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Abstract

Understanding the molecular stability is important for predicting the relative reac-

tivity of chemical agents and the relative yields of desirable products. However, over

decades, a consistent estimate of a particular chemical equilibrium (proton-tautomerism)

has proven challenging. We revisit the molecular orbital analysis in the classic tau-

tomeric oxo-hydroxy case, i.e., 2-pyridone/2-hydroxypyridine in gas-phase and solution,

(Wong et al. 1992). Our results indicate the possibility of tuning the tautomeric equi-

librium through directing groups. Our findings also reveal the lack of reproducibility

of orbital energies as responsible for the remarkable contrast between the results of

the wavefunction and density functional methods. Our proposal leads the correction

in the estimation of relative stability in excellent agreement with experiments in gas-

phase and solution. The analogous approach for different compounds corroborates the

reliability of our description on the molecular stability and its potential application,

e.g., a guide to estimate the relative stability of molecules, to measure the confidence
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of the proposed reaction mechanisms by different theoretical methods, development of

the molecular switches and computer-aided drug design.

1 Introduction

Tautomerism is the dynamic equilibrium between molecules with the same atomic compo-

sition, where there are a potential barrier and relative energy small enough to allow in-

terconversion.1,2 Research on tautomerism covers scientific fields ranging from chemistry,

biochemistry to chemical physics. These studies are of fundamental importance in the in-

terpretation of reaction mechanisms involving tautomers,1 e.g., to stabilize covalent organic

frameworks,3 in computer-aided drug design and their biological effects,4,5 as a possible fac-

tor of spontaneous mutagenesis due to the tautomeric forms of nucleic acid bases6,7 and as

molecular switches for logic gates, diodes and transistors.8,9

The 2-pyridone/2-hydroxypyridine (2-PY/2-HY) isomerization, see Figure (1), is one

of the simplest prototype systems for proton-transfer tautomerism and hydrogen bonding

studies, and yet an important heteroaromatic system: Analogous to hydrogen-bonded DNA

base pairs,10 as a design element to catalysis11 with a potential for self-assembly platform of

bidentate ligands,12 an emergent antitumor antiviral agent and building blocks in synthesis.13

Figure 1: 2-pyridone (left) and 2-hydroxypyridine (right): Molecular structures of the proto-
typical model for heteroaromatic proton-transfer tautomerism. Molecular formula: C5H5NO.
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The relative stability on 2-PY/2-HY tautomerism is a focus of investigation for more

than a century:14,15 Experimental studies include ultraviolet (UV),16 infrared,16,17 photoe-

mission (PES)18,19 spectroscopies, to rotationally resolved laser induced fluorescence,20 mi-

crowave21 spectroscopies and ion cyclotron resonance.22 The measurements of this keto-enol

isomers in the gas-phase, Table (1), shows an electronic energy difference in favor of the

2-hydroxypyridine form.

Table 1: Experimental data: Tautomeric equilibrium of the 2-hydroxypyridine/2-pyridone
in the gas-phase, argon and nitrogen matrices. The energy in kJ/mol, T in Kelvin, and
[HY]:[PY] as the ratio of the concentration at equilibrium.

∆E ∆H ∆G [HY]:[PY] T Method Ref.

gas (ε = 1.0):
−2.1(0.6) −3.0(0.6) - 2.2 : 1 473 Infrared 17

1.3(1.3) −3.3 2.5 : 1 405 UV 16

−3.2(0.4) - 3 : 1 356 Microwave 21

- 5.4 - 298 Basicity 22

- −2.4(0.3) 2 : 1 403 X-ray PES 18

−2.5(0.4) - 4 : 1 323 PES 19

- - 2 : 1 503 Infrared 23

in Ar matrix:
- −2.9(0.5) 2.80 : 1 340 Infrared 17

- - 3.03 : 1 303 Infrared 24

in N2 matrix:
- - 2.99 : 1 340 Infrared 17

in H2O (ε = 78.36):
- 15.5 - 298 Basicity 22

14.2 - - 298 ∆Hsoln
25

- 16.9 1 : 910 293 pKa
26

Theoretical studies performed at semiempirical, density functional theory (DFT) and ab

initio level of theory have attempted to predict the relative stability of the 2-pyridone/2-

hydroxypyridine system in the gas-phase and solution.10,27,28 A coalescence of three decades

of theoretical calculations on the tautomeric equilibrium by DFT and ab initio, Figure (2),

shows that a quantitative agreement with the tautomerization energy is a challenge.

Although theoretical methods at different levels predict planarity in the ground-state

geometries of 2-PY/2-HY isomers, as measured,20,21 the choice of a reliable approach is still
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required for an accurate relative energetic description, and we show that modeling is sensitive

to the level method used to determine the structures.

The tautomerism of the 2-pyridone/2-hydroxypyridine represented a reliability test for

DFT method. The density functional theory provides good agreement with the experimental

vibrational frequencies and rotational constants, but considered inherently wrong with regard

to the relative stability of different tautomers.10,29,34,35

The accuracy of the tautomerism energy by DFT functionals, vide Figure (2), can be

ordered as B3PW91 > B3LYP > BP86 > PBE > HCTH407 = BLYP. The hybrid DFT

methods, in which the functional contains an amount of Hartree-Fock (HF) exchange, prove

to be superior to pure DFT functionals HCTH407, PBE, BP86 and BLYP. The B3LYP model

gives a wrong sign for ∆E, even so, provides better results than the non-hybrid ones. The

BHandLYP is the only one that predicts the correct tautomeric order, the 2-hydroxypyridine

molecule as the most stable form in the gas-phase. Its similar performance with HF for the

tautomers of pyridone and formamide10 state that the outcome for energetic stability is due

the effects of the large percentage of HF exchange in the functional. Despite the reasonable

estimate, the BHandLYP functional gives rotational constants in poor agreement with the

experimental values.35

Hartree-Fock (HF) calculation gives a modest estimation of tautomeric energy with

TZV(2df,2dp) basis set, albeit inferior on molecular constants.10,29,32 The Hartree-Fock/6-

311G(d,p) calculation gives a ∆EHF = −4.97 kJ/mol using the optimal geometry of the

same method,32 and ∆EHF = −7.13 kJ/mol when the structure used is optimized by MP2,33

data not included in Figure (2). The comparison reveals that HF grossly overestimates the

tautomeric energy when employed geometric parameters closer of the experimental measure-

ments. We should expect a similar behavior from BHandLYP functional.

The second-order Moller-Plesset perturbation (MP2) method with Pople basis set which

includes p-polarization functions on hydrogens or TZV(2df,2dp) overestimates the predomi-

nance of 2-hydroxypyridine in the gas-phase.10,32 The spin-component-scaled Moller-Plesset
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Figure 2: Results of three decades: Relative electronic energies, without zero point correction,
of the 2-hydroxypyridine with respect to 2-pyridone in the gas-phase calculated by quantum
methods. The correspondent experimental, ∆E = −2.1(0.6) kJ/mol, in red.17 Data from:
(a, b, d, e, i, j),10 (b, c),29 (b, e, h, i, j),30 (b, g),31 (d, e, f, g, i),32 (g),33 (k).34
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theory (SCS-MP2) increased the energetic accuracy compared to standard MP2 and MP3.

The fourth order (MP4) proved to be the most accurate among Moller-Plesset perturbation

methods, see Figure (2), although the dependence of the basis set size on the reliability of

its results to represent a disadvantage due to computational cost.

Quantum chemistry composite methods G3, G4, CBS-APNO, and W1 were employed to

explain the gas- and solution-phase tautomerization reaction energetics.34 Compound tech-

niques, combined methods with different levels of theory and basis set, led to an improvement

on the estimation of the 2-PY/2-HY relative stability when compared with other post-HF

methods, e.g. MP2, MP3 and CCSD(T).

Quadratic configuration interaction with single and double excitations (QCISD) method

accurately predicts the energy differences in the gas-phase with basis sets cc-pVDZ and

6-31+G(d,p),30,32 but deviates of the experimental measurements when the basis set is in-

creased to cc-pVTZ and TZV. Despite its accuracy to be a reference for other methods

presented in Figure (2), the QCISD method is computationally very expensive.

In this work, our study sheds light on the fundamental features of tautomeric systems

and suggests how to proceed to predict the most stable form. The long-range-corrected (LC)

exchange plays a role in the accurate description of geometrical parameters, rotational con-

stant, dipole moment, ionization potential, energy barrier and tautomeric equilibrium of the

2-pyridone/2-hydroxypyridone. We compare the DFT results with the reference wavefunc-

tion method QCISD/aug-cc-pVTZ. In the Section 2, we present the theoretical methods,

the bond distances and angles, rotational constants and dipole momentum in comparative

with experimental measurements are shown in the Section 3. Among our DFT functionals,

we emphasize the TPSSP86 in the study of the rotational constants, dipole moments and

tautomeric energy. The Section 4 explain how the long-range correction fixes the relative

stability prediction. In the end, Section 5, we address the tautomerization energy to the

2-PY/2-HY system by several functionals and others tautomers with focus given to the rel-

ative stabilities in the gas-phase, which offers unique opportunities to review the reliability
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of the density functional theory method. The DeltaGauss software, a tool developed for

the calculation of relative energies, is shown in the supporting information.

2 Computational details

We calculate with Gaussian 09 (G09) suite of programs that enable the reproducibility of

the results provided by the same functional specification and code. Our results are by QCISD

method and long-range corrected DFT functionals. Since the exchange and correlation func-

tionals are in principle independent, we use different combinations given by concatenating

the acronym of the exchange [PKZB, O, BRX, G96, TPSS, B, S, XA, PBE, PW91] with

correlation functionals [B95, P86, VP86, TPSS, PKZB, PW91, BRC, LYP, PL, VWN5,

KCIS, PBE], as well as the standalone [M06L, M11L, B97D, HCTH407] and exchange-only

functionals [HFB, HFS, XAlpha]. The basis sets vary in complexity from 6-31++G(d,p) to

aug-cc-pVQZ.

The non-Coulomb part of the functionals generally dies off too fast, i.e., becomes inaccu-

rate at large distances, and long-range correction fixes the asymptotic limit for the exchange

interaction.36 The correction supplements the long-range exchange effect by replacing the

Hartree-Fock exchange integral with the long-range part of exchange functionals in Kohn-

Sham density functional.37 The prefix LC- applies the long-range correction,38 where we set

the LC parameter as ω = 0.47, the G09 default, with exception to M11L (ω = 0.25), and

other amounts as ω = 0.04 with the iop(3/107 = 0040000000, 3/108 = 0040000000) keyword.

Our calculations are in the gas-phase and we process the results through DeltaGauss

software. Except as otherwise indicated, we optimize all structures on internal coordinates

for each functional and basis set.
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3 Geometric and spectroscopic data

The experimental-theoretical geometrical parameters in the solid state of 2-pyridone and

6-chloro-2- hydroxypyridine are in Tables 2 and 3, respectively, carried out with QCISD

and TPSSP86 DFT functional with and without long-range correction (LC). A theoretical-

experimental comparison to the substituted hydroxypyridine allows us to estimate the va-

lidity of 2-HY geometrical parameters since is not possible to find 2-hydroxypyridine in the

crystal state.39 The X-ray crystal results belong to hydrogen-bonded dimers while the calcu-

lations, refer to gas-phase monomers, so a variation up to 0.02 Å is expected between theory

and experiment.27

Geometric predictions of the 2-pyridone and 6-chloro-2-hydroxypyridine shows a good

agreement with experiments, an indicative of the reliability of 2-hydroxypyridine optimal

geometry. The inclusion of long-range correction with ω = 0.04 in the functionals does not

have a significant impact on bond lengths and angles in comparison to pure ones, whereas

with ω = 0.47 tend to Hartree-Fock results. The 2-PY structure predicted by QCISD is

closer to HF than our chosen meta-GGA functional.

The bond lengths of the transition state (TS), see Table (4), are intermediaries between

the bond distances of the 2-PY (Table (2)) and 2-HY (Table (3)). Yet, as noted by Moreno et

al.,42 the TS bond angles are non-intermediaries values of the two minima, wherein is neces-

sary a significant decrease of the angle 6 OC1N to allow the intramolecular tautomerism. This

profound change in the angles involved in the H-atom transfer explains the high energetic

barrier of the tautomers, shown in Section 5.

It is important to highlight the nonplanarity failures of MP2, MP3, CISD, and CCSD ab

initio methods with popular basis sets on arenes,43 which arise from an adverse intramolecular

basis set incompleteness error (BSIE). Our calculations by post-HF methods with Pople

basis set, of geometry by MP2/aug-cc-pVDZ, provides: 2-pyridone has at least one sizable

imaginary vibrational frequency at MP2/6-311G (225i cm−1, A”; 65i cm−1, A”), MP3/6-
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Table 2: Experimental geometrical parameters of the 2-pyridone (2-PY) in the solid phase,
first column, from ref. 40 Our geometric optimization results of the 2-PY (gas-phase) by
QCISD, Hartree-Fock and our TPSSP86 DFT functional with aug-cc-pVTZ basis set ex-
cepting for ω′, performed with cc-pVTZ. Pure functional is the case where the long-range
correction parameter is ω = 0. Units: Angles in Degrees and r in Å.

2-PY gas (theory) 2-pyridone

solid (exp.) QCISD Pure ω(0.04) ω′(0.04) ω(0.47) HF

r(N−C1) 1.379 1.393 1.419 1.415 1.417 1.377 1.379
r(C1−C2) 1.437 1.456 1.448 1.445 1.445 1.439 1.455
r(C2−C3) 1.370 1.357 1.369 1.368 1.367 1.338 1.339
r(C3−C4) 1.416 1.433 1.424 1.421 1.422 1.418 1.435
r(C4−C5) 1.366 1.353 1.366 1.365 1.365 1.336 1.335
r(C1−O) 1.250 1.223 1.233 1.232 1.230 1.211 1.199
r(N−H1) 1.034 1.007 1.016 1.016 1.016 1.009 0.993
r(C2−H2) 1.088 1.080 1.085 1.085 1.085 1.079 1.071
r(C3−H3) 1.088 1.082 1.088 1.088 1.088 1.082 1.074
r(C4−H4) 1.087 1.078 1.083 1.083 1.083 1.077 1.069
r(C5−H5) 1.083 1.080 1.085 1.085 1.085 1.080 1.071

6 NC1C2 114.97 113.52 112.90 112.95 112.78 113.69 113.86
6 C1C2C3 121.07 121.42 121.72 121.68 121.78 121.20 120.98
6 C2C3C4 120.97 121.31 121.58 121.57 121.58 121.55 121.52
6 C3C4C5 117.77 117.89 118.09 118.06 118.03 117.72 117.58
6 OC1N 120.23 120.46 119.63 119.58 119.63 120.08 120.48
6 H1NC1 117.95 114.69 114.27 114.11 114.00 114.30 115.11
6 H2C2C1 120.25 116.24 116.34 116.31 116.23 116.30 116.49
6 H3C3C2 119.28 119.58 119.46 119.45 119.46 119.42 119.59
6 H4C4C3 122.24 121.66 121.64 121.68 121.67 121.69 121.54
6 H5C5C4 125.62 123.50 123.66 123.63 123.60 123.24 123.03
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Table 3: Experimental data, from ref. ,41 and theoretical (DFT) geometrical parameters
of the 6-chloro-2-hydroxypyridine (6-chloro-2-HY) in solid and gas-phase, first and second
column, respectively. Our calculations for 2-HY by QCISD, Hartree-Fock and TPSSP86
DFT functional with aug-cc-pVTZ basis set excepting for ω′, performed with cc-pVTZ. Pure
functional is the case where the long-range correction parameter is ω = 0. Units: Angles in
Degrees and r in Å.

6-chloro-2-HY gas (theory) 2-hydroxypyridine

solid (exp.) ω(0.04) QCISD Pure ω(0.04) ω′(0.04) ω(0.47) HF

r(N−C1) 1.341 1.334 1.321 1.332 1.330 1.331 1.305 1.304
r(C1−C2) 1.393 1.398 1.400 1.402 1.400 1.400 1.383 1.394
r(C2−C3) 1.377 1.388 1.381 1.388 1.386 1.386 1.364 1.369
r(C3−C4) 1.382 1.396 1.399 1.401 1.398 1.399 1.382 1.391
r(C4−C5) 1.362 1.389 1.383 1.390 1.388 1.388 1.367 1.371
r(C1−O) 1.321 1.354 1.352 1.362 1.358 1.357 1.335 1.332
r(C5−Cl) 1.739 1.753 - - - - - -
r(O−H1) 1.009 0.977 0.964 0.977 0.977 0.977 0.965 0.944
r(C2−H2) 0.974 1.084 1.080 1.085 1.085 1.085 1.079 1.071
r(C3−H3) 0.925 1.086 1.082 1.087 1.087 1.087 1.082 1.074
r(C4−H4) 1.020 1.083 1.080 1.085 1.085 1.085 1.079 1.071
r(C5−H5) - - 1.083 1.088 1.088 1.088 1.083 1.074

6 NC1C2 122.05 123.94 124.41 124.30 124.32 124.30 123.98 123.87
6 C1C2C3 118.44 117.10 117.35 117.26 117.26 117.28 117.31 117.26
6 C2C3C4 120.06 120.32 119.47 119.63 119.61 119.62 119.69 119.74
6 C3C4C5 116.94 116.63 117.96 118.09 118.11 118.07 117.91 117.51
6 OC1N 118.57 116.83 117.47 116.96 116.90 116.83 117.29 117.88
6 H1OC1 116.14 106.09 106.17 105.61 105.40 105.00 106.72 108.56
6 NC5Cl 114.79 116.13 - - - - -
6 H2C2C1 117.50 120.32 119.97 120.26 120.19 120.14 119.85 120.06
6 H3C3C2 121.13 119.95 120.05 119.91 119.93 119.92 119.94 119.93
6 H4C4C3 125.23 122.45 121.51 121.37 121.39 121.39 121.55 121.67
6 H5C5C4 - - 120.79 121.05 121.03 120.98 120.82 120.59
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Table 4: Geometrical parameters of the 2-pyridone/2-hydroxypyridine transition state (TS)
in the gas-phase. Our geometric optimizations by Hartree-Fock and TPSSP86 DFT func-
tional with aug-cc-pVTZ basis set excepting for ω′, performed with cc-pVTZ. Pure functional
is the case where the long-range correction parameter is ω = 0. Units: Angles in Degrees
and r in Å.

gas (theory) transition state of 2-PY/2-HY

Pure ω(0.04) ω′(0.04) ω(0.47) HF

r(N−C1) 1.369 1.367 1.368 1.338 1.335
r(C1−C2) 1.410 1.407 1.408 1.393 1.403
r(C2−C3) 1.389 1.387 1.386 1.362 1.366
r(C3−C4) 1.410 1.407 1.407 1.395 1.407
r(C4−C5) 1.389 1.387 1.386 1.361 1.365
r(C1−O) 1.298 1.295 1.294 1.273 1.266
r(O−H1) 1.383 1.382 1.382 1.353 1.330
r(N−H1) 1.302 1.299 1.299 1.274 1.270
r(C2−H2) 1.084 1.084 1.084 1.078 1.069
r(C3−H3) 1.088 1.087 1.087 1.082 1.074
r(C4−H4) 1.084 1.084 1.084 1.078 1.070
r(C5−H5) 1.086 1.085 1.085 1.081 1.072

6 NC1C2 120.19 120.17 120.05 120.38 120.75
6 C1C2C3 116.59 116.58 116.64 116.26 115.95
6 C2C3C4 122.09 122.12 122.13 122.32 122.32
6 C3C4C5 118.77 118.75 118.71 118.39 118.07
6 OC1N 105.34 105.40 105.50 105.58 105.16
6 H1OC1 74.99 74.93 74.88 74.63 74.97
6 H1NC1 75.34 75.32 75.23 75.11 74.65
6 H2C2C1 120.94 120.93 120.86 120.85 121.08
6 H3C3C2 119.02 119.00 118.99 118.93 119.00
6 H4C4C3 121.02 121.04 121.05 121.13 121.15
6 H5C5C4 123.39 123.37 123.36 123.09 122.72
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Table 5: Rotational constants, in MHz, and dipole moments, in Debye, of the 2-
hydroxypyridine (2-HY) and 2-pyridone (2-PY). (a)Exp. data from ref. 29 Our theoretical
results in the gas-phase by QCISD and TPSSP86 DFT functional with aug-cc-pVTZ basis
set excepting for ω̌ ω̄ and ω̂, performed respectively with aug-cc-pVDZ, 6-311++G(2d,2p)
and aug-cc-pVQZ. The pure functional is with LC parameter ω = 0.

TPSSP86

Exp.(a) QCISD Pure ω(0.04) ω(0.26) ω(0.47) ω̌(0.04) ω̄(0.04) ω̂(0.04)

2-HY:
A 5824.9459(44) 5860.42 5805.98 5822.59 5898.08 6000.60 5753.34 5813.79 5825.84
B 2767.5307(20) 2779.42 2752.14 2763.46 2801.38 2840.68 2741.46 2760.92 2765.35
C 1876.1647(17) 1885.29 1867.10 1874.03 1899.28 1927.98 1856.73 1871.95 1875.23
µ 1.39(3) 1.53 1.32 1.31 1.38 1.41 1.34 1.35 1.31
2-PY:
A 5643.7585(15) 5677.58 5643.20 5664.30 5731.55 5799.52 5610.19 5654.57 5666.35
B 2793.47174(98) 2802.16 2767.36 2777.16 2818.72 2868.22 2751.12 2774.39 2779.48
C 1868.82345(99) 1876.18 1856.80 1863.50 1889.49 1919.10 1845.92 1861.20 1864.77
µ 4.26(24) 4.79 4.30 4.30 4.38 4.45 4.35 4.35 4.29

311++G (798i cm−1, A”; 39i cm−1, A”), MP4/6-311++G (838i cm−1, A”; 161i cm−1, A”);

on 2-hydroxypyridine gives: MP2/6-311++G (559i cm−1, A”), MP3/6-311++G (471i cm−1,

A”), MP4/6-311++G (533i cm−1, A”). Independent of the method applied to 2-PY/2-HY

system, the correlation-consistent (aug)-cc-pVXZ basis sets, that provide the necessary BSIE

balance,43 are good choices in this regard.

The microwave spectroscopic study of the 2-PY/2-HY equilibrium in the gas-phase pro-

vided both the rotational constants and the dipole moments for the two isomers in ques-

tion.29 The spectroscopic data are presented in Table (5) along with the predicted quantities

at QCISD and DFT level. We note a better accordance between experiments and theory with

the inclusion of the long-range correction with parameter ω = 0.04. The root-mean-square

errors (r.m.s) of the theoretical rotational constants in Table (5) for 2-hydroxypyridine are

22, 15, 3 and 114 MHz by QCISD, pure TPSSP86, LC-TPSSP86 with ω = 0.04 and ω = 0.47,

respectively, while for 2-PY the r.m.s are 21, 17, 15 and 104 MHz.

Rotational constant results with ω = 0.04 parameter long-range exchange exceed the

accuracies of our computation by QCISD/aug-cc-pVTZ and MP2 approaches with Pople
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Table 6: Spectroscopic data of the 2-hydroxypyridine (2-HY) and 2-pyridone (2-PY). A, B
and C are rotational constants in megahertz; µ, dipole moment in Debye, (a)experimental
data from ref. 29 Our theoretical results in the gas-phase by TPSSP86 DFT functional with
may-, jun-, jul-, aug- cc-pVTZ basis sets. The long-range correction parameter ω = 0.04.

LC-TPSSP86 ω(0.04)

Exp.(a) cc- may-cc- jun-cc- jul-cc- aug-cc-

2-HY:
A (MHz) 5824.9459(44) 5822.26 5821.94 5822.00 5822.81 5822.59
B (MHz) 2767.5307(20) 2764.70 2763.14 2763.20 2763.49 2763.46
C (MHz) 1876.1647(17) 1874.57 1873.82 1873.85 1874.06 1874.03
µ (D) 1.39(3) 1.17 1.33 1.31 1.31 1.31
2-PY:
A (MHz) 5643.7585(15) 5665.31 5663.78 5663.79 5664.40 5664.30
B (MHz) 2793.47174(98) 2775.89 2776.43 2776.81 2777.37 2777.16
C (MHz) 1868.82345(99) 1863.04 1863.12 1863.29 1863.61 1863.50
µ (D) 4.26(24) 4.15 4.35 4.30 4.30 4.30

basis set, cf. MP2 results.29,33 As the parameter ω increases, the estimated constants tend

to be closer to that predicted by HF29 overestimating the rotational constants of the 2-

PY/2-HY molecules. The inclusion of diffuse functions gives a significant improvement in

the dipole moment of the 2-hydroxypyridine, see Table (6), and thereby plays a relevant role

on solvation. Accurate calculations of electrical properties also need augmented basis sets for

accurate calculations.44 The addition of the dispersion function in the basis set, especially

aug-cc-pVTZ, provides reliable results with a small difference to the given by a bigger basis

set, aug-cc-pVQZ, indicating a quick convergence to the same value of the complete basis set

(CBS) limit with respect to geometric parameters, dipole moment and rotational constants.

Predictions by LC-TPSSP86 functional, ω = 0.04, with aug-cc-pVDZ and 6-31++G(d,p)

basis sets underestimates the rotational constants in comparative to experiments, Table (5).

The results with 6-311++G(2d,2p) basis set, indicated by cost-effective for optical rotation

calculations of two simple chiral molecules,45,46 agree to the aug-cc-pVTZ, but as will see in

Section 5 the same augmented Pople basis to overestimate the tautomeric energy.
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Table 7: Theoretical results of the rotational constants and dipole moment of the 2-
hydroxypyridine (2-HY) and 2-pyridone (2-PY) in the gas-phase. Our calculations by
exchange-correlation (Exc-Cor) energy functionals in density functional theory (DFT) with
aug-cc-pVTZ basis and long-range correction parameter ω = 0.04.

Exchange: TPSS B BRX

Correlation: PKZB TPSS PW91 KCIS PW91 KCIS PW91

2-HY:
A(MHz) 5829.13 5830.77 5835.48 5825.15 5827.14 5820.53 5822.47
B(MHz) 2765.08 2766.05 2767.65 2759.97 2763.96 2754.71 2758.64
C(MHz) 1875.45 1876.07 1877.29 1872.69 1874.73 1869.79 1871.80
µ(D) 1.29 1.28 1.30 1.22 1.23 1.26 1.28
2-PY:
A(MHz) 5671.02 5672.78 5676.32 5662.54 5666.71 5654.50 5658.34
B(MHz) 2778.75 2779.53 2781.76 2773.99 2777.22 2772.32 2775.40
C(MHz) 1864.95 1865.49 1866.87 1861.88 1863.79 1860.26 1862.06
µ(D) 4.28 4.27 4.29 4.21 4.27 4.34 4.36

4 The Koopmans’ theorem

The HOMO energy (εHOMO) and ionization potential (IP) are the most important quan-

tities to explain why the pure DFT prediction, shown in Figure (2), is inherently wrong

with regard to the relative stability order of the proton-transfer tautomerism. The energy

difference between the neutral and radical species, without the geometric relaxation, defines

the vertical ionization potential (vIP). The experimental vIPs are 879.10 and 831.72 kJ/mol

for 2-hydroxypyridine and 2-pyridone, respectively.47

The vertical IPs of the 2-hydroxypyridine and 2-pyridone by TPSSP86 with several long-

range correction parameters, shown in Table (8). The same functional with ω = 0.00 (pure)

and ω = 0.04 yields good structures (Section 3) but underestimates the vIP, while the pre-

dictions with relaxed structures by ω = 0.26 and ω = 0.47 overestimates the measurements.

We achieve the smallest deviation in ∆(vIPteo−exp) by ω∗ = 0.25 and ω∗ = 0.26 where the

asterisk means that we calculate from a reliable geometry, i.e., with ω = 0.04. Koopmans’

theorem, which states IP = −εHOMO, allows us a comparison between the first ionization

energy and the orbital energy of the highest occupied molecular orbital (HOMO). We define
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Table 8: Theoretical and experimental vertical ionization potentials (vIP) of the 2-
hydroxypyridine (2-HY) and 2-pyridone (2-PY). Our results in the gas-phase by QCISD and
TPSSP86 DFT functional with aug-cc-pVTZ basis sets. The calculations are in kJ/mol and
from relaxed geometry, except for ω∗, wherein the long-range correction parameter ω = 0.04
define the structures. The ∆(vIPteo−exp) is the accuracy of our results, cf. exp. data of
the ref. ,47 and εHOMO is the HOMO energy. When ∆Kteo = 0, fulfills Koopmans’ theorem.
(EHY − EPY ) is the estimated tautomeric energy, cf. ∆Eexp = −2.1(6) kJ/mol. ∆εHOMO is
the difference between the −εHOMO of each tautomer.

−εHOMO vIPteo ∆(vIPteo−exp) ∆Kteo (EHY − EPY ) ∆εHOMO

2-HY:
w(0.00) 583.84 856.80 −22.30 272.96 5.70 42.79
w(0.04) 640.83 856.76 −22.34 215.93 4.69 42.83
w(0.26) 873.42 888.89 9.79 15.47 −1.30 48.43
w(0.47) 953.21 901.81 22.71 −51.40 −1.20 47.27
w∗(0.25) 867.06 887.17 8.06 20.11 −1.49 49.81
w∗(0.26) 873.31 888.32 9.20 15.01 −1.65 50.15
w∗(0.47) 951.51 899.16 20.06 −52.35 −2.66 52.50
QCISD 871.73 868.04 −11.06 −3.69 −1.50 36.47
HF 870.54 746.75 −132.35 123.79 −3.28 32.36
2-PY:
w(0.00) 541.05 810.15 −21.57 269.10
w(0.04) 598.00 810.08 −21.64 212.08
w(0.26) 824.99 840.25 8.53 15.26
w(0.47) 905.94 855.37 23.65 -50.57
w∗(0.25) 817.25 836.73 5.01 19.48
w∗(0.26) 823.16 837.70 5.98 14.54
w∗(0.47) 899.01 846.26 14.54 −52.75
QCISD 835.26 822.48 −9.24 −12.78
HF 838.18 693.85 −137.87 144.33

∆Kteo = IP + εHOMO, in which ∆Kteo = 0 fulfills Koopmans’ theorem. The pure TPSSP86

functional or with a small long-range parameter, ω = 0.04, presents the largest deviations of

the theorem, while the increment in ω, especially ω∗ = 0.26, tend to fulfill. The reason why

long-range correction enhances the reproducibility of HOMO energy is due to the orbital

energies almost constant for fractional occupied orbitals.37,48,49

QCISD method results as well exhibits small ∆Kteo. Despite the large deviation of the

∆Kteo by Hartree-Fock calculation, in the account of wrong vIP prediction, the −εHOMO

is close to the experimental vIP what explains the correct order estimation on the relative
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stability of the 2-PY/2-HY tautomeric forms.

The difference between the−εHOMO of each tautomer, ∆εHOMO, reveals the other piece of

the puzzle for a quantitative estimation of the relative stability. We highlight the robust cor-

relation between ∆εHOMO and ∆E results by DFT in Table (8). Despite LC-TPSSP86 with

ω∗ = 0.47 dissatisfy the Koopmans’ theorem, the long-range exchange interaction pushes

the orbitals up consistently, while the ∆E cancels the total energy error. The use of re-

liable structures becomes the key to this achievement. The same argument explains why

∆Eω∗=0.25, calculation from a good structure (ω = 0.04), is closer to experimental results

than ∆Eω=0.26, albeit the ω∗ = 0.25 to provide a bigger deviation in ∆Kteo.

The Figure (3) shows the effect on electron density of the 2-PY/2-HY due the inclusion

long-range correction. There is a redistribution of electrons (blue), specially from hydrogen,

to carbon atoms.

Figure 3: Difference map of electron density 2-pyridone (left) and 2-hydroxypyridine (right)
when we include long-range correction. The contour lines with isovalue (magnitude starts at
0.001 a.u.) in red solid lines and blue dashed lines correspond to the regions with increased
electron density and decreased electron density, respectively, due LC-parameter ω∗ = 0 to
ω∗ = 0.26 in TPSSP86/aug-cc-pVTZ.
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Table 9: Relative energies in kJ/mol from the relaxed geometry of the 2-pyridone (2-PY)
→ 2-hydroxypyridine (2-HY), except for ω∗, where we calculate the structures with long-
range correction parameter ω = 0.04. Experimental data from (a) ref. 17 and (b) ref. 21 Our
theoretical results in gas-phase at room temperature (298.15 K) by QCISD, Hartree-Fock
and TPSSP86 DFT functional with aug-cc-pVTZ basis set excepting for ω̌ and ω̄, performed
respectively with aug-cc-pVDZ and 6-311++G(2d,2p). Pure functional: ω = 0.

TPSSP86

Exp. QC Pure ω∗(0.26) ω∗(0.47) ω(0.47) ω̌∗(0.47) ω̄∗(0.47) HF

∆E −2.1(0.6)(a) −1.5 5.70 −1.65 −2.66 −1.20 −4.07 −4.06 −3.28
∆H −3.2(0.4)(b) 4.97 −2.45 −3.65 −2.27 −4.98 −4.77 −4.38
∆G −2.9(0.5)(a) 5.49 −2.10 −3.34 −1.79 −4.66 −4.38 −3.84
∆zpc −0.9(a) −0.57 −0.69 −0.86 −0.94 −0.77 −0.53 −0.94
∆Ez 5.13 −2.34 −3.52 −2.14 −4.85 −4.60 −4.22
-T∆S 0.52 0.35 0.31 0.49 0.32 0.39 0.54
∆E‡ 138.81 130.83 151.17 151.18 210.05
∆H‡ 124.99 117.60 136.80 137.28 194.69
∆G‡ 126.20 118.75 137.82 138.54 195.94

Table 10: Tautomeric free energy in gas-phase and water, in kJ/mol, of the 2-pyridone (2-
PY) → 2-hydroxypyridine (2-HY), except for ω∗, wherein we calculate the structures with
long-range correction parameter ω = 0.04. Our theoretical results are with structures in
gas-phase and aug-cc-pVTZ basis set. Pure functional: ω = 0. Experimental data from (a)
ref.,17 T = 340 K, and (b) the mean value of ref.26 and ref.,22T = 298 K.

TPSSP86

Exp. Pure ω∗(0.26) ω∗(0.47) ω(0.47) HF

∆G(gas) −2.9(0.5)(a) 5.56 −2.05 −3.29 −1.72 −3.76
∆G(water) 16.2(0.7)(b) 22.71 15.84 15.75 16.75 15.66

5 Tautomeric energies and charge distributions

Various levels of theory was applied to estimate the tautomeric energy of the 2-pyridone

and 2-hydroxypyridine, but none of the methods shown a quantitative result of the relative

stability, see Figure (2). We report in Table (9) the relative energies at 298 K considering

the effect of basis set and long-range exchange interaction on 2-PY/2-HY system. The total

energies is in Table (13). The inclusion of the long-range parameter ω∗ = 0.26 (ω∗ = 047)

in TPSSP86/aug-cc-pVTZ yields a relative energy ∆Eω∗(0.26) = −1.65 kJ/mol (∆Eω∗(0.47) =
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Figure 4: Map of electron density differences of the 2-hydroxypyridine, transition state and
2-pyridone in relation to gas-phase and polar medium (water). The contour lines in red
solid lines and blue dashed lines correspond to the regions with increased electron density
and decreased electron density. We use Multiwfn,50 1-3-5 plane of carbon atoms. Method:
ω∗ = 0.26 in TPSSP86/aug-cc-pVTZ.

−2.66) in excellent agreement with experimental measurements ∆Eexp = −2.1(0.6) kJ/mol,

where the asterisk means the use of geometric data close to the empirical one, i.e., by

the inclusion of ω = 0.04. When we use structures by LC-parameter ω = 0.47, the G09

default, we get a decline on the relative stability ∆Eω(0.47) = −1.20 kJ/mol, a non-intuitive

result, since we would expect a tendency of a larger ω to the Hartree-Fock/aug-cc-pVTZ

estimation, ∆EHF = −3.28 kJ/mol. Another notable effect of the long-range correction is

on energy barrier, without zero-point energy, where our calculations establish an interval

∆E‡ = [130.83 − 151.17] kJ/mol by ω∗ = 0.26 and ω∗ = 0.47, both parameters within the

experimental accuracy of tautomeric energy ∆E.

The deviation of the energy values in Table (11) for not full augmented basis sets, e.g.

jul-cc-pVTZ, that remove the diffuse function from hydrogens from aug-cc-pVTZ, is small in

respect to full one. These basis sets also give good concordance with aug-cc-pVTZ on rota-

tional and dipole moments as shown in Table (6). We get a clear trend of the overestimation

of the 2-HY stability in absence of diffuse functions of the basis set for ω∗ = 0.47.

Solvation plays an active role in the reaction dynamics which influence chemical processes,

e.g. tautomeric equilibrium. Once the water is the most important and abundant liquid
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Table 11: Relative energies in kJ/mol of the 2-hydroxypyridine (2-HY) and 2-pyridone (2-
PY). Experimental data: (a)∆E from ref. ,17 (b)∆H at 356 K from ref. 21 and (a)∆G at 340 K.
Our theoretical results in the gas-phase at 356 Kelvin by TPSSP86 DFT functional with
may-, jun-, jul-, aug- cc-pVTZ basis sets. The long-range correction parameter is ω∗ = 0.47
from the geometry with ω = 0.04.

LC-TPSSP86 ω∗(0.47)

Exp. cc- may-cc- jun-cc- jul-cc- aug-cc-

∆E −2.1(0.6)(a) −2.88 −3.09 −2.78 −2.72 −2.66
∆H −3.2(0.4)(b) −3.83 −4.00 −3.71 −3.68 −3.65
∆G −2.9(0.5)(a) −3.39 −3.59 −3.32 −3.30 −3.27
∆zpc −0.9(a) −0.79 −0.76 −0.79 −0.83 −0.86
∆Ez −3.66 −3.85 −3.57 −3.55 −3.52
-T∆S 0.43 0.40 0.39 0.39 0.38

medium, we calculate its effect on the 2-pyridone/2- hydroxypyridine tautomeric system.

To investigate the contribution of the environment, we account the implicit solvents via

integral equation formalism polarizable continuum model (IEF-PCM). Despite to be an

approximation, the macroscopic continuum captures physical aspects of the solvation in

excellent agreement with experiments, see Table (11). The main reason for reproducibility is

that in dipolar solvents the dominant term in the solute-solvent interaction is the electrostatic

one. The apparent good result with Hartree-Fock is due to the prediction from low-quality

geometric parameters in gas-phase by the same method.

The Figure (4) represent the effect of the solvation on electron density of the 2-hydroxypyridine,

transition state and 2-pyridone. Red solid lines and blue dashed lines correspond to the re-

gions with increased electron density and decreased electron density, respectively, going from

gas-phase to polar medium (water) with ω∗ = 0.26 in TPSSP86/aug-cc-pVTZ. There is a

notable similarity with figure 2 of Wong et al.,32 including the participation of C4 and C5

atoms and electron density in 2-PY nitrogen. However, our calculation of the transition

state is the key to reveal the process of electron redistribution from H12 to C4 - C5 when 2-

pyridone is the most stable form. These results indicate that an electron-withdrawing group,

Cl, for example, attached to C5 atom would decrease the weight of the dipolar resonance
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Table 12: Theoretical and experimental tautomeric equilibrium of the hydroxy (left) and oxo
(right) forms at the respective temperature, in Kelvin. Our results by LC-TPSSP86/aug-
cc-pVTZ with ω∗ = 0.26 at the top and ω∗ = 0.47 in brackets, see text. Experimental data
of the formamide from ref. ,27 2-pyridone from ref. ,17 and from ref. 30 for the 2-quinolinone,
2-pyrazinone, 2-quinoxalinone and 4-pyrimidinone. Energies in kJ/mol.

Tautomers
Theoretical

T
Experimental

∆E ∆G [hy]:[oxo] ∆E ∆G [hy]:[oxo]

298 46.0(16.7) − −
48.52 50.73 1 : 77 · 107

[51.79] [53.40] [1 : 23 · 108]

340 −2.1(0.6) −2.9(0.5) 2.8 : 1
−1.65 −2.05 2.1 : 1

[−2.66] [−3.29] [3.2 : 1]

450 − 17(1.5) 1 : 95
16.19 15.77 1 : 68

[18.43] [17.89] [1 : 120]

360 − −8.0(1.0) 14 : 1
−6.49 −6.79 9.7 : 1

[−7.64] [−8.38] [16 : 1]

450 − 14(1.0) 1 : 40
13.49 13.18 1 : 34

[16.17] [15.61] [1 : 65]

400 − 2.4(0.3) 1 : 2.1
2.93 2.76 1 : 2.3

[2.80] [2.29] [1 : 2.0]
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Table 13: Total energies in Hartrees from the relaxed geometry of the 2-pyridone (2-PY) →
2-hydroxypyridine (2-HY), except for ω∗, wherein we calculate the structures with long-range
correction parameter ω = 0.04. Our theoretical results in gas-phase by QCISD, Hartree-Fock
and TPSSP86 DFT functional with aug-cc-pVTZ basis set. Pure functional: ω = 0.

TPSSP86

QC Pure ω∗(0.26) ω∗(0.47) ω(0.47) HF

EPY −322.93729 −323.84142 −323.33217 −323.22828 −323.23218 −321.68730
EHY −322.93786 −323.83924 −323.33280 −323.22930 −323.23263 −321.68855

form in favor of hydroxypyridine configuration, and 6-chloro-2-hydroxypyridine is exactly

the most stable form in solid-phase39,41 and by our calcutations in gas-phase.

To test if the reproduction of the experimental data on 2-PY/2-HY system by our

model is only a particular case, we carry out an analogous approach for other compounds.

In Table (12), we compare the results of such computations with experimental measure-

ments. There is an excellent concordance on relative stability prediction in the gas-phase

for formamide, 2-pyridone, 2-quinolinone, 2-pyrazinone, 2-quinoxalinone and 4-pyrimidinone

at their respective temperatures by LC-TPSSP86/aug-cc-pVTZ with long-range parameter

ω∗ = 0.26 and ω∗ = 0.47, where the asterisk means the use of a structure close to the pure

DFT functional evaluation, i.e., ω = 0.04. These excellent results corroborate the reliability

of our description.

Table 14: Relative energies in kJ/mol from geometry, with LC parameter ω = 0.04, of the 2-
hydroxypyridine and 2-pyridone in the gas-phase. Our calculations by exchange-correlation
(Exc-Cor) energy functionals in density functional theory (DFT) with an aug-cc-pVTZ basis
set and a long-range correction parameter ω∗ = 0.47. (a)Experimental data from ref. 17

Exc: TPSS B BRX

Exp.(a) Cor: PKZB TPSS PW91 KCIS PW91 KCIS PW91

∆E −2.1(0.6) −2.22 −2.41 −1.92 −2.39 −2.15 −2.69 −2.48

The Figures 5, 6 and 7 coalesce the estimation of the relative energy by our list of

functionals in Section 2. We highlight in Table (14) the excellent agreement of the ∆E by

some LC functionals with ω∗ = 0.47, in which the asterisk means the use of structures with
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ω∗ = 0.04 that shows a good concordance to the measured rotational constant, see Table (7).

6 Summary and outlook

Our work sheds light on a matter of investigation which lasts more than a century, a challenge

to the reliability of the quantum methods, especially to DFT. In our literary review, the

QCISD method yielded the most accurate result, while the other wavefunction methods,

including CCSD, tended to overestimate the predominance of the hydroxy form in the gas-

phase. On the other hand, the pure density functional methods estimated the oxo form

as the most stable, contradictory to the experimental measurements. Our results reveal

the responsible for the notable contrast between the relative stability order estimation by

wavefunction (WF) and density functional (DFT) methods: Koopmans’ theorem. The WF

methods, especially post-Hartree-Fock with large bases sets, reach a satisfactory level of

reproducibility on the calculation of ionization potential (IP) and orbital energies (), i.e.,

tend to fulfill the theorem, while pure DFT calculations provide poor .

A well-known failure in DFT calculation is the band gap underestimation in insulating

materials and semiconductors, known as the ”band-gap problem”. The inclusion of the long-

range correction (LC) in some DFT functionals gives the orbital energies close to the minus

IPs, wherein our case it leads to an excellent result in the estimation of the 2-PY/2-HY

relative stability. However, the same correction can be responsible for the detriment of the

quality of the geometric parameters, which has impact on orbital and relative energy.

Our calculations with LC functionals shows the significant impact on bond lengths and

angles in comparison to pure ones, especially for long-range parameter =0.47, wherein tend

to Hartree-Fock geometry computation. In contrast to what we find in the literature for

2-PY/2-HY tautomerism, the relative energy is sensitive to geometry which in turn is sus-

ceptible to the theoretical method. Among the results of 127 functionals, our work extends

on the LC-TPSSP86. The inclusion of the long-range parameter =0.04 gives excellent ge-

22



ometric parameters and the smaller root-mean-square errors on rotational constants in the

comparison between pure DFT, MP2 and QCISD methods.

Our recipe for molecular stability prediction: The results of the theoretical method should

rely in the 1) experimental/theoretical comparison of the geometric constants, 2) the smaller

Kteo=vIP+HOMO and 3) HOMO verified by experimental vertical ionization potential,

from available measurements of the system and/or similar structures. The optimal long-

range parameters , if necessary, can be found through the three steps we suggest. In the

classic tautomeric case, the estimation of the relative stability by LC-TPSSP86 with =0.26 to

=0.47 on good geometries, i.e., =0.04, yields excellent agreement with experiments. Despite

the computation with =0.47 does not satisfy the steps 2 and 3, the E cancels the total energy

error.

Solvent effects are described in excellent agreement with experiments and the calcula-

tions opens the way for the possibility to tuner the tautomeric equilibrium through directing

groups. Besides the reproduction of the experimental data on 2-PY/2-HY case, our compu-

tations also show excellent concordance on relative stability assess in gas-phase of the for-

mamide, 2-quinolinone, 2-pyrazinone, 2-quinoxalinone and 4-pyrimidinone at their respective

temperatures. The analogous description for other compounds corroborates the reliability

of our approach on the prediction of the molecular stability and its potential application: a

guide to estimate molecular relative energy, to measure the confidence of the proposed re-

action mechanisms by different theoretical methods, development of the molecular switches

and computer-aided drug design.
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Figure 5: Our benchmark: Relative electronic energies, without zero point correction, of the
2-hydroxypyridine with respect to 2-pyridone in the gas-phase calculated by LC- functionals
with ω = 0.47, basis set in the legend. The dagger † means the calculation over geometric
optimizations with long-range parameter ω = 0.04. The correspondent experimental ∆E =
−2.1(0.6) kJ/mol in red.17
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Figure 6: Our benchmark: Relative electronic energies, without zero point correction, of the
2-hydroxypyridine with respect to 2-pyridone in the gas-phase calculated by LC- functionals
with ω = 0.47, basis set in the legend. The dagger † means the calculation over geometric
optimizations with long-range parameter ω = 0.04. The correspondent experimental ∆E =
−2.1(0.6) kJ/mol in red.17

31



Figure 7: Our benchmark: Relative electronic energies, without zero point correction, of the
2-hydroxypyridine with respect to 2-pyridone in the gas-phase calculated by LC- functionals
with ω = 0.47, basis set in the legend. The dagger † means the calculation over geometric
optimizations with long-range parameter ω = 0.04. The correspondent experimental ∆E =
−2.1(0.6) kJ/mol in red.17
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