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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, carbon dioxide.  
Recent experimental studies have demonstrated the efficacy of intercalating carbon 
dioxide 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 in the interlayer of montmorillonite clay and to help validate the 
models with experimental observation. 
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1.  INTRODUCTION 
 
Naturally occurring clay minerals provide a distinctive material for carbon capture and carbon 
dioxide sequestration.  In particular, swelling clay minerals, such as the smectite variety, possess 
an aluminosilicate structure that is controlled by low-charge layers that easily expand to 
accommodate water molecules and, potentially, carbon dioxide.  The interlayer of smectite clays 
also includes counterbalancing cations such as sodium that balance the negative layer charge.  
Recent experimental studies have demonstrated the efficacy of intercalating CO2 in the interlayer 
of layered clays (e.g.,Wang et al., 2003a) 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.  In 
economic terms, clay minerals are a common natural resource and are literally dirt cheap.  Clay 
minerals are an attractive alternative to more complex materials that often require significant 
chemical functionalization to ensure acceptable carbon capture performance (e.g., Favre et al., 
2009; Bacsik et al., 2010; Zhao et al., 2010).  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 clay 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 at both ambient 
conditions and at elevated conditions is unknown.  It has been suggested that confinement of 
water modifies the dielectric constant of the water (Wang et al., 2003b), and can shift the acid 
constants of the confining surfaces and ultimately affect the solubility of CO2.  Experimental 
studies have been performed by Romanov and colleagues at the National Energy Technology 
Laboratory in Pittsburgh to confirm the insertion and retention of CO2 in the interlayer of 
montmorillonite.  Infrared spectroscopy at NETL has been used to monitor the conditions of 
insertion and the relative stability of the intercalated clay complex. 
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Figure 1.  Adsorption of CO2 in coal and various clay materials; montmorillonite 
(STx) and kaolinite (KGa) samples exhibit limited adsorption at low pressures but 
swell at supercritical conditions above 10 MPa. 

 
 
We have completed a series of molecular dynamics simulations to better assess the molecular 
interactions associated with incorporation of the CO2 in the interlayer of montmorillonite, and to 
simulate vibrational spectra to help validate the models with experimental observation.  This 
study follows the examples provided in previous efforts to link experimental vibrational analysis 
with large-scale molecular dynamics simulations of layered materials (Cygan et al., 2004; 
Ockwig et al., 2009).  This 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. 
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2.  MOLECULAR SIMULATIONS 
 
2.1.  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 nano-sized 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 Mg+2 for Al3+ in the octahedral sheet 
(Figure 2).  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 2).  Silica tetrahedra form a 
hexagonal ring structure (as viewed along the c-axis) that influences the disposition of interlayer 
species.  Figure 2 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 above the hole. 
 
 

 
 

Figure 2.  Structure of 2 x 1 x 2 Na-montmorillonite cell exhibiting two layers of 
the aluminosilicate lattice; Mg atoms (blue) substitute for Al (pink) in the 
octahedral sheet; interlayer Na cations are represented as green spheres. 
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An expanded representation of sodium montmorillonite is presented in Figure 3 where the clay is 
based on the smaller structure of Figure 2 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 6 x 4 x 2 supercell having 36 Na+ and 192 water molecules in the interlayer.  Details of the 
molecular dynamics simulations are discussed in Section 2.2.1. 
 
 

 
 

Figure 3.  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. 

 
 
Because of the nano-sized 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 better evaluate the energy and hydration state of clay minerals (e.g., Cygan 
et al., 2004; Smith et al., 2006).  Figure 4 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. (2004), shows the expansion of 
montmorillonite 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 holds the layers 
together.  Once expanded, the open interlayer region allows the backfill of water molecules to 
further stabilize the hydrogen bonding network until a 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 (Fu et al., 1990).  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. 
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Figure 4.  Swelling behavior of a montmorillonite clay based on NPT molecular 
dynamics simulations. 

 
 
2.2.  Computational Methods 
 
2.2.1.  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 
field (Cygan et al., 2004) 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 (see Cygan et al., 2004).  The Forcite software 
(Accelrys, 2009) 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 (e.g., Harris and Yung, 1995; 
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Qin et al., 2008), but the models lack bond flexibility and are incapable of providing an accurate 
description of the vibrational behavior of gaseous and condensed carbon dioxide liquids.  A fully 
flexible model is required in order to evaluate the vibrational state of carbon dioxide 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 Section 3.1.1. 
 
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-Hoover (1984) method, and the Berendsen et al. 
(1984) 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 0.02 GPa for the NPT ensemble 
for supercritical CO2 simulations.  MD simulations for montmorillonite and CO2-
montmorillonite systems were completed at 300 K and 0.0001 GPa or 310 K and 0.02 GPa, 
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 to1408 
molecules whereas calculations of liquid and supercritical CO2 used 512 molecules.  Clay-CO2 
simulations involved a 6 x 4 x 2 supercell of montmorillonite having 40 CO2 molecules 
corresponding to a density equivalent to that of liquid CO2. 
 
Power spectra are derived from the stored atomic velocities by evaluating the velocity 
autocorrelation function (VACF) and the Fourier-transformed power spectra (Allen and 
Tildesley, 1987).  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 1,500 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 selections rules. 
 
2.2.2.  Quantum Methods 
 
High-level electronic structure calculations and normal mode analysis were performed for cluster 
models of CO2 and Na+-CO2.  The Gaussian software was used to examine the clusters at two 
levels of theory.  A hybrid functional B3LYP was implemented that combines the Becke (1993) 
hybrid functional for Hartree-Fock exchange and DFT correlation with the local correlation of 
Vosko et al. (1980) and the nonlocal correlation of Lee et al. (1988).  The Møller-Plesset (1934) 
correction for the correlation energy in a Hartree-Fock calculation, truncated at the second order 
(MP2), was used to investigate the two cluster models (Frisch et al., 1990a, 1990b).  Aug-cc-
pVDZ basis set was used for each of the two methods.  Vibrational analysis of the optimized 
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structures was then performed to derive the normal modes of the clusters (Foresman and Frisch, 
1996). 
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3.  RESULTS AND DISCUSSION 
 
3.1.  Classical Simulations 
 
3.1.1.  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 
accurate interfacial simulations.  Correct 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. 
 
Rigid models for CO2 are common and have been successfully developed to accurately model 
the structure and thermodynamics of gas, liquid, and supercritical CO2 (e.g., Murthy et al., 1981; 
Harris and Yung, 1995; Zhang and Duan, 2005; Nieto-Draghi et al., 2007).  The Harris and 
Young (1995) 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. (2007) 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. (2008) used the Harris and 
Young (1995) 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. 
 
In our molecular simulations, we expand the previous three-site potentials for CO2 and develop a 
fully flexible model, allowing for intramolecular bond stretch and angle bend.  Equation (1) 
provides the general expres on of tota entia rgy in s of the contributing terms.   si  the l pot l ene  term

T୭୲ୟ୪ܧ ൌ C୭୳୪ܧ ൅ VDWܧ ൅ S୲୰ୣ୲ୡ୦ܧ ൅  Bୣ୬ୢ    (1)ܧ
 

 
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 equation (2) where qi and qj are the partial charges of the atoms and rij is the distance 
between the atoms. 
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௥೔ೕ
      (2) 

 
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: 

VDWܧ ൌ ௜௝ߝ4 ቈ൬ఙ೔ೕ

௥೔ೕ
൰

ଵଶ
െ ൬ఙ೔ೕ

௥೔ೕ
൰

଺
቉    (3) 

 

 
where εij and σij are optimized for intermolecular interactions.  Standard mixing rules are used to 
evaluate heteroatomic interactions for this expression (Halgren, 1992).  Harmonic potentials are 
used for the bond stretch and angle end te b rms: 

ܧ ୲ୡ ൌ  ଵ ݇ ൫ݎ௜௝ െ ௢൯ଶݎ
     (4) 

 

S୲୰ୣ ୦ ଶ S

Bୣ୬ୢܧ ൌ  ଵ
ଶ

݇B൫θ௜௝௞ െ θ௢൯ଶ
     (5) 

 

 
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 pair-wise interactions.  Ewald summation is used to ensure 
convergence of the long-range Coulombic energy (equation 2).  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. (2009) based on the original parameters of Harris and Yung (1995).  We initially 
incorporated the force constants of Qin et al. (2008) and Liang and Lipscomb (1990) 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 (Günzler and Gremlich, 
2002).  The force constant for the bond stretch is more problematic due to the occurrence of 
symmetrical and asymmetrical modes, observed, respectively, at 1330 cm-1 and 2349 cm-1; 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. (2009) 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 under 
predicted by approximately 100 cm-1.  The nature of the potentials for the simple three-site 
model limits the decoupling of the stretch models and improving the accuracy of the symmetrical 
stretch frequency. 
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The optimized force field parameters for CO2 are presented in Table 1.  The parameters were 
used for the bulk CO2 simulations and subsequently were combined with those in Clayff (Cygan 
et al., 2004) 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. 
 
 

Table 1.  Force Field Parameters for CO2 
 

Nonbond 
qC +0.6512 e 
qO -0.3256 e 
εC 0.2340 kJ/mol 
εO 0.6683 kJ/mol 
σC 2.800 Å 
σO 3.028 Å 

 
Bond 

kCO 8443 kJ/mol Å2 
ro CO 1.162 Å 
kOCO 451.9 kJ/mol rad2 
θo OCO 180.0 ° 

 
 
3.1.2.  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. (2009).  We 
observer 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 0.020 GPa) indicate a bond angle distribution with a 
mean value of 178° that varies from the linear geometry obtained by Vorholz et al. (2000) 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 (Cabaço et al., 2008). 
 
Figure 5 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 National Institute of Standards and 
Technology.  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 6).  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 an equivalent hydrated clay.  
We observe on average about four CO2 molecules coordinated to each of the interlayer sodium 
ions. 
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Figure 5.  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. 

 
 

 
 

Figure 6.  Equilibrated supercell structure of CO2-montmorillonite model from 
molecular dynamics simulation using NPT ensemble at 310 K and 0.02 GPa.  
Projection view is along b-axis. 
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3.1.3.  Power Spectra 
 
Power spectra derived from the molecular dynamics trajectories for the gas and liquid CO2 
simulations are presented in Figure 7.  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 two phases and only the intensity varies between the simulations.  The 
asymmetrical stretch mode is the most intense vibrational mode for the liquid while the bend 
mode dominates the gas.  The results overall are consistent with observation.  The low 
frequencies at less than 100 cm-1 represent molecular translations—diffusion 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 7.  Power spectra for gas and liquid forms of CO2 at 300 K and 5.6 MPa. 
 
 
Figure 8 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 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 
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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 to 200 cm-1. 
 
 

 
 

Figure 8.  Power spectrum for the CO2-montmorillonite derived from analysis of 
all atoms in the molecular dynamics trajectory. 

 
 
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 9 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 
significantly shifted (approximately 10 to 15 cm-1) to higher frequencies (Figure 10) 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 
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predicted peak shift appears to be diagnostic of intercalated CO2.  Lastly, the broad peak at low 
frequency, attributed to intermolecular CO2 interactions, is greatly amplified relative to those 
librations for liquid CO2. 
 
 

 
 

Figure 9.  Power spectra for the CO2 atoms in liquid CO2 and interlayer CO2 from 
the intercalated montmorillonite derived from analysis of the molecular dynamics 
trajectories. 
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Figure 10.  Detail of the CO2 bend mode in the power spectra for the CO2 atoms 
in liquid CO2 and interlayer CO2 from the intercalated montmorillonite. 

 
 
3.2.  Quantum Simulations 
 
We used electronic structure calculations to derive optimized configurations of isolated CO2 and 
Na+-CO2 clusters.  Optimized structures using the Gaussian03 software package 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 control the strong interaction of the cation with either of the terminal oxygen 
atoms.  The normal mode results for the optimized clusters (Table 2) 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 that the 
confinement environment of the 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, somewhat comparable to the experimental 
observation.  In this regard, the blue shift of the bending mode of CO2 predicted using the MD 
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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. 
 
 

Table 2.  Normal Mode Analysis of Quantum-Derived CO2 Cluster Models 
 

 O=C=O Na+...O=C=O 
Method Symmetry IR Intensity Frequency Symmetry IR Intensity Frequency 

B3LYP/ 
Aug-cc-pVDZ 

 

 
Sg 
Sg 
Pi 
Pi 

 
656.54 

0 
28.75 
28.75 

cm-1 
2388.58 
1354.38 

667.52 
667.52 

 
Sg 
Sg 
Pi 
Pi 
Sg 
Pi 
Pi 

 
696.94 

25.83 
33.81 
33.81 
43.47 
7.44 
7.44 

cm-1 
2423.42 
1367.75 

653.05 
653.05 
220.65 

76.19 
76.19 

MP2/ 
Aug-cc-pVDZ 

 

 
Sg 
Sg 
Pi 
Pi 

 
567.61 

0 
21.46 
21.46 

 
2379.38 
1305.47 

655.45 
655.45 

 
Sg 
Sg 
Pi 
Pi 
Sg 
Pi 
Pi 

 
428.55 

14.14 
26.14 
26.14 
68.85 
7.76 
7.76 

 
2420.59 
1320.70 

641.97 
641.97 
204.35 

65.16 
65.16 
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4.  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 allowing 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.  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 model 
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 Na+-montmorillonite-CO2 system 
suggesting that the confinement environment plays a dominant role in the direction of those 
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 to 15 cm-1 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 interlayer 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 red-shifted only slightly (10 cm-1 in Ca-montmorillonite 
and 5 cm-1 in Na-montmorillonite) upon intercalation.  This computational chemistry 
investigation provides a proof of concept that molecular simulation methods can provide 
important insights into the possible molecular mechanisms associated with CO2 capture in 
complex natural materials. 
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