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Polyelectrolyte multilayer (PEM) deposition is a tech-
nique whereby two or more oppositely charged water-
soluble polymers are alternately adsorbed onto a sub-
strate. This method has become increasingly popular
as a means of creating thin polymer films with a wide
range of physical properties and potential applications,
making the mechanical strength and stability of these
films an important factor in evaluating the practicality
of their use. This is especially true, for example, in the
biomaterials area, where the mechanical properties of
a surface have been shown to dramatically affect the
attachment and growth of cells.! Though a number of
different techniques have been pursued in the liter-
ature,!32 PEMs continue to present a considerable
challenge for those wishing to investigate their mechan-
ical stiffness, as they usually exist only as ultrathin
films. Previous attempts to measure the modulus of
PEMs, for example, have required assembly of films into
hollow capsules followed by mechanical-4716-21.32 or
chemical-driven?10:15:31 probing of the capsule stiffness
or have utilized specialized equipment that typically
requires films to be of micron-scale thickness, as in the
case of nanoindentation.»6723726 Not all multilayer
systems have proven amenable to microcapsule as-
sembly,33 however, and building films microns thick can
be prohibitively time-consuming with certain poly-
electrolyte systems that may exhibit thickness incre-
ments of less than 1 nm/bilayer.?* In this study, a
recently reported buckling-based technique?® (termed
“strain-induced elastic buckling instability for mechan-
ical measurements”, or SIEBIMM for short) is used to
measure the modulus of PEM assemblies in both the
wet and dry states. It is demonstrated that STEBIMM
is a simple and easy to implement method that solves
many of the problems associated with previous attempts
to measure the modulus of these materials.

SIEBIMM analysis exploits the fact that a thin,
higher modulus material bonded to a semiinfinite, lower
modulus substrate will buckle when subjected to com-
pressive planar forces in order to relieve the strain
energy in the system. To minimize this energy, buckling

takes place at a characteristic wavelength, 1, given
by?5:36
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where d is the film thickness, and Ef, v¢, Es, and v are
the Young’s moduli and Poisson’s ratios of the film and
substrate, respectively.

In this study, polyelectrolyte multilayer films were
grown directly on substrates of poly(dimethylsiloxane)
(PDMS) elastomer. Films consisting of poly(allylamine
hydrochloride) (PAH) and poly(styrenesulfonate) (PSS)
were chosen for testing. This system has been well
studied in the literature,?458911,12,15-21,30-32 g3]lowing
measurements obtained via STEBIMM to be compared
against the results obtained from other techniques.
Multilayers were constructed in the usual manner3? of
dipping the substrate back and forth between dilute
(0.01 M by repeat unit in Milli-Q water with added
0.1 M NaCl) PAH and PSS baths (both baths pH 3.0,
adjusted with 1 M HCI), with triplicate rinse steps
following each immersion in a polymer bath. Assembled
films were deformed by applying a lateral compressive
strain with a pair of tweezers while examining the film
under an optical microscope. The buckling transition is
a critical phenomenon, and the wavelength is therefore
expected to be strain-independent in the limit of small
deformations. Some researchers have reported slight
decreases in the expected buckling wavelength for high
strains (10%);3® the strains in this study were only a
few percent and were therefore assumed to not measur-
ably change the buckling wavelength from its critical
value. The buckling wavelength was obtained via Fou-
rier transform of optical microscope images. Film thick-
nesses were measured via spectroscopic ellipsometry,
and the modulus values of the PDMS substrates (typi-
cally 1.7—1.9 MPa) were determined by uniaxial com-
pression testing. A Poisson’s ratio of 0.33 was assumed
for dry-state multilayers, and a value of 0.5 was as-
sumed for wet-state multilayers and the elastomeric
PDMS substrate. During dry-state experiments, the
relative humidity was in the range of 20—32%.

To determine the modulus of the PEM films, a method
of accurately measuring the PEM film thickness was
required. Although ellipsometry is typically used with
highly reflective substrates such as silicon, we developed
a measurement method whereby spectroscopic (multiple
wavelength) ellipsometry is performed directly on the
PEM-coated PDMS system.3? The significant refractive
index mismatch between the PEMs (n ~ 1.55) and
PDMS (n ~ 1.41) allowed calculation of the film thick-
ness through modeling of the ellipsometric data. In all,
25 samples created in three separate batches with
different numbers of bilayers were assembled in order
to evaluate the STEBIMM method at a variety of film
thicknesses. The thickness vs number of bilayers plot
generated from these samples is displayed in Figure 1.

A linear regression performed on the data indicated
a thickness increment of 1.76 nm/bilayer with an R2
value of 0.999. These results show that PAH/PSS
multilayers exhibit a reproducible, linear growth profile
on PDMS over the entire range of thicknesses (11—100
bilayers) that were tested. The thickness increment
reported here is slightly higher than previous results
obtained by growing PAH/PSS multilayers on weak
polyelectrolyte platforms on glass substrates.?”
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Figure 1. Thickness of PAH/PSS films vs number of bilayers
deposited on PDMS. Thicknesses were determined by spec-
troscopic ellipsometry. The corresponding buckling wave-
lengths of the samples are also given.
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Figure 2. Young’s modulus vs number of bilayers for PAH/
PSS films. Error bars indicate the estimated measurement
error. Larger errors are associated with the data points left of
the dotted line (<40 bilayers). The inset image is an optical
micrograph (200 um square) of a 100-bilayer film undergoing
buckling.

When subjected to a lateral strain, all films exhibited
uniform buckling over the entire sample surface, except
for regions where the occasional crack would locally
relax planar stresses. The buckling wavelength was
observed to increase linearly with thickness (see Figure
1), as would be expected from eq 1 for a PEM Young’s
modulus which does not change with increasing film
thickness. Figure 2 shows the Young’s modulus mea-
sured using the SIEBIMM method for films with dif-
ferent numbers of bilayers. Also shown is an optical
microscopy image of a film undergoing buckling (inset).

The modulus values of films ranging from 20 nm (11
bilayers) to 180 nm (100 bilayers) thick were measured,
and error bars were calculated by propagation of the
uncertainties in the PEM thicknesses, the buckling
wavelengths, and the Young’s modulus of the PDMS
substrate. Averaging the data yields a value of 4.4 +
0.7 GPa for the Young’s modulus of PAH/PSS multi-
layers.

The accuracy of the SIEBIMM technique is limited
primarily by measurements of the PEM film thickness.
This is especially true for very thin films, where the data
indicate higher uncertainties for films less than ~70 nm
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Figure 3. Effect of substrate treatment on the Young’s
modulus of PAH/PSS films. PDMS substrates were treated by
soaking in DI water for ~6 h prior to multilayer deposition.

(40 bilayers) thick. Despite such uncertainties,
SIEBIMM proved to be remarkably sensitive to the
PEM modulus, even in very thin films. This was
evidenced in two additional batches of samples that
were prepared, which were identical to the previous
samples except that the PDMS substrates had been
soaked in DI water for ~6 h before beginning multilayer
deposition. The modulus values determined from these
samples are displayed in Figure 3.

The PEM films deposited on the water-treated PDMS
show lower modulus values at small bilayer numbers.
The modulus then rises rapidly with increasing film
thickness, eventually reaching a plateau at 4.5 GPa,
essentially the same modulus value observed for PEMs
on untreated PDMS. Correspondingly, the bilayer thick-
ness increment was observed to be only 1.56 nm/bilayer
for films with less than 40 bilayers, with an R? value of
0.823, indicating less linearity in the data. Soaking the
PDMS in water most likely causes surface reconstruc-
tion, allowing the initial adsorbing layers to adopt a
different chain configuration compared to what is
obtained without pretreatment in water. As more bi-
layers are deposited, the effect of the substrate treat-
ment on the growth behavior diminishes, and the
mechanical properties of the thin region of initially
adsorbed layers are less influential in determining the
overall film properties. These observations are consis-
tent with the notion that in the region near the
substrate a PEM film can possess physical properties
and growth behavior different from that of the interior
region of the film.4? The above observations lead to two
important conclusions: First, SIEBIMM measurements
are sensitive enough to respond to the modulus differ-
ence resulting from substrate-dependent morphologies
in PEM films. Second, films must be built to an
adequate thickness to avoid measuring a modulus
influenced by substrate-induced effects in very thin
films as well as to minimize film thickness measuring
errors. For the PAH/PSS system on PDMS as explored
here, building films thicker than 70 nm is recommended.

Given the potential of PEMs for use as biomate-
rials,1:3:6:26.33 an important question was whether
SIEBIMM could be used to measure the wet-state
modulus of PEM assemblies. For this task two samples
assembled on untreated PDMS were utilized. Samples
were immersed in either DI water or a 1 M solution of
NaCl and allowed to equilibrate for ~1 h before testing.
Upon compression, buckling was observed over the
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Figure 4. Dry- and wet-state modulus values of PAH/PSS
films. Samples with 75 bilayers were tested in both DI water
and 1 M NaCl solution. Modulus values of the films following
drying of the swollen samples are also shown.

entire sample surface, and the images obtained looked
similar to films buckling in the dry state (see inset,
Figure 2), except for a decrease in contrast as a result
of the smaller refractive index difference between the
sample and the water environment. It was thus con-
cluded that the PEM films remained well bonded to the
PDMS in solution, as achieving the buckling state relies
upon good adhesion of the film to the substrate. In-situ
spectroscopic ellipsometry*! was performed to determine
the PEM wet-state thicknesses. After wet-state mea-
surements, the samples were dried, and the modulus
values were remeasured. The results are shown in
Figure 4:

The sample immersed in DI water exhibited a de-
crease in modulus from 5.8 4+ 0.4 GPa to 590 £+ 90 MPa.
The sample immersed in 1 M NaCl showed an even
greater reduction in modulus, from 5.4 + 0.4 GPa when
dry to 300 + 30 MPa in solution. The films showed
corresponding thickness increases when wet, swelling
28% in water and 48% in the NaCl solution. These
swollen film thicknesses are comparable with the results
of previous work on this system.*1"43 Water is an
excellent solvent for PEM films, inducing large reduc-
tions in modulus due to higher chain mobility in the
swollen film and the possibility of breaking and re-
forming electrostatic cross-links. The high salt concen-
tration increases this effect by allowing charge screening
of the electrostatic cross-linking groups. In addition, salt
solutions can cause reorganization of the film structure
to take place.*3 This latter effect is evidenced by the fact
that upon drying the film swollen in water returned to
a thickness of 136 nm, close to its original thickness of
130 nm, while the film swollen in salt returned to a
thickness of 166 nm, a value still considerably higher
than its original 130 nm thickness. Upon drying, the
film that had been immersed in water returned to a
modulus that was 96% of its original value, while the
film swollen in NaCl solution only regained 86% of its
original stiffness.

The values of 590 + 90 MPa (water) and 300 +
30 MPa (1 M NaCl) measured for PAH/PSS multilayers
in the wet state fall within the range of values given so
far in the literature. Vinogradova et al., using AFM
deformation'6~21 and osmotic swelling!53! of PAH/PSS
capsules, have reported an estimated modulus of
100—200 MPa. On the other hand, Gau et al., utilizing
the osmotic-driven collapse of PAH/PSS capsules® (using
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different assumptions), report a higher value on the
order of 1.5—2.0 GPa. Similarly high numbers (1.3—
1.9 GPa) were obtained from PAH/PSS capsules by
Dubreuil et al. using AFM and reflection interference
contrast microscopy.*® Most recently, Heuvingh et al.
have reported a modulus of ~400 + 200 MPa for
PAH/PSS capsules in 1 M NaCl solution.?? This latter
number is notably close to our reported value of 300 +
30 MPa. To our knowledge, only one other group has
previously reported a dry-state modulus for PAH/PSS
multilayers. Hsieh et al., using PEM-coated Lycra
yarns, estimated the modulus of PAH/PSS multilayers
to be between 1 and 9 GPa;112 the value of 4.4 GPa
reported here falls within that range.

In conclusion, the Young’s modulus of PAH/PSS PEM
films was determined successfully by the SIEBIMM
method in both the dry and wet states. To reduce the
amount of uncertainty in the modulus, it is suggested
that PEMs be grown to an adequate thickness to
minimize film thickness measuring errors. In addition,
measuring the modulus as a function of the number of
bilayers deposited can provide information about how
the stiffness changes with film thickness, which can help
guard against measuring a modulus influenced by
substrate-induced effects in very thin films.

Upcoming work will focus on using SIEBIMM to test
the mechanical properties of weak polyelectrolyte as-
semblies, which offer the possibility of tuning the
mechanical properties of PEM films through pH control
of the polycation and polyanion deposition solutions.?3.24
In addition, previous work from our group®’ has con-
firmed the possibility of creating complex physical
property gradients throughout the depth of the multi-
layer film. Such structures offer the chance of creating
PEM-based thin films with enhanced mechanical prop-
erties, such as increased resistance to indentation and
sliding contact damage.**

Numerous applications suggested in the literature
clearly point to the need for a fast, accurate, and flexible
way to measure the mechanical properties of very thin
films in both the dry and wet states. The technique
outlined in this study meets these demands and sug-
gests that anyone conducting layer-by-layer assembly
by conventional methods may wish simply to include a
PDMS substrate and use it to determine the stiffness
of the multilayer films in that batch of samples, making
it a routine characterization technique similar to film
thickness or surface roughness measurements. This
work demonstrates that the SIEBIMM method is posi-
tioned to become an extremely useful tool in the field
of polyelectrolyte multilayer mechanical property char-
acterization.
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