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In this work, a polymeric film was synthesized through a layer-by-layer (LBL) self-assembly technique
using polyacrylic acid (PAA) and polyethylene oxide (PEO), resulting in the formation of a hydrogen-
bonded LBL film. The formation of these films was evaluated by PMIRRAS and QCM-D. The synergy of
these techniques allowed the understanding of the mechanism of formation of the film by showing the
H-bonding formation and film growth. Au and Ag metal ions were successfully incorporated into the
films, as corroborated by the combination of the information obtained by XRR and PMIRRAS. The films
were exposed to increasing pH, showing a pronounced improvement in stability in films loaded with Au
ions, extending the stability from pH 4 to 10. This behavior allows the use of this system in a wider
range of applications, including the possibility of working in biological conditions. On the other hand,
films loaded with Ag disintegrated at pH above 4. At acidic pH (below 3), these films released the Ag
ions, which may be useful for the preparation of antibacterial stimuli-responsive hanomaterials. In both
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Introduction

Layer-by-layer (LbL) assembly has been widely used as a versa-
tile method for fabricating multilayer thin films with controlled
structure and composition.’ It is typically based on sequential
adsorption of materials with complementary functional groups
employing electrostatic interactions, hydrogen bonding, or
covalent interactions. Due to their facile, inexpensive, and
environmentally friendly nature, LbL-assembled multilayer
thin films find broad applications ranging from energy and
electrochemical devices to biological materials.*®

Initially, most of the work in this area was concentrated on
the use of synthetic, charged polymers (polyelectrolytes) for the
assembly of LbL films. Later, the need to prepare multilayer
films from a wider array of components, and particularly
natural non-toxic polymers that have uses in biomedical
applications, has led to the development of multilayer films
constructed based on non-electrostatic interactions. Such
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cases, the films were adequate to produce metal nanoparticles by metal loading and in situ reduction.

versatility in the driving force means that the LbL method
is not restricted to charged materials. This observation
is of critical importance as many functional polymers are
uncharged. For instance, polyethylene oxide (PEO) presents
numerous advantageous properties, including good dimen-
sional stability, high ionic conductivity in amorphous form,
satisfactory corrosion resistance, cost-effectiveness, as well as
satisfactory complexing ability.” Furthermore PEO is commonly
used for biological applications: the PEO surface is highly
resistant to protein and lipid deposition and PEO itself is
non-toxic.®

Other type of interactions that do not depend on polymer
charge and that have been explored in the last years correspond
to hydrogen bonding, hydrophobic bonding, n-n stacking or
host-guest interactions.**'° One of the most studied, non-
electrostatic interactions used in LbL assembly to date is
hydrogen bonding. This possibility arises because many poly-
mers incorporate moieties that can act as hydrogen bonding
donors and acceptors. H-bonded LBL films can be formed on
solid substrates by sequential assembly of a layer of a proton
acceptor followed by a layer of a proton donor. This kind of
films are stabilized by interlayer hydrogen bonding. When
these films are exposed to high pH the deprotonation of
the acid moiety interferes with the H bonding and the films
tend to disintegrate."' The requirement of suppressed ioniza-
tion for the formation of hydrogen-bonded multilayer films
presents the possibility of pH-tuneable film disassembly. While
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the disassembly of hydrogen-bonded multilayers provides
interesting possibilities for release applications, there is also
a need to stabilize the films under certain conditions. In fact,
stabilization of hydrogen-bonded multilayers at elevated pH
has been explored by many research groups, particularly at
moderate pH values that are useful in biomedical applications
(e.g., pH 5-8).>*

Poly(carboxylic acids) and proton-accepting nonionic poly-
mers in solutions interact to form interpolymer complexes
(IPC). According to Bailey and coworkers,™ the complexation
between poly(carboxylic acids) and PEO is governed by hydro-
gen bonding and the IPC stoichiometry approaches 1:1. While
at low pH (pH < 3.8), the interaction results in phase separa-
tion; at higher pH, the polycomplex exists in solution. In the
neutral pH region, they also observed some interaction between
the two polymers.'®

LBL films have been used as nano-reactors for in situ synth-
esis of nanoparticles (NPs). In particular, the combination of
metal NP with LBL films results of interest due to the synergy of
both systems. Noble metal NPs are widely known because
of their unique optical properties that arise from the excitation
of the localized surface plasmon resonance (LSPR) at optical
frequencies for metals such as gold or silver. At the resonance,
the strong localization of electromagnetic energy is confined
near the surface of the NP, that decays rapidly in distance. Due
to the interesting properties metal NPs have, as the generation
of hot carriers and strong heat localization, they have been
incorporated in different platforms with applications in diverse
areas as drug delivery,"” photovoltaics,'® sensors'®?® or as
nanocatalyzers.”>*> When metallic NPs are desired, first the
incorporation of metallic ions in multilayer systems is
required.>*”>” Once the polymeric LBL films are assembled,
they are incubated in solutions containing the metal ions of
interest (Cu®*, Ag*, AuCl,~, PtCl,>", RuCls>", etc.). These ions
are incorporated into the film by electrostatic coordination or
by forming complexes exchanging their original ligands with
others present on the surface. This process results in the
entrapment of the precursor ions>*****7% and limits their free
diffusion near the substrate surface. Therefore, the prerequi-
sites for an LBL film to be used as a nanoreactor include (1) the
presence of coordinating groups for the binding of metal ions,
and (2) stability upon metal ion binding.*' Then, the metal ions
can be reduced chemically, photochemically, or through elec-
trochemical reduction. In this way, the polymeric films can act
as nano-reactors that allow the formation of NPs in situ with
electrical connectivity between them and with the underlying
substrate. This exchange-reduction cycle can be repeated to
increase the metal charge, that is, the size of the NPs, the
density of the NPs in the polymeric matrix, or both.***’
Through such control it is possible to exploit the size-
dependent electrical and optical properties of NPs and their
photophysical interactions. The net result is a nanocomposite
composed of inorganic NPs dispersed in a molecularly
assembled polymeric matrix.>’ When electrostatic LBL films
are used, the synthesis conditions have to be adjusted so that
the multilayer thin films enclose a substantial amount of
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nonionized carboxylic acid. Protons of these carboxylic acid
groups are then substituted by metal ions by a simple aqueous
exchange process.*” This task is somehow difficult, giving rise
to coagulation and aggregation problems within the film.** A
way to overcome this trouble is using H-bonded films. In this
case, all carboxylic acid groups are protonated and available, in
principle, to coordinate metal ions. Protons of these carboxylic
acid groups are then displaced by metal ions. Nevertheless, the
coordination of a metal ion by a carboxylic acid implies a
disruption of a H-bond than can modify the stability of the
film as has been previously reported by Zhang et al.*"

In this work, poly acrylic acid (PAA) and poly (ethylene oxide)
(PEO), forming a hydrogen bonded layer by layer (H-bonded
LBL) film, were self-assembled to produce a polymeric film. The
formation of the films was evaluated by polarized modulated
infrared reflection absorption spectroscopy (PMIRRAS) and
Quartz crystal microbalance measurements (QCM-D). Cross-
linking strategically the information from PMIRRAS and
QCM-D we could follow and understand the film growth and
the H-bonding formation. XRR and PMIRRAS were also com-
bined to corroborate the successful incorporation of Au and Ag
metal ions into the film. On one hand, for films loaded with Au
ions, when exposed to increasing pH, a clear stability improve-
ment from pH 4 to 10 was detected, expanding the possible
applications of this type of systems including the ones invol-
ving biological conditions. On the other hand, results showed
that Ag ions loaded films disintegrated at pH above 5. Further-
more, in acidic conditions (pH below 3) the film remained
stable, but the Ag ions were released. Ag ions play a significant
role in killing bacteria®* so that these results may be useful for
the preparation of antibacterial stimuli-responsive nanomater-
ials. Silver and gold nanoparticles were synthetized in situ by
chemical reduction of metal ions.

Materials

Poly(acrylic acid) (PAA) (35% wt in water M, 100000);
poly(ethylene imine) (PEI) (M, 750000); poly(ethylene oxide)
(PEO) (M, 100000) were obtained from Sigma-Aldrich. AgNO;
(pro analysis grade) was obtained from Merck and HAuCl,
was Aldrich 99.999% trace metals basis. Sodium borohydride
ReagentPlus®, 99% was purchased from Aldrich. Other
reagents were of analytical grade and were used without further
purification. Polyelectrolyte solutions were prepared with 18
MOhm cm Milli-Q (Millipore) deionized water and their pH was
adjusted using 1 M or 10 M HCI. The glass electrode used to
measure the pH in all solutions was calibrated with a pH 4.01,
pH 7.01 and pH 10.0 buffer.

Preparation of substrates

Silicon substrates were cut from Silicon wafers. Glass substrates
were cut from glass slides. Gold substrates were prepared by
coating silicon (111) substrates with a 20 nm titanium and
20 nm palladium adhesion layer and a 200 nm gold layer,
thermally evaporated with an Edwards Auto 306 vacuum
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coating system at P < 10~ % bar. Prior to use, the substrates were
cleaned by UV/ozone (Digital UV Ozone System, Novascan) for
15 min.

Methods

Layer-by-layer self-assembly

Multilayer films were prepared on silicon (111) substrates, glass
substrates or gold on silicon substrates depending on the
employed characterization technique. First, a single PEI adhe-
sion layer was deposited on the substrate by immersion in a
10 mM PEI solution for 15 min and thoroughly rinsed with
Milli-Q water with adjusted pH to the desired value by addition
of HCI if necessary. Afterwards, the substrate was immersed in
10 mM PAA solution and thoroughly rinsed with Milli-Q water.
The procedure was repeated using a 10 mM PEO solution for
the immersion step. The alternate assembly of the PAA and PEO
was repeated until the deposition of the desired number of
layers was achieved. The solutions of PAA and PEO were all
adjusted to pH 2.00 using 1 M HCI (see Scheme 1).

Loading of metal ions into the films

The PEO/PAA films were brought into contact with aqueous
solutions of silver nitrate or gold chloride. The solution con-
centrations were 5 mM. The system was allowed to equilibrate
for approximately 30 minutes. Samples were carefully rinsed
with deionized water and dried with a flow of nitrogen gas
before acquisition of infrared, UV-Vis and XRR spectra.

Metal nanoparticle reduction

The films loaded with metal ions were immersed in sodium
borohydride 10 mM aqueous solution for 5 minutes. The
process of loading and reduction of metal ions was defined
as a cycle which was repeated several times to increase the
concentration and size of nanoparticles formed.

IR spectroscopy

PMIRRAS - polarized modulated infrared reflection absorption
spectroscopy experiments were performed on a Thermo Nicolet
8700 spectrometer equipped with a custom-made external
tabletop optical mount, a MCT-A detector (Nicolet), a photo-
elastic modulator, PEM (PM-90 with I1/Zs50 ZnSe 50 kHz optical
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head, Hinds Instrument), and syncronous sampling demodu-
lator, SSD, (GWC Instruments). Gold substrates were used. The
IR spectra were acquired with the PEM set for a half wave
retardation at 1500 cm . The angle of incidence was set at 80°,
which gives the maximum of mean square electric field
strength for the air/gold interface. The signal was corrected
by the PEM response using a method described by Frey et al.*’
Typically 200 scans were performed and the resolution was set
for 4 cm™".

FTIR - transmission spectra for solid polymers were mea-
sured using KBr pellets. Resolution was set to 4 cm ™" and 200
scans were performed.

UV-visible spectroscopy

Extinction spectra were obtained using a Shimadzu UV-1603
UV-vis spectrophotometer. Spectra were recorded in the range
300-700 nm. The spectra of the glass substrate modified with
the LBL were used as 100% transmittance blanks.

Quartz crystal microbalance measurements (QCM-D)

The QCM-D experiments were performed using a Q-Sense
Instrument (QCM-D, QSense E1) equipped with Q-Sense
Flow Module (QFM 401). For all measurements, QSX 301 gold
sensors were used. Samples were perfused using a peristatic
microflow system (ISMATEC, ISM 596). Gold sensors were
activated with O; and UV for 15 minutes immediately
before use. All experiments were performed at a flow rate of
50 puL min ' at 25 °C. The gold sensor was modified
following the same procedure as described for silicon substrate.
The polyelectrolyte solutions were passed for 4 minutes, then
the flow was stopped and each solution was left in contact with
the gold sensor for 15 minutes. Then, the solution was removed
by fluxing washing solution until stabilization was achieved.
Frequency and dissipation changes were recorded from the
1st up to 13th overtone. The mass adsorbed was calculated
using 3rd overtone and Sauerbrey model. Dissipation
changes were analyzed for the 3rd overtone. A decrease in
frequency is related to mass adsorbed over the sensor while
an increase in dissipation is related to an increase of the film
stiffness.*®
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Scheme 1 Layer by layer procedure: a first adhesion layer of PEl is deposited followed by n cycles of PEO and PAA deposition steps.
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X-ray reflectometry (XRR)

The measurements were performed with a Panalytical Empyr-
ean X-ray diffractometer with an incident beam of Cu Ko
radiation (1.54 A) and a reflectometry configuration. Metal
loading was estimated analyzing the critical angle change due
to the electron density change following previously published
procedures.?”*® All measurements were done on LBL films self-
assembled on silicon substrates at relative humidity (RH)
of 10%.

Scanning electron microscopy

The measurements were performed with an SUPRATM 40 field
emission SEM (Carl Zeiss SMT AG) working at an electron beam
energy of 5keV (CMA, FCEyN, UBA). All measurements were
done on LBL films self-assembled on silicon substrates.

Ellipsometry

The ellipsometric thickness of LbL films was determined using
a Sentech SE400 ellipsometer equipped with a 632.8 nm laser as
a polarized-light source. All measurements were performed at
an incidence angle of 70° and avoiding any variations of the
substrate position in order to keep the system alignment. The
ellipsometric parameters, ¥ and A, were collected on the dried
sample after each adsorption step. These parameters were
analyzed with a model that considers a homogeneous film
of varying thickness and constant refractive index (n = 1.5)
and extinction coefficient (k = 0.03) on a semiinfinite gold
substrate.*”

Results and discussions
Layer by layer formation of the PEO-PAA films

H-bonding among functional groups of polymers. The inter-
action between PEO and PAA was evaluated by IR spectroscopy.
Fig. 1 shows the PMIRRA spectrum of a LBL film formed by
5 bilayers of PEO-PAA grown at pH 2.0, and compared to the
transmission spectra of PAA and PEO KBr pellets. The IR
spectrum of PAA is characterized by relatively broad and con-
formationally sensitive backbone modes and hydrogen-bonded
COOH modes. The broad peak at ~1700 cm ™" corresponds to
the stretching of C=0O in COOH. The position of the peak
maximum (1711 cm™') can be attributed to the stretching of
dimers while the shoulder at 1734 cm ™" can be assigned to free
(non-hydrogen-bonded) COOH. A small shoulder appears at
~1660 cm ' that can be ascribed to polymeric hydrogen
bonding among carboxylic moieties.’® The peak at 1452 cm™*
can be attributed to CH, deformation while the peaks at 1412,
1242 and 1173 cm ™' correspond the C-OH in plane vibrations.
The peak at 1115 ecm ™~ can be assigned to C-CH, stretching or
CH, rock.*®*! The spectrum of PEO shows O-CH, deformation
absorption peaks at 1470 and 1454 cm ', and the O-CH,
wagging absorption peaks at 1362 and 1342 cm™'. The peaks
at 1149, 1099 and 1061 cm ™" correspond to C-O-C stretching
vibrations.*>**

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 IR spectra of PAA, PEO and a 5 bilayers film. PAA and PEO are
transmission spectra of KBr pellet. (PEO-PAA)s is a PMIRRA spectrum of
5 bilayers of PEO—-PAA after a PEI adhesion layer.
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The spectrum of the film shows absorption peaks of both
polymers, indicating that the film is built and both polymers
are present. Furthermore, it can be noticed a shift of the
maximum of the C=0O0 stretching peak to higher wavenumbers,
revealing that the intermolecular dimers of PAA have been
replaced by interactions with the PEO. It is known that when
an ether group interacts with a COOH group, alternate forms of
hydrogen bonding are possible. When the carboxyl C—=0O0 is
hydrogen-bonded but not dimerized, as in alcohol-carbonyl
bonding, the -COOH stretching band shifts to ~1730 cm™".**
“® The peak assignment is presented in Table 1.

Film growth. The growth of the LbL assembly was followed
by ellipsometry, quartz crystal microbalance with dissipation
(QCM-D) and PMIRRAS (Fig. 2 and Fig. S1-S4, ESIt). Fig. S1
(ESIT) shows that the thickness of the PEO/PAA LbL film
(measured by ellipsometry) monotonically increases as a func-
tion of the number of deposited layers. QCM-D was used to
evaluate the adsorbed mass in each step and the changes in the
stiffness of the films. The dissipation change depends on
the stiffness of the film and the mass adsorbed,*”"*® therefore
the nature of each layer can be analyzed from the relative
dissipation change (—AD/AF), reported on Table 2. Addition-
ally, Fig. S2 (ESIT) shows the frequency changes (AF) vs. time for
each layer of the PEO/PAA assembly washing with water at pH 2.
As it can be noticed, 15 minutes is enough to ensure layer
deposition and consequent film formation. In order to evaluate
the film growth by PMIRRAS, the area of the stretching peak of
COOH (~1700 cm™ ') was considered. The area of the peak

Soft Matter, 2023,19, 6018-6031 | 6021



Soft Matter

Paper

Table1l Spectral mode assignment of transmission FTIR spectra of PEO and PAA in KBr pellet and PMIRRA spectrum of LBL of (PEO—-PAA)s on Au surface

Assignment PAA (cm ™) PEO (cm ') (PEO-PAA); (cm ™)
C=O0 stretching (COOH) 1711 (broad) 1734
CH,, deformation 1452 1454
0O-CH, deformation 1470
C-OH in-plane bending 1412 1416 1417
0-CH, wagging 1362, 1342 1350
C-OH in-plane bending/C-O stretching of COOH groups + O-H bending 1242 1242
C-OH in-plane bending C-O stretching of COOH groups/O-H bending 1173 1171
Stretching vibrations of C-O-C 1149, 1099, 1061
C-CH, stretching/CH, rock 1115 1115
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Fig. 2 Fig. 2 (A) PMIRRAS spectra of films with increasing number of layers. Inset: area of C—0 stretching peak of —-COOH (B) Top: frequency change
(AF), adsorbed mass change (Am) and Bottom: dissipation change (AD) for each layer of the PEO/PAA assembly.

corresponding to the CH, deformation of the PAA (~1450 cm ™)
can also account for the amount of PAA adsorbed on the surface,
and its area changes in accordance to the changes in area of
the COOH band. The observed non-linear growth is similar to
that previously observed for some poly(carboxylicacid)/PEO LbL
films.11’49_51

The influence of the pH of the water used for rinsing the
film between each polymer deposition step during LbL assem-
bly was evaluated. pH = 2, similar to the pH of the polymer
solution, and pH = 6 (non-adjusted, pH of water) were used.
The PEO does not have an ionization equilibrium while the PAA
does, changing from highly protonated at pH = 2 to mostly
ionized at pH = 6. According to the relative dissipation values
obtained for QCM measurements, the films do not present a
viscoelastic behavior (~AD/AF < 0.47 x 10~° Hz ). The films

6022 | Soft Matter, 2023, 19, 6018-6031

are sufficiently rigid to assess the mass adsorbed using the
Sauerbrey equation.’® Considering that PEO and PAA films
generally present a hydration percentage of 50% and 30%
respectively,”>> it is possible to estimate the thicknesses
associated with each of the deposited layers (Table S1, ESIf).
The results show that PEO films are thinner, due to a lower
adsorbed mass and a high rigidity, while PAA films are thicker
due to a much higher amount of adsorbed material. A thickness
of 100 nm was estimated for a 5 bilayers film rinsed at pH = 2,
while a thickness of 25 nm was estimated for LBL prepared
washing with water at pH = 6, in complete accordance to
ellipsometric measurements (Fig. S1, ESIt). Furthermore, it
was observed that the stiffness of PEO (—AD/AF) layers was
higher when washing at pH = 2 than when washing at pH = 6,
while stiffness of PAA layers seemed not to have been affected

This journal is © The Royal Society of Chemistry 2023



Paper

Table 2 Adsorbed mass change (Am), dissipation change (AD) and
relative dissipation change (—AD/AF) for each layer, and mass adsorbed
ratio (AmPAA/AmPEQ) for bilayer in the PEO/PAA assembly

Ampan
Layer Am (ug em™) AD (10°°) —AD/AF (10™° Hz™") Apppro
PEO-1 0.016 0.59 0.65 73
PAA-1 1.176 0.97 0.02
PEO-2 nd 0.35 nd nd
PAA-2 0.619 0.37 0.01
PEO-3 0.197 0.21 0.02 5.9
PAA-3 1.156 0.05 nd
PEO-4 0.317 0.80 0.05 6.7
PAA-4 2.130 1.20 0.01
PEO-5 2.063 6.78 0.06 2.4
PAA-5 5.014 9.89 0.04
Total PEO 2.579
Total PAA 10.10

Total assembly 12.68

*nd: not detectable.

by this rinsing step (Table 2 and Table S2, ESIt). These facts can
be explained taking into account that at pH = 2 the amount of
H-bonding interactions between COOH of PAA and -O- of PEO
increases due to high availability of COOH. This fact causes
both, that a higher amount of PEO adsorbs on the film, and
that a higher number of -O- of PEO interact through H-
bonding to COOH, increasing the stiffness of the layer.>® At
pH = 6, due to lower availability of COOH from PAA to form
H-bonds, less polymer is adsorbed. Nonetheless, many -O-
groups of PEO are free to coordinate water, which might be
included in the layer, making it less stiff (see Table S2, ESIt). In
conclusion, the results show that the pH of the washing step
modifies both the amount of deposited material and the
stiffness of the resulting layer (see Fig. 2 and Fig. S1, S3
and S4, ESIT).

Since the resulting film was thicker assembling the same
number of layers, and no significant changes in stability were
observed, the washing step pH was set to 2 for the next
experiments, except specifically noted. The number of bilayers
chosen to be deposited was 5 since it ensures that there is
enough mass to have an independent behavior of the under-
lying surface and also allows an adequate analysis of the
interaction among the polymers in the film.

Fig. 2(A) shows the evolution of the PMIRRA spectra as the
number of bilayers of the film increase. In particular, it is
possible to observe the growth of a characteristic peaks at
~1750 cm™* that correspond to C=O0 stretching from COOH
of PAA and the peak at 1420 cm ' corresponding to the
bending of CH, of PAA (see Table 2), respectively. Fig. 2(A)
inset shows the area of the COOH stretching peaks as a
function of number of bilayers. It can be observed that the
area of the peaks increases exponentially as the number of
layers increases.

The QCM-D analysis results are presented in Fig. 2(B) and
show that in the first bilayer, the mass of PEO adsorbed was
minor, less than 20 nanograms. In the following steps, the
mass adsorbed increased after deposition of the each PAA layer.
In fact, during the deposition process, the adsorbed mass and

This journal is © The Royal Society of Chemistry 2023
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the dissipation of the film, AD, increased exponentially as the
number of layers increased. The results show that, in each
bilayer, the mass of PAA adsorbed was higher than the corres-
ponding mass of PEO adsorbed. Furthermore, it was observed
that both PEO and PAA masses increased as the number of
bilayers increased, while the mass ratio PAA/PEO decreased
(see Table 2). After five layers, the mass of PAA adsorbed was
around 4 times higher than the mass of PEO adsorbed.

Film stability. Effect of pH. As stated before, when H-bonded
LbL films are exposed to high pH, the deprotonation of the
carboxylic acid interferes with the H bonding and the films
tend to disintegrate."* In this section, the stability of the films
prepared at pH = 2 was studied by QCM-D and PMIRRAS
exposing a 5 bilayer (PEO-PAA); film to increasing pH from
2 to 10.

QCM-D is sensitive to all mass adsorbed on the surface
(including water molecules that coordinate with the polymers).
These measurements are directly linked to the amount of lost
mass due to pH exposure. Additionally, the stability of the film
was evaluated by PMIRRAS. The addition of the areas of the
stretching peak of COOH (~1700 cm™') and the stretching
peak of COO- (1550 cm™ ") of PAA was considered. The area of
the peak corresponding to the CH, deformation of the PAA
(~1450 ecm™ ') can also account for the amount of PAA
adsorbed on the surface, and its area changes in accordance
to the changes in area of the carboxy-peaks (COOH + COO™
stretching peaks). In any case, PMIRRAS only accounts for the
amount of PAA adsorbed on the surface, being this an indirect
measurement of the disintegration of the film. Furthermore,
analysis of the dissipation of the system allows the discussion
of the stiffness of the film, which is directly related to the
absorption of water by coordination with the polymers (the
more water is adsorbed, the less stiff is the film) and the
formation/rupture of H-bonds among the polymer chains.
The combination of these two techniques is very advantageous
to study this kind of systems.

According to the results shown in Fig. 3, up to pH 6 the total
mass of the film does not change appreciably or increases/
decreases slightly while the area of the carboxy-peaks decreases
in a monotonous way. At the same time, the dissipation
increased to some extent. This suggests that water molecules
were being incorporated into the film, decreasing its stiffness
(since dissipation increased slightly) while a fraction of
PAA was desorbed, somehow keeping the total mass constant.
A different behavior is clearly observed when the film was
exposed to pH = 7. The mass decreased significantly while the
dissipation increased markedly. It should be noted that, in all
pH experiments, the frequency and dissipation measurements
were taken until the system was stabilized, taking in some cases
more than 30 minutes (exposure time used for the PMIRRAS
measurements). Fig. S5 (ESIt) shows that on exposure to pH =
7, a decrease in mass (increase in frequency) occurs in the first
few minutes, and afterwards the mass decreases significantly
taking about 2 hours to stabilize. In Fig. 3 it can be noted
that the tendency of the area of the carboxy-peaks does not
change significantly at pH = 7, and keeps decreasing. These
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phenomena can be explained if we contemplate that the
exposure of the outmost PAA layer to this pH (in which the
ionization percentage is about 50%, see Fig. 6) produces
the deprotonation of a fraction of COOH groups, thus removing
hydrated protons from the film and breaking H-bonds that
were responsible of giving structure to the film, in this way
reducing its stiffness and disintegrating the film. According to
QCM-D results, a high percentage of the film (64% of the total
mass) is lost while considering the area of the carboxy-peaks
(by PMIRRAS), only a part of the outermost layer of PAA is lost
(around 39%).

At pH = 8, the film continued to lose mass, the total area of
the carboxy-peaks decreased, and the dissipation returned to a
value similar to that reported before exposure to pH 7, indicat-
ing that the film was indeed disintegrating and the remaining
bilayers on the surface recovered the initial stiffness. The
change in carboxy-peaks area decreased to around 50%, indi-
cative of an important desorption of PAA.

At pH = 9, the relative area of the carboxy-peaks and mass
are practically unchanged, while the dissipation decreases by
50%. Taking into account that the relative area obtained by
PMIRRAS is associated only with PAA, and that the change in
mass in most cases involves simultaneous processes of adsorp-
tion and desorption of molecules, the observed changes could
be associated with changes in the film due to desorption of
PEO. Finally, at pH = 10 the relative area decreases to 30%. It is
important to note that even at pH 10 a few bilayers appear to
remain adsorbed on the surface. Despite the fact that the mass
does not change, the dissipation increases by 90%, indicating
that this desorption process occurs simultaneously with an
increase in the hydration of the system, decreasing its rigidity.

Film stability. Effect of silver and gold aqueous ions

Complexation of the film with silver and gold ions. Films
prepared with an adhesion layer of PEI and 5 bilayers of
PEO-PAA were brought into contact with silver nitrate and gold
chloride aqueous solutions for 30 minutes, following the pro-
cedure described in the Materials section. PMIRRA spectra of
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the films were taken at increasing immersion time during the
metal loading. The coordination of the carboxylic groups of PAA
by the metal produces its deprotonation. Following the for-
mation of carboxylate groups on the surface can give a measure-
ment of the extent of metal loading of the surface with respect
to the maximum possible loading. As observed in Fig. S6 and S7
(ESIY), the area of the carboxylate stretching peak increases
sharply at first, to reach the maximum at 25-30 minutes of
immersion. In conclusion, 30 minutes is enough time to
saturate the film in the metal ion and this time was used for
experiments.

XRR and PMIRRAS measurements were done to characterize
the behavior of the LBL after metal ion loading.

Fig. 4 shows XRR measurements done over LBL assemblies
to determine if ions were loaded in the structure. XRR signals

depend on the electron density of the thin film as defined by
T

Pe = meez’ss where /1 corresponds to the X-ray wavelength, r.
is the electron radius and 6 is called the critical angle, which
corresponds to the angle at which X-rays reflect totally. As it is
possible to observe from last equation, 6. depends on the
electron density of the film, which can be usually distinguished
as a steep in the intensity signal. 6. is defined as the angle at
which the decay corresponds to 0.5 times the maximum inten-
sity. Fig. 4(A) and (B) show in grey line a mild decay for the
polymeric thin film, the 6. position is shown in grey dashed
line (defined as the extension of the decay up to 0.5). Fig. 4(A)
denotes, in red line, a clear shift of the 0. due to the electron
density increment when Ag ions have been loaded in the thin
film. Red dashed line denotes the 0; position change for the
(PEO-PAA); + Ag sample. A similar behavior is observed in
Fig. 4(B) for the incorporation of Au ions, though the blue
dashed line shows a smaller shift in comparison to Ag case. The
metal ion volume fraction, Fio, can be calculated according to
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Fig. 4 XRR measurements over LBL assemblies as prepared (grey) and
loaded with (A) silver ions (red) and (B) gold ions (blue).
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Fiop = Ppolytion  Ppoly
Pion
density of the (PEO-PAA); thin film and ppoiy+ion to the (PEO-
PAA); + ion thin film. J;,, corresponds to the electronic density
5ionnionNA

Aion
is the ion mass density, 7o, is the ion atomic number, 4;,, the
ion atomic mass, and N, is Avogadro’s number. In Ag case, Fiop,
~ 4% where it has been considered that Ag ions are interacting
with carboxylates moieties by displacement of its proton. For
Au case, since the incorporated Au ions could be interacting
with carboxylate functionalities by the substitution of one or
more chloride ligands of the Au by the carboxylate, the Fj,,
ranges from [1-4]%, according to the degree of replacement
of the chloride ions by the carboxylate moieties of the
polymer film.>® These results, where the calculated Fi,, are in
accordance to previous similar studies done over electrostatic
bonding polymers,*> show that, effectively, ions are being
incorporated into the polymeric film.

PMIRRAS was used to characterize the interaction between
the metal ions and the polymers in the film. Fig. 5, left panel,
shows the PMIRRA spectra obtained before and after incuba-
tion in the Ag or Au solutions. The pH of the Ag containing
solutions was around 5.5 while the pH of the Au containing
solutions was around 2. As it can be observed, the main change
in the spectra after incubation in the metal solution is the
decrease in the area of the peak corresponding to -COOH
stretching peak (~1700 cm '), the appearance of a peak
at ~1500 cm™ " that can be assigned to COO~ asymmetric
stretch, and a new band centered at 1402 cm ™" for Ag ion and

where pp1, corresponds to the electronic

of the ion that can be calculated as p;,, = , where djon

as prepared
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1427 cm ™" for Au ion, which can be assigned to the symmetric
stretching vibrations of the carboxylate ion. These changes in
the spectra correspond to the deprotonation of the PAA due to a
complexation with the metal ions, that is, the protons are
replaced by the metal ions in the carboxylic acid functionality.
This happens despite the low pH of the metal containing
solution. Note that, even for the case of films in contact with
the very acidic gold solution (pH ~ 2), there is a high percen-
tage of carboxylate moieties. Furthermore, according to pre-
vious studies by various authors,”” > the shift of the position of
the COO™ asymmetric stretch peak is due to different ways of
coordination of the carboxylate moiety with the metal ions. In
fact, peaks appearing at 1550-1580 cm " have been attributed
to the formation of a chelating bidentate coordination complex,
while peaks at ~1610 cm ™' to a bridging bidentate coordina-
tion complex between metal ions and carboxylate groups, for
different cations including silver, copper, calcium, aluminum
and lanthanum with polycarboxylate polymers.®”**° When the
carboxylate binds as a chelating bidentate ligand, mononuclear
complexes are formed with one or two carboxylates bound to
the metal cation. In the case of a bridging bidentate binding,
two metal ions with two pairs of adjacent carboxylate groups
associate forming a binuclear complex where the metal ions are
bridged by four carboxylate groups. In our case, for samples
incubated in Ag solutions, a broad peak at 1551 cm™ ' appeared,
indicating the predominance of the formation of chelating
bidentate coordination complex. Differently, samples incu-
bated in Au solutions show a band at 1597 cm ' with a
shoulder at 1554 cm™'. This suggests that these samples
form mostly bridging bidentate coordination complexes, in
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Fig. 5 PMIRRA spectra of 5 bilayers of the film as prepared (top) and incubated for 30 minutes in a 5 mM silver (middle) or gold (bottom) solution. Left
panel: Spectra taken immediately after contact with solutions. Right panel: spectra taken after immersion in solution at pH = 5.
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an analogous way to aluminum interacting with the PMAA, as
reported by Erel-Unal et al.®’

The samples loaded with silver or gold ions, as well as the
LBL film as prepared, were immersed for 30 minutes in a
solution at pH = 5, to discard effects due to difference in the
pH of the ion solutions. PMIRRA spectra were taken and are
shown in the right panel of Fig. 5. As it can be seen, there are no
significant changes in the spectra of Ag and Au loaded films
before and after immersion, indicating that there is no change
in the ionization degree of carboxylic acid moieties. On the
other hand, the film without ions shows an incipient band at
around 1555 cm ™', corresponding to the beginning of ioniza-
tion of the carboxylic acid moieties.’”

Response to pH. In order to characterize the behavior and
stability of the films with pH, the films as prepared (pristine
films) and those loaded with Ag and Au ions were immersed in
solutions of increasing pH ranging from 2 to 10 and studied by
PMIRRAS.

In the case of films loaded with Ag, it was observed that
upon immersion in solution at pH = 2, the spectrum of the film
changed and was similar to that of films without Ag at all (data
not shown). This effect had already been observed by Zhang
et al.,*" for hydrogen-bonded poly(vinyl pyrrolidone)/PAA sys-
tem, and can be ascribed to the displacement of the complex
equilibrium Ag-COO™ by the highly concentrated proton in
acidic solutions. In consequence, the films loaded with silver
were studied starting from pH = 5 and up to pH = 10. The effect
of displacement of the cations by protons was not observed for
Au loaded films. It is worth noticing that the native pH of the
Au solutions is 2.

The PMIRRA spectra of the films exposed to solutions of
increasing pH were acquired and are shown in Fig. S8-S10
(ESIt). The spectra (from 1300 to 2000 cm ™) were fitted by 4 or
5 Gaussian functions, as needed. In most spectra, two Gaussian
functions were necessary to appropriately fit COOH stretching
peaks and COO™ stretching peaks, due to different coordina-
tion modes among carboxylic acid moieties and with metallic
ions. The area of the COOH (Acoon) and COO™ (Acoo-) stretch-
ing peaks were calculated and are shown in Fig. 6. Left panel of
Fig. 6 shows the area of COO™ peak, COOH peak and the total
area of the carboxy-peaks, while the right panel shows the
ionization degree of carboxylate, calculated as:*!

Acoo-

ocoo- =
Acoon + Acoo-

Accordingly, the portion of non-ionized carboxylic acid
moieties was calculated:

Acoon

0COOH = ———————
Acoon + Acoo-

In Fig. 6 it can be noticed that for films loaded with Au ions,
the total area of the peaks does not vary appreciably (less than
15%) after exposure, even at pH = 10, while for pristine films or
films loaded with Ag, a marked decrease (around 50-60%) in
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the total area can be seen, attributable to dissolution of the
film. As shown before, LBL films formed by H-bond interac-
tions would not be stable at high pH, due to deprotonation of
carboxylic moieties and consequent breakage of H-bonds with
the proton acceptor, PEO. In the case of gold ion loaded films,
the ions intercalated into the film might be forming strong
complexes with functional groups of both polymers, causing an
extra stability of the system. A stabilization of this kind has
already been reported by Zhang et al.,*" for hydrogen-bonded
poly(vinyl pyrrolidone)/PAA that increased its stability in water
when it had been loaded with silver ions. In our case, the silver
ions do not seem to be increasing the stability of the film. In
fact, dissolution seems to be very pronounced from pH = 6 and
higher, even more than dissolution of the pristine films. It is
interesting to note that even after increasing the pH to 10, a few
layers of the film still remain on the surface for the silver
loaded and no metal loaded films.

The analysis of the tendency of the ionization degree with
pH shows differences in the behavior of the three systems. It is
worth mentioning that even when a few layers remain on the
surface for films without ions and films loaded with Ag ions,
the acid-base equilibrium of the PAA takes place and the
ionization degree goes back to its original value when pH is
lowered from 10 to 2 (empty and full circles). The pristine
film shows a typical acid-base behavior with a pK, ~ 6
(where acoo- = dcoon = 0.5). For the films loaded with Ag, the
shape of the curve is more irregular, probably due to the huge
loss of polymer because of pH change. In the case of films
loaded with Au, at a pH as acidic as 2, there is a high proportion
of carboxylate moieties that are most likely coordinating
Au ions. This proportion increases to acoo- = 1.0 as pH is
increased to 10.

The pK, of PAA is 4.5,°> which means that at pH > 6.5 the
concentration carboxylic acid vs. carboxylate in the film should
be negligible (less than 1%). Yet, it is interesting to note, for
pristine films, at pH = 10 (well above 6,5), the ionization degree
dcoo- 18 0.9. This means that even at such a high pH, there is
still a 10% of carboxylic acid present in the film. In contrast,
films loaded with Ag or Au, at pH = 10, show acoo- = 1.0, that is,
the amount of COOH present in the film is not detectable. This
fact can be explained taking into account that for films without
metal ions the interaction of PAA with PEO takes place through
H bonds that seem to remain (even at pH = 10, well above the
pK.). These bonds would be responsible of the persistence of a
fraction (~20%) of polymers on the surface, even at such
unfavorable conditions of pH. In the case of metal ion loaded
films, the H bonds were probably displaced by the coordination
of silver and gold ions that crosslinked PAA and PEO polymer
chains. The results show that this crosslink is more effective in
the case of Au that increases the film stability to pH as high as
10, while for Ag, the stability of the film is similar to that of no
ion-loaded films.

Reduction of metal ions to form nanoparticles

Samples prepared on glass slides or silicon substrates and
loaded with metal ions were immersed in freshly prepared

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 Left panel: areas of COO™ and COOH PMIRRAS stretching peaks vs.
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a PEl adhesion layer). Middle: film loaded with silver ions. Bottom: film loaded with gold ions. Full squares represent carboxilate, empty squares represent
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increasing pH up to 10.

borohydride solution 10 mM for 5 minutes. UV-Vis spectra of
the sample in transmission mode was registered for different
cycles of re-loading and reduction as described in the Materials
and methods section. Fig. 7(A) shows the evolution with cycles
of the expected local surface plasmon resonance (LSPR) for Ag”
nanoparticles. It is possible to observe a broad band resonance
with a maximum at Apgpg = (406 = 10) nm. This resonance
position is in good accordance with the expected position
according to the Frolich®® condition nf&(Jrspr)? = 2 x (7P°Y)?
where nt¥(/1spr) corresponds to the real part of the Ag refractive
index and nP°Y corresponds to the refractive index of the
polymer/s in the neighborhood of the Ag nanoparticle (n°°
~ 1.454, 1" ~ 1.52).°* To fulfill this condition, nanoparticle’s
size in this configuration should be much smaller than inci-
dent wavelength (typically d < 20 nm). Fig. 7(B) shows a

This journal is © The Royal Society of Chemistry 2023

representative SEM image of (PEO-PAA)s;-Ag with 3 cycles of
reduction of Ag, where it is possible to observe the formation of
a polydisperse distribution of spherical Ag® nanoparticles of
mean NP diameter of (18 + 6) nm, in accordance to the Arspr
position. The complete analysis of the particle distribution is
detailed in Fig. 7(C) where it is possible to clearly observe the
polydispersity distribution, which can be responsible for the
broad FWHM of the plasmon resonance of Fig. 7(A).

A different behavior is observable for Au reduction in
Fig. 7(D) where no LSPR was observable even for more than 5
cycles though the increase of the extinction at low wavelengths
confirms the presence of the ions/nanoparticles in the LBL as
already shown in Fig. 4(B). However, in Fig. 7(E) a representa-
tive SEM image shows the presence of Au nanoparticles in a
(PEO-PAA); self-assembled film loaded with 5 cycles of Au ions
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treated with NaBH,. Fig. 7(F) shows the corresponding histo-
gram, showing a mean nanoparticle diameter of (27 + 10 nm).
SEM images with less magnification (Fig. S11, ESIT) show a
comparison of samples loaded with AgNPs and AuNPs. Samples
loaded with AgNPs show regions of higher density of nano-
particles, while for AuNPs loaded samples, nanoparticles
appear disperse all over the polymer film, probably due to the
lower Au ion loading in the film (observed by XRR, see before).
This low concentration may explain the lack of sensibility of the
UV-Vis technique to observe the LSPR extinction band.

Final remarks

Metal ions Ag and Au have been loaded in H-bonded PEO/PAA
LBL films by immersing the film in metal ion solutions. The
metal ions coordinate with the COOH moiety of the PAA
(replacing the proton) and the -O- of the PEO. The films
remain stable even though the H-bond between PAA and PEO
are disturbed, because the metal ions bridge between the
polymers. In the case of Ag, the ions can be unloaded from
the film immersing it in acidic solutions. Au ions seem to form
much stronger complexes. In fact, the kind of coordination
between metal ions and COO™ moieties is different for Au and
Ag, as seen by IR spectroscopy. The amount of Ag loaded is 4
times higher than the amount of Au loaded (4% and 1%
respectively). The stability of the films at increasing pH was
studied. Pristine films and films loaded with Ag dissolve
progressively at pH above 4, while films loaded with Au are
stable even at pH as high as 10. This seems to indicate that the
coordination among PAA-Au-PEO is strong and prevents dis-
solution of the film. In both cases, the films were adequate to
produce metal nanoparticles by metal loading and in situ

6028 | Soft Matter, 2023,19, 6018-6031

reduction, though the low quantities of Au that can be loaded
into the film encompasses a low quantity of AuNPs.

The resultant samples obtained for the films loaded with Au
transform them in potentially useful platforms for sensors,
because of their high stability at a wide range of pHs, the
remaining non-coordinated carboxylic acid/carboxylate moi-
eties, ready for post-functionalization, and their hydrophilicity.
In the case of films loaded with Ag ions, since Ag ions play a
significant role in killing bacteria because they can readily
adsorb to most biomolecules (DNA, membrane protein,
enzymes, or intracellular cofactors) in bacteria to inactivate
their functions,® the fact that low pH causes the unloading of
the ions, and high pH causes the disintegration of the film (and
the consequent release of Ag ions) is interesting for the devel-
opment of pH responsive antibacterial materials.
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