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lon-induced assemblies of highly anisotropic nanoparticles can be
explained by a model consisting of ion—ion correlation and
specific ion effects: dispersion interactions, metal-ligand com-
plexes, and local acidic environments. Films of cellulose nanofibrils
and montmorillonite clay were treated with different ions, and
their subsequent equilibrium swelling in water was related to
important parameters of the model in order to investigate the rela-
tive importance of the mechanisms. lon—ion correlation was
shown to be the fundamental attraction, supplemented by dis-
persion interaction for polarizable ions such as Ca®* and Ba?*, or
metal-ligand complexes for ions such as Cu?*, A®* and Fe>*. lons
that form strong complexes induce local acidic environments that
also contribute to the assembly. These findings are summarized in
a comprehensive semi-quantitative model and are important for
the design of nanomaterials and for understanding biological
systems where specific ions are involved.

Metal ions induce attractive interactions between charged poly-
mers and colloids in water. These interactions are important
for many chemical processes and products, including water
treatment’ and antiperspirants or deodorants,>* as well as for
plants and animals in the design of tissues*” or adhesives.®’
Today, these supramolecular interactions are widely used to
assemble organic materials such as alginate,® metal-organic
frameworks,'® nanocellulose,""* and peptides,"* or to assem-
ble conventional inorganic materials such as clay particles'* or
calcium-silicate-hydrate particles™ in cement paste. It is there-
fore crucial to understand the mechanisms that govern these
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interactions and to link the properties of colloids and ions to
their ability to assemble.

The driving force behind this interaction is frequently
assigned exclusively and naively to metal-ligand complexes
(coordination chemistry).*®**'® There are, however, several
cases with an inadequate relationship between the stability of
the complex and the properties of the assembled
materials."***'® This indicates that the assemblies originate
from several separate mechanisms, which must be combined
into a complete model.

The interaction between charged colloids has traditionally
been described by the DLVO theory, which posits double-layer
repulsion and attractive van der Waals forces.’” The problem
is, however, that in this theory ions are not allowed to interact.
Moreover, the theory is based on mean field approximations,
in which the average properties of the counter-ion cloud and
interacting particles are used. The theories of ion-ion
correlation"®° and specific ion effects> were developed to
explain situations where the DLVO theory clearly fails. Ion-ion
correlation is ubiquitous for all charged polymers or colloids,
whereas the specific ion effects depend on the properties of
the colloid and the ion. The model in Fig. 1a displays the four
principal mechanisms in the interaction between nano-
particles in the presence of metal ions: (1) ion-ion correlation,
(2) dispersion interactions, (3) metal-ligand complexes, and
(4) a local acidic environment.”*** Mechanisms 2-4 are
specific ion effects.

In this paper we investigate these mechanisms by using
two common anisotropic nanoparticles: cellulose nanofibrils
(CNFs), and two-dimensional sheets of montmorillonite clay
(MMT). CNFs are high aspect ratio cellulose nanoparticles
with a high degree of crystallinity and a square cross-section of
3 nm by 3 nm. Here they are decorated with carboxyl ligands
(anionic) or quaternary amines (cationic).>**> MMT clay con-
sists of 2: 1 phyllosilicate sheets of aluminium silicate with an
exfoliated thickness of 1 nm and a diameter of less than one
micron. The sheets are negatively charged due to an iso-
morphic substitution of Al in the octahedral layer of the crystal

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 (a) Illustrations of the different interaction mechanisms in the model from the perspective of CNF and MMT. (b) Schematic of the method

used to assess the swelling of CNF or MMT films in the presence of different counter-ions. (c) Picture of the equilibrium swelling of anionic CNF

films in the presence of Li* and Cs* counter-ions.

structure.”® The nanoparticles are strongly affected by the pres-
ence of multivalent counter-ions'"**'*?” and we chose them
because CNFs can form metal-ligand complexes,'® while there
have been no such reports for MMT.

To estimate the ion-induced interaction between CNFs or
MMT, we measured the swelling of assemblies of CNF or
MMT nanoparticles in the presence of different counter-ions
and related the degree of swelling to the magnitude of the
interactions between the nanoparticles. We describe the swell-
ing at equilibrium using Flory’s polyelectrolyte gel model (eqn
(1), and ESIf) where the network pressure (I7,.) is the net
attractive pressure between the nanoparticles, the mixing
pressure (1) is given by the thermodynamics of mixing the
nanoparticles with water, and the ionic pressure (I7;,,) is the
osmotic pressure at a given valency of the counter-ion (double-
layer repulsion).”®

|Hnet| = |Hmix| + |Hion| (13)
Swelling71 o [Thet = Hparticle network 1 Mion-ion correlation
+ Hspecific ion effects (1b)

The swelling of the assembly is related to the inter-particle
attraction (/1 in eqn (1)), and could be used determine the
influence of the valency and polarizability of different counter-
ions and the association constant of their complexes, which
are the most important parameters in the ion-ion correlation
and specific ion effects theories.'®'*?>?%3% We used the
relationship between swelling and these parameters to esti-
mate the relative importance of the different interaction
mechanisms, and this allowed us to develop semi-quantitative

This journal is © The Royal Society of Chemistry 2019

models to explain these ion-induced assemblies. We also intro-
duce the concept of an ion-induced local acidic environment
as part of the model, a mechanism not yet clearly discussed in
the literature. We think that this semi-quantitative model is
currently the most comprehensive model explaining the inter-
actions for all polymers or colloids, anionic or cationic, that
assemble in the presence of specific counter-ions.

To measure the equilibrium swelling (eqn (2), ESI}), where
d is the thickness of the film, we prepared sheets from CNFs
and MMT by vacuum filtration of dilute dispersions of the
respective nanoparticles (Fig. 1b). Next, we immersed the films
in a solution (1 wt%) containing different ions and then
allowed them to swell in Milli-Q water until equilibrium.

et — d
Swelling = Swet — My

(2)

dary

The swelling is unidirectional since the nanoparticle
network collapses in one direction during filtration,” and this
means that the changed thickness of the films represents the
entire swelling and can easily be measured with a thickness
gauge. Fig. 1c shows swollen CNF films with Li" and Cs"
counter-ions, demonstrating that large differences are
observed for monovalent counter-ions that should behave
similarly according to DLVO theory. The films swell signifi-
cantly less with multivalent counter-ions (Table S17).

We started by investigating the influence of metal-ligand
complexes (mechanism 3 in Fig. 1a, and ESI}), which is the
conventional explanation for the attraction between polymers
or colloids in the presence of multivalent metal ions. These
complexes form to minimize the energy of the ion and have an

Nanoscale, 2019, 11, 3514-3520 | 3515
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ionic and a dative covalent contribution, in which the ligand
donates both electrons to the bond.*'** Transition metals
reach noble gas states by attracting ligands in order to fill their
d-orbitals with shared electrons, and therefore they form
strong complexes.*>*7> The strength of a complex is referred to
as the stability constant, which is the logarithm of the first
association constant, logk;. Fig. 2a shows the stability con-
stant between the investigated metal ions and acetate or
hydroxide ions."*?' Acetate and hydroxide were used to rep-
resent available ligands on the CNF surface and in water. The
stability constant between protons and acids is the pkK, value,
and ions with high affinity for hydroxide ions in water, such as
Fe®", are therefore acids.

Fig. 2b shows that the swelling of the CNF films (Table S1t)
decreases with an increasing stability constant of metal-
acetate. However, the relationship does not hold for Ca®*" and
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Fig. 2 (a) Stability constants between different ions and hydroxide or
acetate as models for water and the surface of CNFs.*3! (b)
Relationship between the swelling and stability constants (metal-
acetate) for CNF films. (c) Relationship between the swelling and stability
constants (metal-acetate) for MMT films.
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Ba™", so there has to be another explanation for the swelling in
the presence of these counter-ions.

There was no significant relationship between the swelling
and the stability constant of a hypothetical ligand on the
surface of MMT (Fig. 2c). Instead, there were two discrete
swelling levels; one for the divalent transition metals including
Mg”*, and one for the trivalent ions. In accordance with pre-
vious studies,"* we postulate that ion-ion correlation is the
cause of these levels.

Ion-ion correlation (mechanism 1 in Fig. 1a, and ESI}) is a
large-scale analogue of London dispersion interactions in the
van der Waals theory (electron-electron correlation). The spon-
taneous fluctuation of electrons of molecules or ions in the
counter-ion cloud, for example due to thermal energy (kT),
results in instantaneous dipoles. The formation of these
dipoles correlate when molecules or counter-ion clouds are
brought close together, leading to attractive electron-electron
or ion-ion correlation interactions.'® %3¢

The magnitude of the fluctuations in the counter-ion cloud
is mainly governed by the valency of the counter-ion and the
surface charge density of the colloid.'® A higher valency of the
counter-ion results in a less crowded ion cloud, which in turn
allows more fluctuations to occur without being diminished by
core—core repulsion between ions.’” The medium and high
charge density CNFs that we used had charge densities of 0.07
and 0.13 C m~? respectively. This is comparable to the charge
density of 0.1 C m™? required for ion-ion correlation to over-
power the double-layer repulsion for divalent ions.*®

The discrete swelling levels for MMT with divalent and triva-
lent counter-ions (Fig. 2¢) are therefore explained by the valency
effect in ion-ion correlation theory. Ion-ion correlation has pre-
viously been suggested to be the main mechanism behind the
absence of swelling for clays with multivalent counter-ions.*

The magnitude of the electron-electron correlation,
referred to here as dispersion interactions (mechanism 2 in
Fig. 1a, and ESIY}), is proportional to the polarizability of mole-
cules or atoms. Polarizable ions therefore interact with colloids
or with each other mediated by van der Waals forces. This
interaction reduces the double-layer repulsion or supresses the
surface charge of the colloid.>"***° Dispersion interactions are
the main component in the specific ion effect theories and are
suggested to be an explanation for the Hofmeister series.”®*!

The trend for Ca®* and Ba®>" counter-ions was similar for
both CNF and MMT (Fig. 2b and c), which is indicative of a
ubiquitous mechanism for all colloids that is associated with
the properties of these ions. Ca®>" and Ba®** are significantly
larger and their electrons are more loosely bound compared to
the other ions in this work, and thus they have higher polariz-
ability.>*** We therefore investigated the relationship between
the polarizability, representing dispersion interactions, and
the swelling of the CNF and MMT films. The effective polariz-
abilities of these ions in water were either calculated or
adapted based on the method of Ninham et al. (see eqn (S3)
and (S4), Tables S4-S5, and ESIf).>?

The influence of the dispersion interactions was most pro-
minent for monovalent counter-ions, depicted in Fig. 1c, since

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Relationship between the swelling of CNF films and the effective polarizabilities (in water) of (a) monovalent and (b) multivalent counter-ions.
(c) Relationship between the swelling of MMT films and the effective polarizabilities of multivalent counter-ions. No reliable data on the polarizability of
Cu?* was found in the literature, hence the horizontal lines. (d) Relationship between the swelling of cationic CNF films and the effective polarizabilities
of anionic counter-ions. (e) Relationship between the swelling of CNF and MMT films and the stability constant of metal-acetate. The data was super-
imposed (normalized) with respect to the respective values in the presence of Mg?*, Ca®* and Ba2*. The coloured regions represent important mecha-
nisms for each counter-ion and nanoparticle combination according to the text in each region, where 2+ and 3+ refers to the valency of the counter-
ion. (f) Picture of FeCls solutions at different pH. Picture of (g) a dense CNF film and (h) a dilute CNF gel, both with Fe** counter-ions.

monovalent ions do not form metal-ligand complexes and
lead to weak ion-ion correlation. Fig. 3a shows a significant
trend between the swelling of the CNF films and the effective
polarizability in water of monovalent counter-ions. We did not
observe this trend for MMT films since they dissolved com-
pletely with monovalent counter-ions. The effective polarizability
of Li" is almost zero, which best represents a non-interacting
counter-ion in the DLVO theory, and this explains the large
swelling of CNF films with Li" counter-ions; however, the
entangled CNF network probably prevents dissolution.

We observed a similar relationship to that of the mono-
valent counter-ions for Mg>*, Ca®’, and Ba®*' in the case of
both CNF and MMT films (Fig. 3b and c). The transition

I>* can, like Li", be considered non-interacting in

metals and A
terms of dispersion interactions due to their low effective
polarizability. Indeed, we observed the different swelling in the
presence of these ions (Fig. 2) to be a result of metal-ligand
complexes and ion-ion correlation for CNFs, while only ion-
ion correlation affected MMT due to the lack of ligands.

We also measured the swelling of cationic CNF films
(Table S21) because anions are significantly more polarizable
than cations (Table S5t).”* The relationship between the swelling
of cationic CNF films and the effective polarizability in Fig. 3d
shows that dispersion interactions are also important for anions
outside a cationic surface. Furthermore, ion-ion correlation
should naturally also exist in anionic counter-ion clouds.

This journal is © The Royal Society of Chemistry 2019

Fig. 3e summarizes the effect of ion-ion correlation, dis-
persion interactions, and metal-ligand complexes. We
assembled this figure by superimposing the swelling of CNF
and MMT films with respect to their respective values in the
presence of Mg”>*, Ca®>", and Ba®" counter-ions (normaliza-
tion), and plotted it against the stability constants of metal-
acetate. Our motivation is that dispersion interactions are a
ubiquitous phenomenon and do not overlap any other specific
interaction mechanism. Ions interact with either dispersion inter-
actions or metal-ligand complexes since large and polarizable
ions are stable and therefore gain little energy by forming com-
plexes, and vice versa. We then introduced coloured regions for
the different mechanisms or combination of mechanisms, to
indicate their importance for each counter-ion. This assignment
is based on the properties of the ions and how these properties
influence ion-ion correlation, dispersion interactions, and
metal-ligand complexes. The coloured regions in Fig. 3e demon-
strate that MMT films show discrete swelling due to ion-ion
correlation (orange regions). Metal-ligand complexes further
reduce the swelling of CNF films with transition metal counter-
ions and lead to continuous variation throughout the blue
regions. The dispersion interactions are important for both nano-
particles in the presence of Ca®>" and Ba** counter-ions (yellow
regions).

Fig. 3e does not, however, capture the effect of the local
acidic environment (mechanism 4 in Fig. 1a). To investigate

Nanoscale, 2019, 11, 3514-3520 | 3517
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this mechanism, we measured the infrared absorbance of CNF
sheets treated with different counter-ions (Fig. S1}). For ions
that form strong complexes, Cu”>*, AI** and Fe®*, portions of
the absorbance of the asymmetric carboxylate vibration at
1600 cm™" moved to 1730 cm ™', which is the vibration of pro-
tonated carboxylic acids. These ions behave as acids due to
their high affinity for OH™ in water (Fig. 2a). Solutions of
CuCl,, AlICl;, and FeCl; (1 wt%) thus have a pH of 3.7, 3.4, and
1.9, respectively.

Fig. 3f shows that FeCl; solutions change colour when the
pH is adjusted which is due to the different ligand field split
when binding water and hydroxide ions. Ligand field theory
describes how the d-orbital is split into low and high energy
levels upon binding ligands (ESIT).** The energy gap, or field
split, depends on the nature of the ion and the ligand and
results in coloured complexes when electrons are excited
between the energy levels by visible light. Iron ions can there-
fore be used as a pH indicator.

Fig. 3g and h show a dense CNF film and a dilute CNF gel
with Fe** counter-ions. The colours of these materials indicate
that the pH inside the film is close to 2 while it is around 3
inside the gel. This difference is explained by the effective con-
centration of Fe**, which is proportional to the amount of car-
boxyl groups per volume, and local acidic environments there-
fore depend on the charge density and the volume concen-
tration of the nanoparticle. The result of this mechanism is a

View Article Online

Nanoscale

lower effective charge density of the colloid and thus reduced
double-layer repulsion. However, the charge density is also
important for ion-ion correlation, and it is therefore difficult
to specify the net effect of local environments.

We combine all these results in semi-quantitative models
(Fig. 4a and b) to both explain and visualize the importance of
the four mechanisms that contribute to the assembly. The
colours of the bars (from Fig. 3e) represent the four mecha-
nisms. Their relative heights represent their normalized contri-
bution to the overall attraction. We assume that Li* and Mg>*
only induce ion-ion correlation, since they have low effective
polarizability (Fig. 3) and because Mg-acetate complexes have a
relatively low stability constant (Fig. 2a). The contributions of
the different mechanisms are for monovalent ions and diva-
lent ions, except Cu®*, based only on the above assumption
and the swelling data (Fig. 4a and b). The contribution of the
different mechanisms for Cu**, AI**, and Fe*', in the case of
CNF, are chosen to be linearly related to the stability constants
and the induced pH with an R* of at least 0.9 (Fig. 4a and b
insets).

We were unable to explain the discrepancy in the effect of
the valency for ion-ion correlation between MMT and CNFs
(difference Cu®* to Al’**). We speculate that this is due to the
reduced effective charge density when the ions form com-
plexes with carboxylate ligands on CNFs. Moreover, the two-
dimensional shape of MMT allows for a better packing, which
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Fig. 4 Semi-quantitative models of the attractive interaction between the nanoparticles in the films of (a) CNFs and (b) MMT normalized with
respect to the Mg?—Ca?*—Ba?"* trend as in Fig. 3e. The coloured subsections of each bar represent the contribution of the mechanisms: (1) ion—ion
correlation, (2) dispersion interactions, (3) metal—-ligand complexes, and (4) local acidic environments as in Fig. 1. The contribution of each mecha-
nism was derived from the trends in previous figures, or related to the investigated parameters in the case of Cu?*, Al**, and Fe**. The relationships

between the swelling and the parameters in the model are shown in the

insets above the main graphs and are referred to by colour, number, and

slope symbols. (c) Stress—strain curves of high charge CNF films treated with different counter-ions.
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is beneficial due to the short range of attraction from ion-ion
correlation (<5 nm).>® It is also important to mention that
early work by Oosawa showed that the shape of the colloid
influences the ion-ion correlation.'®

The model suggests that the major part of attractive inter-
actions for both CNFs and MMT originates from ion-ion corre-
lation. CNFs encounter all four mechanisms, while MMT only
encounters ion-ion correlation and dispersion interactions.
Metal-ligand complexes lead to large differences for transition
metal counter-ions if ligands are present on the surface of the
nanoparticle. We propose that ion-ion correlation should be
paid more attention in the future, since it is possible that
metal-ligand complexes would not be strong enough to induce
assemblies in a hypothetical system without ion-ion correlation.

While the MMT films with multivalent counter-ions are weak
in water, the CNF films are strong enough for tensile testing in
the wet state.”'! This is probably because CNFs can entangle
over large distances so that the strength in the plane is main-
tained. Fig. 4c shows stress—strain curves in the wet state of the
films in Fig. 4a, which shows that the mechanical properties
follow the same trend as that of the swelling. With a Young’s
modulus of 1.3 GPa, a strength of 25 MPa and elongation of
10% in the presence of Fe*', these films are comparable to
high density polyethylene (HDPE), which has a Young’s
modulus of 1.1 GPa and yield strength of 26 MPa at 10%
elongation.** This demonstrates that multivalent ions can be
used to assemble water-resilient materials from nanoparticles
that are otherwise dispersible in water.

To conclude, we showed that a model containing ion-ion
correlation and specific ion effects can essentially explain the
assembly of cellulose nanofibrils or montmorillonite clay in the
presence of different counter-ions. This model may be able to
explain the ion-induced assembly of any polymers or colloids.
Ion-ion correlation is the main part of the attraction, and
specific ion effects further increase the attraction depending on
the specific ion and the chemistry of the particle surface. Local
environments must be considered for particles with titratable
surface groups in the presence of ions that affect the local pH.

This knowledge can be used to rationally design the assem-
bly of nanoparticles in the presence of different ions. We
showed that these mechanisms may be a crucial tool in the
preparation of biodegradable food packages and other water-
resilient materials in a renewable and circular economy.” We
also think the model is important for biological systems in
general where metal ions are frequently involved.

Further research should be aimed at clarifying the influ-
ence of the dimensions and rigidity of the particle and its
surface charge density. We also think it would be interesting
to investigate other surface ligands such as phosphorylates or
primary amines to further understand and potentially increase
the stability of the assemblies.
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