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ABSTRACT: Naturally occurring clay minerals provide a distinctive material for
carbon capture and carbon dioxide sequestration. Swelling clay minerals, such as the
smectite variety, possess an aluminosilicate structure that is controlled by low-charge
layers that readily expand to accommodate water molecules and, potentially, CO2.
Recent experimental studies have demonstrated the eﬃcacy of intercalating CO2 in
the interlayer of layered clays, but little is known about the molecular mechanisms of
the process and the extent of carbon capture as a function of clay charge and
structure. A series of molecular dynamics simulations and vibrational analyses have
been completed to assess the molecular interactions associated with incorporation of
CO2 and H2O in the interlayer of montmorillonite clay and to help validate the
models with experimental observation. An accurate and fully ﬂexible set of interatomic potentials for CO2 is developed and
combined with Clayﬀ potentials to help evaluate the intercalation mechanism and examine the eﬀect of molecular ﬂexibility on
the diﬀusion rate of CO2 in water.

■

INTRODUCTION
Naturally occurring clay minerals provide a distinctive material
for carbon capture and carbon dioxide sequestration. Recent
experimental studies (Figure 1) have demonstrated that CO2
adsorption (intercalation) capacity of clay mineral standards
(from Clay Minerals Society) is comparable to that of coal.1−3
Abundance of swelling clays in U.S. regions of predominantly
low-rank coal reserves provides an opportunity for their
utilization as natural capture agents. In economic terms, clay
minerals are a common natural resource and are literally dirt
cheap. They are an attractive alternative to more complex
materials that often require signiﬁcant chemical functionalization to ensure acceptable carbon capture performance.4−6
Particularly attractive are swelling clay minerals, such as the
smectite variety, which possess an aluminosilicate structure that
is controlled by low-charge layers that easily expand to
accommodate water molecules and, potentially, CO2.
Clay-based materials could have a distinct advantage in that
they can be used once and buried, saving the cost of
regenerative energy, CO2 compression, and subsurface
injection. Sodium montmorillonite is a common clay mineral
that has the potential for capture of CO2 and provides a
relatively stable environment for burial to help reduce carbon
eﬀects on the climate. The solubility of CO2 within the
interlayer of montmorillonite both at ambient conditions and at
© 2012 American Chemical Society

elevated pressure−temperature conditions is unknown. It has
been suggested that conﬁnement of water modiﬁes the
dielectric constant of the water7 and can shift the acid
constants of the conﬁning surfaces and ultimately aﬀect the
solubility of CO2. Experimental studies have been performed at
the National Energy Technology Laboratory in Pittsburgh, PA
to conﬁrm the insertion and retention of CO2 in the interlayer
of montmorillonite.3 Stability of the CO2−clay mineral
composite will depend on the environmental conditions
expected in the deep sequestration of supercritical CO2 in
sandstone and other sedimentary reservoirs, typically at
temperatures greater than 305 K and pressures in the range
of 15−50 MPa.8,9
Infrared spectroscopy (FT-IR) has been used to monitor the
conditions of insertion and the relative stability of various
molecular species intercalated in clay interlayers.10−12 FT-IR
studies have indicated that interlayer trapping of CO2 can be
irreversible,2 which results in a distinct infrared absorption peak
(Figure 2) corresponding to the asymmetric stretch vibration
mode of the CO2 molecule. This is supported by the hysteresis
observed in adsorption−desorption plots (see Figure 1). Clay
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mineral samples for these experiments were hermetically sealed
in pressure vessels, exposed to vacuum conditions, and then
treated with dry research-grade CO2; water was absent from the
pressure vessels. The interlayer of smectite clays also includes
counterbalancing cations such as Na+ (dominant in SWy-2
montmorillonite) and Ca2+ (dominant in STx-1b) that balance
the negative layer charge and have strong aﬃnity to water.
Residual water content can therefore be expected as a part of
the ﬁrst hydration shells of the interlayer ions. Experimental
studies have demonstrated the eﬃcacy of intercalating CO2 in
the interlayer of layered clays,13 but little is known about the
molecular mechanisms of the process and the extent of carbon
capture as a function of clay charge and structure. The
exchangeable interlayer cations may signiﬁcantly aﬀect the CO2
intercalation capacity of clay as well as the strength of the
binding interactions within the interlayer that is reﬂected in the
magnitude of the vibrational frequency shifts (see Figure 2).
While the observed shifts were highly reproducible for each
interlayer cation type after exposure to high-pressure supercritical CO2, the lower-pressure experiments resulted in
observation of transient peaks, including the one centered
near the fundamental asymmetric stretch frequency (shown in
Figure 2 for Ca−montmorillonite).
We have completed a series of molecular dynamics
simulations to better assess the molecular interactions
associated with incorporation of CO2 in the interlayer of
montmorillonite and to simulate vibrational spectra to help
validate the models with experimental observation. To this
purpose we have developed a ﬂexible force ﬁeld for CO2
capable to describe interfacial behavior and be useful in
spectroscopic analysis. This study follows the examples
provided in previous eﬀorts to link experimental vibrational
analysis with large-scale molecular dynamics simulations of
layered materials.14,15 The computational chemistry investigation provides a proof of concept that molecular simulation
methods have the capability and accuracy to predict the
mechanisms associated with CO2 capture in complex natural
materials.

Figure 1. Insertion of CO2 in smectite clay materials; Texas
montmorillonite (STx) and Wyoming montmorillonite (SWy)
samples exhibit limited adsorption at low pressures but swell at
supercritical conditions as exhibited by the reduction in excess
sorption above 10 MPa. Dashed lines represent desorption behavior.

Figure 2. FT-IR diﬀuse-reﬂectance spectra of supercritical-CO2-treated
smectite clay powders, STx-1b and SWy-2 (KBr reﬂectance spectra
was used for background subtraction); dark blue line represents
transitional spectra after exposure of STx-1b to CO2 gas.

Figure 3. Structure of 2 × 1 × 2 Na−montmorillonite cell exhibiting two layers of the aluminosilicate lattice with O atoms (red) and H atoms
(white); Mg atoms (blue) substitute for Al (pink) in the octahedral sheet; Si atoms (yellow) in the tetrahedral sheet; interlayer Na cations are
represented as green spheres. No interlayer water is associated with the structural model.
13080
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MOLECULAR SIMULATIONS
Molecular Models of Montmorillonite. Sodium montmorillonite is a common soil phase that results from the
weathering and alteration of basic rock types typically having
low potassium contents under alkaline conditions. The
normally nanosized platy material is characterized by planar
sheets of silica tetrahedra and alumina octahedra that
coordinate to form a TOT (tetrahedron−octahedron−tetrahedron) layer that is negatively charged by the aliovalent
substitution of Mg2+ for Al3+ in the octahedral sheet (Figure
3). The negative charge is balanced by the incorporation of Na
cations in the interlayer. Smectite clays, like montmorillonite,
typically have a relatively low layer charge (c.f., muscovite) and
therefore can be easily expanded by the insertion of water
molecules into the interlayer to hydrate the Na+ and internal
surface of the tetrahedral sheet. The general chemical formula
for sodium montmorillonite is given by
NaxMgxAl2−xSi4O10(OH)2·nH2O where all of the layer charge
resides on the octahedral sheet, although tetrahedral substitutions such as Al3+ for Si4+ can also occur to augment the net
negative layer charge. Hydroxyl groups in TOT clays are
associated with the octahedra sheet. Montmorillonite has
hydroxyl groups that are aﬀected by vacancies that occur for
every two occupied Al octahedra (see Figure 3). Silica
tetrahedra form a hexagonal ring structure (as viewed along
the c-axis) that inﬂuences the disposition of interlayer species.
Figure 3 shows interlayer Na+ that binds at the hexagonal holes
in the tetrahedral sheet, which in turn modiﬁes the equilibrium
position of the hydroxyl groups directly below the hole.
An expanded representation of sodium montmorillonite is
presented in Figure 4 where the clay is based on the smaller

better evaluate the energy and hydration state of clay
minerals.14,16 Figure 5 presents the results of a series of
molecular dynamics simulations using an isothermal−isobaric
ensemble to evaluate the expansion of the clay with increasing
water content. This example, from Cygan et al.,14 shows the
expansion of montmorillonite (primarily octahedral charge)
with the development of a hydrogen-bonded network of water
molecules and the solvation of Na+ to stabilize the interlayer
and overcome the electrostatics that hold the layers together.
Once expanded, the open interlayer region allows the backﬁll of
water molecules to further stabilize the hydrogen-bonding
network until critical water content is reached and the clay
interlayer swells to accommodate two water layers. The ﬁne
structure of the swelling curve is in very good agreement with
experimental ﬁndings.17 The simulations also suggest the
possibility of forming a third water layer that becomes
somewhat diﬀuse at the higher water content, but which is
not observed in experiment.
Computational Methods. Classical Methods. Classical
molecular dynamics (MD) was used to evaluate the structure
and behavior of gaseous, liquid, and supercritical CO2,
montmorillonite, and CO2-intercalated montmorillonite. Quantum chemistry methods, including those based on density
functional theory, are theoretically more accurate but computationally expensive and cannot eﬃciently simulate the large
number of atoms and time steps necessary to accurately model
clay structures. We employ the Clayﬀ force ﬁeld14 that uses an
empirically derived set of interaction parameters to accurately
describe the potential energy between atoms in the clay
structure. Clayﬀ has been used extensively to successfully
simulate many oxide, hydroxide, and hydrated systems
including bulk and interfacial structures.14,18,19 The Forcite
software20 and Clayﬀ parameters were used to evaluate the
electrostatic and short-range interactions for each atomic
conﬁguration and time step.
Unfortunately, empirical force ﬁelds for the accurate
simulation of CO2 systems have not been fully developed,
especially for interactions with oxide and silicate materials.
Three-site models for CO2 that are most compatible with Clayﬀ
have been examined,21,22 but the models lack bond ﬂexibility
and are incapable of providing an accurate description of the
vibrational behavior of gaseous and condensed CO2 liquids. A
fully ﬂexible model is required in order to evaluate the
vibrational state of CO2 within the clay interlayer, especially if
vibrational spectroscopy is to provide an accurate diagnostic
tool for CO2 intercalation. Details of the force ﬁeld development are provided in a later section.
Molecular dynamics simulations were performed using either
a canonical NVT ensemble maintaining a ﬁxed cell volume for a
ﬁxed number of atoms or an isothermal−isobaric NPT
ensemble where the simulations cell can freely expand or
contract. All simulation cells have P1 symmetry where all atoms
are allowed to freely translate throughout the entire simulation.
Temperature was controlled using the Nosé−Hoover23
method, and the Berendsen et al.24 algorithm was used for
controlling pressure of the simulation cell. One million time
steps of 1 fs were used for most of CO2 simulations to obtain a
total of 1 ns of simulation time; atomic conﬁgurations were
saved every 1000 time steps (1 ps) for eﬃcient data storage and
trajectory analysis. MD simulations were performed at various
temperatures and pressures for evaluating subcritical CO2, and
at 310 K (constant volume) or 310 K and 20 MPa for the NPT
ensemble for supercritical CO2 simulations. MD simulations for

Figure 4. Snapshot of an equilibrated molecular dynamics simulation
of sodium montmorillonite showing the Na+ and water molecules in
the interlayer; projection view is along the b-axis.

structure of Figure 3 with the addition of a single layer of water
in the interlayer. The equilibrated structure is taken from a
large-scale molecular dynamics simulation a 12 × 4 × 2
supercell having 36 Na+ and 192 water molecules in the
interlayer. Details of the molecular dynamics simulations are
discussed in a later section.
Because of the nanosized nature of clay materials and lack of
suitable large single crystals for accurate structure determinations, molecular simulations have played a signiﬁcant role in
understanding clay structure and behavior. The swelling
behavior of clay phases, in particular, has been examined to
13081
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Figure 5. Swelling behavior of a montmorillonite clay based on NPT molecular dynamics simulations equilibrated at 300 K and 0.1 MPa.

montmorillonite and CO2−montmorillonite systems were
completed at 300 K and 0.1 MPa (surface conditions) or 310
K and 20 MPa (supercritical CO2 conditions), using 1 fs time
steps for 1 ns of total simulation time. Once equilibrated, an
additional 40 ps of simulation was performed for each system
saving atomic positions and velocities for power spectra
determinations. Simulations of gas phase CO2 used periodic
cells including 176−1408 molecules, whereas calculations of
liquid and supercritical CO2 used 512 molecules. Clay−CO2
simulations involved a 6 × 4 × 2 supercell of montmorillonite
having 40 CO2 molecules corresponding to a density equivalent
to that of liquid CO2. Initially, no water was incorporated with
the CO2 in the montmorillonite interlayer; however, a series of
nine additional MD simulations (NPT ensemble at 310 K and
20 MPa) were performed to address the inﬂuence of water on
CO2 intercalation. Carbon dioxide (two CO2 molecules per
unit cell) was added to hydrated montmorillonite to achieve
CO2 mole fractions ranging from 0.18 to 0.67 for the interlayer
ﬂuid. Power spectra were derived for two of the equilibrated
simulations. Radial distribution functions describing H2O−CO2
structure within the interlayer were derived from atomic
trajectories from a similar series of MD simulations (NPT
ensemble at 348 K and 15 MPa) for a comparison of
interatomic potentials. A recent molecular simulation study25
has used Monte Carlo methods to examine the interlayer
structure of Na−montmorillonite for H2O−CO2 mixtures but
at lower CO2 contents.
Power spectra are derived from the stored atomic velocities
by evaluating the velocity autocorrelation function (VACF) and
the Fourier-transformed power spectra.26 For power spectra
calculations, the atomic velocities were collected every 4 fs over
a simulation time of 40 ps. Sampling every 4 fs ensured that the
vibrational modes up to 4166 cm−1 were captured. A
windowing gap of 1500 frames (6 ps) was used to give a
resolution of approximately 2.8 cm−1. The resulting power
spectra represent the coordinated motions of atoms that
correlate to bond stretches, bond angle bends, librations,
intermolecular motions, and translations. Typically, the power
spectrum modes are equivalent to the vibrational bands

associated with infrared and Raman spectra but without the
limitations of selection rules.
Additional MD simulations were performed to examine the
diﬀusion rate of CO2 in aqueous solution. Cubic simulation
cells consisting of 1720 water and 8 CO2 molecules were
examined using an NVT ensemble at several temperatures from
293 to 368 K, based on 0.1 MPa densities. The limited
solubility of CO2 in water suggests approximately 0.5−1 CO2
for such a cell. However, to improve statistics, the number of
CO2 molecules was increased to eight assuming no interaction
between CO2 molecules during simulations. MD simulation
times of 4 ns were completed. Atomic trajectories and mean
square displacements were used to derive diﬀusion coeﬃcients.
To estimate CO2 diﬀusion coeﬃcients, the Einstein relation
was employed using the equilibrated atomic trajectories, with 1
ps sampling, to evaluate the mean square displacement of CO2
molecules.
N

D = lim

t →∞

m
1
⟨∑ [rj(t ) − rj(0)]2 ⟩
6Nmt j = 1

(1)

Simulation time was 4 ns for each temperature. Diﬀusion
coeﬃcients were derived from the linear slope of mean square
displacement as a function of simulation time; diﬀerent restart
points in the analysis were taken to monitor convergence.
Quantum Methods. High-level electronic structure calculations and normal-mode analysis were performed for cluster
models of CO2 and Na+−CO2. The Gaussian 03 software27 was
used to examine the clusters at two levels of theory. A hybrid
functional B3LYP was implemented that combines the Becke28
hybrid functional for Hartree−Fock exchange and DFT
correlation with the local correlation of Vosko et al.29 and
the nonlocal correlation of Lee et al.30 The Møller−Plesset31
correction for the correlation energy in a Hartree−Fock
calculation, truncated at the second order (MP2), was used
to investigate the two cluster models.32,33 Aug-cc-pVDZ basis
set was used for each of the two methods. Vibrational analysis
of the optimized structures was then performed to derive the
normal modes of the clusters.34
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RESULTS AND DISCUSSION
Classical Simulations. Development of CO2 Force Field.
A general review of the computational chemistry literature
determined that energy force ﬁelds for the classical simulation
of CO2 systems were limited, especially for a force ﬁeld based
on a three-site model of CO2. Our primary goal for the project
was to use a simple three-site model that could easily be
coupled with similar preexisting force ﬁelds that accurately
model water, aqueous solutions, and mineral systems.
Furthermore, we desired a fully ﬂexible force ﬁeld that would
allow the direct coupling of energy and momentum between
liquids and solids for improved accuracy in interfacial
simulations. Improved models of surface structures, transport
rates, electrostatics, electric double layers, and other critical
phenomena require full relaxation of the molecular system
without any atomic constraints such as keeping part of the
system rigid. It is also important for molecules like H2O and
CO2 to include bond stretch and bond bend terms in the force
ﬁeld to provide vibrational data, help to characterize interfacial
behavior, and support experimental and spectroscopic analyses.
Interatomic potentials for H2O that incorporate bond ﬂexibility
are relatively common and have demonstrated improved
predictions of thermodynamic properties across a wide range
of state points compared to rigid models, particularly in the
supercritical regime.35
Rigid models for CO2 have been successfully developed to
accurately model the structure and thermodynamics of gas,
liquid, and supercritical CO2.21,36−38 The Harris and Young21
potential model, in particular, is very successful in reproducing
the vapor−liquid coexistence curve for CO2 and has been
modiﬁed to include a ﬂexible bond angle. The van der Waals
potential and the point charges were optimized to reproduce
the correct pressures, internal energies, and quadrupole
moment. However, the force constant for the bond angle
term was not fully developed and fails to predict the
experimental deformation mode for vibration of the molecule.
Nieto-Draghi et al.36 used quantum mechanical calculations to
evaluate bond stretch energies and a force constant for
determination of thermal conductivity and shear viscosity of
CO2 but did not evaluate vibrational behavior. Qin et al.22 used
the Harris and Young21 potential, adding a bond stretch term,
to evaluate supercritical CO2 and its interactions on silica
surfaces. However, no critical examination was made on the
choice of force constants and their eﬀect on vibrational spectra
or interfacial structure. Nonetheless, it is clear that the
incorporation of ﬂexibility is a signiﬁcant contribution toward
improving the accuracy of modeling CO2 systems, especially for
those involving interfaces where energy and momentum
transfer strongly aﬀects local structure and dynamics.
Simulations of interfaces between liquid or supercritical CO2
and an aqueous phase, or those between CO2 and a solid, such
as the sequestration of CO2 in the interlayer of a clay mineral,
will necessarily require reﬁnements in interatomic potentials to
accurately describe the molecular structure and behavior.
In our molecular simulations, we expand the previous threesite potentials for CO2 and develop a fully ﬂexible model,
allowing for intramolecular bond stretch and angle bend.
Equation 2 provides the general expression of the total
potential energy in terms of the contributing terms.
E Total = ECoul + E VDW + EStretch + E Bend

Coulombic and van der Waals contributions represent the
nonbonded energies, and the stretch and bend terms represent
the intramolecular energies. The Coulombic or electrostatics
energy is given by eq 3 where qi and qj are the partial charges of
the atoms and rij is the distance between the atoms.
qiqj
ECoul =
rij
(3)
We assume electrostatics interactions occur in vacuum and that
no dielectric medium is present to limit the interaction. A
conversion factor is used to maintain appropriate energy units
(kJ/mol) for this equation. The short-range van der Waals
energy is given by
E VDW

⎡⎛ ⎞12 ⎛ ⎞6 ⎤
σij
σij
= 4εij⎢⎢⎜⎜ ⎟⎟ − ⎜⎜ ⎟⎟ ⎥⎥
r
⎝ rij ⎠ ⎦
⎣⎝ ij ⎠

(4)

where εij and σij are optimized for intermolecular interactions.
Standard Lorentz−Bertholet mixing rules are used to evaluate
heteroatomic interactions for this expression.39 Harmonic
potentials are used for the bond stretch and angle bend terms:
EStretch =

1
k S(rij − ro)2
2

(5)

E Bend =

1
kB(θijk − θo)2
2

(6)

Both energy expressions increase the potential energy using
force constants kS and kB and deviations from the equilibrium
geometry (ro and θo). The total potential energy for any
conﬁguration of CO2 molecules in a periodic simulation cell is
evaluated using this set of potentials by summing all possible
pairwise interactions. Ewald summation is used to ensure
convergence of the long-range Coulombic energy (eq 3). The
Coulombic and van der Waals contributions are excluded when
evaluating intramolecular interactions.
Our reﬁnement of force ﬁeld parameters was obtained by
combining the expanded potentials of Zhu et al.40 based on the
original parameters of Harris and Yung.21 We initially
incorporated the force constants of Qin et al.22 and Liang
and Lipscomb41 but were disappointed in their poor performance in simulating vibrational spectra for CO2 phases.
Ultimately, we optimized the stretch and bend force constants
through a series of molecular dynamics simulations and power
spectra calculations. The force constant for the CO2 bend was
determined by directly matching the observed frequency of 667
cm−1.42 The force constant for the bond stretch is more
problematic due to the occurrence of symmetrical and
asymmetrical modes, observed, respectively, at 1330 and 2349
cm−1;42,43 the symmetrical stretch mode is infrared inactive due
to the lack of a net dipole during the vibrational motion.
Because of the coupling of the two stretch modes through a
single force constant, it was necessary to minimize the
mismatch for the peaks while placing more weight on the
asymmetric stretch that dominates the intensity in theoretical
spectra. We incorporated the identical equilibrium bond
distance and bend angle used by Zhu et al.40 for the
intramolecular potentials for CO2. The bend and asymmetrical
peaks are in agreement with experiment to within 3 cm−1,
however, the frequency for the symmetrical stretch is
underpredicted by approximately 100 cm−1. The nature of
the potentials for the simple three-site model limits the

(2)
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National Institute of Standards and Technology and Zhu et
al.40 A snapshot of the equilibrated CO2−montmorillonite
structure shows the distribution of a monolayer of CO2
molecules arranged along the ab-plane of the clay interlayer
(Figure 7). Carbon dioxide molecules are oriented subparallel

decoupling of the stretch models and improving the accuracy of
the symmetrical stretch frequency.
The optimized force ﬁeld parameters for CO2 are presented
in Table 1. The parameters were used for the bulk CO2
Table 1. Force Field Parameters for CO2
Nonbond
qC
qO
εC
εO
σC
σO

+0.6512 e
−0.3256 e
0.2340 kJ/mol
0.6683 kJ/mol
2.800 Å
3.028 Å
Bond

kCO
ro CO
kOCO
θo OCO

8443 kJ/mol Å2
1.162 Å
451.9 kJ/mol rad2
180.0°

simulations and subsequently were combined with those in
Clayﬀ14 to model the intercalated CO2 montmorillonite. As
noted previously, we rely on the combination rules to evaluate
the van der Waals interactions between the CO2 and the clay
surfaces.
Molecular Dynamics Simulations. Results from the
molecular dynamics simulations of the CO2 simulations using
the updated force ﬁeld are, in general, consistent with the
thermodynamics and structures of Zhu et al.40 We observe no
signiﬁcant diﬀerence in the results with the modiﬁcation of the
intramolecular force constants and equilibrium bond length and
bond angle. Equilibrium structures from the bulk supercritical
CO2 simulations (310 K and 20 MPa) indicate a bond angle
distribution with a mean value of 178° that varies from the
linear geometry obtained by Vorholz et al.44 for simulations at
ambient conditions. The bond bend deformation leads to a net
dipole moment for CO2 at supercritical conditions and which
may control the various dimer geometries that have been
predicted and observed.45
Figure 6 provides snapshots of the equilibrated simulation
cells from the molecular dynamics calculations of gas and liquid
CO2. Resulting densities are consistent with the equilibrium
coexistence curves for both phases at 300 K as reported by

Figure 7. Equilibrated supercell structure of CO2−montmorillonite
model from molecular dynamics simulation using NPT ensemble at
310 K and 20 MPa. Projection view is along the b-axis.

to the aluminosilicate layers. The mean basal d-spacing for the
CO2-intercalated clay is 12.23 Å which is smaller and almost
indistinguishable from the 12.35 Å spacing observed for
equivalent hydrated clay. We observe on average about four
CO2 molecules coordinated to each of the interlayer sodium
ions. The disposition of CO2 molecules within the clay
interlayer from our MD simulations is consistent with recent

Figure 6. Simulation cells for molecular dynamics simulations of CO2 as gas with 1408 molecules (left) and liquid with 512 molecules (right). Both
simulations were equilibrated at 300 K and 5.6 MPa and represent equilibrium densities associated with subcritical coexistence. A larger simulation
cell was required to achieve proper equilibration of the gaseous CO2 simulation.
13084
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Figure 8. Comparison of power spectra for gas and liquid forms of CO2 at 300 K and 5.6 MPa based on ﬁtting of stretch and bend force constants to
experimental spectra and to a power spectrum (gray) obtained by simulation using force constants derived without ﬁtting.22

Figure 9. Power spectrum for the CO2−montmorillonite derived from analysis of all atoms in the molecular dynamics trajectory for NPT ensemble
at 310 K and 20 MPa.

cm−1 and the overtone of the bend mode at 667 cm−1.46 This
resonance, which is a quantum mechanical eﬀect resulting from
anharmonicity of the vibrational modes, is not predicted by
molecular simulations involving a classical force ﬁeld model. Of
course, no vibrational modes, quantum or classical, would be
observed for simulations incorporating a rigid CO2 model. The
low frequencies at less than 100 cm−1 represent molecular
translationsdiﬀusion of CO2 molecules in the simulation cell
during the 6 ps window used to evaluate the correlated atomic
velocities. The greater intensity observed for the gas phase
relative to the liquid is consistent with molecular diﬀusion and
the diﬀerent densities of the two simulation cells. The low
frequency region between 100 and 200 cm−1 is associated with
intermolecular associations of CO2.
Figure 9 provides the power spectrum for the equilibrated
CO2−montmorillonite based on the velocity autocorrelation
for all atoms in the simulation. The hydroxyl stretch dominates
the spectrum at the highest frequencies and is associated with
the hydroxyls coordinated to the octahedral aluminum in the

Monte Carlo simulations of CO2 in hydrated Na−montmorillonite25 where H2O−CO2 mixtures were investigated.
Power Spectra. Power spectra derived from the molecular
dynamics trajectories for the gas and liquid CO2 simulations are
presented in Figure 8 along with a power spectrum derived
using an empirical potential that was not optimized for
vibrational behavior.22 Carbon dioxide, a linear molecule, is
expected to have 3N − 5 (N is number of atoms) or four
vibrational modes. The bending mode is doubly degenerate, so
only three peaks are observed in the power spectra. The
vibrational frequencies are nearly identical for the gas and liquid
phases, and only the intensity signiﬁcantly varies between the
simulations. The asymmetrical stretch mode is the most intense
vibrational mode for the liquid, while the bend mode dominates
the gas spectrum. The results overall are consistent with
observation for gas, liquid, and supercritical phases of CO2.42,46
Experimental infrared spectra of CO2, including the supercritical phase, also exhibit a Fermi resonance at approximately
1330 cm−1 that incorporates the symmetrical stretch at 1288
13085
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Figure 10. Power spectra for the CO2 atoms in liquid CO2 and interlayer CO2 from the intercalated montmorillonite derived from analysis of the
molecular dynamics trajectories for NPT ensemble at 310 K and 20 MPa.

montmorillonite layer. The bend mode and two stretch modes
for CO2 are also observed at the same frequencies noted
previously. The most intense peak is for the CO2 asymmetric
stretch as observed in simulations of liquid CO2. Spectral
features at the lower frequencies are dominated by metal−
oxygen stretch and various oxygen−metal−oxygen bends from
tetrahedral silicon and octahedral aluminum. Intermolecular
CO2 interactions probably contribute to some of the intensity
along the tail of the translations peak at 100−200 cm−1.
The beneﬁt of using molecular simulations and power
spectrum analysis is the ability to separate complex signals and
identify speciﬁc contributors to the spectrum. This process is
best demonstrated in our VACF analysis using only the
interlayer CO2 atoms and removing the clay atoms from the
analysis. The Fourier transform of the VACF for the CO2
component from the CO2−montmorillonite simulation is
presented in Figure 10 along with the power spectrum obtained
from the liquid CO2 simulation as a reference. The power
spectrum for the intercalated CO2, in general, is similar to that
for the liquid. The relative intensities are consistent although
the asymmetrical stretch mode for the intercalated CO2 exhibits
enhanced intensity, along with a narrowing of the peak,
associated with the conﬁnement of the interlayer and direct
interaction with two silicate surfaces. The enhanced intensity is
probably due to additional induced dipole−ion interactions.
The symmetrical stretch for CO2 occurs at 1210 cm−1 with a
slight narrowing and subtle shift to higher frequencies.
However, the bend mode for CO2 at 667 cm−1 is shifted
(approximately 10−15 cm−1) to higher frequencies (Figure 11)
with intercalation into the montmorillonite. Although it is not
clear whether the shift is controlled by the conﬁning space of
the interlayer or the association of CO2 with the interlayer Na+,
the predicted peak shift appears to be diagnostic of intercalated
CO2. The calculated frequency shift is consistent with diﬀusereﬂectance FT-IR results3 once proper subtraction of the initial
background (KBr prior to CO2 exposure) is performed (Figure
12). The experimental spectra exhibit a marginal (less than the
frequency resolution of the simulation) but consistent blue shift
in the bend frequency observed at 668 cm−1. Lastly, the broad
peak at low frequency, attributed to intermolecular CO2

Figure 11. Details of the CO2 bend mode in the power spectra for the
CO2 atoms in liquid CO2 and interlayer CO2 from the intercalated
montmorillonite.

interactions, is greatly ampliﬁed relative to those librations for
liquid CO2.
To explore power spectra of intercalated CO2 in the presence
of water, two additional intercalated montmorillonite systems
were considered. Figure 13 displays basal d-spacing change
upon increased water content in the interlayer region, and with
addition of CO2 (two molecules per unit cell) at ﬁxed MH2O/
Mclay. The two systems selected for the power spectra
determination are characterized with d-spacings observed for
equivalent one and two layers of hydrated clay accordingly. The
d-spacing shifts in the one-layer hydrate from 10.77 ± 0.04 to
12.22 ± 0.03 Å (12% swelling) after CO2 intercalation, and in
the two-layer system the addition of CO2 results in an
expansion to 14.78 ± 0.09 Å from 12.98 ± 0.09 Å. Density
proﬁles of atoms in the interlayer region clearly show
separation of CO2 molecules into two distinct layers similar
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comparison of radial distribution functions derived from atomic
trajectories obtained using the ﬂexible CO2 potentials and the
ﬂexible SPC water model used in Clayﬀ with those from the
Vlcek et al. study based on the EPM2 rigid CO2 potential21 and
rigid SPC/E water model but with optimized van der Waals
cross-terms for heteroatomic interactions. The simulations used
a 6 × 6 × 3 supercell of Na−montmorillonite with the
intercalation of a mixture of three water molecules and four
CO2 molecules per unit cell. The radial distribution functions
for both potential sets are nearly identical for the association of
water molecules to the CO2 carbon and to the CO2 oxygen
within the clay interlayer. A main peak at 4 Å and a shoulder at
3 Å for the OH2O−CCO2 distribution function indicate two
nearest-neighbor conﬁgurations for the molecules, whereas the
solitary 3 Å peak for the OH2O−OCO2 data suggests a relatively
uniform distribution of oxygens for either oxygen throughout
the interlayer region.
Diﬀusion Coeﬃcients. One of the key factors for natural clay
materials to retain CO2 in the interlayer region is the diﬀusion
rate of intercalated CO2. To assess reliability of transport
properties for these materials, it is important to compare
simulated diﬀusion of CO2 with experimental data. However,
experimental data for CO2 diﬀusion in clay minerals is scarce.
Self-diﬀusion coeﬃcients of pure CO2 determined by MD
simulation at supercritical conditions are reported by Zhu et
al.40 Their simulations used a similar potential for CO2 as used
in this study and were in excellent agreement with experimental
data. Zeebe48 used MD to examine the diﬀusion of rigid CO2
and other dissolved carbonate species in aqueous solution from
0 to 100 °C. Vleck et al.47 derived tracer diﬀusion coeﬃcients
for the H2O−CO2 system using a set of polarization-corrected
potentials for rigid molecules. Similarly, we have calculated
diﬀusion coeﬃcients for CO2 in water and compare these
results with experimental values.
Table 2 and Figure 15 collect the diﬀusion coeﬃcients for
aqueous CO2 computed with rigid (both SPC H2O and CO2),
ﬂexible (both SPC H2O and CO2), and ﬂexible (both TIP4P

Figure 12. Comparison of the background and residual FT-IR diﬀusereﬂectance spectra of CO2-treated montmorillonite (STx-1b), after
subtraction of 3x background before exposure to CO2.

to that observed for a two-layer water network and comparable
to the results from Monte Carlo simulations25 of H2O−CO2 in
a two-layer hydrate of Na−montmorillonite. As it follows from
the angle distribution of CO2 orientation relative to the clay
surface, CO2 molecules experience more free rotational motion
in the two-layer system relative to their more constrained
behavior in the one-layer system. Regardless, the power spectra
for these two examples (not shown) suggest virtually identical
vibrational behavior for CO2 indicating that CO2 intercalation
at diﬀerent hydrated levels of the montmorillonite may follow a
similar mechanism. Power spectra for the intercalated CO2
computed with water present and with water absent show
similar results suggesting that water solvation does not cause a
signiﬁcant shift in the vibrational modes.
Radial Distribution Functions. The use of mixing rules to
derive van der Waals energies for H2O−CO2 mixtures was
recently challenged to improve the quality of MD simulations
and the prediction of solubility and transport properties
especially at elevated conditions.47 Figure 14 provides a

Figure 13. Swelling behavior of Na−montmorillonite upon hydration (blue circles) and after additional intercalation of two molecules of CO2 per
unit cell (red squares) based on NPT molecular dynamics simulations at 310 K and 20 MPa. Arrows indicate swelling occurring after CO2
intercalation in systems with approximately one and six water molecules per unit cell.
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Figure 14. Comparison of the radial distribution functions for OH2O−CCO2 (left) and OH2O−OCO2 (right) pairs from MD simulations of H2O−CO2
mixtures in intercalated Na−montmorillonite at 348 K and 13 MPa using the ﬂexible CO2−ﬂexible SPC (blue) and the rigid EPM2−rigid SPC/E47
potentials (red).

Table 2. Diﬀusion Coeﬃcients of CO2 in Water (0.1 MPa) Derived from MD Simulations Using Flexible and Rigid Force Fields
and from Experiment
D (10−9 m2/s)
temp
(K)
293
303
313
323
338
348
368

this study rigid SPC H2O
and CO2
2.45
3.49
4.65
4.85
5.25
5.63
9.28

±
±
±
±
±
±
±

0.22
0.17
0.43
0.46
0.38
0.61
0.83

this study ﬂexible SPC
H2O and CO2
1.24
2.10
2.33
3.40
4.22
4.69
11.55

±
±
±
±
±
±
±

0.18
0.28
0.29
0.34
0.33
0.51
1.23

this study ﬂexible TIP4P
H2O and CO2

Tamimi et
al.49

±
±
±
±
±
±
±

1.76
2.20
2.93

1.26
2.38
2.62
3.08
3.92
6.32
7.58

0.18
0.23
0.31
0.17
0.19
0.31
0.48

Himmelblau50

Thomas and
Adams51

1.60
2.15

4.30

Davidson and
Cullen52
1.68
2.25

3.03
4.40
5.40

8.20

clay minerals either under supercritical conditions or in a liquid
water phase. Figure 16 presents an Arrhenius plot of CO2
diﬀusion coeﬃcients derived from the ﬂexible-based potentials
in comparison with experimental data. Arrhenius activation
energies and pre-exponential values derived from the best ﬁts of
the data are presented in Table 3. Diﬀusion results for the
temperature range are in relatively good agreement and
consistent with literature values.49
Quantum Simulations. We used electronic structure
calculations to derive optimized conﬁgurations of isolated
CO2 and Na+−CO2 clusters. Optimized structures using the
Gaussian 03 software package27 were obtained at the B3LYP/
Aug-cc-pVDZ and MP2/Aug-cc-pVDZ levels of theory and
subsequently used for normal-mode analysis to derive vibrational intensities and frequencies. A linear conﬁguration of the
CO2 molecule with Na+ is observed for the optimized
structures using both methods. The electrostatics controls the
strong interaction of the cation with either of the terminal
oxygen atoms. The normal-mode results for the optimized
clusters (Table 4) indicate a shift to lower frequencies for all
modes using the MP2 methods relative to those obtained using
the B3LYP functionals. In both methods, we observe a blue
shift of about 40 cm−1 in the asymmetrical stretch frequency of
CO2 to approximately 2420 cm−1 when the molecule is
associated with Na+. Similarly, there is a blue shift of
approximately 15 cm−1 for the symmetrical stretch. In contrast,
the experimental FT-IR spectrum of Na−montmorillonite with
intercalated CO2 suggests a small red shift (5 cm−1) of the
asymmetric CO2 stretch. This diﬀerent observation suggests

Figure 15. Diﬀusion coeﬃcients of CO2 in water obtained by NVT
molecular dynamics simulation using ﬂexible and rigid force ﬁelds in
comparison with experimental data.

H2O and CO2) force ﬁelds together with experimental data.
Using the rigid potentials leads to overestimation of the
diﬀusion coeﬃcients, while combinations of the ﬂexible
interatomic potentials provide considerable agreement with
experimental values. Thus, the ﬂexible force ﬁeld of CO2
developed in this work delivers a superior performance over
the potential using the rigid geometry. Because Clayﬀ was
optimized with a ﬂexible SPC water force ﬁeld, one can expect
to retrieve reliable diﬀusivities of CO2 in the interlayer region of
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somewhat comparable to the experimental observation. In this
regard, the blue shift of the bending mode of CO2 predicted
using the MD simulations can also be associated with the
conﬁnement environment of the interlayer region. We observe
in the cluster calculations that the interaction with Na+ alone
leads to the opposite trend. To account for the inﬂuence of the
clay phase, we plan to use ab initio MD approach to probe the
response of the asymmetrical CO2 mode to evaluate the
diﬀerent chemical environments.

■

CONCLUSIONS
We have completed a series of molecular dynamics simulations
to better assess the molecular interactions associated with
incorporation of CO2 in the interlayer of montmorillonite clay
and to simulate vibrational spectra to help validate the models
with experimental observation. We ﬁrst extended several
published three-site potential models of CO2 to derive a set
of accurate interaction parameters that are compatible with the
widely used Clayﬀ force ﬁeld. The extended set of interaction
parameters permits full ﬂexibility of the molecule with bond
stretching and bond angle bending. Comparison of experimental and theoretical data with our molecular dynamics
simulations of gas and liquid CO2 conﬁrms the accuracy of the
new force ﬁeld. Also, a comparison of diﬀusion coeﬃcients of
CO2 in water derived from molecular dynamics simulations
demonstrates the accuracy of using ﬂexible force ﬁeld models
for CO2 and H2O. Based on the experimental evidence for CO2
intercalation in montmorillonite clay, we developed a
conceptual model for the intercalated structure and performed
a series of molecular dynamics simulations. Power spectra were
derived from the equilibrated atomic and velocity trajectories
that allowed the isolation of signal from key components of the
molecular model. Normal-mode analysis of optimized
structures of CO2 and Na−CO2 derived from density
functional calculations are in general agreement with the
classical models although the trends in vibrational frequencies
are inconsistent with experiment and MD simulations of the
Na+−montmorillonite−CO2 system, suggesting that the
conﬁnement environment plays a dominant role in the
direction of frequency shifts. Power spectra analyses of the
molecular dynamics trajectories indicate the bending motion of
CO2 at approximately 667 cm−1 is blue-shifted by 10−15 cm−1

Figure 16. Arrhenius plots for diﬀusion of CO2 in water. Linear ﬁts
were made for experimental data and results from NVT molecular
dynamics simulations using ﬂexible CO2 with ﬂexible TIP4P H2O
force ﬁelds and ﬂexible CO2 with ﬂexible SPC H2O combination. R2
values for the ﬁts are above 0.97.

Table 3. Arrhenius Activation Energy and Pre-exponential
Term for Diﬀusion of CO2 in Water Obtained from MD
Simulation and from Experiment
experiment
ﬂex CO2 with ﬂex TIP4P
ﬂex CO2 with ﬂex SPC

Ea (kcal/mol)

D0 (10−6, m2/s)

4.28 ± 0.12
4.83 ± 0.27
5.51 ± 0.32

2.69 ± 0.34
5.81 ± 0.73
20.1 ± 4.4

that the conﬁnement environment of the hydrated clay phase
could be responsible for the peak shift. The MD simulations of
the Na−montmorillonite−CO2 system predict virtually no
dependency of the asymmetric stretch mode upon intercalation,

Table 4. Normal Mode Analysis of Quantum-Derived CO2 Cluster Models
OCOa

a

Na+...OCO

method

symmetry

IR intensity

frequency cm−1

symmetry

IR intensity

frequency cm−1

B3LYP/
aug-cc-pVDZ

Σu
Σg
Πu
Πu

656.54
0
28.75
28.75

2388.58
1354.38
667.52
667.52

MP2/
aug-cc-pVDZ

Σu
Σg
Πu
Πu

567.61
0
21.46
21.46

2379.38
1305.47
655.45
655.45

Σ
Σ
Π
Π
Σ
Π
Π
Σ
Σ
Π
Π
Σ
Π
Π

696.94
25.83
33.81
33.81
43.47
7.44
7.44
428.55
14.14
26.14
26.14
68.85
7.76
7.76

2423.42
1367.75
653.05
653.05
220.65
76.19
76.19
2420.59
1320.70
641.97
641.97
204.35
65.16
65.16

Experimental fundamentals of CO2 are at 667, 1333, and 2349 cm−1.43
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necessarily state or reﬂect those of the U.S. Government or
any agency thereof.

when CO2 is in the clay interlayer. The asymmetric stretch of
CO2 at 2349 cm−1 is virtually unaﬀected by the environment of
the clay and occurs at the same frequency as that for liquid
CO2. This result is similar to experimental ﬁndings from
diﬀuse-reﬂectance infrared spectroscopy showing that the
asymmetrical stretch mode is almost unaﬀected after exposure
of Ca−montmorillonite and Na−montmorillonite to gaseous
CO2. In contrast, the blue shift in the CO2 bending mode with
intercalation determined by molecular simulation is observed in
the experimental spectrum after careful subtraction of background. The appearance of additional red-shifted peaks in
experimental spectra, which become dominant after exposure of
the clays to supercritical CO2, is not explained in this study and
could be attributed to the unaccounted molecular conﬁgurations having stronger binding interactions involving
intercalated CO2 molecules. This computational chemistry
investigation provides a proof of concept that molecular
simulation methods can provide important insights into
possible molecular mechanisms associated with CO2 capture
in complex natural materials.

■

■
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