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Abstract

The structures, relative stabilities as well as the rotational and vibrational spectra of the three low-

energy conformers of Pyruvic acid (PA) have been characterized using a state-of-the-art quantum-

mechanical approach designed for flexible molecules. By making use of the available 

experimental rotational constants for several isotopologues of the most stable PA conformer, Tc-

PA, the semi-experimental equilibrium structure has been derived. The latter provides a reference 

for the pure theoretical determination of the equilibrium geometries for all conformers, thus 

confirming for these structures an accuracy of 0.001 Å and 0.1 deg. for bond lengths and angles, 

respectively. Highly accurate relative energies of all conformers (Tc-, Tt- and Ct-PA) and of the 

transition states connecting them are provided along with the thermodynamic properties at low and 

high temperatures, thus leading to conformational enthalpies accurate to 1 kJ mol−1. Concerning 

microwave spectroscopy, rotational constants accurate to about 20 MHz are provided for the Tt- 
and Ct-PA conformers, together with the computed centrifugal-distortion constants and dipole 

moments required to simulate their rotational spectra. For Ct-PA, vibrational frequencies in the 

mid-infrared region accurate to 10 cm−1 are reported along with theoretical estimates for the 

transitions in the near-infrared range, and the corresponding infrared spectrum including 

fundamental transitions, overtones and combination bands has been simulated. In addition to the 

new data described above, theoretical results for the Tc- and Tt-PA conformers are compared with 

all available experimental data to further confirm the accuracy of the hybrid coupled-cluster/

density functional theory (CC/DFT) protocol applied in the present study. Finally, we discuss in 

detail the accuracy of computational models fully based on double-hybrid DFT functionals 

(mainly at the B2PLYP/aug-cc-pVTZ level) that avoid the use of very expensive CC calculations.
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1 Introduction

There is an increasing interest in a detailed knowledge of the conformational behavior of the 

main building blocks of biomolecules (amino acids, nucleic bases and carbohydrates, etc.) 

without the perturbing effect of environment (unavoidable in condensed phases).1–10 

Indeed, this is a mandatory prerequisite toward the understanding of the role played by 

different interactions in determining the biological activity in terms of structure-activity 

relationships. In particular, a great effort has been carried out for the determination of 

molecular structures and properties of biomolecule building blocks of increasing size and 

complexity11–18 as well as of less-stable conformers of well-known small- to medium-

sized organic molecules containing the typical bond patterns of biomolecular systems.19–29 

For the latter, several attempts have recently been performed in order to either detect less 

stable conformers in the experimental mixtures or to generate new ones by suitable 

spectroscopic experiments. In all these cases, the accurate theoretical characterization of 

molecular structures, rotational and vibrational properties, and in particular the simulation of 

rotational17,30–32 and vibrational29,31–33 spectra are of great help for the identification 

and analysis of either yet undetected or new/rare conformers. Moreover, for the “in situ” 

production of rare isomers,34 for example via near-infrared (NIR) irradiation, the theoretical 

characterization of the best energy ranges able to excite specific overtone transitions and 

overcome the barriers between conformers facilitate the proper setup of such challenging 

experiments. In this context, the present investigation shows an effective computational 

strategy applied to a case study, namely, the structural and spectroscopic characterization of 

pyruvic acid.

The basic requirements for the theoretical support of new state-of-the-art experiments are the 

accurate predictions of: (i) equilibrium molecular structures, (ii) free energies of different 

conformers for specific experimental conditions, (iii) molecular spectra in the energy ranges 

of interest for all conformers and isotopologues possibly present in the experimental 

mixture. In all these cases, the target accuracy requires computations beyond the harmonic 

approximation, thus including vibrational anharmonic effects on rotational constants, 

thermodynamic properties, and on both line positions and intensities of IR spectra.

Concerning rotational spectra, the starting point is the computation of an accurate 

equilibrium geometry for the evaluation of the corresponding rotational constants.35 Next, 

quadratic and cubic force constants allow the determination of vibrational corrections to 

rotational constants together with the quartic and sextic centrifugal-distortion constants.36–

39 Finally, accurate dipole moment components and, when needed, quadrupole-coupling 

constants complete the list of the needed quantities.9,36 In our opinion, the most effective 

strategy relies on coupled-cluster (CC) evaluations (at the CC singles and doubles 

augmented by a perturbative treatment of triple excitations, CCSD(T)40) of equilibrium 
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geometries, properties and, possibly, quadratic force constants in a normal-mode 

representation (i.e., harmonic frequencies), also considering extrapolation to the complete 

basis set (CBS) limit and core-valence correlation (CV) contributions.36,41–43 These 

results can be complemented by density functional theory (DFT) evaluations of the 

anharmonic contributions33,44 (employing hybrid or double hybrid functionals, like 

B3LYP45 and B2PLYP46 in conjunction with medium-sized basis sets). This strategy has 

been successfully applied, for example, to the investigation of the rotational spectra of 

thiouracil,30 glycine dipeptide,17 and the thiouracil-water complex.47

For larger molecules, benchmark studies suggest that the computationally expensive (and 

slowly converging) evaluation of harmonic frequencies at the CCSD(T)/CBS level 

augmented by CV corrections can be replaced by effective B2PLYP computations without 

any dramatic reduction of the accuracy33,48,49 for both rotational and vibrational 

spectroscopy investigations. In this connection, it is noteworthy that more recent spin-

component-scaled double hybrids, after heavy parametrization, provide with respect to 

B2PLYP improved thermochemical properties, but essentially equivalent frequencies.50 

Furthermore, a very recent study51 demonstrated that inclusion of post-MP2 contributions 

does not improve the results with respect to double hybrid functionals. Concerning 

vibrational spectroscopy, the simulation of fully anharmonic spectra including fundamental, 

overtones and combination bands33 requires, in addition to the quantities discussed above 

for the rotational spectra, quartic (at least semi-diagonal) force constants together with 

second and third derivatives of the electric dipoles (for IR spectra). Once again, hybrid and 

double hybrid functionals perform very well in the computation of anharmonic 

contributions, provided that, for the evaluation of the electric dipoles, diffuse functions are 

properly included in the basis set.33,49,52 Subsequently, the vibrational problem can be 

solved by either variational53–68 or perturbative69–99 approaches. For semi-rigid 

molecules, second-order vibrational perturbation theory (VPT2)69,70 is particularly 

effective, provided that nearly resonant contributions are treated by means of a variational 

approach, thus leading to the so-called generalized VPT2 model (GVPT2),75,80–82 also 

referred to as VPT2+WK.96,97 In particular, a general VPT2 framework to compute 

thermodynamic properties, vibrational energies and transition intensities for fundamentals, 

overtones and combination bands,80,81,91,93,94,99,100 also including reduced-

dimensionality schemes for effective computations of large molecular systems,101 

simplifies the direct comparison with the experimental outcomes. In view of the 

identification of new species, such an approach permits to distinguish between low-intensity 

features related to non-fundamental transitions of the most abundant conformer and the 

fundamental transitions of the less abundant ones. This computational procedure can also be 

easily applied to a set of isotopologues with the aim of obtaining an unequivocal 

identification of several concomitantly present conformers when the situation is not so clear 

for the main isotopic species. Furthermore, the possibility of computing anharmonic spectra 

including combination bands up to three quanta paves the way to the detailed simulation of 

spectra over a large energy range, well within the near-infrared region. This general strategy 

has been successfully applied to the study of glycine,33,102–105 acrolein106 and 

bibenzyl107 conformers.
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The approaches sketched above have led to the development of a virtual multi-frequency 

spectrometer (VMS),108,109 which consists of a comprehensive computational part 

providing access to the latest developments of computational spectroscopy (VMS-

comp)93,94,99,110–113 and a powerful graphical interface (VMS-draw),114 the latter being 

able to pre- and post-process the data, as well as to compare directly with the experimental 

spectra. The VMS-comp module in charge of vibrorotational spectroscopy beyond the 

harmonic level using VPT280,81,93,94,99 has been employed in the present study to 

evaluate the thermodynamic, kinetic, and spectroscopic properties of all pyruvic acid (PA) 

conformers (both those experimentally observed and those still elusive).

Regarding the molecule chosen in this study, PA is involved in several fundamental 

biological processes,115 is widely used in industry116 and plays an important role in 

atmospheric reactions. 117,118 PA has two conformationally relevant internal degrees of 

freedom (see Figure1), the rotations about the C-C bond between the carbonyl and carboxyl 

carbon atoms and about the C-O bond between the latter atom and the oxydryl oxygen. 

According to theoretical predictions, this yields three different stable conformers in the 

ground electronic state.29,119 These conformers, labelled as Tc, Tt and Ct, following the 

nomenclature1 used in previous studies,29,119,120 are depicted in Figure 1. The presence of 

those three conformers makes PA an ideal case study for demonstrating the suitability and 

reliability of our hybrid CC/DFT approach for the accurate determination of the molecular 

structures and spectroscopic properties of flexible molecules.

The microwave spectra of pyruvic acid have been already measured for several isotopic 

species of the most stable conformer Tc-PA121 and for the lowest vibrational states of the 

main isotopologue. 122 However, the available data have not been applied to the 

determination of an accurate equilibrium structure within the so-called semi-experimental 

procedure123 yet, and accurate estimates of the rotational constants for the two less stable 

conformers are still unknown. Concerning the vibrational spectrum of PA, the most recent 

characterization of different conformers29 was performed in cryogenic argon and nitrogen 

matrices in the mid-IR and NIR regions. The investigation presented in Ref.29 allowed the 

characterization of the spectroscopic features not only for the Tc-PA conformer, but also for 

a second conformer (Tt-PA), which was produced in large amount by a selective NIR 

excitation of the first Tc-PA OH overtone that induced a large-scale conformational 

conversion. The subsequent selective NIR irradiation at the frequency of the first Tt-PA OH 

overtone led to a conversion back to Tc-PA, and no further conformers were observed. The 

IR characterization of Tc-PA and Tt-PA also comprises gas-phase measurements, in 

particular in the overtone range of the OH stretching vibrations.124 The same two 

conformers were also observed in earlier IR experiments, where the Tt-PA conformer was 

either thermally populated in the gas phase119 or generated by the UV-induced 

rotamerization.125 On the other hand, the Ct-PA conformer, estimated to be less stable than 

Tc-PA by about 15-17 kJ mol−1,29,119 has not been observed experimentally yet. On these 

grounds, the aim of the present study is to complete the characterization of all PA 

1the upper-case letter refers to the trans or cis conformer with respect to the O1=C2-C3=O4 dihedral angle, while the lower-case letter 
refers to the conformer with respect to the C2-C3-O5-H6 angle (for atoms labelling see Figure 1).
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conformers and of the processes for their inter-conversion by means of the CC/DFT protocol 

introduced above.

The paper is organized as follows: first a detailed account of the methodology is presented in 

section 2, then the results for equilibrium structures, energetic properties, spectroscopic 

constants as well as rotational and IR spectra are presented and discussed in sections 3.1, 3.2 

and 3.3.

2 Methodology

To characterize the stationary points on the potential energy surface (PES), and in particular, 

to locate all energy minima and the first-order saddle points (transition states) connecting 

them, a preliminary investigation was carried at the DFT level. Within the DFT approach, 

the double-hybrid B2PLYP44,46,126 functional was considered in conjunction with the aug-

cc-pVTZ127,128 basis set because of its accuracy and reliability in spectroscopic and 

structural studies.44,49,106,129 Figure 1 depicts the minima located on the PES, namely, 

the Tc-, Tt- and Ct-PA conformers, and the two transition states connecting them: TS(c-t) 

that connects the Tc- and Tt-PA conformers and TS(T-C) that connects Tt-PA and Ct-PA. 

Besides the characterization of the stationary points on the PES, DFT was used to compute 

harmonic and anharmonic force fields.33 All DFT computations were performed employing 

the GAUSSIAN suite of programs for quantum chemistry.130

In addition to the B2PLYP/aug-cc-pVTZ computations, the CCSD(T) method40 and second-

order Møller-Plesset perturbation theory (MP2)131 were employed in molecular structure 

and property characterization as well as for harmonic force-field calculations, as described 

below. Correlation-consistent basis sets, (aug)-cc-p(C)VnZ (shortly denoted (A)(C)VnZ in 

Tables), with n=T,Q,5,127,128,132 were used in conjunction with the aforementioned 

methods. MP2 and CCSD(T) calculations were carried out with the quantum-chemical 

package CFOUR.133

2.1 Molecular structure and energetics

For all conformers, an accurate structural determination of the three minima located on the 

PES was carried out by accounting simultaneously for basis-set effects as well as core-

correlation contributions at an energy-gradient level. We made use of the composite scheme 

presented in Refs.41,42 and implemented in CFOUR. The overall gradient employed in the 

geometry optimization was therefore given by

dECBS+CV
dx = dECBS(HF − SCF)

dx + d Δ ECBS(CCSD(T))
dx + d Δ E(CV)

dx , (1)

where CBS denotes the complete basis set limit and CV the core-valence correlation 

correction; dECBS (HF-SCF)/dx and dΔECBS (CCSD(T))/dx are the energy gradients 

corresponding to the exp(−Cn) extrapolation scheme for HF-SCF134 and to the n−3 

extrapolation formula for the CCSD(T) correlation contribution,135 respectively. In the 

expression given above, n=T, Q and 5 were chosen for the HF-SCF extrapolation, and n = T 
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and Q were used for CCSD(T). The core-correlation energy correction, ΔE(CV), was 

obtained as difference of all-electron and frozen-core CCSD(T) calculations using the core-

valence cc-pCVTZ basis set.132 This approach exclusively relies on CCSD(T) calculations, 

and in the following, will be denoted as “best CC”.

The results of the composite approach described above provide the opportunity to further 

test a computational scheme that has been recently introduced to obtain accurate equilibrium 

structures of medium-sized molecules30,105 and has been denoted as “cheap”49 to stress 

the reduced computational cost. This approach is based on corrections on top of the 

CCSD(T)/cc-pVTZ level, which are applied directly to the geometrical parameters. The 

contributions considered are the basis-set extrapolation to the CBS limit, Δr(CBS), and the 

core-correlation effects, Δr(CV), both computed at the MP2 level.131 The structural 

parameters were determined as

r(best) = r(CCSD(T)/VTZ) + Δ r(CBS) + Δ r(aug) + Δ r(CV), (2)

where Δr(aug) denotes the correction due to the inclusion of diffuse functions in the basis set 

and is an empirical trick to recover the overestimation of the extrapolation to the CBS limit 

due to the use of rather small sets (n = T and Q) and to the application of the n−3 

extrapolation formula135 to the entire geometrical parameters (and not only to the 

correlation contribution; see Ref.136 for all details). Despite being empirical in nature, this 

approach is nowadays rather well tested.17,47,49,105,136–138 In the following, the results 

obtained by means of this composite scheme will be denoted as “best cheap”.

For the determination of the conformational enthalpy, a composite scheme analogous to that 

of Eq. (1) was employed to evaluate best estimates of the total electronic energies, shortly 

denoted as CCSD(T)/CBS+CV in the text and tables. Calculations were performed at the 

“best CC”, “best cheap” and B2PLYP/aug-cc-pVTZ optimized geometries. To accurately 

determine the energy barrier for the Tc-Tt and Tt-Ct inter-conversions, CCSD(T)/CBS+CV 

energy computations were also carried out at the B2PLYP/aug-cc-pVTZ transition-state 

structures. The CCSD(T)/CBS+CV relative energies also provide the opportunity to test the 

accuracy of the energetic properties computed at the B2PLYP/aug-cc-pVTZ level. The 

required thermodynamic properties were computed beyond the harmonic approximation by 

means of simple perturbation theory (SPT)93,139 combined with the Hindered-Rotor 

Anharmonic Oscillator (HRAO) model,93,140 as explained later in the methodology 

section.

2.2 Harmonic and anharmonic force fields

As briefly mentioned above, for all conformers, the best-estimated harmonic force fields 

were evaluated by means of the so-called “best cheap” composite scheme. This implied the 

evaluation of harmonic force fields at the same level of theory as the corresponding 

optimized geometries (i.e., at the CCSD(T)/cc-pVTZ, MP2/cc-pVTZ, MP2/cc-pCVTZ -all 

electrons and frozen-core- and MP2/aug-cc-pVTZ levels) using analytic second derivatives.

141 For an exhaustive account on this approach, the reader is referred, for example, to Ref.

105
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Anharmonic force-field computations were carried out at the B2PLYP/aug-cc-pVTZ level. 

The cubic and semi-diagonal quartic force fields and up to the third derivatives of the 

electric dipole moment were determined by numerical differentiations of analytic force 

constants44 and first derivatives of the electric dipole at displaced geometries along the 

normal modes (with a 0.01 Å step), with the equilibrium structure optimized using tight 

convergence criteria (maximum forces and displacements smaller than 1.5×10−5 Hartree/

Bohr and 6×10−5 Å, respectively).

To further improve the description of the anharmonic force field, a hybrid model was used, 

which assumes that the differences between vibrational frequencies computed at two 

different levels of theory are mainly due to the harmonic terms. This approach is already 

well-tested for small closed- and open-shell molecular systems (see, for instance, Refs.

49,93,142–145). For all conformers, the hybrid force fields were obtained in a normal-

coordinate representation by adding the cubic and semi-diagonal quartic B2PLYP/aug-cc-

pVTZ force constants to the “best cheap” harmonic frequencies. When the normal modes 

are very similar, as in the present case, DFT cubic and quartic force constants can be used 

without any transformation.

2.3 VPT2 computations of vibrational energies and IR intensities

The computations of vibrational spectra beyond the double-harmonic approximation, of the 

vibrational corrections to rotational constants and molecular properties (vide infra), as well 

as of the Zero Point Vibrational (ZPV) contributions to the conformational energy were 

obtained within the VPT2 approach.69,70 In particular, thermodynamic properties, 

vibrational frequencies and intensities for fundamentals, overtones and combination bands 

were derived by using a general VPT2 platform80,81,91,93,94,99,100 developed and 

implemented in the GAUSSIAN suite of programs for quantum chemistry130 by some of the 

present authors. VPT2 calculations were carried out using both the B2PLYP/aug-cc-pVTZ 

and hybrid “best cheap”/B2PLYP anharmonic force fields.

To overcome the problem of singularities (known as resonances) plaguing the VPT2 

approach, the Fermi resonances have been treated within the GVPT2 scheme, where the 

nearly-resonant contributions are removed from the perturbative treatment (leading to the 

deperturbed model, DVPT2) and variationally treated in a second step.75,80,82,100 Such an 

approach relies on semi-empirical thresholds for first-order resonances. In the present work, 

the procedure proposed by Martin et al.82 for the identification of Fermi resonances were 

chosen, associated to the preliminary check on the frequency difference at the denominator.

80 Recently, our tool has been extended to compute anharmonic intensities (IR, vibrational 

circular dichroism (VCD) and Raman) for the fundamentals, overtones and combination 

bands up to three quanta.33,91,94,99,102 The computation of IR intensities employs the 

default thresholds for 1-1 and 1-3 resonances, as proposed by some of us,94,99 that are 

known to lead to very good results for wavenumbers and IR intensities of fundamental 

transitions,33,49,146 overtones and combination bands.29,52,99,147 In analogy to 

frequencies, a successive variational correction is applied to the DVPT2 transition moments, 

by projecting them on the vibrational wavefunctions obtained from the variational treatment 

of the energy.90
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For all conformers, the hybrid force fields were also employed to compute resonance-free 

hybrid degeneracy-corrected VPT2 (HDCPT2)93 vibrational wavenumbers and ZPV148 

energies, which were subsequently used in the evaluation of thermodynamic properties. For 

the proper treatment of torsional anharmonicity, which represents a challenging aspect for 

accurate thermochemical calculations of complex molecules,140,149,150 we employed a 

Hindered-Rotor Anharmonic Oscillator (HRAO) model, which is a generalization of the 

Hindered-Rotor Harmonic Oscillator approach.140 The HRAO model automatically 

identifies internal rotation modes and rotating groups in the normal-mode vibrational 

analysis and employs an effective analytical approximation of the partition function for a 

one-dimensional hindered internal rotation. The contributions of the remaining modes are 

then computed by means of HDCPT2 coupled to the SPT approach to the partition function.

93 In the specific case of the pyruvic acid, for all conformers, the two lowest energy 

vibrations were treated as hindered rotations.

All VPT2 computations were performed employing the development version of GAUSSIAN 

suite of programs for quantum chemistry.130 VMS-Draw114 was used to visualize the 

normal modes, analyze in detail the outcome of vibrational computations and plot IR 

spectra.

2.4 Rotational spectroscopy parameters

The equilibrium rotational constants were straightforwardly derived from the corresponding 

equilibrium structure36,151 at the “best CC” level and subsequently corrected for 

vibrational effects. The corresponding corrections, Δ Bvib
i , were obtained within VPT2 from 

the following expression:69,70

Δ Bvib
i = − 1

2 ∑
s

αs
i , (3)

where αs
i’s are the vibration-rotation interaction constants, with s and i denoting the normal 

mode and the inertial axis, respectively. The required semi-diagonal cubic force field was 

computed at the “best cheap”/B2PLYP level of theory.

By making use of the harmonic force fields evaluated at different levels of theory (i.e., in the 

frame of the so-called “best cheap” scheme), best estimates for quartic centrifugal-distortion 

constants, D(best), were derived as follows:

D(best) = D(CCSD(T)/VTZ) + [D(MP2/CVTZ, all) − D(MP2/CVTZ, fc)]
+[D(MP2/augVTZ, fc) − D(MP2/VTZ, fc)] + [D(MP2/VQZ, fc) − D(MP2/VTZ, fc)], (4)

where D denotes a generic quartic centrifugal-distortion constant. The first difference (in 

square brackets) provides the CV correction (ΔD(CV)), the second one the contribution of 

diffuse functions (ΔD(aug)), and the last one the effect of enlarging the basis set from triple- 

to quadruple-ζ. Watson’s A-reduced Hamiltonian in the Ir representation152 has been 

Barone et al. Page 8

J Chem Theory Comput. Author manuscript; available in PMC 2018 April 18.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



employed. Within such a reduction, sextic centrifugal-distortion constants were also 

computed using the “best cheap”/B2PLYP and B2PLYP/aug-cc-pVTZ cubic force fields.

For all conformers, the components of the equilibrium electric dipole moment (required to 

predict the intensity of rotational transitions) were computed by means of a composite 

scheme analogous to that employed for the “cheap” molecular structure determination. The 

approach is described in detail, for example, in Ref.,104 and involves an extrapolation to the 

CBS limit and the inclusion of core-correlation and diffuse-function corrections. The 

vibrational ground-state dipole moment components were then obtained by combining the 

best-estimated equilibrium values with vibrational contributions evaluated at the B2PLYP/

aug-cc-pVTZ level. The latter corrections were determined by performing a vibrational 

averaging of the molecular property by means of VPT2, as implemented in GAUSSIAN.

80,81,94,130

2.4.1 Semi-experimental approach—Taking advantage of the availability of the 

experimental ground-state rotational constants for all singly and one multiply substituted 

isotopic species of the most table (Tc-PA) conformer of pyruvic acid,121,122 the so-called 

semi-experimental equilibrium structure,123 re
SE, was obtained in the present study. The 

procedure involves a least-squares fit of the structural parameters2 to the equilibrium 

moments of inertia, Ie
i , the latter being straightforwardly derived from the corresponding 

semi-experimental equilibrium rotational constants, Be
i . These are obtained by correcting the 

experimental ground-state constants, B0
i , for the vibrational and electronic effects:

Be
i = B0

i − Δ Bvib
i − Δ Bel

i , (5)

where Δ Bvib
i  is the vibrational correction introduced in Eq. (3) and Δ Bel

i  is the electronic 

correction. The latter is connected to the rotational g-factor (see, for example, Refs.

36,151,153):

Δ Bel
β = −

me
Mp

gββBe
β (6)

where me and Mp are the masses of the electron and proton, respectively. The rotational g-

tensor and the corresponding electronic corrections to rotational constants for the various 

isotopic species were computed at the B3LYP/aug-cc-pVTZ level.

2The least-squares fit was performed using the Ie
A and Ie

C moments of inertia and the weighting scheme was chosen in order to have 

the moments of inertia equally weighted. The isotopic species considered were CH3COCOOH, CH3C18OCOOH, CH3COC18OOH, 
CH3COCO18OH, 13CH3COCOOH, CH313COCOOH, CH3CO13COOH, CD3COCOOH, CDH2COCOOH, and CH3COCOOD. In 
addition, since the experimental rotational constants of CH3COC18OOH, CH3COCO18OH and CH3COCOOD are affected by large 

uncertainties, only their Ie
B inertia moments were included in the fit, thus allowing to consider their contribution.
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The well documented accuracy of the semi-experimental equilibrium structure (see, for 

instance, Refs.36,154,155) is leading to its systematic use as reference in benchmark studies 

(see, for example, Refs.35,49,105,156–158). In the present work it was furthermore used to 

correct the geometries of the Tt- and Ct-PA conformers. In the frame of the so-called 

“template-molecule” (TM) approach,155 the re
SE structure is used as a template for deriving 

the corrections to geometrical parameters for similar molecules (e.g., conformers or 

substituted systems):

re(corrected) = re + Δ TM, (7)

where ΔTM is defined as

Δ TM = re
SE(TM) − re(TM), (8)

and re is the geometrical parameter of interest calculated at the same level of theory for both 

the molecule under consideration and the one chosen as reference, the so-called template 

molecule. The pyruvic acid provides the opportunity to further check the reliability of the 

TM approach by applying ΔTM corrections to the “best CC”, “best cheap” and B2PLYP/

aug-cc-pVTZ equilibrium structures of the Tt-PA and Ct-PA conformers.

3 Results and Discussion

3.1 Characterization of the stationary points

The results for the molecular structure determination of Tc-, Tt- and Ct-PA are summarized 

in Tables 1, 2 and 3, respectively, with the atoms labeled according to Figure 1.

First of all, we point out that the semi-experimental equilibrium structure was determined for 

Tc-PA with a root-mean-square (RMS) of the residuals (in terms of equilibrium rotational 

constants) of 0.0008 MHz, which is, together with the small uncertainties shown in Table 1, 

an indicator of the good quality of the fitted geometry. The reliability of the derived re
SE

structure allows us to estimate the accuracy of theoretical equilibrium structures computed at 

different levels of theory. For instance, we note that the “best CC” (Eq. (1)) and semi-

experimental parameters show mean differences of 0.0011 Å and 0.12 degrees for bond 

lengths and angles, respectively. This good agreement therefore confirms the typical 

accuracy of the so-called “best CC” structures, also denoted as CCSD(T)/CBS+CV, that can 

be inferred from the literature on this topic (see, for example, Refs.36,41,42,105,159). 

Similarly, it is worthwhile noting the good performance of the so-called “best cheap” 

composite scheme, which provides structural parameters with mean absolute errors (MAE, 

with respect to the semi-experimental equilibrium structure) of 0.0015 Å for bond lengths 

and 0.24 degrees for bond angles. Moreover, for all conformers, the “best cheap” approach 

provides results in very good agreement with the “best CC” one in spite of its considerably 

lower computational cost, as indicated by MAEs smaller than 0.001 Å and 0.15 degrees for 

bond lengths and angles, respectively.
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B2PLYP/aug-cc-pVTZ also performs very well, and at a significantly lower computational 

cost. In particular, both the B2PLYP/aug-cc-pVTZ and B2PLYP/cc-pVTZ levels of theory 

yield significantly better results than CCSD(T)/cc-pVTZ for the equilibrium structure 

determination of Tc-PA. Furthermore, for all conformers the B2PLYP/aug-cc-pVTZ level of 

theory provides structural parameters with a MAE with respect to the “best CC” values 

always within 0.0035 Å and 0.13 degrees for bond lengths and angles, respectively. While 

the accuracy of bond angles can be considered on average fully satisfactory, some systematic 

deviations are observed for the distances, i.e., all bond lengths except C-H are overestimated 

by 0.002-0.006 Å. These results can be improved by means of the TM approach, i.e. by 

correcting the geometrical parameters of Tt-PA and Ct-PA conformers for the differences 

between theoretical and semi-experimental parameters observed for their Tc-PA 

counterparts. From Tables 2 and 3 it is evident that the TM approach essentially provides the 

same equilibrium structure (i.e., bond distances well within 0.001 Å) independently of the 

level of theory considered, namely, “best CC”, “best cheap” and B2PLYP/aug-cc-pVTZ, and 

irrespectively of the larger intrinsic errors of the DFT one. For these reasons, the B2PLYP/

aug-cc-pVTZ level of theory represents a good compromise between computational cost and 

accuracy, thus allowing reliable calculations for significantly larger systems that can be 

further improved using the TM scheme. This finding supports our choice of computing the 

transition state structures only at the B2PLYP/aug-cc-pVTZ level.

Finally, we comment on the comparison of our semi-experimental equilibrium structure re
SE

with the pure experimental molecular geometry available. In Table 1, the substitution 

structure (rs)121 obtained by means of Costain’s method160 directly applied to the 

vibrational ground-state rotational constants is also reported. As well known (see, for 

instance, Refs.36,38), this approach presents severe limitations in properly describing the 

equilibrium geometry. In the present case, this is confirmed by the large discrepancies noted 

between the re
SE and rs parameters as well as by the large uncertainties affecting the latter, 

which are one order of magnitude larger than those affecting the re
SE parameters.

The relative energies of the minima structures are collected in Table 4 together with the 

interconversion barriers (ruled by the TS(c-t) and TS(T-C) transition states, see Figure 1). 

For all minima, the relative energies were computed at the CCSD(T)/CBS+CV and 

B2PLYP/aug-cc-p-VTZ levels using the B2PLYP/aug-cc-pVTZ, “best cheap” and “best CC” 

optimized structures. For the transition states, only the B2PLYP/aug-cc-pVTZ optimized 

geometries were considered, which are listed in Table 5. For all reference structures used in 

the calculation, the CCSD(T)/CBS+CV relative energies of Tc-PA, Tt-PA and Ct-PA agree 

within 0.06 kJ mol−1. In particular, the B2PLYP/aug-cc-pVTZ level provides good reference 

structures for accurate thermochemical computations, showing in the present case an 

agreement within 0.01 kJ mol−1 with the best theoretical estimates, further validating its 

application in transition state computations. Furthermore, we note the good accuracy of the 

relative energies computed at the B2PLYP/aug-cc-pVTZ level with respect to 

CCSD(T)/CBS+CV, with an agreement within 0.35 kJ mol−1 for minima, and 1.5 kJ mol−1 

for transition states. In all cases, the agreement is improved by adding a semi-empirical 

dispersion correction (D3)161 that reduces the discrepancies to 0.1 kJ mol−1 and 1.2 kJ mol
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−1 for minima and transition states, respectively. We note that for PA, the dispersion 

correction does not introduce significant structural changes neither for the minima nor for 

the transition states, with the only noticeable differences (1-2 degrees) observed for the O5-

C3-C2-O1 dihedral angle of the transition states. However, the B2PLYP-D3 scheme is 

recommended, in particular for larger and more complex systems, as demonstrated for 

medium-sized molecules including hydrogen bonding and flexible side chains.162,163

In Table 6, the best estimates of the gas-phase thermodynamic properties of the PA 

conformers at 15 K, 298.15 K, 328 K and 480 K are also given. These temperatures were 

selected because they were employed in IR29,119,124 and microwave121,122 experiments 

of relevance to the present work. It is noteworthy that the widely used rigid-rotor harmonic 

oscillator model (RRHO) yields thermodynamic properties in qualitative agreement with the 

full HRAO approach also at the highest temperatures under consideration here, with the 

differences in relative free energies and Boltzmann populations being within 1 kJ mol−1 and 

1%, respectively. However, RRHO might provide unrealistic free energies, as it was the case 

of the IIIp/tct glycine conformer at 410 K because of the overestimation of entropic effects.

105 These results were corrected by applying the more realistic HRAO model, which was 

therefore preferred in the present study.

The results of Table 6 confirm the stability order pointed out in some previous works;

29,119,125 however, both Tt-PA and Ct-PA conformers are predicted to be slightly less 

stable (by about 2 kJ mol−1) than what previously reported, the best-estimated relative 

energies with respect to the Tc- PA conformer being 11.67 and 18.45 kJ mol−1 , respectively. 

These results lead to conformational enthalpies of 11.5 and 17.3 kJ mol−1 at room 

temperature, and of 10.8 and 17.3 kJ mol−1 at 15 K for Tt-PA and Ct-PA, respectively. For 

Tt-PA, these values agree reasonably well with the experimental estimates of 8.7(±1.3) kJ 

mol−1 and 9.4(±1.4) kJ mol−1 from low-temperature matrix119 and gas-phase studies,164 

respectively. The present theoretical results, and in particular the relative stabilities of the 

minima and the barrier height for TS(c-t) are fully in line with the recent discussion of the 

reversible inter-conversion processes of Tc-PA to Tt-PA reported in Ref.29 Our results also 

show that TS(c-t) is obtained by rotation of the OH group, as indicated by the corresponding 

transition vector (with imaginary frequency of i630 cm−1) with structural changes due to the 

O5-C3-C2-O1 and H6-O5-C3-C2 dihedral angles.

Concerning the possible detection of the elusive Ct-PA conformer, our results indicate that it 

should be thermally populated up to about 3% at 480 K, but its detection is complicated by 

the low-energy barrier for the conversion toward Tt-PA, and by the conformational cooling 

effect, which in fact prevented the survival of Ct-PA during its deposition in a cryogenic 

matrix at 15 K.29 On the other hand, the detection of Ct-PA could be feasible in gas-phase 

experiments based on jet-cooled molecular beams, in particular close to the entrance of the 

nozzle, as it was demonstrated for the IVn/gtt conformer of glycine,20 which is 

characterized by a low-energy barrier for its relaxation toward the most stable Ip/ttt 

conformer.105 Moreover, the generation of a large amount of Tt-PA (up to 75% of the total 

conformational mixture) recently demonstrated by means of a NIR-induced excitation of the 

OH overtone of Tc-PA, opens up new possible pathways for the detection of Ct- PA in low-

temperature matrices. According to our investigation, TS(C-T) (imaginary frequency of i39 
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cm−1) is obtained by the rotation of the carboxylic group (O5-C3-C2-O1 dihedral angle) by 

about 110 degrees, whereas all the other structural parameters are essentially unchanged 

with respect to the Tt-PA conformer. Considering Tt-PA as a starting point, either the 

excitation of the Tt-PA C3-C2 torsion overtones or UV induced rotamerization might lead to 

the creation of Ct-PA. These experiments can be performed in different cryogenic matrices, 

thus allowing for enhanced stabilisation effects.29,125

3.2 Rotational spectra of PA conformers

Table 7 collects the rotational parameters and the vibrationally-corrected dipole moment 

components for the three conformers investigated. All conformers contain one methyl group 

with a low torsional barrier (estimated as 336-390 cm−1 for Tc-PA122,165), thus resulting in 

a splitting of the vibrational ground state in the A and E-symmetry sublevels, as pointed out 

by Kisiel et al. in Ref.122 for Tc-PA. Computationally, the derived set of rotational constants 

are those of an unperturbed vibrational ground state. For comparison purposes, the best-

estimated and B2PLYP/aug-cc-pVTZ parameters are reported in Table 7. We note that they 

agree with one another well within 1% for what concerns the rotational constants. The larger 

differences (a few percents) observed for the quartic centrifugal-distortion constants are 

mostly due to the small absolute values of these parameters.

For the Tc-PA conformer, the experimental rotational parameters obtained in Ref.122 from 

the simultaneous fit of A and E-symmetry transitions are also given in Table 7. This set of 

constants was chosen because it is considered to reproduce well those of an unperturbed 

state. The comparison of these values with best estimates allows us to address the expected 

accuracy of our computations. We note that for the rotational constants, the agreement is 

very good, with discrepancies smaller than 0.1% (for B2PLYP/aug-cc-pVTZ, the 

discrepancies are about one order of magnitude larger), while for the quartic centrifugal-

distortion constants, the differences increase to a few percents (in this case the differences 

for B2PLYP/aug-cc-pVTZ are smaller). To further improve the theoretical predictions for 

the Tt- and Ct-PA conformers, an empirical scaling procedure was employed. For a generic 

spectroscopic parameter X, the scaling is performed using the expression

Xscal
t = Xcalc

t × Xexp
Tc /Xcalc

Tc , (9)

where the superscript t corresponds to either Tt-PA or Ct-PA, while Tc refers to the most 

abundant conformer. In Eq. (9), scal, exp, and calc denote the scaled, experimental, and 

quantum-chemically calculated values for X, respectively. It can be noted that such a scaling 

procedure leads to very similar results for the rotational constants when considering either 

the best theoretical estimates or the B2PLYP/aug-cc-pVTZ ones as starting points.

The spectroscopic parameters of Table 7 were used to simulate the rotational spectra for all 

conformers. An example is provided by Figure 2, which depicts the comparison of the 

rotational spectra of Tc-, Tt-, and Ct-PA in the 0-300 GHz frequency range at 328 K, as 

obtained using the experimental data for Tc-PA and the scaled constants (Eq. (9)) for the 

other two conformers3. The line intensities account for the different population ratio, based 
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on the values reported in Table 6. From Figure 2, it is evident that the rotational spectrum is 

dominated by the Tc-PA conformer, with the rotational spectra of Tt- and Ct-PA being 

~80-90 times less intense. These spectra are even less intense than those observed and 

assigned by Kisiel et al.122 for the vibrational states ν23 = 1 and ν24 = 1,2,3 of the major 

conformer. Figure 3 shows how the line intensities of the rotational spectra of Tt- and Ct-PA 

in their vibrational ground state compare with those of Tc-PA in the ν24 = 3 state for a small 

frequency range (200-220 GHz). It is observed that the spectra of Tt- and Ct-PA are about 20 

times less intense. The conclusion is that due to the overall congestion of the rotational 

spectrum of pyruvic acid and to the small intensity of their transitions, the Tt- and Ct-PA 

conformers are hardly characterizable by means of experiments in the field of rotational 

spectroscopy. Such a conclusion further points out the importance of the present accurate 

computational study.

Since the experimental observation of the rotational spectra of Tt- and Ct-PA is very 

challenging, albeit not entirely impossible and with the chances improved by increasing the 

temperature (for instance, at T = 340 K the population ratio is 89.6:8.8:1.6), it is important to 

discuss the accuracy of our predictions based on scaled spectroscopic parameters. The 

scaling procedure is an approach extensively used in the field of rotational spectroscopy, and 

its validity has been discussed, for example, in Refs.166,167 On the basis of our previous 

experience, this scaling is expected to reduce the discrepancies with respect to experiment to 

less than 0.01% for rotational constants and on average to less than 2.0% for the quartic 

centrifugal-distortion terms. Based on the available experimental results for Tc-PA (Refs.

121,122,168), our best-estimated computed parameters provide predictions with a relative 

mean accuracy of about 0.05% in the 0-300 GHz frequency range. A rotational frequency of 

100 GHz is therefore predicted with an accuracy of 50 MHz. For the same frequency, the 

relative error is expected to decrease to 0.005-0.01% when applying the scaling procedure, 

thus resulting in discrepancies of 5-10 MHz for our prediction.

3.3 Spectroscopic IR signatures of observed and elusive PA conformers

The harmonic frequencies of Tc-, Tt- and Ct-PA computed at the B2PLYP/aug-cc-pVTZ and 

CCSD(T)/cc-pVTZ levels of theory are compared to their “best cheap” counterparts in Table 

8. For all conformers, B2PLYP/aug-cc-pVTZ and CCSD(T)/cc-pVTZ show similar 

deviations from the best theoretical estimates with MAEs of about 5 cm−1. The largest 

discrepancy (about 30 cm−1) is observed for the ν(OH) mode of Tc–PA, which is involved 

in an intramolecular hydrogen bond. This effect can be attributed to the enhanced accuracy 

requirements for the description of the PES along hydrogen bonds,169 with similar results 

obtained also at the B2PLYP-D3/aug-cc-pVTZ level. For all other modes and conformers, 

B2PLYP/aug-cc-pVTZ harmonic frequencies show maximum absolute deviations with 

respect to the “best cheap” ones smaller than those issuing from the much more expensive 

CCSD(T)/cc-pVTZ computations. Moreover, the OH stretching frequencies show systematic 

errors that can be strongly reduced by a linear regression (vide infra). These results further 

confirm the good performance of the B2PLYP/aug-cc-pVTZ computational model.

3In the simulation of the spectra only the transitions with a peak absorption coefficient, αmax (cm–1), greater than 6.8 × 10–6 cm–1 

and with J ≤ 50 have been considered.
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Recent experimental results for the Tc- and Tt-PA conformers from Ar Matrix29 

complemented by gas-phase124 measurements, allow us to assess the accuracy of 

vibrational wavenumbers computed at the B2PLYP/aug-cc-pVTZ level and by means of the 

hybrid “best cheap”/B2PLYP model. Tables 9 and 10 list the anharmonic vibrational 

frequencies for fundamental transitions, overtones and combination bands, up to about 7000 

cm−1, along with their corresponding anharmonic IR intensities.

For Tc-PA, in most cases the present results confirm the assignments from a previous study 

based on B3LYP/6-311+G(d,p) anharmonic computations with IR anharmonic intensities up 

to two-quanta transitions.29 However, the improved description of the PES and the 

availability of intensities for three-quanta transitions also permitted some re-assignments. 

For instance, the Tc-PA band at 4540.7 cm−1, tentatively assigned to the 2ν4+ν11 

combination, has been re-assigned to a combination involving the OH-stretching 

(ν1+ν20+ν22) once the IR intensities for 3-quanta transitions were also considered. 

Moreover, some of the combinations previously assigned to 2-quanta transitions (i.e., the 

bands at 4643.7 cm−1, 1797.6 cm−1 and 1795.7 cm−1) have been re-assigned to 3-quanta 

combinations. The results from the present work allowed us to also revise tentative 

assignments of the gas-phase spectra,124 thus leading to the full characterisation of all 

fundamental bands and of more than 30 non-fundamental transitions up to 7000 cm−1. The 

MAE and maximum absolute deviations (|MAX|) with respect to experiment were evaluated 

for all reported bands, considering whenever possible experimental gas-phase data as 

reference. The comparison of the gas-phase and Ar-Matrix results points out that all 

transitions involving the OH-stretching mode are affected by a matrix-induced red shift of 

the order of 30 cm−1 per quantum of ν(OH). For the error analysis, this correction has been 

applied to all experimental bands observed in Ar Matrix that have been assigned to 

fundamentals, overtones and combinations involving ν(OH). In the case of fundamental 

transitions, the B2PLYP/aug-cc-pVTZ level shows a MAE of about 10 cm−1, while the 

hybrid “best cheap”/B2PLYP model improves the MAE to 7.5 cm−1, and furthermore lowers 

the maximum discrepancy by about 10 cm−1. Slightly larger differences between the two 

sets of data are observed for non-fundamental transitions, thus leading to a total MAE of 

about 20 cm−1 for B2PLYP/aug-cc-pVTZ and less than 10 cm−1 for the best theoretical 

estimates. However, as already noted, the lower accuracy of the B2PLYP/aug-cc-pVTZ 

results can be attributed to the harmonic value for the ν(OH) mode. In fact, the MAE 

computed for all transitions not involving ν(OH) decreases to about 13 cm−1. This finding is 

important in view of investigating larger systems, since it suggests that improvements of the 

harmonic part of the PES beyond B2PLYP/aug-cc-pVTZ can be obtained by using reduced-

dimensionality models.170 As an alternative, it is possible to correct the B2PLYP/aug-cc-

pVTZ ν(OH) value by scaling the harmonic frequency. To take into account hydrogen-

bonding effects, a linear dependence of the scaling factor is considered and it was found that 

the correction ωCorr=0.9ωB2PLYP+392 leads to a remarkable agreement (2 cm−1) with “best 

cheap” values for all conformers. We note that such a correction cannot be obtained by 

uniform scaling factors, which however might be systematically applied to improve ’well 

behaving’ frequencies.171

For the Tt-PA conformer, most of the experimental transitions were observed in Ar Matrix, 

as in the case of the most recent experiment by Reva et al.,29 where this conformer was 
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effectively produced by NIR-pumping. The only available gas-phase results are related to 

ν(OH) and its overtones that, owing to the lack of an intramolecular hydrogen bond, are 

observed at higher wavenumbers than those of Tc-PA, and show smaller matrix effects. A 

matrix-induced red-shift of 23 cm−1 has been estimated for one quantum of ν(OH), and such 

a correction has been applied in the statistical analysis for all transitions involving the OH-

stretching mode. For most transitions, the assignment by Reva et al. has been confirmed, 

while re-assignments for the bands at 1116.6, 1749.4, 1761.4, 1818.6 and 2496 cm−1, along 

with some NIR transitions, are also proposed. In particular, in a previous work119 the band 

at 1116.6 cm−1 was tentatively assigned to the low intensity ν19 fundamental, which is 

predicted at 1022 cm−1 by our computations. A re-analysis of the experimental spectra of 

Ref.29 shows indeed a low intensity band at 1019.3 cm−1, which we assign to ν19, whereas 

the band at 1116.3 cm−1 has been re-assigned to the ν15+ν20 combination, predicted at 1114 

cm−1 and more intense than the ν19 fundamental. Concerning the reliability of our 

theoretical results, the differences between the two computational models are again larger 

than the average for the modes involving ν(OH), and also in this case they can be traced 

back to the harmonic part of the force field. More importantly, both models show a very 

good accuracy with a MAE below 7 cm−1 for the fundamental transitions. For the best 

theoretical estimates, the MAE remains smaller than 7 cm−1 and the maximum discrepancy 

does not exceed 17 cm−1, when also considering non-fundamental bands. The overall 

accuracy of both computational models, i.e., a MAE of about 7-10 cm−1 for B2PLYP/aug-

cc-pVTZ and 4-7 cm-1 for “best cheap”/B2PLYP, is in line with previous observations.49 In 

particular, the best estimates of the “difficult” ν(OH) fundamental transitions agree with 

gas-phase results within the experimental error (4 cm−1) for both observed conformers.

The very good agreement between the best-estimated IR spectra of the Tc- and Tt-PA 

conformers with their experimental counterparts allows us to accurately predict the IR 

spectra of the yet-unobserved Ct-PA conformer in view of its possible detection via ad hoc 
experiments. All fundamental and the most intense non-fundamental transitions computed at 

the B2PLYP/aug-cc-pVTZ and “best cheap”/B2PLYP levels are listed in Table 11, with the 

latter model considered able to provide predictions with an accuracy of about ±5 cm−1. The 

comparison between the anharmonic spectra of the three pyruvic acid conformers is 

graphically presented in Figures 4, 5 and 6, in order to provide further insights on the best 

spectrum ranges or transitions to be considered characteristic for the Ct-PA conformer. 

Starting from the most intense transitions, in the 1700–1800 cm−1 spectrum range related to 

the C=O stretchings, one can note that the Ct-PA bands overlap with either the Tc-PA or Tt-
PA ones. The situation is similar also for the OH-stretching, since in this case Ct-PA and Tt-
PA show very similar spectrum features for both fundamental and overtones (see Figure 6). 

Moreover, as expected, the 2000–3400 cm−1 spectrum range (depicted in Figure 5) is rather 

congested showing many low-intensity transitions for each conformer. However, in the 

spectrum range between 400 and 1600 cm−1 a few characteristic transitions, which can be 

considered as “fingerprints” of Ct-PA, can be observed (see Figure 4). The most evident 

bands lie at 476 cm−1, 1031 cm−1 and 1166 cm−1, which correspond to the ν14 (C=O 

bending), the combination ν11+2ν24 and ν9 (COH bending) bands, respectively. In 

particular, the rather intense ν9 fundamental is predicted to be shifted by more than 30 cm−1 
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from the corresponding transitions of the Tt-PA and Tc-PA conformers, and also does not 

show intense close-lying non-fundamental transitions.

4 Concluding remarks

In the present work we have analyzed the structures, relative stabilities, rotational and 

vibrational spectra of the three lowest energy conformers of Pyruvic acid (PA) by means of a 

state-of-the-art quantum-mechanical approach including anharmonic contributions. The 

proposed computational strategy employs CCSD(T) evaluations of energies, geometries, and 

harmonic force fields extrapolated to the complete basis set limit and also including core-

valence correlation contributions. On top of these computations, anharmonic effects of both 

mechanical and electrical origin are evaluated at the B2PLYP/aug-cc-pVTZ level. All these 

results are finally employed in the framework of the generalized second-order perturbation 

theory (GVPT2) approach to evaluate the thermodynamic and spectroscopic parameters 

required to the theoretical support of state-of-the-art experimental studies.

Starting from the determination of the first semi-experimental structure for the most stable 

conformer, we provide accurate estimates for the structures and relative stabilities of the 

other two low-lying energy minima with an accuracy of 0.001 Å , 0.1 degrees, and 1 kJ mol
−1 for bond lengths, angles, and free energies, respectively. At the same time, computed 

vibrational frequencies agree with their experimental counterparts well within a 10 cm−1 

error bar and the computed infrared intensities lead to simulated spectra matching all the 

main experimental features within the mid-IR and NIR spectral ranges, thus allowing to 

disentangle the contributions of low-intensity fundamentals from those of high-intensity 

overtones and combination bands.

We have also validated the accuracy of a low-cost computational model based exclusively on 

density functional theory. The impressive performance of new double hybrid functionals 

(here B2PLYP), whose reliability can be further enhanced by adding dispersion correction 

(D3) for energies and/or by using a “template-molecule” approach for bond lengths and a 

scaling factor for the OH stretching harmonic frequencies, has been pointed out.

In more general terms, the present study confirms that state-of-the-art quantum-mechanical 

computations beyond the harmonic approximation, and accounting for the leading 

anharmonic effects for both small and large amplitude motions, represent an invaluable 

complement to the most sophisticated experimental approaches toward the comprehensive 

and accurate characterization of flexible systems with multiple low-energy minima in terms 

of both thermodynamic quantities and spectroscopic signatures.
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Figure 1. 
Molecular structure of the Tc-, Tt- and Ct-pyruvic acid conformers and of the transition 

states for Tc-Tt,TS(c-t), and Tt-Ct, TS(C-T), isomerisation. Atoms labelling and relative 

energies (in kJ mol–1) computed at the CCSD(T)/CBS+CV level using the B2PLY/aug-cc-

pVTZ equilibrium geometries are also reported. The upper-case letter (T, trans, = 180 deg 

and C, cis, = 0 deg) refers to the O1=C2-C3=O4 dihedral angle and the lower-case letter (t, 

trans, = 180 deg and c, cis, = 0 deg) refers to the C2-C3-O5-H6 dihedral angle.
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Figure 2. 
Simulation of the stick rotational spectra (in the 0-300 GHz frequency range) of Tc-, Tt-, 
and Ct-PA based on experimental spectroscopic parameters for Tc-PA and on scaled 

parameters for Tt- and Ct-PA. In the inset, the rotational spectra of the latter two conformers 

are better shown.
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Figure 3. 
Simulation of the stick rotational spectra in the 200-220 GHz frequency range of Tc-PA in 

its v24 = 3 vibrational state and of Tt-, and Ct-PA in their vibrational ground state based on 

experimental spectroscopic parameters for the former conformer and on scaled parameters 

for Tt- and Ct-PA.
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Figure 4. 
Anharmonic IR spectra of the Tc-, Tt- and Ct-pyruvic acid conformers in the 400–1000 

cm–1, 1000–1600 cm–1 and 1600–2000 cm–1 ranges computed with the hybrid “best cheap"/

B2PLYP scheme. Stick-spectra (IR intensities in km mol–1) and spectra line-shapes 

convoluted with Lorentzian distribution functions with a HWHM of 2 cm–1 are presented.
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Figure 5. 
Anharmonic IR spectra of the Tc-, Tt- and Ct-pyruvic acid conformers in the 2000–3400 

cm–1 range (related to the overtones and combination bands) computed with the hybrid “best 

cheap"/B2PLYP scheme. Stick-spectra (IR intensities in km mol–1) and spectra line-shapes 

convoluted with Lorentzian distribution functions with a HWHM of 2 cm–1 are presented.
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Figure 6. 
Anharmonic IR spectra of the Tc-, Tt- and Ct-pyruvic acid conformers in the 3400–3700 

cm–1 and 6700–7100 cm–1 ranges (related to the ν(OH) and its overtones) computed with 

the hybrid “best cheap"/B2PLYP scheme. Stick-spectra (IR intensities in km mol–1) and 

spectra line-shapes convoluted with Lorentzian distribution functions with a HWHM of 2 cm
−1 are presented.
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Table 1

Equilibrium structure (distances in Å, angles in degrees) and rotational constants (in MHz) of Tc-pyruvic acid.

Parameters B2PLYP/
VTZ

B2PLYP/
VTZ

CCSD(T)
VTZ

“besta
cheap”

“best CC”b semi-expc

re
SE

expd
rs

Bonds

C2=O1       1.2153       1.2154       1.2179       1.2109     1.2114       1.2115(5)       1.231(5)

C2-C3       1.5434       1.5450       1.5430       1.5409     1.5387       1.5382(8)       1.523(3)

C2-C7       1.4916       1.4911       1.4972       1.4894     1.4893       1.4899(7)       1.486(4)

C3=O4       1.2021       1.2027       1.2036       1.1983     1.1979       1.1979(5)       1.215(5)

C3-O5       1.3346       1.3350       1.3370       1.3296     1.3297       1.3312(6)       1.328(5)

O5-H6       0.9746       0.9748       0.9739       0.9709     0.9706       0.9678(4)       0.983(5)

C7-H8       1.0845       1.0846       1.0871       1.0847     1.0845       1.0819(5)       1.074(2)

C7-H9(H10)       1.0896       1.0898       1.0916       1.0896     1.0893       1.0902(2)       1.106(6)

MAE wrt SEe       0.0035       0.0038       0.0053       0.0015     0.0011  0.012

|MAX| wrt SEe       0.0068       0.0070       0.0074       0.0031     0.0029  0.020

MAE wrt “best CC”f       0.0030       0.0034       0.0050       0.0005  0.012

|MAX| wrt “best CC”f       0.0049       0.0063       0.0079       0.0023  0.020

Angles

C3-C2=O1   117.80   117.74   117.83   117.69   117.70   117.75(5)   117.0(1.6)

C7-C2=O1   125.22   125.29   125.36   125.47   125.39   125.32(5)   124.4

O4=C3-C2   123.10   123.07   122.91   122.71   122.80   122.88(5)   122.0(1.8)

O5-C3=O4   124.45   124.22   124.57   124.10   124.38   124.32(5)   123.5

H6-O5-C3   106.03   106.57   105.29   107.22   106.40   106.40(2)   105.2(1.9)

H8-C7-C2   110.06   110.05   109.88   109.82   109.88   110.19(4)   110.7(1.1)

H9(H10)-C7-C2   109.51   109.48   109.34   109.28   109.35   109.26(2)   109.0(2.6)

H9-C7-C2=O1   121.99   121.99   121.86   121.89   121.92   122.20(4)

H10-C7-C2=O1 −121.99 −121.99 −121.86 −121.89 −121.92 −122.20(4)

MAE wrt SEe    0.17    0.13    0.26    0.24  0.12 0.67

|MAX| wrt SEe    0.37    0.22    1.11    0.83  0.31 1.20

MAE wrt ”best CC”f    0.15    0.12    0.17    0.15 0.72

|MAX| wrt “best CC”f    0.37    0.27    1.11    0.82 1.20

Rotational constants

Ae / MHz 5528.271 5530.082 5501.828 5564.497 5560.694 5559.272

Be / MHz 3602.986 3593.742 3602.386 3611.364 3623.700 3621.518

Ce / MHz 2210.511 2207.344 2206.303 2219.597 2223.580 2222.430

a
Best estimate from Eq. (2).

b
Best estimate from Eq. (1).

c
B0 from Ref. 121 and vibrational corrections at the B2PLYP/aug-cc-pVTZ level. Given uncertainties are three times the standard deviation of the 

fit.
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d
Substitution structure: Ref. 121

e
Mean absolute error (MAE) and maximum absolute deviations (|MAX|) with respect to the semi-experimental equilibrium structure.

f
Mean absolute error (MAE) and maximum absolute deviations (|MAX|) with respect to the best-estimated (“best CC”) parameters.
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Table 2

Equilibrium structure (distances in Å, angles in degrees) and rotational constants (in MHz) of Tt-pyruvic acid.

Parameters B2PLYP/AVTZ “best cheap”a “best CC”b

re re+ΔTMc re re+ΔTMc re re+ΔTMc

Bonds

C2=O1       1.2071       1.2033       1.2040       1.2046       1.2039       1.2041

C2-C3       1.5440       1.5373       1.5392       1.5365       1.5370       1.5366

C2-C7       1.4993       1.4982       1.4966       1.4972       1.4969       1.4976

C3=O4       1.2078       1.2031       1.2035       1.2032       1.2032       1.2032

C3-O5       1.3383       1.3346       1.3321       1.3338       1.3324       1.3340

O5-H6       0.9689       0.9619       0.9656       0.9625       0.9651       0.9623

C7-H8       1.0847       1.0820       1.0847       1.0820       1.0846       1.0821

C7-H9(H10)       1.0896       1.0900       1.0895       1.0901       1.0891       1.0901

MAE wrt BestCCd       0.0034       0.0005

|MAX| wrt Best CCd       0.0070       0.0022

MAE wrt BestCC+ΔTMe       0.0004       0.0002

|MAX| wrt Best CC+ΔTMe       0.0008       0.0006

Angles

C3-C2=O1   120.38   120.39   120.18   120.25   120.29   120.35

C7-C2=O1   124.92   124.95   124.98   124.84   124.97   124.90

O4=C3-C2   122.85   122.66   122.45   122.62   122.58   122.66

O5-C3=O4   124.69   124.80   124.89   125.12   124.76   124.70

H6-O5-C3   106.95   106.78   107.12   106.30   106.59   106.60

H8-C7-C2   109.38   109.52   109.19   109.56   109.23   109.54

H9(H10)-C7-C2   109.91   109.69   109.71   109.69   109.80   109.71

H9-C7-C2=O1   121.61   121.83   121.54   121.85   121.56   121.84

H10-C7-C2=O1 −121.61 −121.83 −121.54 −121.85 −121.56 −121.84

MAE wrt BestCCd       0.13       0.12

|MAX| wrt Best CCd       0.36       0.52

MAE wrt BestCC+ΔTMe       0.05       0.11

|MAX| wrt Best CC+ΔTMe       0.19       0.41

Rotational constants

Ae / MHz 5631.076 5664.408 5666.384

Be / MHz 3484.687 3508.343 3512.296

Ce / MHz 2181.103 2195.481 2197.263

a
Best estimate from Eq. (2).

b
Best estimate from Eq. (1).

c
Theoretical equilibrium structure corrected accordingly to Eq. (8).
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d
Mean absolute error (MAE) and maximum absolute deviations (|MAX|) with respect to the (“best CC”) parameters.

e
Mean absolute error (MAE) and maximum absolute deviations (|MAX|) with respect to the best-estimated (“best CC”+ΔTM) parameters.
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Table 3

Equilibrium structure (distances in Å, angles in degrees) and rotational constants (in MHz) of Ct-pyruvic acid.

Parameters B2PLYP/AVTZ “best cheap”a “best CC”b

re re+ΔTMc re re+ΔTMc re re+ΔTMc

Bonds

C2=O1       1.2056       1.20174       1.2024       1.2030       1.2025       1.2027

C2-C3       1.5511       1.54438       1.5462       1.5435       1.5437       1.5433

C2-C7       1.5014       1.50023       1.4989       1.4995       1.4990       1.4997

C3=O4       1.1992       1.19448       1.1946       1.1942       1.1948       1.1948

C3-O5       1.3538       1.35007       1.3479       1.3496       1.3475       1.3491

O5-H6       0.9692       0.96216       0.9660       0.9629       0.9653       0.9625

C7-H8       1.0851       1.08237       1.0850       1.0823       1.0849       1.0823

C7-H9(H10)       1.0897       1.09008       1.0895       1.0901       1.0892       1.0902

MAE wrt BestCCd       0.0035       0.0006

|MAX| wrt Best CCd       0.0074       0.0025

MAE wrt BestCC+ΔTMe       0.0006       0.0003

|MAX| wrt Best CC+ΔTMe       0.0011       0.0006

Angles

C3-C2=O1   117.78   117.79   117.75   117.8235   117.81   117.86

C7-C2=O1   124.33   124.37   124.40   124.2591   124.37   124.30

O4=C3-C2   124.28   124.09   124.31   124.4864   124.24   124.32

O5-C3=O4   124.23   124.33   124.41   124.6397   124.30   124.24

H6-O5-C3   107.02   106.84   107.08   106.2630   106.68   106.69

H8-C7-C2   109.26   109.40   109.08   109.4531   109.08   109.39

H9(H10)-C7-C2   110.08   109.86   109.90   109.8804   109.98   109.90

H9-C7-C2=O1   121.38   121.60   121.31   121.6234   121.33   121.61

H10-C7-C2=O1 −121.38 −121.60 −121.31 −121.6234 −121.33 −121.61

MAE wrt BestCCd    0.10    0.09

|MAX| wrt Best CCd    0.33    0.40

MAE wrt BestCC+ΔTMe   0.05   0.13

|MAX| wrt Best CC+ΔTMe   0.14   0.42

Rotational constants

Ae / MHz 5560.910 5590.132 5593.588

Be / MHz 3487.960 3514.914 3518.337

Ce / MHz 2171.850 2186.854 2188.650

a
Best estimate from Eq. (2).

b
Best estimate from Eq. (1).

c
Theoretical equilibrium structure corrected accordingly to Eq. (8).
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d
Mean absolute error (MAE) and maximum absolute deviations (|MAX|) with respect to the (“best CC”) parameters.

e
Mean absolute error (MAE) and maximum absolute deviations (|MAX|) with respect to the best-estimated (“best CC”+ΔTM) parameters.
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Table 4

Electronic energies of the Tc−, Tt− and Ct-PA conformers and corresponding transition states. Energies 

computed at the CCSD(T)/CBS+CV, B2PLYP/aug-cc-pVTZ and B2PLYP-D3/aug-cc-pVTZ levels of theory at 

the B2PLYP/aug-cc-pVTZ, B2PLYP-D3/aug-cc-pVTZ, “best cheap” and “best CC” equilibrium geometries.

Computational model Energy [a.u]
Tc-PA

∆E wrt T c-PA [kJ mol−1]

Geometry Energy Tt-PA Ct-PA TS(c-t) TS(T-C)

B2PLYP/AVTZ B2PLYP/AVTZ −342.307881 11.41 18.10 58.34 20.11

B2PLYP/AVTZ B2PLYP-D3/AVTZ −342.313243 11.69 18.35 58.55 20.39

B2PLYP-D3/AVTZ B2PLYP-D3/AVTZ −342.313244 11.69 18.34 58.97 20.44

B2PLYP/AVTZ CCSD(T)/CBS+CV −342.388266 11.68 18.45 58.07 21.57

“best cheap”a CCSD(T)/CBS+CV −342.388379 11.62 18.39

“best CC”b CCSD(T)/CBS+CV −342.388411 11.67 18.45

a
Best estimate from Eq. (2).

b
Best estimate from Eq. (1).
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Table 5

Equilibrium structures (distances in Å, angles in degrees) of the TS(c-t) and TS(T-C) transition states 

computed at the B2PLYP/aug-cc-pVTZ level.

Parameters TS(c-t) TS(T-C)

Bonds

C2=O1       1.2097       1.2083

C2-C3       1.5428       1.5343

C2-C7       1.4982       1.5006

C3=O4       1.1996       1.2024

C3-O5       1.3634       1.3490

O5-H6       0.9636       0.9703

C7-H8       1.0849       1.0855

C7-H9       1.0906       1.0902

C7-H10       1.0891       1.0910

Angles

C3-C2=O1   118.80   118.82

C7-C2=O1   125.01   124.99

O4=C3-C2   121.68   124.16

O5-C3=O4   124.06   124.72

H6-O5-C3   112.30   107.42

H8-C7-C2   109.73   109.83

H9-C7-C2   109.73   109.57

H10-C7-C2   109.64   109.57

O5-C3-C2-O1   −32.29 −109.46

H6-O5-C3-C2     93.53   178.40

H9-C7-C2=O1   123.86   120.19

H10-C7-C2=O1 −119.34 −122.36
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Table 6

Theoretical thermodynamic propertiesa (kJ mol−1) of the pyruvic acid conformers.

Temperature Parameter Tc−PA Tt−PA Ct−PA

Δ Eele
b     0.00    11.67    18.45

Δ EZPV E
c     0.00    10.83    17.41

T=15 K ΔHd /kJ mol−1     0.00    10.84    17.44

ΔGd /kJ mol−1     0.00    10.83    17.39

Pop (%) 100.0    0.0    0.0

T=298.15 K ΔHd /kJ mol−1     0.00    11.50    17.32

ΔGd /kJ mol−1     0.00     8.82    14.90

Pop (%)   97.0    2.8    0.2

T=328 K ΔHd /kJ mol−1    0.00     11.53     17.29

ΔGd /kJ mol−1    0.00      8.55     14.66

Pop (%)   95.4     4.1     0.4

T=480 K ΔHd /kJ mol−1    0.00     11.45     16.98

ΔGd /kJ mol−1    0.00      7.18     13.49

Pop (%)   83.4     13.8     2.8

a
All thermodynamic properties were computed at 1 atm.

b
Best-estimated CCSD(T)/CBS + CV electronic energies computed at the “best CC” equilibrium geometries Eq. (1)).

c
Anharmonic resonance-free100,148 ZPV energies computed using the hybrid “best cheap”/B2PLYP force field for the Tc−PA (185.63 kJ mol−1), 

T t−PA (184.79 kJ mol−1) and Ct−PA (184.59 kJ mol−1).

d
Contributions computed by means of the HRAO model using the hybrid “best cheap”/B2PLYP force field, in conjunction with HDCPT2 

computations and simple perturbation theory (SPT). The two lowest vibrations were described by hindered-rotor contributions computed by an 
automatic procedure. See text for all details.
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Table 8

Theoretical harmonic vibrational wavenumbers (cm–1) of the Tc-, Tt- and Ct-pyruvic acid conformers.

Mode Sym. Assignmenta Tc-PA Tt-PA Ct-PA

B2PLYP/
AVTZ

CCSD(T)/
VTZ

bestb
“cheap”

B2PLYP/
AVTZ

CCSD(T)/
VTZ

bestb
“cheap”

B2PLYP/
AVTZ

CCSD(T)/
VTZ

bestb
“cheap”

1 A’ ν(OH) 3631 3667 3662 3744 3770 3759 3737 3766 3753

2 A’ ν(CH3) as 3181 3174 3177 3180 3171 3175 3175 3168 3171

3 A’ ν(CH3) s 3066 3056 3054 3066 3056 3054 3064 3053 3052

4 A’ ν(C3=O) 1820 1853 1829 1780 1812 1789 1814 1842 1827

5 A’ ν(C2=O) 1754 1773 1766 1777 1793 1785 1783 1797 1792

6 A’ δ(CH3) as 1468 1464 1468 1471 1466 1471 1475 1470 1475

7 A’ ν(C-C) as 1413 1430 1418 1411 1427 1418 1404 1397 1406

8 A’ δ(CH3) s 1384 1394 1389 1384 1389 1393 1346 1372 1357

9 A’ δ(COH) 1253 1271 1260 1226 1241 1236 1197 1207 1207

10 A’ ν(C-O) 1159 1166 1163 1143 1150 1150 1131 1145 1143

11 A’ γ(CH3)   987   984   989   978   976   983   987   984   992

12 A’ ν(C-C)s   769   775   775   743   750   752   735   731   732

13 A’ δ (C2=O)   609   608   607   594   590   596   611   608   614

14 A’ δ (C3=O)   527   532   528   516   521   519   483   483   485

15 A’ δ (CCO)   392   395   391   389   387   389   400   399   401

16 A’ δ(CCC)   252   253   249   249   247   247   256   254   257

17 A” ν(CH33) as 3127 3126 3126 3128 3126 3126 3127 3124 3125

18 A” δ(CH3) as 1474 1470 1474 1478 1473 1477 1483 1477 1482

19 A” γ(CH3) 1047 1040 1047 1048 1041 1047 1051 1041 1050

20 A” γ (C3=O)   744   741   732   735   733   733   733   741   743

21 A” τ (OH)   707   701   704   625   620   616   621   613   616

22 A” γ (C2=O)   397   394   393   382   380   378   386   382   383

23 A” τ (CH3)   125   124   129   132   132   139   158   157   163

24 A” τ (C-C)     93     94     95     38     44     39     20     22     22

MAEc       5.5       5.0       5.4       4.8       5.4       5.0

|MAX|c     31     24     15     23     16     15

a
Approximate description: ν-stretching, δ-bending, γ-rocking, τ-torsion.

b
Best-estimated “best cheap” harmonic vibrational wavenumbers.

c
Mean absolute error (MAE) and maximum absolute deviations (|MAX|) with respect to the best-estimates “best cheap”.
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Table 9

Theoretical anharmonic vibrational wavenumbers (cm−1) and IR intensities (km mol−1) of Tc-pyruvic acid. 

Fundamental transitions, overtones and combination bands up to the 3-quanta are compared with available 

experimental results.

Final statea Assignmenta Observed B2PLYP/AVTZ best"cheap"/B2PLYPb

Arc Gasd ν I ν I

12 6630 6696 6657       2.63 6737       2.55

1+4 5228.3 5211       0.22 5256       0.22

1+7 4819.7 4851 4807       0.36 4847       0.36

1+8 4795.4 4771       1.92 4810       1.89

1+12+14 4729 4696       0.37 4743       0.37

1+132 4643.7 4631       0.08 4664       0.05

1+9 4631.8 4668 4624       2.25 4666       2.21

1+10 4565.9 4589 4550       1.02 4592       1.02

1+20+22 4540.7 4555       0.27 4565       0.25

2+7 4418 4416       0.23 4413       0.23

1+12 4194.4 4178       0.25 4224       0.24

1+20 4158.8 4200 4161       0.43 4180       0.42

1+21 4119.3 4145 4118       0.34 4148       0.33

1+13 4037.5 4031       0.18 4065       0.18

2+11 4000 4008       0.19 4004       0.19

1+15 3818.5 3811       0.89 3845       0.88

42 3584.2 3552        6.05 3570        1.18

1 ν(OH) 3432 3463 3430    106.43 3465    111.25

4+7 3199 3161       0.18 3175       0.18

2 ν(CH3) as 3032.3 3025 3041       4.49 3035       4.68

17 ν(CH3) as 2982 2985       0.71 2984       0.67

3 ν(CH3) s 2936 2941 2955       0.51 2948       0.54

5+11 2725 2685       0.68 2700       0.67

6+9 2642 2634       0.07 2642       0.07

8+9 2565 2537       0.93 2549       0.88

7+10 2515 2515 2496       1.25 2511       1.23

102 2268 2243       0.54 2259       0.54

9+11 2178 2174       0.26 2183       0.25

12+20+21 2119 2127       0.19 2128       0.21

4+16 2062 2039       0.34 2045       0.35

9+12 1957.2 1966 1954       0.25 1972       0.23

10+12 1891 1871       0.33 1890       0.32

9+153 1804.7 1810       4.81 1816       5.53

4 ν(C3=O) 1799.5 1804 1785    205.38 1794   208.39

11+12+24 1797.6 1809       0.37 1818       0.20
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Final statea Assignmenta Observed B2PLYP/AVTZ best"cheap"/B2PLYPb

Arc Gasd ν I ν I

15+19+22 1795.7 1785       0.27 1792       0.27

9+14 1730.2 1725     13.91 1734     16.63

5 ν(C2=O) 1728.8 1737 1720     27.64 1732     13.41

10+13 1727.9 1723     17.09 1730     42.63

6 δ(CH3) as 1423.7 1424 1436     13.59 1436       3.47

18 δ(CH3) as 1408.3 1431       6.25 1430       8.27

7 ν(C-C) as 1384.5 1391 1382    126.36 1385     43.51

8 δ(CH3) s 1354.6 1360 1361    136.84 1364   109.50

12+14 1290.3 1296 1267     25.29 1279     25.45

9 δ(COH) 1214.4 1211 1207    117.83 1214    121.59

10 ν(C-O) 1136.8 1133 1130     19.25 1132     48.83

19 γ(CH3) 1017.8 1030 1022       1.61 1022       1.61

11 γ(CH3)   968.4   970   969     21.31   971     21.14

12 ν(C-C)s   762.2   761   750       7.77   756       6.19

20 γ (C3=O)   678.8   720       0.62   702       1.43

21 τ (OH)   664.2   668   675     96.59   673    114.78

13 δ (C2=O)   603.8   604   601       15.70   600       15.69

14 δ (C3=O)   534.9   527       1.67   527        1.98

22 γ (C2=O)   394   394     16.22   390      16.08

15 δ (CCO)   389   384       8.53   383        8.53

16 δ(CCC)   258   257     22.98   253      23.81

23 τ (CH3)   134   117       0.41   111        1.13

24 τ (C-C)     90     91       7.51     89         7.00

ALLe MAE     19.7       8.8

|MAX|     54     41

FUNDf MAE     10.4       7.4

|MAX|     36     24

Comb+Overg MAE     26.5       9.7

|MAX|     54     41

a
Final state ni (n-normal mode, i-quanta), approximate description: ν-stretching, δ-bending, γ-rocking, τ -torsion.

b
Hybrid “best cheap”/B2PLYP force field.

c
Ar-Matrix results from Refs. 29,119

d
Gas-phase results below 1000 cm–1 from Ref. 23; gas-phase results above 1000 cm–1 from Ref. 124

e
Mean absolute error (MAE) and maximum absolute deviations (|MAX|) with respect to experiment evaluated for all reported bands. Experimental 

gas-phase data were used as references when available, experimental results from Ar-Matrix were corrected for a matrix effect (red shift of 30 

cm–1 for one quanta of ν(OH)), see text for the details.

f
Mean absolute error (MAE) and maximum absolute deviations (|MAX|) with respect to experiment evaluated for fundamental transitions.
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g
Mean absolute error (MAE) and maximum absolute deviations (|MAX|) with respect to experiment evaluated for overtones and combinational 

bands.
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Table 10

Theoretical anharmonic vibrational wavenumbers (cm−1) and IR intensities (km mol−1) of Tt-pyruvic acid. 

Fundamental transitions, overtones and combination bands up to the 3-quanta are compared with available 

experimental results.

Final statea Assignmenta Observed B2PLYP/AVTZ best"cheap"/B2PLYPb

 Arc   Gasd ν     I      ν     I

12 6944 6975 6953     4.16 6990     4.10

1+4 5325.5 5305     0.41 5332     0.41

1+5 5316 5303     0.35 5329     0.35

1+7 4934 4930     0.16 4953     0.16

1+8 4907.2 4892     0.71 4917     0.70

1+9 4750.3 4729     0.40 4756     0.39

3+4 4702.5 4699     0.05 4701     0.05

1+10 4670.6 4668     0.19 4691     0.18

2+6 4441.1 4453     0.52 4449     0.52

2+7 4400.2 4408     0.27 4406     0.22

17+18 4400.2 4401     0.22 4405     0.27

3+18 4381 4384     0.14 4377     0.14

8+17 4329.8 4325     0.10 4332     0.10

1+20 4288 4280     0.14 4307     0.14

1+21 4143.7 4150     0.95 4156     0.96

1 ν(OH) 3556.2 3579 3559   72.30 3575   72.46

4+5 3504.3 3479     3.96 3499     3.90

52 3484 3471     2.69 3491     2.58

2 ν(CH3) as 3030.4 3034     2.87 3030     4.74

17 ν(CH3) as 2982.4 2984     2.25 2983     2.28

3 ν(CH3) s 2953     0.02 2945     0.01

5+10 2878 2854     1.03 2871     1.02

7+10 2496 2481     1.07 2495     1.05

4+12 1818.6 1790     3.65 1804     3.05

4 ν(C3=O) 1763.7 1747   10.41 1757   10.83

7+15 1761.4 1758     1.21 1764     1.32

5 ν(C2=O) 1750.8 1745 329.58 1755 319.41

12+19 1749.4 1741   14.11 1736   27.44

18 δ(CH3) as 1426.1 1432     8.99 1432     8.35

6 δ(CH3) as 1422.3 1428     7.48 1427     5.83

7 ν(C-C) as 1387 1375     2.71 1381     3.45

8 δ(CH3) s 1356.9 1356   36.39 1362   32.01

9 δ(COH) 1205 1192   15.78 1198   16.41

10 ν(C-O) 1118.8 1111 227.94 1118 229.17

15+20 1116.6 1105     1.59 1114     2.26
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Final statea Assignmenta Observed B2PLYP/AVTZ best"cheap"/B2PLYPb

 Arc   Gasd ν     I      ν     I

19 γ(CH3) 1019.3 1024     1.36 1022     1.35

11 γ(CH3)   961.9   958   45.84   962   38.79

20 γ (C3=O)   722.7   724     9.40   730     4.61

12 ν(C-C)s   716.4   719   26.46   716   27.54

13 δ (C2=O)   592.1   587   72.69   589   72.67

21 τ (OH)   588.2   594   82.07   587   87.80

14 δ (C3=O)   515     1.78   517     1.79

15 δ (CCO)   385     1.03   384     1.00

22 γ (C2=O)   374     0.08   370     0.06

16 δ(CCC)   249     9.23   241     8.38

23 τ (CH3)   104     0.00   102     0.00

24 τ (C-C)     22     6.08     24     6.24

ALLe MAE     13.9       5.9

|MAX|     44     17

FUNDf MAE       6.4       3.6

|MAX|     20       7

Comb+Overg MAE     19.4       7.6

|MAX|     44     17

a
Final state ni (n-normal mode, i-quanta), approximate description: ν-stretching, δ-bending, γ-rocking, τ-torsion.

b
Hybrid “best cheap”/B2PLYP force field.

c
Ar-Matrix results from Refs. 29,119

d
Gas-phase results from Ref. 124

e
Mean absolute error (MAE) and maximum absolute deviations (|MAX|) with respect to experiment evaluated for all reported bands. Experimental 

gas-phase data were used as references when available, experimental results from Ar Matrix has been corrected for a matrix effect (red shift of 23 

cm−1 for one quanta of ν(OH)), see text for the details.

f
Mean absolute error (MAE) and maximum absolute deviations (|MAX|) with respect to experiment evaluated for fundamental transitions.

g
Mean absolute error (MAE) and maximum absolute deviations (|MAX|) with respect to experiment evaluated for overtones and combinational 

bands.
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Table 11

Theoretical anharmonic vibrational wavenumbers (cm–1) and IR intensities (km mol–1) of Ct-pyruvic acid in 

the spectra region up to the 7000 cm–1. All fundamental transitions along with overtones and combination 

bands up to the 3-quanta with IR intensities greater than 4 km mol–1 are reported.

Final statea Assignmenta B2PLYP/AVTZ best"cheap"/B2PLYPb

ν I I

12 6941.0 4.22 6981.8 4.16

1 ν(OH) 3553.2 63.12 3571.3 63.32

2 ν(CH3) as 3029.5 5.13 3027.5 6.48

17 ν(CH3) as 2983.3 2.84 2981.4 2.84

3 ν(CH3) s 2951.6 0.03 2946.7 0.21

4 ν(C3=O) 1780.9 149.56 1794.4 145.25

9+13 1756.9 15.55 1770.5 21.65

5 ν(C2=O) 1749.2 150.90 1759.3 163.27

11+14 1448.2 8.53 1454.1 4.55

18 δ(CH3) as 1440.2 8.85 1440.3 8.25

6 δ(CH3) as 1436.2 8.29 1437.7 16.19

7 δ(CH3) s 1368.0 34.85 1369.4 34.63

8 ν(C-C) as 1335.8 20.89 1341.4 19.14

13+20 1319.1 3.97 1330.7 6.43

14+20 1192.0 14.71 1203.3 11.92

212 1184.8 11.93 1183.9 20.16

9 δ(COH) 1155.6 53.28 1165.6 56.60

15+20 1111.6 22.37 1122.8 21.77

10 ν(C-O) 1102.2 126.58 1111.1 201.37

12+22 1089.0 17.65 1088.5 12.92

11+242 1022.5 82.62 1031.3 57.76

19 γ(CH3) 1025.6 1.43 1024.5 1.43

11 γ(CH3)    969.2 20.94   980.2 11.08

21+22    980.1 2.26   970.1 12.09

20 γ (C3=O)    716.2 7.71   725.6 7.69

12 ν(C-C)s    714.2 35.42   712.1 37.00

13 δ (C2=O)    604.1 35.33   607.4 35.37

21 τ (OH)    598.7 86.64   596.1 85.34

14 δ (C3=O)    473.9 8.42   476.2 8.41

15 δ (CCO)    398.1 3.41   400.0 3.39

22 γ (C2=O)    381.4 0.06   378.9 0.03

16 δ(CCC)    255.6 1.17   256.7 1.17

23 τ (CH3)    161.0 0.03   158.4 0.03

24 τ (C-C)      25.5 0.28     26.9 0.28

a
Final state ni (n-normal mode, i-quanta), approximate description: ν-stretching, δ-bending, γ-rocking, τ-torsion.
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b
Hybrid “best cheap”/B2PLYP force field.
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