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Phosphates are well known as dispersants for a variety
of colloidal particles. Here however we use rheologi-
cal measurements to show that high molecular weight
polyphosphates (PP) can instead act as a flocculant for
Laponite clay platelets. The proposed mechanism is
bridging of PP between clay particle edges, leading to
highly charged clusters forming a Wigner glass. Dynamic
light scattering shows a bimodal cluster size distribution,
independent of PP molecular weight, but the highest molec-
ular weight gave the highest viscous and loss moduli for
the PP-clay solid. These unique all-inorganic solids may
have application in solid-state ionic conducting materials,
controlled release fertilizers and biomedical applications.

Phosphate anions find wide use as efficient deflocculants
for colloidal systemsi™. Rolfe, Miller and McQueen stud-
ied characteristics of aqueous dispersions of the clay minerals
montmorillonite, kaolin and illite using sodium tripolyphosphate
(NagP;044), sodium pyrophosphate (Na,P,0;) and sodium hex-
ametaphosphate ((NaPO3),) as dispersing agents. They found
that, depending on the length of the phosphate chains and sodium
dissociation, the deflocculants varied in dispersion efficiency for
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the various clay-water-phosphate systems. For example, sodium-
saturated montmorillonite disperses very well in distilled wa-
ter. A marginal improvement results from adding NagP;0,, or
(NaPO,)g. Calcium-saturated montmorillonite however does not
disperse into water. Adding the same phosphates to this system
significantly improves the extent of dispersion. This is ascribed
to interaction with exposed AI3* sites on the clay particle edges,
sequestration of Ca®* jons and replacing these with Na* . As a
further example, a ceramic paste with 70 wt% of kaolin can be
made fluid through addition of sodium pyrophosphate at pH =
8l

Phosphate anions are adsorbed quasi-irreversibly on the edges
of clay particles (denoting the perimetral section around the clay
discs perpendicular to the dominating surfaces) through ionic ex-
change, increasing the negative charge density of the particle
edges and consequently electrostatic repulsion (note the particle
faces are negatively charged already), giving rise to a more stable
colloidal dispersion®=. Mongondry, Nicolai, and Tassin® in their
light scattering and rheology studies showed the influence of py-
rophosphate on Laponite suspensions. Addition of 10 mM NacCl to
a 2.5 wt% Laponite dispersion leads to rapid aggregation, whilst
no aggregation is seen with 10 mM sodium pyrophosphate. The
authors ascribe this to pyrophosphate adsorption at the positively
charged edges inhibiting the formation of bonds between faces
and edges. Ganley and van Duijneveldt® found that the adsorp-
tion of pyrophosphate anions to montmorillonite platelet edges
introduces negative charge to the particle surface, increasing the
resistance of the elongated platelet clusters to contraction upon
increase of ionic strength.

Whilst this colloidal stabilizing role of phosphates is well
known for clay dispersions, there are also a few reports of perco-
lation / aggregation induced by polyphosphates (PP). Tateyama
et al.’Z observed by X-ray diffractometry that tripolyphosphates
- molecules consisting of three phosphate units - may induce a
lamellar arrangement in aqueous clay dispersions, through ad-
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Fig. 1 Rheological characterization of LRD in water dispersions with and
without PP (at 10~! mol-L~! of Na* ) for clay concentrations of 1 wt% (top)
and 2 wt% (bottom). Measurements were made 36 h after dispersing the
particles.

sorption across neighbouring edges, increasing the clay particle
size. Penner and Lagaly8 stated that addition of (PP) to montmo-
rillonite dispersions induced an increase in viscosity under certain
conditions, and some kaolin pastes with PP may undergo gelation
in a few hours when left undisturbed?. Yamaguchi et al.1¥ re-
ported a reduced clay swelling upon addition of small amounts of
DNA to dispersions of montmorillonite and beidellite.

PP are composed of orthophosphate monomers bound together
as result of phosphate condensation!, leading to chain lengths
varying from a few units up to hundreds of phosphate units. Con-
sidering also that PP can make gels and arrested states in presence
of AI3T due to strong phosphate-aluminium bond formation'1213|
we propose that addition of PP can lead to arrested phases of clay
particles by binding to multi-valent cations exposed at the parti-
cle edges. To test this hypothesis, we used aqueous dispersions
of Laponite RD (LRD), from BYK. It is important to realize that
LRD in water exfoliates into individual lamellae with a thickness
of only 1 nm.14,

A simple experiment was done in order to evaluate if percola-
tion can be obtained by PP bridging, preparing LRD dispersions
in deionised water (1 and 2 wt%) with and without PPSC (short
chain PP, with 20 orthophosphate units per chain, purchased from
Sigma-Aldrich) and PPLC (long chain PP, with 100 orthophos-
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phate units per chain, made according to Ref.12), both at 10!
mol L ~! of Na* counterions. LRD powder was dispersed directly
into water or PP solutions, according to the desired sample. These
dispersions resulted, over 36-48 h, in a viscous liquid, except for
PPLC with LRD 2 wt% where an arrested phase was observed.
Samples with sodium pyrophosphate, a well-known clay dispers-
ing agent, were also made for comparison.

Rheological measurements were carried out using a Haake
Mars rheometer from Thermo with a DC50 temperature con-
troller, using a PP20Ti plate-plate geometry for the higher vis-
cosity suspensions and a C60 / 2° Ti cone-plate geometry for the
lower viscosity ones. Initially an amplitude scan was performed
between 0.01 - 30 Pa, at a frequency of 1 Hz, with a pre-shear at a
shear rate of 30 s~! for 300 seconds. After a rest of 300 seconds,
31 points were collected with integration time of 10 seconds. The
lowest stable stress in the linear viscoelastic region was selected,
and a frequency sweep was measured from 10 to 0.1 Hz record-
ing 9 points per decade with a minimum integration time of 10 s.
All measurements were performed at room temperature (25 °C).

The so-called "gel point" is taken as the oscillation frequency
where elastic (G”) and viscous (G") modulus curves cross1017, 1¢
can be seen from Figure[I] that after 36 h the dispersion of LRD at
1 wt% in water (LRD1) has a frequency dependent viscoelasticity
with no well-defined crossing of these two complex functions, in
other words the sample is in the liquid state!®. PP increases the
elastic response of the arrested system, as can be seen in Figure]]
for the viscoelastic response of the material. There is an intense
debate in the literature about how LRD particles self-assemble to
make arrested states, and that is reflected in the fluidity of the dis-
persion, resembling a viscous liquid rather than a proper gel (See
Figure . Following Ruzicka and Zaccarelli (2011)1%, who re-
viewed the colloidal state of Laponite, one might anticipate that
this viscous liquid would phase separate into a clay-rich phase
and a clay-poor phase after a long time (months perhaps)12,
The viscous liquid phase seen after 36 h for LRD1 is therefore
in agreement with the current literature on phase diagrams for
LRD where no arrested state is observed. For the LRD1-PPSC sys-
tem, it is seen that again no clear gel point is observed, with the
sample being a viscous fluid just like LRD1. Figure |1{shows that
the viscous modulus of LRD1-PPSC is higher than that for LRD1,
which may be the result from the known colloidal stabilizing role
of PP chains after adsorbing at particle edges increasing negative
surface charge density. When the chain size of PP is increased
(LRD1-PPLC) keeping the phosphate concentration the same, the
behaviour is opposite however and a gel point is clearly observed
between 2-3 Hz. Images of these samples clearly demonstrate
the difference in fluidity (Figure [2)), resulting from the increase
in attractive interactions promoted by PPLC. This is in contrast to
the stabilizing behaviour commonly observed with low molecular
weight phosphates.

Increasing the concentration of LRD particles to 2.0 wt%
(LRD2) makes this change in behaviour more pronounced. One
can see from Figure [2| that samples LRD2-PPSC and LRD2-PPLC
are more viscous than LRD2, 36 h after preparation. That is
clearly observed in rheological measurements presented in Figure
For LRD2 and LRD2-PPSC a gel point exists, but the frequency
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Fig. 2 Suspensions of LRD: (a) LRD1; (b) LRD1-PPSC; (c) LRD1-PPLC;
(d) LRD suspensionwith sodium pyrophosphate (Cy,+ = 107! mol-L7!);
(e) LRD2; (f) LRD2-PPSC; (g) LRD2-PPLC;(h) LRD suspension with
sodium pyrophosphate (Cy,+ = 107! mol-L~!). Photos taken just after
placing the test tubes on their side.

dependency of the viscous and elastic moduli suggests that these
are only weakly arrested systems. The most dramatic result comes
from the LRD2-PPLC system, which does not flow under gravity
(Figure[2R).

The PP chains are highly charged, with a distance between
charges of 0.26 nm2% - to be compared with the Bjerrum length
of 0.72 nm, so charge condensation will occur. Moreover, the
systems only contain Nat counterions (no added salt), giving a
double layer thickness of 3.4 nm for 2 wt% LRD (see ESI). Whilst
the persistence length of these PP molecules has not been deter-
mined, it is likely that they adopt extended configurations, with a
contour length of 2.4 nm for PPSC and 25.8 for PPLC (see ESI). It
is instructive to compare these values with the typical separation
between LRD particles of 40.5 nm at 2 wt% (see ESI). The PPLC
size is of similar order which explains why this long-chain PP is
able to form particle bridges, whereas the PPSC is much shorter
and is likely to only attach to one LRD particle at a time. We en-
visage that PP chains bind to clay edges in one or more locations
along the chain - and in the case of PPLC, they may also act as
bridges between two clay particles.

To amplify this point, further samples were made (Figure
and [2h) where LRD1 and LRD2 were made in sodium pyrophos-
phate (Pyro) at 0.1 mol-L-! Na%t concentration. Clay dispersions
made in presence of Pyro fluidise easily, as demonstrated by Gan-
ley and Duijneveldt, and this is ascribed to Pyro molecules at-
taching to particle edges, increasing repulsions between clay par-
ticles. This behaviour is also seen for LRD samples with pyrophos-
phate, demonstrating that the arrested phase observed for sam-
ple LRD2-PPLC is not merely due to an increase in ionic strength.
This is illustrated in the ESI (Figure S2). Addition of 0.1 M of
NacCl leads to aggregation. Aggregation and ultimately arrest also
results when adding PPSC, but as this initially acts as a stabiliser,
higher concentrations (0.5 M and above) are required to desta-
bilise the particles (Figure S3).

To explore the role of particle shape, tests were also made using
Sodium Bentonite (SB). An enhanced sedimentation rate shows
that short-chain PP induces attractive interactions between SB

particles, however less so than addition of NaCl, showing that
the PPSC here has a "traditional", stabilising role (see Electronic
Supplementary Information for discussion and Figure S1). This
may be ascribed to the role of edge contributions to the total sur-
face area, which are very different for LRD and for SB, as can be
seen from the platelet aspect ratio (1:25 for LRD but 1:300 for
SB)314. As a result there is more scope for PPSC adsorption to
enhance particle repulsions in the case of Laponite.

The rheology of LRD2-PPSC and LRD2-PPLC shows that the
PP chain length is key to the formation of the observed arrested
state. This is well known in the literature for various polymer-
clay systems, but has not been reported previously for PP, as they
are considered dispersants. For instance, Mongondry, Nicolai and
Tassin® demonstrated that pyrophosphate acts as dispersant - as
does polyethylene oxide (PEO) at low molecular weights - how-
ever high molecular weight PEO is less effective which is ascribed
to bridging occurring, similar to what we observe here when
adding PP. A complex behaviour of clay suspensions was found
upon addition of PEOR21122 apd polyacrylate.

The clay - PPLC mixtures presented here are in an arrested
state, but it is not possible yet to confirm if they are gels. Arrested
systems can be made by either attractive or repulsive interactions,
and an easy test for this was demonstrated by Ruzicka et al. 2%, A
gel formed by percolation due to attractive interactions will not
solubilize easily in water, but a repulsive system (Wigner glass)
solubilizes readily upon dilution. We submitted the LRD2-PPLC
to this test.

Equal volumes of gel and water were mixed and left undis-
turbed in order to visually follow any solubilisation. It was found
that, after 72 h, by putting the test tube horizontally the whole
system fluidizes (not shown), demonstrating that the arrested
phase was a Wigner glass. This repulsive arrested state is a re-
sult of particles or clusters that show steric or electrostatic mech-
anisms of surface stabilization. In order to propose a mechanism
of formation for this arrested state, it is worth noting that samples
LRD2-PPSC and LRD2-PPLC are more opaque and bluish than
LRD2, which can be attributed to the presence of particle clus-
ters large enough to scatter visible light. As LRD2 shows no opac-
ity, it can be inferred that no aggregation is present, at least for
the time span of our study. At this concentration of 2 wt% LRD,
Ruzicka and Zaccarelli described the formation of trapped states
dominated by repulsive interactions®, the well-known Wigner
glass state.

However, for the two samples containing PPSC and PPLC we
conclude from the opacity that particle clusters are present. Fig-
ure[3]shows a dynamic light scattering characterization (Zetasizer
Nano ZS90, Malvern) of such clusters obtained as a liquid disper-
sion after dilution of arrested samples, LRD2-PPSC and LRD2-
PPLC, to a final clay concentration of 0.1 wt%), with clusters in
the size range 100-1000 nm present in both cases. The major-
ity of scattering objects (by volume) are around 32 nm and 91
nm (LRD2-PPSC) or 54 nm and 342 nm (LRD2-PPLC) reflecting
single particles and small clusters. A lower volume contribution
comes from large clusters with a diameter around 5 um (but de-
tecting such large clusters using DLS is difficult so care should be
taken in making detailed interpretations). Ruzicka® similarly re-

Journal Name, [year], [vol.], 1~E| |3



——LRD2-PPSC (d, =144.2 nm)
32 nm - - ~LRD2-PPLC (d, =144.7 nm)

Volume (%)

5560 nm

v

T T
1000 10000
Diameter / nm

Fig. 3 Volume distribution from dynamic light scattering of LRD2-PPSC
and LRD2-PPLC. Wigner glass dispersion samples after a 10x dilution.

ported LRD aggregates in equilibrium with individual platelets.
We interpret the sample structure therefore as a Wigner glass
made up of individual clay particles and clusters formed by PP
bridged particles, with repulsive interactions. Furthermore, elec-
trophoretic mobility measurements showed similar values for the
LRD2-PPLC and LRTD2-PPSC cluster dispersions (-5.0+0.5x% 1078
m?/(V-s) and -3.54+0.4x 1078 m?/(V-s), respectively), and in both
cases the mobility is negative as would be expected as both the
clay faces and the PP chains are negatively charged. The slightly
higher value for the PPLC sample may help to explain why this
sample shows noticeably higher viscous and elastic moduli than
the PPSC sample, as repulsions between clusters will be stronger.
A detailed structural characterisation using X-ray scattering 42245
left for future work.

This work opens up new ways for making functional materials
based on easy bench chemistry with desired properties and func-
tions. The resulting percolated clay-PP systems might be used as
a true green controlled release fertilizer, as phosphorus could be
leached to the soil via hydrolysis of the PP chains, leaving only
natural clay as a by-product. Other potential applications include
new gel-like media for plant growth, solid-state electrolytes, or
matrices for luminescent molecules. Also, there are interesting
perspectives of application as biomaterials, as it has been demon-
strated that PP based particles can be active in bone and cartilage
regeneration'<®
PP chains can block cell cancer metastasis=%2L, Attractive inter-
actions between clay particles and PP need to be further investi-
gated, and it would be of interest to explore the role of branched-
chains molecules, known as ultraphosphates®2,

, microvascularization and angiogenesis?Z22 and

Phosphates adsorb to clay particle edges. In doing so they act as
a dispersant for Laponite clay. For high molecular weight PP (100
phosphate units) however we find bridging between clay parti-
cles, resulting in a Wigner glass of repulsive Laponite-PP clusters.
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