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Controlling the pH of aqueous succinic and maleic acids analyzed
by X-ray absorption spectroscopy

Risa Okada?, Rikuya Adachi?, Ryosuke Yamamura®®?, Taiga Suenaga®®, Takashi Tokushima®', Yuka
Horikawa®<, Masaki Oura®, Osamu Takahashi®d*

X-ray absorption spectroscopy (XAS) measurements were performed at the oxygen K-edge using aqueous solutions of
succinic and maleic acids. Molecular dynamics simulations were employed to perform structural sampling and calculate the
theoretical spectra using the framework of the density functional theory. When the pH was varied, the first peak in the XAS
profiles exhibited different behaviors for succinic and maleic acids. This peak behavior was reproduced using theoretical
calculations. Maleic acid, which has a double bond between its central carbon atoms, exhibits resonance effects between
its two carboxyl groups. Because this resonance effect was not observed for succinic acid, it was considered to account for
the different peak shifts. Hydrogen bonding analyses of the water molecules surrounding succinic and maleic acids were

performed to elucidate the structure of the water network.

Introduction

Since the beginning of the 21st century, structural research based
on the molecular theory of liquids under ambient conditions has
progressed considerably.! The development of technologies such as
liquid jets 3 and liquid flow cells*7 has made it possible to quantity
the X-ray absorption spectroscopy (XAS) profiles of liquid samples.
To date, XAS studies have been conducted on liquid samples such as
water? 8, alcohols®, and aqueous solutions of organic acids'®.

A typical example of a study in aqueous solutions using soft X-rays
is acetic acid. This molecule has two oxygen atoms in the carboxyl
group, C=0 and OH, which have different chemical environments
and are observed in a site-selective manner?, In addition, Horikawa
et al.’% 12 quantified the XAS and X-ray emission spectroscopy (XES)
profiles of aqueous acetic acid solutions at various pH levels and
reported their pH dependence. The molar fractions of the neutral
and anionic species quantitatively analyzed from the XES profiles
were consistent with the Henderson—Hasselbalch equation. For
oxalic acid, which is a dicarboxylic acid, both XAS and site-selective
XES of its aqueous solution were conducted, and the respective
profiles were quantified. By combining experimental findings with
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theoretical calculations, a resonance effect between the two
carboxyl groups, which was not observed in monocarboxylic acids,
was demonstrated?3. The pH control of aqueous solutions of
organic molecules has also been studied for amino acids; for
example, Alias-Rodriguez et al.* confirmed that three protonation
states dependent on the pH could be distinguished for proline.
Using XPS and XAS, Greenspoon et al.’> also showed that changes in
the pH affect the surface composition of ammonium sulfate
aerosols. Horikawa et al.1 applied XAS to aqueous glycine as a
biomolecular prototype.

Theoretical calculations based on the electronic structure theory
are also powerful tools for studying solutions. Reinholdt et al.%”
investigated the coupled cluster modeling of nitrogen K-edge XAS
for aqueous ammonia and ammonium based on quantum
mechanics/molecular dynamics (MD) and compared their results
with published experimental data and transition potential density
functional theory (TP-DFT)-based simulations. Odelius et al.18
conducted a theoretical and experimental study on the same
system and showed symmetry breaking around the ammonia
molecules in an aqueous solution. In addition, they simulated
spectra using both ASCF (where orbitals were optimized for the final
state) and second-order algebraic diagrammatic construction
[ADC(2)] (which uses molecular orbitals optimized for the ground
state), and interpreted the observed solvatochromism by
comparing the XAS profiles in the gas phase and in aqueous
solutions?®,

In this study, we focused on succinic and maleic acids as
dicarboxylic acids. Dicarboxylic acids with two carboxyl groups play
important roles in the metabolic pathways of living organisms.
Succinic acid is among the compounds that makes up the citric acid
cycle and is oxidized by succinate dehydrogenase to form fumarate.
Maleic acid has the same empirical formula as fumaric acid, but
refers to the cis-isomer. Maleic acid (pKa = 1.92, 6.23) and succinic
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acid (pKa = 4.21, 5.64)20 are four-carbon dicarboxylic acids. Maleic
acid contains a carbon—carbon double bond, whereas succinic acid
does not. Maleic acid has several conformational isomers owing to
the rotation of its carboxyl groups and the orientation of the
hydrogen atoms on its OH groups, whereas succinic acid has
additional conformational isomers owing to the rotation around the
C2-C3 axis. It would be interesting to observe the spectral features
upon changing the pH and bond order. Furthermore, owing to intra-
and intermolecular hydrogen bonding, succinic and maleic acids
adopt various conformations. Theoretical analysis is also important
to elucidate the features of these compounds at the molecular
level.

Previous studies using IR spectroscopy?’ 22 and NMR?3 24 have
provided insights into the solvation structures and hydrogen
bonding environments of these molecules. Conformational studies
of dicarboxylic acids have been performed using IR and Raman
spectroscopy by Suzuki and coworkers?> and theoretically?5 27
However, direct experimental information on how differences in
hydrogen bonding motifs are reflected in the electronic states of
oxygen atoms remains limited. In the present study, we employ soft
XAS at the oxygen K-edge to investigate aqueous solutions of
succinic and maleic acids, with the aim of elucidating how intra- and
intermolecular hydrogen bonding influence their electronic
structures.

Methods

Experimental methods

Aqueous 0.3 M succinic acid solutions at pH levels of 2.4, 5.0, and
12.5 was prepared by mixing two reagents [namely succinic acid
(99.5 % purity) and sodium hydroxide (97 % purity), provided by
Nacalai Tesque] with water. A 0.2 M maleic acid solution at pH
levels of 1.4, 4.2, and 11.7 were prepared by mixing two reagents
provided by Nacalai Tesque, maleic anhydride (99 % purity) and
sodium hydroxide (97 % purity), with water.

XAS profiles were recorded using the soft X-ray beamline BL17SU at
the SPring-8 facility?® 22, All spectra were quantified using a liquid
flow cell with a 150 nm-thick Au-coated thin SisN4 window to
separate the liquid flowing at atmospheric pressure from the high-
vacuum region® 3, The energy resolution of the XAS profiles was
0.1 eV. The background consisted of oxygen impurities in the SisNa
window.

Theoretical methods

Maleic acid has several conformational isomers owing to the
rotation of the carboxyl group and the orientation of the H atom of
the OH group. The chemical structures of succinic and maleic acids
are shown in Scheme 1. Succinic acid and its rotation around the
C2—C3 axis should be considered. Conformational searches for
succinic and maleic acids were performed using the CONFLEX3?
program for neutral, anionic, and dianionic acids. Each

2| J. Name., 2012, 00, 1-3

conformation was structurally optimized using the molecular.erhital
program package Gaussian 0932 based on the Mgller - P1d3se00520A
second-order perturbation theory and cc-pVTZ basis sets33. The
polarizable continuum model (PCM)34-3¢ was also used to account
for solvent effects.
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Scheme 1: Chemical structures of succinic (a)-(c) and maleic
(d)-(f) acids.

MD simulations were performed using the simulation program
GROMACS?’. The aqueous solution model of maleic acid was
created by randomly placing nine maleic acid molecules and 2500
water molecules in a box (0.2 M). The aqueous solution model of
succinic acid was prepared by randomly adding 14 molecules of
succinate and 2500 molecules of water to a box (0.3 M). Sodium
ions were added to the anionic and dianionic acid solutions to
achieve a total charge of zero. The water model used was the TIP4P
force field38,

The bond and angular force constants of succinic and maleic acids
were determined for the most stable succinic and maleic acid
conformations. The lists of force constants are compiled in the
Supplementary Information.

We first performed energy minimization, followed by 20 ps
simulations in the NVT ensemble (i.e., the number of particles N,
volume V, and temperature T of the system were kept constant).
Short-range interactions were corrected using the Verlet
algorithm3? with a cutoff distance of 0.9 nm. Velocity—rescaled
temperature coupling was used®. Long-range electrostatics were
corrected using the particle mesh Ewald (PME) algorithm*%42 during
equilibration. The subsequent simulations were followed by 10 ns
simulations in the NPT ensemble (i.e., the number of particles N,
pressure P, and temperature T of the system were kept constant)
with a time step of 0.1 fs, pressure of 1 bar, and a temperature of
300 K.

From several snapshots of the MD simulations, 90 clusters
consisting of one succinic and one maleic acid molecule and
surrounding 30 water molecules were sampled. XAS calculations
were performed using the density functional theory implemented
with the deMon2k code®3. The standard Perdew—Burke—Ernzerhof
gradient-corrected exchange-correlation functional** 4> was used.
In addition, the IGRO-III basis set*® was used to describe core-
excited oxygen atoms. Triple-zeta valence plus polarization basis
sets were used for hydrogen atoms. The effective core potential
was used for the carbon and non-core-excited oxygen atoms. The
obtained XAS line spectra were convolved using a Gaussian function

This journal is © The Royal Society of Chemistry 20xx
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(full width at half maximum, FWHM: 1.2 eV at 534 eV and 5.0 eV at
547 eV for maleic acid, 1.0 eV at 535 eV and 5.0 eV at 547 eV for
succinic acid) and averaged.

Results and Discussion

XAS profiles of succinic and maleic acids

Fig. 1 shows the XAS profile of succinic acid. The insets show a
broad energy range (528-548 eV). The first peaks assigned as O(1s)
to t*(C=0) of succinic acid are observed at 532.4, 532.6, and 532.6
eV corresponding to pH levels of 2.4, 5.0, and 12.5. Note that there
is no water absorption in this energy region, as also previously
observed for acetic acid'® and oxalic acid!3. The positions and
intensities of the first peaks increase with increasing pH. The
theoretical X-ray absorption spectra are shown in Fig. 1(b). The
theoretical spectra reproduce the experimental trend well; the first
peaks are at 532.3, 532.3, and 533.4 eV for the neutral, anionic, and
dianionic forms, respectively.
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Figure 2: (a) Experimental and (b) theoretical spectra of maleic
acid obtained using XAS (black: pH = 1.4, red: pH = 4.2, green:
pH =11.7). (c) Molar fractions for neutral, anionic, and dianionic
species.
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Figure 1: (a) Experimental and (b) theoretical spectra of succinic
acid obtained using XAS (black: pH = 2.4, red: pH = 5.0, and
green: pH = 12.5). (c) Molar fractions for neutral, anionic, and
dianionic species.

Fig. 2 shows XAS profile of maleic acid. The insets show a broad
energy range (528-548 eV). The assignment of the first peak is the
same as that of succinic acid. In contrast to succinic acid, the order
of the first peaks for different pH levels is different, i.e., the peaks
are at 532.8, 532.6, and 533.3 eV corresponding to pH levels of 1.4,
4.2, and 11.7. The neutral, anionic, and dianionic forms,
respectively, are theoretically reproduced at 532.9, 532.1, and
533.3eV.

Conformation analysis of succinic and maleic acids

To elucidate the spectral features of succinic and maleic acids,
conformational analyses were performed. Succinic and maleic acids

This journal is © The Royal Society of Chemistry 20xx

have multiple conformations. To systematically explore all the
conformers, a conformational search for a single molecule was
performed using CONFLEX. Eight neutral maleic acids, six anionic
maleic acids, three dianionic maleic acids, 14 neutral succinic acids,
11 anionic succinic acids, and three dianionic succinic acids were
obtained. The complete results are presented in the Supplimentary
Information. Geometry optimization was performed for the isolated
molecule using the PCM. The most stable conformations are shown
in Fig. 3 and are the same as those for the isolated molecule and
PCM, except for dianionic succinic acid. For neutral and anionic
maleic acids, the most stable conformer was planar owing to
intramolecular hydrogen bonding. In dianionic maleic acid, the most
stable conformation is nonplanar owing to the repulsion between
the negative charges of the oxygen atoms, and the two carboxylic
groups are orthogonal to each other. Succinic acid has both gauche
and anti-conformations; however, in the PCM, the gauche
conformation is the most stable.

M4

Figure 3: Most stable molecular structures of succinic and
maleic acids. The following text was used for atom labeling. (a),
(d) Neutral, (b), (e) anionic, and (c) and (f) dianionic forms.

Fig. 3 shows the conformations of the succinic and maleic acids
used in the MD simulations. The most stable conformational
isomers of dianionic succinic acid differ between a single molecular
model and PCM, with the linear (unfolded) conformation being

J. Name., 2013, 00, 1-3 | 3
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more stable in the single molecular model and the folded
conformation being more stable in the PCM. Wanko et al.*” showed
that the dianion of succinic acid adopts a folded conformation in
aqueous solutions. Neutral maleic acid was the most stable in the
gas phase and the PCM, with intramolecular hydrogen-bonded
cyclic structures. However, Hyttinen et al.*® suggested that neutral
maleic acid in water forms hydrogen bonds with the surrounding
water rather than intramolecular hydrogen bonds. Gas and PCM
calculations do not fully account for interactions with the
surrounding water molecules. Therefore, for neutral maleic acid, we
adopted a conformational isomer without intramolecular hydrogen
bonds.

In the XAS profile of oxalic acid, the resonance effect between the
two COOH functional groups was observed as a high-energy shift in
the peak®3. This resonance effect was observed when the two
COOH groups of oxalic acid were parallel; when the COOH groups
were twisted, the t resonance was destroyed, and this did not
occur. To elucidate this effect explicitly, the XAS profile of a single
molecule was obtained by rotating the carboxyl group of neutral
maleic acid by 10° with respect to the molecular plane. The spectral
changes observed in this case are shown in Fig. 4(a). The angle
shown in the figure corresponds to the C3—C2—C1-01 dihedral
angle. The first peak, which is assigned as O(1s) = n*(C=0), blue-
shifts, and its intensity increases as the dihedral angle increases.
The peak position is at 531.1 eV when the dihedral angle is 0°, but it
is at 531.9 eV at 90°. The n* orbitals of the excited destination of
neutral maleic acid when the dihedral angles of the carboxylic
groups are ¢ =0°, 30°, 60°, and 90° are shown in Fig. 4(b). When the
dihedral angle is 0°, all atoms are on the same plane, and it
resonance between the two carboxylic groups is observed. As the
dihedral angle increases, the 1t resonance begins to break, and
completely disappears at ¢ = 90°. Yamamura et al.!3 showed that it
is possible to adjust the 1 resonance of oxalic acid. The same
mechanism was observed in the case of maleic acid.

The mt* orbitals of succinic and maleic acids are shown in Fig. 5.
Succinic acid has four C atoms that are not in the same plane, and
its dihedral angle is approximately 60°. Therefore, n-orbital
delocalization through the four C atoms does not occur. In contrast,
maleic acid has a dihedral angle of 0° and consists of four C atoms
owing to its double bond. In anionic maleic acid, the two carboxyl
groups are parallel to a plane consisting of four C atoms, thus
preserving resonance, whereas in neutral and dianionic maleic
acids, the carboxyl groups are not parallel to the molecular plane
and have a twisted structure. This twisting breaks the m resonance
and blue-shifts the first peak in the XAS profiles. The peculiar peak
behavior of the aqueous maleic acid solutions in the XAS profile was
caused by the C atoms in the same plane and the different dihedral
angles of the carboxylic groups for each valence.

To understand the behavior at the interface between the organic
substances and water, it is interesting to investigate the hydrogen
bonding behavior of the water surrounding the organic substances.
Based on the MD simulation results of the aqueous solutions of
succinic and maleic acids, hydrogen bond analysis was conducted.
The results are shown in Fig. 6.

4| J. Name., 2012, 00, 1-3
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Figure 4: (upper) Dihedral angle C3—-C2—C1-01 dependence of
XAS profiles for neutral maleic acid from 0° to 90°. (lower)
HOMOs at 0, 30, 60, and 90°.

lies in the bond distance between the C2—C3 atoms and the number
of hydrogen atoms attached to the carbons. These differences had
only a minor effect on the hydrogen-bonded network of the
surrounding water molecules, with the effect being more
prominent for maleic acid. This was due to the difference in the C2—
C3 bond length. In the first hydration shell, tetra-coordinated water
decreased, and bi-coordinated and tri-coordinated water increased,
indicating the disruption of the hydrogen-bond network of water
caused by succinic and maleic acids. In the first and second
hydration shells, which were closer to the solute, the structural
differences were greater compared with those in liquid water,
suggesting that the surrounding water structure was disturbed by
the presence of these acids. In the third hydration shell, the effect
of the solute decreased, and the number of hydrogen bonds
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Figure 5: HOMOs for succinic acid in the (a) neutral, (b) anionic, and (c
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became closer to that in liquid water. As the valence increased from
neutral to monovalent to divalent, the difference from liquid water

increased because the water molecules were more strongly
attracted to the solute.

Conformations of succinic and maleic acids controlling pH

Dicarboxylic acids can exist in three different states depending on
the pH adjustment. In the case of succinic acid, there is no
resonance between the carboxyl groups at either end, and each
functional group acts independently because the central C2—C3
bond can rotate freely. In such case, succinic acid behaves as if
there were two acetic acid molecules. Horikawa et al.'% 13 showed
that, in acetic acid, as the pH increased, the first peak gradually

0.06

(a) (b) (c)

2

=
o
S

h

!

.

Distlribution difference
o
R @

&
g

—a— first water zone
—s—second water zone

~—— third water zone
-0.06 -— ' ' '
1 2 3 4

|

T2 3 a4 1 2 3
Number of H-bond

=}
8

(d) (e) ®)

Distribution difference
& o =
B o B B

&
B

—s— first water zone
—— second water zone

—— third water zone
-0.06 T T T T T é T

1 2 3 4 1 2 3 4
Number of H-bond

Fig. 6: Distribution difference from bulk water as a function of
the number of hydrogen bonds. The black, red, and blue lines
indicate the first, second, and third hydration zones,
respectively. (a) Neutral, (b) anionic, and (c) dianionic succinic
acid forms. (d) Neutral, (e) anionic, and (f) dianionic maleic
acid forms.
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increased. The behaviors of dicarboxylic acids with longer carhon, ine
chains, such as glutaric and adipic acids, can¥o18e pradieted0520A

Although maleic acid has the same number of carbon atoms as
succinic acid, the behavior of its peaks differs from that of succinic
acid. The first peak of neutral maleic acid was larger and shifted to a
higher energy compared with the others. This is because the two
carboxyl groups cannot lie in the same plane owing to the
electrostatic repulsion between the functional groups, even though
resonance exists via the double bond between the two carboxyl
groups at either end. When the pH is increased and maleic acid
becomes a monovalent anion, intramolecular hydrogen bonding
allows the two carboxyl groups to remain in the same plane.
Therefore, the first peak shifted to a lower energy compared with
that of the neutral case. When the pH is further increased and the
carboxyl group becomes a divalent anion, the two carboxyl groups
twist considerably, as in the case of oxalic acid, shifting the peak to
a higher energy.

Summary

In this study, we investigated the structures of succinic and maleic
acids in aqueous solutions using XAS. Although succinic and maleic
acids have the same number of carbon atoms, their XAS behaviors
differ in response to pH. This can be explained based on the
electrostatic repulsion between the two carboxyl groups and the
presence or absence of resonant structures mediated by double
bonds. By combining XAS measurements with theoretical
calculations, we were able to discuss the rich chemical information
present in the aqueous solutions in detail.

While NMR and IR provide averaged information, XAS/XES captures
the local electronic state obtained by core-excitation from oxygen
1s electron site-selectively as an extremely fast process occurring
on the femtosecond scale. Observing how the concept of resonance
actually behaves in the structurally fluctuating environment of an
aqueous solution is not straightforward, but soft X-ray spectroscopy
has made it possible for the first time. The methodology used in this
study can be applied to other organic compounds in aqueous
solutions that undergo structural changes depending on the pH,
and is expected to be useful for future research on the solution
chemistry of aqueous systems.
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