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MODELING THE RESPONSE OF PYROPHYLLITE INTERLAYER TO APPLIED
STRESS USING STEERED MOLECULAR DYNAMICS

DiNeEsH R. KATTI*, STEVEN R. ScHMIDT, P1JusH GHOSH AND KALPANA S. KATTI
North Dakota State University, Department of Civil Engineering, Fargo, ND 58105, USA

Abstract—Pyrophyllite is the precursor to other smectite-group minerals which exhibit swelling. The
mineral structure of pyrophyllite can lead to other minerals in the smectite group, including
montmorillonite, through appropriate isomorphous substitutions. In this work, an atomic model of the
pyrophyllite interlayer was constructed. The response of the interlayer was evaluated using steered
molecular dynamics simulations. In steered molecular dynamics, external forces were applied to individual
atoms to study the response of the model to applied forces. In this work, forces are applied to the surface
clay atoms to evaluate the displacement vs. applied stress in the interlayer between clay layers. This paper
describes the construction of the model, the simulation procedure, and the results of the simulations which
show that under the applied loading, deformation occurs mainly in the interlayer. The clay layers show
relatively little deformation. The results show that the relationship between applied stress and
displacement of the interlayer is linear. The stress-deformation relationship for the interlayer is presented.
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INTRODUCTION

Clays are materials of importance in geotechnical and
geoenvironmental engineering, in the field of nanocom-
posites, and in the petroleum industry. Understanding
the interaction between clay and water or other fluids is
important in the use of these materials. Current literature
indicates that understanding molecular interactions is
necessary for modeling clay swelling. The volume of
bound water and the interaction between particles has
been described in the context of the diffuse double layer
using the Stern-Guoy theory. However, this theory has
significant limitations and does not accurately describe
interlayer expansion and swelling of montmorillonites
(Jo et al., 2001). Likewise, another commonly used
theory, the osmotic swelling model, fails to explain clay
swelling quantitatively (McBride, 1994). Discrete ele-
ment models have been successful in predicting the
properties of kaolinite but to a limited extent only for
montmorillonite (Anderson and Lu, 2001; Chen et al.,
2000). Previous work has shown that as clay swells, the
particles break apart (Katti and Shanmugasundaram,
2001). In order to describe the evolution of micro-
structure in swelling clays accurately, it is necessary to
model the clay-water interactions in the interlayer
quantitatively using steered molecular dynamics.

Many molecular dynamics (MD) studies for rigid clay
layers (Chang et al., 1995, 1998; Greathouse et al.,
2000; Shroll and Smith, 1999; Smith, 1998; Capkova et
al., 1998; Karaborni et al., 1996) and for flexible clay
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layers (Hwang et al., 2001; Newman et al., 2002;
Teppen et al., 1997; Warne et al., 2000) have been
published recently. The model described in this work
uses flexible clay layers to derive the mechanical
properties of pyrophyllite layers and its interlayer.

Pyrophyllite is a fundamental structure to all
smectite-group clays. Having no water molecules or
cations in the interlayer, pyrophyllite serves as a good
measure of the response obtained purely from the
interaction of the clay segments. Through this study,
the mechanical properties of the clay layers can be
compared with those of the interlayer. Because of the
relative simplicity of pyrophyllite, direct conclusions
cannot be made about the behavior of the interlayer of
other smectite-group clays. However, the behavior of the
crystalline clay layers can give a reasonable approxima-
tion of other smectites.

MODELING APPROACH

The clay molecule is most commonly referred to as a
layer (Klein, 2002). The void space between clay layers,
frequently occupied by water and cations, is known as
the interlayer. When interlayer spacing is maintained by
external forces, the applied forces can be assumed to be
equal to the interlayer swelling pressure. Swelling vs.
swelling pressure of the interlayer can then be evaluated
by reducing the externally applied stress and measuring
the corresponding interlayer spacing. The model of dry
pyrophyllite is considered to be as shown in Figure 1. In
this model, the deformation of the interlayer and clay
layers can be studied under externally applied loads. To
perform this study, MD in the isobaric-isothermal
ensemble (constant NPT) was applied. Forces of
gradually increasing magnitude were applied in each
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Figure 1. Perspective view of two pyrophyllite layers comprising 2 x 4 unit-cells each.

simulation and the resulting deformations of the inter-
layer and clay layers are found.

This work seeks to evaluate quantitatively the
interactive forces existing in the interlayer between
two clay layers. To accomplish this, opposing forces
were applied to the surface of dry pyrophyllite as shown
in Figure 2. The forces examined included 0, 0.001,
0.01,0.1,1,2,4,5,7,10, 12, 15, 17, 20, 30, 50, 70, 100,
120, 140 and 160 pN (equivalent to stresses of O,
0.00001, 0.0001, 0.001, 0.01, 0.02, 0.04, 0.05, 0.07,
0.10, 0.12, 0.16, 0.18, 0.21, 0.31, 0.52, 0.73, 1.04, 1.24,
1.45 and 1.66 GPa, respectively). The interlayer distance
was measured after the force had been applied and the
simulation had come to equilibrium. This was done by
tracking the coordinates of atoms in the central region of
the model. A relationship between stress and interlayer
spacing was developed. Also a stress vs. ‘interlayer
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Figure 2. Forces applied normal to the simulation cell.
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strain’ relationship is presented for the interlayer region,
which is analogous to the stress-strain relationship for
solids.

MODEL CONSTRUCTION

Pyrophyllite has the chemical formula
Al,Si4010(OH), (Klein, 2002) and a tetrahedral-octahe-
dral-tetrahedral (T-O-T) structure. The T-O-T structures,
or layers, are electrically neutral. The clay layers are
held together by van der Waals bonds (Klein, 2002).

The coordinates for the first unit-cell are given in
Table 1. The coordinates are based on those given by
Skipper et al. (1995). The starting structure used in this
simulation has a unit-cell of dimensions
5.28x9.14x6.56 A. The simulation model consists of
two clay layers, each containing four unit-cells in the X
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direction and two unit-cells in the Y direction. The
resulting overall dimensions of each clay layer are
21.12x 18.28 x 6.56 A. The initial basal spacing and
interlayer spacing of the model were 10 and 3.44 A,
respectively. The partial charges, ¢;, shown in Table 1,
are from Teppen et al. (1997). The unit-cells were
patched together using PSFGEN, part of the program
NAMD?2.4 (Kalé et al., 1999), which was developed by
the Theoretical and Computational Biophysics Group in
the Beckman Institute for Advanced Science and
Technology at the University of Illinois at Urbana-
Champaign.

SIMULATION DETAILS

For the simulations described here, the software
NAMD2.4 (Kalé et al., 1999) and VMD (Humphrey et
al., 1996), for interactive studies, were used. Simulations
were run on the North Dakota State University 32
processor parallel computer system.

In the model studied, as there are two separate clay
layers not connected by any real bond, a step-wise
minimization procedure was followed. Each layer was
minimized individually, keeping the other fixed, fol-
lowed by minimization of the model as a whole. This
method helps to avoid attaining a metastable state, and
thus reach the lowest energy state possible with this
algorithm. Individual layers were minimized for 7000
iterations, whereas for the whole model, 16,000 itera-
tions were used. Minimization was completed several
times with varying configurations. The potential energy
was monitored and found to converge, so this config-
uration was determined to be sufficient. No constraints
were used during minimization. The conjugate gradient
algorithm was applied for minimization.
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As it is desirable to run the simulation at atmospheric
pressure and room temperature, the model was heated to
300 K followed by increasing the pressure to 1 atm. The
temperature was gradually raised using the Langevin
dynamics. The entire structure was heated to 350 K and
cooled to 300 K twice to ensure there was no metast-
ability. The Langevin piston method with loose coupling
was used to raise the pressure to 1 atm making the model
ready for performing dynamics studies.

The NAMD program uses the Verlet algorithm for the
integration of MD steps. For all simulations in this work,
the step size of 0.5fs (107'°s) was chosen to
accommodate all possible internal interactions. All
simulations were run for a total time of 200 ps
(1072 s) or 400,000 steps. Convergence of the total
energy was reached after 200,000—250,000 steps.
Periodic boundary conditions are applied with a simula-
tion cell of dimensions 25x23x23 A. The cutoff
distance used as a boundary for van der Waals
interactions was 9.5 A. Particle Mesh Ewald was used
in the computation of electrostatic interaction between
atom pairs. Data obtained averaging over the last 20 ps
(40,000 steps) of the simulation were used to determine
the positions of the atoms. Simulations took 5—6 h each
using 15 processors.

FORCE-FIELD PARAMETERS

As mentioned earlier, one of the main objectives of
this work was to study the force interlayer-displacement
relationship. Steered MD was used, with external forces
applied to each of the clay layers. For computation of the
potential energy of the system, NAMD2.4 uses the
CHARMmMm and AMBER force fields only. A search of
the literature revealed that for pyrophyllite and mont-

Table 1. Coordinates for one unit-cell of pyrophyllite (based on Skipper et al., 1995) and charges (Teppen et al., 1997).

No. Atom x(A) y@A) z(A) ¢ No. Atom x(A) y(A) z (A) 9
1 ALl —0593 —2708 0 1.68 21 013 3807 —1.178 —1.06  —0091
2 H1 3.809 0342 1.434 0.4 22 014  1.167 -2.708 —1.06  —0091
3 ol 2927 0342 1.06 —-0.96 23 015 —0.153 —1938 —328  —0.7
4 m 0285 0342 —1.434 0.4 24 SI6 1167 —2.708  —2.73 1.4
5 02 1.167 0342 —1.06 —0.96 25 016 2487 —1938 -328  —0.7
6 sl 0287 1862 273 1.4 26 S17 3807 1862 -2.73 1.4
7 03 0287  1.862  1.06 —0.91 27 017  3.807 1.807 —1.06 —0091
8 SI2 0287 —1.178  2.73 1.4 28 018 3807 0342 328  —0.7
9 04 0287 —1.178  1.06 —0.91 29 SI8 1167 3392  -2.73 1.4
10 SI3 2927 -—2708 273 1.4 30 019  1.167 3392 —1.06 —091
11 05 2927 —4228 3.8 0.7 31 020 —0.153 2632 —328  —07
12 06 2927 —2708  1.06 —0.91 32 021  1.167 4912 -328  —0.7
13 07 1607 —1948 3.8 0.7 33 022 2487 2632 328  —07
14 08 4247 1948 3.8 0.7 34 AL2 2047 —1.178 0 1.68
15 09 0287 0342 328 0.7 35 AL3 2047 1862 0 1.68
16 SI4 2927 3392 273 1.4 36 H3 2926 4912 —1434 0.4
17 010 2927 3392  1.06 —0.91 37 023 3807 4912 —106  —0.96
18 011 1607 2622 3.8 0.7 38 AL4 4687 3392 0 1.68
19 012 4247 2622 328 -1 39 H4 1.169 —4.223 1.434 0.4
20 SI5 3807 —1.178 —2.73 1.4 40 024 0287 —4.228 1.06  —0.96
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Table 2. Conversion of Teppen et al. (1997) bonded parameters to CHARMm functionality.

Bond stretching .. Teppen et al. (1997) R CHARMm_

i ro K5 (kcal/mol A%) k% (kcal/mol A®) i (kcal/mol A% K (kcal/mol A?) R?
ao ocl  1.955 328.700 341.000 2189.000 382.617 0.975
ocl hel  0.988 656.800 —1627.500 3684.200 827.209 0.876
sz oss 1.626 459.100 —672.400 443.400 492.387 0.935
sz ocl  1.62 494.100 —36.700 2150.700 558.593 0.995
Angle bending Teppen et al. (1997) CHARMm

i k 0o K (kcal/mol rad®) k4 (kcal/mol rad®) k5 (kcal/mol rad*) k! (kcal/mol rad?) R?
ao ocl hcl 118 44.000 —53.400 103.400 34.933 0.968
sz ocl ao 124.5 195.300 48.900 185.300 155.754 0.988
oss sz ocl 110.6 88.100 —57.000 92.500 97.493 0.900
ao ocl ao 109.5 195.300 48.900 185.300 198.270 0.998
ocl a0 ocl 90/180 —40.000 0.000 32.400 80.000 0.957
Torsion Teppen et al. (1997) CHARMm

i j k1 Qo V2 (kcal/mol) VE (kcal/mol) V& (kcal/mol) VP (kcal/mol) R?

oss sz ocl ao 0 0.160 1.790 0.200 0.722 0.589

Atom type descriptions

ao Al in octahedral sheet

ocl O in octahedral sheet (in coordination with Al)
hel H in the octahedral sheet (OH group)

sz Si in the tetrahedral sheet

oss surface O

morillonite, parameters are not available for these two
particular force fields. Parameters have been developed
by Teppen et al. (1997) for the consistent force field,
CFF (Maple et al., 1994). One part of this study is to
calculate CHARMm parameters to extend use of steered
MD for clays. With these parameters available, the
steered MD becomes a potential tool for studying the
mechanical response of smectite clays, clay surfaces and
interlayers. In this work, force-field parameters were
transcribed from CFF functionality to CHARMm func-
tionality using the parameters developed by Teppen et
al. (1997). The average correlation coefficient obtained
between the CFF and CHARMmMm force fields for bond,
angle, dihedral and non-bonded parameters are shown in
Tables 2 and 3. Bond energy is the energy due to
stretching of the bond between two atoms. Angle energy
is the energy from bending the angle formed by three
atoms. Dihedral energy is the energy taken to bend the
dihedral angle (or torsion angle) formed by four bonded
atoms.

The potential energy expression for CFF (Teppen et
al., 1997) is given in equation 1,

Eporeniiar = Y [KE(r = 10)” + K8 (r = r0)’ 4+ kE(r = ro)*] +

bond

S [0 = 00 + k(0 — 00)" + k(0 — 00)°]+

angle

3
D D VPl A+ cos(ng — g,)]+

dihedral n=1

vanderWaals i/ clectrostatic ij Tij

(1)

A;Aj BB,
9 6

Tij Tij

%9

where k2, ro, kL, 00, V2, @on, A; Aj, B;, B; and g; are the
force field parameters obtained from experimental
results, ab initio calculations, etc. r, 0, ¢ and r; are
the bond length, bond angle, dihedral angle, and distance
between two non-bonded atoms, respectively, for each

Table 3. Conversion of Teppen et al. (1997) non-bonded parameters to CHARMm functionality.

i A; ((kcal/mol) A %)"2 B; ((keal/mol) A ©)'2 & (keal/mol) e (A)

sz 775.000 0.010 0.001 7.400
ocl 790.000 190.000 6.000 2.800
ao 2800.000 0.010 0.150 6.300
0ss 635.000 140.000 1.000 3.000
hel 2.000 0.400 0.0001 2.400
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time step, g; is the partial charge of each atom. Energy
due to bond stretching is summed over every pair of
bonded atoms and likewise for each term in the equation.

The energy in CHARMm (Brooks et al., 1983) force
field is shown in equation 2,

Epotential = Z kB(V — 1‘0)2 + Z i (e — 60)2+

bond angle

Z VP[1 4 cos(ng — 8)]+
dihedral

12 6
Oii Oii
> Sl () (7
7 7
vanderWaals i#j y y
> A

electrostatic i#j Tij

where k2, ro, K1, 0o, VP and q: are as explained in the
previous equation. 8 is the phase angle. o;; and ¢;; are the
standard Lennard-Jones potential parameters.

From the available parameters of Teppen et al
(1997), energy for each bond, angle, dihedral and van
der Waals pair has been calculated within a certain range
(8—10%) of reference value. Regression analysis has
been performed on values from the CFF energy equation
for bond, angle, dihedral, and van der Waals interactions
using the CHARMm equation to evaluate parameters for
NAMD. The results obtained from this analysis for the
bonded and non-bonded parameters are given in
Tables 2 and 3, respectively. The average correlation
coefficient obtained for the non-bonded parameters is
0.95.

At the middle of the clay layer, Al is octahedrally
coordinated by O. In this sheet, the angle formed by
O—Al-O can be either 90° or 180°. As shown in
Figure 3, the higher-order terms in CFF and the
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Figure 3. Correlations for O—Al-O angle bending
(ocl—ao—ocl) about minima at 90° and 180°.
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parameters developed by Teppen et al. (1997) allow
for the angle ocl—ao—ocl to have two minima, one at 90°
and another at 180°. This CFF feature cannot be directly
incorporated in CHARMm. Therefore it was necessary to
introduce three atom types for octahedral O in place of
ocl. The new atom types are oa, ob and oc. When like
atoms exist on opposite sides of Al, the reference angle
of 180° is used. For unlike atoms, the reference angle is
90°. Thus, two separate correlations were made between
CFF and CHARMm about these minima with a reason-
able deviation in each case. Since the parameters
developed by Teppen et al. (1997) are symmetrical, the
correlation about 90° and 180° is the same. The resulting
k for both angles is 80.000 as shown in Table 2.

The correlation between CHARMm and the Teppen
et al. (1997) parameter for ocl—hcl bond stretching is
lower than that of most other parameters examined. The
higher-order terms in the CFF bond-stretching function
help achieve a better fit to experiment than can be
achieved by CHARMm. However, within the region
closest to the reference value, the two functions match
very well as seen in Figure 4. It is also important to
realize that the current study is a correlation between
CHARMmM and the parameters developed by Teppen et
al. (1997), not experiment.

In Teppen et al. (1997), the dihedral energy
corresponding to oss—sz—ocl—ao is the only dihedral
energy to have non-zero force constants. The force
constants for all other dihedral energies are therefore not
shown in the table. The correlation obtained between the
CHARMmMm and CFF energy functions for this dihedral
energy (0.589) is not as high as that computed for other
energies. However, as the force constants for this term
are low, the contribution to the total energy is small, and
there is little effect on the overall results. As will be seen
in the next section, the results of this study are
unaffected by this parameter.
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Figure 4. Bond-stretching energy vs. O—H bond length
(ocl—hcl).
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Table 4. Comparison of unit-cell dimensions and O—H bond length.

Present Wardle and Lee and Refson et al. Stackhouse et  Sainz-Diaz et
work Brindley (1972) Guggenheim (1981) (2003) al. (2001) al. (2001)
a (é) 5.60 5.161 5.160 5218 5.15 5.14
b (A) 9.78 8.957 8.966 9.079 8.93 9.06
c (A) 10.48 9.351 9.347 10.001 13.17 8.14
a (°) 87.96 91.03 91.18 90.491 90.5 91.6
B 99.19 100.37 100.46 101.727 99.2 101.8
AU 89.68 89.75 89.64 89.687 89.7 89.7
O—H (A) 0.98 0.9695

RESULTS AND DISCUSSION

Forces were applied to the surface O atoms ranging
from 0 pN to 160 pN, as illustrated in Figure 2. Given
the surface area of the clay layers and the number of O
atoms to which force has been applied, the equivalent
stress can be found. The stress on the surface of each
clay layer ranged from 0 to 1.65 GPa. The basal spacing,
interlayer spacing, layer thickness, bond lengths and
angles were monitored. Initially simulations were
repeated three times to establish the expected variability
in MD. Interlayer spacing varied by as much as 0.06 A,
or 1.5%.

The unit-cell parameters found for the model after
running with no applied force for 200,000 ps are given
in Table 4. Results from X-ray diffraction (Wardle and
Brindley, 1972; Lee and Guggenheim, 1981), ab initio
(Refson et al., 2003; Stackhouse er al., 2001), and
empirical potentials (Sainz-Diaz et al., 2001) are also
shown in Table 4. The unit-cell parameters obtained
from this study are dependent on three factors, the
starting coordinates (Skipper et al., 1995), the reference
values and CFF parameters (Teppen et al., 1997), and
the quality of the correlations to those parameters found
here. Considering these factors, the results seem to be
within a reasonable range of the results given by others.

0.2

Relative interlayer spacing, L-L, (A)

08

0.0 02 04 0.6 ]
Stress (GPa)

1.0

—— interlayer
-
— & — bottom

top

Figure 5. Applied stress vs. relative interlayer spacing, L—Ly,
and relative layer thickness.
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As stated previously, the R* value for the ocl—hcl
bond was not as high as that of most other parameters.
Using the parameters developed here for CHARMm, the
average O—H bond length (Table 4) measures 0.98 A,
with only a 0.01 A difference between it and the results
obtained by Stackhouse et al. (2001).

Figure 5 shows the relationship between stress and
interlayer spacing. As the stress applied to the surface of
each clay layer is increased, the interlayer distance
decreases almost linearly.

Also shown in Figure 5 is the thickness of the top and
bottom clay layers with increasing compressive stress. As
increasing stress is applied, the layer thickness is
relatively unchanged. The maximum variation of layer
thickness over the range of 0—1.65 GPa applied is ~1.6%.
This is fairly small compared to a change of 12.9% in the
interlayer spacing over the same range of stresses.
Likewise, the bond lengths and angles only varied by a
maximum of 4.3% from the equilibrium values. As stated
above, the model was subjected to a stress range of 0 to
1.65 GPa, a large range, thus ensuring applicability of
results to most practical problems.

A plot of stress vs. ‘interlayer strain’ (AL/L) is shown
in Figure 6. The ‘interlayer strain’ is the relative change
in interlayer spacing. This is analogous to strain in a
solid, but was calculated for the void space between clay
layers. The stress-strain relationship as seen here is
nearly linear. The relationship can be represented by the
linear equation 3:

Stress (GPa)

0.06

008

Interlayer strain (AL/L)

10 oz 0.4

Figure 6. Stress vs. ‘interlayer strain’ (AL/L).
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where o,, ¢} and g, are the applied stress, interlayer
modulus and interlayer strain. In the case of the
interlayer ¢, = 13.18 GPa. For an applied force of
0.001 pN to ~0.1 pN magnitude, which is a fairly small
force for steered MD, both positive and negative
displacements were observed. For these simulations
with the same low force, the average strains were
found to be negative. This is believed to be a
computational artifact rather than the actual material
response. As indicated before, the model was fully
minimized as verified by monitoring the potential
energy. At larger forces, >0.1 pN, the model response
is compressive, as expected. Multiple simulations at
higher loads show very little variation in strain.

In Figure 7 the stress-strain curve for the entire model
is shown. Although the change in layer thickness is
observed to be small compared to the change in
interlayer spacing, the deformation of the clay layers is
measurable.

The modulus for the two-clay-layer unit, c;, as
illustrated in Figure 7 is 54.56 GPa. As stated earlier,
the coordinates of O atoms on the surfaces of the clay
layers were used to determine the thickness of the clay
layers and the interlayer. The clay layers are very stiff
and the interlayer undergoes most of the compression. In
nature, stacks of multiple clay layers form.
Understanding the behavior of the clay layers and
interlayer, the modulus of these stacks of clay layers
can be calculated. Averaging the thickness of the top and
bottom clay layers gives a reasonable estimate of the
thickness of the third layer. The thickness of the second
interlayer is assumed to behave similarly to the first. The
modulus for a three-clay-layer unit is calculated to be
45.26 GPa. This is the composite of the modulus of the
stiff clay layers and the compressible interlayer. When
larger models are considered, the modulus can be
expected to decrease, as the ratio of clay layers to
interlayers approaches 1:1.

C—T1¢%
=

Stress (GPa)

e
| ¥

0.04 008 008 oo 0.2 0.4

Strain (ALYL')

Figure 7. Stress vs. strain for the entire model, (AL’/L’).
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CONCLUSIONS

An atomic model for the interlayer of pyrophyllite
clay has been constructed. CHARMm force-field para-
meters for pyrophyllite have been developed and used in
conjunction with the molecular dynamics software
NAMD. Steered molecular dynamics simulations on
dry pyrophyllite interlayer were conducted to evaluate
quantitatively the stress deformation response of the
interlayer. Our results indicate that under applied
compressive stress of 0 to 1.65 GPa, the stress deforma-
tion response of the interlayer is almost linear. The
predominant deformation of the clay model results from
deformation of interlayer spacing. Deformation of the
clay layers observed in this stress range is only ~1.6%
compared to ~12.9% for the interlayer. The compressive
response of individual components, the clay layers and
interlayer were found. The modulus of the interlayer and
the two-clay-layer unit were found to be 13.18 GPa and
54.56 GPa, respectively. In this work, the steered MD is
shown to be a powerful tool in evaluating the
quantitative mechanical response of clay interlayers.
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