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T
he development of new materials,
in particular composite materials,
has increasingly focused on engineer-

ing techniques at the nanoscale, both with
respect to fundamental science and to po-
tential applications. A particularly successful
method for the functionalization of surfaces
and the preparation of nanoscale hybrid
films is the Layer-by-Layer (LbL) assembly
technique developed by Decher and co-
workers in the 1990s.1,2 The wealth of dif-
ferent potential applications is due to the
fact that Layer-by-Layer assembly can be
used with an unprecedented choice of dif-
ferent components and that even films with

complex functionality/architecture are ea-
sily prepared using a single process that can
be adapted to a large variety of surfaces.
In many cases, it offers ease of application
even on large surfaces, nanoscale precision
of the multilayer architecture and very
high reproducibility. LbL-assembly is usually
performed in aqueous media and typically
involves the consecutively alternating ad-
sorption of oppositely charged molecules,
such as polyelectrolytes or objects such as
nanoparticles. Nowadays, it can be consid-
ered routine to incorporate biological,3

metallic4 or oxidic5 nanoparticles, nano-
platelets,6,7DNA,8 therapeutic compounds,9�11
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ABSTRACT Layer-by-Layer (LbL) assembled films offer many

interesting applications (e.g., in the field of nanoplasmonics), but are

often mechanically feeble. The preparation of nanoprotective films

of an oligomeric novolac epoxy resin with poly(ethyleneimine) using

covalent LbL-assembly is described. The film growth is linear, and

the thickness increment per layer pair is easily controlled by varying

the polymer concentration and/or the adsorption times. The

abrasion resistance of such cross-linked films was tested using a

conventional rubbing machine and found to be greatly enhanced in comparison to that of classic LbL-films that are mostly assembled through electrostatic

interactions. These robust LbL-films are then used to mechanically protect LbL-films that would completely be removed by a few rubbing cycles in the

absence of a protective coating. A 45 nm thick LbL-film composed of gold nanoparticles and poly(allylamine hydrochloride) was chosen as an especially

weak example for a functional multilayer system. The critical thickness for the protective LbL-coatings on top of the weak multilayer was determined to be

about 6 layer pairs corresponding to about only 10 nm. At this thickness, the whole film withstands at least 25 abrasion cycles with a reduction of the total

thickness of only about 2%.

KEYWORDS: Layer-by-Layer assembly . multilayer films . epoxy resin . wear protection . abrasion resistance . chemical cross-linking .
ultrathin coatings
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and carbon nanotubes,12 among other components,
either individually or as amixture of differentmaterials,
into LbL-assembled films. While most LbL-films are
prepared employing electrostatic interactions, other
interactions are used as well including covalent bond
formation (see for example refs 11, 13�24).
An important drawback in the field of very thin

coatings is that almost any film partially or totally
composed of organic or polymeric constituents lacks
the mechanical robustness of some of its inorganic
counterparts. More durable films composed of “soft
matter” components such as paints, typically require a
thickness in the micrometer range to be mechanically
robust or to have a reasonable scratch resistance.
However, for applications in thin film devices, it is often
sufficient to possess a good abrasion resistance, espe-
cially if the protective coating can be applied at low
cost. Particularly interesting are coatings that do not
require the use of vacuum equipment or treatment at
elevated temperatures. For a large number of devices,
functional films are never exposed to the environment
and are only required towithstand handling during the
assembly of the final device. For such a purpose, even
very thin polymeric films can offer sufficient mechan-
ical protective strength.
There are only very few reports in the past on how to

prepare LbL-films with good abrasion resistance25 or
on durable LbL-films.26We have therefore investigated
if LbL-assembled films can be rendered mechanically
more robust by applying a protective coating against
mechanical abrasion on top of a functional LbL-film. To
have good adhesion to the functional film and to avoid
switching to a different deposition process for applying
the protective coating, all steps for building the entire
film architecture should be based on Layer-by-Layer
assembly. With the work described below, we are
focusing on the question how many LbL-strata of
components with excellent toughness (epoxy resins)
will be needed for protecting even mechanically weak
LbL-films and which minimum film thickness is re-
quired for doing so. In this context it is highly important
to optimize the fabrication of a nanoprotective coating
with respect to the shortest possible deposition time
for a protective multilayer system through the best
combination of the adsorption time per layer and the
total number of protective layers.
As a model for a functional film with poor mechan-

ical properties, gold nanoparticles (AuNPs) and poly-
(allylamine hydrochloride) (PAH) were selected as film
components. The gold nanoparticles in such a LbL-film
show a plasmon absorbance in the visible which
depends on the chemical composition of the environ-
ment surrounding the particles and which can thus be
used for detecting structural changes in the functional
film. We have reported previously on the optical
properties of such films prepared by “dipping”;4 here
we are using spray-assisted LbL-assembly for speeding

up the deposition of (PAH/AuNP)n films. Another im-
portant reason for using this type of functional film is
that it is exceptionally weak and easily rubbed off
from a smooth surface even with tissue paper or a soft
textile. Without protection, such (PAH/AuNP)n films
must always be handled with great care in order to
prevent accidental abrasion of the film.
Polyepoxides are thermally cured copolymers com-

posed of an epoxy “resin” and a polyamine “hardener”.
They belong to the class of structural adhesives and are
well-known for their excellent properties including
electrical insulation or chemical, heat and mechanical
resistance. The major application of epoxy resins is as
coatings and adhesives.27 Even though epoxy resins
are usually dissolved in organic solvents, they can also
be used for the covalent coupling with water-soluble
compounds including biological ones.28 Epoxy-based
components have already been used in Layer-by-Layer
assembled films.29,30 Oligo- or polymeric amines have
previously been used for the assembly of LbL-films,
whereas the second component, oligo- or polymeric
epoxy derivatives, have only be sparsely been used
in this context. In combination, both components
ensure the formation of densely cross-linkedmaterials,
some of whose properties are controlled by the
curing temperature. We have chosen an epoxy novolac
resin which is known to provide excellent chemical
resistance associated with an increased cross-link
density when used in a solvent or waterborne formula-
tion. As amine component we have chosen poly-
(ethyleneimine) because it carries primary and
secondary amino groups and because it can conveni-
ently be employed as interfacial layer between elec-
trostatically assembled and covalently deposited strata
of a LbL-film or -device.

RESULTS AND DISCUSSION

After screening a selection of different commercial
oligo- and polymeric resins and hardeners, a branched
poly(ethyleneimine) (PEI) was selected as amino com-
ponent and poly[(o-cresyl glycidyl ether)-coformalde-
hyde] (Cresol Novolac Epoxy Resin, CNER) (Scheme 1)
was chosen for the covalent LbL-assembly at room
temperature. Note that during LbL-deposition it is by
no means trivial to prevent oligofunctional compo-
nents from reacting with all of their functional groups

Scheme 1. Chemical structure of the CNER epoxy resin.
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when arriving at the surface, thus rendering the surface
nonfunctional and preventing further layer growth.
Therefore, it is a key prerequisite to control the chemi-
sorption of each individual layer in away that the newly
arriving moieties in each layer do not adsorb with all
their functional groups binding to the surface below.
As for noncovalent case of LbL-assembly, conditions
must be found (chemical composition, degree of po-
lymerization, concentrations, adsorption times, etc.) at
which covalently assembled components chemisorb
onto the surface with only some of their functional
groups bound to the surface while exposing the
remaining functional groups to the solution interface.

Construction and Optimization of Epoxy-Based LbL-Films.
Various concentrations of PEI and CNER were em-
ployed during the optimization stage. The optical
absorbance at 220 nm of (PEI/CNER)n films increases
linearly as a function of number of layer pairs deposited
on a quartz slide (Figure 1A). The band at 220 nm
corresponds to the cresol group of CNER, and a set of
the original UV-spectra is shown in the Supporting
Information. When such films are deposited on silicon
wafers, a linear increase of the film thickness is ob-
served by ellipsometry (Figure 1B). The growth incre-
ment for a single layer pair increases with increasing
polymer concentration from 0.45 nm for 1 mg/mL to
6.22 nm for 100 mg/mL.

In addition to the effect of polymer concentrations
on the growth behavior, effect of adsorption time was
also studied (Figure 2). As expected, the film thickness
increases both with increasing polymer concentration
andwith increasing adsorption times. However, at high
concentrations and at high adsorption times, films
tend to become less homogeneous and require more

rinsing. We attribute this behavior to the increasing
viscosity of the solutions and to increasing side reac-
tions at long adsorption times as the film deposition
was carried out without inert gas. On the basis of these
observations, a polymer concentration of 40 mg/mL
and an immersion time of 100 min per layer pair (i.e.,
50 min per layer) were identified as best conditions
for the construction (PEI/CNER)nmultilayer films. These
conditions were used for all further experiments.

We have chosen amechanical rubbing test in which
a felt-covered rotating cylinder is pressed against
the coated surface (Si-wafer), which is moved at fixed
speed in the opposite direction with respect to the

Figure 1. Build-up of LbL-assembled films containing the epoxy resin CNER as a function of the number of layer pairs and of
the polymer concentration. The optical absorbance at 220 nmarising from the cresol chromophores of CNERwas determined
on quartz plates (A) and the corresponding film thickness was determined ellipsometrically on silicon wafers (B). The film
architecture is denoted as (PEI/CNER)n where n is the number of layer pairs.

Figure 2. Growth increment per layer of (PEI/CNER)nfilms as
a functionof polymer concentration and timeof adsorption.
The adsorption times per layer are 50, 100, 240, and 480
min; the solid lines have no physical meaning and are a
guide to the eye only.

A
RTIC

LE



QURESHI ET AL. VOL. 7 ’ NO. 10 ’ 9336–9344 ’ 2013

www.acsnano.org

9339

sense of rotation of the cylinder. The device is similar to
machines that are used for preparing so-called align-
ment layers for liquid crystals. Epoxy-based LbL-films
demonstrate excellent mechanical resistance against
abrasionby such a rubbingmachine. Figure 3 shows the
atomic force microscopy (AFM) morphology analysis of
a (PEI/CNER)10 film before and after rubbing test.

Virgin (PEI/CNER)10 films have a quite homogeneous
surface morphology with a small surface roughness
(Figure 3A). After 60 consecutive rubbing cycles, only
some trenches appeared on the film surface (Figure 3B),
indicating that the changes in surface morphology
before and after the rubbing test are small. Comparison
of the ellipsometrically determined film thicknesses
before and after 60 consecutive rubbing cycles showed
an abrasion of the film of about 25�30%, revealing a
surprising stability even of very thin epoxy-based LbL-
films.

Preparation of Mechanically Weak Functional LbL-Films. An
obvious application of covalently assembled LbL-films
of epoxy components arises, therefore, from the me-
chanical robustness of such materials. It is therefore
interesting to use such epoxy layers for themechanical
protection of weaker LbL-layers assembled below. In
the field of functional LbL-films, particularly soft multi-
layers are obtained from gold nanoparticles and poly-
(allylamine hydrochloride).4,31 Not only are such films
mechanically feeble, but they are also of particular

interest for preparing nanoplasmonic devices, which
need to be robust enough for any application. Freshly
prepared films of these components can be effortlessly
wiped off a surface with a few rubs.

During the assembly of LbL-films containing the
gold nanoparticles, film architectures of the type
Si/PEI/PSS/(PAH/AuNP)n/(PAH/PSS) (PSS, poly(sodium
4-styrenesulfonate)) were prepared. The film growth
was monitored by UV�vis spectroscopy and ellipso-
metry (Figure 4A). The ellipsometric data for the (PAH/
AuNP)5 film indicated a linear growth as a function of
number of layer pairs despite a considerable absor-
bance of the film at thewavelength of theHeNe laser of
the ellipsometer. Since the optical absorbance at the
maximum intensity of the AuNP plasmon band of the
AuNP films also demonstrated very clearly a linear film
growth as a function of the number of deposition
cycles, we refrained from using spectroscopic ellipso-
metry and correcting for the optical absorbance of
AuNP films with a dedicated model. Also, for the
purpose of this article, it is not required to compare
absolute thickness values, and a comparison of relative
thickness values is entirely sufficient. The bathochro-
mic shift observedwith (PAH/AuNP)5 filmswith respect
to the absorbance of gold nanoparticles in suspension
is related to the strong plasmonic coupling between
adjacent AuNP layers since they are only separated by
a single layer of PAH.

Figure 3. Surfacemorphology images of (PEI/CNER)10filmbefore rubbing tests (A) and after 60 rubbing cycles (B) obtainedby
tapping mode AFM. Both images are height images. The traces below correspond to the height profiles taken at the black
lines that are shown in the images.
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Protection of Mechanically Weak LbL-Films with a Robust
Nanoscale LbL-Coating. Finally, the functional multilayers
containing AuNPs were protected with a nanoscale
coating of the epoxy-based LbL-films described above.
Here it is particularly interesting to determine the
smallest number of protective LbL-layers that must
be assembled on top of the mechanically weak func-
tional film below in order to provide a desirable
mechanical protection.

Judging from the performance of simple (PEI/
CNER)10 films, two different epoxy-based film architec-
tures were selected as protective coatings, (PEI/CNER)3
and (PEI/CNER)6. The growth of (PEI/CNER)n layers on
top of Si/PEI/PSS/(PAH/AuNP)5(PAH/PSS) films was also
monitored by ellipsometry (Figure 4B). The concentra-
tions of both the polymer solutions were 40 mg/mL
with 50min dipping time in each polymer solution. The
film thickness of (PEI/CNER)n layers on top of Si/PEI/
PSS/(PAH/AuNP)5(PAH/PSS) films increases slowly in
the beginning followed by a more pronounced
increase at higher layer numbers as shown in
Figure 4B. The growth increment of (PEI/CNER)n layers
on top of Si/PEI/PSS/(PAH/AuNP)5(PAH/PSS) films is
2.1 nm per layer pair and thus somewhat smaller than
that for (PEI/CNER)n films (about 3.6 nm per layer pair)
grown on silicon wafers at the same conditions. Such
phenomena are not unusual and have been observed
before when depositing a certain architecture of a LbL-
film on top of a different one.

Analysis of Surface Morphology after Rubbing. The mec-
hanical robustness of all thin films was tested with a
rubbing machine already briefly described above.
As before, after each rubbing experiment (consisting

of up to 60 rubbing cycles), the silicon wafer with the
respective LbL-architecture was washed with acetone
to remove any loose material and dried. The film
thickness before and after the rubbing tests was
measured by ellipsometry. Simple Si/PEI/PSS/(PAH/
AuNP)5/PAH films prepared by spray-assisted assembly
were tested first and characterized by ellipsometry and
AFM before and after mechanical rubbing.

Already after one rubbing cycle, the virgin colloid
film had lost 10% of its initial film thickness, and after
5 rubbing cycles, over 90% of the film was removed
from the substrate, showing the poor mechanical
resistance of virgin AuNP films (Figure 5).

The surfacemorphology of the virgin colloid filmwas
quite homogeneous with a root-mean-square (rms)
roughness of 6.7 ( 0.5 nm at a scanning size of 15 μm
(Figure 5A). After only one rubbing cycle, some trenches
of varying width appeared on the surface (Figure 5B),
whereas the surface roughness barely changed. The
slight decrease of the surface roughness of the rubbed
film can likely be explained by a palette-knife effect,
which could make a film smoother during rubbing.
Upon continued rubbing, the surface of the colloid film
was progressively eroded by more and more trenches
that appeared until the entire film was removed.

For the mechanical protection of AuNP films, the
following two different architectures were chosen:
[PEI/PSS/(PAH/AuNP)5/PAH/PSS]/[PEI/CNER]3 and PSS/
(PAH/AuNP)5/PAH/PSS]/[PEI/CNER]6.

For both architectures, the thickness of the colloid
film was kept constant.

Figure 6 shows the variation of the film thickness of
unprotected and epoxy-protected AuNP colloid films

Figure 4. Construction of (PAH/AuNP)5 films on Si wafers and on quartz slides. (A) Ellipsometric film thickness (on Si wafers)
and optical absorbance at the position of maximum intensity of the AuNP plasmon band (on quartz slides) and (B) film
thickness development for the whole film build-up (weak functional layer (black), intermediate (PSS/PAH) layer pair (red) and
protective layer (green) on Si wafers. The lines are linear numerical fits to the corresponding parts of the respective growth
regimes. Note that there is no apparent increase of the ellipsometric film thickness (within the experimental error, blue line
connecting layer pairs 5 to 8) from the deposition of the last colloidal layer (layer pair 5) until the deposition of the second
protective layer pair (layer pair 8).
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after different numbers of rubbing cycles. As compared
to the virgin colloid film, the data clearly show that the
presence of an epoxy film improves the mechanical
resistance of the colloid film substantially. As expected,
the mechanical robustness of the entire sandwich
architecture depends on the thickness of the protec-
tive epoxy-based film. After 25 rubbing cycles, the
thickness of the [PEI/PSS/(PAH/AuNP)5/PAH/PSS]/[PEI/
CNER]6 film remains essentially unchanged, whereas
the thickness of the [PEI/PSS/(PAH/AuNP)5/PAH/PSS]/
[PEI/CNER]3 film decreased considerably. The precise
percentages for the remaining thicknesses of the
films after 25 rubbing cycles were 98% for the thicker
protective coating and 36% for the thinner protective
coating (100% refers to the film thickness before

rubbing). In addition, films were investigated by AFM
(Figure 7) in order to obtain morphological data.

Figure 7 shows representative 20 μm� 20 μmscans
of the surface of sandwich films. Note that the film
on the left was rubbed only 5 times whereas the film on
the right was rubbed 25 times. While both films show
that abrasion occurs by forming trenches, there are big
differences between the surfacemorphologies of sand-
wich films with a different thickness of the protective
layer. The [PEI/PSS/(PAH/AuNP)5/PAH/PSS]/[PEI/CNER]3
film was completely torn up after 5 rubbing cycles, so
further rubbing was stopped for this particular sample.
The dark trench in Figure 7A likely corresponds to the
PEI layer or the silicon substrate as judging from the
thickness of the original film in comparison with the
depth of the trench. The AFM-based surface roughness
indicates a RMS value of 3.4 ( 0.6 nm for the (PEI/PSS/
(PAH/Au)5/PAH/PSS]/[PEI/CNER]3 film before the rub-
bing test, which is similar to the value obtained for a
simple (PEI/CNER)10film (2.9 nm). After 5 rubbing cycles,
the surface roughness increases to 10.7 nm (Figure 7A).

Even after 5 times more rubbing cycles, the [PEI/
PSS/(PAH/AuNP)5/PAH/PSS]/[PEI/CNER]6 films showmuch
less damage than sandwich films with the thinner
protective coating; their morphology looks very similar
to that of simple (PEI/CNER)10 films after 60 rubbing
cycles (Figure 3B). The trench with red markers has a
vertical distance of 55.5 nm (Figure 7B), which corre-
sponds well to the thickness of the [PEI/PSS/(PAH/
AuNP)5/PAH/PSS]/[PEI/CNER]6 film.

SUMMARY AND CONCLUSIONS

One of the most important benefits of layer-by-
layer assembly arises from the ease by which different
materials can be combined in a single device
(“multimaterial assembly”). Here it has been demon-
strated that the abrasion resistance of functional but
mechanically weak films can substantially be increased
by very thin coatings composed of components
with established mechanical toughness. A LbL-film
with a thickness of about 45 nm composed of gold

Figure 5. Tapping mode AFM morphologies of Si/PEI/PSS/(PAH/AuNP)5/PAH LbL-films before (A) and after 1 rubbing cycle
(B). RMS roughnesses were 6.7 ( 0.5 nm (A) and 5.2 ( 0.3 nm (B); both (A) and (B) are height images.

Figure 6. Evolution of the film thicknesses for unprotected
(black[) and nanoprotected (blue b, 3 layer pairs; red 9, 6
layer pairs) AuNP-films as a function of different numbers of
rubbing cycles. n denotes how many layer pairs were used
for the protective coating (n = 0 no protective coating, the
black line corresponds to a numerical fit with a simple
exponential decay function; n = 3 protective coating with
a thickness of about 2 nm, the blue line corresponds to a
linear numerical fit; n= 6 protective coatingwith a thickness
of about 10 nm, the red line corresponds to a linear
numerical fit).
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nanoparticles and poly(allylamine hydrochloride) was
chosen as an especially weak example for a functional
multilayer system; similar films might be used, for
example, in plasmonic devices. In the present work, a
classic epoxy binder (CNER) was co-assembled with a
water-soluble polyamine (PEI) to form thin protective
layers on top of the functional layer. After optimizing
the preparation conditions for such films, the thickness
of the protective coatingwas controlled by building-up
either 3 or 6 layer pairs of (PEI/CNER) through covalent
LbL-deposition at ambient temperature. First, the abra-
sion resistance of simple (PEI/CNER) films was tested
using a conventional rubbing machine and found to
be greatly enhanced in comparison to that of many
LbL-films that were prepared through electrostatic

interactions. Then, the ability of such films to act as
protective coating for mechanically weak layers below
was qualitatively evaluated. For the abrasion test used
here, the critical thickness for a protective LbL-coating
on top of the weak multilayer is about 6 layer pairs
corresponding to only about 10 nm. At this thickness,
the entire film withstands at least 25 rubbing cycles
with a reduction of the total thickness of about 2% or
less. Note that it is by no means trivial to prepare
homogeneous ultrathin epoxy films as epoxy compo-
nents frequently show surface induced phase separa-
tion due towetting phenomena. This presentwork also
opens up opportunities to extend the preparation of
nanoprotective LbL-coatings to water-soluble epox-
ides or other types of chemically cross-linkedmaterials.

METHODS

Polymers and Solutions. Poly[(o-cresyl glycidyl ether)-co-
formaldehyde] (trade name Cresol Novolac Epoxy Resin
(CNER), Mn ≈ 1270 g/mol, batch 06527MI) was purchased
from Sigma Aldrich (Lyon, France) and used without further
purification.

Poly(sodium 4-styrenesulfonate) (PSS, Mw ≈ 70 000 g/mol,
batch PI06005MU), poly(allylamine hydrochloride) (PAH, Mw ≈
70 000 g/mol, batch 05212MO-083) and branched poly-
(ethylenimine) (PEI, Mw < 25 000 g/mol, batch 09620EA-193)

were purchased from Aldrich (Lyon, France) and used without
further purification.

Epoxy solutions were prepared in acetone (99.5%, Sigma-
Aldrich, Lyon, France) while PSS, PAH, and PEI solutions
were prepared using ultrapure water (Milli-Q Gradient system,
Millipore, Molsheim, France) with a resistivity of 18.2 MΩ 3 cm.
PEI and CNER solutions were prepared at concentrations of
1, 10, 20, 40, 80, and 100 mg/mL, while PSS and PAH were
prepared at concentrations 0.6 and 0.27 mg/mL, respectively.
Each polyelectrolyte, except PEI, was dissolved in Milli-Q water
containing 0.5 M sodium chloride (NaCl, g 99.5%, batch

Figure 7. Surface morphology images of epoxy protected AuNP films (A) [PEI/PSS/(PAH/AuNP)5/PAH/PSS]/[PEI/CNER]3 film,
after 5 rubbing cycles and (B) [PEI/PSS/(PAH/AuNP)5/PAH/PSS]/[PEI/CNER]6 film, after 25 rubbing cycles as observed by
tapping mode AFM. All images are height images. The step heights determined by AFM (corresponding to the film
thicknesses after rubbing, about 38 nm for (A) and about 55 nm for B) are consistent with the film thicknesses determined by
ellipsometry after rubbing (Figure 6).
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096K0076, Sigma, Lyon, France), whereas PEI was dissolved in
Milli-Q water.

Synthesis of Gold Nanoparticles (AuNPs). Gold(III) chloride
trihydrate (g49.0% Au basis, batch 066K1440) and sodium
citrate dihydrate (g99%, batch S05962-061) were purchased
from Sigma-Aldrich (Lyon, France). AuNPs were synthesized
as described previously using the standard reduction of
tetrachloroauric(III) acid (HAuCl4 3 3H2O) with sodium citrate.32

AuNPs were used within a few days after their synthesis.
Substrate Preparation. Silicon wafers with an orientation (100)

were purchased from Wafernet, Inc. (San José, CA). All wafers
were cut to a size of about 12mm� 45mm for film construction
and 25 mm � 75 mm for rubbing tests. Suprasil quartz slides
were purchased from Hellma (Paris, France).

Prior to film deposition, all substrates were cleaned in a 1:1
(v/v) mixture of methanol (CH3OH, 99.9%, batch 0604772 BDH,
Prolabo) and hydrochloric acid (HCl 37%, Sigma-Aldrich, Lyon,
France) for 30 min and then stored overnight in a concentrated
sulfuric acid solution (H2SO4, 95�97%, batch 63280, Sigma-
Aldrich, Lyon, France). Prior to use, each substrate was exten-
sively rinsed with Milli-Q water and dried under a stream of
nitrogen.

All chemical products mentioned above were used without
further purification.

Ellipsometry. Measurement of the film thickness was carried
out with a PLASMOS SD2100 instrument operating at a single
wavelength of 632.8 nm (He/Ne laser) and a constant angle of
70�. The refractive index of all polymer films was assumed to be
constant at n = 1.465. This procedure leads to slightly incorrect
values with respect to the absolute film thickness, but it allows
for a quick determination of the relative film thickness. Thick-
ness values obtained with the assumption of a fixed refractive
index for all films are of better precision than required for
the comparison of film growth data as in this report. For each
substrate studied, 10 points were randomly measured to obtain
the average value for the film thickness and to determine the
film homogeneity.

UV�Visible Spectroscopy. UV�visible spectra of films prepared
on quartz slides were recorded on a Varian Cary 500 Scan
spectrometer. The changes of the spectral intensities due to
light absorption by either aromatic groups of CNER, AuNPs and/
or PSS within the films were used to follow the evolution of the
film thickness.

Atomic Force Microscopy (AFM). AFM images were obtained in
tapping mode with a Multimode Nanoscope IIIA Scanning
Probe Microscope from Veeco (Santa Barbara, CA) and non-
coated silicon cantilevers (Veeco, model TAP150, k = 5 N/m,
f0 = 68�132 kHz). Deflection and height mode images were
scanned simultaneously at a fixed scan rate with a resolution of
512� 512 pixels. All scans were repeated several times in order
to ensure reproducibility and to rule out surface damage.

Mechanical Abrasion. The mechanical abrasion tests of LbL-
films were carried out with a home-build apparatus described
elesewhere.33 In brief, a cylinder (4 cm diameter) covered with a
microfiber cloth and rotating at a constant speedwas pressed at
ambient temperature with a constant pressure of 2 bar against a
horizontally mounted LbL-film that was moved by a translation
stage at constant speed opposite to the rotation direction of the
cylinder. The brushing cycles were automated and electropneu-
matically controlled. The rubbing operating conditions were
identical for all experiments.

Covalent Layer-by-Layer Assembly of Epoxy-Based Films. For film
build-up, the thickness of the cleaned silicon wafer was first
measured by ellipsometry. This “base“-thickness of the SiO2

layer was later subtracted from the thickness measurements at
various stages of film growth to obtain the thickness of the
multilayer films.

The substrate was then dipped in aqueous PEI solution for
time t1 = 25, 50, 120, 180, or 240min, followed by rinsing in pure
water (t2). The rinsing was done by dipping the substrate for
2 min each in three different beakers, each containing 15 mL
of Milli-Q water, in order to remove the excess of PEI from the
surface. The substrate was subsequently dried in a stream of
pure nitrogen gas and dipped in the CNER solution prepared in
acetone for time t3 = t1, followed by rinsing in pure acetone (t4).

Rinsing was carried out by consecutively immersing the sub-
strate for 2 min each in three beakers each containing 15 mL of
pure acetone, in order to remove excess CNER from the surface.
After the film was dried in a stream of pure nitrogen gas,
measurements by ellipsometry were carried out to determine
the film thickness of the layer pair. A multilayer film composed
of n PEI and CNER layer pairs is denoted as (PEI/CNER)n where
n = 1�10 and CNER is always the outermost layer. For a single
layer pair, the total deposition time was t = t1 þ t2 þ t3 þ t4.

This procedure was also used to coat cleaned quartz slides
for the characterization of (PEI/CNER)n film growth by UV�vis
spectrometry.

Spray-Assisted Deposition of (PAH/AuNP)n Films. (PAH/AuNP)nmul-
tilayer films were assembled by spraying after the deposition of
a PEI precursor layer. The cleaned Si-wafers were dipped into a
PEI solution for 5 min, rinsed in Milli-Q water, and dried under
a nitrogen flux prior to deposition by spraying.

The spray-deposition was carried out by usingmanual spray
cans (Roth Sochiel Eurl, Lauterbourg, France) as described
before.34 Different spray cans were used for the PSS, PAH,
AuNPs, and the rinsing solution (a 0.5 M aqueous solution of
NaCl for PSS and PAH and Milli-Q water for AuNPs). The spray
conditions for polymer solutions were as follows: spraying time
t01 = 5 s, contact time t02 =15 s, rinsing time t03 = 5 s, waiting time
t04 = 15 s. To ensure a full surface coverage by AuNPs, the spray
conditions used for polymer solution were repeated 5 times
for AuNP solution. Thus, the deposition time of a PAH layer was
40 s, while the deposition time of an AuNP layer was 200 s. The
total deposition time (t0) for a single layer pair deposited by
spraying corresponds accordingly to (6t01þ 6t02þ 6t03þ 6t04) =
240 s. The film growth was monitored by ellipsometry (Si-wafer)
and by UV�vis spectroscopy (quartz slide).

Covalent LbL-Assembly of a Protective Epoxy Film on Top of a
Mechanically Weak LbL-Film. After the deposition of a Si/PEI/
PSS/(PAH/AuNP)n/PAH film on the substrate, a (PSS) layer was
deposited by spraying on top of the last PAH layer before the
deposition of a (PEI/CNER)n multilayer by dipping using the
procedure described above for the preparation of epoxy-based
coatings. The concentration of PEI and CNER solutions was 40
mg/mL.
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