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Hybrid microstructure of smectite clay gels
revealed using neutron and synchrotron X-ray
scattering
Mohammad Shoaib1,2✉, Shaihroz Khan 1, Omar B. Wani 1, Jitendra Mata 3,4, Anthony J. Krzysko5,

Ivan Kuzmenko5, Markus Bleuel6,7, Lindsey K. Fiddes8, Eric W. Roth9 & Erin R. Bobicki1,10✉

Aqueous suspensions of swelling clays display a nematic sol-gel transition at very low solid

concentrations. The underlying microstructure of the gel has remained a point of contention

since the time of Irving Langmuir and has been a major obstacle to fully realizing the potential

of clays for practical applications. Here, we comprehensively probe the microstructure of a

smectite clay suspension using ultra-small angle neutron/X-ray scattering and find that the

nematic gel is structurally ordered and contains entities that are at least an order of mag-

nitude larger than the individual particles. Complementary cryo-electron microscopy shows

the presence of domains having particle-particle ordering responsible for nematic texture and

regions of particle-particle aggregation responsible for gel-like behavior. We find that the

smectic clay gels have a hybrid microstructure with co-existing repulsive nematic domains

and attractive disordered domains.
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C lays are naturally occurring phyllosilicate minerals that
play an important role in natural processes like debris
flows, transport and fate of nutrients in the lithosphere

and in industrial systems including drilling, paper making,
nuclear waste disposal, health and beauty product manufacturing,
and mineral processing1–5. Clays are classified as swelling and
non-swelling types based on the delamination capability of thick
clay sheets into individual layers or not. The colloidal behavior of
swelling types of clays such as smectite and hectorite has been the
subject of numerous studies dating back to the seminal work of
Irving Langmuir and Herbert Freundlich6,7. The structures of
these clays consist of dioctahedral aluminium hydroxide, or
trioctahedral magnesium hydroxide sheets sandwiched between
two tetrahedral silica sheets (Fig. 1a). Isomorphic substitutions by
less charged cations produce a net negative layer charge in
octahedral and tetrahedral layers that is compensated by the
interlayer cations that control both swelling and colloidal beha-
viour of sodium-montmorillonite (Na-Mt) suspensions
(Fig. 1b)8–11. Montmorillonites have different chemistries arising
due to different extents of octahedral isomorphic substitution that
directly impact the physicochemical or microscopic and macro-
scopic properties of montmorillonite suspensions. As an example,
the cation exchange capacity (CEC) of Swy-3 montmorillonite
(96 meq per 100 g) is lower than that of SAz-1 montmorillonite
(120 meq per 100 g) attributed to a greater isomorphic substitu-
tion (Al→Mg) in SAz-112 compared to Swy-3 resulting in slightly
different colloidal behaviour of the two montmorillonites.

Unlike suspensions of swelling clays such as nontronite (NAu-1),
nontronite (Nau-2), and beidellite (SBId-1) that display a clear
entropy-driven, first-order isotropic to nematic transition13–17, the
aqueous suspensions of Na-Mt smectite clay display a nematic sol-
gel transition at very low volume fractions18. The existence of
gelation prevents suspensions from reaching a true thermodynamic
equilibrium19,20. The microstructure of the gel has remained a point
of contention in the literature. Two models, repulsive or attractive
have been proposed based on the overall particle-particle interac-
tions being either repulsive or attractive. The repulsive model pre-
dicts an oriented network stabilized by repulsive forces caused by
interacting double layers (Fig. 1c)12,21–25 supported by the fact that
the sol state exhibits a shear-induced optical birefringence that
disappears once shearing is stopped, and the gel state remains
permanently birefringent26 with the development of a yield stress

and a smectic or poorly crystalline microstructure. As a result, the
development of yield stress in the repulsive model is attributed to a
repulsive jamming transition rather than a percolation threshold.
Conversely, the attractive model assumes the formation of a tri-
dimensional network governed by electrostatic attraction between
platelets supported by the development of yield stress or jamming at
very low solids concentrations (Fig. 1d)27,28 attributed to the
attractive particle-particle interaction.

Furthermore, the attractive model above is also supported by
the fact that, even in the sol state, the shear-induced ordering
transition occurs at very low Peclet numbers (Pe) based on the
size of individual particles (Pe ~ a3, where a is the particle
diameter)29. At these low Peclet numbers, the particles should not
be oriented and should be randomly organized. The time required
for shear-induced ordering to disappear when the shear stress is
removed is longer than the rotational time of a single particle30.
Moreover, the number density of particles required for the sol-gel
transition evolves as the inverse of the average particle diameter,
suggesting that the entities that remain at the origin of the sol-gel
transition are clusters or stacks, not individual particles31.

After several decades of rigorous research, the precise micro-
structure of Na-Mt gels remains elusive. Although DLVO (Der-
jaguin, Landau, Vervey, and Overbeek) theory has played a major
role in our understanding of colloidal suspensions, its applic-
ability to swelling clay suspensions—similar to the case of cement
where the DLVO theory does not predict any cohesion32,33—is
debated due to possible contributions of long-range attraction
between like-charged particles amongst the other possible
reasons34–37. Further, the issue is not fully resolved from a the-
oretical point of view38,39. Furthermore, Batista et al.40 high-
lighted the nonadditivity of electrostatic, van der Waals and other
interactions in suspensions of nanoparticles especially <100 nm
resulting in the breakdown of DLVO theory to understand the
interaction in nano-suspensions. The unfractionated Na-Mt
suspensions are a mix of particles with a size range from
~20–600 nm, therefore, due to the nonadditivity of interactions,
the application of DLVO to understand this system is rather
challenging. Previous studies have either been limited by the
minimum scattering angle, which can only cover a length scale up
to 1 µm, or they have relied on rheology to discern the micro-
structure. A more robust method would probe the microstructure
at length scales much larger than individual particles, which

Fig. 1 Overview of sodium-montmorillonite (Na-Mt) structure and proposed microstructures in literature. a Silica tetrahedra and alumina octahedra that
form the basis of Na-Mt structure with alumina octahedral sheet sandwiched between two silica tetrahedral sheets. b Tactoids of Na-Mt sheets in dry form
with intercalated cations that compensate for the layer charge that arises due to the isomorphous substitution. c The tactoids delaminate or swell to make
a suspension stabilized by repulsive double-layer repulsions between particles giving rise to a repulsive microstructure that is optically birefringent or
anisotropic. d The particles aggregate due to an attractive interaction between edge and basal plane giving rise to an attractive microstructure.
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requires the ability to measure very small angles41. Here, we
probe the microstructure of Na-Mt suspensions below and above
the gel point using ultra-small angle X-ray scattering (USAXS)
and ultra-small angle neutron scattering (USANS) along with
high-pressure cryogenic scanning electron microscopy (cryo-
SEM), cryogenic transmission electron microscopy (cryo-TEM),
and dilution studies on ultra-low ionic strength (10−5M) Swy-3
Na-Mt suspensions.

Results
The osmotic pressure of Na-Mt suspensions increased gradually
as a function of concentration in the sol state (Fig. 2a). Osmotic
pressure in the sol state increased linearly until ~103 Pa (3 wt%
concentration). In the gel state, the osmotic pressure increased
exponentially signifying the difference between sol and gel states
as well as the higher pressures required to concentrate the sus-
pensions in the gel state. Osmotic pressure represents the force
resisting the extraction of liquid. It originates from an increase in
energy (interparticle forces) and/or a loss of entropy
(configurations)42,43. The increase in the pressure required to
reach concentrations above 3 wt% signifies enhanced interparticle
forces in the gel state. These results are similar to the results
reported in other studies on Na-Mt systems12,26.

The ratio of the linear viscoelastic storage modulus (G’) to loss
modulus (G”) was below 10 in the sol state and above 10 beyond
the gel point (Fig. 2b). Similar to osmotic pressure, the ratio
increased gradually as a function of concentration in the sol state,
but unlike osmotic pressure, the ratio increased more gradually
with increasing Na-Mt concentration in the gel state. In the gel
state, G’ evolves exponentially similar to the osmotic pressure
indicating a common underlying mechanism responsible for
osmotic pressure and G’ in Na-Mt suspensions (Supplementary
Figure 1a). The G’ acquires values of the order of 103 Pa at higher
concentrations signifying a very high strength of the gelled
microstructure (Supplementary Figure 1a). Similar results are also
obtained for Na-Mt in deuterium oxide (D2O) except that the gel
point is achieved at a lower Na-Mt weight concentration in the
presence of D2O due to the density difference between D2O and
water which meant a higher volume fraction of Na-Mt at the
same weight concentration (Supplementary Figure 1b, c).

When viewed between crossed polarizers, Na-Mt suspensions
in the sol state remained optically isotropic and only briefly
exhibited birefringence immediately after being sheared (Fig. 3a),
whereas, in the gel state, they exhibited a permanent birefringence

or nematic character (Fig. 3b, c). The time required for the shear-
induced birefringence to disappear increased as a function of
concentration in the sol state until the system “locked” the par-
ticles or entity responsible for the nematic character at the gel
point. Therefore, the sol and gel states both exhibited ordering.
For the sol state, an external shear was required for the ordering
to be evident, and for the gel state, a mechanism was needed
through which the shear-induced effect could be retained.
Therefore, the relaxation time—the time required for the
microstructure to transition from order to disorder—was very
short in the sol state and very long in the gel state30. This shear-
induced and permanent birefringence has also been observed in
aqueous suspensions of other geometrically anisotropic particles
(e.g., laponite and cellulosic nanocrystal)30,44. The main question
is how the driving force differs between the shear-induced
ordering in the sol state and the permanent ordering in the gel
state. It is also worth mentioning that the gel behaviour in D2O
appears at a concentration lower than accounted by the density
difference, at a volume/volume concentration of ~1% in the case
of D2O as compared to ~1.30% in H2O. These differences could
be due to 20% higher viscosity of D2O compared to H2O at
25 °C45,46.

Ultra-small-angle X-ray scattering (USAXS). The slope of the
intensity versus scattering wave vector (Q) curve was approxi-
mately –2 (Fig. 4a, b), signifying the nearly bi-dimensional nature
of the disks15,47. The USAXS data at the lowest Q values in the sol
state can be seen to be hardly flattening up at the lowest three
concentrations and takes an upturn above 2.3 wt% concentration.
From this concentration onward, the slope of the curve at the
lowest Q values increases significantly which suggests the entities
grow as a function of concentration48–51. Therefore, the USAXS
results provided the proof that entities much larger than ∼6 μm
are present in Na-Mt suspensions. Further, a “bump” in the
vicinity of 10–2 Å–1, which is more visible when Q2I is potted
against Q (Fig. 4c, d), corresponds to the short-range positional
order of the platelets or characteristic repeat distance in the
underlying microstructure. This has been provided as evidence of
a purely repulsive microstructure in Na-Mt suspensions12,52.
However, our results clearly show that there is much to the
microstructure beyond the length scale where this ordering is
observed. Therefore, the bump may correspond to the short-
range positional order of one type of platelets that are smaller. A
second bump in the curve at 4 × 10–4 Å–1 (~1.5 μm) may be the
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Fig. 2 Osmotic pressure and rheological properties. a Osmotic pressure vs Swy-3 Na-Mt suspension concentration, b ratio of storage modulus (G’) to
loss modulus (G”) for Na-Mt suspensions in the sol and gel states.
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distance between aggregated entities composed of several larger
particles or between the repulsive nematic domains which is not
impacted by concentration greatly. The microstructure can then
be viewed as hybrid, containing segregated domains of ordered
particles responsible for birefringence and aggregated particles
responsible for gelation. Therefore, the microstructure of Na-Mt
suspensions is complex rather than simply repulsive or attractive.

The osmotic pressure decayed exponentially as a function of the
average interparticle distance obtained from the length scale at the
maximum oscillation of the scattering intensity (2π/Q). The reduced
osmotic pressure (Posm/4 × CsaltRT, Where Posm is the Osmotic
Pressure, Csalt is the salt concentration, R is the Universal gas
constant, and T is the temperature) plotted against the interparticle
distance normalized to Debye length fell close to the analytical
solution of the Poisson-Boltzmann equation solved for a symmetrical
1:1 electrolyte for two parallel infinite plates at separation distances
>>0.64 nm12,31 (Fig. 4e). These results are similar to those reported
for Swy-2 montmorillonite based on small-angle X-ray scattering12

and signify the role of repulsive electrostatic interactions in the
microstructure. It is worth noting that a permanent birefringence
pattern develops when the interparticle separation is equivalent to the
Debye length (d/k−1~1), further confirming the role of electrical
double-layer interactions in the microstructure. Swelling law relating

the interparticle distance to volume fraction approximately follows a
unidimensional swelling for which the average thickness of the
individual particles is obtained by D = tφ−1, where t is the layer
thickness12,15,53 (Fig. 4f). The slope of the line suggests the platelet
thickness of particles responsible for the diffuse peak is ~1 nm, which
is close to the thickness of a single clay sheet12.

Microstructure evolution monitored over three months of
aging with USAXS did not show any dramatic variation,
apart from minute changes signifying very slow structural changes.
These include enhanced aggregation as reflected by the extreme
upturn in the scattering intensity at the lowest scattering angles at
high Na-Mt concentrations in the gel state (Supplementary
Figure 2b) and a smaller interparticle distance in the aged (3 months
sample) than fresh system (3 days sample) (Fig. 4e). The aging
results thus indicate that the Na-Mt suspensions were out of
equilibrium and additional study focusing on this aspect using
advanced techniques such as X-ray photon correlation spectroscopy
is warranted.

The SAXS profiles for sol and gel states were similar with
intensity decaying at a slope of ~−2 till Q values of around 0.2 Å−1

(Supplementary Figure 3). The SAXS region also didn’t have a peak
in the vicinity of 0.1 Å−1 which typically represents the presence of
tactoids in Na-Mt suspensions54. The aging of samples didn’t

Fig. 3 Visual observation of Na-Mt suspensions in the sol and gel states between crossed polarizers. a Shear-induced birefringence in the sol state of Na-
Mt suspensions (1.6 wt%), the birefringence grows as the shear rate is increased signifying enhanced ordering at higher shear rates; visualizations of Na-Mt
suspensions b in H2O and c in Deuterium oxide (D2O), in the sol and gel states between crossed polarizers. Note that the birefringent pattern evolves as a
function of concentration in the gel state. The gel point is between Na-Mt concentration 2.8–3.3 wt% in H2O and between 2.0–2.5 wt% in D2O.
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influence the SAXS profile significantly (Supplementary Figure 4).
Similarly, WAXS region scattering for both the fresh and aged
samples were also similar suggesting the crystal structure of the
sample remained intact (Supplementary Figures 3 and 4).

Ultra small angle neutron scattering (USANS). After confirming
the presence of objects much larger than the scale covered by
USAXS, we probed the length scale of the entities up to 17 μm using
USANS. Both the sol (Fig. 5a) and gel states (Fig. 5b) exhibited

10-4 10-3 10-2 10-1 100
10-2

100

102

104

106

USAXS Above the Gel Point

 3.3 wt.%
 4.2 wt.%
 5.5 wt.%  
 5.8 wt.%
 6.2 wt.%
 6.6 wt.% ytisnetnI

(c
m

-1
)

Q (Å-1)

I~ 10-5 M

10-4 10-3 10-2 10-1

0.02

0.04  1.6 wt.%
 1.9 wt.%
 2.0 wt.%  
 2.3 wt.%   
 2.8 wt.%

Q
2 I 

tinu yrartibra(

Q (Å-1)

USAXS Below the Gel Point

I~ 10-5 M

10-4 10-3 10-2 10-1

0.02

0.04

0.06

USAXS Above the Gel Point

 3.3 wt.%
 4.2 wt.%
 5.5 wt.%   
 5.8 wt.%
 6.2 wt.%
 6.6 wt.%

Q
2 I 

)tinu yrartibra(

Q (Å-1)

I~ 10-5 M

10-1 100
100

101

102

103

 Fresh
 Aged

)aP( erusserP cito
ms

O decude
R

Interparticle distance/ Debye Length
0 50 100 150 200

0

20

40

60

80

100

120

140

160

180

200

 )
mn( d ,ecnatsi

D taepe
R

Inverse Volume Fraction (φ-1)

d=1.084 φ-1

(a) (b) 

(c) (d) 

(f) (e) 

Fig. 4 X-ray scattering of Na-montmorillonite aqueous suspensions. Ultra-small angle X-ray scattering analysis of low ionic strength (10−5 M) sodium-
montmorillonite suspensions a, c in the sol state and b, d in the gel state; e reduced osmotic pressure vs interparticle distance scaled to Debye length;
dashed line represents the asymptotic solution of eq A6 in the ref. 31 with σ = −0.11 C·m−2 and H≫ 0.3 nm for a symmetrical 1:1 electrolyte solution given
by H

LD
¼

ffiffiffiffiffiffiffiffi

1
1þP�

q

K 1
1þP�

� �

where P* is the reduced osmotic pressure and K is the is the complete elliptic integral of the first kind; and f evolution of repeat
distance between particles vs inverse volume fraction.

COMMUNICATIONS MATERIALS | https://doi.org/10.1038/s43246-023-00414-y ARTICLE

COMMUNICATIONS MATERIALS |            (2023) 4:93 | https://doi.org/10.1038/s43246-023-00414-y |www.nature.com/commsmat 5

www.nature.com/commsmat
www.nature.com/commsmat


scattering at the lowest scattering angles, indicating the presence of
entities much larger than 17 μm50. The slope of the intensity vs. Q
curve increased with concentration in both states, showing that
aggregation of Na-Mt suspensions increased in extent with
increasing concentration. These results further clarify the micro-
structure of Na-Mt suspensions and contradict a purely repulsive
microstructure.

The effect of ionic strength on the microstructure was also studied
with USANS. For the sol state, the introduction of salt resulted in a
counterintuitive reduction in intensity but scattering at the lowest Q
was similar regardless of the ionic strength, signifying aggregation

(Fig. 5c). For the gel state, increasing ionic strength increased the
intensity, signifying intensified aggregation in the presence of salt
(Fig. 5d). The USAXS and USANS scattering data in the gel state
covering a length scale of 1 Å to 17 µm overlapped, albeit with a
slight vertical shift to account for the intensity difference between the
two methods (Fig. 5e). The bending in the scattering curve around a
Q of 4 × 10−4Å−1 was consistent for both USAXS and USANS.

High-pressure Cryo-SEM and Cryo-TEM. The sol state exhibited
few contacts between particles without any ordering (Fig. 6a, c),
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whereas the gel state had regions of particle aggregation along with
domains where particles were ordered in a face-face manner
(Fig. 6b, d and Supplementary Figure 5). Unlike the plunge frozen
technique during Cryo-SEM sample preparation, which produces a
honeycomb structure55,56, the high-pressure technique used here
produced no honeycomb pattern. These complementary results
confirm the presence of aggregation in Na-Mt suspensions in both
sol and gel states. It is worth noting that the interparticle distance
measured on cryo-EM images is significantly greater than the
interparticle distance (~15 Å) reported for tactoids57. Therefore, the
nematic character of the gel is attributed to face-face ordering of the
Na-Mt particles. Furthermore, the Cryo-TEM results show that
both the sol and gel states exhibit ordering with a repeat distance of
~20 nm and ~10 nm, respectively. While the repeat distance results
obtained from Cryo-TEM are not directly related to the results
obtained from the X-ray scattering experiments, the expected
change in sol and gel state is captured. This may be linked to the
Cryo-TEM sample preparation procedure which was a little dif-
ferent than the high-pressure Cryo-SEM method where the repeat
distances obtained are much closer to the repeat distances obtained
using X-ray scattering.

Dilution behaviour. The dilution method used in previous
research to distinguish between a repulsive and an attractive
system was used here58,59. The gel state showed a tendency to
melt at all concentrations, with the time required to melt
increasing with concentration (Fig. 7). The time required for the
gel to melt completely was significantly greater for Na-Mt than
for laponite, a synthetic swelling clay58,59. Although aggregation
in the system was confirmed, the system still melts when in
contact with water. This may be linked to the transport char-
acteristics of water inside the gel, which may be related to high-
permeability streaks in the gel arising from strongly ordered
domains. As a result, water penetrates easily into the structure at
lower concentrations since the particles are not tightly packed. At

higher concentrations, particles are closer together, and the
structure has lower permeability and porosity.

Discussion
We probed the microstructure of Na-Mt aqueous suspensions
covering a length scale of more than five orders from interatomic
distances using WAXS and to more than an order larger than the
particle size using USAXS and USANS. The scattering profile in
the WAXS region remained unaltered as a function of con-
centration; thus, the microstructure remained unaffected at these
length scales. For the SAXS region, the intensity decayed at a rate
of ~2, regardless of Na-Mt concentration. Previous work on Na-
Mt suspensions covered a length scale up to only a maximum of
100 nm, which is within the particle size range of Na-Mt
particles54,60–63. Therefore, the presence of Bragg peak in the
SAXS region is evidence of a purely repulsive microstructure.
Scattering at larger length scales using USAXS showed that the
microstructure contains entities larger than ∼6 μm, and the
aggregation at this length scale only intensified as a function of
concentration. USANS further showed that the aggregated enti-
ties are larger than 17 μm. Therefore, the presence of scattering
objects at a length scale of 17 μm and Bragg peaks in the SAXS
region signify the presence of two domains: one has particle-
particle aggregation, and the other has particle-particle ordering.

This was further confirmed by cryo-SEM and cryo-TEM
images where particle-particle aggregation and particle-particle
ordering were visible. The presence of domains was also reflected
in dilution behaviour, whereby the gelled structure melted upon
contact with water. The time required to melt the gel increased as
a function of concentration due to the enhanced gel strength and
aggregation as a function of concentration. Therefore, the Bragg
peak in the SAXS region only reveals particle-particle ordering
from unaggregated domains. Bihannic et al.18 detected the exis-
tence of large-scale structures much larger than individual clay
platelets formed by alternating clay-rich and clay-poor domains

Fig. 6 Cryo-Electron Microscopy in sol and gel states. Cryo-SEM (a, b) and -TEM (c, d) images of Swy-3 sodium-montmorillonite in a, b sol (1.9 wt%) and
b, d gel states (6.6 wt%).
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using synchrotron-based X-ray fluorescence microscopy. How-
ever, these authors used osmotically prepared suspensions, and
the structure within the domains was not detectable due to the
insufficient resolution of the technique.

The fundamental mechanism behind the formation of particle-
particle ordering can be understood from Onsager’s liquid crystal
theory64. However, the presence of aggregated domains is per-
plexing and raises several fundamental questions regarding the
mechanisms and properties of gels in systems of charged colloidal
platelets. There may be one or a combination of mechanisms
responsible for aggregation. Firstly, the Na-Mt particle size dis-
tribution is quite broad, and the surface charge characteristics of
these particles may vary as a function of particle size range. The
larger particle size range may have low-charge regions that can
aggregate in a patch-wise manner through alignment of low- or
opposite-charge domains (positive facing negative) especially at
higher particle concentrations65,66. Smaller particles may drive
aggregation of larger particles due to depletion67,68; this effect
may be enhanced if the larger particle size range also has low-
charge regions. If this is the case, then suspensions of fractionated
Na-Mt particles will have a strong particle-size-dependent
microstructure.

Michot et al.26 reported the effect of particle size on the phase
diagram of fractionated Na-Mt suspensions obtained by succes-
sive centrifugation. The authors concluded that the effect of
anisotropy on Na-Mt suspensions was opposite to that of other
systems of charged colloidal platelets, where smaller particles
exhibited a sol-gel transition at lower solid concentrations than
larger particles. The inverse relationship of sol-gel transition was
speculated to be linked to particle-particle association, giving rise
to disconnected clusters whose amount increases linearly with
decreasing particle size. Such disconnected clusters were specu-
lated to give rise to a heterogeneous suspension, which we have
confirmed using scattering and cryo-EM experiments. Ion-ion
association effects on the appearance of attraction between
equally charged particles in the presence of multivalent ions (e.g.,
cement cohesion) should also be investigated and may drive the
particle-particle aggregation observed here32,69–71.

Conclusions
The microstructure of a liquid-crystalline clay suspension was
probed using USAXS, USANS, and complementary Cryo-electron
microscopy and dilution studies. For the first time, the micro-
structure of these suspensions was studied up to a length scale of
17 µm, which is more than an order of magnitude larger than the

largest particle size. Neither of the two models proposed to date
for nematic microstructure—a purely jammed suspension stabi-
lized by repulsive electrostatic forces between particles and a
percolated network governed by electrostatic attraction between
platelets—accurately captures the real microstructure. The scat-
tering results reveal the microstructure contains entities that are
at least one order of magnitude larger than the individual parti-
cles. They also confirm the presence of domains having particle-
particle ordering in the assembly of particles, refuting the purely
repulsive nature of these gels. The presence of nematic domains
refutes a purely attractive nature. The microstructure can be
viewed as a hybrid that has both attractive or aggregated and
repulsive or ordered domains.

Methods
Sample preparation. Swy-3 montmorillonite clay was obtained
from the Source Clays Minerals Repository of the Clay Mineral
Society (Purdue University). The reported cation exchange
capacity (CEC) of Swy-3 is around 96 meq per 100 g12. The
measured BET surface area was 34.02 m2 per g. The clay sample
was purified by settling a 45 gram per Liter suspension of clay in
1M NaCl in an Imhoff cone for 72 h with three 1M NaCl
exchanges. The bottom fraction of the suspension was discarded,
and the top fraction was dialyzed against deionized (DI) water at
a water: suspension ratio of 50. The DI water was exchanged
several times until the conductivity of the reservoir fell below 5
μS·m–1, and a silver nitrate test confirmed the absence of chloride
ions. This procedure resulted in a fully Na+-exchanged mon-
tmorillonite at ultra-low ionic strength. The suspension obtained
from the dialysis tube was centrifuged at 6300 × g for 90 min to
remove coarse particles. The pellet was discarded, and the final
stock suspension was collected in a beaker. The weight con-
centration of stock suspension was obtained by oven-drying a
small sample at 120 °C for 48 h. The fractionation procedure used
here was intended to just get rid of coarser particles and impu-
rities and didn’t result in a pauci-dispersed sample as evident
from the size range of particles present (20–632 nm). The final
stock suspension was dialyzed in membranes with a molecular
weight cut-off of 12,000–14,000 Da.

Osmotic stress experiments were performed with polyethylene
glycol (molecular weight 35,000 Da) in DI water at different
concentrations to obtain clay suspensions in sol and gel states.
Osmotic stress experiments were equilibrated for 30 days, during
which time the polymer solution was renewed three times. Final
clay suspension concentrations were determined by weight loss

Fig. 7 Dilution/dissolution behavior. Dilution behaviour of Na-Mt suspensions at different concentrations in the gel state after a 0, b 2, c 47, and
d 150 days.
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upon oven-drying a small fraction of equilibrated suspensions at
120 °C for 48 h. Osmotic pressure values for 35,000 Da poly-
ethylene glycol can be found elsewhere42.

USANS samples were prepared in D2O obtained from Sigma
Aldrich (Item # 7789-20-0). The dried sample obtained after the
centrifugation step was dispersed in D2O at 0.50 wt% and
equilibrated for a month after which the sample was filled in
membranes of molecular weight cut-off of 12,000–14,000 Da. A
concentrated stock suspension was obtained by applying osmotic
stress using 35,000 Da polyethylene glycol in D2O. The osmotic
pressure was increased gradually from 1000 to 8000 Pa by
increasing the concentration of polyethylene glycol. The con-
centrated stock suspension obtained was diluted using D2O to
obtain several concentrations of Na-Mt in D2O.

Particle size analysis. The maximum particle size of the mon-
tmorillonite stock suspension measured with a Nanoparticle
Tracking Analysis instrument (NanoSight NSss300, Malvern) by
tracking more than 1000 particles (Supplementary Figure 6) was
less than 600 nm. Atomic force microscopy was also carried out
to determine the size and thickness of purified clay particles. The
surfaces of freshly cleaved, high-grade (V-1), 12 mm mica discs
(Ted Pella Inc., Redding, CA) were treated for 5 min with 10 µL of
3-aminopropyl-trietoxy silane (1 µM in DI water), rinsed with
2 mL DI water, and blow dried. A 10 µL drop of 0.012 mg per mL
montmorillonite suspension was incubated on the mica discs for
5 min in a wet chamber to avoid desiccation. Discs were dried in a
laboratory fumehood at room temperature and scanned imme-
diately on a BioScope™ II atomic force microscope (Bruker Cor-
poration, Billerica, MA). High-resolution images of
montmorillonite particles were obtained using RTESP cantilevers
(fo = 237–289 kHz, k = 20–80 N/m, Bruker Corporation, Bill-
erica, MA) (Fig. 8). The particle nanotopography was determined
using the tapping mode in air at a 0.7 Hz scan rate. Particle
analysis, size distribution, and three-dimensional images were
obtained with NanoScope Analysis© software (Ver. 1.50, Bruker
Corporation, Billerica, MA). The particle size range obtained
from the two methods was in good agreement with each other.

Rheology. A stress-controlled Discovery HR-2 (TA Instruments)
rheometer was used to measure the rheology of Na-Mt suspen-
sions at 25 °C. A concentric cylinder geometry (bob and cylinder

wall sandblasted to limit wall slip) was used, with bob and cup
diameters of 28 and 30.4 mm, respectively, resulting in a shearing
gap of 1.2 mm. A thin layer of silicone oil was applied to the top
surface of the suspensions to prevent evaporation during tests.
The overall procedure was as follows: (1) pre-shear at +1500 s–1

and –1500 s–1 for 2 min each to minimize the effect of sample
loading history; and (2) wait 60 min and then perform the strain
amplitude sweep at 1 Hz to obtain the linear viscoelastic region
storage modulus (G’) (Supplementary Figure 1).

Ultra-small angle X-ray scattering (USAXS). Measurements
were carried out at the 9-ID-C beamline of the Advanced Photon
Source at Argonne National Laboratory72. Samples were placed in
1-mm capillary tubes, which were then sealed. The wavelength (λ)
of the incident X-ray was 0.5904 Å (21 keV). The beam size was
≈0.8 (width) × 0.2 (height) mm2 for SAXS and WAXS and 0.8
(width) × 0.8 (height) mm2 for USAXS. Each USAXS measure-
ment was acquired for 60 s with a scattering vector, Q (Q =
4πsinθλ−1)73 ranging from 10−4 to 6 × 10−1 Å−1 with a resolu-
tion ≈ 8 × 10−5 Å−1. The SAXS and WAXS data were acquired
for 30 s each over Q ranges of 3 × 10−2–1.3 and 1–7 Å−1,
respectively. The background solution (10−5M NaCl in DI water)
was subtracted from the main intensities. Data were reduced
using the INDRA and NIKA74 software packages and analyzed
using the IRENA software package75. Data were also de-smeared
from slit-smeared collimation of the Bonse-Hart USAXS system.

Ultra-small angle neutron scattering (USANS). The USANS
measurements were performed on the KOOKABURRA76 beam-
line at the OPAL reactor (Lucas Heights, NSW, Australia). The
USANS measurements were performed to cover a Q-range from
3.5 × 10−5Å−1 to 10−2 Å−1 using a Bonse-Hart instrument. The
samples were loaded into demountable sample cells with a path
length of 1 mm. A thermally controlled sample charger was used
to control the sample temperature to 25 °C. The experimental
USANS data were de-smeared using the Lake algorithm incor-
porated in NIST USANS macros77.

Cryo-scanning electron microscopy. Samples were placed in a
Leica HMP-100 High-Pressure Freezer and stored in liquid
nitrogen before being loaded into a Leica VCT 100 cryo-transfer
shuttle and coated with 7 nm of PtC−1 and 5 nm of carbon within
a Leica ACE 600 high-vacuum sputter coater. After coating,
samples were kept frozen and loaded with the shuttle into a
Hitachi S4800-II cold field emission gun scanning electron
microscope fitted with a Leica cryo-stage and imaged at 5 kV with
an approximate working distance of 10 mm. See Supplementary
Figure 6.

Cryo-transmission electron microscopy. Samples were vitrified
in liquid ethane with a Vitrobot Mark IV (Thermo Scientific).
Liquid samples were pipetted onto Quantifoil R2/2 copper grids
(Electron Microscopy Sciences) that had been glow-discharged in
air (PELCO easiGlow, Ted Pella, Inc.). Gel samples were depos-
ited into the grids by dipping the grid into the gel before blotting
and plunge freezing. Grids were transferred into a transmission
electron microscope single-tilt cryo-holder (Gatan). Grids were
imaged in a Talos L120C (Thermo Scientific) with a high tension
of 120 kV with a 4 × 4 k BM-Ceta CMOS camera. At least 50
images of each sample were taken at magnifications of ×28,000,
×57,000, and ×120,000, yielding a pixel size of 510, 249, and
121 pm, respectively.

Dilution studies. Gelled samples (~4.50 g) were transferred to
vials to which 7.5 mL DI water was gently added. The water

Fig. 8 Atomic force microscopy image of the Na-Mt sample used in
the study. Representative atomic force microscopy image of the Na-Mt
sample. Mean diameter: 218 ± 127 nm (range 20–632 nm). Mean thickness:
2 ± 0.824 nm (range 0.55–6.7 nm).
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volume was sufficient to bring the highest concentration from a
gel to a sol state once the gel melted completely. The vials were
closed and left undisturbed for 150 days. Photographs were taken
at 0, 2, 47, and 150 days.

Data availability
All data supporting this study’s findings are available within the article and
supplementary section. The datasets used and/or analyzed during the current study are
available from the corresponding author upon reasonable request.
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