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Colloidal interactions between clay nanoparticles have been studied extensively because of their strong
influence on the hydrology and mechanics of many soils and sedimentary media. The predominant the-
ory used to describe these interactions is the Derjaguin-Landau-Verwey-Overbeek (DLVO) model, a
framework widely applied in colloidal and interfacial science that accurately predicts the interactions
between charged surfaces across water films at distances greater than ~ 3 nm (i.e., ten water monolayers).
Unfortunately, the DLVO model is inaccurate at the shorter interparticle distances that predominate in
most subsurface environments. For example, it inherently cannot predict the existence of equilibrium
states wherein clay particles adopt interparticle distances equal to the thickness of one, two, or three
water monolayers. Molecular dynamics (MD) simulations have the potential to provide detailed informa-
tion on the free energy of interaction between clay nanoparticles; however, they have only been used to
examine clay swelling and aggregation at interparticle distances below 1 nm. We present the first MD
simulation predictions of the free energy of interaction of smectite clay nanoparticles in the entire range
of interparticle distances from the large interparticle distances where the DLVO model is accurate (>3
nm) to the short-range swelling states where non-DLVO interactions predominate (<1 nm). Our simula-
tions examine a range of salinities (0.0 to 1.0 M NaCl) and counterion types (Na, K, Ca) and establish a
detailed picture of the breakdown of the DLVO model. In particular, they confirm previous theoretical
suggestions of the existence of a strong non-DLVO attraction with a range of ~ 3 nm arising from specific
ion-clay Coulomb interactions in the electrical double layer.
� 2020 The Authors. Published by Elsevier Inc. This is an open access article under theCCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

How do charged surfaces attract or repel each other across thin
fluid films? This core conundrum in interfacial science has vast
implications across a number of disciplines [1–7]. In the natural
sciences, for example, it determines the couplings between aque-
ous chemistry and mechanics in systems as diverse as aerosols,
colloidal suspensions, biological cells, and sedimentary rocks
[4,5,8–13].

A key framework in studies of the interactions outlined above is
the well-known Derjaguin-Landau-Verwey-Overbeek (DLVO)
model [3,14–17]. On this model, the swelling (or disjoining) pres-
sure P between parallel charged surfaces across a fluid film is
approximated as the sum of van der Waals and osmotic
contributions:

P ¼ PvdW þ Posm ð1Þ
For solid surfaces separated by a water film, the van der Waals

term is generally attractive and can be modeled as

PvdW ¼ �A=6ph3 ð2Þ
where A is the Hamaker constant, which reflects the difference
between solid–solid and solid-water London dispersion interac-
tions, and h is the thickness of the film. The osmotic term is repul-
sive and routinely modeled by applying Van’t Hoff’s law between
bulk liquid water and the pore mid-plane, where ion concentrations
are determined by solving the Poisson-Boltzmann (PB) equation.
For symmetrical 1:1 electrolytes, this yields:

Posm ¼ 2RTC0 sinh y� 1ð Þ ð3Þ
where C0 is the concentration of the bulk solution, R the ideal gas
constant, T absolute temperature, and y the reduced electrostatic
potential at the pore mid-plane. To a first approximation, Eq. (3)
simplifies to Posm / 1/h2 as shown long ago by Langmuir [1]. A nota-
ble prediction of the DLVO model is that for charged solids sepa-
rated by a thin water film, the balance between osmotic repulsion
(/1/h2) and van der Waals attraction (/1/h3) results in the exis-
tence of a critical pore width below which the surfaces should snap
to contact.

Beyond the well-established successes of the DLVO model, the
principal limitation of the model is its reliance on the mean field
approximation, i.e., it neglects specific interactions between ions,
surface sites, and water molecules. Comparisons with experimen-
tal data suggest that this approximation is appropriate for water
films thicker than ~3 nm but becomes increasingly inappropriate
at shorter distances [16,18–22]. The breakdown of the DLVOmodel
is most obvious for water films thinner than about 1 nm, where
disjoining pressures display strong repulsion or oscillations with
characteristic length scales commensurate with the thickness of
a water monolayer (0.3 nm) [4,23–26]. In an effort to capture these
observations, the right side of Eq. (1) is sometimes supplemented
with a phenomenological ‘hydration repulsion’ term: [27,28]

Phyd ¼ Be�h=k ð4Þ
where B and k are empirical parameters.

Efforts to validate and refine the equations outlined above have
relied predominantly on two types of datasets: first, data on the
forces across thin water films between atomically-smooth macro-
scopic surfaces obtained using surface force apparatus (SFA) and
atomic force microscopy techniques (AFM) [3,29–34] and, second,
data on the microstructure and swelling pressure in colloidal sus-
pensions obtained using X-ray diffraction (XRD), cryogenic trans-
mission electron microscopy (cryo-TEM), small-angle X-ray
scattering (SAXS), transmission X-ray microscopy (TXM), and
oedometric techniques [21,35–40]. An important reference surface
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for these experiments is the atomically-smooth basal surface of 2:1
layer-type phyllosilicate minerals. This surface is shared in partic-
ular by two classes of minerals, micas and smectites, that are
widely used in SFA and AFM measurements [30,31,41–43] and in
studies of colloidal interactions, [2,6,44–49] respectively. Beyond
the importance of this surface in interfacial science, smectite
nanoparticles are one of the most abundant constituents of soils
and sedimentary rocks and their colloidal interactions often con-
trol fluid flow in these media, with important implications in soil
science, contaminant hydrology, and energy geoscience [50–54].

An additional notable feature of the smectite-water system is
that the breakdown of the DLVO model at short interparticle dis-
tances has been extensively documented in this system. Experi-
mental studies established long ago that Eqs. 1–3 accurately
describe smectite swelling at interparticle distances h > 2.5 nm,
in the so-called osmotic swelling regime that predominates when
uncompacted smectite is equilibrated with relatively dilute aque-
ous solutions (<0.2 M) containing predominantly Na counterions
[2,21,35,47,55,56]. In other conditions including higher salinities,
significant confining stresses, low relative humidities, or in the
presence of Ca or K counterions, smectite nanoparticles exhibit a
step-wise crystalline swelling with stable states at h = 0.3, 0.6, and
0.9 nm (the so-called one-, two-, and three-layer hydrates) that
is not predicted by the DLVO model [36,38,40,47,55,56]. Theoreti-
cal models of the crystalline swelling regime remain sparse and
tend to represent it as a series of discrete chemical or phase tran-
sition reactions [49,57,58]. Finally, the transition between the crys-
talline and osmotic swelling regimes (i.e., h values ranging from 0.9
to 2.5 nm) remains almost entirely unexamined because of the
absence of stable swelling states in this range of interparticle
distances.

Over the last decade, molecular dynamics (MD) simulations
have emerged as an important tool to gain atomistic-level insight
into colloidal interactions across thin water films [59–61], includ-
ing between parallel smectite clay particles [62–68]. Because of the
high computational cost of these simulations, the few studies that
have examined the free energy of interaction of clay particles in
liquid water focused on interparticle distances below 1 nm in a
narrow range of aqueous chemistry conditions.

In the present study, we use MD simulations to examine the
swelling energetics of a pair of parallel smectite clay nanoparticles
suspended in bulk liquid water. We determine the free energy of
swelling for a range of salinities (0 to 1.0 M NaCl) and exchange-
able cation types (Na, K, Ca in 0.1 M Cl electrolytes) over a range
of interparticle distances that includes the full transition from crys-
talline to osmotic swelling (h = 0.3 to 3.0 nm). We analyze our
results to identify key controls on the free energy of swelling. In
particular, we demonstrate the existence of a relatively long-
ranged (~3 nm) non-DLVO attractive interaction arising from
specific ion-clay Coulomb interactions in the EDL. We show that
this interaction plays a key role in the breakdown of the DLVO
model at interparticle distances below 3 nm.
2. Methodology

2.1. Molecular dynamics simulation

All-atom MD simulations were carried out on the Cori super-
computer at the National Energy Research Scientific Computing
Center (NERSC) using the code LAMMPS [69] with the Colvars
plugin [70]. The simulated systems consisted of two parallel
hexagonal smectite nanoparticles surrounded by bulk liquid water
in a cubic simulation cell with initial dimensions of
10 nm � 10 nm � 10 nm (total of about 100,000 atoms; Fig. 1a).
The two nanoparticles had a unit cell formula Si8(Al3.2Mg0.8)
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Fig. 1. Snapshot of a simulated system showing two parallel hexagonal Na-smectite
nanoparticles surrounded by pure liquid water. Clay Si, Al, Mg, O, and H atoms are
shown as yellow, pink, green, red, and white spheres. Sodium ions are shown as
blue spheres. Water molecules are shown as red and white sticks. The lower panel
highlights the hexagonal shape of the clay particles and their edge surface
structures. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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O20(OH)4 characteristic of montmorillonite, the prototypical dioc-
tahedral smectite [71]. Each clay particle contained 54 effective
unit cells and had a diameter of ~6 nm. For each clay particle, six
stable uncharged edges were cleaved along crystallographic orien-
tations thought to yield the most stable edge faces (the AC and B
edges in the terminology introduced by White and Zelazny) [72]
and healed with -OH and -H groups to mimic near-neutral pH con-
dition (Fig. 1b). [68,73,74] Details on the structure of the edges are
provided in the Supporting Information. Isomorphic substitutions
of Al by Mg (90 substitutions in total) were randomly distributed
in the smectite structure, yielding a mean basal surface charge
density of �0.144C m�2. Exchangeable cations (Na, K, or Ca) were
placed on the smectite basal surface to balance the negative struc-
tural charge. Additional ions were added in solution as NaCl, KCl, or
CaCl2, respectively, to create aqueous solutions with 0.0, 0.1, 0.2,
0.5, or 1.0 M Cl concentration. These ions were initially evenly dis-
persed in the entire solution, including in the interlayers. Inter-
atomic interactions were described using the SPC/E water model,
[75] the CLAYFF model for smectite, [76] the Smith-Dang model
for chloride, sodium, and potassium, [77,78] and the Åqvist model
for calcium. [79,80] This combination of interatomic potential
parameters has been extensively validated against the behavior
of water and solutes on the surfaces of smectite, mica, and other
silicate minerals. [68,81–85]

To obtain the free energy of swelling, we used the metadynam-
ics technique, a steered MD simulation methodology capable of
reconstructing complex free energy landscapes. [86,87] Briefly, this
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technique regularly adds small increments of positive biasing
potential to the energy landscape defined by one or several pre-
defined collective variables (i.e., reaction coordinates) to discour-
age the system from returning to previously explored states. This
allows the system to escape local free energy minima and sample
unfavorable states. [88] The simulations presented here used a sin-
gle collective variable, the d-spacing of the parallel clay particles
(i.e., the sum of particle thickness, 0.94 nm, and pore width h).
The d-spacing was calculated as the distance between the centers
of mass of the two clay particles. The lower clay particle was fixed,
and the upper clay particle was allowed to move only in the z
direction (no rotation or xy translation). During the metadynamics
simulations, the biasing potential was incremented by addition
every picosecond of a positive Gaussian potential of height
0.01 eV and width 0.2 Å. The Gaussian biasing potential was evenly
distributed over all atoms in the two clay particles (>4000 atoms)
such that the impact of each increment in biasing potential on any
individual atom was<10-5 eV.

Each simulated system was equilibrated in the NVE ensemble
for 50 ps with both clay particles fixed, followed by 2.1 ns in the
NPT ensemble at 298 K and 0 bar. During the NPT ensemble simu-
lation, the lower particle was fixed while the upper particle was
allowed to move only in z direction. Finally, metadynamics simula-
tions were carried out in the NPT ensemble at 298 K and 0 bar. The
(cubic) simulation cell size was 103.0 ± 0.1 Å during the simula-
tions. Water molecules were modeled as flexible using CLAYFF
parameters. We note that due to the CLAYFF convention that atoms
separated by an angle interact through both bonded and non-
bonded interactions, our flexible SPC/E water model had a static
dielectric constant about 25% lower than that of the rigid SPC/E
model, though still within the range of existing water models.
[89,90] Interatomic interactions were resolved in real space up to
a distance of 12.0 Å. Long-range Coulomb interactions beyond
12.0 Å were resolved in reciprocal space using the particle–parti
cle/particle-mesh (PPPM) technique with 99.99% accuracy.

2.2. Metadynamics simulation details

To the best of our knowledge, no previous study has used meta-
dynamics to examine swelling in colloidal systems. In the case of
smectite, existing all-atom simulation predictions of swelling free
energy have relied on a number of techniques including MD simu-
lations of an infinite stack of clay layers in the lH2OVT ensemble,
where the swelling pressure was determined using the trial vol-
ume method, then integrated to obtain the swelling free energy;
[62,66] simulations of a pair of rigid clay nanoparticles surrounded
by bulk liquid water in the NVT ensemble, where the free energy of
swelling was determined by applying free energy perturbation the-
ory between systems with different interparticle distances; [63]
and simulations of a pair of flexible clay nanoparticles in bulk liq-
uid water in the NPT ensemble, where the free energy of swelling
was determined using umbrella sampling. [91] A few other studies
have used methodologies that yield the swelling pressure but do
not enable a precise determination of the swelling free energy.
[64,67] A potentially useful feature of the metadynamics method-
ology, relative to the methods outlined above, is that it enables
examining free energy along several reaction coordinates simulta-
neously; [92] this possibility was not utilized here but may be
explored in future studies.

A key challenge associated with the use of metadynamics is that
the accuracy of simulation predictions can be sensitive to the rate
of addition of biasing potential. Slower rates of bias addition can
require very long simulation times, particularly in systems with
vast free energy landscapes or deep free energy minima. Con-
versely, faster rates of bias addition can cause artifacts (e.g., inac-
curate buildup of bias in a given location) if the rate of bias



Fig. 2. Water O, Na, and Cl density profiles (red, solid blue, and dashed blue lines) in
the direction normal to the clay basal surface during simulations with a fixed d-
spacing of 3 nm (i.e., pore width h = 2.06 nm) at a salinity of 0.1 M NaCl. Results at
other salinities are shown in the Supporting Information. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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addition is too rapid relative to the time-scale on which the system
reacts to the evolving (biased) free energy landscape. This chal-
lenge is particularly acute in the present study, because the slow
Brownian diffusion of the clay particles causes them to explore
the evolving free energy landscape relatively slowly. To alleviate
this issue, we carried out six parallel simulations at each aqueous
chemistry condition of interest; in each of these simulations, the
system was constrained to explore prescribed, partially-
overlapping 9-Å-wide ranges in interparticle distance with d-
spacings ranging from 8 to 42 Å. To restrain the clay particles to
the desired range of d-spacings, we used one-sided harmonic bias-
ing potentials at the edges of the desired range. [70] After deter-
mining the free energy profile in each 9-Å-wide interval in d-
spacing, we combined the six profiles into a single free energy pro-
file from 8 to 42 Å based on the continuity of the free energy in the
4-Å-wide regions where neighboring profiles overlapped. For each
simulated system, we carried out 55 ns of metadynamics simula-
tions in the NPT ensemble as described in the previous section
and calculated the average free energy profile for each segment
by averaging the profiles reported every 1 ns during the last
35 ns of each simulation. [87] We calculated 95% confidence inter-
vals on the resulting average free energy profiles based on an esti-
mate that the 35 averaged profiles represent roughly seven
independent observations. Additional details of our metadynamics
simulation methodology are provided in the Supporting
Information.

2.3. MD simulations at fixed d-spacing

In addition to the metadynamics simulations described above,
standard MD simulations were carried out in the NPT ensemble
(298 K, 1 bar) for 5 ns with smectite nanoparticles constrained to
fixed d-spacings of 1.2, 1.5, 1.7, 1.8, 2.0, 2.3, 2.5, 3.0, or 3.5 nm in
solutions with different aqueous chemistries. Output trajectories
were analyzed during the final 4 ns of these simulations to deter-
mine the average density profiles of water and ions in the direction
normal to the surfaces for comparison with the predictions of the
PB equation. To minimize the influence of clay edges, these density
profiles were calculated within 1.5 nm of the axis of symmetry of
the stack of clay particles.

Simulation results at fixed d-spacing also were analyzed to
quantify the impact of specific ion-ion, ion-clay, and clay-clay Cou-
lomb interactions on clay swelling. Specifically, we calculated the
average potential energy associated with these interactions (Epot,
ion-ion, Epot,ion-clay, Epot,clay-clay) as a function of d-spacing. These
potential energies, as directly calculated by LAMMPS using Cou-
lomb’s law, do not account for dielectric screening by water and
clay. Therefore, we also calculated the average static dielectric con-
stant within the stack of clay particles using the appropriate rela-
tion for systems simulated using a standard Ewald sum treatment
of long-range interactions: [93–96]

� ¼ 1þ < M2 > � < M>2

3�0VkBT

" #
ð5Þ

In Eq. (5), �0 is the permittivity of vacuum (8.854 � 10-12F m�1),
kB is Boltzmann’s constant (1.381 � 10-23 J K�1), V is the volume of
the region of interest (here a cylinder located on the axis of sym-
metry of the clay stack, with a height equal to the d-spacing and
a radius of 1.5 nm), and M is the total dipole moment in the region
of interest, approximated as the sum of the dipole moments li of
all water molecules in this region: [97]

M ¼
XN
i¼1

li ð6Þ
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Finally, simulations at fixed d-spacing were analyzed to evalu-
ate the importance of ion and surface hydration effects, specifically
by quantifying the potential energy associated with water-ion and
water-clay interactions (Epot,water-ion, Epot,water-clay) as a function of
d-spacing.

2.4. Mean field theory prediction of EDL structure and Posm

For comparison with our MD simulation results, we derived a
mean field theory prediction of the structure of the EDL and the
contribution of osmotic phenomena to the free energy of swelling
as prescribed by the DLVO model. Details are provided in the Sup-
porting Information. Briefly, we predicted the electrostatic poten-
tial profile between infinite parallel clay particles by solving the
PB equation in the z direction. [98–100] The osmotic pressure
caused by the difference between the average ion concentration
in the bulk aqueous solution and at the midplane of the interlayer
nanopore was then calculated using Eq. (3). The predicted osmotic
contribution to the free energy of swelling was obtained by inte-
grating Posm as a function of inter-particle distance: [101]

DGosm ¼ �A
Z

Posmdz ð7Þ
3. Results

3.1. Water and ion density profiles near Na-smectite particles as a
function of salinity

Water and ion density profiles predicted from our MD simula-
tions of Na-smectite at a fixed d-spacing of 3.0 nm in a 0.1 M NaCl
aqueous solution are reported in Fig. 2. A selection of results
obtained at other salinities and other d-spacings is provided in
the Supporting Information. As shown in Fig. 2, water density pro-
files exhibit three peaks as a function of distance from the surface:
a sharp density peak located 3.33 ± 0.25 Å from the plane of surface
O atoms followed by less pronounced peaks located 6.84 ± 0.16 and
9.44 ± 0.16 Å away. The spacing between these peaks (3 ± 0.5 Å) is
consistent with previous SFA, AFM, XRD, and MD simulations stud-
ies indicating the existence of three ordered water monolayers at
the clay-water interface. [20,47,102] Water density profiles
obtained at different salinities are essentially identical, suggesting
that short-range hydration repulsion effects are likely invariant
with salinity.

Predicted Na and Cl density profiles (blue lines) reveal the exis-
tence of an EDL where the negative surface charge of the clay par-
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ticles is screened by cation adsorption and anion repulsion.
[50,103,104] In agreement with previous studies, Na ions form
three types of adsorbed species at the smectite-water interface:
inner- and outer-sphere surface complexes and a diffuse ion
swarm. [105,106] On the external basal surfaces, Na and Cl densi-
ties become essentially identical at distances from the surface
greater than ~1 nm, indicating the existence of bulk-liquid-like
water. In the interlayer nanopore, in contrast, Na density exceeds
Cl density everywhere in the pore if salinity is sufficiently low
and the pore is sufficiently narrow. Within the framework of the
PB equation, this implies that the electrostatic potential y is nega-
tive everywhere in the pore, i.e., the EDLs on opposite clay surfaces
overlap at the pore mid-plane. According to Eq. (3), this should give
rise to a repulsive osmotic swelling pressure.
Fig. 4. Relative free energy of swelling as a function of basal spacing (i.e., the sum of
particle thickness, 0.94 nm, and pore width h) for parallel smectite particles at
different aqueous chemistry conditions. The three vertical lines show the expected
d-spacings of the 1-, 2-, and 3-layer hydrates.
3.2. Ion density profiles near Na-smectite clay particles as a function of
interparticle distance

The impact of interparticle distance on the sodium density pro-
file is illustrated in the case of Na-smectite in pure water in Fig. 3.
On the external basal surface (left side of Fig. 3), the sodium den-
sity profile is invariant with interparticle distance and reveals the
existence of inner-sphere, outer-sphere, and diffuse-layer species
with peaks located 3.30 ± 0.16, 4.90 ± 0.16 and 6.83 ± 0.28 Å from
the plane of surface O atoms (as also observed in Fig. 2). Within the
interlayer nanopore (right side of Fig. 3), for interparticle distances
beyond the 3-layer hydrate (i.e., d-spacing > 1.85 nm), a similar Na
distribution is observed, but the sodium concentration does not
decay to zero at the pore mid-plane. As noted above in the case
of Fig. 2, this indicates that y < 0 everywhere in the pore, which
should give rise to a repulsive osmotic swelling pressure. In the
crystalline swelling regime (d-spacings � 1.85 nm), the interlayer
sodium density profile becomes increasingly distorted with the
successive disappearance of diffuse layer Na at d-spacings � 18 Å,
then outer-sphere Na at d-spacings � 15 Å.
3.3. Metadynamics predictions of the free energy of swelling: Signal vs.
Noise

Predicted swelling free energy profiles are reported in Fig. 4 as a
function of d-spacing (1.2 to 4.0 nm) for all simulated aqueous
chemistry conditions. For each simulation, free energy is shown
relative to the average value predicted for d-spacings between
3.5 and 4.0 nm.

The free energy profiles in Fig. 4 show evidence of significant
statistical noise, as reported in other studies that used the metady-
namics technique. [87,92,107] In particular, features observed at d-
spacings > 2.0 nm are not consistently present at different aqueous
chemistries. Furthermore, these features tended to attenuate with
increasing duration of the metadynamics simulation. We infer that
Bulk Water Nanopore

Fig. 3. Sodium density profiles in the direction normal to the clay basal surface
during simulations of Na-smectite in pure water (0.0 M NaCl) at a range of fixed d-
spacings. For clarity, Na density profiles are plotted only up to the mid-plane of the
interlayer nanopore.
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the free energy profiles are essentially featureless at d-spacings of
2.0 to 4.0 nm, in agreement with experimental results demonstrat-
ing the absence of stable swelling states in this range of interparti-
cle distances.

At shorter interparticle distances (d-spacings < 2 nm), the pro-
files predicted at different aqueous chemistry conditions display
significant systematic features and trends. In particular, almost
all curves display local minima at d-spacings � 1.25, 1.55, and
1.85 nm (vertical lines in Fig. 4) in agreement with previously
reported values for the 1-, 2-, and 3-layer crystalline hydrates,
respectively. [2,20,102,108,109]

Finally, at d-spacings > 2 nm, the essentially flat nature of the
profile predicted for Na-smectite in pure water (the highest curve
in Fig. 4) is consistent with observations that Na-smectite nanopar-
ticles delaminate entirely in pure water. [110,111] Conversely, the
upward sloping nature of the profile at higher salinities (most evi-
dent in the curves at 0.2 and 1.0 M NaCl) is consistent with the
observed increased stability of the crystalline hydrates with
increasing salinity. [2,40]
3.4. Free energy of swelling of Na-smectite at zero salinity: Comparison
with previous atomistic simulations

Our metadynamics prediction of the swelling free energy of Na-
smectite in pure water (the highest curve in Fig. 4) is reproduced in
Fig. 5 with error bands reflecting statistical uncertainty at the 95%
confidence level and compared with previous atomistic simulation
predictions. [62,63,91] In the case of Whitley and Smith, [62] the
free energy profile was calculated from the reported swelling pres-
sure using Eq. (7).

As shown in Fig. 5, our predictions for the swelling of Na-
smectite at zero salinity are in excellent agreement with the results
of Whitley and Smith. [62] Our results also are broadly consistent
with those of Ho et al, [91] the main differences being a minor
(~0.1 nm) offset in d-spacing and the unexpected absence of a min-
imum at the d-spacing of the 1-layer hydrate in Ho et al. [91] (dis-
cussed in detail in their study). We note that the profile by Ho et al.
[91] shown in Fig. 5 was obtained using a slightly modified version
of the CLAYFF interatomic potential model designed to more accu-
rately predict the stability of the 0-layer hydrate; their simulations
using the original CLAYFF model (shown in the Supporting Infor-
mation of their paper) yielded a local minimum for the 1-layer
hydrate consistent with our results. Finally, the results of Ebrahimi
et al. [63] as originally reported cannot possibly be correct: they
display free energy maxima at the well-known locations of free
energy minima (i.e., the d-spacings of the 0-, 1-, 2-, and 3-layer



Fig. 6. Simulation predictions of the free energy of swelling of Na-smectite as a
function of d-spacing at different NaCl concentrations: (a) metadynamics simula-
tion prediction; (b) DLVO model prediction; (c) non-DLVO component. The DLVO
prediction was corrected to account for the geometry of the simulated system (i.e.,
it accounts for interactions with both the neighboring particle and its periodic
image and, hence, yields a minimum free energy at 5 nm).

Fig. 5. Comparison with the three previous all-atom simulation predictions of the
free energy of swelling of Na-smectite in pure water. Our prediction (black line) is
replotted from Fig. 4 and displayed with error bands that reflect statistical
uncertainty. The four free energy profiles are consistent with experimental
observations of the existence of one-, two-, and three-layer hydrates with d-
spacings of � 1.25, 1.55, and 1.85 nm.
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hydrates). They are, therefore, inconsistent with the entire, vast
experimental database on clay swelling as well as with the three
other modeling datasets shown in Fig. 5. We note, however, that
the results reported by Ebrahimi et al. [63] are essentially a mirror
image of the three other simulation datasets. Rather than discard
them, we report them in Fig. 5 with a simple scaling factor of �1
that reconciles them with all other experimental and simulation
studies. A modified version of Fig.5 without this scaling factor is
provided in the Supporting Information.

Overall, the four datasets are remarkably consistent despite
their use of four distinct methodologies to reconstruct the free
energy landscape as noted in the introduction. Further method-
ological distinctions between the four studies include differences
in structural charge density (0.75 to 0.8 e per unit cell), isomorphic
substitution type (either predominantly [63] or entirely in the
octahedral layer), and interatomic potential models [CLAYFF and
SPC in Ebrahimi et al.; [63] CLAYFF and SPC with revised Na-
Oclay interaction parameters in Ho et al.; [91] CLAYFF and flexible
SPC/E in the present study; a modified version of the clay force
field of Skipper et al [82] combined with SPC/E water in Whitley
and Smith]. [62] In addition to providing confidence in our simula-
tion predictions, Fig. 5 highlights the wider range of interparticle
distances (and also of aqueous chemistry conditions, since previ-
ous studies focused on pure water) examined here relative to pre-
vious MD simulation studies.

We note that our simulation results below 1.2 nm are not
shown in Fig. 5 because of a clear artifact at sub-monolayer hydra-
tion levels, as described in the Supporting Information. The diffi-
culty of predicting swelling free energy at sub-monolayer
hydration is not inherent to our methodology: it was discussed
by Ho et al. [91] and is further illustrated by the fact that Whitley
and Smith [62] did not report results in this regime.
3.5. Swelling of Na-smectite as a function of salinity (0.0 to 1.0 M
NaCl) and comparison with the DLVO model

A systematic comparison of swelling free energy vs. d-spacing
for two Na-smectite clay particles in solutions with different NaCl
concentrations is presented in Fig. 6. Briefly, Fig. 6a shows our
metadynamics simulation predictions, Fig. 6b shows the prediction
of the DLVO model, and Fig. 6c shows our calculation of the non-
DLVO component of the free energy of swelling. In Fig. 6c, we also
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report the average and 95% confidence interval of the profiles
obtained at different salinities (black line).

As shown in Fig. 6a, crystalline swelling is increasingly favored
with increasing salinity. This trend is qualitatively consistent with
the experimental database. [2,36,40,112,113] It also is consistent
with the DLVO model (Fig. 6b), suggesting that it reflects the pro-
cesses represented by Eq. (3), i.e., osmotic uptake of water in the
clay interlayer, driven by the excess ion concentration at the pore



Fig. 7. Sensitivity analysis of the DLVO model prediction (Fig. 6b) in the case of Na-
smectite in pure water. (a) Sensitivity to the clay-water-clay Hamaker constant
(A = 8 to 22 zJ). (b) Sensitivity to the distance of closest approach of ions to the clay
surface (dion = 0, 0.13, or 0.28 nm). (c) PB model prediction of the Na density profile
within the interlayer nanopore calculated using dion = 0, 0.13, or 0.28 nm (black
lines) compared with our MD simulation prediction (blue line); the water O density
profile in the pore is also shown (red line). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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mid-plane, combined with the attenuation of this excess at high
salinities.

We note, in passing, that according to the DLVO model predic-
tions in Fig. 6b, osmotic repulsion predominates over van der
Waals attraction at d-spacings > 1.25 nm. In short, the van der
Waals contribution to swelling free energy should be close to zero
at all interatomic distances probed by our simulations.

To gain further insight into the free energy of interaction shown
in Fig. 6a, we calculated its non-DLVO component as the difference
between the curves in Fig. 6a and b. The results, shown in Fig. 6c,
reveal that the non-DLVO component is relatively long-ranged (it
extends to d-spacings of at least 3.5 nm), similar in magnitude to
the DLVO component, and essentially invariant with salinity. In
other words, interparticle interactions that are not captured by
the mean field description of osmotic and van der Waals interac-
tions in Eqs. (1)–(4) contribute significant attractive free energy
at interparticle distances up to ~ 10 water monolayers. At pore
widths h = 0.9 to 3 nm (i.e., at d-spacings of 1.85 to 3.95 nm, in
the entire transition between the crystalline and osmotic swelling
regimes), the two predominant contributions to the free energy of
swelling are the DLVO osmotic repulsion and the non-DLVO attrac-
tion, as suggested by theoretical calculations [114,115] and classi-
cal DFT simulations. [116]

3.6. Sensitivity analysis of the DLVO model prediction

To gain insight into the accuracy of the DLVO model predictions
in Fig. 6b, we examined the sensitivity of these predictions to the
two main input parameters of the DLVO model: the Hamaker con-
stant of the clay-water-clay system (A) and the distance of closest
approach of ions to the clay-water interface (dion). For the first
parameter, we tested three different values: a value of 22 zJ used
in many studies of smectite swelling in water, [28,117] a value of
8 ± 1 zJ estimated in a recent study by Tester et al., [40] and an
intermediate value of 15 zJ (Fig. 7a). For the second parameter,
we tested three different values (dion = 0, 0.13, and 0.28 nm) that
locate the plane of closest approach of ions to the clay surface
either at the clay-water interface, at the main water density peak,
or at the main Na density peak (Fig. 7b). Corresponding ions den-
sity profiles predicted using the PB equation with each of the three
values of dion are shown in Fig. 7c in the case of Na-smectite in pure
water with a d-spacing of 3 nm.

As shown in Fig. 7, our DLVO model predictions are sensitive to
the choice of A at d-spacings up to ~ 1.5 nm and to the choice of dion
at d-spacings up to ~ 2.5 nm. Therefore, the long-range non-DLVO
attraction reported in Fig. 6c is sensitive to the value of dion used to
obtain the DLVO model predictions in Fig. 6b. The model predic-
tions in Fig. 6b were obtained using dion = 0 and A = 8 zJ. According
to our sensitivity analysis, the results shown in Fig. 6c constitute a
lower boundary on the magnitude of the long-range non-DLVO
attraction. If dion > 0, this attractive non-DLVO interaction may be
stronger by up to a factor of two.

3.7. Contribution of specific ion-ion, ion-clay, and clay-clay Coulomb
interactions to the free energy of swelling

As noted in the introduction, a well-known limitation of DLVO
theory is that it fails to account for specific charge-charge interac-
tions in the EDL. [8,21,26,118,119,30] Various efforts have been
carried out to evaluate these interactions including theoretical
derivations [114,115,120] and classical DFT calculations.
[116,121–123] To estimate the magnitude of this effect from our
MD simulations, we use our results for Na-smectite in pure water
at fixed d-spacings to calculate the total potential energy associ-
ated with ion-ion, ion-clay, and clay-clay Coulomb interactions
(Fig. 8a). We also calculate the average dielectric constant within
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the stack of clay particles (Fig. 8b) as a function of d-spacing.
Finally, we divide the (unscreened) potential energies in Fig. 8a
by the dielectric constant in Fig. 8b to obtain a first-order estimate
of the contribution of screened Coulomb interactions between
charged species in the EDL to the free energy of swelling (Fig. 8c).

As shown in Fig. 8a, Coulomb interactions between charged
species in the EDL (blue line) are overall favorable, i.e., clay-
cation Coulomb attraction is greater than the sum of cation-
cation and clay-clay repulsion. These interactions become even
more favorable at smaller d-spacings, likely because of the com-
pression of the EDL in the nanopore. If dielectric screening were



Fig. 8. Contribution of specific Coulomb interactions between charged species in
the EDL to the free energy of swelling in the case of Na-smectite in pure water. (a)
Potential energies Epot,ion-ion, Epot,ion-clay, and Epot,clay-clay as a function of d-spacing.
(b) Average dielectric constant within the stack of clay particles (red symbols) and
comparison with the simple parametric fit described in the text (blue curve); (c)
Non-DLVO component of the free energy of swelling (black line from Fig. 6c;
alternative predictions obtained using larger values of dion are shown as pale purple
and green lines) and first-order estimate of the contribution from screened specific
charge-charge interactions in the EDL (blue symbols). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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invariant with d-spacing, these specific charge-charge interactions
would result in a net attractive contribution to the free energy of
swelling with a magnitude of ~1 eV at d-spacings between 1.2
and 2.0 nm (i.e., the difference in potential energy between 1.2
617
and 2.0 nm, ~70 eV, scaled by the static dielectric constant of bulk
SPC/E water, 71), with only a minor effect at d-spacings >2.0 nm.
The existence of such a non-DLVO attraction associated with speci-
fic charge-charge interactions in the EDL is consistent with theo-
retical calculations. [114,115]

A notable difference between our results and those reported in
previous studies is that our simulations enable a rough accounting
for the impact of nanopore width on dielectric screening. Our pre-
dicted �-values obtained using Eq. (5) are shown as red symbols in
Fig. 8b and compared with a parametric fit (blue curve) calculated
as a weighted sum of �-values in the clay particles (�clay), in the first
water layer on the clay surface (�1st�layer), and in subsequent water
layers (�water). Specifically, the blue curve was obtained by impos-
ing �clay = 1 and �water = 71 (the value for bulk liquid SPC/E water)
[75,124] and adjusting the value of �1st�layer to minimize the root-
mean-square difference with our MD predictions. This yields a
value of �1st�layer = 40. In short, �-values calculated from the config-
urations of interlayer water molecules can be modeled simplisti-
cally by assigning to the first water layer on each clay surface a
dielectric constant equal to about half of that of bulk liquid water,
in rough agreement with results reported in previous experimental
and MD simulation studies. [125–128]

Finally, Fig. 8c shows the comparison between the non-DLVO
component of the free energy of swelling reported in Fig. 6c and
our first-order estimate of the contribution of screened specific
Coulomb interactions between charged species in the EDL (i.e.,
the purple values in Fig. 8a scaled by the red values in Fig. 8b
and adjusted to an arbitrary reference value of zero at a d-
spacing of 3.5 nm). The two datasets are qualitatively consistent
with regard to the overall shape of the non-DLVO contribution at
d-spacings ranging from 1.55 to 3.5 nm. The difference between
the two estimates (a factor of ~ 2 to 3 in the magnitude of the
attractive interaction) is consistent with the expectation that the
results shown in Fig. 6c may underestimate attraction by up to a
factor of two, as noted above, because they are based on the DLVO
calculation with dion = 0. Conversely, the blue symbols in Fig. 8c
may tend to overestimate attraction, because they are based on
the average dielectric constant within the stack of clay particles.
Overall, Fig. 8a-c suggest that specific charge-charge Coulomb
interactions in the EDL can explain most if not all of the attractive
non-DLVO interaction at d-spacings > 1.5 nm.
3.8. Hydration repulsion

As noted in the previous section, at d-spacings > 1.5 nm the
black line and blue symbols in Fig. 8c are qualitatively consistent.
Quantitatively, they differ by a factor of ~ 2 that is commensurate
with the sensitivity of the DLVO calculation to poorly-constrained
parameters. At d-spacings < 1.5 nm, however, the two datasets pre-
dict qualitatively different behaviors: the black and pale purple
curves show that dehydration below the two-layer hydrate must
overcome a 1.5 to 2 eV free energy barrier (the pale green curve
predicts that dehydration below the two-layer hydrate is impossi-
ble, as it assumes that ions cannot approach closer than 0.28 nm
from the surface); conversely, the blue symbols predict increas-
ingly attractive interactions at d-spacings below 1.5 nm (not
shown in the figure). In short, whereas specific charge-charge Cou-
lomb interactions in the EDL can explain most if not all of the
attractive non-DLVO interaction at d-spacings > 1.5 nm, these
interactions cannot predict the strong barrier to dehydration below
the two-layer hydrate. This discrepancy is consistent with the
expected existence of a strong short-range repulsion associated
with surface and ion hydration effects (Eq. (4)). [129,130] A precise
estimate of the magnitude of this hydration repulsion from our
metadynamics results is unfortunately not possible, because our



Fig. 9. Potential energies Epot,water-ion, and Epot,water-clay as a function of d-spacing in
the case of Na-smectite in pure water.
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estimate of the non-DLVO component is highly sensitive to the
choice of both dion and A at d-spacings < 1.5 nm.

Partial insight into the hydration repulsion effect is accessible,
however, from the potential energies associated with water-Na
and water-clay interactions during our MD simulations at fixed
d-spacing. These potential energies are reported as a function of
d-spacing in Fig. 9. A direct translation of these potential energies
into a contribution to the free energy of swelling is not possible.
Nonetheless, the results in Fig. 9 are consistent with the observa-
tion, based on Fig. 8c, that hydration repulsion effects play an
important role at d-spacings < 1.5.
4. Summary

We present the first existing application of the metadynamics
methodology to the evaluation of the free energy of interaction
of colloidal particles. Despite the known limitations of the method-
ology (notably, the very long simulation times required to reduce
statistical noise), our methodology is validated in three ways: first,
our calculations at all salinities correctly predict the location of the
free energy minima corresponding to the 1-, 2-, and 3-layer
hydrates as extensively established in experimental studies of clay
swelling. Second, our detailed prediction of the free energy of swel-
ling of Na-smectite swelling in pure water is consistent with two of
the three previous molecular simulation datasets as shown in
Fig. 5. Third, although the free energy profiles obtained at different
NaCl concentrations show significant statistical noise (Fig. 6a),
these profiles collapse onto a single curve when the DLVO theory
prediction is removed (Fig. 6c), which strongly suggests that statis-
tical noise does not impact the overall accuracy of the results.

Our simulation results provide a detailed view of the free
energy of swelling of smectite clay nanoparticles in a wide range
of interparticle distances (pore widths h = 0.3 to 3.0 nm) as a func-
tion of salinity (0 to 1.0 M NaCl). Our results agree with experimen-
tal results, and previous atomistic simulation predictions of
swelling free energy obtained in a much narrower range of condi-
tions. At the same time, our results reveal an unexpected feature:
the absence of a free energy barrier between the crystalline and
osmotic swelling states.

Further analysis of our simulation results reveals that the
breakdown of DLVO theory at interparticle distances < 3 nm in
NaCl electrolytes is caused by a non-DLVO attractive interaction
with a range of ~3 nm. This non-DLVO attraction is essentially
invariant with salinity and obtains mostly or entirely from specific
charge-charge Coulomb interactions in the EDL. At interparticle
618
distances < 0.6 nm, our results also show evidence of a strong
short-range non-DLVO repulsion associated with cation and sur-
face hydration effects.

One implication of our results is that the free energy of swelling
of smectite should depend on the extent of particle stacking, not
only through its influence on the Van der Waals attraction terms
(as noted previously) [21] but also through the potential influence
of the degree of stacking on the static dielectric constant within the
stack. This effect was not examined here but may represent an
interesting avenue for future study.

The present analysis focused primarily on the swelling of Na-
exchanged smectite as a function of salinity. Simulations using K
and Ca cations (instead of Na) at a single salinity showed a strong
inhibition of clay swelling, in agreement with experimental results.
A more detailed examination of the influence of different organic
and inorganic cations on clay swelling will be presented in future
work.

Beyond the four components of the free energy of swelling
examined here (van der Waals attraction, osmotic repulsion, speci-
fic charge-charge Coulomb attraction, and hydration repulsion),
the influence of interparticle distance on the configurational
entropy of colloidal particles is known to give rise to an additional
attractive contribution in colloidal suspensions [120,131,132]. This
effect was absent in the present study as the particles were con-
strained in a parallel orientation.

Finally, we note that the basal surface of Na-smectite is some-
what of a limiting case among charged surfaces in that it develops
a very prominent EDL (i.e., only a small fraction of the surface
charge is screened by inner-sphere surface complexes). For other
charged surfaces where a significant fraction of surface charge is
screened by inner-sphere surface complexes, the importance of
both DLVO osmotic repulsion and the non-DLVO attraction exam-
ined here may be attenuated sufficiently that other contributions
to the swelling free energy become important. [11,116].
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