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Interfacial supramolecular architectures displaying mesoscale organized components are of fundamental
importance for developing materials with novel or optimized properties. Nevertheless, engineering the
multilayer assembly of different building blocks onto a surface and exerting control over the internal
mesostructure of the resulting film is still a challenging task in materials science. In the present work we
demonstrate that the integration of surfactants (as mesogenic agents) into layer-by-layer (LbL)
assembled polyelectrolyte multilayers offers a straightforward approach to control the internal film
organization at the mesoscale level. The mesostructure of films constituted of hexadecyltrimethyl-
ammonium bromide, CTAB, and polyacrylic acid, PAA (of different molecular weights), was characterized
as a function of the number of assembled layers. Structural characterization of the multilayered films by
grazing-incidence small-angle X-ray scattering (GISAXS), showed the formation of mesostructured
composite polyelectrolyte assemblies. Interestingly, the (PAA/CTA), assemblies prepared with low PAA
molecular weight presented different mesostructural regimes which were dependent on the number of
assembled layers: a lamellar mesophase for the first bilayers, and a hexagonal circular mesophase for
n > 7. This interesting observation was explained in terms of the strong interaction between the
substrate and the first layers leading to a particular mesophase. As the film increases its thickness, the
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considerable impact on the meso-organization for the (PAA/CTA), assemblies. We consider that these

studies open a path to new rational methodologies to construct “nanoarchitectured” polyelectrolyte
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for the construction of such functional interfaces is the
development of methods for integrating molecular components
with a strict control over the architecture (i.e., organization and
alignment). Research efforts on this matter are often referred
to as “nanoarchitectonics”, a term popularized by Ariga and
co-workers.'”'" Among different nanoconstruction techniques,
the layer-by-layer (LbL) assembly represents an attractive
bottom-up approach because of its versatility, simplicity and
ability to control the vertical composition and film thickness

Introduction

The assembly of nanocomponents into thin films displaying
mesoscale organization is of paramount importance to create
materials with novel or optimized properties.’™ A prerequisite

“ Instituto de Investigaciones Fisicoquimicas Tedricas y Aplicadas (INIFTA) -
Departamento de Quimica, Facultad de Ciencias Exactas, Universidad Nacional
de La Plata - CONICET, Suc. 4, CC 16, La Plata, Argentina.

E-mail: azzaroni@inifta.unlp.edu.ar; Web: http://softmatter.quimica.unlp.edu.ar
b Soft Matter Nanotechnology Group, CIC BiomaGUNE. Paseo Miramon 182,
20009 San Sebastidn, Gipuzkoa, Spain
¢ INQUIMAE, Departamento de Quimica Inorgdnica, Analitica y Quimica Fisica,
Facultad de Ciencias Exactas y Naturales, Universidad de Buenos Aires,
Ciudad Universitaria, Pabellon 2 C1428EHA, Buenos Aires, Argentina
1 Electronic supplementary information (ESI) available: Additional GISAXS
characterization. See DOI: 10.1039/c7¢cp08203g

9298 | Phys. Chem. Chem. Phys., 2018, 20, 9298-9308

with nanometric, or even molecular, precision. This technique
was first reported by Iler in 1966,'* and then extensively studied
by Decher and Hong in the early 90s."*'* Nowadays, LbL is
a firmly established method for the alternating adsorption of
molecules mediated by a wide variety of interactions: electro-
statics,"® molecular recognition'® and hydrogen bonding among
others.””'® The construction of films through electrostatic
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interactions is particularly interesting because a large number
of components of different nature are suitable as building
blocks.’*>! The concept of this approach relies on the alter-
nating assembling of oppositely charged building blocks, positive
and negative, onto charged interfaces.

Although the LbL technique offers excellent possibilities for
creating nanocomposite thin films, the main research efforts
with LbL have been focused on the construction of assemblies
made of polycations and polyanions.*® It has been reported that
the internal structure of a series of (A/B), polyelectrolyte films
presented low degree of orientation and alignment of the
constituents along the film.">**** Polyelectrolytes of each
assembled layer significantly interpenetrate into neighbouring
layers. Therefore, these films did not show Bragg peaks by X-ray
reflectometry (XRR) or neutron reflectometry (NR).>**® However, a
number of applications require the construction of interfacial
nanoarchitectures addressing active functional groups in precise
locations and orientations.”®*” Therefore, the lack of true meso-
scale organization in LbL films may be a limitation of this
technique.

The interpenetration of polyelectrolytes in multilayer assem-
blies can be reduced by using mesogenic building blocks. Arys
and co-workers reported that ordered multilayer films were
obtained if polycations of the ionene family and specific poly-
anions were assembled.>*® Although these systems showed
interesting nanoarchitectonic features, ionene polycations are
not commercially available which may be an inconvenient from
the viewpoint of practical, large-scale applications. To overcome
this problem, the use of amphiphilic molecules - such as lipids
and surfactants — as mesogenic agents could be a straightforward
alternative to promote mesoorganization into these thin films.""
These molecules, above certain concentration, have the property
to self-assemble in water to form well organized entities (e.g
micelles, liquid-crystalline phases, etc.). Moreover, in combination
with macromolecules they can lead to hierarchically organized
hybrid materials with organization at the meso- and micrometric
scale.”®?° In fact, nature exploits the mesogenic properties of lipid
amphiphilic molecules not only for the formation of lipid cell
membranes, but also for the construction of organized assemblies
made of lipids and cells such as the stratum corneum, the
outermost layer of skin. In the stratum corneum, the lipids are
arranged in a lamellar phase which confers to the skin the
property to act as the main barrier for the diffusion of
substances.” On the other hand, synthetic techniques that
use the mesogenic property of surfactants for the construction
of highly ordered mesostructured materials such as inorganic
mesoporous,*>** and surfactant-polymer salt-complexes pre-
pared by casting from organic solvents are well established.>* ¢

During the last two decades a number of works demon-
strated that the integration of surfactants in the construction of
surfactant-polyelectrolyte LbL films can lead to functional mate-
rials with marked surface, optical, and electronic properties.>”*>
Nevertheless, few works have studied the mesostructural proper-
ties of this sort of materials. Recently, Cortez et al. reported that
the integration anionic surfactants, sodium dodecyl sulfate (SDS)
and sodium octadecyl sulfate (ODS), in LbL assemblies of glucose
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oxidase (GOx) and osmium complex-modified poly(allylamine),
i.e. (OsPA/SDS/OsPA/GOx),, or (OsPA/ODS/OsPA/GOX),, introduced
mesostructural order in the supramolecular system.’ The authors
demonstrated that changes in the meso-organization significantly
impacted on the bioelectrocatalytic features of these assemblies.
However, it is still not clear how the internal mesoorganization of
these supramolecular architectures evolves during the multilayer
growth. In this work, we describe the formation of highly meso-
organized (A/B), thin films through the LbL assembly of poly-
acrylic acid (PAA) and hexadecyltrimethylammonium bromide
(CTAB). First, the quartz crystal microbalance (QCM) technique
was used to monitor the film growth and estimate the mass
surface coverage. The PAA/CTAB chemical composition was
studied by X-ray photoelectron spectroscopy (XPS) and the ioniza-
tion degree of the PAA confined in the film was estimated
by attenuated total reflectance (ATR) FTIR. Then, the internal
organization of the components and its orientation with respect
to the substrate was studied by grazing-incidence small angle
X-ray scattering (GISAXS). By correlating GISAXS and QCM results,
the mesostructure of the supramolecular architecture was
obtained as a function of the film growth. Our results reveal that
the strong interaction between the substrate and the first deposited
layers yields a particular mesophase. As the film becomes thicker,
this strong interaction becomes less preponderant and a “bulk”
mesostructure prevails. In addition the (PAA/CTA), multilayer
assemblies were prepared using PAA of low (5 kDa) and high
(450 kDa) molecular weight and the impact of the molecular weight
of the polyelectrolyte on the film meso-organization was analyzed.

Materials and methods

2-Aminoethanothiol hydrochloride, (3-aminopropyl)-triethoxysilane
(APTES), polyacrylic acid M,, 450 kDa (PAA4s0pa) and hexadecyl-
trimethylammonium bromide (CTAB) were purchased from Sigma-
Aldrich. Polyacrylic acid M, 5 kDa (PAAsip,) 50 wt% solution was
purchased from ACROS Organics. All the polyelectrolyte and
surfactant solutions were prepared with deionized water (resistivity
around 18.2 MQ ecm™"): 1 mg ml™" PAAgp, (pH 3.7), 1 mg ml™*
PAA, 50102 (PH 3.7), 2 mM CTAB. As the PAA pK, is between 5.5 and
6.5, at pH 3.7 the PAA is mainly protonated (around 90%).*°
1 mg ml ™" PAA solutions prepared with deionized water resulted in
pH 3.7. This condition was chosen as a case study to be studied
since it was reported that changes of pH and ionic strength can
have important effects on the adsorbed polyelectrolyte mass.*?
The CTAB solutions were prepared over the critical micelle concen-
tration (0.98 mM) at 25 °C in the absence of salt.**

Polyelectrolyte-surfactant LbL assembly

Cysteamine-modified gold surfaces were prepared as previously
reported.’® APTES-modified silicon wafers were prepared by
vapor modification in a hermetic chamber during 24 hours at
20 °C. Both amino groups present in cysteamine and APTES
confer a positive charge to the surface, that is crucial for the
electrostatic self-assembly of the building blocks. APTES and
cysteamine were carefully chosen since both compounds have
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Scheme 1 (a) Representation of the PAA/CTAB layer-by-layer assembly.

(b) Schematic of the experimental setup for the grazing-incidence small
angle X-ray scattering measurements.

the same terminal group (primary amines), similar carbon
chain length and they form stable self-assembled monolayers.
As both surfaces (APTES-modified silicon wafer and cysteamine-
modified gold) are exposing the same terminal groups the influ-
ence from the substrate is minimized. Layer-by-layer assemblies
made of CTAB and PAA were prepared on the amine-terminated
substrates (see Scheme 1a). PAA of low (5 kDa) and high (450 kDa)
molecular weight were used. Each adsorption step was achieved
by incubating the substrate in the polyanion or surfactant
solution for 15 minutes followed by rinsing with deionized water
for 2 minutes. The deposition cycle (n) is defined as the full cycle
including incubation in the polyelectrolyte, the rinse in deionized
water and the subsequent incubation in the surfactant solution
followed by a water rinse.

Fourier transform infrared spectroscopy (FTIR)

Fourier transform infrared spectroscopy in the attenuated total
reflection mode was performed using a Varian 600 FTIR spectro-
meter equipped with a ZnSe ATR crystal from PIKE technologies
with a depth of penetration of the evanescent wave of 2 pm. The
spectra were taken using a resolution of 1 cm™". Background-
subtracted spectra were corrected for ATR acquisition. Two
distinct absorption bands of the carboxylic acid functional
groups were considered: the asymmetric stretching band of
COO™, v = 1565-1542 cm™ ', and the C=O stretching of COOH,
v=1710-1700 cm™~". By assuming that the extinction coefficients
for both bands are the same, the degree of ionization of PAA («) at
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a given pH was calculated from: o = [1{COO™)]/[v(COOH) +
YCOO7)] x 100 (%).** For FTIR measurements, the LbL films
were prepared on cysteamine-modified gold substrates.

X-ray photoelectron spectroscopy (XPS)

An SPECS SAGE HR 100 system spectrometer was used. A Mg
Ko (1253.6 eV) X-ray source was employed operating at 12.5 kV
and 10 mA. The take-off angle was 90° and an operating
pressure of 8 x 10~% mbar was used. Quantitative analysis of
spectra was carried out by using the Casa XPS software, employing
Shirley baselines and Gaussian\Lorentzian functions. Surface-
charging effects were corrected by setting the binding energy of
the main component of the core level Cls at 284.6 eV.** For the
determination of the O/N (oxygen/nitrogen ratio) ratio, calcula-
tions were performed by recording the XPS spectrum of ammo-
nium bicarbonate powder in the same conditions as internal
reference. To measure XPS, the multilayer assemblies were
prepared on cysteamine-modified gold substrates.

Quartz crystal microbalance (QCM)

QCM measurements were carried out using the quartz crystal
microbalance QCM200 from Stanford Research Systems and
5 MHz, AT-cut, 1 inch diameter gold-modified quartz crystals.
The crystals were cleaned by immersing into a 1:1:5 solution
of H,0, (30%), ammonia (25%) and deionized water heated to a
temperature of about 75 °C for 5 minutes. To study the film
growth of the polyelectrolyte/surfactant multilayer assemblies,
the frequency was measured after the adsorption of each
component (CTAB or PAA) on cysteamine-modified gold QCM
sensors. The frequency (f) was measured after dry the films
with N,. The mass surface coverage (I') was estimated by
comparing the frequency before and after the assembly (Af).
Since f was measured in dried conditions and Af was smaller
than 2% of the bare crystal frequency (f;), the Sauerbrey’s
equation is valid to be used:*®*’

I = —AfX Cs (1)
where C is the sensitivity factor with a value of 17.66 ng cm™ Hz.

Atomic force microscopy (AFM)

A Veeco Multimode AFM connected to a Nanoscope V controller
was used to image the multilayer films. AFM measurements
were performed in tapping mode with maximum z-scale of 300 nm
and a sample scan size of 6.5 pm x 6.5 um. Non-conductive
sharpened silicon nitride probe (Bruker, K =0.12 N m ') were used.

Grazing-incidence small angle X-ray scattering (GISAXS)

GISAXS measurements were performed at the XRD2 beam-line
of Laboratério Nacional de Luz Sincrotron (LNLS, Campinas,
Brazil). A monochromatic beam of 8 keV (2 = 1.5497 A) was used
to perform the experiments. The slits were adjusted to obtain a
beam width of 2 mm and height of 0.1 mm. GISAXS scattering
intensities were recorded using a Pilatus 300k (DECTRIS Ltd)
detector at a distance of 601 mm from the sample and with
a pixel size of 0.172 mm X 0.172 mm. The exposure time to
collect each scattering profile was 60 seconds. GISAXS experiments
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were performed under ambient conditions: RH = 54% and
T = 23 °C. The polyelectrolyte-surfactant multilayer assemblies
were prepared on APTES-modified Si(100) wafers. The measure-
ments were done with an incidence angle smaller than the Si total
reflection angle previously obtained from X-ray reflectivity (XRR)
experiments (see Scheme 1b). In order to maximize the informa-
tion coming from the internal film structure, an incident angle of
o; = 0.20° was chosen, which was between the critical angle for total
reflection for the polymer, o » = 0.1°, and the critical angle of the Si
substrate, o.g; = 0.22°.

Surfactant-polymer films with lamellar mesostructures
perpendicular to the substrate plane depict GISAXS patterns
with diffraction fringes parallel to the g, axis and at g, values
at integer multiples of 2n/Dy,p,. Being Dy, the lamellar thickness
(i.e., interplanar spacing). In this case, Dy, can be deduced from
the g, position of the constructive interference as Diay, = 27/qy,.
For lamellar mesostructures aligned parallel to the substrate
surface, the GISAXS patterns display a diffraction pattern along
q. following eqn (2):**

2

sin?(o;) — sin? (occ.p)

2 )L
: :%t sin (o) + \/sin2 (oe.p) + [ ey

lam

(2)

where Dy, is the interplanar spacing, 4 is the wavelength of the
beam, ¢; is the incidence angle of the X-ray beam with respect to
the film surface. o, p is the critical angle of total external reflection
of the polymer film and m is the order of the reflection. In case of
symmetric lamellae m takes only odd values. The two branches of
this curve correspond to the Bragg diffraction of the reflected
beam (upper branch) and the direct diffraction process, which
merges with the process where the diffracted beam is reflected
from the substrate (lower branch). For each value of m, two peaks
denoted the “minus branch” (M) and the “plus branch” (P) are
expected in the GISAXS pattern.

On the other hand, randomly oriented lamellae present
GISAXS patterns with rings around the reflected beam arising
from multiple lamellar orientations relative to the substrate
surface. The intensity of the ring is not homogeneously dis-
tributed along their circular shape because of the grazing
incidence geometry. It has a maximum near the Yoneda peaks
appearing at the g, values corresponding to «.p and o, g;, and
decays toward high g,.*® Data analysis was done using FITGI-
SAXS software.*® GISAXS dispersion patterns were cut along the
gy axis at ¢, = 0.21 nm ™" and Ag, = 0.13 nm ', and along the ¢,
axis atg,=0.16 nm™ ' and with a Ag,=0.13 nm™". To obtain the
interplanar spacing Dy, the scattering along ¢, (out-of-plane)
was analyzed by fitting the intensity profiles to a Gaussian
function so that the peak position (g,) and FWHM were
quantitatively determined.

Results and discussion
Film thickness

The PAA and CTAB layer-by-layer adsorption on cysteamine-
modified gold surfaces was monitored by QCM. Fig. 1 shows
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the frequency shifts, Af, after the adsorption of each compo-
nent for the assembly of 18 layers using PAA of low (5 kDa) and
high (450 kDa) molecular weight (MW). The surface mass
coverage, I', (Fig. 1 right axis) was estimated from Af by using
the eqn (1). Both systems displayed an exponential film growth
and a similar I" after the adsorption of 18th layers, ie.: 9th
deposition cycles (n). In this regard, additional microgravi-
metric studies comparing “dry” and “wet” films also revealed
that the nominal mass of water confined in the films (7yater)
increases upon adding layers to the assembly (see Fig. S4 in the
ESI¥).>® However, since films exhibit an exponential increase in
“PAA + CTAB” mass (Mgm,) during the LbL assembly, the water
content, i.e.: Myater/(Meiim + Mywater) actually decreases during the
subsequent deposition cycles (see Table S1 in the ESIt). Our
systems display the typical supralinear growth behaviour exhi-
bited by different multilayers assemblies. In this regard, Winnik
and coworkers®" already reported that this type of multilayers
exhibit similar masses/coverages for low n, regardless of the
molecular weight of the polyelectrolyte. The molecular mecha-
nism behind the exponential growth of our multilayers is not
clear; however, we observed that the growth pattern is highly
reproducible. The molecular origin of this growth pattern will be
investigated in a follow-up study.

Chemical composition

X-ray photoelectron spectroscopy (XPS) characterization was
carried out in order to determine the chemical composition
of the polyelectrolyte/surfactant multilayer assemblies. Fig. 2
shows the XPS core regions of O1s, N1s and C1s which were
measured at high resolution. After spectra calibration (using
the aliphatic C1s as reference) and baseline correction, the XPS
signals can be quantitatively analyzed. From the atomic relative
composition between O and N, the relation of PAA monomers
units (PAAyonomer) and surfactant molecules can be obtained.
The PAA . onomer/SUrfactant ratios were 2.1 and 2.0 for low and
high PAA molecular weight respectively. By the deconvolution
of the C1s core region spectra (Fig. 2), the carboxylic (COOH,
288.6 eV) and carboxylate (COO™, 287.4 €V) components, from

-181"® (PAA,,,/CTA), | ' ' $l300
N-15-_ © (PAAL 0/ CTA), $‘ @Q -_250(\2
< ; E i Og il
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Fig. 1 Change of frequency (Af) obtained by QCM as a function of the
number of layers for (PAAskpa/CTA), (solid circles) and (PAA4sokpa/ CTA),
(open circles) multilayer assemblies. The frequency was measured at air
atmosphere after each adsorption step. The mass surface coverage (I') was
estimated by using the Sauerbrey’s equation.
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Fig. 2 X-ray photoelectron spectroscopy (XPS) Ols, N1s and Cls spectra
of (PAA/CTA)s films prepared with low (5 kDa) and high PAA molecular
weight (450 kDa). The LbL assemblies were prepared on cysteamine-
modified Au substrates.

the PAA, and the quaternary amine-carbon (C-N', 286.4 eV)
component, from the CTAB, where resolved. Although the
adventitious carbon complicates any accurate quantification,
the presence of carboxylic and carboxylate groups reveals that
PAA was not fully ionized.

It is important to point out that no detectable amount of
Br counterion was present in the films. Therefore, the positive
charge of the surfactant quaternary ammonium group was
intrinsically compensated by the PAA carboxylic acid groups.
This result is in agreement with the typical behaviour of
polyanion/polycation multilayer films.”> Furthermore, the
absence of significant amount of counterions inside the film
could be related to the formation of highly dense films.>?

Surface morphology

Topographic and phase AFM images of the as-prepared PAA/CTA
films on silicon wafers with 5 deposition cycles are depicted in
Fig. 3. For both samples, islands formed on the substrate were
visualized, thus evidencing that the surface topography is rather
irregular. It can also be appreciated (mainly in the phase images)
that the islands are randomly distributed and some of them are
connected. We should note that the valleys in the topographic
images do not correspond to bare substrate surface. The lack of
contrast in the phase images are a clear indication that the
“physicochemical nature” of the film is homogeneous across
the surface. Hence, in principle, we can rule out the presence of
bare domains in the AFM image, even if the topographic images
are inhomogeneous.> The variation of the molecular weight of
PAA did not showed appreciable differences in the topographic
features of the films. Regarding the origin of surface patterns
observed on the samples, it was previously reported that it is
possible to form spontaneously periodic horizontal striped
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Fig. 3 AFM image corresponding to topographic (left) and phase (right)
imaging of (a) (PAAskpa/ CTA)s and (b) (PAA4s0kpa/ CTA)s multilayer assemblies
(tapping mode; maximum z-scale: 300 nm; scan size: 6.5 pm x 6.5 pm).

assemblies on energetically uniform surfaces by vertical dip
coating if the surface is withdrawn slowly from a colloidal
solution.”® Since our layer-by-layer assemblies were prepared
by vertical dipping the substrate in the polyelectrolyte solutions
and then in water (for the rinsing step), the slight alignment
and the elongated shape of the polyelectrolyte-surfactant
assemblies might be ascribed to phenomenon reported by
Ghosh et al. Similar surface patterns have been also observed
in LbL-grown PDADMAC/PSS multilayers®® and cetyltrimethyl-
ammonium bromide (CTAB)/polyacrylic acid (PAA).>”

Degree of ionization of PAA confined in the film

The ionization degree of the PAA confined in the film was
estimated by attenuated total reflection Fourier-transform
infrared (FTIR) spectroscopy.’’ Table 1 shows the degree of
ionization of PAA in (PAA/CTA), assemblies for n =3, 5, 7 and 9.
Trends were similar for both PAA molecular weights, showing
that during the first deposition cycles the ionization degree was
near 30% and the value slightly decreased with the number of
deposited layers (see Fig. 4). The results showed an increase of
the degree of ionization when the PAA is confined in the LbL
assembly from 10% (PAA in solution pH 3.7) to 20-30%. This
behaviour was expected since the apparent pK, value of weak
polyelectrolytes such as PAA decreases when the polymer

Table 1 lonization degree (in percentage) of (PAA/CTA), LbL assemblies
prepared from low and high molecular weight

n (PAA;5kpa/CTA), (PAA,50kpa/CTA),
3 33 29
5 33 34
7 23 26
9 20 22
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Fig. 4 Attenuated total reflection FTIR for (PAA/CTA),, multilayer assemblies
(n =3,5,7 and 9) prepared with low and high molecular weight.

chain is incorporated into a multilayer system due to electro-
static and hydrophobic interactions between the self-assembled
components.*?

Typical examples of addition of ionic surfactants to a solution
of oppositely charged polyelectrolytes reveal the formation of
polyelectrolyte-surfactant “salt-complexes” exhibiting a strict 1:1
stoichiometry.*®*”° Even though the formation of these complexes
relied on the use of polyacrylate instead of polyacrylic acid, this
behaviour was also reported for polyelectrolyte-surfactant com-
plexes prepared from polyacrylic acid and quaternary ammo-
nium surfactants.*® On the contrary, our results evidence that
the construction of polyelectrolyte-surfactant assemblies using
the LbL technique differ from typical results obtained through
bulk complexation. In addition, we should not that FTIR and
XPS characterization does not provide the same quantitative
assessment. We hypothesize that differences that arise between
XPS and FTIR results stems from the sensitivities and analysis
depths of both techniques. As is well known, FTIR sensitivity is
not as good as XPS, and on the other hand, XPS exhibits a low
analyzing depth (~5 nm) as compared to FTIR. However, XPS
measurements are time-consuming. Compared to XPS, FTIR
spectroscopy is a fast technique, but FTIR spectroscopy - in
some cases - is believed to be of no use to characterize surface
modifications at the top nanometer levels because predomi-
nately the bulk material is studied. In the case of ATR-FTIR, the
penetration depth into the sample is typically between 0.5 and
2 microns. It is for these reasons that we consider that that
FTIR provides more reliable statistical information about the
multilayer composition across the film thickness.

Mesostructural characterization

Grazing-incidence X-ray scattering (GISAXS) was used to charac-
terize the internal structure of the (PAA/CTA),, multilayer films.
This technique offers an unique, non-invasive method to obtain
information of both lateral and transverse structures inside
thin films and their orientation with respect to the substrate
surface.®® Moreover, GISAXS is well suited for structural charac-
terization of thin films because in the grazing-incidence
configuration the X-ray beam path through the film is long
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enough to assure a high statistical significance, which trans-
lates into a high intensity scattering pattern.®” In our studies,
the internal organization of the films was characterized as a
function of the number of deposition cycles. In general, the
PAA/CTA multilayer assemblies showed high degree of internal
meso-organization (Fig. 5 and 7) for n above 3. Both systems
(low and high MW) showed intense diffraction constructive
interferences, which evidence the presence of meso-organization
highly correlated along the film.

In particular for the assemblies prepared with the poly-
electrolyte of low MW, the meso-organization was significantly
dependent on the number of deposition cycles (Fig. 5). For 3
deposition cycles (Fig. 5a), the GISAXS pattern shows a double
diffraction spot on the g, wavevector transfer coordinate
(gy = 0). This pattern is characteristic of lamellae parallel to
the substrate surface,*® where two spots are expected to appear
at g, = 0 being the “minus branch” (M) and the “plus branch”
(P). The distance between the lamellae along the z direction of
the film (Dy,,) was calculated using eqn (2) and the obtained
Diam value was 3.97 nm, which is slightly higher than that
reported for PSS-CTA salt complex films (3.52 nm).>® Weak
additional pair of spots at an angle of 33° can be seen in Fig. 5a,
suggesting that the polymer-surfactant layers assembled not
only following the predominant mesostructures described in
the text but forming minority-structure domains possibly
related to local strains or defects.

It can be seen in the GISAXS pattern of the (PAAsyp./CTA)s
assembly (Fig. 5b) that an intense spot at g, = 0 overlaps with a
low intensity halo. The halo evidences the presence of multi-
ordered lamellar domains.®®? Since the intensity of the halo is
larger at g, = 0, it can be suggested that the preferential
orientation of the lamellae domains is parallel to the surface.
PAA/CTA assemblies of 7 or 9 deposition cycles (Fig. 5¢ and d)
showed, in addition to the 2D lamellar spot, an in-plane
(9. =~ 0) pair of spots and an out-of-plane pair of spots at g, =
1.7 nm ™', This pattern is characteristic of circular hexagonal
mesostructures forming rings with their axis perpendicular to
the substrate (see scheme in Fig. 6).°*"°® The theoretical X-ray
dispersion pattern of this mesostructure was previously demon-
strated by Marlow et al. who solved the ring structure in the
reciprocal space.®* Although this interesting mesostructure was
reported for films confined in nanoporous membrane,®>®® it is
worth noting that this mesostructural feature has neither been
observed in LbL assemblies nor even in planar thin films.

As can be seen for assemblies with n = 7 and 9, GISAXS patterns
evidenced the coexistence of two different mesostructures.
To obtain a qualitatively view of the predominant meso-
structure during the construction of the multilayer assembly,
intensities of the circular hexagonal and lamellar spots were
compared as a function of the number of bilayers (blue circles
in Fig. 6). This correlation indicates that there is a notable
increase in the circular hexagonal intensity (I nex) as compared
to the lamellar intensity (f.,) upon increasing the number of
bilayers. Moreover, the full width at half maximum (FWHM)
of the circular hexagonal spots (red circles) became narrower
suggesting an increasing amount of the hexagonal domains.
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Fig. 5 GISAXS patterns obtained from (PAAgpa/CTA), assemblies of
different number of bilayers: 3 (a), 5 (b), 7 (c) and 9 (d). The films were
prepared on APTES-modified Si(100) substrates and measured at an
incident angle () of 0.2°. Squares show the diffraction pattern from a
lamellar mesophase, while circles show the diffraction pattern from a
circular hexagonal mesophase.

These results evidenced that the predominant mesostructure
changed from lamellar (parallel to the surface) to circular hexa-
gonal (with the axis perpendicular to the surface) as the film
thickness increased.

Although a change of the predominant mesostructure was
obtained for high values of n, the spot corresponding to the
lamellar mesostructure did not completely vanish. Therefore,
two different architectonic scenarios could be presented for n
> 7: (a) both mesophases are present along the film (b) the
lamellar mesophase is present in the first assembled layers,
and the subsequent layers display a hexagonal mesophase.
To elucidate the more plausible scenario, GISAXS experiments
were performed with a smaller angle of incidence and, thus,
collecting more structural information from the outermost
layers. The maximum intensity of the lamellar diffraction
fringes decreased by decreasing the incidence angle (Fig. S1,
ESIt), evidencing that the outermost layer did not exhibit a
lamellar mesophase. These results suggest that the films pre-
sented an internal organization as the scenario (b), which is
illustrated in Fig. 6. A possible explanation for this phenom-
enon might be ascribed to the strong interfacial interactions
among the first layers and the substrate inducing a lamellar
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Fig. 6 Top: Schematic representation of the meso-organization for thin
and thick multilayer assemblies. Bottom: Intensity ratio between the
circular hexagonal (/cirhex) and lamellae (/um) spots as a function of the
number of bilayers (blue circles). At the right y-axis, full-width of half
maximum (red spots) from the spots of the circular hexagonal
mesostructure.

organization. A rather similar effect was observed in different
properties of thin polymeric films.®”*® For example, it is well-
known that thermal properties of thin films are themselves
functions of film thickness and strongly influenced by inter-
facial interactions.®®’° Interfacial confinement can promote
spatial configurations that ultimately lead to a particular substrate-
induced meso-organization.””> On the other hand, as the film
becomes thicker, the “stressed” layers are less predominant and
the circular hexagonal mesostructure prevails.”

To obtain the periodic distance between the mesostructures,
the GISAXS dispersion patterns were cut along the g, axis
(out-of-plane). Table 2 shows the position of the diffraction
peaks (gp) and the interplanar spacing (Djam) obtained from the
g.-cuts (Fig. S2, ESIt) using eqn (2). Interestingly, the periodic
distance decreased from 3.97 (n = 3) to 3.73 nm (n = 9) as the
film thickness increased. The diminution of the mesostructural
spacing is consistent with the decrease in the PAA ionization
degree measured by FTIR. Since the film can be considered as
electro-neutral and the counter ion concentration (i.e., Br™) is

Table 2 Values of out-of-plane g, and periodic distance as well as the
predominant mesophase for the (PAAspa/CTA), assemblies as a function
of the number of bilayers. The error of the periodic spacing estimation is
+0.03 nm

n Predominant mesostructure gp (nm™") Periodic spacing (nm)
3 Lamellar parallel to the surface 1.59 3.97
5 Lamellar (multioriented) 1.72 3.67
7 Lamellar/circular hexagonal 1.68 3.76
9 Lamellar/circular hexagonal 1.69 3.73
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Scheme 2 Schematic picture that illustrates how the decrease in the
degree of ionization of PAA impacts on the mesostructure of the multilayer
assemblies.

negligible, the decrease in the PAA ionization degree implies
that the PAA,onomer/CTA ratio should increase. As the aliphatic
chains from the CTAB acts as mesostructural spacers, a
decrease in the periodic distance is expected if the CTAB
proportion in the film also decreases (see Scheme 2). Note.
however, that an additional mass of uncharged PAA per surfac-
tant molecule would increase the periodicity.
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Fig. 7 GISAXS patterns obtained from (PAA4sokpa/CTA), assemblies of
different number of bilayers: 3 (a), 5 (b), 7 (c) and 9 (d). The films were
prepared on APTES-modified Si(100) substrates and measured at an
incident angle (x;) of 0.2°.
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Table 3 Values of out-of-plane g, and periodic distance as well as
the predominant mesophase for the (PAA4sokpa/CTA), assemblies as a
function of the number of bilayers. The error of the periodic spacing
estimation is £0.03 nm

n  Predominant mesostructure g, (nm~')  Periodic spacing (nm)
3 Lamellar (multioriented) 1.58 3.99
5  Lamellar (multioriented) 1.70 3.72
7  Lamellar (multioriented) 1.78 3.55
9  Lamellar (multioriented) 1.8 3.51

The internal meso-organization of multilayered films prepared
with PAA of high MW was also studied. The GISAXS dispersion
patterns (Fig. 7) showed a well defined halo corresponding to
randomly oriented lamellae. The periodic distance between
lamellae was estimated by performing out-of-plane cuts of the
GISAXS pattern (see Fig. S3, ESIt and Table 3). The periodic
spacing between lamellae decreased from 3.99 to 3.51 nm by
increasing the number of bilayers, in a similar fashion to the
assemblies made of low MW PAA.

It is important to note that although the film prepared with
low and high MW showed similar growth characteristics,
PAA:CTA stoichiometry and surface morphology, the structural
features were markedly different (see Fig. 5d and Fig. 7d).
Therefore, we can infer that the molecular weight of the
poyelectrolyte also plays an important role on the internal
meso-organization. This behaviour is in agreement with those
reported by Piculell and co-workers for PAA-CTAB ‘‘salt
complex” in aqueous medium.”* They reported a liquid crystal
phase transition when the polyanion exceeded a value of 5 kDa.
They argued that the dependence of the mesophase with the
polyelectrolyte molecular weight is due to a translational
entropy change by increasing the amount of monomer units
per polymer chain.”” In our case, our interpretation is based on
the fact that, compared to low MW polymers, high MW polymers
exhibit a higher number of “sticking points” (per macromolecule)
connecting to the adjacent layers. As a result, the spatial reconfi-
guration of high MW polymers during the LbL assembly process
is a costly process in comparison to low MW polymers. Or, in
other words, low MW polymer are more easily reconfigured
during the self-assembly process, thus facilitating access to
different mesostructures.

Conclusions and remarks

A sophisticated reader, casting a glance at this paper, might
say: can layer-by-layer assembly make a difference when it
comes to the formation of polyelectrolyte-surfactant complexes
on surfaces? Why don’t we simply use solution casting of
polyion-surfactant ion ‘“‘complex salts”?

Answering these questions implies comparing both techniques.
However, a direct comparison between both systems without a
proper discussion could be misleading and - to some extent -
unfair. By way of conclusion, let us therefore compare these
systems in detail and summarize some fundamental issues
concerning the layer-by-layer formation of mesostructured
assemblies.
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(a) The formation of thin films through solution casting of
polyion-surfactant ion “complex salts” relies on the generation
of polyelectrolyte-surfactant complexes in bulk solution.
Conversely, our approach is based on assembling poly-
electrolytes and surfactants in a LbL fashion. In one case the
complexation process takes place in solution whereas in the
other case the complexation is taking place on the surface during
the assembly process. In general, solution casting of polyion-
surfactant ion “complex salts” proceeds in non-aqueous solvents,
e.g.: ethanol. On the contrary, our self-assembly process takes
place entirely in aqueous solutions. These factors lead to major
differences between both approaches.

(b) It seems plausible to consider that these underlying
differences translate into considerable structural variations in
the film mesostructure. For example, Picculell and co-workers
studied the structure of films generated via solution casting
of “complex salts”, composed of cationic alkyltrimethyl-
ammonium surfactants with polyacrylate counterions, on mica
surfaces.”® These authors observed that - depending on the
experimental conditions - films exhibited different mesostructures,
including cubic, hexagonal and rectangular structures, but no
lamellar structures. We believe that the reason behind the
absence of lamellar phases in these experiments is the absence
of strong interfacial interactions. As aforementioned, these
systems are created in bulk and then transferred to the solid
substrate. In this regard, we must refer to seminal works by
Russell and his collaborators on amphiphilic block copolymer
assembly on surfaces. These authors demonstrated that inter-
facial interactions can induce lamellar orientation in a wide
variety of charged amphiphilic macromolecular films.””””® In
this sense, our experimental evidence hints that the strong
interfacial interactions taking place during the layer-by-layer
assembly process play a role in defining the mesostructure of
the multilayered architecture.

(c) A detailed analysis of the literature reveals that there are
increasing numbers of cases in which there is an erroneous
assumption that a well-defined “one-dimensional” SAXS
(or XRD) pattern reflects the 3D mesoscale organization of a
particular material deposited on a given substrate. For
instance, in some examples of films generated via solution
casting of “complex salts” claiming 3D organization or even
preferential orientation, the reported data are limited to 1D
SAXS plots, or 2D-SAXS plots displaying bright halos instead of
bright spots, thus evidencing that the mesoscopic domains are
randomly oriented with respect to the substrate. One of the
remarkable aspects of our approach is the use of LbL assembly
and surfactants to tailor the 3D mesoscale organization of the
assembled film. In other words, we demonstrate that the
mesoscale domains display a specific orientation with respect
to the substrate, as corroborated by grazing-incidence small-
angle-X-ray scattering (GISAXS) characterization.

(d) By studying the internal meso-organization and the film
growth, it was observed that the mesostructural characteristics
(i.e., mesophase and periodic spacing) vary as a function of
the film thickness. In particular for (PAA/CTA), assemblies
prepared with a low molecular weight PAA, two mesostructural
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regimes were observed: a lamellar mesophase for the first
deposition cycles (n < 3), whereas a coexistence of circular
hexagonal and lamellar mesostructures prevails for n > 7.
From these results, it is hypothesized that the strong inter-
action with the substrate, given its high surface charge density
and flat geometry, likely contributes to the lamellar ordering
of the first layers. As the film becomes thicker, the tension
vanishes and the supramolecular architecture evolves to a circular
hexagonal mesophase. Moreover, we have observed a decrease in
the periodic spacing as a function of the film growth. This result
was explained in terms of the change in the ionization degree of
PAA. Finally, the use of a high molecular weight PAA resulted in
(PAA/CTA), assemblies with a multioriented lamellar mesophase.
Therefore, the polyelectrolyte molecular weight has an important
effect on the film internal organization.

(e) The use of surfactants in the LbL technique allows not
only the formation of nanocomposite thin films integrating
hydrophobic moieties but also offers a strategy to control the
internal meso-organization of the multilayers. Unlike other
techniques that also allow the construction of polyelectrolyte/
surfactant mesostructured films,***%7>% the approach
reported here presents the following advantages: (i) the film
is directly prepared on a solid surface (ii) the film thickness is
easily controlled with nanometric precision by the number of
adsorbed layers (iii) well-defined film mesostructures displaying
tailored spatial configurations can be obtained, a feature that is
essential for a number of applications where a vectorial transfer of
energy, electrons, or matter is required.

(f) While it is certainly true that materials science is getting
more sophisticated, it is also true to say that sometimes we
need to draw upon ‘“old” concepts to face new challenges.
In this sense, we demonstrated that the combination of two
worlds, LbL assembly and polyelectrolyte-surfactant complexes,
offers new horizons for creating “soft” interfacial assemblies
displaying tailorable mesostructures. In fact, we consider that
these results are relevant for the further development of “thin film
nanoarchitectonics” provided that structural complexity induced
by the presence mesoscale organized domains can define the
functional properties of self-assembled multilayers.
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