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ABSTRACT: In the course of our investigations of the adsorption
of ions to the air−water interface, we previously reported the
surprising result that doubly charged carbonate anions exhibit a
stronger surface affinity than singly charged bicarbonate anions. In
contrast to monovalent, weakly hydrated anions, which generally
show enhanced concentrations in the interfacial region, multivalent
(and strongly hydrated) anions are expected to show a much weaker
surface propensity. In the present work, we use resonantly enhanced
deep-UV second-harmonic generation spectroscopy to measure the
Gibbs free energy of adsorption of both carbonate (CO3

2−) and
bicarbonate (HCO3

−) anions to the air−water interface. Contrasting
the predictions of classical electrostatic theory and in support of our previous findings from X-ray photoelectron spectroscopy, we
find that carbonate anions do indeed exhibit much stronger surface affinity than do the bicarbonate anions. Extensive computer
simulations reveal that strong ion pairing of CO3

2− with the Na+ countercation in the interfacial region results in the formation of
near-neutral agglomerate clusters, consistent with a theory of interfacial ion adsorption based on hydration free energy and capillary
waves. Simulated X-ray photoelectron spectra predict a 1 eV shift in the carbonate spectra compared to that of bicarbonate, further
confirming our experiments. These findings not only advance our fundamental understanding of ion adsorption chemistry but also
impact important practical processes such as ocean acidification, sea-spray aerosol chemistry, and mammalian respiration physiology.

■ INTRODUCTION
Chemistry occurring at aqueous interfaces governs many
important phenomena, e.g., reactions in atmospheric aero-
sols1,2 and the uptake of gases at the ocean surface,3 as well as
myriad biological processes. Reactions occurring at such an
interface are often quite distinct from the same processes
occurring in the corresponding bulk. Accordingly, much
attention has addressed interfacial chemistry to understand
the physical origins engendering these differences, with factors
such as dielectric constants,4−6 unique hydrogen-bonding
networks,7,8 electric double-layer formation,9−11 and electric
fields,12 being invoked to rationalize the observed behavior.
The discovery that anions with weak hydration enthalpies

can have strongly enhanced concentrations in the interfacial
region is a relatively new phenomenon,13 which initially
contradicted classical electrostatic theory and the interpreta-
tion of many “surface-sensitive” experiments, e.g., the change in
surface tension of water upon addition of salt.14 Several
inconsistencies have since been reconciled, and our under-
standing is now much more complete, with even the detailed
mechanism of adsorption for weakly hydrated, monovalent
anions to water−hydrophobe interfaces being quite well
established.15−17 However, the picture remains unclear for
strongly hydrated, polyatomic ions such as CO3

2− and SO4
2−,

which generally experience stronger image charge repulsion
from the water−hydrophobe boundary. Given the importance
of many strongly hydrated, polyoxy anions (e.g., CO3

2−, SO4
2−,

PO4
3−, NO3

−, XO3
−, X = Cl, Br, I, and their respective acids)

in atmospheric, environmental, and biological systems, further
investigation of their behavior at the air−water interface is
clearly warranted.
Our focus herein is on the centrally important carbonate

system, which has been studied extensively, dating back to
solubility experiments conducted over 100 years ago.18 The
hydration structure and dynamics of carbonate species have
been characterized with a number of different methods,
including MD simulation,19,20 quantum calculations,21−23 and
X-ray spectroscopy.24−28 Similarly, surface-sensitive nonlinear
spectroscopies have been used to study the behavior of these
important anions. An early vibrational sum-frequency gen-
eration (vSFG) study by Tarbuck and Richmond reported that
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Na2CO3 perturbs the air−water interface more than NaHCO3
does; however, the authors did not comment on the relative
surface affinities of the two anions.3 Allen et al. conducted
phase-sensitive measurements and found an increase in H-
down oriented interfacial waters in the presence of carbonate
and concluded that the sodium countercation resides closer to
the air−water interface than does the anion and that
bicarbonate resides closer to the surface than carbonate.29

MD simulations purportedly supported these findings.30,31 It
has also been reported recently that the carbonate system does
not form a well-ordered electric double layer.32 We note that
these vSFG measurements monitor solute-induced changes in
the OH spectrum of water and are, therefore, indirect measures
of the interfacial ion population. Moreover, there is still some
debate in the literature regarding the interpretation of these
measurements.33−35

We recently reported the reversed fractionation of carbonate
and bicarbonate anions at the air−water interface using
ambient pressure X-ray photoelectron spectroscopy (AP-
XPS). These were the first direct experimental measurements
of the carbonate species, and we found higher concentrations
of doubly charged carbonate ions than singly charged
bicarbonate in the near-interfacial region, contrasting previous
nominally surface-sensitive measurements. Without detailed
theory to interpret this surprising behavior and given that AP-
XPS is not rigorously a surface-sensitive technique, we herein
revisit the subject of the interfacial adsorption behavior of the
carbonate system. In particular, we aim to clarify the
discrepancies that exist in the literature regarding the relative
surface affinity of the carbonate and bicarbonate anions at the
air−water interface and to propose a molecular-level picture
for their observed surface behavior.
In this work, we employ resonantly enhanced deep-UV

second-harmonic generation (DUV-SHG) spectroscopy to
directly probe the carbonate and bicarbonate anions at the air−
water interface with much higher surface specificity than the
AP-XPS experiment. We find, contrary to classical electrostatic
theory and in agreement with our previous AP-XPS measure-
ments, that the doubly charged carbonate anion does indeed
exhibit a stronger preference for the air−water interface than
does the singly charged bicarbonate anion and quantify this
through the determination of the respective Gibbs free
energies of adsorption. To obtain more detailed mechanistic
insights into these phenomena, we employ accelerated
molecular dynamics (MD) simulations, using a physics-
based, polarizable force field to map the two-dimensional
free energy surface of carbonate agglomeration and propensity
for adsorption at the interface. These simulations reveal
enhanced speciation, and a deep potential minima, of the
carbonate species near the interface. Lastly, we establish a
direct connection with our previous experiments by simulating
the XPS binding energies of the carbonate, bicarbonate, and
carbonic acid species, showing that these previous experiments
were indeed interface sensitive (to within 2 nm of the water
surface).

■ METHODS
SHG and the Langmuir Adsorption Model as Direct Probes

of the Interfacial Structure. To directly probe the carbonate and
bicarbonate anions at the air−water interface, we use resonantly
enhanced DUV-SHG spectroscopy. SHG is a second-order nonlinear
spectroscopic technique wherein two photons at frequency ω
combine to form one photon at frequency 2ω. Symmetry require-

ments under the electric dipole approximation dictate that a SH
photon is only generated in a noncentrosymmetric environment (i.e.,
an interface) and from a noncentrosymmetric molecule, rendering
SHG a highly surface-specific technique.36 The SH intensity is
governed by the equation

I ISH
(2) 2 2| | (1)

where χ(2) is the second-order susceptibility and ISH and Iω are the
intensities of the fundamental and SH beams, respectively. Both the
anions and water have their respective susceptibility tensors and
contribute to the overall signal:

I
I

N NSH
2 water water

eff
anion anion

eff 2| × + × |
(2)

The molecular responses for the anion and water are complex and
contain both a real (nonresonant) and an imaginary (resonant)
component. In the UV, the response from water is purely real.
Therefore, under the two-photon-resonant conditions employed here,
the resonant term from the anion should dominate the overall
measured SH intensity.
In the low solute concentration regime and/or under nonresonant

conditions, the signal from water and the solute need to be considered
more equally, which will be discussed in more detail later. We can
express the resonant term for the anion as

Nanion
(2)

anion anion (3)

here βanion is the orientationally averaged hyperpolarizability and N
represents the number density of the anion at the interface. Equation
3 emphasizes that changes in the surface population, as well as the
orientation of the resonant species, will change the measured SH
signal.
The SH signal depends on the relative concentration of the

adsorbing solute; thus, we can apply a simple Langmuir model to fit
our experimental data. The use of a Langmuir model for SHG is well
established,37 and only the important features are highlighted here
(for a more thorough derivation, we refer the reader to the Supporting
Information). We parametrize the second-order susceptibility as

A N B iC( )(2) 2
s

2| | | + + | (4)

where A represents the nonresonant response from water, Ns is the
relative number density of the adsorbed anion, and B and C are the
nonresonant and resonant susceptibilities of the anion, respectively.
Ns is determined from a kinetic description of surface exchange and
related to the bulk anion concentration, Xanion and Gibbs free energy
of adsorption, ΔG:
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Thus, by measuring the second-harmonic (SH) intensity as a
function of the anion concentration, the Gibbs free energy of
adsorption can be determined.
Energy Landscapes of Interfacial Agglomeration Energy

from Accelerated MD Simulations. Early simulations of solvated
sodium carbonates either employed static charges38 or modeled
polarization by means of Drude oscillators.38−43 However, it has been
demonstrated recently44 that more accurate considerations of the
subtle polarization physics are needed to faithfully reproduce the
experiments, namely, simultaneously describing the crystalline solid
and solvated carbonate phases.45 These results largely motivated our
choice of interaction potentials in this study.
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The carbonate and bicarbonate interfacial affinity were probed
using atomistic MD simulations, carried out using the large-scale
atomic/molecular massively parallel simulator (LAMMPS),46 with the
various molecules described by the AMOEBA polarizable force field47

for carbonates.44,45,48 Four separate systems, comprising sodium
carbonate (Na2CO3), sodium bicarbonate (NaHCO3), carbonic acid
(H2CO3), and carbon dioxide (CO2), as detailed in Table S2, were
constructed, using in-house Python scripts. The number of water
molecules was adjusted to approximately match the experimental 0.1
M concentrations. We validated our approach by calculating
hydration free energies (Table S3) in good agreement with
experiment. Additionally, application of the force field to natrite,
thermonatrite, sodium hydrogen carbonate, and carbon dioxide
resulted in calculated lattice constants within 2.5% of experiments
(Table S4).
Each carbonate system was first equilibrated at 298 K in a bulk

(3D) geometry, while a separate set of slab (2D) simulations was
performed using the equilibrated coordinates and velocities from the
bulk simulations as input. We determined the potential energy surface
for agglomeration and the propensity for interfacial adsorption by
means of multiple-walker, well-tempered, metadynamics simulations
(MW-wt-MetaD),49−52 using the Colvars53 facility. MW-wt-MetaD
biases were constructed as follows: Gaussian functions were deposited
every 1.0 ps with an initial height of 277T × 5.0 kJ/mol. The bias
factor [γ = (T + ΔT)/T] was set to 10. The Gaussian widths were
0.02 for the coordination number about a central carbonate molecule
(monitoring the carbon−carbon distances) and 0.2 Å for the Z-
displacement of the selected carbonate molecule from the center of
mass of the water slab, respectively. To facilitate exploration of the
entire 2D potential energy surface in a computationally tractable time,
35 walkers were used, with each individual simulation propagated for
at least 30 ns in the case of Na2CO3 (representing >1 ms of
simulation time). Further details of the specific force field parameters,
our structural and thermodynamic analysis, and various MD
simulation procedures are presented in the Supporting Information.
Electronic Structure of the Carbonate−Water Interface

from Simulated XPS. We performed separate sets of MD
simulations on a smaller system to generate snapshots for the
electronic structure calculations. Each set of simulations had
representative structures of the targeted carbon-containing chemical
species at the air−water interface and in the bulk. Due to the
enormous computational cost, we employed the ARES electronic
structure package54 to simulate XPS binding energies of C K-edge
excitation in carbonate aqueous solution.

■ RESULTS/DISCUSSION
Second-Harmonic Generation Spectroscopy. Figure 1a

shows the bulk absorption spectra of Na2CO3 and NaHCO3 in
water at 293 K, with both anions exhibiting molecular ππ*
transitions in the deep UV. The geometries of the carbonate
and bicarbonate anions in solution have been well charac-
terized; quantum chemical calculations21 and neutron
diffraction55 showed that the normally planar CO3

2− anion
exhibits broken symmetry in aqueous solution (D3h → C3v)
due to interactions with the solvent. Raman spectroscopy
studies in solution have also concluded that the first-shell
solvation environment is indeed itself asymmetric.56 These
properties of the carbonate and bicarbonate anions allow us to
directly probe their relative concentrations in the interfacial
region. A cartoon depiction of the experimental design is
shown in Figure 1b.
Figure 2a shows the normalized (relative to pure water) SH

response of the carbonate anion at the air−water interface for
0−0.036 mole fraction (0−2.0 M) solutions of sodium
carbonate. The intensities are measured in two polarization
combinations (s-in, p-out and p-in, p-out), with both
polarizations giving a fairly weak second-order response, ca.

twice the response of pure water at a concentration of 2.0 M
bulk concentration; this is likely due to the small extinction
coefficient at 200 nm for carbonate when compared to other
surface-active anions such as SCN−, which exhibits a much
stronger SH response.57 In the low-concentration region from
0 to 0.0045 mole fraction (0−0.175 M), the measured SH
response is slightly below or equal to that of pure water,
indicating no appreciable amount of carbonate in the probe
depth of SHG, as well as minimal reorientation of interfacial
water molecules.
Electrolyte solutions with normalized SHG values below the

response of pure water have been observed previously in the
low-concentration limit, and the mechanism for this response
is still debated in the literature. Explanations such as
destructive interference between the resonant signal from the
electrolyte and the nonresonant signal from water have been
implicated;58,59 however, more recent studies seem to point
toward long-range correlations extending from bulk water,
induced by the electrolyte, as the cause of this behavior.60,61

This phenomenon is most relevant for the discussion of the
Jones−Ray effect in sub-molar concentrations and is not a
focus of the present work.
Between 0.0045 and 0.018 mole fraction (0.175 and 1.0 M),

the SH response begins to increase linearly with anion
concentration, owing to resonant enhancement of carbonate
as it accumulates in the interface, as well as alignment of
interfacial water from the electric field of the electrolyte. The
latter contribution effectively increases the hyperpolarizability
of water (see eq 3) and is akin to a “thickening” of the

Figure 1. (a) Linear absorption spectra for 5 × 10−3 M Na2CO3 (blue
line) and 1 × 10−2 M NaHCO3 (green line) measured at 293 K. (b)
Schematic of the experimental design showing the generation of a
second-harmonic photon from a carbonate cluster residing near the
liquid water surface. The energy-level diagram highlights the two-
photon resonant enhancement from the molecular ππ* transition of
the carbonate and bicarbonate anions.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.3c05093
J. Am. Chem. Soc. XXXX, XXX, XXX−XXX

C

https://pubs.acs.org/doi/suppl/10.1021/jacs.3c05093/suppl_file/ja3c05093_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c05093/suppl_file/ja3c05093_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c05093/suppl_file/ja3c05093_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c05093/suppl_file/ja3c05093_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.3c05093?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c05093?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c05093?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c05093?fig=fig1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c05093?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


interface, as the probe depth of SHG increases.62 Above 0.018
mole fraction (1.0−2.0 M), the SH response becomes
asymptotic, as the surface becomes “saturated” and cannot
accommodate any additional carbonate molecules. The
concentration range used in these experiments is limited by
the solubility of sodium carbonate, which at room temperature
is ∼2 M. The Langmuir adsorption model, as employed herein,
gives an unconstrained, best fit to the data with a Gibbs free
energy of adsorption of −11.1 ± 0.7 kJ/mol for both p-in, p-
out and s-in, p-out polarizations, with the uncertainty being
one standard deviation.
Given that the sp and pp-polarization combinations yield

similar SH intensities, it can be assumed that there is no strong
orientational preference for the carbonate anion in the
interfacial region. This is expected in the context of the
agglomeration between CO3

2− and Na+ (discussed in the next
section), which forms neutral clusters. Without a strong charge
or dipole, there is no energetic preference for a given
orientation at the surface.
In Figure 2b, right panel, we compare the best fit of the

Langmuir model for the carbonate anion (−11.1 ± 0.7 kJ/
mol) with the output of the Langmuir model in the weak
adsorption regime (−2 kJ/mol, orange line) and the repulsive
regime (+2 kJ/mol, blue line). In order to obtain these fits
corresponding to weak and repulsive adsorption, the Gibbs free
energy was constrained to these values, and the fitting
parameters A, B, and C were simultaneously solved for. Both

the −2 and +2 kJ/mol fits increase linearly with increasing bulk
anion concentration and clearly do not adequately represent
the observed curvature in the experimental data. In the weak
and repulsive adsorption regime, the nonresonant parameter B
increases, and the resonant parameter, C, becomes very small
or even negative (see Table S1). Under the experimental
conditions employed here, wherein the SH wavelength is
resonant with the anion, these fitting parameters are
unphysical, implying that the Langmuir model does not
produce a representative fit to the data.
Figure 2c shows the normalized SH response of the

bicarbonate anion from 0 to 0.0175 mole fraction (0−1.0
M) solutions of sodium bicarbonate. With both s- and p-input
polarizations, there is a weak, linear increase in the SH signal
with increasing bulk anion concentration. This behavior, as
mentioned above, is ascribed to a thickening of the interfacial
layer via alignment of surface waters and has been observed
before in nonresonant studies of anions that are known to be
repelled from the interface, e.g., the fluoride anion, F−.62

A fit of the bicarbonate data to the Langmuir model does
not converge, and therefore, the Gibbs free energy cannot be
determined from an unconstrained fit. Instead, in Figure 2c,
constrained fits with Gibbs free energies of −1 kJ/mol are
shown for both data sets. This value of the Gibbs free energy
corresponds to a weak adsorption event. More negative values
of the Gibbs free energy (i.e., stronger adsorption) induce
curvature in the fit that is not present in the experimental data;

Figure 2. (a) Normalized SHG intensities for the carbonate anion at the air−water interface, measured at a SH wavelength of 200 nm for s-in, p-out
(light blue circles) and p-in, p-out (dark blue circles). For clarity, only one representative error bar for each data set is shown, which corresponds to
one standard deviation. Each data set is fit to a Langmuir adsorption model, yielding Gibb’s free energies of adsorption of −11.1 ± 0.7 kJ/mol. (b)
Langmuir adsorption model shown for three different adsorption regimes for the carbonate anion: strong adsorption (dark blue), weak adsorption
(red), and repulsion (orange). (c) Normalized SHG intensities of the bicarbonate anion at the air−water interface, measured at an SH wavelength
of 200 nm for s-in, p-out (green circles) and p-in, p-out (black circles). A Langmuir fit with the Gibb’s free energy constrained to −1 kJ/mol is
shown for each data set. This value represents a minimum threshold for the Gibb’s free energy. (d) SHG intensities for carbonate and bicarbonate.
Extrapolation of the Gibbs free energy for the bicarbonate fit to concentrations of 2 M reveals an SH response significantly weaker than that for
carbonate.
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therefore, an upper limit of −1 kJ/mol is established. Less
negative and positive values of the Gibb’s free energy produce
results that are identical to those of the −1 kJ/mol fit, viz., a
shallow linear increase with increasing anion concentration.
Therefore, while we cannot quantitatively determine the Gibbs
free energy of adsorption for the bicarbonate anion, we can
establish a range of values, with an upper limit of −1 kJ/mol
and less favorable values of adsorption being more likely.
Our DUV-SHG measurements indicate that the carbonate

anion has a much stronger surface affinity for the air−water
interface than does the bicarbonate anion, as shown in Figure
2d. On the basis of hydration free energy (ΔGhyd(CO3

2−) =
−1315 kJ/mol and ΔGhyd(HCO3

−) = −335 kJ/mol),63 this
behavior is indeed puzzling. It has been shown by both
experiment and theory that weakly hydrated anions tend to be
surface active, whereas strongly hydrated anions tend to be
surface repelled, roughly following the Hofmeister series.64,65

For example, anions that have been shown to have enhanced
concentrations in the interfacial region, e.g., I− and SCN−, have
hydration free energies of ∼−280 kJ/mol. The surface
adsorption of such a strongly hydrated anion as carbonate

indeed seems unlikely, and we turn to computer simulations of
these systems to help interpret these surprising experimental
results.
Insights from Atomistic Molecular Dynamics Simu-

lations.We performed equilibrium MD simulations of sodium
carbonate solutions in a slab, 2D geometry, and concentrations
ranging from 0.1 to 1 M and found that the distribution and
coordination of carbonate anions were dependent on the
starting configurations (Figure S1). We also found that
annealing the system to 600 K (while applying constraints to
prevent excessive evaporation and thus maintain slab stability)
removed much of the starting configuration effect, resulting in
well-dispersed, isolated Na2CO3 species with no significant
surface activity. This is in line with previous MD simulations
using unoptimized, polarizable force fields, initiated from
randomly placed ions.30,31 Nevertheless, our initial observa-
tions suggest the presence of metastable states in the carbonate
free energy surface (FES), with barriers that may be
significantly larger than kT and would therefore not be
overcome on the nanosecond time scale of typical equilibrium
MD simulations. Thus, we explored the carbonate propensity

Figure 3. Accelerated MD simulations of carbonate agglomeration and surface adsorption. (a) 2D metadynamics potential energy surface (PES) of
a 0.2 M Na2CO3 solution considering the carbonate coordination number (i.e., cluster size) and distance from the center of the slab. The
simulation data are processed through a low-pass filter for presentation purposes. The water surface extends up to 3.2 nm. Specific points are
labeled α, β, γ, and δ representing straight pathways (red dashed lines) for describing the thermodynamics. (b) Pathways for carbonate
agglomeration/dissolution and surface adsorption/desorption. (c) Representative snapshots of the carbonate four- and five-molecule clusters. (d)
NaHCO3 2D PES. (e) NaHCO3 free energy pathways.
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for agglomeration and surface activity by means of accelerated
metadynamics MD simulations, probing the carbonate−
carbonate coordination number (i.e., cluster size) and distance
from the air/water interface, respectively.
Metadynamics simulations were performed on 0.1 M

carbonate and bicarbonate solutions, considering agglomerate
clusters up to size 7, residing 0−4 nm from the water surface.
Figure 3a shows that the resulting 2D FES for the carbonate
anion has a deep minimum for clusters with four or five
molecules, 1−1.5 nm from the water surface. We considered
the following cycle for describing the thermodynamics: (1)
dissolution of the agglomerate clusters into isolated molecules
in the bulk (α → β), (2) surface adsorption of the isolated
molecules (β → γ), (3) surface agglomeration (γ → δ), and
(4) surface desorption of the agglomerate (δ → α). As shown
in Figure 3b, the isolated carbonate anions are repelled from
the interface and there exists a considerably larger barrier for
surface agglomeration than in the bulk. Moreover, the bulk
isolated anion is metastable compared to the near-surface
agglomerate. Thus, the lowest energy pathway for agglomer-
ation follows the β → α → γ pathway. Representative
molecular snapshots of these agglomerates are shown in Figure
3c.
The potential energy surface (PES) of the carbonate anion

stands in contrast to that of bicarbonate, where we find that the
thermodynamically stable state is that of an isolated anion,
lying closer to the bulk (3−3.5 nm away from the surface)
(Figure 3d). There exists some thermodynamic driving force
for agglomeration to form small (NaHCO3)2 and (NaHCO3)3
clusters, although the barriers are relatively large (∼20 kJ/mol)
and therefore may not be thermally accessible. Larger
agglomerate clusters, such as those observed for the carbonate
anion, are greatly disfavored, either in the bulk or near the
interface. The PES for carbonic acid and CO2 are presented in
Figures S2 and S3. In the case of the former, we find that the
isolated H2CO3 molecules are greatly thermodynamically
stable either in the bulk or near the interface, whereas CO2,
with an unfavorable ∼+4 kJ/mol hydration energy, is
thermodynamically stable near the water surface or in the
vapor phase.
Given the large difference in hydration free energy for these

anions, one would expect the carbonate−water coordination
number to be significantly higher than that for bicarbonate.
Indeed, this has been observed in the radial distribution
functions for carbonate and bicarbonate anions from MD
simulation, with no countercations present in the solutions.20

The observed difference results from increased electron density
on the oxygens of carbonate, coupled with a higher prevalence
of sodium cations, which compete with water for interaction in
the solvation environment. In the case of bicarbonate, which
has a reduced electron density and half the number of sodium
cations, interaction with the water is more likely. This behavior
manifests in the formation of a weakly solvated agglomerate for
CO3

2−. The Na+|CO3
2− agglomerate, which is relatively neutral

and weakly hydrated, leads to a higher propensity for the
interface relative to the charged HCO3

−.
That the carbonate agglomerate shows higher surface

propensity than its nonclustered, charged counterpart, as well
as bicarbonate, agrees with current descriptions of ion
adsorption. Saykally and Geissler have shown that there is an
enthalpic benefit for weakly solvated ions to partition to the
air−water interface,16 viz., the shedding of one or two solvating
waters, which can then form stronger hydrogen bonds as part

of the bulk water network. How capillary waves are influenced
in the presence of this large agglomerate is still an open
question and could have important consequences for
processes, such as gas adsorption onto the liquid surface and
evaporation kinetics.
Confirmation of AP-XPS Measurements. As mentioned

earlier, Lam et al. used AP-XPS to directly probe the carbon K-
edge of the carbonate and bicarbonate anions at the air−water
interface and measure their relative concentrations (Figure
4b).25 By tuning the input photon energy, they exploited

different attenuation lengths of the emitted photoelectron and
were able to achieve depth profiling as shallow as ∼2 nm. Their
findings agreed with those of the present study, viz., that
CO3

2− is more prevalent in the interface than HCO3
−.

However, as was noted above, AP-XPS probes deeper into
the interface than do second-order spectroscopies. Even with a
minimum electron attenuation length of 2 nm, there is
significant signal measured from probe depths as deep as 5 nm.
An essential consideration in XPS is the local environment

of the excited atom, which has a significant effect on the
measured binding energy. Given the different solvation
environments between the bulk and surface, one might expect
surface effects to modulate the spectra, viz., binding energy
shifts or transition narrowing/broadening. These shifts could
influence the spectral fitting and, thereby, the relative
concentrations of carbonate/bicarbonate reported by Lam et
al.

Figure 4. (a) Simulated XPS binding energies for C(1s) excitation of
carbonate and bicarbonate at the air−water interface. Individual data
points indicate the calculated binding energy and the associated
coordination number with the anion. Calculated binding energies are
“energy-aligned” to the experimental carbonate peak at 289.1 eV. (b)
X-ray photoemission C(1s) binding energies with an incident photon
energy of 490 eV, from 0.5 M solutions of NaHCO3 and Na2CO3.
Data in the bottom panel are reproduced from ref 25, copyright 2017,
AIP Publishing.
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Leveraging the key advantage of real-space KS-DFT for
large-scale computations,54 as well as the recently developed
XPS module,66 we calculate the C K-edge binding energy shifts
for carbonate and bicarbonate at the air−water interface,
shown in Figure 4a. Our calculations reveal that the XPS
spectra were invariant to the displacement of the anion relative
to the air−water interface as well as to the coordination
number of the carbonate species. In Figure 4b the AP-XPS
spectra from Lam et al. are reproduced. The relative shift
between the experimental carbonate/bicarbonate spectral
signatures agrees well with the shift in the calculated binding
energies, with a difference of only ∼0.1 eV, indicating indeed
that the spectral fitting and relative concentrations reported by
Lam are of the distinct carbonate/bicarbonate peaks and not
some convolution of the two due to spectral shifts. These
findings imply that the experimental results are largely dictated
by the thermodynamic properties and concentration of
carbonate species at the interface.

■ IMPLICATIONS FOR ATMOSPHERIC,
ENVIRONMENTAL, AND BIOLOGICAL SCIENCES

The relative partitioning of the carbonate and bicarbonate ions
to the air−water interface is of significant environmental and
atmospheric importance, for example, in atmospheric aerosol
droplet and ocean-surface chemistry. A key consideration to
this subject, which has not been discussed in the present work,
is the adsorption and dissolution of atmospheric CO2 from the
gas phase. We have previously addressed the solvation and
hydrolysis of the species involved in this process by X-ray
absorption spectroscopy,24,26,27 and molecular simulations
have highlighted the importance that the interface plays in
the adsorption of a polyoxy anion to liquid surfaces.67

The ocean serves as a large sink of CO2 from the
atmosphere, with approximately 30% of all anthropogenic
CO2 emissions being absorbed.

68,69 Following solvation into
the liquid, carbon dioxide gas hydrolyzes to form carbonic acid,
which can further exchange protons to form bicarbonate and
carbonate, which is a pH-dependent process:70

C KH O (aq) H O HCO (aq) H O (aq) (p

6.4)

2 3 2 3 3 a+ +

=

+

(6)

KHCO (aq) H O CO (aq) H O (aq) (p

10.3)

3 2 3
2

3 a+ +

=

+

(7)

Thus, an increase in atmospheric CO2 could greatly impact
marine ecosystems via ocean acidification, as given by eqs 6
and 7,71,72 and will shift the ratio of carbonate and bicarbonate
anions present in ocean waters and at the air−ocean interface.
While the ocean has a large degree of buffering capacity, this

effect could be quite drastic inside aerosol droplets, which have
a high surface area to volume ratios. We have shown here that
carbonate resides at the interface in higher quantity than does
bicarbonate and expect this partitioning to play an important
role in influencing aerosol chemistry. It has been postulated
that reaction kinetics can be enhanced at the surfaces of
aerosol droplets;73,74 hence, the change in pH inside of
droplets (and subsequent change in surface composition/
structure) could disrupt or potentially further enhance these
fast reactions. Furthermore, since mammalian respiration
systems are also dependent on the buffering capacity of the
carbonate system and help to regulate changes in blood pH, a

rigorous understanding of carbonate and bicarbonate affinities
for, and reactions at, the air−water interface would further
illuminate these important topics.

■ CONCLUSIONS
In this work, we employed resonantly enhanced DUV-SHG to
directly probe the carbonate and bicarbonate anions at the
air−water interface. By fitting the concentration dependence
with a Langmuir adsorption model, we determined that the
doubly charged carbonate anion adsorbs more strongly to the
surface than singly charged bicarbonate, seemingly in conflict
with widely used models and general expectations. These
measurements support our previous study of the carbonate
system conducted by AP-XPS. We also describe accelerated
MD simulations, which revealed that agglomerate formation of
the highly charged CO3

2− with Na+ counterions is the driving
force for its surface propensity and that this same behavior is
not found for the singly charged HCO3

−. We hope that these
new results will inspire further experiments and modeling to
gain deeper insight into this vitally important chemical system.
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