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Abstract

Liquid jet X-ray photoelectron spectroscopy was used to investigate changes in the local
electronic structure of acetic acid in the bulk of aqueous solutions induced by solvation effects.
These effects manifest themselves as shifts in the difference in the carbon 1s binding energy (ABE)
between the methyl and carboxyl carbons of acetic acid. Furthermore, molecular dynamics
simulations, coupled with correlated electronic structure calculations of the first solvation sphere,
provide insight into the number of water molecules directly interacting with the carboxyl group
that are required to match the ABE from the photoelectron spectroscopy experiments. This
comparison shows that a single water molecule in the first solvation shell describes the
photoelectron ABE of acetic acid while upwards of 20 water molecules are required for the

conjugate base, acetate, in aqueous solutions.
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Introduction

A variety of spectroscopic techniques have been used to probe the changes in the electronic
structure of solute molecules resulting from solute/solvent interactions.'> Nuclear magnetic
resonance (NMR) spectroscopy has been utilized to study transition metals in solution,® while
infrared (IR) and UV-vis spectroscopy have been used for organic species in different solvents.*©
In general, these experiments are sensitive to the valence electronic structure of the solute, thus
providing information on the solute/solvent interaction that is somewhat delocalized due to the
spatial extent of the valence orbitals. By probing core level electrons, X-ray absorption (XAS)
and emission (XES) spectroscopies provide information on the electronic structure that is more
localized in the region of the ionized atom and have been used to investigate shifts in the electronic
structure at different mole fractions.”® From a theoretical standpoint, electronic structure
calculations, coupled with molecular dynamics (MD) simulations, can offer significant insight but
require high quality structural information from diffraction studies, in addition to the spectroscopic

work, to verify the accuracy of the simulation.!°

Acetic acid is a widely used, industrially relevant molecule that is one of the simplest
carboxylic acids having several points of possible interaction with a solvent through hydrogen
bonding.!! In the gas phase, the accepted structure is a cyclic dimer that has been shown by
molecular dynamics (MD) simulations and diffraction experiments.!? Acetic acid in the liquid
phase presents a different challenge regarding the solvation and hydrogen bonding network

associated with the molecule in solution from both an experimental and theoretical point of view.

There are few techniques that can be used to directly investigate the local electronic structure
within a molecule in solution. By probing core level electrons, X-ray photoelectron spectroscopy

(XPS) provides information about the local electronic structure within the molecule. Recent
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advances in instrumentation, including electron transfer lenses and differential pumping, have
enabled characterization of liquid/vacuum and liquid/gas interfaces using liquid jet ambient
pressure XPS (LJ-APXPS).13-1¢ XPS has been shown to be sensitive to changes in the local
chemical environment of aqueous solutions, such as changes in concentration and pH,'”!% and
could be used to understand the solvation of a molecule such as acetic acid by investigating the
relative change in chemical environment between the carboxyl and methyl carbons in the
molecule. In aqueous solution, this would provide additional understanding of the solvation of

acetic acid and can also be used to investigate changes in solvation when other solvents are used.

Here, we make use of the recently developed self-consistent generalized Kohn-Sham
semicanonical projected random phase approximation (GKS-spRPA) method to compute core
electron binding energies (CEBEs).!® GKS-spRPA has been shown to yield CEBEs with an
accuracy comparable to that of high-level propagator theory but significantly lower computational
cost, enabling applications to solvated species with high predictivity. The comparatively low-cost
of GKS-spRPA enables the computation of the CEBEs in conjunction with the ab initio trajectories
obtained from hybrid or semilocal density functional approximations. This combined approach
can be used for systematic study of microsolvation effects. It is well established that valence!® and
core’® ionization potentials converge very slowly with the number of solvent molecules
surrounding the solute. Here, we used a combination of continuum solvation models and ab initio

MD (AIMD) to speed up the convergence of the CEBEs.

In the work described here we have used lab based LJ-APXPS experiments coupled with
detailed calculations of the core level binding energies of acetic acid and acetate in aqueous
solutions. These experiments utilize Al Ka (1486 eV) X-rays resulting in high kinetic energy

photoelectrons that probe the behavior in the bulk of the solution. We follow the difference in
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binding energies of the Cls electrons for the methyl and carboxyl carbons as a measure of the
impact of solvent interactions on the local electronic structure within the molecule. By comparing
measured and calculated core level binding energies we find that the majority of the solvent
induced change in the electronic structure probed in the XPS experiment is due to the interaction
of one water molecule with the hydroxyl group of acetic acid. In stark contrast we find that 20

water molecules are required in the case of the acetate ion.

Methods

Liquid Jet X-ray Photoelectron Spectroscopy

Solutions were prepared at a 5 M bulk concentration in water. A small amount of NaCl (0.02
M) was added to the solutions to prevent charging of the liquid jet. Acetic acid and sodium acetate
(Sigma Aldrich, ACS Reagent) were all used as received without any purification. The solutions
were then characterized immediately after mixing with no modifications in pH (~2.0 in the acetic
acid case and ~9.5 in the case of the acetate solutions). Photoelectron spectra were collected on a
lab-based, near ambient pressure X-ray photoelectron spectrometer from SPECS Surface Nano
Analysis Gmbh specifically designed for liquid jet experiments. Monochromatic Al Ka (1486 eV)
X-rays with a 40 pm diameter spot size was used in these studies. At this excitation energy, the
generated Cls photoelectrons are produced with a kinetic energy of ~1200 eV. At this kinetic
energy the electron escape depth from the solution is ~5 nm.?! Our previous synchrotron based
experiments on a variety of small molecular solvents in water have shown that spectra obtained at
this high photoelectron kinetic energy are characteristic of the bulk solvation of the molecule.!4?2-
25 All liquid-phase photoelectron experiments followed similar procedures to earlier work
completed at synchrotron facilities outlined in detail elsewhere.?3->426-27 The pressure in the liquid

jet chamber was held at ~8 mbar by the use of a cooled (~5 °C) bath of NaCl saturated water which

4

ACS Paragon Plus Environment

Page 4 of 19



Page 5 of 19

oNOYTULT D WN =

The Journal of Physical Chemistry

also acted as the collector for the liquid jet as it exits the chamber. Gas phase spectra are obtained
with the liquid jet positioned away from the entrance to the electron analyzer, ensuring no liquid
phase peaks appear. Liquid phase spectra are collected with the liquid jet near the analyzer cone
and contain both gas and liquid phase spectra. All liquid spectra are collected after the liquid jet
has been moved into the appropriate position approximately 25um from the analyzer cone entrance

(300 um diameter). The liquid jet is operated at a flow rate of 0.4 mL/min.

All liquid jet XPS spectra were collected at 50 eV analyzer pass energy and were calibrated to
the O 1s gas phase of water at 535.5 eV. Since small charging effects can occur that may impact
the absolute binding energies, this study focused on the differences in binding energy between the
carboxyl and methyl carbon (ABE) to compare with theoretical calculations. The energy resolution

of the analyzer at this pass energy is 1.0 eV.

Electronic Structure Calculations

Total energy calculations were performed on several potential starting structures for each
system; the structure with the minimum total energy of each system was used as the starting
structure for the following steps. The geometry optimization was performed within density
functional theory (DFT) using the PBEO functional and the def2-SVP basis set.?$2? Grid size 3 was
used for numerical integration, and self-consistent field (SCF) convergence criterion of 10-% was
used.’? Numerical finite differences of gradients (NumForce program in TURBOMOLE) were
used to confirm that the geometries obtained reside at local minimum energy.3! To simulate acetic
acid and acetate in liquid phase, a small number of explicit water molecules were included.
Calculations for molecules in dielectric medium were also performed employing the conductor-

like screening model (COSMO) with the dielectric constant for water, 80.1.3233
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Ab Initio Molecular Dynamics Simulations

To simulate the chemical systems studied in the experiment more accurately, a trajectory of
structures, instead of a single point structure, was investigated for each system. Microcanonical
ensemble ab initio molecular dynamics (AIMD) including n=1-6 number of water molecules was
used.?* The AIMD simulations were run for a total of 10 picoseconds (ps) with 20 a.u. (0.5 fs) time
steps; the PBEO functional and def2-SVP basis sets were employed. The starting temperature of
the AIMD simulation was 500 K. The first 4 ps of the trajectories were discarded to allow
equilibration, and 50 representative snapshots were extracted randomly from the next 6 ps of the
trajectory. We extracted 500 snapshots from each trajectory initially; in an attempt to obtain a
more efficient sampling by reducing the number of snapshots, we extracted 50 samples from the
500 snapshots and performed bootstrapping analysis. The 95% confidence interval calculated with
these 50 snapshots was within 0.002 eV of the sample average. This indicates that these 50
snapshots provided an equilibrium ensemble which reasonably represented the clusters that existed

in the liquid jet experiment.

Core Electron Binding Energy (CEBE) Calculations

The structures of the 50 equilibrium snapshots from the AIMD trajectories were extracted to
set up the CEBE calculations using the GKS-spRPA method. For these calculations, 400 imaginary
frequency integration points,'? the PBE exchange-correlation potential along with the def2-TZVPP
basis set,? grid size 4 for numerical DFT integration and SCF convergence criterion of 108 were
used. The CEBE of the different systems with various numbers of water molecules were reported
as the average of the representative 50 snapshots. The starting geometries of the acetic acid and
acetate systems were built using Avagadro.’> All calculations were performed using the

TURBOMOLE V7-4 program package.’¢
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Solvation Effects

We included COSMO to account for implicit solvation to simulate liquid phase acetic acid
and acetate. The current implementation of the GKS-spRPA includes continuum solvation effects
on the KS reference and partially on the correlation energy. However, even a full GKS-spRPA
COSMO implementation, which is currently not available to us, may not capture additional effects
caused by inner-shell solvation.” Additionally, the COSMO solvation model has been
parameterized using solvation free energies, which does not necessarily imply accuracy for

CEBEs.

Results and Discussion

An understanding of the electronic structure in gas phase is needed to compare with the
molecule in solution and, eventually, with theory. Figure 1 shows the C 1s gas and liquid spectra
of the aqueous acetic acid and the C 1s spectra for aqueous sodium acetate obtained from LJ-

APXPS experiments. Note that, as expected, there is no gas phase component for the acetate.

a) b)
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Figure 1: C 1s LJ-APXPS spectra of (a) gas phase acetic acid above the liquid jet, (b) 5 M aqueous acetic acid showing
both the gas phase acetic acid and the acetic acid dissolved in the solution and (¢) 5 M aqueous sodium acetate solution
(pH ~ 9.5). The opposites slopes are a fitting artifact from the large scatter of the background data points due to the
low signal values. The choice of endpoints for the fitting of each spectrum were the same value with an average of 10
points on either side. The ratio of the peak areas resulting from the fit was 1:1 in all cases.
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As can be seen in Figure 1, the C 1s peaks due to the methyl (285.6 eV) and carboxyl (290.9
eV) carbons are easily separated in the spectra. The difference between the two peaks in the C 1s
spectrum (ABE) can be used to show any perturbation of the electronic structure of the molecule
in relation to its solvation. A Monte Carlo simulation of the peak model was used to estimate the
errors in the peak position and full width at half maximum (FWHM).3® A summary of the binding
energies, ABE values, and the peak FWHM values for all the relevant peaks is provided in Table

1.

Table 1: Summary of C 1s gas and liquid phase data of acetic acid and acetate in aqueous solution. AE values are the
difference between the methyl and carboxyl binding energies in electron volts.*

‘ Carboxyl Carbon ‘ Methyl Carbon ‘ AEg (eV) ‘ AEjq (eV)
FWHM FWHM
Eb (eV) (eV) Eb (eV) (eV)

Acetic 291.00 0.85 287.16 1.22 3.84

Acid (44 +0.03 +0.10 +0.05 +0.15 +0.06
Acetic 289.66 1.10 285.64 1.07 3.90 4.02
Acid (ziguig) +0.09 +0.15 +0.07 +0.16 £0.11 +0.11
Sodium 288.95 1.16 285.46 1.31 i 3.49
Acetate +0.04 +0.10 +0.05 +0.12 +0.06

*The errors reported in Table 1 are statistical errors. As mentioned in the Methods section there may be small
systematic errors in the absolute binding energies due to minor charging of the liquid jet, which does not
impact the differences in binding energies (ABE). We provide the measured absolute binding energies here to
show the different changes in the carboxyl carbon atom BE and the methyl carbon atom BE (e.g. In comparing
aqueous protonated acetic acid to aqueous acetate the change in the BE value of the carboxyl carbon is larger
than that for the methyl carbon as would be expected). Such qualitative observations that rely on the absolute
binding energies will not be impacted by the small systematic errors resulting from the possible small amount
of charging of the liquid jet.

The ABE values of acetic acid of the gas phase molecule above the liquid jet and in the liquid
phase is 3.90 and 4.02 eV, respectively. The liquid phase ABE is increased compared to the gas
phase due to the interactions with the water solvent. Acetate, the conjugate base of acetic acid, has
a negative charge on the carboxyl carbon and is expected to have a different solvation in

comparison to acetic acid in aqueous solution. The ABE for acetate in water solution is 3.49 eV.

The binding energy of the acetate carboxyl carbon (288.95 eV) is lower than the carboxyl carbon
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of the acetic acid (289.64 eV). The methyl group also shows a small shift of 0.18 eV to lower

binding energy, consistent with an indirect effect of the deprotonation of the carboxyl group.

Electronic structure calculations using MD simulation snapshots of acetic acid and acetate
anions with water solvent, as described in the Methods section, were carried out with different
numbers of explicit solvent molecules using the methods described by Voora et al.!? Electronic
structure calculations were used in each configuration of the MD simulation to generate a
difference in the binding energy between the carboxyl and methyl carbons (ABE). A summary of

the ABE results of this method is shown below in Table 2.

Table 2: Comparison of experimental data and calculated ABE for acetic acid and acetate in water. The calculated
ABE is from the averaged AIMD trajectories obtained from GKS-spRPA calculations. Higher number solvent values
for acetate were calculated with point calculations and have no error in the calculated values. Experiment gas phase
values are found from the fit of the liquid photoelectron spectra.

Number of Solvent Molecules Acetic acid ABE in Water Acetate ABE in Water
Gas Phase 3.58 -
1 3.76 £0.17 3.03+£0.12
2 3.82+0.16 3.06+0.15
3 3.77+0.16 3.13+£0.11
4 3.82+0.18 3.14+£0.13
8 - 3.32
10 - 3.40
20 - 3.45
Experiment Liquid 4.02+0.11 3.49+0.06
Experiment Gas 3.90+0.11 -
9
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ABE of acetic acid in the gas phase was calculated to be 3.58 eV which is lower than the pure
gas phase experimental value of 3.84 eV. The difference is likely due to vibrational excitations of
the PES process leading to slightly asymmetric and broader peak with lower peak height in the
experiment. This was not included in the calculations. To test this, d*-acetic acid, where the CDj
is expected to have weaker vibrational coupling, was also characterized in aqueous solution at the
same concentration (Figure S1) and was observed to have a ABE of 3.67 eV. This ABE is much
closer to the calculated value compared to hydrogenated acetic acid. Other studies have shown
that in the gas phase, acetic acid dimer may be a more suitable comparison to theoretical
calculations.!>3° The dimer was found to have a ABE of 3.64 eV for both molecules and is an
appropriate structure for gas phase calculations. The addition of one water molecule to the
simulation results in a significant shift from the single molecule value of 0.18 eV to a higher ABE.
This is in close agreement with the gas to liquid phase shift observed in the experiment (0.12 eV).
Including more water molecules in the local structure for the calculation results in little additional
change (Table 2). Acetic acid has 3 possible locations to hydrogen bond to any solvent molecule
directly: acceptors at the carboxyl oxygen and hydroxyl oxygen and a donator at the hydroxyl
hydrogen. This would, as an initial starting point, indicate that a minimum of 3 water molecules
could be needed to form the first strong solvent interactions in the solvation shell around the acetic
acid. From a theoretical study of acid-water clusters, Krishnakumar et al. concluded that
continuum solvation models insufficiently capture acetic acid microsolvation.*? It was suggested
in previous literature that the first solvation shell of an acetic acid molecule in water is 4-5 water
molecules under dilute conditions.***! Based on the results of the simulations in comparison to the
experiment, the number of solvent molecules required to reproduce the experimental shift in the

core level electronic structure from the gas to the solution value, within error, is only 1 water
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molecule. Representative snapshots of the water interaction within the MD trajectory with the

acetic acid are shown below in Figure 2.

a) b) .

Figure 2: Representative snapshots from the MD simulations calculated at PBEO\def2-TZVPP level with (a—d) 1 to
4 water molecules, respectively.

The snapshots show the interaction of water with acetic acid begins with the hydroxyl hydrogen
and the water molecule. When a second water molecule is added, there is no additional, direct
interaction with acetic acid, rather, the second water molecule hydrogen bonds to the first water
already bound to the acetic acid as shown in Figure 2b. This would be why the ABE does not shift
significantly when adding a second water molecule. The addition of a third water molecule then
interacts with the carboxyl oxygen of acetic acid causing a very slight decrease in the calculated
ABE. When a fourth water is added, there is no change in the direct interaction with the acetic acid
but the interaction between solvent molecules is modified and the ABE slightly increases again.
Within the first solvent shell, there is no interaction with the methyl end of the acetic acid with the
solvent molecules. Exploratory single-point calculations without COSMO showed a decrease in
ABE by 0.2-0.3 eV indicating a slower convergence to the experimental result in the absence of

continuum solvation.

Simulations and electronic structure calculations were also carried out for acetate in water, and
the results are tabulated in Table 2. The ABE values for acetate containing up to 4 water molecules

underestimates the experimental value; however, acetate is thought to contain upwards of 6 water
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molecules in its first solvation shell and this could be the origin of the observed deviation.*! This
system requires more solvent molecules in the simulation to converge and to capture the
experimental results, presumably due to longer range electrostatic interactions for the ionic system.
A total of 8, 10 and 20 water molecules were added to the simulation and their resulting ABE is

tabulated in Table 2.

For acetate with 10 water molecules, the simulation begins to capture the local solvation
structure that would correspond to the resulting ABE of the photoelectron experiments. This
indicates that complex interactions that occur between the analyte and the solvent will require
more solvent molecules to be included in the local electronic structure calculation to reproduce
experimental values. The charged nature and delocalized carboxyl group of acetate would require
more solvent molecules in the calculation. Snapshots of these interactions are shown below in

Figure 3.
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Figure 3. Optimized geometries of (a) CH;COO™8 H,0, (b) CH;COO-10 H,O and (¢) CH;COO-20 H,O using the
PBEO functional with def2-TZVPP basis set for all the atoms.

Similar to acetic acid, the snapshots show that all of the interactions between the solvent molecules

and acetate ion are located at the carboxyl group of the molecule with almost no interactions near
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the methyl group. The effect of continuum solvation was found to have an even larger effect on
computed ABE values for acetate than for acetic acid: For acetate with a single water molecule,
COSMO solvation increases ABE by approximately 0.7 eV. The magnitude of the COSMO
contribution is found to decrease slowly as the number of water molecules increases, suggesting
that the screening of long-range electrostatic interactions simulated by continuum solvation is vital

for capturing the bulk solvation limit.
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Figure 4: Difference in binding energy (ABE) of acetate with finite number of water molecules (n) as a function of
n + o where 0 = 10, compared with the experimental value. The unshaded points are obtained from the average ABE
obtained from the MD trajectories, and the shaded points are obtained from single point calculations.

While the first water molecule is enough to capture almost all the solvation effects for
acetic acid, it is obvious that in the case of acetate, implicit solvation and explicit solvation
combined was not sufficient to simulate liquid phase acetate anions. As is indicated in Figure 4,
the calculated ABE of acetate with 20 water molecules is 3.49 eV, which matches well with the
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experimental value. To further investigate this issue, apart from explicit solvation for near field
effects and continuum solvent, extrapolation was included to calculate the CEBE of solution phase
acetate. When a negatively charged molecule in finite-size clusters interact with solvent molecules
with unknown potentials, the extrapolation model for size-dependent binding energy can be
derived based on classical polarization theory. The existing mathematical model states that the
binding energies of a negatively charged solvated ion scales linearly as 1/R, where R is the radius
of the solvated cluster.*> However, this mathematical model performs poorly when applied to small
clusters, and the performance is highly dependent on the type of system. The extrapolation result
obtained from this model is reported to deviate significantly from the experimental result. To
specifically address the issues discussed, Pathak and co-workers*} developed a new extrapolation
model in the form of a truncated Taylor series:

Ay B,

AE,(n) = A, () + ——+ oy

where n is the number of explicit solvent molecules, and o is a positive integer that is greater than
unity. By plotting the ABE obtained from the finite-sized clusters, a polynomial trend line can be
obtained based on the extrapolation method described above, and the second polynomial is
calculated to be ~ y = —13.52x* —3.98x + 3.50 where R* = 0.9387 , where the CEBE liquid
phase acetate is determined by the y-intercept of the polynomial trend line (Figure 4). The CEBEs
of acetate ions from single point calculations were used to test the validity of the extrapolation
model. The parameter sigma was chosen to equal 10, an order-of-magnitude estimate based on

Ref. 36; however, the bulk extrapolated result was found to be fairly insensitive to sigma.
The number and distribution of solvent molecules had a much greater effect on the

chemical shift of the negatively charged acetate than on neutral acetic acid. Unlike acetic acid,

14

ACS Paragon Plus Environment

Page 14 of 19



Page 15 of 19

oNOYTULT D WN =

The Journal of Physical Chemistry

where we capture bulk behavior with the addition of only one directly interacting solvent molecule,

acetate demonstrated behavior that is extremely sensitive to change in solvent environment.

Conclusion

Liquid jet APXPS was used to provide insight into the solvation environment of small
molecules by investigating the change in electronic structure of acetic acid and acetate in aqueous
solutions. Coupled with electronic structure calculations, the solute electronic structure can be used
as a probe to generate a more detailed molecular understanding of the hydrogen bonding within
solution by monitoring the ABE between the methyl and carbonyl carbons. In the presence of
continuum solvation accounting for long-range electrostatic screening, the highly charged nature
of the acetate conjugate base required more explicit solvent molecules (20 water molecules) when
calculating the electronic structure of the solvation environment in order to reproduce the
photoelectron experimental data. In comparison, acetic acid required only 1 water molecule in
order to replicate the experimental photoelectron results. These findings are consistent with prior
theoretical results on the solvation-dependence of ionization potentials,** including the observation

that the accuracy of continuum solvation models deteriorates for charged species.*

Supplementary Information

XPS spectra, summary table of relevant values and calculated ABE of d*-acetic acid in aqueous

solution are given free of charge in the supporting information
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