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Abstract: Polymers whose repeating units bear an electrolyte group, so-called polyelectrolytes, are the main building blocks of polyelectrolyte
multilayers (PEMs). These thin organic films are versatile nanomaterials with applications in many fields. The main reason for their widespread
applications lies in the ability to fine-tune their properties simply by adjusting the experimental conditions of their preparation. One of these
parameters is the molecular weight of polyelectrolytes utilized for PEM preparation. Although about three decades have passed since the
preparation of the first PEM, consensus among scientists about the influence of polyelectrolyte molecular weight on the properties of PEMs
still has not been achieved. For example, several studies have shown that PEM thickness increases with the increase of polymer molecular
weight, others that PEM thickness decreases with polymer molecular weight, and third that molecular weight does not influence film thickness.
To shed some light on these somehow contradictory findings, we report here the results of a study in which we explore the influence of
polyelectrolyte molecular weight on the properties of PEM not as an independent parameter but as a variable related to the polyelectrolyte
degree of charging. For that purpose, we prepared PEMs via the layer-by-layer assembly with two distinct molecular weights of poly(allylamine
hydrochloride) and poly(acrylic acid) at pH = 5.0, 8.0 (with and without NaCl), and 10.0. In the end, we found that the thickness and, for the
most part, the surface roughness of prepared films increased with higher molecular weights of polyelectrolytes in all examined conditions
except at pH = 8.0. In that condition, the molecular weight of polymers did not affect the PEM properties because polyelectrolytes are highly
charged at that pH and adsorb to a surface in a linear conformation. In other conditions, the impact of polyelectrolyte molecular weight on
growth and properties of PEM has been explained by the packing of chain molecules at the film surface (pH = 5.0 and pH = 8.0 with NaCl) or by
film erosion that was noticed during PEM build up (pH = 10.0).
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molecular weight, strong polyelectrolytes are completely
ionized in solution, while weak polyelectrolytes ionize only

INTRODUCTION

OLYELECTROLYTES are polymers composed of macro-

molecules in which a substantial portion of the consti-
tutional units contains ionic or ionizable groups, or both.[1]
According to a charge of constitutional units, polyelectro-
lytes may be divided, on the one hand, into positively
charged polycations and, on the other, into negatively
charged polyanions. In addition, polyampholytes that bear
both positive and negative charges also exist. From the
point of view of electrolytic behavior, polyelectrolytes may
be either strong or weak. Just like simple electrolytes of low

partially. Therefore, the degree of charging (i.e. degree of
ionization) of weak polyelectrolytes depends on the pH of
a solution, and that of strong ones does not.[?! The pH of a
solution plays an important role in defining the confor-
mation of weak polyelectrolytes. As the degree of charging
increases, the conformation of weak polyelectrolytes grad-
ually changes from collapsed globular to expanded rod-like
due to an increased number of repulsions between mono-
mer units of the same charge.3] The same is valid for
increasing the concentration of simple electrolytes present
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in polyelectrolyte solution but with the opposite trend. In
the case of higher concentrations of background electro-
lyte, monomer units of polyelectrolyte are shielded with
salt counterions, and polymer molecules adopt globular
conformation. On the contrary, in the case of lower concen-
trations of background electrolyte, polymers are present in
solution in linear conformation because charge screening is
mostly absent.[45]

Nowadays, polyelectrolyte molecules are building
blocks of many interesting nanosystems, such as polyelec-
trolyte multilayers (PEMs). This type of organic thin film
was prepared first by Decher and co-workers in the early
1990s through layer-by-layer (LbL) assembly.[®! LbL method
of PEM preparation consists of the alternative dipping of
solid substrate in polycation and polyanion solution, often
with rinsing and drying steps between them. Despite the
opinion of many scientists that the LbL process is driven by
electrostatic interactions and overcharging phenomena,’-
10] there is more and more evidence that the driving force
for that process is the change in entropy.[!1-13 More specif-
ically, it is believed that PEMs are formed due to increased
entropy caused by the unleashing of small counterions and
water molecules associated with polyelectrolyte chains.
The ion pairing between monomers of polycation and
polyanion leads to the formation of so-called intrinsic
charge compensation. In contrast, the association of small
counterions to non-intrinsically compensated monomers is
called extrinsic charge compensation.[14]

So far, two regimes of PEM growth have been
reported in the literature, namely linear and exponential.
The former growth regime occurs when the increment in
film thickness per deposited polyelectrolyte layer is
constant. The latter corresponds to the exponential
increase of PEM thickness with the number of deposited
polymer layers. In general, it is considered that PEMs grow
first exponentially and then linearly. However, if the transi-
tion point between exponential and linear growth is at a
few deposited polymer layers the overall growth regime
will be linear, and if the switch is at a greater number of
deposited layers, the growth will be exponential. Two mod-
els have been proposed to explain the mechanism behind
the exponential to linear growth transition.[1>16] According
to the first model, polymer islands are formed on the sub-
strate surface at the initial stage of PEM growth. The islands
expand as new polyelectrolyte material is adsorbed on the
surface until they coalesce. The coalescence point repre-
sents the transition from exponential to linear PEM growth
as the film surface area becomes constant. The other model
of PEM growth is based on the polyelectrolyte diffusion in
and out of the film. According to this model, the adsorption
of polyelectrolytes at the beginning of PEM build up not
only leads to complete coverage of the surface but also to
diffusion of adsorbing species into the PEM. In this way, the

adsorbed amount of polyelectrolyte increases with each
adsorption step. The switch from exponential to linear
growth of PEM occurs when diffusion of polymers becomes
forbidden. That can happen if the adsorption time is too
low and the PEM thickness too high.

The potential application of PEMs nowadays ranges
from sensors,[17.18l membranes, 19 flame retardants, 2% and
materials for corrosion protection(222] to drug delivery
capsules?3-25] and antimicrobic coatings.l26-28] One of the
main reasons why PEMs have such a widespread applica-
tion potential lies in the fact that their properties can be
precisely controlled during the LbL build up by varying the
conditions of their preparation. Some of the experimental
conditions that are typically varied to obtain films of the
desired properties are pH,[293% jonic strength,31-33 and the
type of background salt present in polyelectrolyte solu-
tions.[34-36] Besides the mentioned parameters, the molec-
ular weight of polyelectrolytes also plays a significant role
in PEM formation. Many studies that deal with the effect of
polyelectrolyte molecular weight on the structure, growth,
and properties of PEMs were conducted.37-49 However, the
obtained results in those studies are in significant disagree-
ment. For example, some authors reported that PEM thick-
ness increases with the increase of polyelectrolyte
molecular weight, most likely due to a rise in the entropic
contribution of PEM formation.[37-43] At the same time,
others reported that it decreases with the increase of
polyelectrolyte molecular weight as a consequence of more
hindered diffusion of longer chain molecules than shorter
ones.!44-47] |n addition, some researchers have even found
that the molecular weight of polyelectrolytes does not
affect the PEM thickness and structure.l47-49 Therefore, it
is difficult to predict the influence of polyelectrolyte chain
length on the behavior of PEMs. Also, the reason behind
the influence of polyelectrolyte molecular weight is still
poorly understood, and it remains an open question.
Maybe that is so because many of the previous studies have
considered the molecular weight of polyions as the only
independent variable. However, it is hard to expect that the
effect of polyelectrolyte molecular weight is not associated
with other variables that influence the conformation of
polyelectrolytes, such as pH and ionic strength.

To shed some light on these somehow contradictory
findings, we performed a detailed and systematic study
with two well-known weak polyelectrolytes, poly(allylamine
hydrochloride) (PAH) and poly(acrylic acid) (PAA), whose
structures are depicted in Figure 1a. Our goal was to better
understand how the molecular weight of polyelectrolytes
affects the growth and properties of PEMs. The
experiments were designed so that 16 films representing
different combinations of PAH and PAA were prepared on
the surface of the silicon wafer. The combinations were
chosen with regard to the molecular weight of the
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polyelectrolytes and the conformation of the polymers in
the dipping solutions that was adjusted by pH and ionic
strength (Figure 1b). The prepared PEMs were character-
ized by ellipsometry. In particular, we focus on the PEM
thickness and the development of film thickness with the
number of adsorbed polymer layers. We also used atomic
force microscopy (AFM) to evaluate the influence of poly-
electrolyte molecular weight on the surface topography
and roughness of PAH/PAA assemblies. It is anticipated that
the results reported herein will lead to a better understand-
ing of the effect of polyelectrolyte molecular weight on the
growth and properties of PEMs.

EXPERIMENTAL

Materials

Poly(acrylic acid) of lower (PAA,, M,, = 1 800 g mol?) and
higher (PAAn, My, = 1 033 000 g mol) molecular weight
were purchased from Sigma-Aldrich (USA). Poly(allylamine
hydrochloride) of lower molecular weight (PAH, M, =
17 500 g mol1) was also purchased from Sigma-Aldrich
(USA), and poly(allylamine hydrochloride) of higher

(@)
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n n
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PAH, | PAH, | PAH, | PAH,

/v/\/\/@@

PAA | B pH=28.0
+
PH=50"10 1 mol dm™
PAA, | {22 NaCl
PAA\ N/
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PAA, | ANV

Figure 1. (a) Chemical structure of poly(allylamine
hydrochloride) (PAH) and poly(acrylic acid) (PAA).
(b) Experimental design for preparing PAH/PAA multilayers
based on different polyelectrolyte molecular weights and
conformations. Poly(allylamine hydrochloride) of lower
molecular weight is designated PAH,, and higher PAH.
Analogously, poly(acrylic acid) of lower molecular weight is
denoted by PAA, and higher by PAA;. The elongated (/V)
or globular () conformation of the polyelectrolytes was
achieved by adjusting the experimental conditions (pH and
jonic strength) as indicated in the figure.

molecular weight (PAH,, M, = 140 000 g mol?) was
obtained from Alfa Aesar (Germany). Potassium hydrogen
phthalate, AgNOs;, and NaCl (purity > 99.9 %) were pur-
chased from Sigma-Aldrich (USA). HCl and NaOH solutions
were obtained from Merck (Germany). Standard buffer
solutions of pH 3.0, 5.0, 7.0, and 9.0 were purchased from
Gram-mol (Croatia). Compressed nitrogen and argon
(purity 2 99.999 %) used for drying were purchased from
Messer (Croatia). All the chemicals were used as received
without any further purification. Ultrapure water was used
in all the experiments. It was obtained by further purifica-
tion of distilled water with a Milli-Q Advantage A10 Water
Purification System (Merck Millipore, Germany) and had an
initial conductivity lower than 0.055 pS cm1.

Determination of PAA Functionalization
Degree

The degree of functionalization (f) of PAA samples was
determined by potentiometric acid-base titration of PAA
solution (V = 8.0 mL) with standardized NaOH solution. PAA
solution was prepared by dissolving the required mass of
PAA in 25.0 mL of water so that the concentration of all
monomers (cv) was equal to 0.10 mol dm-3. It should be
noted that PAA was dried in an argon atmosphere at 60 °C
for about 200 minutes before the solution was prepared.
The NaOH solution (c = 1.0 mol dm~3) was standardized with
potassium hydrogen phthalate solution (¢ = 0.10 mol dm™3,
V = 25.0 mL) by potentiometric acid-base titration. Before
the solution of potassium hydrogen phthalate was pre-
pared, this primary standard was dried at a temperature of
110 °C for about 180 minutes. During the standardization
of NaOH and titration of PAA solution, the electromotivity
(i.e. electromotive force)l” of a combined pH microelec-
trode (6.0234.100, Metrohm, Switzerland) immersed in the
reaction mixture was measured with a pH meter (913 pH
Meter, Metrohm, Switzerland). The titrations were
performed in a double-glass reaction cell thermostated at
25.0 °C under the nitrogen atmosphere and under medium
stirring of solution by a magnetic stirrer (728 Magnetic
Stirrer, Metrohm, Switzerland) after each addition of
titrant. The reaction cell and electrode were located in a
homemade Faraday cage to reduce the impact of external
electromagnetic fields on the results of measurements.
Each set of titrations was repeated three times under the
same experimental conditions. The analysis of electromo-
tivity data was done in OriginPro 2015 software. The
obtained f-values are expressed in the text as average
values * standard deviation.

Determination of PAH Functionalization
Degree

The degree of functionalization of PAH samples was

determined by potentiometric titration of PAH solution
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(V=25.0 mL) with standardized AgNOs solution. PAH solution
was prepared by dissolving the required mass of polymer
(predried in argon atmosphere at 60 °C for around 200 min)
in 100 mL of water so that the concentration of all monomers
(cm) was equal to 0.005 mol dm=3. The AgNO; solution
(c = 0.05 mol dm-3) was standardized with NaCl solution
(c=0.005 mol dm=3, V= 25.0 mL) by potentiometric titration.
During the standardization of AgNO; and titration of PAH
solution, the electromotivity of the cell consists of the chlo-
ride ion-selective electrode (MKS, Croatia) and the reference
Ag|AgCl|3 mol dm= KCI electrode (6.0729.100, Metrohm,
Switzerland) was measured with pH meter (913 pH Meter,
Methrom, Switzerland). The potentiometric titrations were
performed in a homemade Faraday cage at 25 °C and under
stirring of the reaction mixture with the magnetic stirrer (728
Magnetic Stirrer, Metrohm, Switzerland) after each addition
of titrant. Three titrations were carried out for each set of
measurements. Obtained electromotivity data was analyzed
in OriginPro 2015 software so that the mean value and
standard deviation of concentrations and f-values were
determined.

Substrate Preparation

Single-side polished silicon wafer discs (orientation: 100,
type: P, doped with boron, Siltronic, Germany) of 15 cm
diameter and (675 + 25) um thickness were cut with a dia-
mond needle (Krodat, Croatia) to plates of 1 cm x 1 cm
dimensions. The Si plates were used as a substrate for PEM
preparation immediately after cleaning them in a “piranha”
solution. ,Piranha“ solution was prepared by mixing 30 mL
of concentrated H,S0, (Gram-mol, Croatia) with 10 mL of
H,0; solution (w = 30 %, Gram-mol, Croatia). The cleaning
procedure was carried out by soaking the plates in a freshly
prepared “piranha” solution for about two hours. During
that period, the temperature of the “piranha” solution was
maintained at 90 °C, and the solution was continuously
stirred by means of a magnetic stirrer (RH basic 2, IKA,
Germany). After taking the plates out of the “piranha”
solution, they were rinsed thoroughly with deionized water
and dried with a stream of nitrogen gas.

Polyelectrolyte Multilayer Preparation

Polymers were dried in argon atmosphere at 60 °C for
200 min before preparation of polyelectrolyte solutions.
Attenuated total reflectance (ATR) spectroscopy measure-
ments confirmed that this process removed most of the
water from the hygroscopic homopolymers without caus-
ing side reactions (description of ATR measurements, IR
spectra of polymers, and assignments of IR bands are pro-
vided in Supplementary information). PAH and PAA
solutions were prepared at 0.01 mol dm=3 monomer
concentration. All polyelectrolyte solution concentrations
were corrected taking into account the degree of

functionalization of the polymer. The pH of polymer
solutions was adjusted to 5.0, 8.0, and 10.0 with NaOH
solution (¢ = 1.0 mol dm=3) using the pH meter (913 pH
Meter, Metrohm, Switzerland) equipped with a combined
pH microelectrode (6.0234.100, Metrohm, Switzerland),
precalibrated with standard buffers (pH = 3.0, 5.0, 7.0, and
9.0). Part of the solutions was prepared with the addition
of NaCl so that the final concentration of NaCl in solutions
was 0.10 mol dm=3 (Figure 1b). From prepared PAH and PAA
solutions, PEMs were built. The Si substrates were dip
coated manually at (25 + 1) °C and 30 to 55 % humidity
using the LbL method.[®! Initially, the substrates were
immersed for 5 minutes in the PAH solution (V=25 mL) that
was stirred with a magnetic stirrer (HI 190M, Hanna,
Romania). The adsorption of PAH was followed by three 1-
minute rinsing steps with 25 mL of MiliQ water and drying
with argon. Next, the substrates were immersed in the PAA
solution for 5 minutes under continuous stirring, followed
by three 1-minute rinsing steps with 25 mL of MiliQ water
and drying with argon. The process was repeated until
PAH/PAA films with the appropriate number of layers
(between 1 and 10) were assembled. For the sake of
simplicity, PEMs will be written in the following text in the
form (PAH,/PAA,), when they have an even number of
layers and (PAH,/PAA),-PAH, when they have an odd
number of layers. In such a notation, n denotes the number
of PAH/PAA bilayers in the LbL film, and x and y are labels
that can be | or h depending on whether the PEM is prepared
from polyelectrolytes of lower or higher molecular weight.

Characterization of PEMs by
Ellipsometry

PEM thickness was determined in the dry state with a null-
ellipsometer (L116B-USB, Gaertner Scientific Corporation,
USA) in a polarizer-compensator-sample-analyzer configu-
ration. A He-Ne laser with 632.8 nm wavelength was used
as a light source. The incidence angle of the radiation was
70°, and the angle of the polarizer was 45°. The measure-
ments were carried out at a temperature of (25 + 1) °C and
air humidity from 30 to 55 %. The measured quantities
were changes in amplitude (¥) and phase (4) of the light
reflected from the surface of the sample. The data model-
ing was performed using the Gaertner Ellipsometry Meas-
urement Program (version 8.071) provided by the
instrument supplier to extract the film thickness. The model
used contained three phases: substrate, PEM, and atmos-
phere. Although the substrate consists of silicon and a
native oxide surface layer,51 it was considered as a one-
phase system, and its real and imaginary part of the refrac-
tive index was determined prior to PEM formation. The
PAH/PAA multilayer was modeled as a homogeneous film
with the real refractive index value chosen to be 1.55 and
independent of film thickness. The choice of real part of
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PEM refractive index was based on the value reported by
Sun et al.1*3 Since the PEM did not absorb light, the imagi-
nary contribution to the refractive index was taken to be
zero. Furthermore, the real component of the refractive
index of air in the model was fixed to 1.00. The obtained
film thicknesses are presented as an average (with standard
deviation) of 10 measurements at different locations on the
sample surface.

Characterization of PEMs by AFM

A MultiMode 8 atomic force microscope (Bruker, USA) was
used to examine the morphology, roughness, and thickness
of the prepared PAH/PAA multilayers. The AFM measure-
ments were performed on dry samples in air at (25 + 1) °C
and air humidity ranging from 35 to 55 %. Before the meas-
urements, several scratches were made vertically and hori-
zontally on the surface of samples with sharp tweezers
(EM-Tec 3C.AM, Micro to Nano, Switzerland) to determine
the thickness of films by scanning at the border of the
scratch. The tweezers were carefully pulled over the sur-
face so that the substrate, which is much harder than PEM,
was not damaged. The AFM images were acquired in tap-
ping mode using NCHV-A silicon probes (Bruker, USA) with
a nominal spring constant of 40 N m-1, resonance frequency
of 320 kHz, and a typical radius of curvature of 8 nm. The
size of the scanned area was 5 pm x 5 um. The scan rate
and AFM image resolution were 0.5 Hz and 512 x 512 pixels,
respectively. The mentioned parameters were adjusted
using the software NanoScope 9.7 (Bruker). For each sam-
ple, scans of five macroscopically separated areas on the
film surface were obtained. The resulting AFM images were
processed using the NanoScope Analysis 2.0 (Bruker) soft-
ware. Root-mean-square (RMS) surface roughness was
obtained using the Roughness function in that software,
and the coverage of the substrate surface with PEM was
estimated using the Bearing analysis function. Images uti-
lized for roughness and surface coverage analyses were
flattened by a second-order fit correction. The surface
roughness and coverage are expressed in the paper as
average values with corresponding standard deviations of
five measurements. The thickness of the PEMs was deter-
mined in Gwyddion 2.61 software after flattening (first-
order fit) the AFM images taken in the scratch area. For that
purpose, the Terraces function was applied. That function
in Gwyddion software enabled us to calculate the mean
value of film thickness and its standard deviation.

RESULTS

In the first part of this section, the properties of used poly-
mers are presented, with the main focus on the PAH and
PAA degree of functionalization, which is a significant
parameter for PEM build up. In the second part, the growth

of PEMs, made of PAH and PAA of different molecular weights
and conformations, is reported. The last two parts focus on the
results of AFM measurements that provide insight into how
polyelectrolyte molecular weight affects surface morphology,
roughness, and porosity of PAH/PAA films.

Polyelectrolyte Degree of
Functionalization

Polyelectrolyte synthesis does not always take place with
100 % conversion of reactants. Likewise, side reactions can
occur during the synthesis of polyelectrolytes. Some poly-
electrolytes are not stable, so their chemical nature gradu-
ally changes. All these processes reduce the functionality of
the polyelectrolyte. Therefore, it is advisable to determine
the degree of functionalization of polyelectrolyte. The poly-
electrolyte functionalization degree, sometimes called the
degree of substitution, 2 represents the number of ionic or
ionizable monomers, i.e. functional monomers, divided by
the total number of monomers.
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Figure 2. (a) Electromotivity of the combined pH microelec-
trode (glass and Ag/AgCl half cells) measured during the
titration of PAA solution (cm = 0.1 mol dm=3, V=8.0 mL) with
an aqueous solution of NaOH (¢ = 1.009 mol dm-3) at 25 °C.
(b) Electromotivity of the cell composed of chloride ion-
selective electrode and Ag/AgCl reference electrode
measured during the titration of PAH, solution (cu =
0.005 mol dm™3, V = 25.0 mL) with a solution of AgNOs (c =
0.0506 mol dm™3) at 25 °C.
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In this study, the functionalization degree of PAA
samples was determined by potentiometric titration with
standardized NaOH solution. Figure 2a shows an example
of the result obtained by measuring the electromotivity of
the combined pH microelectrode during the titration.
Based on the results of the titration curve, the concentra-
tion of PAA monomers with functional ~-COOH group was
determined. The degree of functionalization was obtained
by dividing the concentration of functional monomers by
the concentration of all monomer units. The values
obtained were 0.837 + 0.024 and 0.786 + 0.004 for PAA of
lower and higher molecular weight, respectively.

Titration using a chloride ion-selective electrode was
performed to determine the degree of functionalization of
PAH samples. For that purpose, PAH solution was titrated
with the standardized solution of AgNOs. By adding Ag* ions
to PAH solution, free Cl-ions are precipitated in the form of
AgCl, which results in a decrease in the concentration of Cl-
ions in the solution, and accordingly the electrode potential
of the chloride ion-selective electrode changes. An example
of titration curve is shown in Figure 2b. From the deter-
mined concentration of functional monomers and the con-
centration of all monomers, the degree of functionalization
for PAH of lower molecular weight (f = 0.863 + 0.001) and
higher molecular weight (f = 0.945 + 0.002) was obtained.
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Growth and Thickness of PEMs

In the present work, two molecular weights of PAH (PAH,
and PAHp) and PAA (PAA, and PAA;) were used to study the
impact of polyelectrolyte molecular weight on the PEM
growth. In order to relate the effect of molecular weight
with the polyelectrolyte conformation, the growth behav-
ior of PAH/PAA multilayers was explored by fabricating the
PEMs under different pH and ionic strength conditions (Fig-
ure 1b). The LbL build up of various combinations of lower
and higher molecular weight PAH and PAA is summarized
in Figure 3.

The results indicate that at pH = 5.0 (Figure 3a)
PAH/PAA multilayers of all molecular weight combinations
grow exponentially, while at pH = 8.0 (Figure 3b) the growth
is linear. At conditions of pH = 8.0 and high ionic strength
(Figure 3c), as well as at pH = 10.0 (Figure 3d), films pre-
pared with polyelectrolytes of higher molecular weight are
subject to exponential growth, and films prepared with
polyelectrolytes of lower molecular weight to linear
growth. In addition, some PEMs prepared at pH = 10.0
(PAH,/PAA, and PAH./PAA)) lose their thickness during PAH
adsorption (odd layers in Figure 3d). The thickest films were
prepared from polyelectrolytes of higher molecular weight
at pH = 8.0 with the addition of NaCl and at pH = 10.0. The
thickness of these (PAHh/PAA)s multilayers was about
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Figure 3. The influence of the molecular weight of the polyelectrolyte on the growth of the PAH/PAA multilayer prepared on
the surface of the Si substrate at (a) pH = 5.0, (b) pH = 8.0, (c) pH = 8.0 in the presence of NaCl (¢ = 0.10 mol dm3), and (d)
pH = 10.0. The thickness of PAH/PAA multilayers was determined with an ellipsometer after each adsorbed polyelectrolyte
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15 nm. In contrast to that, films with the lowest thickness
were obtained at pH = 8.0 with all combinations of poly-
electrolyte molecular weights. We observed, in general,
that the thickness of PAH/PAA multilayers increases with
the increase of polyelectrolyte molecular weights under all
experimental conditions except at pH = 8.0. At this pH, the
effect of polyelectrolyte molecular weight on the thickness
of PEMs was negligible, and all the assembled films were
ultra-thin with a total thickness lower than 4 nm. Under
other conditions, the thinnest films were obtained with the
PAH,/PAA, polyelectrolyte combination, while the thickest
films were obtained with the PAHy/PAA; polyelectrolyte
combination.

The thickness of the PAH/PAA multilayers was also
determined by AFM imaging of the area around a scratch
made by tweezers on the substrate surface (see the Exper-
imental Section). Figure 4 shows the AFM thickness of the
PAH/PAA films consisting of 10 layers that were prepared
with polyelectrolytes of lower and higher molecular weight
under different experimental conditions. The film thick-
nesses obtained using both ellipsometry and AFM are in
good agreement. The close agreement between the ellip-
sometry and AFM results demonstrates that the choice of
PEM refractive index (n = 1.55) for ellipsometry modeling
was quite reasonable. The data in Figure 4 show that
(PAHL/PAAL)s films prepared under all conditions are the
thickest, and (PAH,/PAA))s the thinnest. The thickness of
(PAH|/PAAL)s multilayers at pH = 5.0 and pH = 10.0 is
greater, and at pH = 8.0 without and with NaCl equal to the
thickness of (PAHL/PAA|)s multilayers. At experimental con-
ditions of pH = 5.0, pH = 10.0, and pH = 8.0 with NaCl, the
thickness of PEMs increases with the molecular weight of
polyelectrolyte. In contrast, at pH = 8.0, the film thickness
is practically independent of polyelectrolyte molecular

20
18 O PAH/PAA,
i B PAH,/PAA,
£ E PAH/PAA,
S O PAH,/PAA,
[72]
»n12
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Figure 4. The influence of the polyelectrolyte molecular
weight on the thickness of (PAH/PAA)s multilayer under
different experimental conditions. The columns represent
film thickness determined by AFM and the stars thickness
determined by ellipsometry.

weight. Likewise, at pH = 8.0, the thickness of all films is
much smaller compared to films of the same molecular
weight combinations under other experimental conditions.
The only (PAH/PAA)s multilayers that have thickness com-
parable to the PEMs prepared at pH = 8.0 are the ones fab-
ricated at pH = 10.0 when PAA of lower molecular weight
was used. As stated before, it has been observed that these
films grow in a zig-zag trend (Figure 3d).

Surface Morphology and Roughness of
PEMs

The surface of each prepared (PAH/PAA)s multilayer was
imaged by atomic force microscope at five different
locations. Figure 5 displays one representative AFM image
of the PEM surface for all combinations of polyelectrolyte
molecular weights and conditions explored in this study. By
comparing the AFM images, it can be concluded that the
influence of the molecular weight of the polyelectrolyte on
the morphology of the PEM surface is complex and strongly
depends on the conditions under which the film is
prepared. While (PAH/PAA)s multilayers prepared at pH =
5.0 with lower molecular weight PAA have a granular
texture of surface (Figures 5a and 5b), PEMs built up at the
same pH but with higher molecular weight PAA exhibit
porous morphology (Figures 5c and 5d). A granular surface
form is also observed for (PAH/PAA)s films built up at pH =
8.0 in the presence of NaCl (Figures 5i-k). The only
exception in this series is the film prepared with both
polyelectrolytes of higher molecular weight (Figure 5I). This

PAH,/PAA,

PAH,/PAA, | PAH/PAA, | PAH,/PAA,

pH=5

pH=8

8 + NaCl

pH =

pH =10

Figure 5. Surface morphology of (PAH/PAA)s multilayers
prepared under different experimental conditions with
polyelectrolytes of higher and lower molecular weight. The
x and y scale on the AFM images is 5 um, and the z scale is
25 nm.
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film has a surface that resembles an ,orange peel”. The
effect of the molecular weight of polyelectrolytes on the
surface topography of (PAH/PAA)s multilayers formed at
pH = 8.0 is not as significant as at other experimental
conditions. All thin films prepared at this pH have a smooth
surface with only a few polymer aggregates on the surface
(Figures 5e—h). At pH = 10.0, the only clear increase in
surface roughness of PEMs can be seen as polyelectrolytes
of higher molecular weight are used. The surface topography
changes from smooth in the case of (PAH|/PAA))s film (Figure
5m) over the granular texture of (PAHh/PAA)s assembly
(Figure 5n) to porous-like for (PAH//PAA)s and (PAHL/PAA})s
multilayers (Figures 50 and 5p).

The surface roughness of PAH/PAA multilayers was
determined by a detailed analysis of AFM images. Figure 6
depicts the surface roughness data of all prepared multi-
layer systems. As can be seen from the data, the featureless
surface of (PAH/PAA)s thin films prepared at pH = 8.0 is the
smoothest (RMS roughness parameter is less than 1 nm),
and the influence of the molecular weight of the polyelec-
trolyte in that case is the smallest. The molecular weight of
the polyelectrolytes also has a weak impact on the rough-
ness of the PEMs prepared at pH = 5.0. At that pH, films
prepared with PAH of lower molecular weight have a
roughness of about 3 nm, and films prepared with PAH of
higher molecular weight about 2 nm. Interestingly, in this
case, the PEMs of the same roughness have different mor-
phologies. It seems that the molecular weight of PAA regu-
lates the morphological characteristic of the PEM surface
formed at pH = 5.0, and the molecular weight of PAH con-
trols the roughness properties of the surface. The situation
is somewhat more complex with PEMs prepared at pH =8.0
in the presence of NaCl, which all have a granular surface
structure. (PAHn/PAA))s and (PAH,/PAAy)s multilayers built
up under these conditions have a significantly higher sur-
face roughness (Rq = 5 nm) compared to (PAH,/PAA))s and

BIPAH/PAA,
51 PAH,/PAA,
PAH/PAA,
M@ PAH,/PAA,

s

¥

RMS roughness / nm
e
EE R o o T A

R

Z5
i
i

e
e

75
A
el

8.0 + NaCl 10.0
pH

Figure 6. Influence of the polyelectrolyte molecular weight
on the RMS surface roughness of (PAH/PAA)s multilayers
prepared under different experimental conditions.

(PAHL/PAA;)s multilayers (Rq = 2 nm). The surface rough-
ness regularly increases with an increase in the molecular
weight of the polyelectrolytes only in the case of PEMs pre-
pared at pH = 10.0. For example, the surface roughness of
LbL film built up at this pH with both polyelectrolytes of
lower molecular weight is only 0.5 nm, and the one of PEMs
prepared using both polyelectrolytes of higher molecular
weight is ten times higher. The observed differences in the
surface roughness of the films prepared at pH = 10.0 are
consistent with the considerable differences in surface
morphology of these films (Figures 5m-p).

Coverage of Substrate Surface with
PEMs

From the AFM images shown in Figure 5, it was seen that
the surface of some films appeared porous (e.g. Figures 5c,
d, o, and p). However, this does not necessarily mean that
these PEMs are porous. The porous film is the one for which
the pore depth extends all to the substrate level. In that
case, part of the substrate surface where pores are located
is uncovered (without PEM). On the contrary, the surface
of PEM can look like it contains pores, but the depth of
pores does not extend to the substrate level. In that case,
the film is compact and covers the surface of the substrate
totally. In addition to providing information on the thick-
ness of the PEM, AFM imaging of the area around a scratch
made on the substrate surface is also a convenient method
for exploring the porosity of films. Figure 7a shows an
example of a porous surface of PAH/PAA multilayer in the
scratch area. From the height profile of the PEM/substrate
region (Figure 7c), it can be seen that in several places, the
thickness of the film reduces to zero, i.e. it is equal to the
substrate level. From this finding, we conclude that there is
no PEM on the substrate in that part, which means the film
is porous. In contrast, Figure 7b shows the surface of a com-
pact PAH/PAA multilayer prepared with polyelectrolytes of
the same molecular weight but at a different pH. On the
height profile of that sample (Figure 7d), the thickness of
the PEM is never in the plane of the substrate, which means
that the film is continuous and covers the entire surface of
the substrate.

By the described method, we investigated the effect
of polyelectrolyte molecular weight on the coverage of the
substrate surface with PEMs. We have found that in most
of the explored conditions, the molecular weight of poly-
electrolytes does not influence the surface coverage, which
was 100 %. The only exception was observed for the
(PAH/PAA)s multilayers obtained at pH = 5.0. For PEMs built
up at this pH, we have established that the surface cover-
age increases by increasing the molecular weight of poly-
electrolytes used to prepare PEM. Thus, (PAH,/PAA))s and
(PAHL/PAA))s multilayers of granular surface topography
covered (72 + 1) % and (85 * 1) % of the substrate surface,

Croat. Chem. Acta 2024, 97(4), 261-274

DOI: 10.5562/cca4142



ROATICA
CT
A

T. KLACIC et. al: Effect of Polyelectrolyte Molecular Weight ... 269

(c) 30
25
E20

=15

%10

0

(b)

el
o

Height / nm

[$,]

00 05 1.0

(@) 20,

(PAH/PAA,)s multilayer
atpH=5.0

Substrate

15 20 25 3.0 35 40
Lenght / ym

-
[¢)]
"

Al iadaag

(PAH/PAA,)s multilayer
at pH = 8.0 + NaCl

Substrate

aall Lo A doy
y =4

0 1 t t i b
00 05 10 15 20 25 3.0 35 40

Lenght / ym

Figure 7. AFM image of the surface of: (a) porous (PAH//PAAn)s multilayer prepared at pH = 5.0 and (b) compact (PAH|/PAAL)s
multilayer prepared at pH = 8.0 in the presence of NaCl (¢ = 0.10 mol dm™3). (c) Height profile of the area marked with the green
line in the AFM image under (a). (d) Height profile of the area marked with the red line in the AFM image under (b).

respectively. The surface coverage was even higher for
porous PEMs prepared with PAA of higher molecular
weight. It was (88 £ 1) % in the case of (PAH|/PAA:)s multi-
layer and almost 96 % in the case of (PAHn/PAA})s film.
There seems to be a link between the morphology of the
PEM surface and the coverage of the substrate surface with
that film, as porous (PAH/PAA)s multilayers have higher
surface coverage than granular ones.

DISCUSSION

In order to explain the influence of the molecular weight of
the polyelectrolytes on the properties and structure of
PAH/PAA multilayers, all relevant parameters should be
taken into account. One of them is the degree of function-
alization of polyelectrolytes, which was determined by
potentiometric titrations. The other is the degree of poly-
electrolyte charging, which depends on the pH of the
solution. Table 1 summarizes all the mentioned parameters
for PAH and PAA used in this study.

In contrast to the molecular weight of PAHy, which is
eight times the molecular weight of PAH,, the molecular
weight of PAA;, is around 574 times greater than the molec-
ular weight of PAA,. Therefore, a more significant influence
of the molecular weight of PAA on the PEM properties is
expected than that of PAH. One should also keep in mind
that the molecular weight of PAH, is around ten times the
molecular weight of PAA,, and the M,, value of PAA; is seven

times higher than the molecular weight of PAH;. This differ-
ence in molecular weight of polyelectrolytes must induce
somewhat different opportunities for assembly during PEM
build up. Besides polymer molecular weight, PEM
formation is also affected by the polyelectrolyte function-
ality. According to the results of potentiometric titrations,
the highest proportion of non-functional monomeric units
contains PAA;, and the lowest proportion contains PAH;
(Table 1). PAH and PAA of lower molecular weight have
similar degrees of functionalization, so when they are
complexed on the surface, the best ionic pairing is
expected.

Table 1. Weight-average molecular weight (M), degree of
functionalization (f), and degree of charging (a) at pH = 5.0,
8.0, and 10.0 for the polyelectrolytes used in this research.
The estimated conformations of the polyelectrolytes in the
solution are indicated in parentheses next to a values.

PAH, PAHh PAAI PAAR
M@/ g mol™ 17 500 140 000 1800 1033 000
f/% 86.3 94.5 83.7 78.6
a(pH =5.0)® /% 95 (linear) 10 (globular)
a(pH =8.0)" / % 70 (linear) 85 (linear)
a(pH =10.0)® / % 30 (globular) 95 (linear)

@ Molecular weights of polymers were provided by the supplier.
) Values of a were taken from data published by Choi and Rubner.[53!
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Another parameter that correlates with the molecular
weight effect is the charge density of a weak polyelectrolyte.
Yu et al. applied infrared spectroscopy to determine the de-
gree of charging of PAH and PAA with different molecular
weights.l6] They found that the degree of charging is inde-
pendent of polymer molecular weight. Although it is inde-
pendent of molar mass, the degree of charging affects the
conformation that the polyelectrolyte will take in solution, as
well as on the surface. A lower degree of charging means a
lower amount of charged groups on the polymer chain. Due
to the decrease in charge density, the electrostatic repulsion
between the monomer units decreases, and the polymer
chain adopts a loopy form. On the other hand, a higher
degree of charging means a higher charge density on the pol-
ymer chain, which increases electrostatic repulsions
between monomers, and the polyion takes on an elongated
form. Based on the described ,conformational theory of
polyelectrolytes”, the influence of the molecular weight of
polymer on the properties of the multilayer films prepared
under different conditions will be discussed.

At pH = 5.0, PAH is highly charged (a = 95 %), and
PAA is very weakly charged (a = 10 %).1°3 When almost fully
ionized PAH chains and weakly ionized PAA chains are
consecutively deposited on the silicon surface, the
electrostatic assembly process is hampered, and the
polymer chains cannot spread out flat over the substrate
surface but instead adopt a conformational arrangement of
globules. According to the ,island” model,[1>16l the build up
of PEM proceeds in two stages. In the first stage, the
substrate is covered with isolated islands of polyelectrolyte
complexes. In the second stage, the polymer islands
interconnect, leading to a porous film morphology and
eventually to an almost compact PEM as the LbL process
goes on. It is obvious from AFM images of PAH/PAA
multilayers fabricated at pH = 5.0 (Figures 5a-d) that, in our
case, compact morphology of films was not achieved.
Instead, applying lower molecular weight PAA led to PEMs
of island patterns, and higher molecular weight PAA of
porous structures. If compact films were obtained, a
transition from exponential to linear growth of PEMs would
be expected. However, the results in Figure 2a demonstrate
that this transition did not occur, as PAH/PAA multilayers
of all molecular weight combinations grow exponentially.

In addition, we noticed that the PEM thickness in the
exponential growth phase depends on the molecular
weights of polyelectrolytes. The use of higher molecular
weight PAA resulted in films that increased in thickness
more rapidly than PEMs fabricated using PAA of lower
molecular weight. In this respect, the behavior of PAH/PAA
multilayers appears to be the opposite of what was
observed by Sun et al. for the exponentially growing PEMs
fabricated from commercially available PAH and
synthesized PAA of two well-defined molecular weights.[45]

They reported that PEMs fabricated from high molecular
weight PAA were thinner than those prepared using lower
molecular weight PAA. However, the pH of the PAA assem-
bly solution in their case was 3.5 and that of PAH 7.5.
Although the degree of polyanion charging at pH = 3.5 is
similar to that in our study (a = 5 %), the degree of poly-
cation charging at pH = 7.5 is significantly lower (a = 70 %).[53]
Also, the adsorption step lasted 10 minutes in their case,
which is enough time to promote the diffusion of polymers.

Nevertheless, the different behavior of PEMs made
of higher and lower molecular weight PAA may be
explained by the higher number of contact points per mol-
ecule for the former due to the longer chains. The cooper-
atively acting interactions of longer polymer chains induce
a transition from individual islands to interconnected
domains at a lower number of adsorbed polyelectrolyte
layers in comparison to shorter chains. This lateral spread-
ing of polyelectrolytes does not significantly affect the
roughness of the PEMs regardless of the length of the pol-
ymer chains used (Figure 6). Meanwhile, the coverage of
the substrate surface with PEMs increases by depositing
polyelectrolytes of higher molecular weight.

Contrary to the behavior of PEMs prepared at pH =
5.0, the molecular weight of polyelectrolytes does not affect
the properties of LbL films fabricated at pH = 8.0. As shown,
PAH/PAA multilayers built up at this condition are uniform
and of similar thickness and surface roughness regardless of
used polymer chain lengths. We suspect that almost fully
charged PAH and PAA at pH = 8.0 (Table 1) will strive to form
1:1 stoichiometric “zipped-up” structures on the surface. In
that case, the net result would be the deposition of very thin
polyelectrolyte layers, which are spread out flatly on the
surface. Hence, longer polyelectrolyte chains, which are in
the same elongated conformation on the surface as short
ones, will only occupy more surface area without increasing
the film roughness or thickness. The low thickness increase
per adsorbed polyion layer that is not influenced by the
molecular weight of polyelectrolyte (Figure 3b) and similar
featureless surface topography of all films prepared at pH =
8.0 (Figures 5e-h) support this explanation. The results of a
study carried out by Shiratori and Rubner also support this
explanation. They found that the thickness increase of
PAH/PAA multilayers fabricated at pH = 6.5 is independent of
the molecular weight of the adsorbing polyelectrolytes over
a range of 3000 to 1 000 000 g mol.

We may conclude that in salt-free solutions at pH =
8.0 where both polyelectrolytes are highly charged, the
impact of polymer molecular weight on PEM properties is
inconsequential due to the adsorption of polyelectrolytes
in flat form. With increasing salt concentration in the
depositing solutions of the same pH value, higher mass
adsorption is achieved, as indirectly demonstrated by
ellipsometry and AFM measurements (Figure 4). The higher
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polymer uptake is explained by the larger surface area
available for adsorption due to the deposition of more
coiled polyion chains. The adsorbed polyelectrolyte mole-
cules have only a part of their segments intrinsically com-
pensated on the surface. The other part of the polymer
segments is extrinsically compensated and protrudes into
the solution.[31-331 When the molecular weight of polyelec-
trolytes is increased, the film thickness increases (Figures
3c and 4). That result is consistent with the explained sur-
face structure of the multilayer. Namely, long-chain poly-
mers will presumably form more loops and tails on the
surface than short-chain polymers, and thus, the PEM sur-
face area will be higher in the case of higher molecular
weight polymers. However, to confirm the formation of
loops and tails, as well as to achieve a more precise under-
standing of the polyelectrolyte conformation on the sur-
face, a method such as single-molecule force spectroscopy
could be applied in the future.

Kujawa and co-workers already examined the effect
of polyelectrolyte molecular weight on the PEM properties
at the high salt concentration (cnaci = 0.15 mol dm™3) but for
the chitosan/hyaluronic acid system.[40] These authors also
found that thicker films are prepared by polyelectrolytes of
higher molecular weights. According to them, this is
attributable to an earlier transition from the exponential to
the linear phase of PEM growth when polyelectrolytes of
higher molecular weights are used. In the present work,
PEMs prepared at pH = 8.0 and high ionic strength show
different growth behavior depending on the molecular
weight of the polyelectrolyte pair. According to the results
of ellipsometry measurements (Figure 3c), films prepared
with PAA of higher molecular weight are subject to expo-
nential growth, and films prepared with PAA of lower
molecular weight to linear growth. We can consider these
results in the context of the ,island” model of PEM growth.
While in the former case one can assume that substrate is
covered with isolated islands of polyelectrolytes, in the
latter case the film should be present on the substrate sur-
face in compact form. However, our AFM data suggest,
based on the surface coverage with PEM, that LbL films pre-
pared both from polyelectrolytes of lower and higher
molecular weight are compact and thus should enter the
linear growth regime. In one of our previous studies, 36! we
prepared PAH,/PAA, multilayer in similar conditions as here
(at pH = 7.5 in 0.10 mol dm=3 NaCl solution) and examined
the surface of PEM by AFM after each adsorbed polyelec-
trolyte layer. We observed that the surface morphology of
PEM alternately changed between the second and eighth
layers from grain-like (PAA layers) to blob-like (PAH layers)
island structures and then became more or less worm-like.
In addition, we observed that the surface roughness of PEM
changed in a zig-zag pattern as PAH and PAA layers were
alternately adsorbed at the surface up to the ninth layer,

and then the roughness became constant. From those
results, we can conclude that the switch from exponential
to linear growth of PEM occurs at the 9t layer. This conclu-
sion suggests that an extension of PEM thickness measure-
ments to a higher number of adsorbed polyelectrolyte
layers is needed to be sure that PAH,/PAH}, and PAH,/PAH,
multilayer growth is in a linear regime (Figure 3c).”

At pH = 10.0, the effect of polyelectrolyte molecular
weight on the properties of PAH/PAA multilayer is most sig-
nificant. Both the film thickness and surface roughness
increase as polyelectrolyte molecular weight increases
(Figures 4 and 6). The reason for such differences in film
properties lies in the dissimilar stabilities of PAH/PAA mul-
tilayers prepared at this condition. While films prepared
from PAA with higher molecular weight are stable and grow
exponentially, films prepared with PAA of lower molecular
weight show a certain amount of instability, which is mani-
fested in thickness oscillations. More specifically, when
PAH of lower or higher molecular weight is adsorbed on the
film terminated with PAA of lower molecular weight, the
thickness of the PEM decreases and again increases when
a new PAA layer is deposited (Figure 3d). The resulting zig-
zag growth of PEM is not so surprising because it was
noticed earlier.[3854551 According to Sui et al.,38 this non-
monotonous PEM growth can be explained by the for-
mation of polyelectrolyte complexes which are weakly
attached to the film surface and can be easily removed dur-
ing the adsorption or rinsing step. The formation of such
quasi-soluble aggregates is strongly favored when
employed polyelectrolytes have a large difference in
molecular weights and when one of the polyelectrolytes is
in high excess.[56-38] Clearly, the latter condition is satisfied
whenever a PEM is exposed to a polyelectrolyte solution.
However, the former condition requires that the polyelec-
trolyte adsorbed on the surface has a lower molecular
weight than the one in the solution, or vice versa.

Let us first consider the situation when PAH, and PAH,
are adsorbed to PEM terminated with PAA. In our
experiments, the average molecular weight of PAA; was only
1 800 g mol, which is around 10 times lower than the
average molecular weight of PAH, and 78 times lower than
the average molecular weight of PAH,. Therefore, both
conditions for fabricating quasi-soluble complexes were
satisfied when PAH, or PAH, was adsorbed to PEM capped
with PAA. That reaffirms the idea that the formation of
complexes in these conditions limited the system's growth.
Effectively PAH/PAA multilayer plateaued in thickness and
surface roughness after the adsorption of the third PAH layer
(Figure 3d). Since only a few layers were required to limit the
growth of the PEM, the formed films were extremely thin
(less than 4 nm). Moreover, continuous adsorption and
desorption of polymer materials have prompted smoothing
of features on the PEM surface (Figures 5m and 5n).
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Let us now consider the reverse situation at pH =
10.0, when a polymer of lower molecular weight (PAH, or
PAH;) is adsorbed to PEM terminated with the polymer of
higher molecular weight (PAA). In that case, stripping of
polyelectrolyte molecules from surface is not likely to hap-
pen because polyelectrolyte of higher molecular weight is
more strongly attached to the PEM surface than polyelec-
trolyte of lower molecular weight due to higher number of
polymer-polymer contact points. Thus, PAH/PAA film can
grow in a layer-by-layer fashion without limitations.

It is also interesting to compare the stability of
PAH/PAA film at pH = 5.0 and pH = 10.0 when a PEM is built
up from polycation of higher molecular weight (PAH, or
PAH:) and a polyanion of lower molecular weight (PAA)). At
both of these pH values, one polyelectrolyte is of high and
the other of low charge density. While at pH = 5.0, the
PAH/PAA multilayer shows regular exponential growth (Fig-
ure 3a), the film made of the same polyelectrolytes is un-
stable at pH = 10.0 (Figure 3d). One of the explanations for
such different behavior of PEM at pH = 5.0 and pH = 10.0
could be hydrogen bonding between PAH and PAA mono-
mers. Our assumption is mainly based on the publication of
Li et al.l® These authors investigated the formation of
PAH/PAA complexes at equivalent monomer ratios in
acidic, neutral, and alkaline media of different ionic
strengths adjusted by adding NaCl. By imaging the samples
with an optical microscope, they observed that complexes
prepared in neutral and alkaline media gradually changed
their shape from a fluffy precipitate to spherical coacervate
droplets. However, this transformation was not observed
in PAH/PAA complexes prepared at low pH, which retained
the form of a precipitate up to a NaCl concentration of 4
mol dm3. As the authors explained, in neutral and alkaline
media, the dominant interactions between polyelectrolytes
in the precipitate are electrostatic. The stability of the pre-
cipitate is disrupted by increasing ionic strength due to the
screening effect of ions, and the precipitate turns into a
coacervate. However, in an acidic medium, in addition to
electrostatic interactions, hydrogen bonds are also formed
between the protonated amino group of PAH and the
non-protonated carboxyl group of PAA. Therefore,
hydrogen bonds together with electrostatic interactions
make the PAH/PAA multilayer prepared at pH = 5.0 more
resistant to the “stripping” effect of polyelectrolytes than
at pH =10.0.

CONCLUSION

This investigation was directed toward evaluating the im-
pact of polyelectrolyte molecular weight on the formation
and properties of polyelectrolyte multilayers. Although the
effect of polymer molecular weight on the formation and
properties of PEMs has been explored extensively, as

pointed out in the Introduction section, there is still a lack
of consensus in the literature. In most of the previous stud-
ies, the molecular weight of polyelectrolytes was explored
as the independent parameter that affects PEM properties.
However, we have shown here that the effect of polyelec-
trolyte molecular weight and its mechanism is strongly cor-
related with the polyelectrolyte charge density, which is
intertwined with the conformation of polyelectrolyte in
solution and at the surface. Considering the charge density
of both polyelectrolytes, we can distinguish three cases.
The first is when both polyelectrolytes are highly charged.
The second case is when both polyelectrolytes are weakly
charged, and the third case is when one polyelectrolyte is
highly charged and the other weakly charged.

In conditions when both polyelectrolytes are highly
charged, the molecular weight of the polymer should not
influence the properties of the PEM due to the adsorption
of polyions in flat conformation. In contrast, when both
polyelectrolytes are weakly charged and in coil confor-
mation, e.g. in conditions of high ionic strength, the film
thickness and the surface roughness should increase with
polyelectrolyte molecular weight. That should be so
because longer polymer chains form more loops and tails
on the surface than shorter chains. Consequently, the sur-
face area available for adsorption of the next polyelectro-
lyte layer is higher in the case of longer-chain molecules
than in shorter ones. The same outcome is expected when
one of the polyelectrolytes is less charged and the other
more charged. However, in that case, the molecular weight
effect manifests itself through two mechanisms. The first
mechanism considers the earlier crossover of PEM mor-
phology from individual islands to interconnected domains
when longer polymer chains are used in the LbL process.
The second mechanism accounts for the zig-zag growth of
PEM, which is induced by stripping polyelectrolytes off the
surface in the form of quasi-soluble complexes. It is pre-
cisely this last mechanism that is interesting for application
because it can be used to prepare compact ultra-thin films
with extremely smooth surfaces.

In the end, it is interesting to note that we did not
observe in any of the explored conditions that film thick-
ness increases with the decrease of polyelectrolyte molec-
ular weight. It is possible that the cause of this was limited
diffusion of polymer molecules through PEM. Namely, the
growth of PEM consists of two steps. One of them is the
adsorption of polymer molecules from the solution to the
PEM surface, and the other is the diffusion of these mole-
cules from the surface to the PEM interior. As in our exper-
iments deposition time was set to only 5 min, the diffusion
of polyelectrolytes into the PEM was limited. Therefore,
one of our future plans is to investigate the correlation
between the deposition time and the polyelectrolyte
molecular weight effect.
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1) ATR-FTIR spectroscopy

An FT-IR spectrometer VECTOR 22 from Bruker equipped with a MIRacle ATR sampling
accessory (PIKE Technologies) was used to record infrared spectra. Solid polyelectrolyte
samples were recorded on a reflection element made of diamond, under the pressure of the
support clamp. The spectrum of air was used as a background when recording samples. The FT-
IR spectra were recorded by the single reflection of radiation in the range between 4000 and 600
cm ! with 32 scans at 4 cm™! resolution. The recorded spectra were corrected by the ATR
algorithm in the OPUS 6.0 program, taking into account the angle of incidence of the beam
(45°) and the surface material of the reflective element (diamond).

Obtained FT-IR spectra of PAH and PAA before and after drying are shown in figure S1. In
tables S1 and S2 assignments of IR bands are depicted. It can be concluded that drying process
removed most of the sorbed water from the polymers, as indicated by an intensity decrease of a

broad IR band centered at around 3400 cm ™.
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Figure S1. ATR-

polymers at 60 °C for 200 min. The wavenumbers of the IR bands are marked on the spectra.
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3) Tables

Table S1. Observed wavenumbers and assignments of IR bands of PAH. The assignments are

supported by the literature sources.!!

Wavenumber (cm™) Assignments
3384 O—H stretching
2902 N-H" and C—H stretching
1599 antisymmetric NH3" bending
1503 symmetric NH3" bending
1464 CH: bending
1382 CH;s bending

1066, 993 C—N stretching

Table S2. Observed wavenumbers and assignments of IR bands of PAA. The assignments are

supported by the literature source.[*!

Wavenumber (cm™!) Assignments
2500-3600 O—H and C—H stretching
1698 C=O0 stretching
1451 CH: deformation
1410 COH in-plane deformation
1225 C—O stretching coupled with O—H in-plane bending
1163 C—O stretching coupled with O—H in-plane bending
796 CHa> twisting and C—COOH stretching
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