and 10
ield thickness of 2.5 ± 0.3, 3.3 ± 0.2, 4.9 ± 0.2, 6.3 ± 0.3, 8.2 ± 0.3,
nd 10.3 ± 0.5 nm, respectively. Close examination of these val-
es shows that thickness by ellipsometry is much smaller than
he value obtained through SPR estimation (for instance, 10.3 nm
ersus 12.6 nm for the 10-layer film). It is important to note that

FM and ellipsometry were performed in air, whereas all ESPR
xperiments were carried out in aqueous solutions. While the
anostructure in solution may exist in its fully hydrated form,
xposure to air can lead to loss of water and thus shrinkage, and
herefore a smaller thickness. The advantage of hydrated polyelec-
UT/MUA SAMs, (c) 5-layer build-up, and (d) 10-layer build-up.

trolyte layer on the surface, as demonstrated here, is that it provides
a greater number of “holes” for the ions to move in and out of
freely, giving rise to a better movement of ions for compensat-
ing the charge imbalance due to ET, and thus presenting facile and
unhindered redox chemistry on a covered surface.

4. Conclusions

Through a highly controlled surface procedure, an in-depth
study of the polymer layer build-up and its effect on the electro-
chemical property of the covered redox moiety of a SAM film was
performed. The LbL surface construction with PAH and PSS does
not hinder the electron exchange to the redox active electrode. The
highly porous films allow for the ionic counter charges to freely dif-
fuse, which significantly enhances the ion conductivity of the films.
The measured �Fc+ reveals a full-coverage of a FUT/MUA mono-
layer with the quantity of surface-immobilized ferrocene, � Fc, at
4.1(±0.3) × 10−10 mol cm−2, and the current magnitude does not
change after a ten layer polymer assembly. The electrochemical
characterization shows an average peak separation of 30 ± 5.8 mV
and the peak current is directly proportional to scan rate (ip ∝ v).
The polyelectrolyte was able to completely adhere with great sta-
bility to the surface with no incubation needed. Overall, we have
demonstrated a new three-dimensional nanoassembly interface
with the desirable surface properties of facile electron transfer,
free counter ion movement, and controlled multilayer build-up.
This work opens avenues for a potentially multitude of new appli-
cations in the science of depositing thin polymer films over the
surface of electron active electrodes such as, studying the mass
transport of molecules across these films, thin film electrochemical
tion. With the significantly increased capacity for hosting capture
molecules on the polymer layer while remaining facile electron-
transfer property, we next plan to build onto this multilayer system
biological entities for sensing bacteria and viruses with a redox
readout.
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