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ABSTRACT: Supercritical CO2 is encountered in several technical and natural systems
related to biology, geophysics, and engineering. While the structure of gaseous CO2 has been
studied extensively, the properties of supercritical CO2, particularly close to the critical point,
are not well-known. In this work, we combine X-ray Raman spectroscopy, molecular
dynamics simulations, and first-principles density functional theory (DFT) calculations to
characterize the local electronic structure of supercritical CO2 at conditions around the
critical point. The X-ray Raman oxygen K-edge spectra manifest systematic trends associated
with the phase change of CO2 and the intermolecular distance. Extensive first-principles
DFT calculations rationalize these observations on the basis of the 4sσ Rydberg state
hybridization. X-ray Raman spectroscopy is found to be a sensitive tool for characterizing
electronic properties of CO2 under challenging experimental conditions and is demonstrated
to be a unique probe for studying the electronic structure of supercritical fluids.

Carbon dioxide (CO2) is an important fluid in several
chemical and engineering applications. The favorable

thermodynamic and transport properties of supercritical CO2
have led to its use in food processing,1 chromatography,2 and
heat engines.3 In particular, its relatively low critical point
(critical pressure Pc = 7.38 MPa, critical temperature Tc = 304
K), nontoxicity, nonflammability, and large compressibility
near the critical point enable significant changes in
thermophysical and transport properties with small changes
in pressure. This phase behavior makes it useful in chemical
reactions, separation processes, and energy production.4−6 One
of the key applications involving CO2 is carbon capture and
sequestration (CCS), which is an integral part of climate
change mitigation efforts.7−9 In CCS, CO2 is captured from
emission sources and stored underground in reservoirs at
supercritical conditions.10 The chemical processes used to
extract CO2 from emission plants, as well as the interactions of
CO2 with rocks and other fluids when stored underground,
depend on the microscopic structure, intermolecular forces,
and the dynamics of supercritical CO2.

11−13 The structure of
CO2 has been studied with molecular dynamics (MD)
simulations and X-ray and neutron scattering experi-
ments.14−16 Radial distribution functions (RDFs) from MD
simulations indicate an evolution in the structural behavior of
supercritical CO2 with pressure and the preferred T-shape
alignment of CO2 molecules in the liquid and supercritical
regions.17−19 While previous studies have focused on the
extended molecular structure, the local electronic structure of
CO2 at supercritical conditions has not been thoroughly
examined. Previous studies have shown that some thermo-
physical properties have maxima along a line originating from

the critical point, which separates the fluid behavior into liquid-
like and gas-like regimes.18,20−22 We hypothesize that the
electronic structure of CO2 undergoes similar changes near the
critical point as a result of the molecular geometry and
orientation at these conditions. Assessing this hypothesis is the
objective of this study.

The K-edge of gaseous CO2 has been studied with near-edge
X-ray absorption fine structure spectroscopy (NEXAFS).23

However, the very short penetration depth of soft X-rays often
requires experiments to be performed in a vacuum environ-
ment that unavoidably prevents studies under demanding
sample environments.24 Due to such limitations, previous XAS
measurements of CO2 have only been performed below the
critical point.23,25,26 More recently, X-ray Raman spectroscopy
(XRS) has been used to study core-level electron excitations in
subcritical27,28 and polymorphic29 CO2. XRS is based on the
inelastic scattering of hard X-rays, and at the limit of low
momentum transfer, it extracts spectral information equivalent
to that of XAS.30 The penetration of hard X-rays enables the
study of bulk materials and the implementation of difficult
sample environments.

The objective of this work is to characterize the local
electronic structure of supercritical CO2. To this end, we
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combine XRS measurements, MD simulations, and extensive
density functional theory (DFT) calculations to study the
electronic structure evolution and interaction changes of CO2
at conditions relevant to CCS. DFT and MD simulations are
used to interpret the experimental results, and we find that the
electronic transitions to Rydberg states near 539 eV at the
oxygen K-edge of CO2 exhibit a clear dependence on the fluid
density and local structure.

The experimental XRS study was performed at the Stanford
Synchrotron Radiation Lightsource (SSRL) Beamline 6-2.31 By
using the 40-crystal X-ray Raman spectrometer at its Si(660)
operational mode31 we measured both the carbon and oxygen
K-edge of CO2 with XRS. By using the inverse scanning mode,
XRS spectra were recorded by scanning a Si(311) mono-
chromator at the vicinity of 9.98 keV (carbon K-edge) and
10.23 keV (oxygen K-edge). The center of the spectrometer
corresponds to a forward scattering angle of ≈40° with an
angular opening of about 50°. For the angular acceptance of
the spectrometer, the selected incident energies, and the
investigated K-edges, the range of momentum transfer values
ensures the validity of the dipole approximation, and therefore,
the recorded spectra can be considered equivalent to XAS.32

The total energy resolution for the operated Si(660) diffraction
order under the adopted sample environment and geometry
was measured to be ≈0.6 eV via the full width at half-
maximum of the elastic peak. A Beryllium tube (3.4 mm inner
diameter, 5 mm outer diameter) was used to contain the
pressurized CO2 (99.999%, PraxAir). The tube was
surrounded by a metal block slotted with cartridge heaters to
provide temperature control (Figure S1). The measurements
of CO2 were taken at temperatures between 300 and 375 K
and pressures between 1 and 8 MPa. The total XRS acquisition
time of each T, P condition was approximately 6 h, and
additional experimental details are provided in the Supporting
Information.

To further analyze the structural behavior of supercritical
CO2, we performed MD simulations using the LAMMPS33

package with the Cygan force field,34 which allows for fully
flexible CO2 molecules. This force field was based on the
equilibrium CO2 bond angle and bond distance from the
literature35,36 and then optimized to simulate vibrational
spectra of liquid and gaseous CO2. The accuracy of the force
field was benchmarked through a comparison of the tabulated
macroscopic CO2 density and the MD estimated density; this
data is available in Table S1 of the Supporting Information.
Each MD simulation used an isobaric−isothermal (NPT)
ensemble of 256 or 512 CO2 molecules with the Nose−́
Hoover thermostat and barostat. The total simulation time was
at least 3 ns to achieve statistically converged results. The
resulting molecular trajectories were used for extracting input
geometries for hundreds of DFT simulations of XAS spectra
through deMon2K37 to ultimately calculate an ensemble-
averaged theoretical XAS spectrum for a direct comparison to
the experiments.

For each XAS calculation, geometries of random CO2
molecules were extracted from the MD simulation trajectories
together with their surrounding molecules within a spherical
volume of 11 Å radius. The calculations used the B88−P86
exchange-correlation functional38,39 and double-ζ valence
polarization (DZVP) basis set.40 For the excited carbon and
oxygen of the central CO2 molecule, an IGLO-III basis set41

was used to describe inner shell relaxation effects, while the
other carbon and oxygen atoms were modeled with relativistic

effective core potentials (RECPs). Approximately 400
theoretical XAS spectra were calculated and averaged to
compare the observed XRS spectrum at specific experimental
temperature and pressure conditions. The sampling of the 400
random geometries in the XAS calculations was selected
randomly out of the last 500 frames of the MD simulation.
Before calculating the average XAS spectra, each individual
spectrum was brought to an absolute energy scale by correcting
the transition potential energies in line with the methodology
presented elsewhere.42 The large number of sampled geo-
metries, as well as the radius for the spherical volume explicitly
accounting for the surrounding molecules, was determined by
the convergence of the averaged XAS spectrum. Further details
on the simulation setup can be found in the Supporting
Information.

Figure 1 summarizes the CO2 conditions selected for the
XRS experimental investigations and the performed MD
simulations.

The averaged and background-corrected experimental XRS
spectra for the carbon and oxygen K-edges are shown in
Figures 2 and 3a, respectively. In addition, Figure S2 shows the

Figure 1. Phase diagram of CO2. The stars indicate the experimental
conditions, and the squares indicate the MD simulation conditions.
The solid line denotes the liquid−vapor coexistence line, and the
dashed line indicates the Widom line,20 defined with respect to the
maximum isobaric heat capacity. Data taken from the NIST
database.43

Figure 2. Carbon K-edge XRS spectra for CO2 at P = 7.88 MPa. The
gaseous condition corresponds to P = 5.87 MPa, T = 299.5 K.

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL Letter

https://doi.org/10.1021/acs.jpclett.3c00668
J. Phys. Chem. Lett. 2023, 14, 4955−4961

4956

https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.3c00668/suppl_file/jz3c00668_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.3c00668/suppl_file/jz3c00668_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.3c00668/suppl_file/jz3c00668_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.3c00668/suppl_file/jz3c00668_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.3c00668/suppl_file/jz3c00668_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.3c00668/suppl_file/jz3c00668_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.3c00668/suppl_file/jz3c00668_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c00668?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c00668?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c00668?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c00668?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c00668?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c00668?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c00668?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c00668?fig=fig2&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.3c00668?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


XRS spectra for subcritical conditions. A detailed assignment
of the transitions contributing to the near-edge features of both
absorption edges can be found elsewhere.26 The spectra for
gaseous CO2 are in good agreement with previous measure-
ments of X-ray spectra.23,26−28 The carbon K-edge XRS spectra
exhibit a sharp feature around 291 eV (A) corresponding to
LUMO π* antibonding molecular states. At higher energies,
the low-intensity peak at 293 eV (B) corresponds to transitions
to 3sσ Rydberg states, and the feature at 295 eV (C)
corresponds to transitions to 3pσ, 3pπ, and 4sσ Rydberg
states.26 While for different pressure−temperature conditions
there is no major variation in peaks A and B, there is a slight
decrease in spectral weight at feature C when transitioning
toward the higher-density phase.

The oxygen XRS spectra (see Figure 3a) are characterized
by two main peaks: the first occurs at approximately 535.5 eV
(A′) and corresponds to an oxygen 1s transition to LUMO π*,
and a second peak (C′) occurs at approximately 539.3 eV,
corresponding to 3pσ, 3pπ, and 4sσ Rydberg states. These
occur for both gaseous and supercritical CO2. Similarly to the
carbon K-edge, the peak A′ remains largely unchanged across
the different conditions. For the most dense (liquid-like) CO2

condition, however, the second peak C′ is slightly shifted to
lower energies, and there is a marked decrease in intensity.
Similar spectral changes are observed at subcritical conditions
(see Figure S2). The dominant transition for gaseous CO2 at
C′ corresponds to 1s → 4sσ with a peak contribution at higher
energies than 3pπ.26 On the basis of the observed spectral
changes with pressure and temperature conditions, we
attribute the changes at C′ to variations in the spectral
contribution of 4sσ states. Since the largest changes in spectral
features among experimental conditions are captured by the
oxygen K-edge XRS spectra, in this work, we focus our analysis
on the oxygen K-edge.

Figure 3b shows the average oxygen K-edge DFT-calculated
spectra for each temperature and pressure condition. The
calculations capture the main observed experimental features.
For the main peak A′, the simulations show a two-peak
structure: peak A1′ corresponding to π* states and peak A2′
corresponding to 3sσ states, while in the experiment we
observed a single asymmetric peak A′. As previously reported,
the 3sσ excitations are present in the experimental spectra on
the high-energy side of the main feature A′.27,28,44 These
transitions are unresolved experimentally due to additional

Figure 3. Oxygen K-edge of CO2 at P = 7.88 MPa. (a) Experimental and (b) theoretical spectra. The gaseous condition corresponds to P = 5.87
MPa and T = 299.5 K.

Figure 4. Oxygen K-edge calculations at P = 7.88 MPa. (a) Theoretical XAS spectra. The spectra for 310 K were separated into those greater
(dashed line) or less (dotted line) than 3.86 Å and averaged. (b) Contour map of the average integrated intensity between 539 and 541 eV of the
XAS spectra. The dashed line indicates the average C−O distance as a function of temperature.
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broadening from vibrational effects.28 Although the DFT
calculations explicitly account for geometric effects of the
vibrational modes (e.g., bonding stretching, C−O bond angle,
etc.) via the flexible force field in the MD simulations, they do
not account for any vibrational excitations induced from the
incident photon energy transfer. Previous studies have shown
that second-order corrections via the Franck−Condon method
can approximate the coupling between electronic and vibra-
tional degrees of freedom and rationalize the extra broadening
that mostly influences the sharper localized resonances of the
lowest unoccupied molecular orbitals.28 As previously shown,28

these effects can be neglected for the higher excitation states.
The calculations also capture the other experimental trends
qualitatively, predicting an overall decrease in the intensity
around 539 eV (C′) and additional spectral features at lower
energies for the liquid-like phase. DFT calculations for the
carbon K-edge at 7.88 MPa (Figure S3) agree well with the
experimental trends. An overall decrease in intensity at feature
C is predicted when transitioning from the low-density to the
high-density phase, further strengthening the coherence of the
experimental results across both edges.

Additional MD simulations and DFT calculations for the
oxygen K-edge were performed between 300 and 325 K,
shown in Figure 4a, to gain further insight into the local
electronic structure of supercritical CO2. These results indicate
a gradual transition between gas-like and liquid-like spectral
behavior near the critical point. In particular, transitions
around C′ gain spectral weight rapidly as the temperature
increases from 300 to 325 K, converging toward the
characteristic marked peak of gaseous CO2 at higher
temperatures. These observations lead us to hypothesize that

the electronic structure of CO2 is primarily dependent on its
density and intermolecular distance.

To understand the evolution in spectral weight around
feature C′, the XAS spectra for each condition were analyzed
according to several different geometric criteria such as near
neighbor molecular distance and orientation. The most
defining feature among the DFT geometries was found to be
the distance between the carbon of the central molecule and
the oxygen of the closest neighboring molecule (C−O
distance), shown in Figure 4b. The average C−O distance in
the MD simulations was close to 3 Å for the high-density
conditions, before gradually increasing to 4 Å at higher
temperatures and lower densities. In Figure 4b, a contour map
of the average integrated intensity for each XAS spectra
between 539 and 541 eV is plotted as a function of C−O
distance and temperature. At C−O distances below the average
MD value, the integrated intensity in this energy range is
relatively smaller, which suggests a more liquid-like profile. The
average integrated intensity increases with larger C−O
distances, yielding spectral features closer to that of the
vapor-like spectrum. Figure 4a further illustrates this point,
where the spectra for 7.88 MPa, 310 K were split into two
groups based on the MD-calculated C−O distance in Figure
4b. The spectra with a C−O distance less than 3.86 Å are
closer to the high-density (300 K) spectrum, while spectra with
distances greater than 3.86 Å exhibit more gas-like features.

Analysis of the electron densities of the most intense
transitions within 538−540 eV for an isolated CO2 molecule
and two representative geometries at 300 and 375 K allows us
to rationalize these spectral changes (Figure 5). The dominant
transition 4sσ is more sensitive to the intermolecular distance;

Figure 5. O K-edge XAS spectra of (a) single CO2 molecule, and representative spectra for (b) 375 K and (c) 300 K, along with the electron
densities (yellow) of the molecular orbitals for the two most intense transitions at C′, 1 (4sσ) and 2 (3pπ) as indicated. For clarity, the central CO2
molecule is circled for 300 and 375 K, and the absorbing site is labeled with an arrow. Atom color code: brown, carbon; red, oxygen.
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as we move from an isolated CO2 molecule to the 300 K case,
its associated electron density tends to get distorted and
strongly hybridize with increasing CO2 density and a
concomitant decrease in the transition intensity. On the
contrary, 3pπ molecular orbitals appear to be less sensitive and
experience a smaller distortion with the CO2 density
variations; also, the overall intensity of those transitions is
less affected. Hence, for the 300 K case the 3pπ states, which
are at lower energy than 4sσ, become spectrally more
prominent and can be associated with the apparent redshift.
The theoretical spectrum slightly underestimates this shift in
C′ when compared to the experiment (∼0.2 eV). Overall, the
energy correction for the transition potential energies42

employed here to finely predict the absolute energies of the
transitions is an exact solution solely for the first transition. As
a result, inaccuracies in the energy position of higher-energy
transitions could be expected within this second-order
correction.

The electron densities of the molecular orbitals involved in
transitions near feature C′ for P = 7.88 MPa illustrate the
extended hybridization of the excited-state electron density
from the absorbing molecule to neighboring molecules in the
simulation. For the high-density condition (Figure 5c), the
delocalization is spread further compared to the low-density
case (Figure 5b), where the excited-state electron density is
spread over fewer molecules. This behavior is reflected in the
relative intensities of the XRS spectra and rationalizes the
differences observed between the conditions. For the carbon
K-edge, the dominant transition at feature C exhibits a π-like
symmetry correlating with 3pπ Rydberg states which, as
compared to the 4sσ states on the oxygen spectra, have overall
lower intensity (see Figure S4). These results further illustrate
the influence of density and temperature on the electronic
structure of CO2.

In this work, we combined a systematic experimental X-ray
Raman study, MD simulations, and extensive DFT calculations
to capture and characterize the local electronic structure of
CO2 imposed from intermolecular interactions near the critical
point. The experimental XRS studies captured distinctive
spectroscopic fingerprints that evolve across the supercritical
region of CO2 as the fluid exhibits more liquid-like or gas-like
characteristics. These changes correlate well with the fluid
density changes near the Widom line and with the C−O
distance between neighboring molecules in the first coordina-
tion shell. As the temperature increases and the density
changes become smaller, the XAS spectra converge to a neat
gas-like spectrum.

DFT-calculated theoretical spectra, based on MD-extracted
geometries using a flexible CO2 force field, identified and
rationalized the observed spectroscopic fingerprints and trends.
In particular, the changes are directly correlated to the
intensity of 4sσ and 3pπ Rydberg transitions in the oxygen
and carbon K-edges, respectively. These states evolve into
extensively hybridized molecular orbitals as the C−O distance
of neighboring molecules decreases, with a corresponding
decrease in the intensity of those transitions. The overall
intensity of transitions to 4sσ are higher than those to 3pπ
states; hence, the oxygen K-edge spectra are more sensitive to
changes in the local electronic structure than the carbon K-
edge spectra for supercritical CO2. These results support the
sensitivity of XRS to extract fundamental electronic structure
insights that dictate the response of supercritical CO2 under
nanoconfined environments (such as in tight shales) relevant

to CCS, as this ultimately affects the CO2 chemical reactivity
and corrosion propensity.11
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