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Molecular dynamics simulations of water molecules at the surface of kaolinite, and of amorphous silica, have
been carried out. In contrast to previous work, clay and silica atoms are not kept fixed at their crystallographic
positions; all atoms are allowed to move. In both cases water molecules at the surface show a marked decrease
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in the self-diffusion coefficient and an increase in the rotational correlation time. We consider the effects of
increasing the ionic strength of the water. Comparison with experimental data is made by linking calculated
diffusion and rotational correlation times to available pulse field gradient nuclear magnetic resonance

spectroscopy and relaxation measurements.

1 Introduction

The molecular structure and dynamics of interfaces between
inorganic solids and liquids are of particular interest because
of the influence they exert on the stabilisation properties of
colloidal systems. The behaviour of water—clay systems, for
example, is important since interlayer water acts as a solvent
for intercalated species. Clays are abundant natural decompo-
sition products of aluminosilicates in aqueous environments,
and an understanding of the factors at the atomic level that
control the orientation, translation and rotation of water mol-
ecules at the mineral surface has implications for processes
such as the preparation of pigment dispersions used in paper
coatings.

Various simulation techniques have been used previously to
investigate clay—water systems.!~'° All these models either
keep the clay structure rigid, or allow unrealistic movements
of Al and Si atoms at the clay surface. Keeping the clay rigid
may be appropriate when considering the effects of water on
interlayer distance during clay swelling, but relaxation of the
hydroxy groups and other surface atoms might be crucial in
the molecular adsorption process and in determining the
dynamic behaviour of water molecules at the interface.

Fig. 1 shows the crystal structure of kaolinite (two unit
cells). The kaolin mineral consists of 1: 1 dioctahedral layers
with overall chemical composition Si,Al,O5(OH),. The
framework structure is composed of a sheet of vertex-sharing
SiO, tetrahedra, linked by common oxygen atoms parallel to
the c-axis to a sheet of edge-sharing AlOg octahedra. It is
important to note that this is an idealised structure since dis-
order is common in kaolin minerals, and together with the
small particle size leads to complications in structure eluci-
dation. The kaolinite structure used here was that determined
experimentally by Bish and Von Dreele.?® However, these
authors do not report the positions of the hydrogen atoms,
about which there is no general agreement.?':?> We have
combined their heavy-atom positions with the hydrogen posi-
tions used in the periodic Hartree-Fock calculations of Hess

and Saunders,?® which produces a structure with C, symmetry.

In this work we build on earlier static simulations of trace
elements in the bulk and the {001} surface of muscovite** to
carry out molecular dynamics of the water—clay system using
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an atomistic model of the clay in which atoms are not kept
fixed at their crystallographic positions. We have compared
the behaviour of water at the kaolinite surface with that at the
surface of amorphous silica, using the same intermolecular
potential model for the amorphous silica as for the kaolinite
and again allowing all atoms to move. The arrangement of the
OH groups at the surface of kaolinite is much more regular
than that at the silica surface. The effects of changing the ionic
strength of the water are also considered in both cases. We
have examined the spatial motion distribution functions of
water molecules away from the mineral surface and their diffu-
sion and rotation. Comparison with experimental data is
made by linking calculated diffusion coefficients to pulse field
gradient nuclear magnetic resonance (PFG NMR) spectros-
copy and rotational correlation times to relaxation measure-
ments. NMR spectroscopy is chosen because experimentally it
provides a convenient and non-invasive means for measuring
molecular motion.25727

Fig. 1 Structure of kaolinite: O atoms are red, the tetrahedral Si
atoms are yellow, octahedrally coordinated Al are pink, and H atoms
are white. The “Al surface” is the top layer and the “Si surface” is the
bottom layer.
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2 Theoretical methods

2.1 Static simulations

Static simulations of the perfect lattice of bulk kaolinite yield
the crystal structure and the lattice energy. In the static limit,
the structure of the lattice is determined by the condition that
it is in equilibrium, i.e.,

0E/0X, =0 1)

in which E is the static contribution to the internal energy,
and the {X;} are the variables that define the structure. The
{X,} consist of the three lattice vectors and the atomic posi-
tions in the unit cell.

For our atomistic simulation we assume that surfaces are
planar. Irregularities such as steps, kinks and ledges, which
are present on real surfaces, are omitted for the present treat-
ment. For kaolinite the energy of the {001} basal surface was
evaluated using a suitable supercell containing 425 atoms. The
structure for amorphous silica was generated using a model
defined in the Cerius? simulation package?® and comprises
SiO, and SiOH units with a ratio of 9: 1 in the bulk. At the
surface the ratio is closer to 3 : 1.

The success of any simulation relies on the accuracy and
transferability of the short range interatomic potentials. As in
a recent study of muscovite,?* we have used a well established
set of atomic charges and potentials developed by Collins and
Catlow?® and also incorporating the O-H potential added to
this set by de Leeuw et al.3° in their study of hydroxylated
M¢gO surfaces.

2.2 Molecular dynamics simulations

Here we have used molecular dynamics (MD) simulations at
constant volume and temperature (NVT) using the DLPOLY
code.3! The surfaces of the minerals considered here have a
net dipole moment perpendicular to the surface (type III
according to the Tasker classification3?). To ensure that the
periodic simulation cell had no net dipole moment, the cells
contained either two kaolinite slabs, inverted with respect to
each other, consisting of 425 atoms and 820 water molecules
(25.81 A x 26.70 A x 77.00 A), or two silica slabs in contact
with 800 water molecules (28.50 A x 28.50 A x 80.00 A). The
interlayer separation between two kaolinite layers is ~35-40
A. The same interatomic potentials were used as for the static

cut off at 8.0 A, while long range Coulombic interactions are
calculated using the Ewald technique.®®

Water molecules (density 1 g cm™3) were placed uniformly
within the periodic cell. Dynamics simulations were carried
out at 298 K for 100 ps. Time steps were set at 0.001 ps and a
Berendsen thermostat3® was used with a time step of 0.5 ps.
Typically, 20 ps were used for equilibration runs, followed by
production runs of 80 ps.

3 Results

3.1 Static simulations

Table 1 lists the experimental lattice parameters for bulk
kaolinite, together with those calculated in the static limit. The
largest discrepancy is 2.9% for b, which is reasonable con-
sidering our calculations relate to an idealised clay structure.
The resulting surface energy, which is an average of the ener-
gies of the aluminium and silicon terminated surfaces of
kaolinite (shown as the top and bottom layers in Fig. 1), is 48
mJ m~2. This value is in surprisingly good agreement with
values predicted experimentally using adsorption isotherm
film pressures (34-103 mJ m~2),3>7 and contact angles of solu-
tions on the kaolinite surface (35-96 mJ m~?2).38

3.2 Molecular dynamics simulations

Fig. 2(b) shows the simulated density profile of the centre of
mass of water molecules in one dimension along an axis per-
pendicular to the clay surface. The scale is such that
—55<z<1.0 and 23.0 <z < 29.5 corresponds to the clay
slabs. Significant structural ordering of the water at both clay
surfaces may be observed in Fig. 2(b), as is clear by a compari-
son with Fig. 2(a), which shows the density profile for liquid
water alone (density 0.98 g cm™3). The extent of ordering of
adsorbed water is in general agreement with experimental
data for water at clay surfaces.?®**° The appearance of order-
ing appears to be associated with the relatively ordered
arrangement of oxygen atoms and OH groups at the clay sur-
faces. Fig. 3 shows a representative snapshot of the MD simu-
lations carried out for Fig. 2(b), which reflects the alignment of
the water molecules at the two surfaces. At the Si surface one
or both water hydrogens may be involved in H-bonding to the
oxygens of the silicate layer. At the Al surface all the atoms in

Table 1 Calculated and experimental lattice parameters for kaolinite

simulations, allowing all atoms within the clay to move. The Lattice parameter Simulation Experiment
charges and potentials for water were those of the TIP3P o
313334 ; a/A 5.135 5.155
model.>*>°>>* Interactions between the water molecules and b/A 5305 5155
the mineral surface were calculated using the Lorentz- /A 7321 7.405
Berthelot geometric mixing rules. For those simulations also o
X A . " h o/ 75.05 75.14
including ions in the water layer potentials for Na™ and Cl B 83.13 8412
potentials were extracted from the AMBER/OPLS force 9/ 58.87 60.18
field.31:3* Short range terms in the interaction potential were
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Fig. 2 (a) One-dimensional density profile of the centres of mass of water molecules in bulk water. (b) Density profile of the centres of mass of
the water molecules along the z-axis (perpendicular to the surface) for kaolinite. (c) Density profile of the centres of mass of the water molecules

along the z-axis (perpendicular to the surface) for amorphous silica.
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Fig. 3 Representative snapshot of the MD simulations carried out
for Fig. 2(b).

the water molecules can take part in H-bonding to the surface
OH groups. Unfortunately, molecular dynamics does not
allow us to consider the effects of proton exchange at the
surface.

The ordering at the kaolinite surface is striking when com-
pared with similar calculations for the amorphous silica
surface [Fig. 2(c)], which shows the ordering is substantially
reduced relative to kaolinite. It is tempting to associate this
disorder with the disorder at the silica surface; this is consis-
tent with the snapshot in Fig. 4.

Figs. 5(a) and (b) show the change in the structural ordering
of the water at the kaolinite and amorphous silica surfaces as
the ionic strength of the solution is increased. In these calcu-
lations one Na* ion and a charge compensating Cl~ ion were
introduced into the solvent. As might be expected the density
profile at the kaolinite surface changes markedly, with a sig-
nificant decrease in the peak intensity close to the surface
[Fig. 5(a)], but there is still substantial ordering. There are far
fewer changes above the amorphous silica surface [Fig. 5(b)].
Fig. 6(a) shows the density profile for kaolinite including a
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Fig. 4 Representative snapshot of the MD simulations carried out
for Fig. 2(c). Atoms labelled as in Fig. 1.
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Fig. 5 (a) As Fig. 2(b), but with one Na* and one Cl~ added to the
simulation box. (b) As Fig. 2(c), but with one Na* and one Cl~ added
to the simulation box.

larger number of ions in the simulation box (10 Na™*, 10 Cl17),
equivalent to an ionic strength of ~0.4 mol kg~ . The order-
ing persists even at this much higher concentration, although
the number of water molecules at the surface is significantly
reduced. The reduced number of molecules at the surface may
be accounted for by the displacement of water by Na*. Fig. 7
shows a pictorial snapshot of one kaolinite surface during the
simulation containing 10 Na* and 10 Cl~ ions. The water
molecules have been removed for clarity; however the Na*
ions can be seen to be adsorbing onto the surface, which has
the effect of displacing the water.

3.3 Self-diffusion coefficients

Diffusion measurements for water were estimated by exploit-
ing Einstein’s relation:

6D = lim % | rdt) — r{0)>> @

t— o0

where the diffusion coefficient of the water molecules, D, is
related to the time averaged mean square displacement (Fig.
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Fig. 6 (a) As Fig. 2(b), but with ten Na* and ten Cl~ added to the
simulation box. (b) As Fig. 2(c), but with ten Na* and ten Cl~ added
to the simulation box.
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Fig. 7 A snapshot of the simulation of water, kaolinite and ten
(Na*, CI7). The picture shows the location of ions around one kaolin-
ite surface. The Na™ ions are purple while the Cl~ ions are green.
Water molecules have been removed for clarity.

8). Calculated diffusion coefficients are given in Table 2. The
value for bulk water, 3.9 x 107° m? s~ ! (TIP3P), is in agree-
ment with that from previous work®® and is somewhat in
excess of the experimental value3? of 2.4 x 107° m? s~ 1. This
faster diffusion of simulated water is a reflection that the
density of molecules (0.98 g cm ™~ ?) in the periodic cell is slight-
ly lower than that found experimentally (1.00 g cm™3). For
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Fig. 8 An example of the mean square displacement data used to
determine the diffusion coefficient for water. These data are taken for
the simulation of water and kaolinite. Error bars are marked at 2 ps
intervals.

Table 2 Average self-diffusion coefficients (D) of water in various
environments

Simulated diffusion

both kaolinite and amorphous silica surfaces, the average dif-
fusion coefficients for all water molecules in the simulation cell
drop by over an order of magnitude, reflecting the marked
ordering of the water molecules. Assuming that fast exchange
of water between the bulk and surface regions occurs,?” it
would be expected that diffusion of water molecules in the
surface region was even slower than the average value for the
simulation box. Increasing the ionic strength of the solution
has a much smaller effect on the average diffusion coefficients,
for both kaolinite and silica, as shown by the remaining
entries in Table 2. Diffusion in the z-direction (perpendicular
to the surface) in the interfacial region is considerably slower
than diffusion in the bulk phases.

3.4 Dynamics of reorientation

To consider the reorientational motion of water molecules, we
use the approach of Impey, Madden and McDonald.*! We
calculate the time autocorrelation function of the second Leg-
rendre polynomial P, of the angle subtended by the intramol-
ecular H-H bond vector at time ¢ with respect to its position
at time t = 0:

C37H(t) = (P,[e" (1) - O] 3)

e is a unit vector with the same direction as the H-H inter-
atomic vector and ¢ ) represents the average over all mol-
ecules at time t.

The CYH(f) function has a short range oscillatory part
associated with the vibrational motion of each water molecule
in a long-lived solvent “cage” and a long range slow decay
associated with the breakup of the cage. In the exponential
regime at large #(> 20 ps) least squares fitting of CH¥H(t) to the
exponential function A exp(—t/t.) (Fig. 9) allows us to deter-
mine the rotational correlation time, 7., given by At.. Rota-
tional correlation times are listed in Table 3.

As with the diffusion coefficients, the effect of the ordering
imposed by the clay surface is clearly evident. Average corre-
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Fig. 9 An example of the C5H(r) function calculated for water at the
kaolinite surface. Error bars are labelled at 2 ps intervals.

Table 3 Average rotational correlation functions (r,) of water in
various environments

Model coefficient/m? s~ !

TIP3P bulk water 39 x107°

Water at the kaolinite interface 9.6 x 10711

Water at the kaolinite interface 7.5 x 10711
+1(Na*Cl")

Water at the kaolinite interface 6.9 x 10711
+10(Na*CI")

Water at the silica surface 2.6 x 10711

Water at the silica surface 2.7 x 10711
+1(Na*Cl)

Water at the silica surface 3.1 x 10711

+10(Na*Cl")

Rotational
correlation
Model function/ps
TIP3P bulk water 2.2
Water at the kaolinite interface 233
Water at the kaolinite interface +1(Na*CI™) 335
Water at the kaolinite interface +10(Na*Cl7) 319
Water at the silica surface 85.1
Water at the silica surface +1(Na*Cl™) 95.5
Water at the silica surface +10(Na*Cl™) 81.0
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lation times for all molecules in the periodic box increase by
at least an order of magnitude compared with that of liquid
water itself, a conclusion consistent with the work of Smirnov
and Bougeard.!® Increase in ionic strength appears to have
only a relatively small effect.

3.5 Average NMR relaxation times

NMR relaxation times for water at the kaolinite surface are
predicted using the approach of Carrington and McLach-
lan.*? In this paper we restrict ourselves to a brief outline.
Pure water can be described quantum mechanically as a par-
ticle with I = 1 since the total spin angular momentum is con-
served during molecular tumbling. For w?t? « 1, where w is
the angular velocity and 7, is the rotational correlation coeffi-
cient, the relaxation time has two contributions, one from the
rotation of the molecule (7,,) and one from the translation
(T} 4rans)- Using perturbation theory, the relaxation or longitu-
dinal magnetisation time, T;, of the water molecule is then
given by

11 1
Tl Tlrot

@)
’1-'1',1‘3115

The rotation of the molecule causes a magnetic dipole-dipole
interaction between the protons in the molecule, which is a
function of the distance r between the two dipoles. The relax-
ation rate, (1/7;,,,), varies linearly with the rotation corre-

lation coefficient, 7,:
L _(Bo) 37l s
Ticor 4n) 2 7

where y,, is the permeability constant and y,y is the gyromag-
netic constant.

Water molecules diffusing past each other cause further
intermolecular magnetic dipole—dipole interactions. These are
a function of the concentration of spins, N, the average diffu-
sion coefficient, D, and the distance of closest approach

between the spins, b:
1 2 y*h®N
1trans T 2 D b

We have taken N = 6.75 x 1028 m~3 and b = 1.74 A, consis-
tent with the size of the simulation box and the number of
water molecules, and estimated average NMR relaxation

times, T;, from our simulation results. These are listed in
Table 4.

3.6 NMR surface relaxation

Our values for T; are an average of both water molecules at
the surface and water molecules in the bulk. Assuming a fast
exchange limit?” then expressions for the correlation time and
relaxation time of water in the surface region can be defined

Table 4 Estimated average NMR relaxation times of water in
various environments

NMR
relaxation
Model time/s
TIP3P bulk water 6.39
Water at the kaolinite interface 0.37
Water at the kaolinite interface + 1(Na*Cl™) 0.27
Water at the kaolinite interface +10(Na*Cl") 0.26
Water at the silica surface 0.10
Water at the silica surface +1(Na*Cl7) 0.10
Water at the silica surface +10(Na*Cl™) 0.11
using eqns. (7) and (8) respectively:
Tc=(1_Ps)Tc+PsTc (7)
1 1—P; P
L 0=P B ®)

T Ty T,

where P, is equal to the fraction of protons in the surface
environment and the subscripts b and s represent bulk and
surface regions. Table 5 shows predicted values for rotational
correlation and surface relaxation. The specific surface relax-
ation rate constant, R, quantified by

1

Rlsp = i

)
may also be determined, and is calculated for each simulation
in Table 5.

4 Discussion

Given the good agreement between the simulated lattice
parameters for kaolinite and those observed experimentally,
and the fair reproduction of the dynamic properties of water,
we have a strong basis for assuming that the model we use is
suitable for investigating the NMR relaxation times for water
at mineral surfaces. Average values for the diffusion coeffi-
cients and correlation times allow us to evaluate average
NMR relaxation times. From the simulations a substantial
decrease in the average diffusion coefficient, an increase in
correlation time and hence a decrease in relaxation time of the
water is seen upon the introduction of both kaolinite and
silica surfaces, in agreement with experimental observations.
There would appear to be correlation between the change in
magnitude of the diffusion coefficient and the change in mag-
nitude of the rotational correlation time for each system in the
2-D region, implying that the motions are not completely
independent.

The marked difference in the relaxation times for the
kaolinite and silica may be attributed to the nature of the
surface. Intuitively, the H-bonding which influences the
increased structure at the kaolinite surface would be expected

Table 5 Estimated surface diffusion coefficients, rotational correlation times and NMR relaxation times of water in various environments

Surface NMR
rotational surface NMR surface
correlation relaxation relaxation rate
Model time/ps time/ms constant/s !
Water at the kaolinite interface 107.1 77.8 12.8
Water at the kaolinite interface +1(Na*Cl17) 186.3 427 234
Water at the kaolinite interface +10(Na*Cl™) 176.9 421 23.8
Water at the silica surface 520.3 17.3 57.8
Water at the silica surface +1(Na*CI™) 585.3 16.9 59.1
Water at the silica surface +10(Na*Cl™) 494.7 15.3 65.3
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to give lower values for the relaxation time. However this is
not observed in the simulations. Instead we see lower values
for the silica surface, which is a result of water molecules
becoming trapped in the cage like amorphous silica surface
and hence the effective surface area is larger. This reflects
experimental results where precipitated silica surfaces are
microporous and water inclusion in the surface is common.

The addition of ions to both the kaolinite and silica systems
shows different trends. Increasing the ionic strength in the
kaolinite system results in water molecules being displaced
from the surface. The long range order of the water in the
bulk is disturbed, as seen in the density profiles; however a
high degree of structure remains at the surface, the driving
forces of which are the kaolinite itself and the hydration shells
around the ions. The silica surfaces appear less affected by
ionic strength, which is reflected in both the values of T, and
the density profiles. This is attributed to the lower fraction of
OH groups at the surface, reducing the tendency for ions to
adsorb and create local ordering.

Although our interest here lies chiefly in the variation of T;
from system to system, the magnitude of T; for water is likely
to be overestimated slightly. This can be accounted for
because we cannot consider the exchange of protons at the
surface. To avoid the effects of proton exchange one must con-
sider a system where purely intramolecular forces dominate
the surface relaxation. For example, deuterium NMR relax-
ation (spin I = 1) is not complicated by intermolecular inter-
actions and cross-relaxation effects. The predominant
relaxation mechanism is the time modulation of the essentially
intramolecular quadrupole interaction.*3-4#

The ratio of the values for the NMR relaxation times in
water*? and at the silica surface (107! s) are in good agree-
ment with that observed experimentally (1072-10"1! s).4°
Effects due to ionic strength are minor. For kaolinite there are
no experimental data for comparison due to problems with
uneven coagulation. We predict values of the same order as
for silica.

5 Conclusions

Molecular dynamics simulations of water molecules at the
surface of kaolinite, and of amorphous silica, have been
carried out. In contrast to previous work, clay and silica
atoms are not kept fixed at their crystallographic positions; all
atoms are allowed to move. In both cases there is a marked
decrease of the self-diffusion coefficient and increase in the
rotational correlation time. We consider the effects of increas-
ing the ionic strength of the water. Comparison with experi-
mental data is made by linking calculated diffusion and
rotational correlation times to available pulse field gradient
nuclear magnetic resonance (PFG NMR) spectroscopy relax-
ation measurements.
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