THE JOURNAL OF

PHYSICAL CHEMISTRY

Letters

pubs.acs.org/JPCL

Electronic Structures of Formic Acid (HCOOH) and Formate (HCOO?)

in Aqueous Solutions

Matthew A. Brown,*" Fernando Vila," Martin Sterrer,’ Stephan Thiirmer,! Bernd Winter,!
Markus Ammann, John J. Rehr,* and Jeroen A. van Bokhoven™”*

"Institute for Chemical and Bioengineering, ETH Ziirich, CH-8093 Ziirich, Switzerland

iDepartment of Physics, University of Washington, Seattle, Washington, 98195, United States

SDepartment of Chemical Physics, Fritz-Haber-Institute der Max-Planck-Gesellschaft, D-14195 Berlin, Germany
IHelmholtz-Zentrum Berlin fiir Materialien und Energie and BESSY, D-12489 Berlin, Germany

lLaboratory for Radiochemistry and Environmental Chemistry, Paul Scherrer Institute, CH-5232 Villigen PSI, Switzerland
#Swiss Light Source, Paul Scherrer Institute, CH-5232 Villigen PSI, Switzerland

ABSTRACT: The electronic structures of formic acid (HCOOH) and formate (HCOO™)
have been determined in aqueous solutions over a pH range of 1.88—8.87 using a
combination of X-ray photoelectron spectroscopy (XPS), partial electron-yield X-ray
absorption spectroscopy (PEY XAS), and density functional theory (DFT). The carbon 1s
XPS measurements reveal a binding energy shift of —1.3 eV for deprotonated HCOO™
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compared with neutral HCOOH. Such distinction between neutral HCOOH and

deprotonated HCOO™ cannot be made based solely on the respective carbon K-edge PEY

C K-edge XAS C1s XPS

XA spectra. Independent of pH, the Cls — z* state excitations occur at 288.0 eV and may
lead to the incorrect conclusion that the energy levels of the 7* state are the same for both
species. The DFT calculations are consistent with the experimental observations and show a
shift to higher energy for both the occupied Cls (lower binding energy) and unoccupied 7*
orbitals of deprotonated HCOO™ compared to neutral HCOOH in aqueous solutions.

SECTION: Surfaces, Interfaces, Porous Materials, and Catalysis

F ormic acid is an interesting molecule from a physical,
chemical, and biological aspect. In addition to being the
simplest of the carboxylic acids, which has made it a model for
fundamental studies in both theory' ™ and experiment,®” "
formic acid has attracted renewed interest as a potential
hydrogen storage material."'~**

In aqueous solution, formic acid establishes equilibrium with
its conjugate base formate (HCOO™). With a pK, of 3.75
formic acid is normally categorized as being of intermediate
strength and is mostly undissociated in a binary formic acid—
water solution."> However, by varying the pH in solution, the
equilibrium can be continuously varied and provides a means to
generate one or the other, or both species, in aqueous solutions.
At high pH, equilibrium favors deprotonated formate
(HCOO™), which is of particular significance in the field of
catalysis, as a formate-metal complex is believed to be the stable
intermediate adsorbed on the surface of the catalyst that
precedes the production of H, and CO, during the
dehydrogenation of HCOOH.%'¢

Here we use a combination of in situ X-ray photoelectron
spectroscopy (XPS) and in situ partial electron yield X-ray
absorption spectroscopy (PEY XAS) from a liquid microjet to
study the electronic structure of aqueous solutions of formic
acid as a function of pH at the liquid—vapor interface.

XPS and XAS are complementary element-specific probes of
local electronic structure with XPS'” probing occupied- and
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XAS'® probing unoccupied-states. In the case of (nonresonant)
XPS," the photon energy (hv) is taken to exceed the binding
energy (BE) of the core electron. As a result of this ionization
process, a photoelectron is ejected into vacuum with a kinetic
energy that is measured and used to infer the corresponding
BE. For light elements such as carbon, the core hole generated
during the ionization process relaxes primarily (99%) by Auger
decay. In the case of XAS,'® a core electron is resonantly
excited to an unoccupied state upon absorption of a photon,
and by varying the incoming photon energy across the
absorption edge, the energies of the respective empty states
can be probed. The decay of the core hole (on carbon) that is
created during excitation proceeds by Auger electron emission,
which is assumed to be proportional to the XA spectrum.
Hence, by integrating the Auger electron signal near the X-ray
absorption (XA) edge as a function of incoming photon energy,
the PEY XA spectrum is collected. It is important to note that
XA energies contain no information on the absolute energies of
the states involved in the absorption process. Only in
conjunction with the respective core level binding energies or
ionization onset, measured by XPS, can one assign an absolute
energy to the unoccupied states.
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As we show here for the case of neutral HCOOH and
deprotonated HCOO™ in aqueous solutions, the carbon K-
edge PEY XA spectra cannot be properly interpreted without a
complementary Cls XPS experiment. Here we encounter the
interesting situation that the XA spectra are essentially the same
for the two species in aqueous solutions, and yet the levels
involved are different on the absolute energy scale. Overlooking
the absolute energy scale leads to a misinterpretation of the
respective XA spectra. Also, while formic acid in aqueous
solutions is surely not a singular case of coinciding XA energies,
surprisingly, despite liquid microjets currently in operation at
the Advanced Light Source,'*"** BESSY,>™*¢ MAX-lab,>" ™%’
and the Swiss Light Source,* there exist but a few studies to
date that report simultaneous XPS and XAS results for a given
solute in aqueous solution.*' >

This Letter is divided into three sections: First, we assign the
absolute BE of the Cls core levels for both neutral HCOOH
and deprotonated HCOO™ in aqueous solutions using in situ
XPS. Second, we present the respective carbon K-edge PEY XA
spectra of both molecules in aqueous solutions. Third, DFT
calculations are presented, providing detailed insight into the
structural and electronic changes of formic acid in aqueous
solutions as the protonation state is varied.

Figure 1 shows the Cls XP spectra of 1 M formic acid at pH
1.88, 3.75, and 8.87. The spectrum at pH 1.88 consists of a
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Figure 1. Cls photoelectron spectra of aqueous 1 M formic acid
recorded at pH values of (a) 1.88, (b) 3.75 (corresponding to the bulk
pK, value), and (c) 8.87 with incident photon energy of 372 eV. The
collected data following a Shirley background subtraction are shown as
red squares, whereas the fits are shown in black. The BE scale is
relative to the vacuum level.

single peak centered at a BE of 294.8 eV (Figure 1a), which we
assign to neutral HCOOH in aqueous solution. This BE is +1.0
eV above the one reported for the respective gas phase species,
HCOOHgas,34 and in agreement with expected hydration-
induced BE shifts.>"** As the pH is increased to the pK, (3.75),
a pronounced shoulder appears in the spectrum that requires a
second component to properly fit (Figure 1b). This second
component is centered at a BE of 293.5 eV, i.e., 1.3 eV below

that of neutral HCOOH in aqueous solution, and can be
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assigned to deprotonated HCOO™ in aqueous solution.
Obviously, the —1.3 eV chemical shift in the Cls BE is
sufficient to allow for the protonation state of formic acid to be
identified in aqueous solutions. Despite equal bulk concen-
trations at pH 3.75 the Cls signal intensities of the two
components differ considerably. The larger signal of the neutral
HCOOH component would be qualitatively consistent with a
considerable excess concentration of the neutral molecular form
in the near surface region.’® As the pH is further increased to
8.87, the equilibrium favors the conjugate base in solution, and
the spectrum is dominated by deprotonated HCOO™ (Figure
1c). The weak intensity component in this spectrum belongs to
neutral HCOOH and suggests that either the surface excess at
low bulk concentrations is significantly more enhanced than
that observed at pH = pK, (where the bulk concentration of
neutral HCOOH is 0.5 M), or that the interface of this solution
is more acidic than the bulk (thereby shifting the equilibrium
toward neutral HCOOH). If the surface excess were assumed
to be similar to that noted at pH = pK,, where a ratio of ~5:1 is
recorded in the C 1s XP spectrum for HCOOH:HCOO~, the
concentration of neutral HCOOH at pH = 887 can be
estimated (based on a ratio of ~1:10) at below 2%.

Figure 2a shows the measured carbon K-edge PEY XA
spectra for aqueous 1 M solutions of formic acid at pH 1.88
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Figure 2. (a) Carbon K-edge PEY XA spectra of 1 M formic acid
aqueous solution recorded at pH 1.88 (black) and 8.87 (red). Spectra
were recorded in constant kinetic energy mode by monitoring the
carbon Auger electron signal as the photon energy was swept across
the absorption edge. (b) The corresponding calculated XA spectra as
determined from TDDFT using both a dielectric solvation field and
explicit solvation.

(black) and 8.87 (red). Unlike the XP spectra of Figure 1, the
two XA spectra are essentially identical at the main (first peak)
absorption, and there is no obvious indication that neutral
HCOOH and deprotonated HCOO™ in aqueous solutions
could be easily identified based solely on the main absorption
feature of these spectra. The main absorption at 288.0 eV is
known to originate from the Cls — 7* state excitation.””*®
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The corresponding calculated XA spectra are shown in Figure
2b (and described below) and are in good agreement with the
experiment when an energy resolution of 0.2 eV is taken into
account. Small, subtle differences in the PEY XA spectra that
might be used to identify the protonation state of formic acid in
aqueous solutions do present themselves at photon energies
above the main Cls — 7 state excitation and are also seen in
the calculated spectra. However, the small signal intensity of the
experimental spectra in this region does not allow for a safe
assignment, and for the purpose of the current discussion, we
focus our attention on the first absorption, i.e., main transition
in the carbon K-edge PEY XA spectra.

What might mistakenly be concluded at this point based on
the first absorption in the carbon K-edge PEY XA spectra is that
the unoccupied 7* states of formic acid in aqueous solutions,
regardless of protonation state, are identical in energy. This is
obviously not the case, as dictated by our XPS measurements
that show a pronounced dependence to the energy of the Cls
core-level on the protonation state of formic acid in aqueous
solutions. One thus has to be very careful when interpreting XA
spectra (on their own) from solution, and one needs to
understand the apparent discrepancy between the XPS and
XAS results, and that requires state-of-the-art electronic
structure calculations.

Density functional theory (DFT) calculations using a
dielectric solvation field and explicit solvation for both neutral
HCOOH and deprotonated HCOO™ were performed to
interpret the XPS and PEY XAS results. The optimized
structures are shown in Figure 3a,b for neutral HCOOH and
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Figure 3. Optimized structures used for the simulations of solvated (a)
neutral HCOOH and (b) deprotonated HCOO™. Structural
optimizations were performed at the B3LYP level and include a
polarizable continuum model to account for dielectric solvation effects.
Both neutral HCOOH and deprotonated HCOO™ are explicitly
solvated by four water molecules, and their hydrogen bonds are shown
in blue. Roman numerals correspond to the structural parameters
shown in Table 1.

deprotonated HCOQO7, respectively. Formic acid was modeled
as a monomer, as the dimer does not exist in dilute aqueous
solution (1 molar).* Structural optimizations were performed
at the B3LYP level and are summarized in Table 1. Both
molecules were explicitly solvated by four water molecules.
The main differences between the optimized structures of
neutral HCOOH and deprotonated HCOO™ are as follows:
There is a rearrangement of the hydrogen bonding network,
with most of the bonds in deprotonated HCOO™ getting
shorter, and the C—O bonds in the formate ion become nearly
symmetric and slightly shorter on average. The optimized bond
lengths for both structures are summarized in Table 1.
Theoretical chemical BE shifts are most often approximated
by the difference between the core state energies in the two
chemical environments and usually are accurate to within 0.1
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Table 1. Optimized Bond Lengths for the Structural Models
of Neutral HCOOH and Deprotonated HCOO™ Using a
Dielectric Solvation Field and Explicit Solvation at the
B3LYP Level

bond (Figure 3) HCOOH/A HCOO /A
i 2.839 2.732
ii 2.866 2.739
il 1.226 1.265
iv 1.100 1.113
v 1316 1.260
1.023
vii 2.964 2.736
viii 2.593 2.814

eV.*%* Our present calculations predict a chemical shift of 1.4
eV in the Cls orbital, in very good agreement with the
observed value of 1.3 eV. A chemical shift of this magnitude is
significant, in particular when we note that the spatial
distribution of the Cls orbital remains well localized on the
absorber and virtually unchanged after deprotonation. The
electrostatic environment in and around the carbon atom,
however, is significantly affected by the general redistribution of
charge. To assess these changes on a quantitative level, we
performed a natural atomic orbital analysis of the DFT wave
functions* and find that the natural electron configuration of
the C atom in neutral HCOOH is 1s* 25 2p37° whereas in
deprotonated HCOO™ the configuration is 1s* 2s*%" 2p*!”.
Therefore, going from neutral HCOOH to deprotonated
HCOO in our solvated model results in a loss of 2s and a gain
of 2p electrons on the carbon atom, with the latter dominating
for an overall net gain of about 0.034e. These configurations are
roughly what are expected for an atom with sp> hybridization.
More interestingly, the small changes in electron occupation
that give rise to the chemical BE shift can be assigned to the
local rearrangement of the bonds that increases their 7—over—oc
character.

Given that chemical shift effects are usually quite local, we
have used the above configurations to study the change in the
Cls orbital energy in atomic simulations. Remarkably, isolated
carbon atoms with the neutral HCOOH and deprotonated
HCOO™ configurations discussed above exhibit a chemical shift
of 1.2 eV, nearly identical to the theoretical chemical shift of 1.4
eV predicted for the molecular systems. Moreover, this shift
depends mostly on the total charge difference between the
atoms and is nearly independent of the actual orbital
occupations.

Unlike the core states, the unoccupied valence states involved
in the XA excitations are more directly affected by the structural
rearrangement upon deprotonation of formic acid. Our
simulations predict that the prominent feature observed in
the XA spectra arises from excitations to the 7* state,>”>* which
is shown in Figure 4 for both neutral HCOOH and
deprotonated HCOO™. As discussed above, the key structural
rearrangement upon deprotonation of formic acid is the
shortening of the C—O bonds. Since the 7* state has mainly
antibonding character, particularly between the C and O atoms,
the shortening of the C—O bonds results in a destabilization of
the 7 state and an increase in its energy.

The net effect of increased electron density at the carbon
atom and the destabilization of the n* state in going from
neutral HCOOH to deprotonated HCOO™ can be seen in the
simulated XA spectra shown in Figure 2b. The spectra of both
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Figure 4. 7* states of neutral HCOOH (top) and deprotonated HCOO™ (bottom). Views from the top (b,f), side (c,g), and perspective (d,h) are
shown. The 7* state is extended over the whole molecule, but does not extend to the solvation shell. For clarity and to identify the position of the

atoms, structures a and e are included with the z* states removed.

molecules consist of a single intense Cls — z* state excitation
at 288.0 eV that renders the protonation state of formic acid in
aqueous solutions indistinguishable using only the first
absorption in the carbon K-edge spectra. The intensity of the
K-edge XA spectra can be qualitatively understood by
considering the dipole operator-mediated overlap between the
core and excited state: Since the core has s symmetry and is
highly localized around the absorber, the final state must have p
symmetry and also have reasonable weight on the absorber. As
shown in Figure 4, this is clearly the case for the out-of-plane
7* state. Other excitations of much less intensity appear at
higher energies in the spectra. These less intense features
starting at ~291 eV correspond to excitations to in-plane states
that have only partial p symmetry and are much less localized
on the absorber, which is why they are difficult to observe in
the experiment.

In situ XPS and PEY XAS measurements have been used to
identify the protonation state of formic acid in aqueous
solutions over a broad range of pH. The 1.3 eV chemical BE
shift of the Cls orbital between neutral HCOOH and
deprotonated HCOO™ makes identifying the protonation
state of formic acid in aqueous solutions using XPS trivial. By
contrast, the similarity at the first excitation makes identifying
the protonation state of formic acid in aqueous solutions using
only carbon K-edge PEY XAS nontrivial. The chemical BE shift
in the Cls orbital is well reproduced in DFT models only when
a dielectric solvation field and explicit solvation are both
included. The origin of the similarities in the carbon K-edge
PEY XA spectra between neutral HCOOH and deprotonated
HCOO™ was shown to originate from an increase in energy of
the 7* state of deprotonated HCOO™ that perfectly offsets the
increase in energy (decrease in BE) of the Cls orbital. The net
effect is that the Cls — 7* excitations occur at 288.0 eV for
formic acid in aqueous solutions, irrespective of protonation
state. These findings appear to also be valid for the pH-
dependent electronic structures of acetic acid in aqueous
solutions (coinciding XA energies with differing XP energies),43
which suggests the present conclusions may be general to
carboxylic acids beyond formic and acetic acids.
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The present Letter has demonstrated the benefit of
combined electronic structure measurements using the
complementary probes XPS and XAS. Taken together, XPS
and XAS are capable of providing more detailed electronic
structure information than the sum of the two techniques on
their own and therefore, when experimentally possible, both
should be performed.

B EXPERIMENTAL METHODS

Our XPS and PEY XAS experiments were performed at the
PGM-U41 beamline of BESSY using a 28 um liquid jet***
operating at 279 K (measured immediately before expansion
into the measurement chamber) and a flow rate of 0.65 mL/
min. Three solutions of 1 M formic acid (Sigma-Aldrich) were
prepared for analysis. The first solution was prepared at pH
1.88 by directly diluting the stock formic acid solution. A
second solution was prepared at the room temperature pK,
value, pH 3.75, by the addition of concentrated NaOH (Sigma-
Aldrich). A third solution was prepared at the equivalence
point, pH 8.87, also by the addition of concentrated NaOH.
Bulk pH values were measured at room temperature using a
calibrated pH probe. It should be noted that the pK, of formic
acid exhibits only minor temperature dependence between 298
and 279 K, ~1%,* and therefore is not expected to impact the
present experiments, which were conducted at 279 K but
prepared at 298 K.

XPS. Cls XP spectra were collected using a monochromatic
incident photon energy of 372 eV, which results in an electron
kinetic energy of ~80 eV. The hemispherical electron energy
analyzer was set to a constant pass energy of 10 eV. Reported
binding energies are relative to the vacuum level and calibrated
to the 1b, orbital of liquid water at 11.16 ¢V.* The Cls
spectral region was fit using pure Gaussian functions following a
standard Shirley background subtraction.

PEY XAS. PEY XA spectra were collected in constant kinetic
energy mode by monitoring the carbon Auger electron signal
(~260 eV KE) as the photon energy was swept in increments
of 0.2 eV across the carbon K-absorption edge. The experiment
is performed in the following manner: For each photon energy
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between 280 and 299 eV the hemispherical energy analyzer is
scanned across an electron kinetic energy range of 200—300 eV
at a pass energy of 100 eV and the resulting spectrum is
integrated across the 100 eV energy window. The integration of
each spectrum yields a single data point of the PEY XA
spectrum. Background measurements (I;) from a microjet of
pure water were performed in an analogous manner to those of
the formic acid solutions and used to normalize the PEY XA
spectra to account for variations in the beamline flux at the
sample position. It is generally agreed that the probe depth of
an electron spectroscopy experiment at the liquid—vapor
interface carried out at 80 eV (PES, above) and 260 eV
(PEY XAS) varies by only 10% with the PES experiment being
more surface sensitive.”® Therefore the small contribution of
neutral HCOOH in the PE spectrum at pH 8.87 is weighted to
an even lesser extent in the PEY XAS measurements and not
expected to affect the interpretation of the results.

B COMPUTATIONAL METHODS

All simulations were performed using Gaussian 09.* Formic
acid and formate were solvated with four explicit water
molecules and optimized using the B3LYP exchange-correlation
(XC) functional®®*" and the aug-cc-pVDZ  basis set, 3
resulting in the structures shown in Figure 3. In addition to
the explicit solvent molecules, these optimizations were
performed in the presence of a solvation reaction field using
the water dielectric constant.>* The solvation field is critical in
bringing the Cls chemical shift into qualitative agreement with
experiment since, in its absence, the resulting values were
overestimated by about S eV. The explicit hydrogen-bonded
water molecules play a less critical but nonetheless important
role and bring the chemical shift into quantitative agreement
with the experiment. The convergence of the chemical shift
with respect to explicit solvation was verified by removing one
of the water molecules (bond “ii” in Figure 3). This resulted in
a change in chemical shift of only 0.1 eV. The chemical shift
was computed by taking the difference of the Kohn—Sham
energies for the corresponding Cls molecular orbitals.

The simulated XA spectra were computed using the TDDFT
approach,®*® with the same XC functional and basis set as for
the optimizations, with broadening included to match that
observed in experiment. To ensure that only excitations from
the core were included, all other occupied orbitals were kept
frozen. It should be noted that although more sophisticated
methods exist for computing XA spectra (e.g., those
implemented in StoBe>” or FEFF"®), they lack the solvation
reaction field required to obtain quantitative results in the
specific application presented herein.
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