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Abstract

Pyruvic acid is abundant in the atmosphere and in seawater, being a decay product of living
organisms. Although very small in size (10 atoms), pyruvic acid exhibits conformational
complexity in the gas phase and in solution, which is reflected in the UV spectrum. The gas phase
UV spectrum of pyruvic acid differs from the spectrum of pyruvic acid in water. The main
atmospherically relevant absorption peak in the gas phase is blue shifted by about 0.43 eV (40 nm
difference in the peak location) in water. The origin of the blue shift has not been established thus
far. This paper aims at a microscopic understanding of the absorption spectrum of pyruvic acid in
aqueous media by a combined experimental and theoretical approach. '"H NMR experiments were
performed to reveal the contribution of the different conformers in solution as a function of pH.
Computationally, hydrates of sizes up to 5 water molecules using two different species of pyruvic
acid, the neutral acid and the anionic form were considered. Vertical excitation energies using the
ADC(2) method (algebraic-diagrammatic construction through second order) of these structures

provide insights into the blue shift of the atmospherically relevant absorption peak. Additionally,
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molecular dynamics simulation on MP2 (Moller-Plesset perturbation theory) ground state of small
clusters of pyruvic acid with four water molecules were calculated and used in computing the
vertical excitation spectrum along the dynamics. This is found to describe very accurately the
experimental spectrum. Overall, the results show that small hydrate models including the roles of
both neutral and deprotonated speciated forms provide a good quantitative description and a

microscopic interpretation of the experimental spectrum of pyruvic acid in aqueous solution.

Introduction

Atmospheric chemistry has evolved as a major field of science since it provides a molecular
understanding of significantly and globally debated environmental changes in air quality and
climate'3. Aerosols are important constituents of the atmosphere and are therefore of essential
research interest. From a molecular point of view, aerosols are very complex and involve different
components with many containing a variety of organic molecules. It is therefore crucial to have a
deeper understanding of each individual component, in order to facilitate the understanding of
these complex systems. One important component in aerosols is pyruvic acid. Pyruvic acid has a
high abundancy in the atmosphere*¢ since it is a key intermediate in metabolic pathways in living
organisms and is therefore emitted to sea water and to the atmosphere. Other sources of pyruvic
acid include biomass burning’-®, photooxidation of aromatics®!? and oxidation of isoprene!!-13.
Photochemical reactions of pyruvic acid has been extensively studied experimentally such as gas-
phase and condensed-phase photolysis!415-24-29.16-23 Theoretical studies investigated structural
conformers of pyruvic acid and pyruvic acid-water complexes and their reactions, excited state
dynamics and deactivation pathways and barriers to decarboxylation’*3°. Since mineral dust
aerosols are abundant in the atmosphere, the interaction of pyruvic acid with silica surface has

been studied as well*.

Identification of different species can be performed by recording their photoabsorption spectra.
The photoabsorption spectra are sensitive to the structures of molecules and to their environment
and are therefore able to distinguish and to identify different conformers. Additionally, solvents
such as water lead to speciation of molecules, as for example neutral acid and its deprotonated
anionic form. The pH of the solution effects the composition of these different protonation states

in solution. The photoabsorption spectrum is therefore a key tool for characterizing the different
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structural conformers and species that might co-exist in gas phase and solutions. Quantum
chemical calculations support the analysis of the experimental spectrum by providing a molecular
picture of the species involved. Knowledge of the structure and composition is the first step for

understanding photoinduced reactions of atmospheric species*! 3.

Macroscopic properties such as pH present a challenge for computational models, since small
clusters might not represent correctly the right ratio of protons and solute molecules (acid and
base) in solution. The photoabsorption spectrum of pyruvic acid is impacted by different
conformers and different species as outlined below and presents therefore a demanding task for

computational models.

Although pyruvic acid is considered a relatively small molecule with 10 atoms, it has several
structural conformers, due the possibility of intramolecular rotation around the C-C and C-O
bonds*24445, TR spectroscopy of the different conformers has been recorded by Reva et. al“.
Computationally, the different conformers and their energies were also elucidated?>3346-0 Four
different gas phase structures were identified. Figure 1 shows the two lowest energy structures,
labeled Tc and Tt, Tc being the global minimum. The lowest conformer has an additional
stabilization due to the intramolecular hydrogen bond between the acidic hydrogen and the a-

carbonyl.

] >o ®
© > °
Tc conformer Tt conformer

Figure 1: Lowest energy structures of pyruvic acid in the gas-phase, Tc conformer and Tt

conformer. The Tc conformer is the global minimum of pyruvic acid in the gas phase.

The other conformers differ in the C-C-C=0 angle (upper-case letter C, Cis; T, Trans) and the C-
C-O-H angle (lower-case letter c, cis; t, trans). The Ct and the Tt conformers are higher in energy
than the Tc conformer by at least 2 kJ/mol (up to 12 kJ/mol, depending on the level of calculation).

The Cc conformer is much higher in energy, and therefore not populated at room temperature.
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Experimentally, the lowest energy conformers Tc and the Tt conformer were detected by different
techniques*+46:31.52 Additionally, to all the mentioned conformers, which are all rotational isomers
of the Tc conformer, pyruvic acid exhibits keto-enol tautomerism. However, only a few studies
have characterized the enol tautomers experimentally and theoretically?#364%. The keto-enol
tautomerism pathways were studied theoretically for the gas-phase pyruvic acid, and for the
pyruvic acid — water complex®¢. Water is shown to diminish the barrier for keto-enol
tautomerism*. In apolar solvents FTIR spectra of pyruvic acid combined with computational
analysis of the relevant structures, show the existence of one enol form, besides three keto forms*3.
The enol form, as stated above, has only been characterized by a few experiments. Raczynska et
al.*® has calculated the energy barrier for keto-enol tautomerism to be about 40 kJ/mol,
experimental values reduces this value to 36 kJ/mol for completely hydrated structures>>.

Therefore, we have not addressed the enol form in our study.

In aqueous solution, pyruvic acid exists in four different structural forms>*: neutral and anionic
pyruvic acid and their hydrated forms (diols) respectively, see Figure 2. The protonated form of
pyruvic acid is its ketone neutral form. Upon hydration of the ketone, the resulting species becomes

a geminal diol. Both the ketone and diol species can be deprotonated to an anionic form.

Ketone o) 0 Diol
+H20
HO HO
5 -H20 HO OH
pKa = 2.1 ” ” pKa = 3.5
o o)

+H20

o -H20 HO OH

Figure 2: Four forms of pyruvic acid in aqueous solution. pKa values has been obtained from our

previous study>.

Most interesting is that the photochemical properties of these four forms are found to be very

different.?*The percentage distribution of the four forms depends on the pH of the solution. Besides
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higher pH favoring the anionic forms and lower pH the acidic forms, higher pH favors the ketone

and lower pH the diol.

Both gas phase and aqueous phase exhibit therefore a great deal of conformational diversity.
Experimentally, the structural differences can be elucidated using spectroscopic signatures of the
various pyruvic acid, e.g. through IR or UV. Synergistically, computations add in the interpretation
of the spectra and the identification of the conformers. Ideally, molecular simulation of solvated
pyruvic acid in a large cluster of water molecules will show the transition between the different
species, and calculation of the spectra from this simulation should be able to reveal all the
spectroscopic characteristics of pyruvic acid. However, this approach is computationally
unfeasible. Therefore, we hope that a molecular approach based on small clusters with up to five
water molecules can recover the main features of the spectrum. This is based on the assumption
that a small number of different speciated forms embedded in water clusters with up to five water

molecules will correctly represent the local environment of the speciated forms in solution.

There are several approaches for treating how solvation affects molecular electronic transitions
and the UV spectrum’®. One useful method is to use a polarizable continuum model (PCM) for
studying the electronic properties of solvated molecules®’. However, this macroscopic continuum
model lacks the microscopic information on the arrangement of solvent molecules around the
molecule, and their intermolecular interaction such as hydrogen bonds. Another method often used
is quantum mechanics/molecular mechanics (QM/MM) simulation’®°, in which solvent
molecules are explicitly treated, although the computational costs associated with this method is
much more expensive than our approach outlined below. Lastly, good agreement has been also
found by applying the RISM-SCF-SEDD Theory for providing vertical excitation energies for gas

phase and water solvated p-coumaric acid®®.

The main peak in the UV spectrum of pyruvic acid in the atmospherically relevant region (higher
than 290 nm) is blue shifted from 360 nm in the gas phase to 320 nm in the aqueous phase?!-23:61-
6. In both cases, the excitation is mainly an n to n* excitation but this large shift is poorly
understood. Therefore, the objective of this paper is to provide insight into the effect of water on
the spectrum of pyruvic acid by a combined experimental and theoretical approach. The theoretical
approach will investigate the spectrum in terms of a small number of speciated forms of pyruvic

acid in small clusters, each aim to represent a local configuration of the system in solution at a
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given point in time. Experimental data will provide insight into the relative role of anionic and
neutral speciated forms at different pH. The comparison of the theoretical prediction with the
measured spectra should be an indication of the success of this approach to provide microscopic
understanding of the spectra in terms of molecular structures. A similar approach has been
successfully employed recently for the study of the absorption spectra of benzoic acid in water®.
Other related approaches include for example the calculation of the UV spectrum of
malonaldehyde in water (solvation is modeled by using a solvation model based on density)® and
the calculation of the UV spectra of tautomers of different nucleobases by a semi-classical ab initio

spectra simulation®.

Methodology
1. Theory
Gas-phase structures:

As discussed in the introduction, only the Tc and Tt conformers are available in the gas phase in
significant amount. Therefore, we have only considered both structures for calculating excitation

energies for simulating the gas phase UV spectrum. The structures are depicted in Figure 1.
Hydrates of speciated forms of pyruvic acid:

The lowest energy conformer, Tc (see Figure 1), was used for the ketone structure of pyruvic acid.
Additional clusters with water molecules were built by starting with the Tc conformer and adding
each time one water molecule. Clusters with up to five water molecules were built in this way. The
structures were then optimized. The same was done for the anionic form of pyruvic acid. The diol
forms were not considered in the calculations, since both forms are not observed in the
atmospherically relevant region (above 290 nm) (see Tables 3 and 4 in the Results section).
Vertical excitation energies of several monohydrated structures of the ketone and the anion diol
confirms that hydration does not dramatically alter the peak location, see Supporting Information
for more details. Our objective was to show, that a minimalistic cluster approach is enough to

correctly reproduce the UV spectrum. Insights can be gained for the structure of the solvated

Page 6 of 33



Page 7 of 33

Physical Chemistry Chemical Physics

pyruvic acid, on the ratio between different speciated forms, and on the location of the electronic

excitation involved. Figure 3 shows the structures of the anionic clusters under consideration.

n=0

Diar

“ : | 6 (

b

Figure 3: MP2/cc-pVDZ optimized anion clusters with n=0,1,2,3,4 or 5 water molecules

The anionic clusters were built by adding one water molecule at a time and optimizing the
structure. The first structure has one water molecule which is located at the COO- group and which
makes hydrogen bonds between both oxygens of the anion and both hydrogens of the water
molecule. This is the preferred location for the water molecule, since it stabilizes the negative
charge. Additional water molecules are then added and are located near the additional oxygen. The
water molecules are located around the oxygens since those bonds are more polar than the C-H
bond of the methyl group. The methyl group is hydrophobic and is therefore not involved in
hydrogen bonds. At larger cluster sizes this is clearly seen, by accumulation of the water molecule
on one side of the anion only. Figure 4 shows selected structures for the neutral/protonated ketone

form.
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Figure 4: MP2/cc-pVDZ optimized structures of neutral ketone and ketone with water clusters. n

is the number of water molecules, clusters with n=0, 1, 2, 3 or 4 water molecules are shown

The clusters were built by adding one water molecule and optimizing the structure. The structure
for pyruvic acid and one water molecule is similar to the structure published by Schnitzler et al.?”.
The structure of pyruvic acid with two water molecules is similar to the one published by Kakkar
et al.3*. For consistency, we have considered structures built by adding water molecules to the Tc
conformer only. The Supporting Information shows the structure and the optical properties for the
Tt conformer with two water molecules. The optical properties are very similar, the excitation
energy differs only by a few nm. The water molecules which are added are hydrogen bonded to
the oxygens and to the hydrogen of the hydroxyl group. The methyl group does not attract water

molecules, as discussed above.

Potential energy surfaces: Ground state calculations: Structures were optimized using the MP2
potential with a cc-pVDZ basis set. A smaller basis set (def-SV(P)) was used for running molecular
dynamics on pyruvic acid with water, since the energies needs to be evaluated many times, and

the cc-pVDZ basis set would be too costly for this.

Potential energy surfaces: Excited state calculations: Two kinds of methods were employed for
calculating the UV spectrum of gas phase and solvated pyruvic acid. In the first method only the
vertical excitation energies and their optical properties in the Franck-Condon region were
evaluated. Excitation energies were calculated using the ADC(2) method. The ADC(2) method
has been used in previous studies by our group and has been proven to be accurate for spectrum
calculations and for photochemical reaction dynamics of atmospherically relevant organic
systems.#1-43:67.68 The difference for different basis set employed (def-SV(P) and cc-pVDZ) in
energy and optical properties was not significant (see Supporting Information for gas phase

pyruvic acid). For excited states calculated at the ADC(2) level, the transition density between the
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ground state and an excited state can be transformed to a diagonal form through a singular value
decomposition of the excitation amplitudes®-7°, From the transformation, natural transition orbitals
are obtained which are used in order to visualize the transition. Molecular orbitals are kept in the
tables for labeling the transitions, and those can be found for selected transitions in the Supporting

Information.

The second method was employed when static calculations (i.e. vertical excitation energies for
optimized structures) were not sufficient for the description of the UV spectrum. This was the case
for the solvated pyruvic acid. A dynamical approach was therefore necessary in order to sample
more and different configurations. Molecular dynamics simulation using the MP2 potential ground
state potential were done on both the anionic and the ketone cluster with 4 water molecules for
20000 au of time (=9.6 ps). Vertical excitation energies were calculated using ADC(2) method
with the def-SV(P) basis set for 100 structures from the MD simulation . The smaller basis set was
used since running molecular dynamics simulations on these systems are very costly and are only
feasible with a smaller basis set. The resulting spectrum was smoothened by using a Lorentzian
with a full width at half maximum (FWHM) of 0.15 nm. All the methods used are implemented in

the Turbomole program suite.

2. Materials and Experimental Methods

Pyruvic acid (98%) was purchased from Sigma-Aldrich and distilled under reduced pressure.
Aqueous solutions were prepared using Milli-Q water with an electric resistance of 18.2 MQ.
Pyruvic acid was prepared as 10 mM solutions. Solution pH was determined from an Oakton 700
pH meter and was adjusted by either hydrochloric acid (1 N stock solution, Fisher Chemical) or

sodium hydroxide (1 N stock solution, Fisher Chemical).

UV-vis spectroscopy of the samples was taken using a PerkinElmer Lambda 35 UV-vis
spectrometer with a wavelength range of 200 to 700 nm. 'H NMR experiments for determining the
ratio of ketone and diol forms of pyruvic acid at different pH were performed using a 300 Bruker
AVA NMR spectrometer with wet suppression of H,O. The ketone form methyl hydrogens have
a '"H NMR peak at ~2.4 ppm while for the diol form the methyl hydrogens are at ~ 1.6 ppm.”" The ratio of

protonated and deprotonated species was obtained from the pK, of ketone and diol forms. The
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calculation for the pK, of ketone and diol forms of pyruvic acid in water solution has been

discussed previously®, see also reference.”!

Results and Discussion
1. Pyruvic acid in the gas phase

The UV-vis spectrum of pyruvic acid in the gas phase was measured by several groups?!-¢1-62, The
main peak in the atmospherically relevant region lies at around 360 nm. Four different rotamers of
pyruvic acid exists, whereas the Tc rotamer in Figure 1 has the lowest energy. We have adapted
the nomenclature introduced by Résinen et al.32. The uppercase letter (T, trans = 180° and C, cis
= 0°) refers to the O=C-C=0 dihedral angle and the lowercase letter (t, trans = 180° and c, cis =
0°) refers to the C-C-O-H dihedral angle. Experimentally, most of the studies have detected only
the Tc rotamer*®72-75, whereas some were able to identify the Tt rotamer as well3246, Theoretically,
the energy difference calculated by MP2/cc-pVDZ between the Tt and the Tc conformer is 0.09
eV, which leads to a Boltzmann distribution of only 3% for the higher lying Tt conformer.
Similarly, in the experimental work of Reva et al. the abundance of the Tt conformer in a matrix
at an even higher temperature (480 K) was still below 10%. Additional rotamers were predicted to
lie at least 0.1 eV higher than the Tt conformer and were therefore not considered in this study.
The experimentally peak at 360 nm can be explained by both the Tc and the Tt conformers, see
Tables 1 and 2. Both structures absorb around 360 nm (i.e. 358 nm for the Tc conformer and 363
nm for the Tt conformer). Our calculations are therefore in excellent agreement with the
experiment. Our results are also in good agreement with previously calculated excitation energies
at different DFT (density functional theory) levels, most of them predicting a transition around
350 nm3°. The second state (at around 235 nm) for both conformers is tabulated as well, in order
to demonstrate, that there is no other relevant nearby excited state, which might contribute to the
peak at 360 nm. The second excited state has a much larger oscillator strength by two to three
order of magnitudes depending on the conformer, which explain the rise of the large peak starting

at 300 nm towards lower wavelengths in the experimental spectra?!-61.62,

10



Page 11 of 33 Physical Chemistry Chemical Physics

Table 1: ADC(2)/cc-pVDZ vertical excitation energies and optical properties for the global

minimum conformer Tc of pyruvic acid.

State | Energy | Energy [ Orbital Excitation Description Oscillator Dipole
(eV) (nm) strength moment
(Debye)
S1 3.47 358 HOMO — LUMO93 |nn* 0.00000035 | 1.862
%
S2 5.28 235 HOMO-2 —- LUMO 84 | nm* 0.00044061 | 1.333
%

Table 2: ADC(2)/cc-pVDZ vertical excitation energies and optical properties for the Tt conformer

of pyruvic acid.

State | Energy | Energy | Orbital Excitation Description Oscillator Dipole
(eV) (nm) strength moment
(Debye)
S1 3.42 363 [ HOMO — LUMO92 |nm* 0.00000077 | 0.397
%
S2 5.27 235 | HOMO-3 —- LUMO 84 [ nzm* 0.00023753 [ 4.078
%

Figure 5 shows the natural transition orbitals that are involved in the excitation to the first excited
state in the Tc and the Tt conformer. Molecular orbitals involved in the first excited state
(corresponding to the label in Table 1 and 2) can be found in the Supporting Information. The
orbital excitation is best described as a n* transition. The orbitals are very similar and are located
on the common structural part of both conformers. The experimental peak can therefore be
explained by both structures, however the much larger Boltzmann distribution of the Tc conformer
compared to the Tt conformer, makes the main contribution of the Tc conformer to the

experimentally observed peak more likely.

11
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Te conformer

Figure 5: Occupied and virtual natural transition orbitals for the Tc and the Tt conformer of pyruvic

acid.

2. Pyruvic acid in aqueous solution

The experimental UV spectra of pyruvic acid as a function of pH is shown in Figure 6. The UV
spectrum of pyruvic acid in aqueous environment shows similar spectral lineshape as pyruvic acid
in the gas phase, but the main peak is shifted by about 0.43 eV (40 nm difference in the peak
location) towards the blue. In the atmospheric relevant region (above 290 nm) there is one main
peak with maximal absorbance around 320 nm. A second peak starts to rise below 300 nm and has
higher absorbance than the first peak. Our experimentally recorded UV spectrum for pyruvic acid
in water is consistent with other UV spectra published in the literature?*3. Our objective of this
study is to understand the spectral shift of about 40 nm that is induced by the aqueous environment.
Figure 6 also shows the effect of the pH on the UV spectrum. The peak location is only shifted by
a few nm due to the change in pH. Higher pHs shift the maximum of the peak towards the lower
wavelength region. The absorbance at all wavelength are found to be higher when the pH increases.
Although there is an observed effect of the pH on the spectrum, as discussed above, our objective
of this current study is to model the effect of solvation on the peak location. Our theoretical models

of small hydrates are not accurate enough for modelling the absorption spectrum at different pHs.

12
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For the different pHs, the solution will consist of different ratios of PA, PA-, water and hydronium
ions. In order to correctly model this scenario, very large clusters need to be employed, that
consists of the correct ratio of all involved species at a given pH value. This consists of a series of

very demanding calculations which is outside the scope of this study.

0.30 H,0 pH1.2 H,0 pH1.9 — H,0 pH2.4
— H,0 pH3 — H,0 pH4

0.15+

Absorbance

0.10~

0.05+

0.00 _l TrrTrrrrrrrT | TrrTrrrrrrrT | TrrTrrrrrrrT | TrrTrrrrrrrT | TTrrrrrrrT | rrrrrrrord |
280 300 320 340 360 380 400
Wavelength (nm)

Figure 6: UV spectra of 10 mM pyruvic acid in water at different pH.

As discussed, pyruvic acid is known to exist in four different forms in the aqueous phase (see
Figure 2). These four species and their monohydrates have been identified using vibrational
spectroscopy in a water-restricted environment>*. The ratio between the four different species as a
function of pH has been recorded by Rapf et.al?>. We have determined the ratio between the four
different species using '"H NMR spectroscopy. The relative contributions of all four species —
ketone anion, ketone neutral, diol anion and diol neutral —is shown as a function of solution pH in

Figure 7.
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Figure 7: The relative percentage contributions of the anion and neutral forms of both ketone and
diol forms of pyruvic acid at different pHs. The ketone versus diol form ratio was obtained from
solution phase NMR. The anion versus neutral form ratio was obtained from calculations using

the pK, value of ketone and diol forms>>.

At very low pHs (below pH 2), the dominant form of pyruvic acid is the neutral diol form. The
second major structure is the neutral ketone form. As the pH increases, the concentration of the
neutral diol form decreases, and the anionic ketone form become more dominant. At pH 2.4 there
are three major species: About 36 % of pyruvic acid is in the anionic ketone form, 17 % is in the
neutral ketone form and 44 % is in the neutral diol form. The remaining 3 % is in the anionic diol
form. The concentration of the anion diol form as a function of pH remains small, with the
maximum concentration of 10 % at pH 7.9. At pH higher than 3 the main form is the anionic

ketone form. Our results are in qualitative good agreement with the previously published data?’.

As discussed above, the main peak of the UV spectrum does shift only by a few nm if the pH of
the solution is changed. As a starting point, we consider theoretically all four structures for the

contribution to the experimental spectrum.

14
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Absorbance of the diol forms:

Tables 3 and 4 show the vertical excitation energies for the anionic and the neutral diol form. The
first excitation energy of neutral and the anionic diol form are 218 nm and 213 nm respectively.
Those energies are far away from the experimental measured UV spectrum (and the
atmospherically relevant region). The maximal move of the peak location upon hydration of the
diol forms (see Supporting Information) is to 200 nm, still far away from the experimentally
measured UV spectrum. Further solvation of the diol form might shift the peak, but most probably
not by 100 nm to the red. Our calculation agrees well with literature values of the excitation
energies of the monohydrated diol form3> which predicts a red shift of 5 nm from the diol to the
hydrated diol form. Therefore, both forms will not be considered further to contributing to the

experimental spectra.

Table 3: Vertical excitation energies and properties for the neutral diol form of pyruvic acid using

ADC(2)/cc-pVDZ.

State | Energy Energy | Orbital Description | Oscillator Dipole moment
(eV) [nm] Excitation strength (Debye)
S1 5.68 218 HOMO — nm* 0.00161527 0.82395276
LUMO 59 %
S2 7.96 156 HOMO-1 — nr* 0.01497746 4.38263578
LUMO 67 %

Table 4: Vertical excitation energies and properties for the anion diol form of pyruvic acid using

ADC(2)/cc-pVDZ.

State | Energy | Energy | Orbital Excitation Description Oscill | Dipole
(eV) (nm) ator moment
streng | (Debye)
th
S1 5.83 213 HOMO — LUMO +231% nm* 0.000 |5.378
HOMO — LUMO +431% 81994
HOMO -2 — LUMO +4 16 %
HOMO -2 — LUMO +2 15 %

15
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S2 6.25 198 HOMO -2 - LUMO +233%
HOMO -2 —- LUMO +4 31 %
HOMO —>LUMO+216%

HOMO — LUMO +414 %

0.000
45123

7.236

Absorbance of the anionic and neutral ketone form:

As discussed above for the gas phase results, the ketone form of pyruvic acid absorbs around 360
nm and might therefore be responsible for the peak in the solution as well. From the NMR results
for pH below 4 it is evident, that we need to consider both the ketone and the anionic form as
contributing forms to the experimental spectrum. The vertical excitation energies and properties

of the anionic form are tabulated in Table 5.

Table 5: Vertical excitation energies and properties for the anionic ketone form (gas phase)

calculated using ADC(2)/cc-pVDZ.

State | Energy Energy | Orbital Description | Oscillator Dipole moment
(eV) [nm] Excitation strength (Debye)
S1 3.18 390 HOMO > nm* 0.00000638 12.58
LUMO 88%
S2  [3.80 327 HOMO-2 > nm* 0.00000407 9.22
LUMO 91%

The first excited state of the anionic ketone is around 390 nm. The second excited state is around
330 nm, which is where the main peak is located at the UV spectrum of pyruvic acid in water
solution. Although the energy fits very well to the experimental peak, the structure is the anionic
form in the gas phase. Solvation of the anion in a polar medium such as water will stabilize the
ground state and therefore the excitation energy of the solvated anion will certainly differ from the
bare anion. Noteworthy is also, that the excitation energies in these tables are at 0 K, temperature
effects will broaden the spectrum. The width of the spectrum can be obtained by running MD
simulation at room temperature. The main movement seen along the molecular dynamics
simulation is the change in the C-C-C-O dihedral angle. The C-C-C-O at the optimized structure

are located in the same plane (flat configuration) and during the MD simulation they are distorted

16
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and move out of plane. The width of the first excited state transition of the anion obtained from
molecular dynamics simulation is depicted in Figure 8. The maximum of the peak is located at
around 390 nm, which is the same as obtained by calculating the vertical excitation energy, see
Table 5. The peak width measured at half height is around 30 nm. Therefore, the rotation along
the dihedral angle at finite temperature broadens the peak.

4 T T T T T T T T T T

Intensity [arb. units]
[} o
T T

—_
I

| ] ! | 1 | | | I | ! | !
950 360 370 380 390 400 410 420
Wavelength [nm]
Figure 8: UV-Vis spectrum of first excited state transition for the anionic ketone obtained from
gas phase molecular dynamics simulations obtained at the ADC(2)/cc-pVDZ level of theory using

a Lorentzian line shape with of width of 0.05 nm.

In the following, we present excitation energies for anion ketone form pyruvic acid with different
sized water clusters and we discuss the effect of hydration on the spectrum. The structures are
shown in Figures 3 and 4. Structural properties of the structures were already discussed in the

Methodology section (vide supra).
The excitation energies of the first excited state of each structure are summarized in Table 6.

Table 6: Vertical excitation energies and optical properties calculated by ADC(2)/cc-pVDZ
method for the first excited state for the anion ketone embedded in clusters with up to 5 water

molecules.
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Number of Energy Energy | Description Oscillator Dipole moment
water (eV) [nm] strength (Debye)

molecules

0 3.18 390 nm* 0.00000638 12.58

1 3.33 372 nm* 0.00000065 9.96

2 3.34 371 nm* 0.00000009 10.39

3 3.55 349 nm* 0.00050326 12.09

4 3.74 331 nm* 0.00040670 11.20

5 3.61 344 nm* 0.00024242 27.08

From Table 6 it can be seen, that adding water molecules does shift the nn* peak to the blue, from
approximately 390 nm to 331 nm with 4 water molecules. Addition of the fifth water molecule
shift to the red (344 nm). Interestingly to note, that the peak also gains in intensity. The effect of
the first water molecule is a shift by 18 nm, whereas the second water molecule does not show this
effect and the excitation energy is almost the same as for one water molecule. The third water
molecule has a much larger effect and around 4 water molecules the excitation energy is 331 nm,
already near to experimental peak at 320 nm. The natural transition orbitals involved in the
excitation of the different clusters are very similar and are only located on the anion ketone pyruvic
acid, and not on the water molecules. Molecular orbitals for both transitions are depicted in the

Supporting Information. This is exemplified in Figure 9 for the anion and the anion with 4 water

molecules.

18

Page 18 of 33



Page 19 of 33

Physical Chemistry Chemical Physics

Anion

% °
u“:f\ - e .25\

Anion + 4 water molecules
|

&

Figure 9: Natural transition orbitals involved in the first excitation transition of the anion and the

anion cluster with 4 water molecules.

A closer inspection of the optimized structures shows that starting at the structure of the cluster
involving 3 water molecules, the anion ketone pyruvic acid itself is not flat anymore. As discussed
above, the change in the dihedral angle itself, does introduce broadening into the spectrum.
Structures chosen for the vertical excitation energies are only one representative for a certain
number of water molecules and thus hydrate size. Adding more and more water molecules to the
solvated molecule, enlarges the number of possible contributing conformers. Therefore,
considering only one structure for each hydrate size is not enough for quantitatively describing the
shift, but gives a qualitative indication of the trend in the vertical excitation energy as a function
of the number of water molecules. Therefore, performing molecular dynamics simulation does
sample more conformers, and structures, and will lead to a more accurate description of the UV-
Vis spectrum. Figure 10 shows the UV-Vis spectrum obtained from running molecular dynamics

simulation on the anion with 4 water molecules.
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Figure 10: Comparison of UV-Vis spectrum obtained by running molecular dynamics simulation
on the cluster of the anion with 4 water molecules (Lorentzian line shape width of 0.15 nm) with

the experimental UV-Vis spectrum at pH 4.

The experimental spectrum is well described by the theoretical spectrum. The maximum of the
peak at around 325 nm is predicted nicely by theory. The cluster size of anion and 4 water

molecules can therefore serve as a good model system for the anion in water solution.

However, there is still a small discrepancy between the experimental and theoretical spectrum. For
wavelengths greater than 375 nm, the experimental spectrum does not show any absorption,
whereas the theoretical spectrum still shows a tail with non-zero absorption. This most likely is an
artifact due to the limitation of the model we use. In order to correctly describe this region of the
spectrum, larger water clusters, that resemble more pyruvic acid in water solution, most likely is
necessary. On the other hand, for wavelength shorter than 260 nm, the experimental spectrum rises
much more than the theoretical spectrum. This might be due to the following reasons: The
theoretical spectrum takes into account only the first two excited states, higher lying states might
be responsible for absorption in this spectral region. The other possibility might be that there are
more species, such as for example protonation of the neutral pyruvic acid, the enol form of pyruvic

acid or the diol forms, which might absorb as well but that are not included in our approach.
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Additionally, the NMR analysis (see Figure 7) of the different species in the solution, gives a
significant amount of neutral ketone form for pH values below 4. Therefore, we also address here
the hydration effect of the neutral ketone form and its contribution to the spectrum. Figure 4 shows

selected structures examined for the vertical excitation energy calculations.
Table 7 shows the vertical excitation energies associated with the structures depicted in Figure 4.

Table 7: Vertical excitation energies and optical properties calculated by ADC(2)/cc-pVDZ

method for the first excited state for the neutral ketone embedded in clusters with up to 4 water

molecules.
Number of Energy Energy | Description Oscillator Dipole moment
water (eV) (nm) strength (Debye)
molecules
0 3.47 358 nm* 0.00000035 1.86
1 3.40 364 nm* 0.00000439 3.20
2 3.46 359 nm* 0.00000402 6.46
3 3.46 359 nm* 0.00006370 3.00
4 3.58 347 nm* 0.00021938 4.98

The effect of water on the excitation energy of the neutral ketone is less dominant than for the
anion ketone. One water molecule does not significantly change the excitation energy. Work by
Yang et, al® on the excitation energy of the ketone and ketone-water form predicts a blue shift of
about 10 nm due to the hydration. The vertical excitation energies were calculated with a different
method (TDDFT/6-31G+(d,p)) and are 373 nm for the ketone form, and 364 nm for the ketone-
water complex. Their ketone-water structure is similar to the structure we have used, and to the
structure predicted by Schnitzler et al. 37. Our calculations predict a red shift of about 13 nm.
Additional water molecules do not change much the excitation energy. Kakkar et al. have reported
the two lowest conformers for the pyruvic acid with two water molecules cluster’*. We have
calculated the vertical excitation energies for both structures. Depicted is the Tc conformer, which
is slightly higher in energy than the Tt conformer (by 0.22 ev). However, the excitation energy of

both structures differs only by 3 nm, see supporting information. Also, here it is interestingly to
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note, that addition of water does increase the oscillator strengths for the transition by about two

orders of magnitude.

Our calculations predict only the excitation energy for one possible conformer. Adding additional
water molecules increases the number of configurations possible, and this effect is not taken into
account when calculating only the vertical excitation energy of one structure. The small differences
in excitation energies shown in Table 7 might also arise from different C-C-C-O angle of pyruvic

acid itself, as exemplified for the gas phase molecule.

In order to better understand the contribution of the ketone-water cluster to excitation spectrum,

molecular dynamics simulation was performed. The spectrum is shown in Figure 11.
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Figure 11: Comparison of UV-Vis spectrum obtained by running molecular dynamics simulation
on the cluster of the ketone with 4 water molecules (Lorentzian line shape width of 0.15 nm) with

the experimental UV-Vis spectrum at pH 4.

From Figure 11 it can be seen, that the ketone water complex does absorb at the 325 nm and
therefore does contribute to the absorption of the experimental peak. The area around the peak is
very well described by the theoretical spectrum. However, the prediction of the theoretical
spectrum alone of the ketone with four water molecules misses the rise of the second excited state

at lower wavelengths. In addition, for longer wavelength than 375 nm, there is a discrepancy
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between the experimental and the theoretical spectrum. This might be due to the small size of the

clusters we have employed, as discussed already above.

An improvement of the fit of the theoretical spectrum to the experimental spectrum can be
achieved by a combination between the UV-Vis spectrum of the anion ketone with four water and
the neutral ketone with four water molecules. The best predicted fit for the experimental spectrum
occurs at 37.5 % ketone water cluster and 62.5 % anion ketone water cluster. The dominant
contribution comes therefore from the anion ketone as also seen in the experimental obtained ratio
at pHs around 4. However, the experimental obtained ratio predicts a much larger percentage of
the anion ketone. The theoretical prediction uses a relatively small water cluster for describing the
bulk solution, therefore an accurate ratio between the anion and the ketone water clusters cannot
be expected. The theoretically predicted spectrum in Figure 12 describes very accurately the peak
location at around 325 nm (compared to 316 nm from experimental results at pH 4) and the
surrounded area. However, the rise of the second peak at lower wavelength is not well described.
The theoretical spectrum uses two excitation states for calculating the spectrum. Inclusion of
higher excited states might therefore be necessary for the correct description of the second excited
state and for a better description of the area below 260 nm. Additionally, there might be more
species such as protonated neutral pyruvic acid or the enol form of pyruvic acid, that should be
included in the calculations in order to correctly describe the region below 260 nm. For
wavelengths greater than 375 nm, the theoretical spectrum still shows a tail, whereas there is no
absorption measured for the experimental spectrum. This might be due to usage of clusters of only
4 water molecules. A better description might be reached by employing much larger clusters that

resemble more closely the local environment of pyruvic acid in solution.
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Figure 12: Combined theoretical spectrum obtained by running MD simulations on the ketone with
four water molecules and the anion with 4 water molecules. The percentage is as follows: 37.5 %
of the ketone water cluster spectrum combined with 62.5 % of the anion water cluster spectrum.

The theoretical spectrum is compared to the experimental spectrum at pH=4.

Conclusions

Pyruvic acid exhibits conformational complexity in the gas phase and in water solvents. The gas
phase UV spectrum can be explained by considering two conformers only. The Tc conformer, the
global minimum, and the energetically nearby Tt conformer are both abundant in the gas phase,
but the Tt conformer exists only at a small percentage. Both conformers absorb at around 360 nm,
matching the experimentally observed peak. The transition is the first excited state and is of nm*
character. The second calculated excited state is at 235 nm and is also of nt* character. However,
the oscillator strength of this peak is much larger by at least two to three order of magnitudes. This
is also seen in the experimental spectrum measured by several groups?!-61-%2, as the UV absorbance

rises towards 230 nm.

The UV spectrum in solution of pyruvic acid is characterized by a blue shift of 0.43 eV (40 nm
difference in the peak location) of the main peak above 290 nm, the atmospherically relevant
region. This peak cannot be explained by the gas phase results and therefore hydration of pyruvic
acid needs to be considered explicitly. Solvation of pyruvic acids yields four different speciated
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forms: neutral ketone and anion ketone form (loss of H') and their diol forms. 'H NMR
experiments have resolved the ratio of these conformers as a function of pH. At very low pHs the
main species is the neutral diol together with neutral ketone (about 60 % of neutral diol and 30 %
of neutral ketone). As the pH is increased, the anion ketone gains in percentage, and the neutral
diol and neutral ketone distribution decreases. The anion diol, the fourth species, has a very low
percentage at all pH values. This is consistent with previous speciation studies of Vaida and co-
workers.”> Another interesting conclusion from the aforementioned study is, that the
photochemistry of solvated pyruvic acid depends on the pH of the solution. Thus, the initial

solution composition defines the accessibility of different photochemical pathways.

Further, this study shows, that both diols forms have no absorbance at in the region from 280 nm
to 400 nm and therefore in the calculations of the absorbance only the anion ketone form of pyruvic
acid and the neutral ketone forms where considered. The peak is more shifted by hydration of the
anion, since the water molecules do stabilize the negatively charged anion. The hydration effect
on the ketone is less strong, but also here hydration does move the peak location. The structure of
pyruvic acid itself (and its anion) in the hydrate also effects the peak location. It has been shown
for the anionic ketone that non-flat structure of the backbone of pyruvic acid can change the peak
by up to 30 nm. For larger number of water molecules used for hydration there exist more
conformational minima, which are difficult to explore. Molecular Dynamics simulations are able
to take into account different energetically accessible conformers for a certain temperature, and
therefore are able to calculate their contributions to the UV spectrum. Vertical excitation energies
for clusters up to five water molecules show already the correct trend of shifting the peak towards
the blue. Molecular dynamics simulations of the anionic and neutral ketone form with four water

molecules succeeds to correctly describe the experimental peak at 320 nm.

It is concluded from this study, that small hydrates with only four water molecules are able to
reproduce the solvation effect of pyruvic acid. Two speciated forms were found to contribute to
the excitation spectrum of pyruvic acid in water solution. The methodology employed here enables
the characterization of the conformers, their speciated forms and their hydrates. Small cluster

models are sufficient for describing the UV spectrum of solvated pyruvic acid correctly.

The effect of pH could not be modeled directly. The pH of a solution is the concentration of

hydronium ions. The acid-base ratio is determined by the pH of the solution. This cannot be
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described by the small size of the clusters employed. However, this can be modeled indirectly by
assuming certain percentages of the acid form and its anionic form and combining their individual
spectrum. For pyruvic acid this assumption lead to a very good description of the experimental

UV spectrum.

The results encourage the study of other systems, such as aerosols, by small computational models.
Speciated forms depending on the pH of the solution can be well described by our methodology.
This gives insight into the molecular structures of solvated speciated forms, their dynamics over
time and the location of the electronic excitation. Optical properties derived from different
structures can be examined by investigation of the orbitals and the oscillator strengths of the

transitions.

This study enables the investigation of atmospherically relevant molecules either in seawater or in
the atmosphere with consideration of different conformers and of speciated forms. This study is a
step towards investigating the experimental UV spectrum of solvated molecules, which depend on
more than one species and/or conformers. The theoretical approach used here resolves the
structures that contribute to the spectrum and gives insight into their optical properties. A
combined theoretical and experimental approach is therefore proposed as a key tool in a better
understanding and identification of more complex systems such as the constituents of aerosols.
Identification of the constituents is important for follow up studies on their photodynamics and

their impact on atmospheric chemistry and climate.
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The supporting information includes the effect of hydration on the vertical excitation energies to
the first excited singlet state of the two diol forms (anionic and ketone), the depiction of the Tt

conformer with two water molecules together with its optical properties, the comparison of the
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vertical excitation energies and their optical properties for the neutral ketone and anionic form

using different basis sets (i.e. def-SV(P) and cc-pVDZ) and the molecular orbitals for selected

transitions., Additionally the cartesian coordinates for all structures discussed in this study has

been provided.
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