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ABSTRACT

We demonstrate that the mechanical response of ice templated nanocomposite scaffolds prepared from ellipsoidal hematite particles is
determined by both the particle aspect ratio and the interaction between the particles and the matrix polymer. We ice template aqueous
dispersions of hematite particles, polyethyleneimine, and diepoxy crosslinker and crosslink the polymer in the frozen state. This proto-
col results in the formation of elastic macroporous monoliths capable of complete recovery from large compressive strains. Hematite
particles show an inversion of their surface charge with pH: they are negatively charged at a basic pH and positively charged under
acidic conditions. This allows us to change the interaction between hematite particles and crosslinked matrix polymer that they are
embedded in, simply by immersing the monoliths in aqueous solutions with different pH’s. We report that under basic conditions, viz,
when polyethyleneimine adsorbs on the particle surface, there is a decrease in the monolith modulus with an increase in the particle
aspect ratio. We demonstrate that this correlates with a change in the mechanism of monolith response: from wall compression for iso-
tropic particles to wall bending for anisotropic particles with an aspect ratio of 4. Under acidic conditions (pH = 2), where hematite par-
ticles show a positive zeta potential, the monolith modulus increases with the aspect ratio of the ellipsoidal fillers. Understanding the
interplay between filler aspect ratio and filler-matrix interaction has important implications for the control of nanocomposite mechani-
cal properties.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5144217

1. INTRODUCTION flexibility, and formability.*"® In nanocomposites, the large specific
area at the polymer/filler interface has important implications for

In polymer nanocomposites, nanoparticle fillers are dispersed ) oo )
the properties of the hybrid.” " Properties of polymer nanocompo-

in a polymeric matrix with the objective of creating hybrid materi-

als with synergistic properties.' Typically, nanoparticle fillers are sites are strongly determined by polymerfiller interactions. """
hard inorganics that impart rigidity and functional properties In addition, filler-filler dispersed phase interactions, mediated by
to the hybrid, while the polymeric matrix imparts toughness, the continuous polymer matrix, also play an important role in
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determining the properties of the hybrid. For example, when the
fillers have an effective attractive interaction, the non-equilibrium
dispersed morphology created by processing the nanocomposite
evolves slowly, despite the high viscosity of the matrix polymer.'>"*

Of special interest are nanocomposites that incorporate aniso-
tropic nanoparticles.” For example, anisotropy reduces the percola-
tion threshold of fillers in the matrix.'® Thus, conducting carbon
nanotube composites can be prepared at ultralow concentrations of
the nanotube inclusions.'”'® The aspect ratio of rod-like or plate-
like fillers strongly influences the mechanical response of the
hybrid nanocomposite. Researchers have reported an increase in
the stiffness, strength, and heat distortion temperature with the
increase in the aspect ratio of clays in nylon nanocomposites.'” In
high inorganic content nacre-mimetic nanocomposites prepared
using synthetic clays with different aspect ratios, an increase in
stiffness and strength has been reported for higher aspect ratio
clays.”’ In carbon nanotube nanocomposites, researchers have
reported a qualitative change in the sign of the normal stress differ-
ence as a function of nanotube aspect ratio.”"”* They attribute this
to a change in the nature of the network structures formed for the
different aspect ratio nanotubes. Aggregation of nanofillers into
network structures plays an important role in determining the
effect of the nanofiller on the properties of the hybrid.”’ Therefore,
the role of interparticle interactions in determining aggregation has
been explored by several researchers.”””” When filler interparticle
interactions, or filler-matrix interactions can be tuned in response
to changes in environmental conditions, then the nanocomposites
are termed to be stimulus responsive. Recently, researchers have
reported exciting advances in this area by synthesizing shape-
memory materials® or biomimetic nanocomposite hydrogels
capable of reversibly switching mechanical modulus by orders of
magnitude in response to a stimulus.”””"

Most of the experimental reports of filled polymers containing
anisotropic nanoparticles have focused on high aspect ratio fillers,
such as phyllosilicate clays, carbon nanotubes, or graphene. These
nanocomposites typically contain only a few percent (by volume)
of the fillers, since mechanical properties such as ductility deterio-
rate at higher filler loadings.”” Polymer nanocomposites containing
fillers with moderate anisotropy have not received attention in the
literature. There are, however, reports that describe the packing of
ellipsoidal particles. For example, Donev and co-workers have
shown that ellipsoids show a non-trivial dependence of random
packing volume fraction on particle aspect ratio, with a maximum
for an aspect ratio less than 2.”° They rationalize these results by
showing that non-spherical particles have higher degrees of
freedom, and require more nearest neighbors for mechanical stabil-
ity. Jaeger and co-workers had shown that particle shape can
change the modulus and yield stress of aggregates by about an
order of magnitude for given confinement pressure.’’ Basavaraj
and co-workers have looked at the structural rearrangements of
different aspect ratio particles in two-dimensional monolayers
during compression.”” They observed that the compression
modulus evolved non-monotonically with particle aspect ratio and
that the modulus showed a maximum for an aspect ratio of 2.3.
However, filler shape-dependence of the mechanical response
of highly filled polymer nanocomposites has not been reported in
the literature.

ARTICLE scitation.org/journalljap

Our group has described the preparation of highly filled nano-
composites using ice templating, a facile process that employs an
environmentally friendly solvent, water.”> We have demonstrated
the preparation of macroporous nanocomposites that show an
impressive ability to recover completely from large compressive
strains even at filler loadings as high as 90% by weight. Such mate-
rials have potential for use in a wide variety of applications ranging
from biomedical scaffolds,” fire-retardant foams,”* high-efficiency
mixers in microfluidic devices,”” or as flexible supercapacitors.”
Recently, we have explored the microstructural origins of the
remarkable mechanical response of such ice templated monoliths
in detail.”’™” Our studies demonstrate that the mechanical
response of the monoliths is dominated by a thin [~O(10 nm)]
mesh of a crosslinked polymer that holds the filler particles in the
monolith. The structure of the polymer that forms this mesh is crit-
ically determined by the processing conditions employed during
monolith synthesis. Therefore, the mechanical response of the
monolith is highly sensitive to the protocol for monolith synthesis.
Recently, we have demonstrated the effect of changing filler-
polymer interactions in preformed monolith."” This was possible
by immersing the monoliths in aqueous solutions at different pH’s.
For monoliths prepared using approximately spherical fillers, we
reported that weakening the attractive interactions between the
crosslinked polymer mesh and the embedded fillers resulted in a
decrease in the monolith modulus.*’

Ice templated nanocomposite hybrids that incorporate aniso-
tropic nanoparticles and that are prepared using the protocol
described by Rajamanickam et al.”’ have not been reported. Here,
we describe the formation of ice-templated macroporous nanocom-
posites prepared using ellipsoidal hematite particles with an aspect
ratio varying from =1 to ~4. The surface charge of these hematite
particles can be changed from positive to negative simply by
varying the pH. Immersing the macroporous monolith sponges in
aqueous solutions at different pH’s allows us to systematically vary
the interactions between the polymer matrix and the hematite par-
ticles embedded in it. Here, we explore the effect of particle aspect
ratio and particle-matrix interactions on the mechanical response
of nanocomposite hybrid monoliths and relate the mechanical
properties to the monolith structure.

Il. EXPERIMENTAL DETAILS
A. Materials

Polyethyleneimine (PEIL, 25 kg/mol), 1,4-butanediol diglycidyl
ether, acetic acid, sodium hydroxide (NaOH), and Fe(ClO,); were
sourced from Sigma Aldrich and were used without any further
purification. Urea and NaH,PO, were obtained from Merck, India,
and were used as received.

B. Preparation of ellipsoidal hematite particles and
their ice templated scaffolds

Anisotropic hematite particles were synthesized by the hydro-
lysis of Fe** using methods previously reported in the literature."'
This synthesis results in the formation of ellipsoidal particles,
whose aspect ratio can be systematically varied by adjusting the
concentration of NaH,PO, added to the reaction mixture. In a
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FIG. 1. Scanning electron microscopy of hematite particles with aspect ratios (a) ~1, (b) ~2.,2 and (c) ~4.

typical preparation, 3.54 g of Fe(ClO,);, 0.6 g of urea, and a con-
trolled amount of NaH,PO, were added to 100 ml of Milli-Q water
in a clean 250 ml Pyrex bottle. The Pyrex bottle is kept in a pre-
heated oven at 100 °C for 24 h. Subsequently, the reaction product
is separated by centrifugation and is repeatedly washed with
de-ionized distilled (DD) water until the pH of the supernatant is
neutral. The washed product is dispersed in DD water. We confirm
the structure of the hematite nanoparticles synthesized using x-ray
diffraction (supplementary material, Fig. S1). The shape and size of
the hematite particles are characterized using SEM (Hitachi S-4800,
Japan). In this work, we prepare hematite particles that are approxi-
mately isotropic (viz, aspect ratio=1) as well as ellipsoids with
aspect ratios (=length/maximum diameter, viz, L/D) of 2.2 and 4,
as shown in Fig. 1 and Table I.

We now describe the preparation of a typical ice-templated
scaffold. Hematite dispersions (688 ul) containing 60 mg by weight
of the particles were added to 80 ul of PEI stock solution (10 wt. %)
and vigorously mixed for about 10 min using a vortex mixer. Next,
8 mg of 1,4-butanediol diglycidyl ether was added to this dispersion
and vortexed for about 3 min, and were then immediately trans-
ferred to the refrigerator. To prepare ice-templated scaffolds, we
followed the protocol described in our previous publications.’”*’
Briefly, the pH of the dispersions were maintained at 10, and the
dispersions were frozen in centrifuge tubes by placing them in a
freezer at —18°C. They were held at this temperature for 24 h,
during which time PEI is crosslinked through the diepoxy to form
a network. Subsequently, the samples were freeze dried (Labconco
FreeZone 2.5 Plus, —80 °C, 0.1 mbar). Thus, the dry scaffold is a
macroporous material whose walls are comprised of hematite parti-
cles 79% by weight [ =60/(60 + 8 + 8)] enmeshed in a crosslinked
PEI matrix. A schematic representation of the process for prepara-
tion of ice-templated scaffolds is depicted in Fig. 2.

TABLE I. Dimensions and aspect ratio of hematite particles obtained from scanning
electron micrographs.

Particle label Length (nm) Diameter (nm) Aspect ratio

1 105+12 ~1
2.2 119+10 53+3 2.2
4 196+ 6 49+2 4.0

C. Methods

To visualize the microstructure of the scaffold, we have per-
formed scanning electron microscopy (SEM) on a slice of the
lyophilized sample (scaffold) using FESEM, INSPECT F50 (UK).
Prior to SEM imaging, a slice of the lyophilized sample was placed
on a copper tape and mounted on the SEM specimen stub and
then sputter-coated with gold. Coating of gold on the sample
enhances its electrical conductivity and improves the quality of
SEM images. The SEM images of the scaffolds displaying the local
microstructure comprising of particles having aspect ratios of 1,
2.2, and 4 are shown in Figs. 2(a)-2(f).

Mechanical properties of the monolithic sponges were mea-
sured using an ARES-G2 rheometer (TA Instruments). The rheom-
eter is equipped with a force rebalance torque transducer and is
capable of making normal force measurements. Cylindrical hydro-
gel monolith samples were measured using the 8 mm diameter
plate-plate geometry. To avoid sample slippage during measure-
ments, roughened parallel plates were used. Care was taken to
ensure proper contact between the sample and measuring plates.
Samples were placed on the bottom plate and the top plate was
moved to contact the top of the sample until a normal force of 1 g
was measured. Small amplitude oscillatory measurements were per-
formed to measure the shear moduli. The samples were also com-
pressed (and then allowed to re-expand) in the rheometer and the
normal forces exerted were measured. All measurements were
repeated atleast three times on fresh samples to confirm their
reproducibility. Representative data are presented in this work.

The nominal density of the monoliths was measured by taking
a cylindrical sample and by carefully measuring its mass (using a
weighing balance with an accuracy of 0.1 mg) and dimensions
(using a micrometer with an accuracy of 1um). The zeta potential
of particles at different pH’s was obtained from electrophoretic
mobility of particles measured using Zeta PALS (Brookhaven
Instruments Corp., Holtsville, NY, USA). The pH of dilute particle
dispersions was adjusted by the addition of acetic acid or NaOH
solutions of known concentration.

lll. RESULTS AND DISCUSSION

Ice templating results in the formation of a monolithic nano-
composite. During ice templating, we freeze dispersions whose pH
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FIG. 2. Schematic of scaffold preparation protocol and the scanning electron micrographs of scaffolds made of hematite particle with aspect ratios (a) and (b) ~1, (c) and
(d) ~2.2, and (e) and (f) ~4. (b), (d), and (f) are the high resolution SEM images of pore walls.

is adjusted to 10. At this pH, hematite particles are negatively
charged and cationic PEI adsorbs on their surface due to electro-
static interactions. Hematite particles, PEI, and diepoxy crosslinker
are consolidated by the growing ice crystals and form the walls of
pores in the monolith. The reaction between PEI and diepoxy
crosslinker is very slow at room temperature, at the concentrations
employed in the monolith preparation. However, due to the local
increase in concentration on freezing, PEI reacts with diepoxy
crosslinker even at the temperatures in the refrigerator (~—18°C).
We allow the reaction to proceed for a day. Subsequently, the
samples are freeze dried to yield a macroporous monolith with a
volume porosity about 90%. The monoliths take the shape of the
centrifuge tube in which they are prepared—therefore, they are
cylindrical in shape with a diameter of 8 mm and a length of about
1 cm (Fig. 2). The aspect ratio of the hematite particles does not
influence ice crystal formation and similar pore size distributions
are obtained for monoliths prepared using the different particles.
In all cases, an analysis of the SEM images (Fig. 2) suggests that
pore sizes vary from 30 to 130 microns, with the pore size distribu-
tion peaking at about 60 um. High resolution SEM images of the
pore walls [Figs. 2(b)-2(f)] reveal the presence of hematite particles
embedded in them. Even as the aspect ratio of the particles
increases from 1 to 2.2 to 4, we do not observe any orientational
order for the particles in the pore walls (supplementary material,
Fig. S2). We estimate a Peclet number based on the rate of growth
of ice crystals as Pe =v/DgL, where v is the rate of propagation of
the freezing front (estimated as 100 nm/s),”” Dy is the rotation dif-
fusion coefficient,”” and L is the length of the particle. We calculate

Pe < 1, suggesting that particles consolidated into walls during ice
templating should show orientational correlations. However, it
appears that the process of ice templating consolidates particles in
such a way that even anisotropic ellipsoidal particles with an aspect
ratio of 4 are unable to align. We believe that this might be due to
short range attractive interactions between hematite particles due to
the possibility of PEI chains forming bridges between them. We
reason that these sticky interactions between ellipsoids preclude
their orientation. Our previous studies indicate that macropore
walls formed by ice-templating comprise particles enmeshed in a
network of crosslinked PEL***" As a consequence of this structure,
monoliths recover completely after large compressive deformations,
exceeding strains of 70%. All the hematite monoliths investigated
in this work are elastic and show recovery after large compressive
deformations.

We use dynamic oscillatory shear rheology to probe the shear
response of monoliths containing different aspect ratio hematite
ellipsoids (Fig. 3). Monoliths are soaked in water, and sodium
hydroxide is added to maintain pH = 10. Thus, these are nanocom-
posite hydrogels. Monoliths prepared using different aspect ratio
hematite show qualitatively similar frequency dependence for their
mechanical response. As would be expected for a network material,
the elastic modulus, G’, is significantly higher (by about an order of
magnitude) than the loss modulus, G”. The elastic modulus shows
a very weak frequency dependence, G’ ~ o, where x ~ 0(1072), for
all monoliths. The monoliths are remarkably soft, with G’
between about 4000 and 10000 Pa, comparable to the elastic
modulus of macroporous monoliths of unfilled crosslinked PEI
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FIG. 3. Storage (G’) and loss (G”) moduli at pH =10 as a function of frequency
for scaffolds made with different aspect ratio hematite particles.

(supplementary material, Fig. S3). This suggests that the mechani-
cal response arises primarily from the network of crosslinked
polymer and not directly from the filler particles. We reiterate that
the hematite weight fraction for all monoliths is identical, to within
the experimental error.

We observe that G* decreases with an increase in the hematite
aspect ratio. This decrease in modulus with increase in filler aspect
ratio is qualitatively different from the trends reported in the litera-
ture. In nanocomposites comprising silica nanoparticles with
aspect ratio varying from 1 to 10 in an SBR rubber, Scotti and
co-workers reported an increase in the modulus with filler aspect
ratio.”>** They attributed this to improved percolation for higher
aspect ratio fillers. Their results are consistent with those reported
for nanocomposites containing very high aspect ratio nanofillers,
including rod-like carbon nanotubes® and plate-like clay parti-
cles.'”"® In all these, an increase in filler aspect ratio resulted in
increased modulus, attributed to increased filler-filler interactions
with increase in the filler aspect ratio. Therefore, the decrease in

ARTICLE scitation.org/journalljap

modulus with hematite aspect ratio observed in our experiments
(Fig. 3) is unusual. We note that in the case of polymer nanocom-
posites containing moderate aspect ratio silica particles or high
aspect ratio clay or CNTs (where the modulus increases for parti-
cles with increased aspect ratio), the particle matrix interaction is
not characterized by strong attraction. Even when the clay or CNT
is compatibilized by surface treatment so that mixing and disper-
sion can be achieved, typically, one does not observe strong attrac-
tion between the matrix and the filler in the nanocomposites.
Furthermore, while highly filled nanocomposites have been
reported, the filler concentration is typically much lower than for
the case of the ice-templated monoliths reported in this work. It is
possible that these differences contribute to the unusual aspect
ratio dependence of the modulus that we observe for ice templated
scaffolds.

To further investigate the origins of the unusual dependence
of the mechanical response on hematite aspect ratio, we examine
the variation in monolith modulus with its nominal density. For
this, we prepare monoliths by ice templating dispersions with dif-
ferent concentrations (while maintaining the ratio of particle to
polymer to crosslinker). Thus, all monoliths have the same hema-
tite weight fraction (x79%). For lower dispersion concentrations,
the volume occupied by the macropore walls is a smaller fraction of
the monolith volume resulting in a lower nominal density (p*) for
the monolith. Note that the walls are dense, comprising hematite
particles in a polymer mesh and there is likely no variation in the
density within the walls for these monoliths. The protocol
employed for ice templating is the same for all monoliths. We
observe that monoliths containing isotropic hematite exhibit an
approximately linear dependence of modulus with nominal density,
viz, G ~p* [Fig. 4(a)]. Furthermore, we observe that Young’s
modulus, E’, obtained from the linear region of the stress—strain
curve for compression also scales as ~p* [Fig. 4(a)]. We note that
F’ ~2G’, indicating that the Poisson ratio, v~ 0. Consistent with
this, we note that there is no change in the lateral dimension of the
monoliths when they are compressed. These results are in accor-
dance with our previous reports for ice templated monoliths of
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FIG. 4. Storage and Young's moduli as a function of scaffold nominal density (p*) for scaffolds made of hematite particles with aspect ratios (a) ~1, (b) ~2.2, and (c) 4.
Note that measurements for Young's modulus are repeated four times and data from all the measurements are presented. All data are at pH =10. The lines shown are

power law fits to the data with exponent n.
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approximately spherical silica particles.”*” We observe a systematic
transition in the nominal density dependence of the modulus with
increase in aspect ratio of the hematite particles. For ellipsoids with
an aspect ratio of 2.2 and 4, we observe G, E’~p“1'5 and G,
E’ ~ p*?, respectively. For these scaffolds as well, '~ 2G’. We note
that G’ and E are independent quantities—therefore, given that we
can access only a relatively small range of p*, it is reassuring that
both moduli show similar scaling behavior.

We interpret this difference in p* scaling as arising from a
change in the mechanism of monolith response. The dimensions of
the hematite particles are of the order of ~O(100 nm), orders of
magnitude smaller than the size of one cell in the monolith (of the
order of 100 um). The samples on which we perform mechanical
measurements are macroscopic (of the order of 1cm), orders of
magnitude larger than the size of the porous cells in the monolith.
Therefore, it is reasonable to consider the samples as isotropic
materials amenable to a continuum description. We consider two
independent modes by which the monolith responds to mechanical
deformation, following standard descriptions"18 of three-
dimensional foams.

If the compressive response of the foam arises from compres-
sion of the cell walls, then the work done by the compressive force,
F, during deformation can be written as Fd = Ewdztez, where & is
the change in pore dimension along the compression axis, Eyy is
the modulus of the pore wall, d is the pore diameter, t is the wall
thickness, and € is the nominal strain (=8/d). Based on this, the
experimentally observed nominal modulus of the foam can be

written as E=(nominal stress)/strain=(F/d*)/(8/d). Therefore,
E’d8* ~ Ewd?t (6%d2), leading to
E'/Ew~ t/d. (1)

If the density of the pore walls is pyw, then we can write
pw(dzt) ~ p*‘d3 . Thus, p*/pw ~ t/d and Eq. (1) can be written as

E'/Ew~ t/d ~ p*/py- (2)

Thus, E’~p* (and G’ ~p*) as is observed for ice templated
monoliths prepared using isotropic particles. This suggests that the
origin of the mechanical response when the monolith is deformed
is compression of the walls.”” This is in itself unusual—typically,
open cell monoliths respond through bending of the cell walls
rather than by wall compression. When monoliths respond by
bending of cell walls, beam theory for linear elastic deflection
shows that the deflection, 5~Fd3/EWI, where I is the second
moment of the area of the cell wall. Therefore, Young’s modulus is
given as E’ = o/e ~ EyI/d*. Thus, we obtain

E//Ew~(p*/py)*. (3)

Thus, E’, G’ ~ p** as is observed for ice templated monoliths
prepared using ellipsoidal particles with aspect ratio = 4. This sug-
gests that ice templated monoliths using ellipsoidal particles with
aspect ratio=4 respond to deformation by bending of cell walls.
We note that there is a systematic increase in the p* dependence of
G’ as aspect ratio is increased from ~1 to =4, suggestive of a
change from cell wall compression to bending in response to

ARTICLE scitation.org/journalljap

deformation of the monolith. The mechanical response of the
monoliths arises from the polymer shells-ice templated monoliths
are soft and we have previously demonstrated that their modulus
increases linearly with temperature, pointing to the polymeric con-
tribution to their response.”” Therefore, when a monolith is com-
pressed and there is relative motion between the particles in the
wall, the response of the monolith arises from how the crosslinked
polymer mesh that holds the particles together is deformed to
accommodate this relative motion. It appears that for the case of
isotropic particles, the preferred mode is for particles to move rela-
tive to each other so that the wall gets compressed rather than
bend, while for higher aspect ratio ellipsoids, it is easier for the par-
ticles to slide relative to each other rather than change the interpar-
ticle spacing, so that the walls bend rather than get compressed.
Thus, the decrease in E, G’ with the increase in particle aspect ratio
appears to correlate with a change in the mechanism of monolith
response.

The surface charge of hematite particles is a strong function of
pH. At low pH, viz, under acidic conditions, the particles are posi-
tively charged, with a zeta potential above +50 mV at pH =2. The
particle charge decreases with an increase in pH and the particles
are nearly uncharged at a neutral pH. Under basic conditions, the
particles bear a negative surface charge (zeta potential = — 40 mV at
pH=10) (Fig. 5). We note that monoliths are always prepared
from basic aqueous dispersions. Here, PEI chains adsorb on the
negatively charged hematite particles and, the reaction between the
PEI amine groups and the diepoxy groups can proceed. However,
once the crosslinking reaction is complete and the ice templated
monoliths have been prepared, the walls comprise hematite parti-
cles trapped in a crosslinked mesh of PEL These monoliths can be
dried and soaked in aqueous solutions at different pH values so
that we can qualitatively change the interactions between the
embedded hematite particles and the crosslinked polymer matrix.
We now examine the response of monoliths as hydrogels,
immersed in water at different pH ranging from 2 to 10. At the
outset, we comment that the pH dependence of the monolith
response is a consequence of the change in the zeta potential of the
hematite particles. We have shown previously that “control”
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FIG. 5. Zeta potential measurements of hematite particles as a function of pH.
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unfilled monoliths prepared by crosslinking ice templated PEI solu-
tions do not exhibit any pH dependence to their mechanical prop-
erties.’ A change in pH results in a change in the zeta potential of
the hematite particles and therefore, possibly in changes to the
hematite-hematite and hematite-polymer matrix interactions in
the monoliths.

At pH=10, there are attractive interactions between the
matrix crosslinked PEI and the embedded hematite fillers. At
neutral or acidic pH, the zeta potential of dispersed hematite parti-
cles varies from near 0 to positive. Under these conditions, PEI will
not adsorb on the particle surface. In fact, zeta potential measure-
ments indicate that PEI chains adsorbed on hematite particle sur-
faces desorb when the pH is decreased from basic to acidic values.
Therefore, when monoliths are soaked in water maintained at
neutral to acidic pH, we anticipate that the matrix polymer interac-
tion will transform from attractive to repulsive. However, since the
hematite particles in the monoliths are trapped in a crosslinked PEI
mesh, they cannot escape from the matrix or aggregate in the
matrix, even if the matrix-particle interaction turns repulsive. For
monoliths prepared using isotropic silica particles, we had demon-
strated that repulsive matrix-filler interactions results in a decrease
in G."

Monoliths prepared with hematite particles with different
aspect ratios (but with same p*) exhibit qualitatively different pH
dependence of the modulus. Isotropic hematite monoliths show a
decrease in G’ as pH decreases from 10 to 2. As the aspect ratio is
increased to ~2.2, we observe that G’ exhibits almost no pH depen-
dence (Fig. 6). For monoliths prepared using the high aspect ratio
(~4) hematite, we observe that G’ decreases as pH increases from
acidic (pH =2) to neutral to basic (pH = 10) (Fig. 6). At pH =2, the
aspect ratio dependence of G’ is exactly opposite to the trend at
pH =10, viz, G’ increases with the aspect ratio of the ellipsoidal
hematite particles (Fig. 6).

Qualitative differences between the behavior at pH=2
and = 10 are also observed in large amplitude compression experi-
ments on monoliths containing the hematite particles. We subject
monoliths prepared using hematite particles with different aspect

15k
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FIG. 6. Storage modulus (at 1 rad/s) as a function of pH for same density scaf-
folds made with different aspect ratio (L/D) hematite particles.
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ratio, and soaked in water at different pH’s to compressive strain
followed by unloading. We observe that all monoliths are elastic
and recover from 70% compressional strain at pH from 2 to 10
(Fig. 7). In all our experiments, the monoliths exhibit a linear
response region where compressional stress is proportional to
strain. Subsequently, the stress increases monotonically but at a
lower rate until about a strain of 40%. Beyond that, there is a sharp
increase in stress with increasing strain. Since the Poisson ratio for
the ice templated monoliths is nearly 0, there is a decrease in the
void volume as the monoliths are compressed. We have previously
demonstrated that beyond about 40% strain, the cell walls collapse
and the pore walls come into contact.’” Therefore, the sharp
increase in stress can be attributed to the compression of a dense
monolith as the void volume is eliminated due to compression.
After compression to 70% strain, the monoliths are unloaded and
there is a decrease in stress. As previously reported, here too we
observe a hysteresis in the stress-strain response. The area corre-
sponding to the hysteresis loop is approximately 30%, largely inde-
pendent of the aspect ratio of the hematite ellipsoids and the pH at
which the experiment is carried out. A change in pH from 2 to 10
results in the hematite/PEI matrix interaction changing from repul-
sive to attractive. Thus, it appears that hysteresis in the stress—strain
response does not result from interactions at the particle-polymer
interface. We believe that the hysteresis arises from viscous dissipa-
tion in the crosslinked polymer matrix. We note that compression-
recovery cycles on pure polymer monoliths (containing no filler
particles) also show hysteresis (Supporting Information, Figure S3),
supporting our contention that hysteresis arises from viscous dissi-
pation in the polymer matrix. The Young’s modulus, E’, calculated
from the low strain linear response region during compression and,
Om> the maximum stress at 70% compression are both higher for
aspect ratio =4 ellipsoidal particles relative to isotropic particles for
pH =2 while the trend is opposite for pH =10 (Fig. 7). The values
for the modulus, E’ and maximum stress, 6,, do not change mono-
tonically as a function of pH from 2 to 10. There is significant vari-
ability in the data measured at pH =7, possibly since this is close to
the isoelectric point for the hematite particles. Therefore, we focus
on the trends observed for experiments conducted at the two
extreme values of pH (=2 and = 10).

At pH =2, hematite particles in dispersion have a positive
surface charge. Zeta potential measurements indicate that PEI
chains adsorbed on hematite particles at pH =10 desorb off the
particle surface when the pH is changed to 2 by the addition of
acid. Therefore, at pH=2, we anticipate that the interaction
between the hematite particle surface and crosslinked PEI mesh
that surrounds it is repulsive. This repulsive interaction leads to a
reduction in the number of PEI/hematite contacts relative to the
attractive case. Again, we reiterate that since the monolith com-
prises hematite particles in a crosslinked PEI mesh, the particles
cannot escape the mesh or aggregate in it, even at pH=2. At
pH =2, there is an increase in the modulus (G’ and F’) and in o,,
with increase in aspect ratio, as has been reported for polymer—
silica nanocomposites (with moderate aspect ratio silica fillers)***°
as well as polymer-clay and CNT-polymer nanocomposites.' ”>*°
Those systems too are characterized by incompatibility between the
filler and the matrix polymer. Typically, the filler surfaces are
treated so that they are rendered compatible with the matrix
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FIG. 7. Mechanical properties of scaffold at different pH. Compression—expansion curves at 70% strain of scaffolds made of particles with aspect ratios (a) ~1, (b) ~2.2,
and (c) ~4. (d) and (e) are Young's moduli vs aspect ratio and maximum compressive stress (omax) at 70% strain vs aspect ratio, respectively.

polymer. However, achieving good filler dispersion in a polymer
matrix for clay or CNT nanocomposites remains challenging. In
our system, where we can change filler-polymer interactions by
changing pH, we note that for systems where there are strong
attractive interactions between filler and polymer, an increase in
filler aspect ratio correlates with a change in the mechanical
response and with a decrease in modulus. In contrast, when there
are repulsive interactions between the filler and polymer, the
modulus increases with aspect ratio. At this point, there is insuffi-
cient data in the literature to state that this is a general observation.
However, this interesting observation based on our results suggests
a potentially interesting line of future investigation.

IV. CONCLUSIONS

The mechanical response of ice templated monolith hydrogels
comprising ellipsoidal hematite particles in a crosslinked PEI
matrix depend on the aspect ratio of the particles and the pH at
which the measurement is performed. The ice templated monoliths
recover elastically after being subjected to large compressive strains,
of up to 70%, independent of the aspect ratio of the hematite parti-
cle and the pH at which they are compressed. Under acidic condi-
tions (pH =2), there is a repulsive interaction between the particle
surface and the crosslinked polymer matrix. Under these condi-
tions, we observe an increase in the monolith modulus with aspect

ratio. Monolith response at pH =10, where there is an attractive
interaction between the particle and polymeric matrix show a quali-
tative different response. Here, the monolith modulus decreases
with increase in aspect ratio. At pH =10, the monolith modulus
increases approximately linearly with nominal density for isotropic
particles. As the particle aspect ratio increases, there is a systematic
increase in the density dependence of the modulus. Our results
suggest that the mechanical response of ice templated monolith
hydrogels depend on both the aspect ratio of the particles in the
nanocomposite and on the nature of the particle-matrix
interactions.

SUPPLEMENTARY MATERIAL

See the supplementary material for the characterization of the
hematite particles (XRD), characterization of the monoliths (SEM)
indicating local ordering of the colloidal particles and mechanical
characterization of ice templated monoliths of neat crosslinked
polymer.
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