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ABSTRACT: Thin films made of weak polyelectrolytes poly-

(allylamine hydrochloride) (PAH) and poly(acrylic acid) (PAA) M + m (%
3 n

have been fabricated on silicon wafers using the layer-by-layer

(LbL) method. To study the influence of counteranion type on the h,6.R, UNHEATED HEATED hoRR,
growth and properties of PAH/PAA multilayers, the nature of the

supporting sodium salt was varied from cosmotropic to chaotropic Clo,- w m/ clo,
anions (F~, CI7, and ClO,”). Results of ellipsometry and AFM / /
measurements indicate that the film thickness and surface or hI / hI _/ cr
roughness systematically increase on the order F~ < CI” < F- g —— F-

ClO,”. Furthermore, we found that the hydrophobicity of the

PAH/PAA multilayer also follows the described trend when a polycation is the terminating layer. However, the heating of PAH/
PAA multilayers to 60 °C during the LbL assembly suppressed the influence of background anions on the multilayer formation and
properties. On the basis of the obtained results, it could be concluded that thermal annealing induces changes at the polymer—air
interface in the sense of reorientation and migration of polymer chains.

1. INTRODUCTION They found that surface roughness of the PDADMAC/PSS

Since Decher and co-workers introduced the layer-by-layer multilayer also depends on the type of the background salt.

(LbL) method in the early 1990s, first to build up ultrathin Salom'zikgi9 and his collaborators further expanded their
multilayer films of bipolar amphiphiles' and then of research” and prepared several hundred PDADMAC/PSS

polyelectrolytes,” this technique has been widespread in layers on the quartz surface in 0.1 M solutions of different
many laboratories. This simple method of alternate adsorption sodium salts. Analysis by a quartz crystal microbalance (QCM)
of positively and negatively charged macromolecules from showed that the type of anion affects not only the deposited
solutions onto a charged surface has become the most mass Of the polyelectrolyte but also the stiﬁness Of the
common way of preparing polyelectrolyte multilayers multilayer. Depending on the salt used, a significant difference
(PEMs). These nanolayered polymeric systems are suitable in the stiffness of the film, from rubber-like to almost glass-like,
for many applications including nanofiltration membranes,’ ™ has been achieved. In addition to the thickness, surface
water-resistant coatings,” microfluidic devices with super- roughness, and stiffness of the polyelectrolyte multilayer, it was
hydrophobic and superhydrophilic 1regions,7 antireflection found that the coverage of the surface by the multilayer, i.e.,
and antifogging coatings,” drug delivery systems,’ "> anti- film permeability,”**’ and swelling of the PEM in solution
bacterial coatings for urinary catheters,'” smart electronic depend on the choice of the background electro-
fabrics for human biomonitoring,14 as well as strain and pH lyte.30’41’42’44_47 Moreover, it was demonstrated that the
sensors.'” The wide application potential of PEMs lies in the biocompatibility of natural polysaccharide-based multilayers
fact that their structure and properties can be fine-tuned by can be controlled by the type of supporting electrolytes.*”
varying experimental conditions such as pH,'*”"* ionic In various studies,”®>?>**3%3%#1=% it \yas found that for
Strengthflg_Zl ggr_nzgerature,zz_ﬂ deposition time,”” and quality monovalent anions the properties of LbL films correlate well
of the solvent. with the anion’s position in the Hofmeister series. Briefly, in
Besides the mentioned factors, the type of backgrouzréc;sils 1888, Hofmeister® reported that the type of supporting

also plays an important role in multilayer formation.
Dubas and Schlenoff>> were among the first to observe that the
thickness of LbL films depends on the cation and anion
present in polyelectrolyte assembly solutions. They deposited
10 bilayers of sodium polystyrene sulfonate (PSS) and
polydiallyldimethylammonium chloride (PDADMAC) on the
silicon surface. Later on, Salomiki and co-workers*® conducted
a more detailed study with that pair of strong polyelectrolytes.
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electrolyte affects the solubility of egg white proteins in water.
Some ions precipitated proteins in water, while others helped
solubilize them so Hofmeister arranged them in two series, one
for anions and another for cations. For univalent anions, the
series goes as follows: OH™ < F~ < HCOO™ < CH;COO™ <
ClI” < Br- < NO;™ <I" < SCN™ < ClO,". In this series, often
the chloride ion is treated as a median, while other anions are
divided into two groups: cosmotropic ions or salting-out ions
(left of chloride) and chaotropic ions or salting-in ions (right
of chloride). Cosmotropic ions are small in size and
polarizability. They have a high electric field at short distances
and a well-ordered large hydration shell. On the contrary,
chaotropic ions are large with significant polarizability. They
have a weak electric field and a loose hydration shell that can
be easily removed.*” It is worth mentioning that the
Hofmeister series for monovalent cations similarly explains
the salt dependence of PEM properties. However, the effect of
cations is not so pronounced as for anions probably due to
their smaller size and polarizability differences.”**’

Several attempts have been made to quantify the Hofmeister
series, i.e., to correlate the ranking of ions in a series with a
number of physical parameters. Although no such universal
parameter has been found, the order of ions in the Hofmeister
series was often associated with the ion’s polarizability, the
ion’s hydration enthalpy and entropy, or the viscosity B
coefficient of the Jones—Dole empirical expression.”®*?*#>
It should also be pointed out that ion-specific effects have been
observed in many processes (e.g., aggregation of colloidal
particles,”' ~>® surfactant adsorption,”* and phase behavior of
the lipid system>>~>"), but the origin of these effects is still not
fully understood. Nevertheless, univalent chaotropic anions,
compared to cosmotropic ions, have a greater ability to screen
the free charges of polycations in solution. As a result of charge
screening, the percentage of extrinsic polyelectrolyte—counter-
ion pairs increases and the polyelectrolyte adopts a more
globular form. This leads to polyelectrolyte deposition in
loopier conformations, and more polycation is needed in the
surface charge compensation and thus thicker films with a
higher surface roughness are formed.

Described ion-specific effects were mainly tested on
multilayers prepared by the combination of a strong polyanion
PSS and a strong PDADMAC or weak poly(allylamine
hydrochloride) (PAH) polycation. As mentioned earlier, the
Hofmeister series provides a general model for explaining the
effects of monovalent anions on the properties of multilayers
formed by this pair of polyelectrolytes. However, there are
some exceptions. For instance, there is no influence of the
supporting anions on the thickness of films made by the
alternate deposition of poly(allylamine hydrochloride) and
poly(sodium phosphates).*®

The aim of this paper is to extend this type of research to
multilayers made of weak polyelectrolytes. For this purpose, we
used PAH as a model weak polycation and poly(acrylic acid)
(PAA) as a model weak polyanion. We focus on the effect of
the monovalent F~ and CIO,” anions as representatives of
cosmotropic and chaotropic ions, respectively, and, the neutral
ClI” anion as a median between these two groups. Ion
specificity of these anions was explored in the content of film
thickness, roughness, and wettability. Although the influence of
salt type on PEM thickness and roughness has been a subject
in several studies,”**7>**®" one aspect that has not been
adequately covered in previous reports is the effect of ions on
film wettability. This paper is an attempt to study this property
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as a multilayer is assembled in different background electro-
lytes. Furthermore, the present investigation aims to go a step
further by exposing the PAH/PAA films to mild heating during
the buildup process to verify if the heat treatment would alter
the PEM’s properties and influence the ion-specific effects.

2. EXPERIMENTAL SECTION

2.1. Materials. Single-side polished silicon wafers ({(100)
orientation, P-doped with boron, 15 cm in diameter, Siltronic AG)
of 0.7 mm thickness were cut to plates of approximative dimensions of
7 X 1 cm? for contact angle and ellipsometric measurements or 1 X 1
cm? for atomic force microscopy. The plates were then soaked in
freshly prepared Piranha solution for about 1 h, rinsed thoroughly
with deionized water, dried with a stream of argon gas (5.0, Messer),
and stored under ambient conditions in a well-sealed plastic container.
The Piranha solution was prepared as a 3:1 mixture of concentrated
H,SO, (Lach-Ner) and 30% H,O, solution (Kemika). Caution!
Piranha solution is a very strong oxidizing agent and reacts violently with
organic compounds. It should be handled with extreme care! Poly-
(allylamine hydrochloride) (M,, &~ 17 500 g/mol) and poly(acrylic
acid) (M, ~ 130000 g/mol) were used as received from Sigma-
Aldrich. The monomer functionalization degrees (f), also known as
degrees of substitution (DS),*” were determined by potentiometric
titrations with a standardized NaOH solution (Titrisol, Merck). The
values obtained were 0.88 + 0.01 for PAH and 0.97 + 0.02 for PAA.
All polyelectrolyte solution concentrations were corrected according
to f-values and are quoted with respect to the monomer repeating
unit. Polymer solutions were made in a 3-(N-morpholino)-
propanesulfonic acid buffer (Sigma-Aldrich) and different salt
environments. All salts (NaF, NaCl, and NaClO,) were purchased
from Sigma-Aldrich. For precautions, polyelectrolytes and all salts
were stored in a vacuum desiccator with anhydrous CaCl, or silica gel
as wetting agents due to hygroscopicity and/or reactivity with the
atmosphere. Before dissolving them, PAH and PAA were dried at 60
°C and salts were dried at 110 °C for about 200 min. To ensure the
maximum charge density of both polyions,® the pH of polyelec-
trolyte—buffer—salt solutions was adjusted to 7.0 + 0.1 with a 1.0 M
NaOH solution (Titrisol, Merck). For that purpose, a pH meter (826
pH mobile, Metrohm) equipped with a combined glass micro-
electrode (6.0234.100, Metrohm), precalibrated with standard buffers
(Fluka) of pH 3.0, 5.0, 7.0, and 9.0, was used. The water used in all
experiments was prepared in a three-stage Millipore Milli-Q Plus 185
purification system and had an initial conductivity lower than 0.055
uS/cm.

2.2. Preparation of Polyelectrolyte Multilayers. Polyelectro-
lyte multilayers were prepared according to the Iayer-bz-layer
deposition method suggested by Decher and co-workers.” The
sequential dipping of the substrate in the polycation and polyanion
solutions was carried out in the following way. The silicon plate was
affixed to a steel shaft, and about three-quarters of the plate was
immersed for S min in a 25 mL solution containing the polyelectrolyte
(¢;u = 0.01 M), the buffer (¢ = 0.01 M), and a sodium salt (¢ = 0.10
M). The solution was stirred with a magnetic stirrer (v &~ S00 rpm) at
room temperature during adsorption. After deposition, the coated
substrate was immersed three times for 1 min in 25 mL of fresh
deionized water and then was blow-dried with argon or nitrogen
(Messer). At this step, some of the prepared LbL films were heated at
60 °C for about 30 min in a drier. The described LbL process was
repeated for 10 cycles to yield a film of 10 layers. The first layer was
always PAH so that an odd layer number indicates that the outermost
layer is PAH, while an even layer number coincides with the PAA
outermost layer. The prepared nanofilms are designated as (PAH/
PAA),, where the subscript x denotes the number of layer pairs in the
assemblies.

2.3. Contact Angle Measurement. The static contact angle
measurements were carried out with the Attension Theta T200-Basic
Plus (Biolin Scientific) goniometer at (24 + 2) °C and 30—50%
relative humidity. Prior to each measurement set, the goniometer was
calibrated with a 4.000 mm =+ 1 ym tungsten carbide ball. Calibration,

~
~
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as well as experiments and data analysis, was done in the
OneAttension computer program (version 3.2). Static advancing
contact angle experiments were performed using a standard sessile
drop method®" as follows. A drop of deionized water (V & S yL) was
placed on a sample by moving the tip vertically until contact was
made between the water drop and the sample. Immediately after
placing a droplet on a sample, images of the droplet (1216 pixel X 800
pixel) were taken for 10 s at a frequency of 331 fps through a CCD
camera. Images were stored on a computer, and the contour of the
droplet on the solid surface was processed by the Young—Laplace
equation® on a sample of 100 photographs between the third and
sixth seconds of capture. For each image, the contact angle on the left
and right sides of the droplet was determined, and the average value
of the contact angle was calculated. Ten separate locations on the
silicon wafer and five separate locations on each multilayer film were
measured to ensure a representative value of the contact angle. The
average value of the measured contact angles with its standard error of
the mean was used to represent the wetting properties of the samples.

2.4. Atomic Force Microscopy (AFM). The topography, surface
roughness, and thickness of PAH/PAA films were determined by soft
tapping mode atomic force microscopy (AFM) using a Multimode 8E
AFM apparatus from Bruker. The used NCHV-A silicon probes
(Bruker) were 117 ym in length and 33 ym in width with a resonance
frequency of ~320 kHz and a nominal spring constant of 40 N/m.
The tip height was 10—15 pm, having a nominal radius of curvature of
8 nm. All of the AFM measurements were carried out in ambient air
conditions. The temperature was (24 + 2) °C and the relative
humidity was between 30 and 50% during the measurements. All
AFM scans were done on a S yum X 5 ym area with a scanning rate of
1 Hz and a picture resolution of 512 pixels X 512 pixels. After the data
were processed in NanoScope 9.7, AFM images were corrected for tilt
and bow using a second-order flattening and were analyzed in
NanoScope Analysis 2.0 software to determine the local root-mean-
square (RMS) roughness of LbL films. The AFM roughness
parameters and appropriate standard errors of the mean reported
here were calculated from all of the measurements, which included
five local areas on each sample surface. Multilayer thickness was
determined by gently removing a portion of the film from the
substrate surface with a sharp tweezer and analyzing the cross sections
of the scanned image. Details of the thickness measurements are
described in the Supporting Information.

2.5. Ellipsometry. Thickness measurements for thin LbL films on
the silicon substrate were made on an L116B-USB ellipsometer from
Gaertner Scientific Corporation. The measurements were performed
under ambient conditions using red He—Ne laser light with a
wavelength of 632.8 nm at a fixed incident angle of 70° (close to the
Brewster angle of the silicon/air interface, Oy 75.5°).% For
calculation of PEM thickness from the measured values of the
amplitude ratio (W) and change in phase (A), the commercial
Gaertner Ellipsometric Measurement Program (Version 8.071)
package was used. In the software, a three-box model with air as a
continuum (n = 1.00),°* multilayer as a one-phase system with a
refractive index of 1.5 that is independent of film composition and
thickness, and Si wafer as a substrate was assumed.® The Si/SiO,
substrate was treated as a one-phase system, and before film thickness
measurements, its average refractive index was determined by
ellipsometric measurements on 10 different positions on each used
Si plate. Multilayer thicknesses were determined at 10 different
locations on each sample and are presented as an average (with
standard error) of measurements for two individual films.

3. RESULTS

3.1. Wetting Properties of the PAH/PAA Multilayer. It
is well known that in the solution counterions are associated to
charged monomer units of polyelectrolytes. The conformation
of such macromolecules will depend, among other factors, on
the number of associated counterions. This claim holds for the
behavior of polyelectrolytes both in a solution and on a
surface.’® Therefore, if specific binding of counterions takes
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place, it could be expected that the conformation of
polyelectrolytes on the surface would depend on the type of
counterions. To determine how these ionic phenomena affect
the surface wettability of PEMs, samples having five PAH/PAA
bilayers were built up from solutions containing different salts
and the contact angle was measured. Figure la displays the
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Figure 1. Water contact angles determined during buildup of PAH/
PAA multilayers presented as a function of the number of layers.
PEMs were prepared at pH = 7.0 from polyelectrolyte solutions (c,, =
0.01 M) containing different sodium salts (c = 0.10 M). Between each
adsorption cycle, the samples were dried with (a) nitrogen and (b)
nitrogen followed by heating at 60 °C for 30 min. Odd numbers
represent films with PAH as the outermost layer, whereas even-
numbered films have PAA as the outermost layer. Dashed lines have
no physical meaning and were added as guides to the eye.

results of films fabricated by the dipping—rinsing—drying
technique with PAH and PAA solutions containing 0.1 M NaF,
NaCl, or NaClO,. To study the ion influence in more detail,
PEMs were also prepared by heating the films after the drying
step. Therefore, the first regime involved drying each layer of
PEM in a stream of nitrogen, and the second regime was
performed analogously to the first with heating of the sample
for 30 min at 60 °C. The results of this additional heating step
of PEMs are given in Figure 1b.

The contact angle of unheated and heated PAH/PAA
multilayers shows the zig-zag dependance on the number of
deposited polymer layers. This kind of pattern is typical for the
polyelectrolyte type of LbL films and is known in the literature
as the “odd—even effect”.’””’" We observed that less
hydrophilic layers of PAH (6 ~ 55°) and more hydrophilic
layers of PAA (6 ~ 15°) alternate on the surface. It is often the
case that polycation layers are more hydrophobic than
polyanion layers in the “odd—even effect”,’*~"° but there are
exceptions.

https://doi.org/10.1021/acs.macromol.2c01517
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As can be seen in Figure 1, the first layer of adsorbed PAH
has a slightly higher contact angle (@ &~ 60°) than the other
layers closer to the multilayer/air interface. Furthermore, for
the initial few layers of unheated films (Figure la), there is a
trend of reducing the contact angle of PAH and PAA
polyelectrolyte layers to more or less constant values. Note,
however, that polyelectrolyte multilayers prepared by heating
at 60 °C have an opposite trend (Figure 1b), ie, if the
terminating layer is a polyanion, then the contact angle
increases from the initial 17° to the value of about 30° after the
sixth layer. Unlike polyanions, when the terminating layer is a
polycation, it has the same contact angle of ~56° from the very
first layer. Also, it should be noted that regardless of if PAH or
PAA is the outermost layer, the contact angle is always greater
(even 30°) for specimens that have been exposed to slightly
elevated temperatures after normal drying in a stream of
nitrogen.

Moreover, the results presented in Figure la show that the
type of background salt used in the preparation of PEMs
influences the contact angle of the individual PAH layer. In the
absence of additional heating, the surface of the PAH layer is
more hydrophilic when the multilayer is formed from NaCl
than from NaClO,. Hydrophilicity is even more pronounced
when NaF is the supporting electrolyte. On the contrary, such
an anion-specific effect is not visible when polyanion is the
terminating layer. Interestingly, the influence of counteranions
on the contact angle is lost by heating of the multilayer (Figure
1b). The disappearance of the ion-specific effect is even easier
to notice for the average contact angles of the PAH- and PAA-
terminating multilayers prepared by these two procedures
(Figure S1).

To additionally clarify the reasons for the heating effect, the
contact angles of silicon wafers previously coated with five
PAH/PAA bilayers in a nonheating regime were measured
before and after exposure to 60 °C for 30 min (Figure 2).

(a) NaF

heati
eating
6=(8.4+0.8)° 6=(32.7+1.1)°
(b) NaCl heat
in
eating
6=(10.0£0.7)° 6=(37.7 £ 0.4)
(c) NaClO, )
heat
eating
6=(11.1+1.1)° 6=(33.6 +0.3)°

Figure 2. Advancing water contact angle (and standard error) of
(PAH/PAA); multilayers measured before and after heating for 30
min at 60 °C. Multilayers were prepared without heat treatment at pH
= 7.0 from polyelectrolyte solutions (c,, = 0.01 M) in a 0.10 M
supporting electrolyte containing NaF (a), NaCl (b), and NaClO,
(c). Water droplets on multilayer surfaces are also presented.

Regardless of the supporting electrolyte used, after the heat
treatment, the contact angle of the (PAH/PAA); multilayers
increased from ~10 to 33°. For comparison, the contact angles
of (PAH/PAA), multilayers prepared in different salt mediums
and exposed to heat treatment after each adsorption step are
between 31 and 34° (Figure 1b). As the contact angles of
(PAH/PAA); multilayers prepared by heating films in each
adsorption step and by heating films after the preparation in
the nonheating regime are almost the same independent of the
background electrolyte used, we conclude that the surfaces of
studied systems are in a similar state.
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3.2. Surface Roughness of the PAH/PAA Multilayer.
To investigate the changes in surface morphology upon
adsorption of polyelectrolyte layers onto the Si substrate, AFM
images of PAH/PAA multilayers were taken after each
adsorption cycle (see Figures S2—S4). This allows even the
study of the growth mechanism of the initial five PAH/PAA
bilayers in NaF, NaCl, and NaClO, environments. Here, we
will consider the surface topography changes (deduced from
the evolution of the surface roughness) during (PAH/PAA);
multilayer buildup (Figure 3).
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Figure 3. RMS surface roughness of the PAH/PAA multilayer as a
function of the number of polyelectrolyte layers deposited on the
surface of a silicon wafer from 0.01 M polyelectrolyte solutions at pH
= 7.0 containing different sodium salts (¢ = 0.10 M). The samples
were dried with nitrogen between each adsorption cycle, and no heat
treatment was applied. Odd numbers represent films with PAH as the
outermost layer, whereas even-numbered films have PAA as the
outermost layer. Dashed lines have no physical meaning and were

added as guides to the eye.

After cleaning silicon substrates with Piranha solution, we
observed a smooth surface (Figure S5) with an RMS
roughness of only (0.9 + 0.1) A. After the first PAH layer
was formed, almost no coating could be seen on the surface
regardless of the supporting electrolyte used (Figures S2—S4).
As a result, the surface roughness was similar to the surface
roughness of the substrate. Adsorption of the first PAA layer
on the PAH monolayer produced a roughness increase and
visible morphological changes at the surface. A grain-like
topography was noticed for one PAH/PAA bilayer prepared in
all three background salts. However, for PEMs prepared in the
presence of NaF, this granular structure persisted up to the
10th layer and the roughness did not significantly change
(Figure S2), and PEMs prepared in the presence of NaCl and
NaClO, exhibited different behaviors (Figures S3 and S4). In
these cases, the surface topography alternately changed
between the second and eighth layers from grain-like (even
PAA layers) to blob-like (odd PAH layers) structures and then
became more or less worm-like for both used salts.
Subsequently, as seen in Figure 3, surface roughness changes
in a zig-zag pattern as PAH and PAA layers alternately adsorb
at the surface, becoming smoother after being coated with
PAH and rougher after being coated with PAA.

It is important to note that the choice of background salt
affected the topography and the roughness significantly. One
can see the difference in roughness between the PEMs
prepared in the presence of NaF, NaCl, and NaClO, (Figure
3). For the same number of layers, PEMs prepared from the
NaClO, solution show a larger surface roughness than PEMs

https://doi.org/10.1021/acs.macromol.2c01517
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Figure 4. Surface topography (AFM images) of unheated (a—f) and heated (g—1) PAH/PAA films with 9 and 10 layers prepared from
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layers on the Si substrate. Multilayers were assembled from 0.01 M polyelectrolyte solutions with 0.1 M sodium salt of the examined anions.

Dashed lines were added as guides to the eye.

prepared from NaCl and especially NaF solution. For instance,
the local RMS roughness of the (PAH/PAA); film prepared
from NaClO, is around 3 times higher than the roughness of
the same film prepared from the NaF solution, which is
comparable to the results observed for the PAH/PSS
assembly.*®

As in the case of surface wettability, heat treatment of films
between each adsorption cycle dramatically affected the surface
morphology and roughness. Figure 4 shows AFM images of
unheated and heated multilayers with 9 (PAH-terminated) and
10 (PAA-terminated) layers prepared in F~, Cl7, and ClO,"-
containing medium.

From Figure 4, it can be observed that the surfaces of the
heated samples are smoother than the unheated ones
regardless of whether the terminating layer is PAH or PAA.
The surface smoothing is especially pronounced for PEMs
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prepared in NaCl and NaClO, as supporting electrolytes. For
example, RMS roughness parameters of unheated and heated
(PAH/PAA),-PAH films prepared in NaClO, are 50 and 12 A,
respectively. Also, it is interesting to compare the surface
roughness of unheated and heated films prepared in different
background electrolytes. Whereas for unheated PAH/PAA
multilayers, RMS roughness increases in the order F~ < Cl” <
ClO,~, for heated PAH/PAA multilayers, such ion specificity is
suppressed. Regardless of the background salt used, the local
roughness of heated multilayers is about 15 A (Figure 4).
Apparently, the heating caused structural modifications on the
surface of the multilayers, which resulted in a change in the
film’s surface roughness. The question is whether these
changes also affected the structure of the film’s interior. If so,
then that should be reflected in the thickness of the film itself.
Therefore, we performed ellipsometric and additional AFM
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measurements, whose results are presented in the following
chapter.

3.3. Thickness of the PAH/PAA Multilayer. The
thickness of PAH/PAA multilayers was measured using both
ellipsometry and AFM. Figure Sa shows the film thickness
obtained ellipsometrically during the growth of unheated
PAH/PAA multilayers. In the case of all three examined salts,
the film thickness exponentially increases with the number of
deposited polyelectrolyte layers. This exponential growth of
the film is the most pronounced for multilayers prepared in
NaClO,. The difference in thickness between unheated
multilayers prepared in the presence of NaCl and NaF is
rather small and is only noticeable in films with five bilayers.
However, after heating (Figure Sb), the difference in the
thickness of the multilayers prepared with NaF and NaCl
increased and the film growth in the series of fluorides,
chlorides, and perchlorates is more apparent. Although the
heated multilayers are only a nanometer to two thicker than
unheated films, it seems that heat treatment of PAH/PAA films
during the LbL process further accentuates ion specificity with
respect to thickness. This result suggests that the internal
structure of the PAH/PAA multilayer did not change
significantly upon heating. Also, it should be noted that the
exponential type of film growth remains.

To determine the thickness of PAH/PAA multilayers using
AFM, the multilayer was partially removed from the substrate
surface with sharp-tipped tweezers, as described in the
Supporting Information. The surface was then imaged in the
scratched area with a digital optical microscope and AFM.
Representative microscopic images of the area where the
multilayer was removed from the surface of the Si substrate are
shown in Figure 6a,b. In Figure 6a, the white line represents
part of the surface from which the polyelectrolyte film was
removed, and Figure 6b shows the AFM image of the area
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along the very edge of this white line. From the AFM image
presented in Figure 6b, a flat surface of the substrate
“connected” to the rougher surface of the multilayer could
be observed. By the detailed analysis of the height profiles
(example presented in Figure 6¢), the thickness of unheated
and heated (PAH/PAA); multilayers prepared in different
supporting electrolytes was determined. The results are
presented in Figure 6d. Again, the films prepared in NaF are
the thinnest, the films prepared in NaCl are of medium
thickness, and the thickest films are prepared in NaClO,. As in
the case of ellipsometric measurements, this influence of
anions on the film thickness is somewhat more pronounced for
heated samples. Also, the average thickness of heated
multilayers is slightly higher than the thickness of unheated
ones.

The AFM thickness determination for unheated and heated
(PAH/PAA), multilayers (Figure 6d) gives the same order of
thickness for the supporting anion as measured by ellipsometry
(Figure S). However, it is noteworthy that for unheated
multilayers, thickness values determined by AFM are 10—15%
smaller compared to the values determined ellipsometrically
(Table S1). Such a result raises a question about the refractive
index used for fitting the ellipsometric results (n = 1.55). On
the other hand, the AFM measures the actual thickness of a
film ignoring the possible material defects inside the film,
whereas in ellipsometry, film homogeneity and a high degree of
surface smoothness are required for reliable results.

Upon closer analysis, one can find, from the value of error
bars (Figure 6d), that the fluctuations in thickness are smaller
for heated than unheated films, meaning a smaller surface
roughness. This observation is in good agreement with the
results of roughness experiments shown in the previous section
(Figure 4). Furthermore, the value of error bars for unheated
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Figure 7. Models of unheated (a—c) and heated (d—f) PAH/PAA multilayers prepared in different supporting electrolytes. The insets show the
relationship among film thickness (h), surface roughness (Rq), and contact angle (6) of the multilayers prepared in different background salts.

samples follows the increase in RMS surface roughness in the
NaF, NaCl, and NaClO, trend.

4. DISCUSSION

To explain our results more systematically, this section is
divided into two parts. In the first part, we describe the anion
dependency of PAH/PAA multilayer properties, whereas in the
second part, the observed influence of heating on PAH/PAA
multilayer properties is discussed.

4.1. Anion-Specific Effect. In this study, we used silicon
wafer as a substrate for PAH/PAA multilayer formation in
NaF, NaCl, and NaClO, electrolyte mediums. The biggest
problem in the assembly of weak polyelectrolyte pairs is finding
the appropriate pH for PEM buildup. Here, the pH value of 7.0
was chosen for multilayer deposition because at this condition
both polyelectrolytes have maximal charge density.”” As at pH
= 7.0, the surface of the Si wafer is highly negatively charged
(L-potential &~ —50 mV),”* the first adsorbed polyelectrolyte
layer was always PAH. After the first PAH layer was formed,
almost no coating could be seen on the surface and the
roughness did not change (Figure 3). However, the contact
angle significantly increased from 25 to around 55° (Figure 1).
For comparison, Fujita and Shiratori”® observed the same
result for PAH adsorption on the Si wafer surface at pH = 7.5.
In addition to AFM and contact angle measurements, they
used a quartz crystal microbalance and X-ray photoelectron
spectroscopy (XPS) to further examine the adsorption of PAH.
On the basis of the obtained results, the authors concluded
that a coating was formed. Therefore, we can assume that a
thin compact PAH layer fully covered the Si surface due to the
strong electrostatic attraction between the negatively charged
substrate and the positively charged PAH molecules.

As additional layers of PAA and PAH were successively
deposited on the silicon surface, the film thickness and
roughness increased (Figures 3 and 5). The thickest multi-
layers with the highest surface roughness were formed in
NaClO,, while multilayers prepared in NaF were the thinnest
and had the smoothest surface. LbL films prepared in NaCl
were of medium thickness and roughness (Figure 7).
Undoubtedly, this ranking of anions (F~ < CI” < ClO,") is
in accordance with the Hofmeister series.”” As observed for
polyelectrolyte complexes, PAH monomeric units prefer to
associate larger oxoanions with smaller hydration shells (e.g.,
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ClO,"), as opposed to the relatively small anions of halogen
elements (e.g, CI7).”* That means that ClO,” ions have a
greater ability than CI™ or F~ ions to screen the free charges of
PAH molecules in solution. As a result, electrostatic repulsions
between charged polymer segments of PAH will be weaker in
ClO,” solution than in CI” or F~ solutions, and PAH chains
will adopt a more globular form in NaClO, solution. This leads
to polyelectrolyte deposition on the substrate surface in loopier
conformations. Therefore, a higher amount of polycation is
needed in the surface charge compensation for the NaClO,
case, causing thicker films with more pronounced surface
roughness. On the contrary, in NaCl and NaF solutions, PAH
chains will be in a more linear form and the films will be
thinner and smoother.

In addition to the influence of the type of background salt
on the thickness and roughness of the PAH/PAA multilayer, it
was also shown that the wettability of the film surface depends
on the supporting anion used. As with thickness and
roughness, it was found that the hydrophobicity of the surface
increases in the series F~ < Cl” < ClO,” when the terminating
layer is PAH (Figure 7). To discuss these results, it is
important to consider the relevant factors that affect the
contact angle such as the molecular structure of the
polyelectrolyte in the terminating layer, surface roughness,
and the level of interlayer interpenetration.

Many studies”’~® have shown that the polyelectrolytes
located inside the multilayer do not have any impact on the
interactions of water molecules with the surface and that the
surface wettability of sequentially adsorbed polyelectrolyte
layers is controlled primarily by the terminating layer. In that
manner, whether the polyelectrolyte layer on the surface will
be hydrophobic or hydrophilic depends on the structure of the
macromolecule. In our case, both the polycation and the
polyanion are hydrophilic due to polar amino and carboxylic
groups. On the basis of the molecular structure, it is difficult to
conclude which polymer is more hydrophilic, but one can
assume that PAA makes stronger interactions with water
molecules due to the greater possibility of making hydrogen
bonds, as recently suggested by molecular dynamic simu-
lations.”” The mentioned structural properties of used
polyelectrolytes could be the reason behind the observed
odd—even effect in the hydrophilic region of contact angles
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(Figure 1), but they cannot explain the observed ion-specific
effect.

Even the PAH monolayers assembled on the substrate
surface in different salt conditions show a difference in surface
wettability. Potential explanation of this effect could lie in the
higher proportion of amino groups screened by anions, which
results in a higher hydrophobicity due to weakening of
polyelectrolyte—water interactions. Therefore, the PAH
monolayer has the highest hydrophobicity with perchlorates
and the lowest with fluorides. Such surface wettability behavior
is also propagated to films with a higher number of layers.
However, the values of contact angles are lower compared to
the values for the PAH monolayer (Figure 1a). This first layer
effect reflects different deposition properties expected when
PAH is deposited directly onto the hydrophilic substrate and,
perhaps more importantly, the fact that it is not influenced by
the presence of an underlying layer of PAA. Nevertheless,
Wang et al.”® have demonstrated how counterions present at
the surface of PEM could be utilized for the modulation of
surface wettability via an ion-exchange mechanism. In their
study, an as-made PDADMAC/PSS film was dipped in
aqueous solutions of different anions, and the observed water
contact angle of the surface varied from about 10 to 120°.
These results indicate that the variation in the surface
wettability of the PAH/PAA multilayer reported here (Figure
1) could be partially attributed to the hydration capability of
the counterions present at the film surface.

Except for the structural parameters, another important
factor affecting the wetting properties of a multilayer is its
roughness. If the multilayer is nonporous and has a
homogeneous surface, the contact angle will be influenced by
the roughness of its surface. According to Wenzel’s theory,”” a
contact angle of more than 90° is increased by the roughening
of the surface, and the one of less than 90° is reduced. Within
the framework of Wenzel’s equation, surface roughness is
expressed by Wenzel’s factor, which is defined by the ratio of
the actual and geometric surface area. Detailed analysis of our
AFM images revealed that the highest Wenzel’s factors for
PAH-terminated multilayers prepared in NaF and NaClO,
solutions are 1.01 and 1.03, respectively. This order of values
indicates that both surfaces are very flat and the difference
between them is not enough to explain the variations in
contact angles of LbL films prepared in different salts.

The final parameter that affects the wetting of a multilayer
surface is interlayer interpenetration, i.e., if the segments of the
previously adsorbed layer have penetrated the surface of the
outermost adsorbed layer, the wettability of the multilayer film
will change. As Rubner and co-workers explained,”” if the
surface layer of PEM is made of a hydrophobic polyelectrolyte,
then decreasing the thickness of that layer or increasing the
thickness of the previously adsorbed hydrophilic layer
decreases the contact angle, suggesting that the hydrophilic
segments of the underlying layer penetrate the surface layer. In
general, whenever a thin layer is deposited onto a thicker layer,
a large number of chain segments from the sublayer penetrates
the outermost layer and that way affects the measured contact
angle of the film. As LbL films made in the NaF solution have
the thinnest layers, it could be expected that they have a high
level of interlayer interpenetration, which results in the lowest
contact angles when PAH is the terminating layer. In the case
of films prepared in NaCl and especially NaClIO,, polyelec-
trolyte layers are thicker and thus more discrete with a low
level of interlayer interpenetration. Consequently, these
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multilayers will have higher contact angles when PAH is the
outermost layer (Figure 7).

As PAA layers are generally thicker than PAH layers (Figure
S6), the interpenetration of polyelectrolytes between layers will
be more pronounced for PAH-terminated multilayers.
Furthermore, anions do not have a direct effect on the
negatively charged PAA functional groups, so it is expected
that the contact angle of PAA surface layers will be very similar
regardless of the sodium salt in which the multilayers were
prepared. Of course, the contact angle of the PAA surface may
vary slightly with the background sodium salt used, but this is
due to the small indirect influence of the adjacent PAH layer,
which is, as mentioned before, subject to anionic screening.

It is important to point out that the choice of the supporting
electrolyte for the LbL assembly also affects the composition of
a PEM. Within the multilayer, a polyelectrolyte repeating unit
can be compensated either by an oppositely charged re};eating
unit (intrinsic site) or by a counterion (extrinsic site). ® The
extrinsic charge is present in a film due to the non-
stoichiometric composition of polyelectrolytes within the
multilayer. The fraction of extrinsic sites in PEM markedly
depends on the salt concentration but also on the salt type
present in the dipping solution.”” The type of salt is the most
important during the adsorption process because the
polyelectrolyte/counterion binding constant is the one that
exhibits ion specificity, ie., different polyelectrolytes and
different salt ions are expected to interact with different
strengths. Recently, it was reported that PAH chains prefer the
binding of weakly hydrated oxyanions such as perchlorates
over strongly hydrated halide anions (e.g, F~ and CI7).”*
Therefore, it is to be expected that the PAH/PAA multilayer
prepared in the presence of NaClO, will have a higher ion
content than the same film prepared in the presence of NaCl
or NaF. In addition to polymers and ions, PEMs, in most cases,
contain a significant amount of water.”" Increasing the salt
content of PEM usually results in an increase of the overall
water content as the salt ions carry water into the assembly.*’
A rationalization of the difference between the water content of
PEMs prepared in three examined salts may be reached by
considering ion hydration and efliciency of doping the PAH/
PAA multilayer with ions. As explained by Schlenoft and co-
workers,” the less hydrated the ion is in the solution, the more
effective it is at hydrating the polyelectrolyte multilayer. Such a
trend is a consequence of the significantly better doping of
PEM by less hydrated ions. According to this concept, the
amount of water present in as-made PAH/PAA multilayers
should increase in the same order as the concentration of
extrinsic sites (F~ < CI~ < ClO,"). In total, both ion and water
contents of the PAH/PAA multilayer increase on decreasing
the ion hydration.

4.2. Heating Effect. Here, for the first time, we
demonstrate how the heating of PAH/PAA multilayers for
30 min at 60 °C can significantly suppress the impact of anions
on some film properties. For example, heat treatment of PAH/
PAA multilayers resulted in an increase of their thickness and
hydrophobicity, while the surface roughness decreased (Figure
7). More importantly, the contact angle and surface roughness
of the PEMs were almost the same after the heat treatment
independent of the background electrolyte used (Figure 7),
leading to the conclusion that the studied systems are in a
similar state of surface structure.

One possible explanation for the observed results could be
the glass transition of PEMs upon heating. However, the
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irreversible nature of observed changes in the properties of
annealed films excludes this possibility. Moreover, the
Lutkenhaus group has demonstrated that, unlike wet,”! dry
PAH/PAA multilayers do not exhibit glass-transition temper-
ature (Tg) and instead undergo anhydride formation between
carboxyl groups of PAA, and amidation of —NH;" and
—COO~ groups.*”** Furthermore, the authors have reported
that intra- and inter-anhydride PAA bonds are formed at
temperatures between 80 and 120 °C and amidation takes
place at even higher temperatures (>200 °C). In our work,
PAH/PAA films were heated only up to 60 °C so that
formation of anhydride and amide bonds in films could also be
excluded.

Another explanation for the observed heating effect could be
water evaporation from PEMs. As explained by von Klitzing
and co-workers*¥®> PEM consists of two types of water,
namely, void and swelling water. The former only fills the voids
that are formed during the multilayer preparation process,
while the latter directly contributes to the change in multilayer
thickness. As the multilayer adsorbs water at higher relative
humidities, the amount of swelling water and the thickness of
the film increase. On the other hand, lowering the relative
humidity will produce thinner films. Taking these facts into
account, one would expect that after the heating process PAH/
PAA multilayers would be thinner as they lose swelling water,
but our experiments indicated that films are slightly thicker.
Moreover, we ascertained that the heat treatment drastically
changes the surface morphology of the films. This could not be
only the consequence of the deswelling process.

Therefore, in our opinion, the main origin of the observed
heating effect is interdiffusion and reorientation of polyelec-
trolyte molecules present at the multilayer—air interface. The
diffusion process within the LbL assemblies was extensively
studied for the past two decades by the Schlenoff group.**™**
They concluded that there are at least three types of diffusing
species within PEM: ions, polymer chains, and extrinsic
polyelectrolyte—counterion sites. We are convinced that in our
experiments, the amount of energy that was brought to
multilayer systems by heating was enough to overcome the
energy barriers needed for the migration of all three diffusing
species. Although all of these species migrate in PEM during
annealing, the rate of their transport in the film is a few orders
of magnitude different. As reported by Fares and Schlenoff,*’
ion diffusion is the fastest of all species, the diffusion of
extrinsic sites is markedly slower, and the migration of
polyelectrolytes themselves is the slowest.

Because polymer diffusion demands massive transport of a
material, it is usually too slow to allow access of the polymer to
an entire film (even at higher temperatures).”® As a result, this
migration of macroion chains takes place only in the interface
region and thus causes morphological changes in the surface
that were directly visualized here by AFM imaging (Figure 4).
In another AFM study, Ghostine et al.*’ showed that exposing
PEMs to a salt solution (“salt annealing”) frees polyelectrolyte
segments and allows polymer interdiffusion, leading to the
smoothing of the surface. Similarly, thermal annealing
performed here enhances polymer motions and liquefies the
film surface by partial reorganization of the bonds between the
oppositely charged polyions. As the migration of polymer
chains tends to minimize the surface energy of the initially
metastable PEM structure,"*” the material in the “peaks”
diffuses into the “valleys”. Consequently, heated multilayers
have lower surface roughness than unheated ones. Moreover,
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as only the top layers are affected by migration and this process
happens in a dry state, heated films are only slightly thinner
than unheated ones and the ion specificity is preserved in
terms of thickness. On the contrary, the effect of salt on PEM
roughness is lost after the heating because the surface of
annealed films is in its configuration of the lowest energy.

To explain the increased hydrophobicity and suppression of
contact angle ion-dependency observed for heated PEMs, we
suggest that heat treatment transforms some of the hydrophilic
moieties on the multilayer surface to —CH,-rich ones. The
support for our hypothesis has been presented in a recent
study by Gustafsson et al.”’ The authors used the interface-
sensitive vibrational sum frequency spectroscopy (VSFS)
technique to investigate heat-induced molecular rearrange-
ments at the PAH/PAA multilayer surface and showed an
increased CH, signal after heat treatment, indicating
reorientation of chemical constituents in the outermost layers.
This transformation causes a rise of the contact angle to similar
values regardless of the used background salt because —CH,
groups are not affected by anion association (Figure 7). Also,
the interpenetration of polyelectrolytes between layers will not
have an influence on surface wettability because segments of
both polyelectrolytes would be oriented so that —CH, groups
are exposed on the surface. This is also supported by contact
angle measurements that showed no change in the contact
angle after 15 h or additional heating of LbL films prepared
with heating in all three examined salts (Figure S7). This
means that the surface is stable and that the fraction of -CH,
groups on the surface is maximal for these conditions.

Finally, we would like to emphasize the important role of
ions and water in the thermal annealing of PEMs. Commonly,
ions and water are considered to be plasticizers of
polyelectrolyte assemblies.”””” The presence of salt ions in
PEMs provides additional free volume for chain motion and
weakens PAH—PAA ion pairing due to electrostatic screening,
which contributes toward plasticization of the film. Similar to
ions, water molecules influence polymer motions by increasing
the effective volume of the polyelectrolyte multilayer and
decreasing the friction between polymer chains. As elaborated
earlier, both ion and water contents of the PAH/PAA
multilayer depend on the type of salt present in the assembly
bath. Among NaF, NaCl, and NaClO,, the PAH/PAA
multilayer prepared in the presence of NaClO, has the highest
amount of extrinsic sites and water. This makes the chaotropic
ClO,~ ion a better plasticizer than the Cl” ion or the
cosmotropic F~ ion. However, one should keep in mind that
the amount of water present in PEM decreases with rising
temperature if the film is exposed to ambient conditions.*” The
reduction of water content in PEM limits the movements of
the polymer chains and potentially affects the plasticization
ability of the ions.

5. CONCLUSIONS

The effect of a supporting anion on properties of PAH/PAA
LbL films was studied using ellipsometry, AFM, and
tensiometry. We have observed that in thin dry multilayers
of these weak polyelectrolytes the thickness and surface
roughness follow the position of the anion in the Hofmeister
series. This is in line with previous reports for strong—strong
and weak—strong polyelectrolyte assemblies.””** Furthermore,
we found that the surface wettability of the PAH/PAA
multilayer also depends on the anion used in the deposition
process when the polycation is the outermost layer. Observed
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ion-specific effects can be satisfactorily explained by the charge
screening of the polyelectrolyte. Chaotropic anions (e.g,
ClO,") strongly screen PAH chain segments, inducing the
deposition of polyelectrolytes in a loopy form onto a surface,
yielding a thick layer with a high surface roughness. The
assembly of relatively thick PAH layers on the polyanion
surface results in a low level of polycation/polyanion
interpenetration, leading to a small percentage of hydrophilic
PAA chain segment on the PAH-layer surface. On the contrary,
the cosmotropic anions such as F~ do not screen
polyelectrolyte charges with the same strength, allowing the
polyelectrolyte to deposit in a more planar conformation.
Thus, individually deposited layers in the multilayer system are
thin, smooth-faced, highly interpenetrated, and therefore more
hydrophilic.

Additionally, for the first time, we have shown that thermal
annealing of PAH/PAA multilayers between each polyelec-
trolyte adsorption step at 60 °C can completely suppress the
influence of background anions on film roughness and
wettability. It seems that the heat treatment induces changes
at the polymer—air interface in the sense of reorientation and
migration of polymer chains. These conclusions are well
supported by VSF spectroscopy.”’ Our future work will
encompass an investigation of the influence of supporting
cations on properties of PAH/PAA multilayers and suppres-
sion of this influence by the heating of the film. These results
are expected to complement studies on the ion-specific and
heating effects currently being explored in our laboratory.
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