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The layer-by-layer deposition of polyelectrolyte multilayers (PEMs) is a versatile and widely used
technique of forming nanoscale polymer films with controlled properties. Yet, the influence of polymer
architecture and assembly conditions on the mechanical properties of PEM films is not well understood.
In this paper, we compare the growth and mechanical properties of all-linear PEM films versus all-star
(8-arm) PEM films assembled at varied assembly pH. The properties of these PEM systems, composed of
linear and 8-arm weak polyelectrolytes poly(2-aminoethyl methacrylate) (PAMA) and poly(methacrylic
acid) (PMAA), are affected by the assembly pH, leading to differences in internal ionization, film growth
rates, swelling, and Young's modulus. For films assembled using either linear or star polyelectrolytes
in acidic conditions — where PMAA has low ionization — we show slow, linear growth with reduced
swelling and similar Young's moduli of the as-deposited PEM films. However, a striking difference in the
mechanical behavior of dry PEM films made from linear and star polymers was found for the films
showing nonlinear growth (i.e., assembled at neutral and slightly alkaline conditions). Specifically, while
all-star films demonstrated relatively high, thickness-independent Young's moduli, the stiffness of
all-linear PEM films strongly decreased with film thickness, reflecting the overall weakening of the
network of ionic connections. Finally, we show that the ductility of all-star films was more affected by
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salt annealing than all-linear films, which agrees with previous reports of faster salt-induced diffusion of

rsc.li/soft-matter-journal polyelectrolytes in PEM films composed of star polymers.
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Introduction

Polyelectrolyte multilayers (PEMs) have emerged as a significant
class of polymer coatings with a broad range of applications,
including bioactive delivery vehicles, separation membranes,
biosensing devices, and coatings to modulate biological-surface
interactions."™® Composed of alternating layers of polyanions
and polycations, PEMs exhibit a distinct combination of
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mechanical and chemical properties that can be finely tuned
through various methods, such as polyanion/polycation binding
strength,'®™* assembly pH,"? salt type/concentration,"*'® tempera-
ture,”” post-deposition annealing conditions,"®® and other
environmental stimuli.’* Due to the nanoscale thicknesses
of PEMs, their mechanical stiffness, quantified by Young’s
modulus, is not commonly reported and remains poorly under-
stood. Understanding correlations between molecular proper-
ties (such as chemical makeup, molecular architecture, and
charge density), intermolecular binding, and mechanical prop-
erties of PEMs as deposited and after exposure to environmen-
tal stimuli (e.g., biological conditions) is essential for designing
their properties for targeted applications.

A variety of techniques have been used to measure the
mechanical properties of thin polymer films, including atomic
force microscopy (AFM), strain-induced elastic buckling
instability for mechanical measurements (SIEBIMM), and most
commonly, nanoindentation. Multiple studies of mechanical
properties of PEMs composed of linear polyelectrolytes used
nanoindentation to explore the effect of assembly pH on the
Young’s modulus of the films.>** These prior studies were
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performed with multilayers of poly(allylamine hydrochloride)
(PAH) and poly(acrylic acid) (PAA) having solution pK, ~9
and ~4.5, respectively, assembled from pH 2, 4, and 6.5.>!
The highest Young’s modulus of ~150 MPa was reported for
PAH/PAA PEMs assembled from pH 6.5, where both polyelec-
trolytes were highly charged and grew the slowest. In contrast,
the faster growing PAH/PAA films assembled from pH 2, where
PAA had a low fraction of ionized groups, showed a Young’s
modulus over two orders of magnitude lower than PAH/PAA
assembled from pH 6.5.>' In another nanoindentation study of
dry PAH/PAA PEMs exposed to ambient air, Young’s modulus
was in the GPa range, and assembly pH was also found to
strongly affect PEM mechanical properties.”> When PAH was
assembled from pH 7.5 and PAA from pH 3.5, the charge on the
polyelectrolytes and degree of ionic pairing were reduced,
leading to thicker bilayers and a resulting lower hardness and
Young’s modulus compared to the films in which both PAH
and PAA were assembled from the same pH (pH 6.5 or pH 3.5).
This behavior was suggested to stem from the diffuse internal
film structure, allowing easier deformation to accommodate
the indenter tip.>> A similar conclusion of the highest Young’s
modulus occurring in slow-growing PEMs at the highest overall
ionization of the individual components was found using
PAH with a carboxylated azobenzene-containing polyelectrolyte
(P-Azo, pK, ~3.3).”® These studies related the observed trends
mainly to strength of ionic pairing, showing that the slowest
growth and highest Young’s modulus occurred when both
polyelectrolytes were highly charged with the highest degree
of ionic pairing. Previously, our group used nanoindentation on
nonionic, hydrogen-bonded films, correlating thin, linear film
growth with stratified internal structure, lower swelling, and a
high Young’s modulus (~12 GPa) that did not change signifi-
cantly in a wet state.**

Another way to explore mechanical properties of ultrathin
polymer films is the SIEBIMM technique, which has also
previously been employed for PEM films.>>*® The SIEBIMM
technique offers a precise method for evaluating the mechan-
ical properties of thin films through differing elastic buckling
of the polymer films and the substrate they are deposited on,
typically polydimethylsiloxane (PDMS). In this technique, a low
mechanical strain is applied to the coated PDMS inducing
‘wrinkles’ with measurable buckling wavelengths that are used
to determine the Young’s modulus of the thin film (see
Materials and methods). The technique is particularly advanta-
geous for PEMs over other mechanical measurement techni-
ques, such as atomic force microscopy and nanoindentation,
as these force-based techniques can give inflated Young’s
modulus values for thin films due to the proximity of the hard
substrate.”” Yet, for very thin films (sub-200-nm thick), propa-
gation of error using the SIEBIMM technique may lead to high
uncertainty below a specific “cut-off” point, primarily dictated
by the standard deviation of the buckling wavelengths (see
ESIt). In a previous report, this limit was set at ~80 nm,>” but
the cut-off of a specific system may change based on differing
magnitude of Young’s modulus, use of equipment with differ-
ing resolution, or nonuniformity of the samples. Still, the
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SIEBIMM technique allows compliance measurements of sub-
micron films with high precision without requiring specialized
equipment.>’?° By analyzing the buckling patterns and the
associated strain, we can understand how changes in ionization
and molecular architecture influence the mechanical stiffness
of PEMs.

Additionally, SIEBIMM allows the investigation of potential
dependences of film thickness on the Young’s modulus,
not limited by penetration depth as in nanoindentation and
AFM. While Young’s modulus is fundamentally a thickness-
independent material property for homogeneous materials,
previous reports have shown that PEMs are not necessarily
homogeneous throughout the film perpendicular to the surface
of the substrate.’® The PEMs can contain up to three zones of
differing properties,®! including a thin region near the sub-
strate with slower diffusion, the bulk internal region, and a thin
region near the film surface with faster diffusion.’>** Also,
PEMs can change growth regimes from nonlinear to linear as a
function of layer thickness,>*>° leading to differences in
the internal structure of the film. It is important to note that
when using the SIEBIMM technique, the PEMs are treated as
mechanically homogeneous materials throughout their entire
thickness. Consequently, changes in Young’s modulus for films
of different thickness can reflect changes in the internal film
structure in the direction perpendicular to the film surface.

Previously, the SIEBIMM technique was used for PAH/PAA
PEMs assembled from pH 3.5, 4, and 7.5/3.5, with the authors
reporting no significant effects of assembly pH on the overall
Young’s modulus (~9-10 GPa at 20% relative humidity).>®
However, for PEMs of thickness 60-300 nm assembled from
pH 4 and 7.5/3.5, the authors reported a thickness-dependent
Young’s modulus, possibly due to different chain conforma-
tions due to substrate interactions.>® This thickness depen-
dence was also reported for PAH/poly(styrene sulfonate) (PSS)
PEMs assembled from pH 3, highlighting the importance to
measure Young’s modulus values for PEMs at a range of
thicknesses for reliable and accurate measurements.>”*’

As described thus far, in the case of weak polyelectrolytes,
the pH of the assembly solutions plays a key role in determin-
ing the electrostatic interactions between the layers, which
in turn affects the mechanical properties of the multilayers.
Previously, polyelectrolyte complexes containing star poly-
electrolytes have been shown to have higher salt resistance,
while having similar mechanical properties, as their linear
counterparts.®® Yet, to the best of our knowledge, all prior work
on mechanical measurements of PEMs involved linear poly-
electrolytes, while the role of molecular architecture on PEM
stiffness remained unexplored. While linear polyelectrolytes
have elongated chains that may form more ordered multilayer
structures,®” star polyelectrolytes, characterized by multiple
arms radiating from a central core, present a unique case.*
Unlike linear polyelectrolytes, star polyelectrolytes have a high
degree of branching that leads to more interconnected net-
works within the multilayers and distinct physicochemical
properties, such as uniform morphologies, enhanced stimuli-
responsiveness, and higher diffusion rates.>”**!

This journal is © The Royal Society of Chemistry 2025
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In previous works, our group laid down a foundation for the
fundamental understanding of star polyelectrolyte behavior
within PEMs and showed higher diffusion rates and higher
salt sensitivity of star polyelectrolytes compared to linear
counterparts within layer-by-layer assemblies.®*>** However,
correlations between the molecular structure, ionization of
assembled polyelectrolytes, and mechanical properties of PEMs
containing star polymers remained unexplored. In this paper,
we use the SIEBIMM technique to compare the Young’s mod-
ulus of films assembled from different assembly pH, influen-
cing the degree of ionization of the weak polyelectrolytes—
poly(2-aminoethyl methacrylate) (PAMA) and poly(methacrylic
acid) (PMAA) — with differing polymer architecture (linear vs.
8-arm star polymer). We believe that the insights of this study
can be used for tailoring mechanical properties of PEM materi-
als for applications across a wide range of technological and
industrial fields.

Results and discussion

Growth regimes and ionization of PAMA/PMAA multilayers

Linear and 8-arm star PAMA (LPAMA and SPAMA, respectively)
were assembled with linear and 8-arm star PMAA (LPMAA and
SPMAA, respectively) into PEMs, as shown in Fig. 1A, from
solutions adjusted to a wide range of pH values (pH 3-11) to
investigate the effect of ionization of the weak polyelectrolytes
PAMA and PMAA on the growth of the PEMs. These linear and
star polyelectrolytes were synthesized and characterized in our
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Fig. 1 (A) Chemical structures and schematics representing the compo-

nents and assemblies of linear and star PAMA and PMAA LbL films.
(B) Growth curves of PAMA/PMAA LbL films assembled at pH 3, 5, 7, 9,
and 11, as measured by spectroscopic ellipsometry. Error bars are averaged
from six measurements. (C) Growth per bilayer (i.e., a single layer of PAMA
with a single layer of PMAA) of the LbL films assembled at each pH.
Thickness per bilayer values were obtained from linear regression analysis
of the linear regions of each growth curve (see Fig. S1 and Fig. S2, ESI¥).
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prior work,*>** and their molecular weights and number of
units are provided in Fig. 1A. The linear and star counterparts
(i.e., LPAMA vs. SPAMA and LPMAA vs. SPMAA) had nearly
matched molecular weights, only differing in number of arms.
These molecular weights and number of arms were chosen to
isolate the effects of polymer architecture on the resulting film
properties. Furthermore, we selected the range of pH values
from 3 to 11 to evaluate the full range of ionic pairing strength.
Because the reported pK, values for PAMA and PMAA
in solution are 7.6*>*® and 6-7,"**"* respectively, and the
effect of PEM environment on the pK, of the assembled weak
polyelectrolytes,” we expected to have reduced charge on PMAA
below pH 5, reduced charge on PAMA above pH 8-9, and
maximized charge on both PMAA and PAMA near pH 6-7.
Fig. 1B shows that at pH 3 and 5 film growth was slower and
more linear, whereas at pH 7 and pH 9 the films accumulated
mass more rapidly and transitioned from nonlinear growth to
linear growth after 4-6 bilayers. At pH 11, no growth occurred
up to 8 bilayers, likely due to the drastically reduced charge on
PAMA. As shown in Fig. 1A, PAMA has a lower molecular weight
and about half the amount of monomer units than PMAA; this
comparably reduced size can further contribute to the steep
drop-off in growth observed between pH 9 and 11. In Fig. 1C, a
clear maximum growth occurred at pH 7 with ~23 nm per
bilayer, obtained from linear regression analysis within the
linear regions of the growth curves. The slightly reduced growth
rate at pH 9 as compared to pH 7 is due to some loss of charge
on PAMA in the solution at pH 9. The linear growth regions
were identified in Fig. S1 (ESIf) by a constant deposited
thickness per bilayer, and occurred after 2 bilayers for pH 5,
4 bilayers for pH 7, and 6 bilayers for pH 9. The linear
regressions for each assembly pH are provided in Fig. S2 (ESIT).

The observed rapid growth near neutral pH (where ioniza-
tion is the highest) is different than many reported linear PEM
systems containing at least one weak polyelectrolyte (PAH/
PSS,'**! PDADMAC/PAA,"*”* PAH/PAA,**”3*°* etc.) that show
the most compact, thinnest growth at pH values where the
charge density is maximized. Previously, Schlenoff et al
explored in detail how binding strength of polyelectrolyte
complexes is affected by factors such as type of ionic function-
ality and hydrophilicity, and correlated loosely with water
content.>® In our case, while there are differences in the side
group chemistry, hydrophobicity, and chain flexibility between
PAMA/PMAA and the previously studied polyelectrolyte sys-
tems, one major difference between our PAMA/PMAA system
and these previous systems is the gap between the pK, values of
the polycation and polyanion. In particular, the weak/weak
polyelectrolyte system with PAH and PAA has pK, values in
bulk solution of ~8-9 and ~4.5,>" respectively, exhibiting a
wide gap of about 4 pH units before assembly, and allowing full
ionization of both PAH and PAA in the range of pH 6 to 8 within
the assembled films.>* In contrast, the pK, values of PAMA and
PMAA (7.6 and 6-7)""*"*° have a gap of only about 1 pH unit,
which likely reduces the range of expected ‘“maximum” ioniza-
tion to only around pH 7, with reduced ionization on PAMA
or PMAA when deviating from neutral pH. Furthermore, film
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growth rates of PEMs containing star polymers have exhibited
more complex trends. For PAH/PAA assembled from pH 7.5,
PEMs containing star PAA (32-arm) grew exponentially and
faster than their linear counterparts, attributed to higher inter-
layer chain diffusion.’® Similarly, in another study, poly(2-
(dimethylamino)ethyl methacrylate) PDMAEMA (19-arm)/PAA
(24-arm) were assembled from pH 6, and the all-star PEMs
grew ~3x faster than the all-linear PEM.*" Yet, for PDMAEMA
(18-arm) and PAA (21-arm) with larger molecular weights
assembled from pH 6, the differences in growth were less
pronounced, with all-star films still experiencing exponential
growth, albeit at a slightly slower pace compared to the all-
linear films.?”

In our system, we attribute the rapid growth near neutral pH
to a higher diffusivity rate of the components within the highly
charged film than in the likely kinetically trapped, non-
equilibrated acidic assembly conditions. A similar behavior
was previously reported for PDMAEMA/PMAA and PTMAEMA
(fully quaternized PDMAEMA)/PMAA PEM systems and related
to the kinetic stability of the components assembled as com-
plexes in solution.'® Similar to our work, the gap between the
reported pK, values of PDMAEMA and PMAA (6.7 and 6.5,
respectively) is small. The film structure for PDMAEMA/PMAA
PEMs, studied via neutron reflectometry, was shown to be
completely intermixed for the exponentially growing PEMs
and stratified for the PEMs displaying linear growth."? In our
work, while complete intermixing may not occur as in the case
of exponential films, we expect more diffuse layers at assembly
pH 7 and 9 than those assembled at pH 3 and 5, represented
schematically in Fig. 2 using star polyelectrolytes.

Using attenuated total reflectance Fourier transform infra-
red spectroscopy (ATR-FTIR), we then sought to explore differ-
ences in ionization of PMAA within the PEMs to relate to the
mechanical properties of the film. Comparison of the infrared
spectra of the PEMs with the individual components at pH 3
and pH 9 enabled identification (Fig. S4, ESIt) and deconvolu-
tion (Fig. S5 and S6, ESIt) of relevant peaks for the carbonyl

Slow, linear growth > stratified IayerS'

Rapid, nonlinear growth > diffuse layers:

Fig. 2 Graphic representation of slow growing SPAMA/SPMAA films with
stratified layers and rapid growing SPAMA/SPMAA films with diffuse layers.
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groups in PAMA and PMAA. As discussed before, the reported
pK, values for PAMA and PMAA are 7.6 and 6-7 in solution,
respectively,"#*>™° but weak polyelectrolytes in PEMs are
known to have shifted pK, values with respect to their indivi-
dual solution behavior due to induced charges.*®>*?78
In Fig. 3A, we show that the PMAA ionization trends of the
PEMs have an apparent pK, shifted to a lower pH, with 50%
ionization near pH 5. Although we also expect a shift of the pK,
of PAMA (i.e., an increase from its solution value of 7.6) within
the multilayers, quantification of the ionization of PAMA within
the films proved difficult due to the low intensity of these
peaks compared to PMAA, along with spectral overlap in the
1600 cm™" (N-H bending vibrations due to primary amines
NH,) and 1520 cm™ ' (N-H bending due to NH;*) regions.
Additionally, the PEMs assembled from acidic solutions (pH 3
and 5, Fig. S5 and S6, ESIt) show larger peaks for hydrogen-
bonded COOH dimers between/within the PMAA chains than
those assembled at pH 7 and 9. These trends for hydrogen
bonding at lower pH values and higher ionization of PMAA at
higher pH values are represented schematically in Fig. 3B.%%°
Finally, analysis of the water bending peak at 1640 cm™
allowed for comparison of the relative water content for each
assembly pH, showing that the films assembled from acidic
pH, where hydrogen bonding is stronger and more prevalent,
contained less water than those assembled at pH 7 and 9
(Fig. S7, ESIY).

While the pH dependence of PMAA ionization and the
overall mass per bilayer, and thus the density of ionic pairing,
appeared to be similar for linear and star films, we then
investigated whether molecular architecture alone could influ-
ence the mechanical properties of the films.

1

Young’s modulus of as-deposited PAMA/PMAA PEM films

To determine the Young’s modulus of the dry PAMA/PMAA
PEMs, films of different thicknesses were deposited on PDMS
substrates and subjected to uniaxial tensile force to create
visible wrinkles on the surface, which were then observed
under optical microscopy. Using the SIEBIMM technique, the
Young’s modulus of each PEM film was calculated based on the
thickness of the PEM film, as measured by spectroscopic
ellipsometry, and the resulting buckling wavelength of the
wrinkles, as measured by image analysis of optical micro-
graphs. In-depth procedural details of the image analysis are
provided in the ESI.f As mentioned before, it is important to
remember that the SIEBIMM technique assumes homogeneity
throughout the PEM film, measuring an average modulus that
can mask the variations of mechanical properties across the
film thickness.

In Fig. 4, the buckling wavelengths of all PEM films are
plotted against dry film thickness. All mechanical measure-
ments were taken in similar ambient conditions, ranging from
54-57% relative humidity and 20.8-21.6 °C. Changes in the
environmental conditions, particularly humidity, have been
shown to affect the Young’s modulus of PEMs previously.®!
However, the minor changes in the recorded humidity and
temperature during our measurements are unlikely to have

This journal is © The Royal Society of Chemistry 2025
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and 0.946 (pH 9). For panel B, the R? values are 0.989 (pH 3), 0.997 (pH 5),
0.991 (pH 7), and 0.998 (pH 9).

significant effects. Also, as shown in Fig. S8 (ESIY), the strain
rate did not appear to influence the buckling wavelength in
these measurements, with strain rates of 5 >< 10’4 ! yielding
similar buckling wavelengths as 2.5 x 10~* s~" and stationary
measurements after wrinkles were formed.

Fig. 4A and B illustrate that the buckling wavelength exhib-
ited distinct variations in relation to film thickness between
LPAMA/LPMAA and SPAMA/SPMAA films. The linear trendlines
of the buckling wavelengths for LPAMA/LPMAA PEMs show
lower R* with increasing assembly pH, indicating a greater
thickness dependence at higher pH (Fig. 4A). In contrast, in
star-containing films (Fig. 4B), the consistently high R* values
and overlap of the buckling wavelengths for each assembly pH
suggest that the Young’s modulus remains relatively constant,
irrespective of the film thickness or assembly pH.

The Young’s modulus values for all as-deposited PEMs (Ey),
calculated from the buckling wavelengths in Fig. 4, are shown
in Fig. 5. In these Figures, the range of film thicknesses below
~150 nm is shaded due to high error. Because E; is on the

This journal is © The Royal Society of Chemistry 2025
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ments of thin (<150 nm) PEM films which showed the strongest scatter.
The error bars on all data points were calculated according to the
propagation of error analysis detailed in the ESI.{

order of (4/d;)?, where / is the buckling wavelength in micro-
meters and d; is the film thickness in nanometers, the propaga-
tion of error for thin films is significant. The detailed analysis
of this propagation of error is provided in the ESI.f The high
error for thin films is in line with the previous report that the
accuracy of SIEBIMM is limited by the thickness of the PEM
film on PDMS (>70 nm),*” although it is still more accurate at
lower thicknesses than nanoindentation (often requiring
micron-thick samples). Additionally, the proximity of the sub-
strate to the film surface in this near-substrate thickness range
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may influence the apparent compliance of the film.>” There-
fore, in our work, the Young’s modulus of films with thick-
nesses below approximately 150 nm has not been further
explored and the data points in this range are excluded from
linear regression for pH 5, 7, and 9.

Comparison of films with thicknesses greater than 150 nm
shows that at pH 3 (Fig. 5A) and 5 (Fig. 5B), the Young’s
modulus values of LPAMA/LPMAA and SPAMA/SPMAA were
similar at about 4-5 GPa, suggesting that the thin stratified
layers interact strongly and similarly between the linear and
star systems. At these conditions, the hydrogen bonding occur-
ring from acidic assembly conditions (Fig. 3B) can also help
strengthen the films. Also, as shown in Fig. S7 (ESIt), the PEMs
assembled from pH 3 and pH 5 contained less water than those
assembled at pH 7 and 9, likely strengthening the film. The
linear and star PEMs assembled at pH 5 showed relatively low
swelling ratios (~150% of original thickness) that were inde-
pendent of the original film thickness when exposed to phos-
phate buffer solution at matched pH as assembly (Fig. 6A),
further highlighting a lack of thickness dependence at assem-
bly pH 5. In these swelling experiments, the PAMA/PMAA films
of differing thickness were exposed to 0.01 M phosphate buffer
that was pH adjusted to match the assembly conditions of the
PEMs, and the change in thickness of the films were measured
over time via in situ spectroscopic ellipsometry until the film
thickness plateaued, indicating that the film was fully swollen.
The swelling ratio was calculated from the initial dry thickness
and the fully swollen thickness. Phosphate buffer was selected
in both the assembly and swelling of PEM films to maintain
constant pH with constant low ionic strength.

The modulus values for pH 3 and 5 PAMA/PMAA assemblies
are also on the same scale as those obtained in previous work
conducted by Nolte et al.”” using SIEBIMM for PEMs of weak/
strong linear polyelectrolytes PAH/PSS at pH 2. In their study,
both PAH and PSS were assumed to be fully charged. The PAH/
PSS PEMs grew at a rate of approximately 2 nm per bilayer and
had a modulus value of 5 to 6 GPa.”” These values are compar-
able to the growth rate and modulus values of PAMA/PMAA
PEMs that were assembled at pH 3 and 5 in this work
(~3-5 nm per bilayer, 4-5 GPa), although PMAA ionization in
this case is expected to be the lowest.
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However, for assembly pH 7 and 9 (Fig. 5C and D) where the
PEM growth was rapid and nonlinear, we observed notable
differences in the magnitude and, for pH 9 specifically, thick-
ness dependence of the Young’s modulus between the linear
and star PEMs with thicknesses greater than 150 nm. The most
striking result is the high value of Young’s modulus of SPAMA/
SPMAA PEMs (4-5 GPa) assembled at pH 9 compared to
LPAMA/LPMAA PEMs (2-4 GPa). A similar result, although less
stark, was observed for the films assembled at pH 7, where star-
containing films also showed a higher Young’s moduli than
LPAMA/LPMAA films (4 GPa versus 2.5 GPa). The linear and star
PEMs assembled at pH 7 also showed swelling ratios that were
independent of the film thickness, with star PEMs swelling
slightly less than the linear PEMs (Fig. 6B).

Another distinction is that the Young’s modulus and swel-
ling ratios of SPAMA/SPMAA PEMs across all tested pH values
remained independent of film thickness, while the LPAMA/
LPMAA PEMs assembled from pH 9 exhibit a distinct thickness
dependence, showing a decrease in Young’s modulus from
5 GPa to 1 GPa for films approximately 500 nm thick. This
behavior in the pH 9 films that displayed nonlinear, rapid
growth was further investigated with in situ swelling experi-
ments (Fig. 6C), showing that the swelling ratio of all-linear
films increased significantly with original film thickness (from
140% at 100 nm to 230% at 350 nm), while the swelling ratios
of all-star films again remained constant with thickness
(~170%). The high swelling of PEM films at pH 9 is likely
related to the mismatch in PAMA/PMAA charge densities
stemming from the assembly pH. As shown in Fig. S3 (ESIt),
FTIR analysis indicated an increase in the ratio of PAMA within
the films with the increase of assembly pH, resulting in the
highest ratio of PAMA at pH 9.

To determine the cause of the decrease in Young’s modulus
and increase in swelling for thicker all-linear pH 9 films,
we compared the FTIR spectra of thin films (~150 nm) to
thicker films (~350 nm) to see if the ratio of PAMA changes
with film thickness (Fig. S9, ESIt). Since there were no statis-
tically significant differences with film thickness, we believe the
thickness-dependent Young’s modulus and swelling of linear
films assembled from pH 9 can be explained by the difference
in the molecular film layering in regions near the surface, near
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the substrate, and in the bulk, and differing growth regimes
with film thickness. Specifically, previous neutron reflectome-
try studies have shown that films are more stratified near the
substrate and become increasingly intermixed farther away,
even in the case of linearly-growing films.®>®® The weak bind-
ing of polyelectrolyte chains due to the reduced ionization of
PAMA at pH 9 further favors such chain intermixing and the
larger film swelling of thicker all-linear films at this pH
(Fig. 6C). In contrast to linear chains, star molecules are more
compact, have higher local unit density, and are more rigid,
resulting in SPAMA/SPMAA binding that resists excessive
swelling.

Altogether, the above results indicate that all-star films are
more robust, demonstrating thickness- and pH-independent
swelling and Young’s modulus, and are stronger than all-linear
PEMs at high pH. Our results indicate that weak star polyelec-
trolytes interact in a more uniform bulk spatial distribution
within a wide pH range, even within the thicker films which
involve significant molecular interdiffusion. These results add
on to the prior studies of Young’s modulus for weak linear
PEMs (e.g., PAH/PAA),*>*° which correlated Young’s moduli
mainly with ionic pairing. Here, we show that in addition to
ionic pairing, molecular architecture plays a critical role in
defining mechanical properties of PEMs. Specifically, we sug-
gest that the Young’s modulus of PEMs is not solely determined
by the extent of ionic pairing but also by the connectivity and
topology of the network formed through ionic and covalent
interactions, which can be tuned by the molecular architecture
and assembly conditions.

Mechanical properties of LPAMA/LPMAA and SPAMA/SPMAA
PEM films after salt annealing

So far, we have shown that as-deposited PEMs containing star
polyelectrolytes have more uniform mechanical properties than
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their linear counterparts based on their pH-independent
Young’s modulus values. Next, based on our previous work
on the salt-induced diffusion of star and linear polymers in
PEMs, we aimed to explore how polymer architecture affects the
mechanical properties after salt annealing. To achieve this,
we exposed the as-deposited PEMs to 0.5 M NaCl solutions at
matched pH as assembly and measured the remaining thick-
ness to assess salt stability. All PEM films assembled from pH 5,
7, and 9 remained at the surface after salt exposure with
negligible changes in thickness (Fig. S10, ESIt). However, PEMs
assembled from pH 3 were not used for mechanical testing
after salt exposure due to delamination of the LPAMA/LPMAA
PEMs. The addition of salt to the LPAMA/LPMAA films
assembled from pH 3 likely weakened the low amount of ionic
pairing within the film, leading to delamination. The higher
stability of salt-annealed SPAMA/SPMAA films assembled from
PH 3 is consistent with previous reports of star-based polyelec-
trolyte complexes in solution, which showed higher stability in
salt conditions than their linear counterparts.®® The infrared
spectra of the PEMs (Fig. S11, ESIt) showed a slight decrease in
PMAA ionization after salt exposure, which was more signifi-
cant for LPAMA/LPMAA PEMs, consistent with previous reports
of salt screening on ionic pairs and resulting protonation of
carboxylic acid groups.*?

However, as shown in Fig. 7A, when applying stress to the
salt-annealed PEMs, the critical wrinkle strain was much larger
(>10%) for all samples, except LPAMA/LPMAA pH 5, than the
as-deposited PEMs (~3% strain). The critical wrinkle strain
refers to the applied tensile strain at which sufficient wrinkling
occurs, in our case often associated with formation of cracks in
the film, with higher values indicating greater film ductility.>®
Furthermore, the induced wrinkles at high strain on both pH 9
samples and the SPAMA/SPMAA pH 5 sample had a wider range
of wavelengths after salt annealing (Fig. S12, ESIt), making
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modulus values difficult to calculate. The same behavior
occurred for both samples at pH 7, requiring high strain to
be applied before wrinkles were formed (Fig. S13, ESIY).
To address this, only the wrinkles that spanned across two
cracks were used rather than the short wrinkles that only
appeared at the periphery of the cracks (Fig. S12, ESIt). The
salt screening and rearrangement of ionic pairing after salt
annealing and rinsing caused an increased lateral and
perpendicular diffusion of the polyelectrolytes.'®** The inhib-
ited formation of wrinkles and cracking (i.e., enhanced elonga-
tion at break) in these salt-annealed PEMs is attributed to an
increased ductility caused by the exposure to salt solutions.

In contrast to SPAMA/SPMAA system, the LPAMA/LPMAA
PEMs assembled at pH 5 formed cracks and wrinkles under low
strain (5% strain, Fig. 7A) under the same salt annealing
conditions as SPAMA/SPMAA. The higher ductility of SPAMA/
SPMAA PEMs assembled from pH 5 than LPAMA/LPMAA PEMs
correlates with a higher salt-induced diffusivity of the star
polymers within the films, which agrees with previous reports
of star PEMs.*>*>%3

Lastly, Young’s modulus values before and after salt anneal-
ing, shown in Fig. 7B, did not appear to change significantly for
nearly all films except SPAMA/SPMAA at assembly pH 9. How-
ever, it is critical to note that the SIEBIMM technique is
accurate at low strain, typically <10%, so the Young’s modulus
values calculated at strains above 10% should be considered
with some hesitancy. In the SIEBIMM equation (see Materials
and methods), we assume that the PEM film is glassy, with a
Poisson’s ratio (v¢) of 0.33, but this assumption may not hold
true in the salt-annealed conditions. If the Poisson’s ratio
increases, i.e., the film deforms more significantly in response
to perpendicular applied strain, the calculated Young’s mod-
ulus would in fact decrease from what is shown. The resulting
increase in compliance may also necessitate the higher strain
required to form wrinkles.

Yet, while Young’s modulus and ductility often change
together, it is possible for the PEM to become more ductile
without compromising the stiffness. We suggest that in the
salt-annealed SPAMA/SPMAA PEMs assembled from pH 5,
where the ductility increases significantly but the stiffness
remains similar, the ionic screening may promote some reor-
ganization of the multilayers, increasing the film’s ability to
deform, without significantly changing its initial network of
ionic and hydrogen-bonded pairs. Yet, the reduced modulus
for the star PEMs assembled at pH 9 correlates well with the
high sensitivity of star-containing-films to exposure to salt
solutions.*®***3 These results show that salt annealing can
be used to increase ductility while potentially maintaining the
stiffness of the PEM films, particularly in star-containing films
assembled from acidic conditions.

Conclusions

In this paper, we compared the growth, ionization, swelling,
and mechanical properties of all-linear versus all-star (8-arm)
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weak PEM films assembled from PAMA and PMAA under
varying assembly pH conditions. Our findings revealed that
the growth and ionization characteristics of these PEMs are
influenced by the assembly pH, with minimal impact of the
polymer architecture. Notably, films assembled in acidic con-
ditions, where PMAA has low ionization, exhibited slow, linear
growth and generally higher Young’s moduli compared to those
assembled at neutral or slightly alkaline conditions, where
nonlinear growth occurred.

However, when assembled from neutral or slightly alkaline
conditions, the impact of polymer architecture was more
pronounced in the swelling ratio and Young’s modulus of the
PEMs. Films containing star polyelectrolytes were stiffer and
demonstrated more robust mechanical behavior as compared
to their all-linear counterparts, including thickness- and pH-
independent swelling and Young’s modulus, as well as higher
Young’s modulus values. Lastly, we show that salt annealing
the PEM films led to an increased ductility, and this effect was
the most pronounced in films containing star polyelectrolytes.

Experimental

Materials

Linear PAMA, 8-arm PAMA, linear PMAA, and 8-arm PMAA
(denoted LPAMA, SPAMA, LPMAA, and SPMAA, respectively)
were synthesized as described previously.**** The molecular
weights of PMAAs were calculated from the number of mono-
mer units provided in our previous work,”® with LPMAA con-
taining 695 monomer units (60 kDa) and SPMAA containing
767 monomer units (66 kDa). The molecular weights of PAMAs
were calculated from the degree of polymerization provided in
our previous work,** with LPAMA containing 310 monomer
units (40 kDa) and SPAMA containing 320 monomer units
(41 kDa).

Sodium phosphate monobasic dihydrate, hydrochloric acid,
sodium hydroxide, and branched poly(ethylenimine) (750 kDa;
Sigma-Aldrich, Saint Louis, MO, USA) were used as received.
Silicon wafers (University Wafer, Inc., South Boston, MA, USA;
(100) orientation, undoped, 0-100 Q cm resistivity) and
polydimethylsiloxane (PDMS; cured from Sylgard 184 Silicone
Elastomer Kit Clear; Dow Chemical Company, Midland, MI,
USA) were used as substrates for multilayer deposition. Ultra-
pure Milli-Q water (MilliporeSigma, Burlington, MA, USA) with
a resistivity of 18.2 MQ cm was used in all LbL experiments.

Substrate preparation

To prepare the substrates for layer-by-layer (LbL) deposition of
PAMA and PMAA, PDMS substrates were cured from a 10:1
mixing ratio of elastomer base to curing agent by volume. The
mixture was poured into lids of Petri dishes to about 2 mm
thick and placed flat under vacuum for 30 min to remove any
contained air bubbles. The mixture was then cured at 25 °C and
ambient pressure for at least 24 h, and the cured PDMS was
cut into 0.5 cm x 3 cm X 2 mm substrates. For basic
characterization (i.e., ellipsometric growth curves and infrared

This journal is © The Royal Society of Chemistry 2025
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spectroscopic analysis), undoped silicon wafers were cut into
1 cm x 1 cm squares and cleaned under ultraviolet light for at
least 8 h.

Then, the silicon and PDMS substrates were cleaned by
exposure to high RF level plasma generated from room-
temperature ambient air for 60 s (Basic Plasma Cleaner PDC-
32G 115V, Harrick Plasma, Ithaca, NY, USA) to remove organic
contaminants and generate negatively charged silanol groups
on the surface.

Layer-by-layer (LbL) film deposition

All solutions used for LbL deposition, i.e., phosphate buffer
(PB) rinses (0.01 M), LPAMA, LPMAA, SPAMA, and SPMAA (all
0.2 mg mL~" in 0.01 M PB) were adjusted to pH 3, 5, 7, 9, or 11
by additions of 0.1 or 0.01 M NaOH or HCI. All polyelectrolyte
solutions were left to dissolve overnight and filtered once with
0.45 um PTFE syringe filters (Scientific Strategies, LLC, Rush
Springs, OK, USA) to remove dust and contaminants before LbL
deposition.

Prior to the deposition of LbL films, the substrates were
removed from the plasma cleaner (see prior section on Sub-
strate preparation), immediately placed in a BPEI solution
(0.2 mg mL™" in Milli-Q water, adjusted to pH 9) for 45 min
to prime the substrates with a monolayer of positively charged
BPEI, and rinsed with 0.01 M PB at the specified pH of the
deposition (i.e., pH 3, 5, 7, 9, or 11). This priming step also
functions to standardize the surface of the silicon wafers and
PDMS substrates for further deposition.

To construct the growth curves for each pH, BPEI-primed
silicon wafers were manually dipped into LPMAA or SPMAA
solutions for 5 min and rinsed thoroughly in PB solution for
30 s to build the full ‘prime bilayer’, i.e., the thickness at
‘0 bilayers’ in the growth curves. To continue the growth curves,
the silicon wafer was dipped into LPAMA or SPAMA solutions
for 5 min, rinsed thoroughly in PB solution for 30 s, dipped into
LPMAA or SPMAA for 5 min, and rinsed again in PB solution for
30 s to complete a bilayer. This process was repeated, and the
dry film thickness was measured every two or five bilayers via
spectroscopic ellipsometry.

For SIEBIMM experiments, the PAMA/PMAA multilayers
were deposited on BPEI-primed PDMS substrates using a
dipping robot (DR-3 Table Top Dipping Device, Riegler &
Kirstein GmbH, Potsdam, Germany). For all PAMA/PMAA
films, the PDMS substrates were held vertically in tweezers
to be first dipped into the LPMAA or SPMAA solutions for
5 min and withdrawn at a speed of 1 cm s~ ", followed by two
PB rinsing steps (10 fast dips in both rinse beakers), then
dipped into LPAMA or SPAMA solutions for 5 min and with-
drawn at a speed of 1 cm s, followed by two PB rinsing steps
(10 fast dips in both rinse beakers). This process was repeated
until the desired film thickness as determined by spectro-
scopic ellipsometry. All films were capped with either LPMAA
or SPMAA.

Comparing our thickness measurements with matched
bilayer numbers between manual deposition on silicon and

This journal is © The Royal Society of Chemistry 2025
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robot deposition on PDMS, we saw differences in thickness of
about 10%, with thicker deposition using the robot on PDMS.

Ellipsometry

Measurements of the thickness and refractive index of the
PAMA/PMAA LbL films on either silicon or PDMS substrates
were characterized using a M-2000 automated-angle spectro-
scopic ellipsometer with CompleteEASE software (J. A. Woollam
Co., Inc., Lincoln, NE, USA). Dry film measurements were
collected at three different locations and at four incidence
angles: 45, 55, 65, and 75°. To fit the ellipsometric data on
silicon wafers, the dry polymer film on the wafer was treated as
a graded layer of Cauchy material with the thickness d atop a
silicon and native oxide layer. For measurements on PDMS
substrates, treated as a graded layer of Cauchy material with
the thickness d atop a Cauchy substrate (A = 1.400, B = 0.00433,
C = 0.000). Fitting coefficients and thickness d were fitted
simultaneously.

Swelling data were collected from PEMs deposited on silicon
wafers and attached to glass slides using thermal glue. Prior to
filling the wet cell with pH adjusted PB, the dry film thickness
was measured in the cell for an accurate calculation of the
swollen thickness. In situ ellipsometric measurements were
taken at 75° until a constant swollen thickness was reached
(~30 min). Wet-cell measurements of swollen polymer films
required the addition of a fourth layer to the model to account
for the refractive index of the solvent.

Attenuated total reflection - Fourier transform infrared
(ATR-FTIR) spectroscopy

A Bruker Tensor II spectrometer equipped with a mercury
cadmium telluride detector and an ATR diamond crystal (Bruker
Optik GmbH, Ettlingen, Germany) was used for collecting
ATR-FTIR spectra. The spectra were obtained with 96 scans in
the 500-4000 cm " spectral range with a resolution of 2 em™™.

For peak identification, a monolayer of LPAMA, SPAMA,
LPMAA and SPMAA (dissolved in ultrapure water) was
deposited on a diamond ATR crystal by solution evaporation,
and an infrared spectrum was collected under a constant
stream of nitrogen gas to inhibit water absorption from
the air. Relevant peaks were identified and deconvoluted in
Image].

The IR spectra of the LbL films were collected from PAMA/
PMAA films deposited on undoped silicon wafers from pH 3, 5,
7, and 9 (>200 nm to increase sensitivity). To calculate the
degree of ionization of PMAA within the films, the following
equation was used.

B Absorbance,ssgem-1
Absorbance,7pgm-1 + Absorbance;ssgem-1

%ion. x 100%

To calculate the percentage of PAMA within the films, the
following equation was used

AbS. 1720 em-!

x 100%
AbS.1720em-1 + AbS. 1790 em-1 + AbS. 1550 cm-1

%PAMA =
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To calculate the relative percentage of water within the
films, the following equation was used.

Abs. 1640cm—!
AbS.1720¢m-1 + AbS.1700em-1 + AbS. 6agem-1 + ADS. 55001

%waler =

x 100%

Strain-induced elastic buckling for instability mechanical
measurements (SIEBIMM) on LPAMA/LPMAA and SPAMA/
SPMAA LbL films

To analyze the Young’s modulus of the LbL coatings, the strain-
induced elastic buckling instability for mechanical measure-
ments (SIEBIMM) method was used. LbL coatings were depos-
ited on PDMS substrates at various thicknesses.

In the SIEBIMM technique, a low mechanical strain is
applied to the coated PDMS inducing ‘wrinkles’ with measurable
buckling wavelengths that are used to determine the Young’s
modulus of the thin film, following the equation:

g 3B ( :
TS g

where E; and Eg are Young’s moduli of the film and substrate,
respectively; v and v, are Poisson’s ratio of the film and
substrate, respectively; /4 is the buckling wavelength; and df is
the film thickness. In the case of polyelectrolyte multilayers, the
Poisson’s ratio of dry PEM films (vf) is typically assumed to be
0.33.>7?%°" Also, the Poisson’s ratio for the PDMS (vg) was 0.5,
and the Young’s modulus of PDMS (E;) was 1.75 MPa, as found
by uniaxial tensile testing (ASTM D638).

Following a previously reported procedure for the SIEBIMM
method on LbL-coated PDMS, the samples were subjected to a
strain rate on the order of 10™* s~ up to 10-15% strain using a
tensile stage (Kammrath & Weiss Tensile/Compression Module,
500 N) to determine the buckling wavelength, 1. The formation
of wrinkles parallel to the direction of strain was imaged using
a stereo microscope at 90x magnification (Olympus SZ51
with WHSZ15X eyepieces, a 110AL1.5X auxiliary objective, and
SZ2-ILST stand). The buckling wavelengths of the wrinkles were
analyzed in Image] from three images per samples (see ESIT for
a detailed image analysis procedure).

Salt annealing of PEM films

PAMA/PMAA PEM films were exposed to 0.5 M NaCl solutions
at matched pH values as assembly for 30 min, then thoroughly
rinsed in phosphate buffer (no NaCl) at matched pH and dried
under a gentle flow of nitrogen gas. The films remained at the
surface in all cases except LPAMA/LPMAA pH 3, which lost
nearly 90% of its original thickness. Because of the film
removal at pH 3, we only tested the effect of salt-annealing on
PEMs assembled from pH 5, 7, and 9.
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