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a b s t r a c t
The dissolution of carbon dioxide in water and its subsequent hydrolysis reactions comprise one of
the most central processes in all of science, yet it remains incompletely understood despite enormous
effort. We report the detailed characterization of dissolved CO2 gas through the combination of X-ray
spectroscopy and ﬁrst principles theory. The molecule acts as a hydrophobe in water with an average
hydrogen bond number of 0.56. The carbon atom interacts weakly with a single water at a distance of
>2.67 Å and the carbonyl oxygens serve as weak hydrogen bond acceptors, thus locally enhancing the
tetrahedral water hydrogen bonding structure.
Published by Elsevier B.V.

1. Introduction
The dissolution of carbon dioxide in water and its subsequent hydrolysis reactions comprise one of the most central
processes in all of science [1–13], yet it remains incompletely
understood despite enormous effort [14]. The solubility of gaseous
CO2 is governed by Henry’s Law under equilibrium conditions (kH = 3.38 × 10−2 mol L−1 atm−1 ), with normal average CO2
pressures in the atmosphere (3.9 × 10−4 atm) yielding total dissolved CO2 concentrations of 1.33 × 10−5 M in pure water [14].
Most of this is present as the weakly hydrated CO2 molecule, but
a small fraction (∼1%) hydrolyzes to form the short-lived carbonic
acid (H2 CO3 ) molecule, which subsequently forms bicarbonate, and
carbonate ions via proton transfer reactions [15–17].
The chemical reaction of CO2 with water to form carbonic acid
is clearly the central feature of these carbonate equilibria, and has
been addressed by many experiments [5,16,18–26] and calculations [17,27–36] with conﬂicting results. Details of the neutral CO2
solvation by bulk water prepare the reaction pathway, and are thus
a determining factor in this chemistry.
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We previously characterized the hydration structures of
aqueous carbonate and bicarbonate using X-ray absorption spectroscopy [37]. More recently, we described the use of a fast-ﬂowing
liquid microjet mixing system to protonate a bicarbonate solution
to generate the short-lived (k = 26.3 s−1 , t1/2 ∼ 26 ms) carbonic acid
molecule [22,38], which was subsequently probed by soft X-ray
absorption spectroscopy. Interpretation of the measured spectra
via ﬁrst principles theory provided a detailed picture of the hydration of the acid as donating two strong hydrogen bonds to solvating
waters while acting as a weak acceptor of one such bond [39]. Here
we apply this same approach to study the hydration of dissolved
carbon dioxide, providing the ﬁrst experimental characterization
of the solvated neutral molecule.
2. Experimental
2.1. Sample preparation
Samples (1 M NaHCO3 and 1 M HCl) were prepared using
18.2 M cm resistivity water obtained from a Millipore puriﬁcation
system. Concentrated HCl (12.1 M) was obtained from J.T. Baker.
NaHCO3 (>99.7% purity) was obtained from Macron Fine Chemicals.
Samples were used without further puriﬁcation.
2.2. Experimental design
Carbon K-edge total electron yield (TEY) spectra were collected
at Beamline 8.0.1. A detailed description of the experimental setup
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has been published previously [40]. A high ﬂux (>1011 photons/s),
high resolution (E/E = 7000), tunable soft X-ray beam is generated from an undulator at the Advanced Light Source (ALS),
Lawrence Berkeley National Lab (LBNL). A dual syringe pump system (Teledyne-ISCO 260D) drives the two solutions through the
fast-ﬂow liquid mixing system and into a 50 m ID capillary to generate the liquid microjet. The X-ray beam is focused (100 × 35 m
spot size) onto the jet in a high vacuum chamber (∼2 × 10− torr).
The liquid jet then passes through a skimmer and freezes onto a
cryogenic (liquid nitrogen) trap. The TEY signal is collected as a
function of photon energy (0.05 eV step size) using a biased copper
electrode (2.1 kV) positioned ∼1 cm above the jet. Vapor phase TEY
spectra were measured by positioning the microjet a few mm above
or below the liquid stream. Measured TEY spectra were processed
using the ﬁnite impulse response (FIR) Fourier ﬁltering algorithm in
Igor Pro (Wavemetrics) to remove the high frequency background
introduced by the liquid microjet mixing system.
2.3. Simulations and calculations
The molecular dynamics (MD) simulations and calculated Xray absorption spectra were published previously [37,39]. Brieﬂy,
Amber 9 [41] was used to generate 10 ns classical NVT-MD
trajectories for gaseous and dissolved CO2 and Quantum mechanics/molecular mechanics (QM/MM) trajectories for carbonic acid.
The simulation box for the aqueous species contained ∼90 TIP3P
water molecules. 100 uncorrelated snapshots were taken from each
trajectory for use in the spectral calculation.
X-ray absorption spectra were calculated using the eXcited
electron and Core Hole (XCH) density function theory (DFT)
method [42]. Under the XCH approximation, the lowest energy
core-hole excited state is treated explicitly while the higher
excited states are generated from the resulting self-consistent ﬁeld.
The electronic structure was calculated using PWSCF from the
Quantum-ESPRESSO package [43] and the PBE exchange correlation functional under the generalized gradient approximation
was used to calculate the exchange correlation energy [44]. A
plane wave basis set, employing the Vanderbilt Ultra-Soft Pseudopotential [46], with a 25 Ry kinetic energy cutoff and periodic
boundary conditions was used to model the localized and delocalized states. The resulting calculated spectra were aligned relative
to one another using the atomic alignment scheme developed previously wherein the calculated excitation energy is aligned with
respect to that of an isolated carbon atom [37]. The calculated spectrum for CO2 was then aligned to the corresponding C(1s) → *
peak of gas phase CO2 . All other calculated spectra were aligned
relative to that.
Calculated Radial Distribution Functions (RDFs) were generated
using VMD Molecular Graphics Viewer [45].
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Figure 1. Peak-normalized experimental carbon K-edge X-ray aborption spectra
of the C(1) → * transition of 1:1 HCl:NaHCO3 mixtures at different interaction
times. The absorption maxima are at 290.5 eV (H2 CO3 , ∼0.5 ms), 290.5 eV (1 mL/min,
∼8 ms), and 290.66 eV (1.4 mL/min, ∼12 ms). All spectra were measured using a step
size of 0.05 eV with samples introduced by the fast-ﬂow microjet mixing system.

into dissolved carbon dioxide and water (k = 26.3 s−1 ) [22,38]. To
lengthen the time before measuring the X-ray absorption spectrum,
a 10 cm long, 50 m ID silica capillary was used at two different
ﬂow rates (1.4 mL/min and 1.0 mL/min) which corresponds to an
interaction time of ∼8 and ∼12 ms respectively. With the increased
interaction time, signiﬁcantly larger amounts, ∼19% and 27% of the
initial 0.5 M aqueous carbonic acid concentration, of carbon dioxide
should be present.
While gaseous carbon dioxide exhibits a weak vibronic peak at
∼292.8 eV, dissolved carbon dioxide does not. As shown in Figure 2,
the vibronic peak is not present in the spectra measured following
the longer interaction times, indicating that the observed blueshift
is a result of the presence of dissolved, rather than gaseous, carbon
dioxide. The observed blueshift is also consistent with predictions
from theory. The calculated C(1s) → * transition (Figure 3) of dissolved carbon dioxide exhibits a small (∼0.4 eV) blueshift from that
of carbonic acid and is slightly redshifted (∼0.7 eV) from that of
gaseous carbon dioxide.
The solvation structure of dissolved CO2 has been addressed by
molecular dynamics simulations. From snapshots generated from
the MD simulations, we ﬁnd the average hydrogen bond number of CO2 , measured to a distance of 2.5 Å, to be 0.56 vs 3.17
for H2 CO3 , indicating that dissolved CO2 is poor hydrogen bond
acceptor and is extremely weakly hydrated. The radial distribution

3. Results and discussion
Using the fast-ﬂow liquid microjet mixing system, the X-ray
absorption spectra of a 1:1 acid:bicarbonate mixture was measured following three different interaction times, controlled by
altering both the length of the silica capillary used to form the
microjet and the volumetric ﬂow rate. The X-ray absorption spectra of the C(1s) → * transition measured at the different mixing
times are shown in Figure 1. As the interaction time between the
acid and bicarbonate increases, a small, but measurable, blue shift
(∼0.05–0.1 eV) is observed. The spectrum shown in black corresponds to the shortest interaction time (∼0.5 ms) and was assigned
to aqueous carbonic acid (k = 26.3 s−1 ). At this shorter time, only a
small amount (∼1.3%) of the carbonic acid generated via the prontonation of bicarbonate (kon = 4.7 × 1010 M−1 s−1 ) has decomposed

Figure 2. Comparison between XAS spectra of 1:1 HCl:NaHCO3 mixtures at ∼8
and ∼12 ms interaction times with those of gaseous CO2 . Gaseous CO2 exhibits a
characteristic vibronic peak at 292.75 eV that is not present for dissolved CO2 .
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Figure 4. Calculated radial distribution functions for aqueous carbonic acid (red)
and dissolved carbon dioxide (dashed black). The labels O, and C refer to the
carbonyl oxygen and carbon respectively. Ow and Hw refer to the oxygens and hydrogens of the water molecules. Bin sizes are 0.02 Å in all cases. (For interpretation of
the references to color in this ﬁgure legend, the reader is referred to the web version
of this article.)

Figure 3. Calculated XAS spectra for aqueous carbonic acid (red), dissolved CO2
(black), and gaseous CO2 (green). A measurable blue shift is observed between
the transition from carbonic acid to gaseous CO2 . Predicted peak maxima are at
290.64 eV (carbonic acid), 290.71 eV (dissolved CO2 ), and 290.75 eV (gaseous CO2 ).
(For interpretation of the references to color in this ﬁgure legend, the reader is
referred to the web version of this article.)

functions (RDFs) for the carbonyl oxygen ( O) to water hydrogen
(Hw ) distances for dissolved CO2 and H2 CO3 are shown in Figure 4A.
A shift of the ﬁrst peak in the RDF to a longer distance in CO2 indicates a weaker interaction between the CO2 carbonyl oxygens and
the water hydrogens relative to that of H2 CO3 . The C–Ow RDFs for
CO2 and H2 CO3 (Figure 4B) both show a broad peak around 3–5 Å.
The onset of this broad feature is shifted to shorter distances for
hydrated CO2 relative to that of H2 CO3 indicating a stronger interaction between the CO2 carbon and the water oxygens. This C–Ow
interaction is a prerequisite for the hydrolysis of dissolved CO2 to
form carbonic acid, bicarbonate, and carbonate [34]. While the RDFs
between the water oxygens (Ow ) of aqueous CO2 and H2 CO3 , shown
in Figure 5, are not signiﬁcantly different from that of pure water,
the RDFs of both CO2 and H2 CO3 of exhibit a higher ﬁrst maximum
and a lower ﬁrst minimum, indicating a more ordered liquid structure surrounding the solute. This result is in general agreement
with predictions made by Kumar et al. wherein CO2 was predicted
to behave as a typical hydrophobic, solute carving out a cylindrical void which enhances the tetrahedral hydrogen bond network
of the surrounding solvent [17].

Figure 5. Calculated oxygen–oxygen radial distribution functions for pure TIP3P
water and for water containing dissolved CO2 or aqueous H2 CO3. Both the RDFs of
CO2 and H2 CO2 exhibit slightly higher ﬁrst maxima and lower ﬁrst minima indicating a more ordered liquid structure surrounding the solute. Bin sizes are 0.02 Å in
all cases.

4. Conclusions
This ﬁrst characterization of dissolved carbon dioxide under
ambient conditions by X-ray absorption spectroscopy and ﬁrst
principles XCH calculations establishes the detailed hydration
properties of dissolved carbon dioxide. Calculated spectral energy
shifts and intensities between aqueous carbonic acid, dissolved
carbon dioxide, and gaseous carbon dioxide correspond well
with experimentally measured spectra. In future studies, we will
focus on resolving some limitations of our current experimental
design (i.e. ﬁner control over the liquid interaction times) and the
limitations of the molecular dynamics modeling through the implementation of higher level ab initio theories.
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