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Abstract

We investigate how the UV spectra of pyruvic acid (PA) and pyruvate are impacted by 
interactions with water molecules. In particular, we would like to understand the mechanistic origin 
of the blue shift in the n →− π∗ transition. Pyruvic acid is the simplest α-keto organic acid and is 
common in the environment. We use density functional theory to optimize geometries to determine 
excitation energies and ϐind that the excitation energies of the two main pyruvic acid conformers 
and pyruvate blue shift when interacting with 1 to 4 water molecules, both in vacuo and in a solvent. 
The excitation wavelength is blue-shifted by 0.9-9.2 nm when adding water molecules to the lowest 
energy conformer of PA. Calculations of the UV spectra of pyruvic acid (PA) and pyruvate are crucial 
for understanding the impact of the interactions with water molecules.

Introduction 

The powerful inϐluence of interfaces on molecular 
properties has driven research on the unique photochemistry 
occurring on water surfaces like the ocean and aerosol 
particles [1-4]. Pyruvic Acid (PA) is a compelling test system. 
It is commonly found in the environment and biological 
systems.

In the atmosphere, it occurs in the gas phase and aerosols 
and droplets produced e.g. in the oxidation of isoprene. In 
addition to being important in its own right, as the simplest 
α-keto organic acid it is a good representative of this class of 
compounds. We perform investigations of the UV spectra of 
Pyruvic Acid (PA) and pyruvate to understand how the spectra 
are inϐluenced by the interactions with water molecules. This 
is crucial for understanding how the molecular compounds 
can include water molecules in their structures and form the 
starting structures of clusters forming aerosol particles at a 
later stage.

The presence of a keto-group in the α position to an 
organic acid gives rise to an electronic transition accessed 
by UV sunlight; organic acids are otherwise not generally 
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photoactive. PA has a continuous absorption band with a 
signiϐicant diffuse vibrational structure that extends from 275 
to 400 nm, peaking near 350 nm [5-8]. There are four exit 
channels for gas phase photolysis:

CH3COCOOH + hν −→ CH3CHO + CO2 ϕ1 = 48 ± 1 %

CH3CO + COOH ϕ2 = 39 ± 10 %

CH3COOH + CO ϕ3 = 8 ± 13 %

CH3CO + CO + OH ϕ4 = 5 ± 3 %

Photolysis is the major loss process for PA in the 
atmosphere. Mellouki and Mu estimate the chemical lifetime 
concerning the gas-phase OH reaction is more than 3 months, 
and a few hours for photolysis (gas-phase) [6].

Blair, et al. identiϐied four stable conformers of pyruvic 
acid, Tc, Tt, Ct, and Cc with energies of 0.0, 2.68, 4.36, and 
10.31 kcal/mol respectively [9].

The ϐirst letter of the label refers to the cis or trans relative 
orientation of the carbonyl groups and the second, the cis or 
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trans orientation of the acidic hydroxyl relative to the ketonic 
carbonyl. Here we consider the two lowest energy forms, Tc 
and Tt. These two conformers differ in that the orientation of 
the hydroxyl group is either cis or trans to the ketonic oxygen. 
When investigating pyruvate, these conformers cease to exist 
because the negative charge is fully delocalized between the 
two oxygen atoms in the acid group.

Hence, only one conformer of pyruvate is investigated in 
this study. 

Computational methods
Calculations

We investigate the excitation energies and UV-VIS spectra 
of PA and pyruvate from the gas phase to bulk via molecular 
clusters with discrete water molecules and interactions with 
a water cluster surface. Geometries were optimized using 
the ωB97X-D [10] and CAM-B3LYP [11] functionals, using 
the aug-cc-pVTZ (AVTZ) basis set [12]. Calculations were 
performed using Gaussian16 [13]. Water molecules were 
added sequentially optimizing the structures with each step. 
Several possibilities for the positions of the water molecules 
were explored, and the geometry with the lowest ground state 
energy was chosen for further work. Four water molecules 
were added in total.

Results and discussion
We note that the cluster formations depend on the 

different conformations which is similar to previous 
investigations [14-16]. Furthermore, the calculated UV-Vis 
spectra exhibit a clear trend concerning the inclusion of water 
molecules in the molecular clusters. The electronic transitions 
get more blueshifted with an increasing number of water 
molecules. This observetion can be utilized when undertaking 
experimental investigations of clusters containing organic 
acids and water molecules. Investigations, such as the ones 
presented here, are of importance for understanding the 
formation of molecular clusters and previous investigations 
have clearly shown this [14-16].

The level of theory utilized in this article has previously 
been shown to be sufϐicient accuracy when compared to 
experimental data and more accurate theoretical models [14-
16]. Pyruvic Acid (PA) has several conformers; the Tc and 
the Tt conformers are dominant [17,18]. These two lowest-
energy conformers are shown in Figure 1. The labels Tc and 
Tt follow the nomenclature used in previous studies [9,17]. 
The relative energies of the conformers are also shown in the 
Figure. We ϐind the energy of the Tt conformer is 2.69 kcal/
mol above the Tc conformer calculated with CAM-B3LYP/
AVTZ. A determination by Blair, et al. found Tt to be 1.96 kcal/
mol [9] above the Tc conformer. We believe the difference is 
largely due to the difference in the method. We report a value 
calculated using DFT whereas Blair, et al. calculated the energy 
based on CCSD(T)/ωB97X-D/AVTZ. The CCSD(T) method is 
known to give highly accurate single-point energies [19].

(a) PA Tc conformer (0.00/0.00). (b) PA Tt conformer (2.69/2.76).

Figure 1: Optimized structures (at the CAM-B3LYP/AVTZ level of theory) of the 
two lowest energy conformers of pyruvic acid. The relative energies in kcal/mol, 
calculated with CAM-B3LYP/AVTZ (normal font), and ωB97X-D/AVTZ (italic font), 
are shown in parentheses.

Work by Shemesh, et al. [17] has shown that pyruvate is 
the most dominant structure in solution at pH values ranging 
from 2.9 to 7.9. For this reason, pyruvate is included in this 
study, along with PA in its Tc and Tt conformers.

We investigate the association of water molecules with 
these three species.

Water molecules are added sequentially to the given 
conformer of PA or pyruvate, and the structure of each 
cluster is optimized. Another water molecule is added after 
the lowest ground state energy has been located. Up to four 
water molecules were added to the PA conformers. The water 
molecules migrate to the oxygen atoms as these are the most 
polar areas and the water molecules can form hydrogen 
bonds. Because of these effects, the search for the lowest 
ground state energy of the complexes is initiated by placing 
water molecules near the different oxygen atoms.

The optimized structures of the PA conformers interacting 
with 1 to 4 water molecules were used in TD-SCF calculations 
to obtain excitation energies. In this study, we investigate 
the excitation energies of the PA, Tc and Tt conformers and 
pyruvate. First, we present each of the three species and then 
a summary and discussion.

Pyruvic acid Tc ketone

The optimized geometry of the pyruvic acid Tc conformer 
in vacuum is shown in Figure 2. Different possible structures 
for the addition of a water molecule were investigated and 
the resulting lowest energy structure is shown in Figure 3a. 
In previous research, a different structure for the addition of 
the ϐirst water molecule was suggested in which the water 
molecule is hydrogen bonded to the hydroxyl group and the 
ketonic oxygen [9,17]. This position for the ϐirst water molecule 
was investigated in this study and was not found to have the 
lowest ground-state energy. The position for the ϐirst water 
molecule suggested in previous literature was found to be 3.38 
kcal/mol higher in energy than the geometry presented in 
Figure 3a,b. The second water molecule is added at a position 
where a hydrogen bond is formed from the hydroxy group in 
pyruvic acid to the oxygen lone pair in water. An additional 
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hydrogen bond is formed from the hydroxy group of water to 
the ketonic oxygen of PA.

Optimizations with up to four water molecules around 
the pyruvic acid Tc conformer was performed, the resulting 
structures are shown in Figure 3 and 4.

The third water molecule can be positioned either hydrogen 
bonded to the ketonic oxygen in PA or the ϐirst and second 
water molecules. The former structure (Figure 4a) is found 
to have the lowest energy in the ground state with an energy 
difference of 7.91 kcal/mol relative to the latter structure 
(Figure 4b). The excitation wavelengths for the structure 
shown in Figure 4b are included in Table 1 to compare the 
two different structures with three water molecules.

Table 2 shows an experimental value, several theoretical 
literature values, and values from this study, for the excitation 
wavelengths of the PA Tc conformer. Shemesh et al. report 
wavelengths of 358 and 351 nm based on calculations using 
the cc-pVDZ and def-SV(P) basis sets respectively, along with 
the ADC(2) method. The difference in excitation energy is 
likely due to the choice of method. Shemesh, et al. used the 
ADC(2) method with a 124 cc-pVDZ basis set, whereas this 
study used the TD-SCF method with the aug-cc-pVDZ basis set 
(and two different functionals). It was earlier demonstarted 
[20] that the TD-SCF method tends to underestimate the 
excitation energies, for example, ωB97X-D shows a Mean 
Signed Error (MSE) of -0.213 eV and CAM-B3LYP show an 
MSE of -0.238 eV concerning CC3. The article also provides 
errors for TD-SCF methods compared to ADC(2), and here 

they show MSEs of -0.242 eV and -0.267 eV for ωB97X-D and 
CAM-B3LYP, respectively [20].

Chang, et al. [21] report several excitation energies 
calculated with the TDSCF method and the 6-31G* basis set, 
with values of 351 and 354 nm for 134 the CAM-B3LYP and 
ωB97X-D functionals, respectively.

(a) Strucutre of pyruvate. (b) Structure of pyruvic acid Tc neutral keton

Figure 2: Optimized structures of pyruvate and PA Tc neutral ketone. Calculated with 
CAM-B3LYP/AVTZ.

(a) Strucutre of pyruvic acid Tc with one water

molecules.

(b) Strucutre of pyruvic acid Tc with two water

molecules.

Figure 3: Optimized structures of PA Tc ketone with 1 and 2 water molecules. 
Calculated with CAM-B3LYP/AVTZ.

(a) Structure of pyruvic acid Tc with three water
molecules, lowest ground state energy.

(b) Strucutre of pyruvic acid Tc with three
water molecules, alternative structure.

(c) Strucutre of pyruvic acid Tc with four water molecules.

Figure 4: Optimized structures of PA Tc neutral ketone with three and four water.

Table 1: Summary of excitation wavelengths for the pyruvic acid Tc conformer with 1, 
2, 3, and 4 water molecules, in vacuo and solvent (water). The energies were calculated 
with the functionals CAM-B3LYP and ωB97X-D and the AVTZ basis set. 
aStructure with the lowest energy. bAlternative structure with water molecules 
primarily hydrogen bonded to each other.

Medium # of H2O
CAM-B3LYP ωB97X-D

λ / nm Osc. str. λ / nm Osc. str.

vacuum
 
 
 

0 345.9 0.0000 348.8 0.0000
1 340.6 0.0000 343.1 0.0000
2 336.7 0.0001 345.5 0.0001

3a 338.1 0.0000 341.0 0.0000
3b 345.0 0.0001 347.7 0.0001
4 338.2 0.0001 342.4 0.0001

water
 
 
 

0 337.1 0.0001 340.0 0.0001
1 332.9 0.0000 335.4 0.0000
2 336.8 0.0001 339.4 0.0001

3a 330.7 0.0000 332.8 0.0000
3b 341.3 0.0001 344.2 0.0001
4 334.1 0.0001 337.2 0.0001

Table 2: Comparison of PA Tc excitation wavelengths with literature. Calculations 
performed in a vacuum.
λ / nm Osc. strength Method Ref.

350 - exp./gas phase [22]
358 0.00000035 ADC(2)/cc-pVDZ [17]
351 0.00000355 ADC(2)/def-SV(P) [17]∗

351 - TD-SCF/CAM-B3LYP/6-31G* [21]
354 - TD-SCF/ωB97X-D/6-31G* [21]

345.9 0.0000 TD-SCF/CAM-B3LYP/AVTZ this work
348.8 0.0000 TD-SCF/ωB97X-D/AVTZ this work

∗ In the supporting information of the article.
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Both wavelengths calculated in this study are longer than 
the previous literasure values. The result from the ωB97X-D/
AVTZ method is only 1.2 nm from the experimental value, while 
the CAM-B3LYP/AVTZ result is 4.1 nm from the experimental 
value. Hence for the PA Tc conformer in a vacuum with no 
water, the ωB97X-D/AVTZ method provides the more precise 
result of the two methods applied in this study.

In Table 3, results for zero to four water molecules in vacuo 
are compared with the results of Shemesh, et al. [17]. For the 
addition of more water molecules, the ωB97X-D functional 
yields values closest to those of Shemesh, et al. The differences 
in energy between the values reported by Shemesh, et al. and 
this study are signiϐicantly larger for the structure with one 
water molecule than for no water molecules. As mentioned 
this study and Shemesh, et al. disagree on the position of the 
ϐirst water molecule. It is expected that these two different 
positions would cause different excitation energies. 

Pyruvic acid Tt conformer

The geometries for pyruvic acid Tt conformer and up to 
four water molecules were optimized in vacuo and water, 
see Figure 5. As shown in Table 4, when individual water 
molecules are added to the Tt conformer of pyruvic acid, the 
excitations shift to shorter wavelengths, i.e. 155 higher energy. 

This is an effect that is observed in a vacuum and a dielectric 
medium (water). The trend is especially evident in a vacuum, 
where a blue shift of 2.4, 9.5, 19.7, and 21.8 nm for 1 to 4 water 
molecules respectively is 158 observed. 

Shemesh, et al. report excitation values for the PA Tt 
conformer with no water molecules in vacuo [17]. These are 
compared to the results from our study in Table 5. We ϐind 
excitation wavelengths that are 6 to 8.2 nm longer (lower 
energy) than those reported by Shemesh, et al. As mentioned 
previously, the TD-SCF methods generally underestimate 
excitation energies 164 and we take them as a lower limit 
on the true excitation energy. We also note that the ADC(2)/
cc-pVDZ method uses a basis set with no diffuse functions 
whereas the aug-cc-pVTZ basis set used in this study does 
contain diffuse functions [12]; the functionals ωB97X-D 
and CAM-B3LYP will be better able to describe long-range 
interactions [10,11], useful for example in describing how the 
dipole moment changes when adding water molecules or a 
solvent 170 model.

Pyruvate

The geometries for pyruvate alone and with individual 

(a) PA Tt. (b) PA Tt with one water molecule.

(c) PA Tt with two water molecules. (d) PA Tt with three water molecules.

(e) PA Tt with four water molecules.

Figure 5: Optimized structures of the lowest energy structure of PA Tt with up to four 
water molecules.

Table 3: Comparison of the effect of the addition of zero to four water molecules to 
the pyruvic acid Tc conformer on transition wavelength, in vacuo. The values from this 
study were calculated using the TD-SCF method, with the given functional and the AVTZ 
basis set.

# H2O λ / nm Osc. strength Method Ref.

0
 

350 4E-07 ADC(2)/cc-pVDZ [17]
346 0 CAM-B3LYP this work
349 0 ωB97X-D this work

1
 

364 4E-06 ADC(2)/cc-pVDZ [17]
341 0 CAM-B3LYP this work
352 0 ωB97X-D this work

2
 

359 4E-06 ADC(2)/cc-pVDZ [17]
337 0.0001 CAM-B3LYP this work
346 0.0001 ωB97X-D this work

3
 

359 6E-05 ADC(2)/cc-pVDZ [17]
338 0 CAM-B3LYP this work
341 0 ωB97X-D this work

4
 

347 0.0002 ADC(2)/cc-pVDZ [17]
338 0.0001 CAM-B3LYP this work
342 0.0001 ωB97X-D this work

Table 4: Summary of excitation wavelengths and oscillator strengths for the lowest 
energy conformer of pyruvic acid Tt with 1, 2, 3, and 4 water molecules, in vacuo and 
water solvent, calculated with CAM-B3LYP/AVTZ and ωB97X-D/AVTZ.

Medium # of H2O
CAM-B3LYP ωB97X-D

λ / nm Osc. str. λ / nm Osc. str.

vacuum
 
 

0 354.8 0.0001 357 0.0000
1 352.4 0.0000 354.7 0.0000
2 345.3 0.0001 346.8 0.0001
3 335.1 0.0000 333.1 0.0001
4 333.0 0.0001 329.6 0.0001

water
 
 

0 346.6 0.0001 348.9 0.0001
1 346.8 0.0001 349.2 0.0001
2 339.7 0.0001 342.3 0.0001
3 336.6 0.0000 339.4 0.0001
4 333.7 0.0000 336.1 0.0001
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water molecules are shown in Figures 6 and 7. The dihedral 
angle between the ketonic oxygen and acid carbonyl groups in 
pyruvate is twisted by about 900 compared to PA. Shemesh, et 
al. [17] previously investigated pyruvate in solution, although 
geometries from their calculations did not show the same 
”twist” until adding the third water molecule. This difference 
could be due to the electronic structure method chosen for 
the calculations. The geometries in Figure 6 is calculated 
with a DFT method (CAM-B3LYP/AVTZ), whereas the results 
from Shemesh, et al. were calculated with MP2/cc-pVDZ. The 
cc-pVDZ basis set does not include diffuse functions, which 
are included in the calculations in this study when using the 
aug-cc-pVTZ basis set. The method applied by Shemesh, et al. 
furthermore contains a basis set with a double zeta valence. 
Compared to the triple zeta valence in the basis set used in 
this study, it is expected to provide a lower percentage of 
the total valence correlation energy. According to Ref. [23], 
the cc-pVDZ basis set can provide approximately 65% of 
the total correlation energy, while the cc-pVTZ basis set can 
provide 85%. Therefore, it is possible that the method used by 
Shemesh, et al. without the diffuse functions, did not capture 
the interactions involving the ”twisted” pyruvate with zero to 
two water molecules.

 We investigated two positions for the ϐirst water molecules. 
Both have the water molecule bonded to two oxygen atoms 
in pyruvate. The position for the water molecule with the 
lowest total energy of the ground state, labeled A, has the 
water molecule interacting with both the ketonic and one of 
the oxygen atoms in the carboxylate group simultaneously, 
as shown in Figure 6a. The other position, labeled B, is 
approximately 1 kcal/mol higher in energy and has two 
hydrogen bonds from the water to the two carboxylate oxygen 
atoms in pyruvate, as seen in Figure 6b.

A large difference in the excitation energies is seen for 
these two geometries including the ϐirst water molecule. The 
structure with the lowest ground state energy calculated 
with CAM-B3LYP/AVTZ in vacuum (6a) has an excitation 
wavelength of 328.2 nm, while the other (6b) has an excitation 
energy of 304.1 nm in a vacuum. The experimental value for 
the excitation energy in water is 320 nm, cf. Table 6 [17]. The 
excitation energies calculated in water are blueshifted 21 to 
24 nm relative to the experimental value.

 Dramatically, structure A has an oscillator strength an 
order of magnitude larger than B. The absorption intensity is 
very sensitive to the position of the ϐirst water molecule, as is 
the wavelength of the transition.

Shemesh, et al. presented a position for the ϐirst water 
molecule similar to that shown in Figure 6b, although not 
with the twist in pyruvate. The difference between these 
geometries for the ϐirst water molecule is likely due to the 
different geometries for pyruvate with no water molecules 
discussed previously.

The remaining geometries for adding water molecules to 
pyruvate are shown in Figure 7. The excitation wavelengths 
and oscillator strengths are found in Tables 7 and 8. The 
excitation wavelengths in the vacuum for pyruvate decrease 
with the addition of water until the third molecule is added, 
at which point the energy increases. We propose that the 
dihedral angle between the ketonic oxygen and the acid 
oxygen is important for the excitation energy of pyruvate, 

(a) Structure pyruvate with one water molecule,
lowest ground state energy,

(b) Structure pyruvate with one water molecule,
alternative position, BA

Figure 6: Optimized structures of pyruvate with one water molecule. Calculated with 
CAM-B3LYP/AVTZ.

(a) Structure for pyruvate with two water
molecule.

(b) Structure for pyruvate with three water
molecules.

(c) Structur for pyruvate with four water molecules.

Figure 7: Optimized structures of pyruvate with two, three, and four water molecules.

Table 5: Comparison of pyruvic acid Tt conformer excitation wavelengths and oscillator 
strengths found in this work and the literature.
λ / nm Osc. strength Method Ref.

363 0.00000077 ADC(2)/cc-pVDZ [17]
354.8 0.0001 TD-SCF/CAM-B3LYP/AVTZ this work
357.0 0.0000 TD-SCF/ωB97X-D/AVTZ this work

Table 6: Comparison of pyruvate excitation values with literature. The values from this 
study were calculated using the TD-SCF method, with the given functional and the aug-
cc-pVTZ basis set.
λ / nm Osc. strength Method Medium Ref.

390 0.00000638 ADC(2)/cc-pVDZ vacuum [17]
382 0.00004174 ADC(2)/def-SV(P) vacuum [17] ( SI )
312 0.0004 CAM-B3LYP vacuum this work
315 0.0005 ωB97XD vacuum this work
296 0.0005 CAM-B3LYP water this work
299 0.0006 ωB97XD water this work
320 – experimental water [17]
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both in vacuum and in water. Structure A has a dihedral angle 
of 124.3◦, while structure B has a dihedral angle of 91.3◦. The 
more planar geometry in A provides a larger delocalization of 
the π-system than in structure B. A correlation between the 
excitation energy and the dihedral angle is also observed for 
the remaining pyruvate structures as shown in Table 7 and 
8. A decrease in the excitation energy between the structures 
can be linked to an increase in the dihedral angle and hereby a 
more delocalized π- system.

Neither in vacuum nor in a solvent, is a trend observed 
for the oscillator strengths when more water molecules are 
added. Therefore, it is difϐicult to conclude anything about 
how the probability of the excitation of pyruvate changes 
when the molecule is hydrated. However, compared to the 
neutral ketones, which showed very low oscillator strengths, 
it is easier to differentiate between the magnitudes of the 
transitions of pyruvate due to the somewhat larger oscillator 
strengths. 

A large disagreement is found in comparing the excitation 
energies shown here with the literature values by Shemesh, et 
al. [17]; a difference of 74.9 and 77.8 nm is seen between the 
literature value with the cc-pVDZ basis set and the ωB97X-D 
and CAM-B3LYP values, respectively. These variations in 

excitation wavelength are larger than could be explained as 
arising from the choice of method. As discussed previously 
we ϐind a geometry for pyruvate that is different from that of 
Shemesh, et al. It is expected that a ϐlat molecule (as calculated 
by Shemesh, et al.) has a larger delocalization of the pi-system 
than that of a molecule with the methyl group twisted away 
from the rest of the molecule (as found here).

A large difference in excitation wavelength remains when 
comparing excitation energies, also when adding additional 
water molecules (Table 9).

The largest disagreement between this study and Shemesh, 
et al. is in systems with no surrounding water molecules. 
Adding water to the structure, the differences become 
smaller. In the work by Shemesh, et al. adding the third and 
fourth water molecules results in a ”twist” in the geometry of 
pyruvate. One could argue that since this twist is seen for all 
calculations for pyruvate in this study, the structures for the 
third and fourth water molecules are more similar than the 
remaining structures.

Water cluster: We were unable to optimize pyruvate on the 
surface of the water cluster with either DFT method. Further 
calculations are needed to 260 obtain more knowledge on 
how pyruvate will interact with the cluster.

A summary of the excitation wavelengths and oscillator 
strengths, calculated with ωB97X-D/AVTZ, is shown in Table 
10. These values show that the Tt and Tc conformers of 
pyruvic acid differ in excitation energy by 11.8 nm in vacuum 
and 8.9 nm in water (with 0 H2O molecules), with the Tt 
conformer having the lowest energies. There is an increase in 
the excitation energy in vacuum from 0 to 4 H2O molecules, 
observed for both pyruvic acid conformers and pyruvate. 
The same effect is observed by adding 0 to 4 H2O molecules 
in water. The Tc conformer furthermore shows a blueshift of 
1.1 to 2.4 nm between 4 H2O molecules in vacuum to 0 H2O 
molecules in water, whereas the Tt conformer shows a redshift 

Table 7: Summary of excitation wavelengths λ of pyruvate with 1, 2, 3, and 4 water 
molecules, in vacuum and solvent (water). Calculated with CAM-B3LYP/AVTZ. The 
dihedral angle is deϐined to be between 90 and 180 degrees, where 180◦ represents a 
planar molecule.

Medium # of H2O λ / nm Osc. strength Dihedral ang. ( deg )

 
 
 

 vacuum
 
 

0 312.2 0.0004 91.41
1(A) 328.2 0.0011 124.3
1(B) 304.1 0.0001 91.27

2 332.6 0.0005 137.2
3 315.9 0.0013 124.1
4 313.7 0.0008 124.4

 
 
 

 water
 
 

0 295.9 0.0005 90.07
1(A) 330.3 0.0004 142.3
1(B) 293.5 0.0002 90.12

2 340.8 0.0001 172.3
3 333.3 0.0001 165.5
4 335.5 0 179.2

Table 8: Summary of excitation wavelengths λ of pyruvate with 1, 2, 3, and 4 water 
molecules, in vacuum and solvent (water). Calculated with ωB97X-D/AVTZ. The 
dihedral angle is deϐined to be between 90 and 180 degrees, where 180◦ represents a 
planar molecule.

Medium # of H2O λ / nm Osc. strength Dihedral ang. (deg)

vacuum
 
 
 

0 315.1 ##### 91.37
1(A) 323.5 ##### 114.8
1(B) 295.4 ##### 91.39

2 322 ##### 121.8
3 301.6 ##### 95.92
4 301.3 ##### 94.97

water
 
 

0 298.7 ##### 90.14
1∗(A) 310.2 ##### 116

2 334.8 ##### 150.6
3 290.1 ##### 90.51
4 294.3 ##### 94.9

∗ We were not able to optimize structure B in water.

Table 9: Comparison of the addition of water molecules to pyruvate, in vacuum. 
The values from this study were calculated using the TD-SCF method, with the given 
functional and the aug-cc-pVTZ basis set.

# H2O λ / nm Osc. strength Method Ref

0
 

390 6.38E-06 ADC(2)/cc-pVDZ [17]
312 0.0004 CAM-B3LYP this work
315 0.0005 ωB97X-D this work

1
 

372 6.5E-07 ADC(2)/cc-pVDZ [17]
328 0.0011 CAM-B3LYP this work
324 0.0013 ωB97X-D this work

2
 

371 9E-08 ADC(2)/cc-pVDZ [17]
333 0.0005 CAM-B3LYP this work
322 0.0007 ωB97X-D this work

3
 

349 0.0005033 ADC(2)/cc-pVDZ [17]
316 0.0013 CAM-B3LYP this work
302 0.0013 ωB97X-D this work

4
 

331 0.0004067 ADC(2)/cc-pVDZ [17]
314 0.0008 CAM-B3LYP this work
301 0.0001 ωB97X-D this work
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of 13.6 to 19.3 nm between the same two structures. This 
illustrates that the two conformers are differently affected by 
explicit solvent interactions and the applied solvent model. 
The energies for the pyruvic acid conformers near the water 
cluster show excitation energies close to those in a vacuum 
with 0 individual water molecules.

Experimental spectra recorded by [17] show that the 
absorption maxima of pyruvic acid and pyruvate differ by 
only a few nm in aqueous solution which may indicate the 
solvation model used in this study is not able to representsent 
the conformational complexity of the bulk solution. The 
experimental ϐindings of [17] that the absorption peak of 
pyruvic acid is blue-shifted by solvation in water is reproduced 
by our results. Adding solvent molecules to explicitly model 
the solvent interactions increases the blueshift for solvation in 
water, showing that incorporating explicit solvent interactions 
is important for theoretical models.

As expected the Tc conformer shows excitation values 
closest to the experimental value for pyruvic acid in the gas 
phase. This was expected as the Tc conformer is the most 
stable of the neutral ketones.

The addition of water molecules to the different conformers 
of pyruvic acids tends to increase the excitation energy. 
This is likely due to the greater stabilization of the ground 
states relative to the excited states of the molecule when 
surrounded by an electric ϐield. Furthermore, we generally 
see a stabilization of the ground state, when individual water 
molecules are added.

This trend is very clear for the neutral ketones, though not 
as clear for pyruvate, probably due to its negative charge. It 
was observed for pyruvate that the dihedral angle of ketonic 
oxygen and acid oxygen is important for the excitation of 
the compound. The more planar the molecule is, the more 
the π-system is delocalized through the molecule. When the 
dihedral angle increases from adding a water molecule, a 

blue shift is observed. The presented approach is limited by 
the number of water molecules included in the molecular 
cluster. This aspect should be addressed in future work. One 
approach for including the effects of increasing the number of 
water molecules is to perform quantum mechanical molecular 
dynamics calculations where the water molecules far from the 
organic acid are treated by 304 molecular mechanics [24,25].

Conclusion
We have performed calculations of the excitation 

wavelengths and oscillator strengths were calculated using 
B97X-D/AVTZ for the Tt and Tc conformers of pyruvic acid. 
We have considered how the conformers differ in excitation 
energy in vacuum and water, as well as the impact of adding 
water molecules on the excitation energy. The interaction 
of explicit solvent molecules with the conformers is also 
highlighted. Additionally, the study shows that the Tc 
conformer aligns closely with experimental values in the gas 
phase, with emphasizing its stability. The presence of water 
molecules inϐluences the excitation energy, with a clear trend 
of ground-state stabilization observed.
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