QUEEN’S

UNIVERSITY
BELFAST

ESTP1845

Porous Materials with Tunable Structure and Mechanical Properties
via Templated Layer-by-Layer Assembly

Ziminska, M., Dunne, N., & Hamilton, A. R. (2016). Porous Materials with Tunable Structure and Mechanical
Properties via Templated Layer-by-Layer Assembly. ACS Applied Materials and Interfaces, 8(34), 21968-21973.
https://doi.org/10.1021/acsami.6b07806

Published in:
ACS Applied Materials and Interfaces

Document Version:
Peer reviewed version

Queen's University Belfast - Research Portal:
Link to publication record in Queen's University Belfast Research Portal

Publisher rights

Copyright 2016 American Chemical Society.

This document is the unedited Author’s version of a Submitted Work that was subsequently accepted for publication in ACS Applied
Materials & Interfaces.

To access the final edited and published work see:

http://pubs.acs.org/page/policy/articlesonrequest/index.html.

General rights

Copyright for the publications made accessible via the Queen's University Belfast Research Portal is retained by the author(s) and / or other
copyright owners and it is a condition of accessing these publications that users recognise and abide by the legal requirements associated
with these rights.

Take down policy

The Research Portal is Queen's institutional repository that provides access to Queen's research output. Every effort has been made to
ensure that content in the Research Portal does not infringe any person's rights, or applicable UK laws. If you discover content in the
Research Portal that you believe breaches copyright or violates any law, please contact openaccess@qub.ac.uk.

Open Access
This research has been made openly available by Queen's academics and its Open Research team. We would love to hear how access to
this research benefits you. — Share your feedback with us: http://go.qub.ac.uk/oa-feedback

Download date:27. Apr. 2024


https://doi.org/10.1021/acsami.6b07806
https://pure.qub.ac.uk/en/publications/6fd9211d-6bd6-414b-b4ea-67770579150f

Porous Materials with Tunable Structure and
Mechanical Properties via Templated Layer-by-

Layer Assembly

Monika Ziminska ', Nicholas Dunne >3* Andrew R. Hamilton »*

1. School of Mechanical & Aerospace Engineering, Queen’s University Belfast, Ashby

Building, Stranmillis Road, Belfast, BT9 SAH, UK

2. Centre for Medical Engineering Research, School of Mechanical and Manufacturing

Engineering, Dublin City University, Stokes Building, Collins Avenue, Dublin 9, Ireland

3. Trinity Centre for Bioengineering, Trinity Biomedical Sciences Institute, Trinity College

Dublin, Dublin 2, Ireland

4. School of Pharmacy, Queen’s University Belfast, 97 Lisburn Road, Belfast BT9 7BL,

UK

Keywords: porous materials, layer-by-layer assembly, polymer nanoclay composites, mechanical

properties, foams



Abstract

The deposition of stiff and strong coatings onto porous templates offers a novel strategy for
fabricating macroscale materials with controlled architectures at the micro- and nanoscale. Here,
layer-by-layer assembly is utilized to fabricate nanocomposite-coated foams with highly
customizable properties by depositing polymer-nanoclay coatings onto open-cell foam templates.
The compressive mechanical behavior of these materials evolves in a predictable manner that is
qualitatively captured by scaling laws for the mechanical properties of cellular materials. The
observed and predicted properties span a remarkable range of density-stiffness space, extending
from regions of very soft elastomer foams to very stiff, lightweight honeycomb and lattice

materials.

Cellular materials, such as foams and honeycombs, have unique properties that are derived
from their porous architecture, and depend on the base material, the relative density, and the
morphology of the pores.!? Tailoring the mechanical properties of cellular materials is of interest
for a variety of applications, including high-end packaging, high stiffness lightweight structures,
and engineered tissue scaffolds. A variety of nanocomposite foams have been developed with the
aim of creating stiff and strong lightweight structures.> Adding nanometer-sized fillers such as
clay nanoparticles to the foamed polymer matrix has the potential to mechanically reinforce and
toughen polymer foams,* but typically less than 10 weight % of clay nanoparticles can be
homogenously dispersed into a polymer matrix.> Further increases do not provide mechanical

reinforcement and may even reduce the mechanical properties,! making it difficult to obtain the



high mechanical properties theoretically predicted for nanocomposites with high volume
fractions of reinforcement.®

Layer-by-layer (LbL) assembly is a template-assisted method for fabricating multilayer films
with nanometer-scale precision over thickness and composition. The process relies upon
electrostatic interactions to drive the sequential adsorption of oppositely charged species onto a
substrate, resulting in the formation of multilayer, nano-laminated coatings.” LbL assembly is
capable of fabricating polymer nanocomposites with exceptionally high contents of well-
dispersed nano-reinforcement (approximately 50-70 volume %), and with correspondingly high
stiffness (tensile moduli as high as 15.7 to 125 GPa).%!° The total thickness of an LbL assembled
film is determined by the number of times an alternating deposition cycle of anionic and cationic
species is repeated,' "2 but the nano- to microscale thickness per deposition cycle typical for LbL
assembly is a major limitation of the technique and an impediment to utilizing the resulting
materials for macroscale applications.

LbL assembly of conformal coatings onto three-dimensional porous templates, such as foams,
colloidal crystals, and hollow tubes has been implemented for a variety of applications,'*! but
these studies have largely focused on modifying the surfaces of these materials rather than
altering the porous structure and bulk mechanical behavior. In this work, a polymer nanoclay
composite coating is deposited onto open-cell foam templates using LbL assembly, emulating a
general strategy that is used to produce porous materials from thin films.?’ The structural and
physical properties, as well as the mechanical behavior of the resulting nanocomposite-coated
foams are characterized and the relationship between mechanical properties and the change in
porous structure is qualitatively captured by scaling laws for open-cell foams. This approach

offers a pioneering strategy for utilizing the unique properties of nano- to microscale LbL



assembled materials to create bulk materials for macroscale applications. The nanocomposite-
coated foams fabricated in this study span a wide range of the material-property space, and the
fabrication strategy offers a general approach for manufacturing materials with predicted
properties spanning several orders of magnitude and that are suitable for anticipated applications
including functional tissue engineered bone scaffold and lightweight structures.
Nanocomposite-coated foams were prepared using high porosity (approx. 98%), open-cell
polyurethane (PU) foams as templates for LbL assembly. LbL assembly was conducted in a
closed chamber, through which the alternating flow of electrolyte solutions was controlled using
a custom-built apparatus. A nanocomposite coating consisting of polyethyleneimine (PEI),
polyacrylic acid (PAA), and bentonite nanoclay was utilized for the large thickness per
PEI/PAA/PEl/nanoclay quadlayer (approx. 1 um) and high mechanical stiffness (elastic
modulus, £ = 15.7 GPa) reported by Podsiadlo et al. for a similar material system.® After
washing with 1M NaOH solution and drying for 24 h, foam templates were sequentially
subjected to 1 wt% polycationic PEI solution with pH 10.5 for 30 s, 1 wt% polyanionic PAA
solution with pH 8 for 30 s, the same PEI solution for 30 s, and 1 wt% anionic bentonite
nanoclay solution with pH 10 for 30 s. The introduction of each electrolyte solution into the
chamber was punctuated by a thorough rinse with deionized (DI) water to prevent intermingling
of the oppositely charged solutions. The assembly of a single PEI/PAA/PEl/nanoclay quadlayer
was repeated a total of five times before the foam specimen was removed and dried for 24 h
under ambient conditions (approximately 23°C and 30% relative humidity). Additional
quadlayers were applied by repeating this procedure until the desired total number of quadlayers

was achieved.



The morphologies of uncoated foam templates and nanocomposite-coated foams with coatings
ranging from 10 to 60 quadlayers were investigated using scanning electron microscopy (SEM)
to inspect cryo-fractured specimens. Figures 1a and b reveal the microstructure of the foam
templates, the high level of interconnectivity in both uncoated (1a) and coated foams (1b), and
the apparently uniform presence of the coating throughout the structure of coated foams. The tri-
cuspid hypocycloidal cross-section of the foam struts (typical for open-cell foams) is evident in
Figures 1c—e. Representative specimens coated with 10 and 60 quadlayers exhibit a conformal
coating around the perimeter of the cross-sectioned struts, as shown in Figures 1d and e,
respectively. The micrographs reveal the variation in thickness of the coatings around the
perimeter of the foam struts. In Figure 1f, evidence of the stratified “brick-and-mortar” structure
can be seen, which results from the alternating deposition of polymer and nanoclay.’ Volumetric
reconstructions of uncoated and coated foams in Figures 1g-h, which were obtained from X-ray
micro-focus computed tomography (microCT), provide further evidence of the uniform presence

of the coating throughout the volume of the foam templates.
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25x magnification; (c) foams coated with 0 (uncoated), (d) 10 quadlayers, and (e) 60 quadlayers
at 430x magnification; (f) and foam coated with 30 quadlayers at 6500x magnification.
Volumetric reconstructions of (g) uncoated foam and (h) foam coated with 60 quadlayers. Each

rendered volume is approximately 9 x 9 x 1 mm.



Contrary to the extensive cracking reported by Podsiadlo et al.® when a similar material
system was assembled onto glass substrates, little evidence of damage was observed in the
coatings on foams, except for localized cracking and areas of minor delamination from the foam
template, as in Figure 1d, which are likely artefacts of the cryo-fracturing process. The lack of
cracking can be explained by the lower stiffness of the PU foam substrate compared with the
glass microscope slides used by Podsiadlo et al., which would reduce the residual stresses due to

drying and shrinkage of the coating.?!
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Figure 2. Nanocomposite-coated foam mass (n = 3) and coating thickness (measured from SEM
micrographs) as functions of the number of quadlayers, with linear regressions and
corresponding coefficients of determination (R?). Error bars indicate one standard deviation from

the mean values.

The mean thickness of the nanocomposite coatings presented in Figure 2 was calculated
based on a minimum of seven SEM images taken at different locations within samples coated
with 10, 30, 40, and 60 quadlayers of nanocomposite. The increase in thickness correlates
strongly with the number of quadlayers deposited, with coefficient of determination R? = 0.987.

The thickness increased from 3.71 + 1.83 pum for 10 quadlayers to 14.77 £ 5.49 um for 60



quadlayers (p < 0.05), indicating a mean thickness per quadlayer of 0.246 pm, which is
consistent with that of similar material systems.®!>?? The variability in coating thickness is

consistent with the observations of Kim et al.,?

who reported similar variations in the thickness
of LbL-assembled coatings onto foam templates.

The consistent increase in the mass of nanocomposite-coated foams as a function of the
number of quadlayers deposited is also shown in Figure 2. A linear regression fits the data well
(R? = 0.941), and the slope indicates a mean mass per quadlayer of 0.499 mg. The mean mass
after assembly of 60 quadlayers (62.31 + 7.82 mg) was approximately double that of an uncoated
foam (32.37 £ 2.91 mg). Control samples consisting of PU foams immersed in solutions of only
PEI, PAA, nanoclay, or DI water for the period of time required to assemble a 60 quadlayer
coating exhibited no significant change in mass (p = 0.872).

Two of the most important parameters characterizing the cellular structure and properties of
foams are strut thickness and cell size. These parameters were measured from SEM images and
from microCT data for both uncoated foams and foams coated with 60 quadlayers, and are
presented in Table 1. The difference in the mean strut thickness for coated and uncoated foams
is 37 £ 18 um based on SEM data, or 19 + 2 um based on microCT data, both of which are
consistent with twice the mean coating thickness of 14.77 + 5.49 um presented in Figure 2 for 60
quadlayer coatings. The smaller coating thickness implied by the microCT data can be explained
by the lower resolution of this imaging technique,? and by the two- vs. three-dimensional nature
of these datasets. The difference in the mean cell size for coated and uncoated foams is difficult
to compare due to the large variability of this parameter within the uncoated foam templates, as

indicated by the large standard deviations in Table 1. The porosity measured using microCT



decreased from 98.8% for uncoated foam templates to 96.6% for foams coated with 60

quadlayers, indicating the negligible effect of these coatings on the overall porosity of the foams.

Table 1. Mean microstructural parameters for uncoated foam templates and nanocomposite-

coated foams with 60 quadlayer coatings.

0 quadlayers 60 quadlayers 0 quadlayers 60 quadlayers

(uncoated) PU  coated PU (uncoated) PU  coated PU
foam foam foam foam
SEM SEM microCT microCT

Strut thickness [mm] 0.118 £0.036  0.155+0.018 0.086+0.04  0.105 % 0.042
Cell size [mm] 077440239  0.738+0.333  0.874+0.419  0.753 £0.339
Porosity [%] 98.8 96.6

Compressive mechanical testing within the elastic range of the nanocomposite-coated foams
was conducted after assembly of every 10 quadlayers. Representative stress-strain curves are
presented in Figure 3a for foams with increasing numbers of quadlayers, and the elastic moduli
corresponding to the linear region with the largest slope are shown in Figure 3b. Statistically
significant increases in modulus were observed for coated foams with each number of quadlayers
tested (i.e. 10, 20, 30, 40, 50, and 60 quadlayers). The mean compressive modulus directly
correlates to the number of quadlayers deposited (» = 0.983). After deposition of 60 quadlayers a

maximum mean compressive modulus of 2.48 + 0.312 MPa was obtained.
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Figure 3. (a) Representative stress-strain curves for foams coated from 0 (uncoated) to 60
quadlayers. (b) Mean compressive elastic modulus of foams (n = 3) coated from 0 (uncoated) to
60 quadlayers. Error bars indicate one standard deviation from the mean values. (c) Compressive

elastic modulus as a function of density for nanocomposite foams coated with up to 60
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quadlayers, with predicted trends (dashed lines) assuming different values of elastic modulus for

the coating (Ecoating)-

To confirm that the mechanical testing conducted at 10 quadlayer intervals did not affect the
mechanical properties, additional nanocomposite-coated foam specimens were mechanically
tested only after complete assembly of 60 quadlayer coatings. The results of these tests are
included in Figure 3b, and indicate no statistically significant difference (p = 0.792) when
compared with foams tested every 10 quadlayers. Control samples consisting of PU foams
immersed only in solutions of DI water, PEI, PAA or bentonite nanoclay for the period of time
required to assemble a 60 quadlayers coating exhibited no statistically significant change (p =
0.134) in compressive modulus.

Scaling laws for the physical and mechanical properties of foams based on a cubic unit cell
with square struts at the edges have been well established.?* For a foam with a coating of uniform
thickness At, surrounding a base material of thickness 7,, the total strut thickness can be
expressed as t = t, + 2At. Similarly, the cell size of a coated foam can be expressed as | = [, —
2At. Based on this unit cell geometry, the porosity (¢) and density (p") of a coated foam can be

expressed as:

b= ()= 1- (- 1- (2 »

where p,sr is the effective density of the coated strut, which was calculated using the rule of

mixtures for a strut composed of base and coating materials. Assuming that the coating material
is much stiffer in flexure than the base material, the elastic modulus of a coated foam (E*) may
be estimated using a modified scaling law for foams with hollow-struts, which neglects the

contribution of the base material:>
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E*  _t*—tot  (to+240)*—t,*
Ecoating o * (lo_ZAt)4 ’

2)
where Eqating 18 the elastic modulus of the coating material.

Equations (1) and (2) were used to predict the density, porosity and compressive modulus of
nanocomposite-coated foams for various coating thicknesses (Af). The dimensions of the base
material (%, /,) were taken from the SEM data for uncoated foams in Table 1, and the density of
the base material was taken as 1200 kg m™ for polyurethane.?* The density of the coating
material was experimentally determined as pcoating = 343+ 21 kg m™ (see SI for details). A range
of values for the elastic modulus of the coating (from Ecoating = 0.6 GPa to 1.4 GPa) was used to
predict the trend lines plotted in Figure 3c for coated foams, which bound the experimental data.
The scaling laws in Equations (1) and (2) qualitatively capture the experimental data well,
despite the simplified cubic unit cell geometry, with R? = 0.827 for the trend line with Ecoating =
0.8 GPa.

The presumed range of elastic modulus for the coating material is consistent with tensile
testing of the coating on a flexible carrier substrate, which yielded £ = 0.601 + 0.518 GPa, and
also with additional testing of the coating as detached stand-alone films, which yielded £ = 1.67
+ 1.06 GPa (see SI for details). These moduli are lower than reported for similar material
systems (15.7 GPa and 15.4 GPa for PEI/PAA materials with and without nanoclay,
respectively)®!? but are consistent with the much lower stiffness reported for PEI/PAA when

produced under different LbL assembly conditions (approx. 0.225 GPa).?

The pH of solutions
has been identified as a contributing factor affecting the degree of ionic crosslinking and inter-

diffusion of PEI/PAA,?" and is a likely contributor to the lower modulus obtained in this study.

Humidity is also known to have a significant effect on the stiffness of multilayered materials®®

12



and may also have contributed to the lower-than-expected moduli, and to the high standard

deviations obtained for the modulus of the coating material.

TMC lattices
CFRP honeycombs

10!
CFRP lattices N\

" Metal foams

10
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Compressive Modulus [GPa]
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Figure 4. Ashby plot of compressive modulus and density. Experimental data (markers) and
theoretical predictions (dashed lines) for nanocomposite-coated foams are included for coatings
with elastic moduli ranging from 0.8 to 125 GPa. Common porous engineering materials,
advanced lightweight honeycomb and lattice materials are included for comparison. The inset

images illustrate the change in foam architecture with increasing coating thickness.

The elastic modulus of the nanocomposite-coated foams developed in this work is plotted as a
function of density on the log-log plot in Figure 4, and compared with the properties of other
porous cellular materials that are typically employed in engineering applications. The
experimental results of this work cover a wide range of material-property space, overlapping the
typical material-property space for polymer foams. The predicted trends are plotted as dashed
lines, and can be extrapolated to project the impact of thicker coatings, which are within the
range of properties for metal foams. Predicted trends based on the elastic moduli reported for

similar PEI/PAA/nanoclay material systems (£ = 15.7 GPa) and assuming the same density as
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the materials reported herein are also plotted in Figure 4. Refining the LbL assembly conditions
in order to achieve coatings with these superior mechanical properties would enable fabrication
of nanocomposite-coated foams that are competitive with the best (lightest and stiffest) polymer
and metal foams. Further improvements are predicted for foams coated with polyvinyl alcohol
(PVA) nanoclay composites,® based on the reported elastic modulus of up to £ = 125 GPa and
assuming p = 1700 kg m™> (conservatively estimated using the rule of mixtures). Assembling
these coatings onto anisotropic foam templates would result in moduli up to several times stiffer
in one direction,” which would make these materials competitive with the lightest and stiffest
carbon-fiber reinforced polymer (CFRP) lattice and honeycomb materials.’® Appropriate
thicknesses and/or combinations of coating materials would allow a vast range of properties for
nanocomposite-coated foams, and enable the possibility to “dial in” specific properties for a
particular application and fabricate an appropriate material accordingly.

In conclusion, LbL assembly was implemented to prepare nanocomposite-coated foams with
uniform conformal coatings and controllable thickness. The structure and physical properties of
the foams evolved in a regular and predictable manner, with strut thickness and mass increasing,
and cell size and porosity decreasing as the coating thickness increased. Compressive testing
revealed a rapid increase in the elastic modulus of the foams that spanned an order of magnitude.
The changes in physical and mechanical properties were qualitatively captured by modified
scaling laws for elastic modulus and density based on a simple cubic unit cell model of open-cell
foams. Using these models to extrapolate this general fabrication strategy to different material
systems produced via LbL assembly, a class of nanocomposite-coated foam materials was
predicted that spans a remarkable range of property space extending from regions of very soft

elastomer foams to very stiff, lightweight honeycomb and lattice materials. It is anticipated that
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these highly customizable materials with tunable physical and mechanical properties will find
useful application as lightweight structures, or in development of tissue engineered bone

scaffolds.
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Fabrication of Nanocomposite-Coated Foams

Aqueous solutions of 35 wt% 100 kDa polyacrylic acid (PAA), and 50 wt% 750 kDa
polyethyleneimine (PEI) were purchased from Sigma Aldrich, UK. 1 wt% PEI and PAA were
prepared by dilution in deionized (DI) water under vigorous stirring for 12 h. The pH of PEI was
unchanged at 10.5 and the pH of PAA was adjusted to 8 by addition of sodium hydroxide
(NaOH). Hydrophilic bentonite nanoclay (Nanomer® clays, Nanocor®, Inc., USA) was
purchased from Sigma Aldrich, UK, and an aqueous solution of 0.5 wt% prepared by dispersion
in DI water and vigorous stirring for 24 h.

Open-cell polyurethane (PU) foam with 30 pores per inch (PPI) was purchased from The Foam
Shop Ltd, UK. Foam templates were cut using a punch stamp to obtain cylindrical specimens
12.7 mm in diameter and 10 mm in height.

Foam templates were submerged in a 1M NaOH solution, repeatedly rinsed with DI water, and
dried for 8 h prior to deposition. Foams were placed in a sealed chamber and subjected to
solutions of the polycationic PEI for 30 s, polyanionic PAA for 30 s, PEI for 30 s, and anionic

nanoclay for 30 s, as summarized in Figure S1.

PEI PAA Nanoclay
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Figure S1. Schematic of LbL assembly of a single quadlayer onto porous foam template by

controlled flow of electrolyte solutions through a closed chamber.
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The introduction of each solution was punctuated by three rinses with DI water, each with a
total contact time of 30 s. The full PEI/PAA/PEI/nanoclay deposition cycle was repeated five
times, resulting in the deposition of five quadlayers. The coated foam was rinsed three times in
DI water and dried for 24 h under ambient conditions (approximately 23°C and 30% relative
humidity). Additional quadlayers were applied by repeating this procedure until the desired
number of deposition cycles was reached. Four control samples were produced by submerging
foam templates into only DI water, 1 wt% PEIL, 1 wt% PAA, or 0.5 wt% nanoclay solutions for

the corresponding periods of contact time required to deposit a 60 quadlayer coating.

Gravimetric Analysis
Nanocomposite-coated foams and control specimens were weighed using an analytical balance
(accurate to 0.0001 g) after assembly of every five quadayers and drying for at least eight hours

under ambient conditions (approximately 23°C and 30% relative humidity).

Microscopy and Computed Tomography

Scanning electron microscopy (SEM) was performed on a JEOL 6500 FEG SEM (Advanced
Microbeam Inc., USA) with an operational voltage 3.0 kV. Prior to SEM, samples were cryo-
fractured using liquid nitrogen and sputter coated with gold. The nanocomposite coating
thickness was calculated based on 10 measurements from a minimum of seven different
locations on each sample.

Volumetric imaging was performed using a uCT40 X-ray micro-focus computed tomography
system (Scanco Medical, Switzerland) at a nominal resolution of 8 um. Microstructural analysis

was performed using reconstructed images segmented at an intensity of 20.
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Mechanical Testing of Nanocomposite-Coated Foams

Quasi-static mechanical testing in compression was conducted using a TA-XT2i Texture
Analyzer (Stable Micro Systems, UK) with 5 N load cell and following ASTM D1621-10! with
non-standard specimen sizes (12.7 mm diameter, 10 mm height). Specimens were deformed at a

displacement rate of 0.5 mm s’

, within the linear elastic range (approximately 0.6 mm
displacement). The elastic modulus of each sample was calculated as the slope of the stress-

strain plot in the linear portion of the curve.

Statistical Analysis

Statistical analysis was performed using SPSS software (Version 22, IBM, USA).
Homogeneity of variance and normality tests were performed prior to statistical analysis. For
mass increase and mechanical properties one-way analysis of variance (ANOVA) was conducted
with statistical significance at p <0.05. The analysis was followed by post hoc tests for pairwise
comparisons using Tukey’s honestly significant difference test. The coating thickness was
analyzed using Kruskal-Wallis test, followed by the stepwise step-down multiple comparisons of
means. All remaining dependencies were analyzed using the independent sample t-tests or

Mann-Whitney tests.

Density of Nanocomposite Coatings

Glass microscope slides were cut into 30 mm x 13 mm rectangular sections. These planar glass
substrates were deposited with 60 quadlayer coatings under the same LbL assembly conditions

as foam templates, described above. The mean thickness of the coatings on planar substrates was
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16.07 + 6.96 pm based on 150 measurements from SEM micrographs taken at different locations
(similar to the 14.77 £ 5.49 um thickness of 60 quadlayer coatings observed on foams), and the

density was calculated using the mean mass increase of 4.49 + 0.53 mg.

Elastic Modulus of Nanocomposite Coating

Silicone films 254 um thick were purchased from Specialty Manufacturing Inc. (USA) and cut
into dogbone-shaped specimens with geometries conforming to ASTM D 635.% Silicone dogbone
specimens were deposited with 60 quadlayer coatings under the same LbL assembly conditions
as foam templates, described above. Five uncoated silicone specimens and five specimens coated
with 60 quadlayers were subjected to tensile testing using a Lloyds Materials Testing machine
(Lloyds Instruments, UK) with a 50 N load cell at a displacement rate of 10 mm min™'. The strain
in the coating was measured optically using a Vic-3D 7 digital image correlation system
(Correlated Solutions Inc., USA). The elastic moduli of uncoated and coated specimens were
calculated from the slope of the stress-strain curves in the linear portion of the curve, and are
given in Table S1. The elastic modulus of the nanocomposite coating material was calculated
based on a one-dimensional (1-D) rule of mixtures theory,® in which the coated specimen was
modeled as the composite material system shown in Figure S2 and assuming a perfect bond at
the interface. The thickness of the coating and the elastic moduli of the uncoated and coated
silicone films were used to calculate the elastic modulus of the coating, which are given in Table

S1. All measurements were conducted in the ambient temperature.
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Table S1. Mean elastic moduli and standard deviations measured for uncoated silicone film

(n=15) and silicone coated with 60 quadlayers (n = 5), and calculated for the coating.

Uncoated Coated Coating
silicone film silicone film

Elastic 0.393+0.044 55.8+43.6 601 + 518
modulus [MPa]

COATING

SILICONE SUBSTRATE
COATING

Figure S2. Schematic the coating-silicone substrate composite material system used to calculate

the elastic modulus of the coating based on a 1-D rule of mixtures.

Cellulose acetate (CA) was purchased from Sigma Aldrich, UK, and dissolved in acetone to
obtain a 1 wt% solution, which was cast onto glass microscope slides and dried using
compressed air. These planar substrates were deposited with 60 quadlayer coatings under the
same LbL assembly conditions as foam templates, described above. The coatings were
delaminated from glass substrates with a sharp razor blade, and the layer of CA was removed by
washing the detached coatings with acetone and DI water (as utilized previously for PEI/PAA
materials*®). The stand-alone films of nanocomposite coating material were subjected to tensile
testing using a Lloyds Materials Testing machine (Lloyds Instruments, UK) with a 50 N load cell
at a displacement rate of 1.5 mm min"!. The elastic modulus of the nanocomposite coating

material was calculated from the slope of the stress-strain curves in the linear region, yielding an
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average value of 1.67 = 1.06 GPa (n = 5). A representative stress-strain curve is shown in Figure
S3. Cross-sectional SEM images of detached films (Figure S4) were used to measure sample
thickness after testing, and confirmed the expected multilayer structure.
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1.25E+07 A

1.00E+07 -
7.50E+06
5.00E+06 A

Stress [Pa]

2.50E+06 1

0.00E+00 T T T T d
0 0.002 0.004 0.006 0.008 0.01

Strain
Figure S3. Representative stress-strain curve for detached films of the nanocomposite coating

material loaded in tension.

Figure S4. Representative micrograph of detached nanocomposite coating material in cross-

section, following tensile testing.
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