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Nucleobases are important in many biochemical pathways, and one of their key features is that low-energy
tautomerization processes can cause large changes in their chemical properties. Similar effects are also seen
for photovoltaic molecules such as quinacridones, except that, in these systems, tautomerization is achieved
through intermolecular proton transfer. An excellent model for both of these systems is the tautomerization
between the 4-pyridinol and 4(1H)-pyridinone monomers and their dimers. Indeed, 4-pyridinol is known to
be the most stable monomer in the gas phase, while chemically diverse 4(1H)-pyridinone is the most stable
monomer both neat and in solution in polar solvents. We evaluate the energetics of gas-phase tautomerization
of both monomers and dimers of these molecules using B3LYP, HCTH, SCF, MP2, MP4, QCISD, CCSD,
and CCSD(T) methodologies. For the monomers, estimates of the CCSD(T)/aug-cc-pVTZ energies are obtained,
while for the dimers, estimates of basis-set-superposition-error-corrected CCSD/aug-cc-pVDZ energies are
obtained. Vibrational analyses are performed at the B3LYP/cc-pVDZ level to determine zero-point energy
corrections and OH- and NH-stretch vibrational frequency changes. The hydrogen-bond energies show a
clear preference for 4(1H)-pyridinone-containing dimers, and the dimer in which 4-pyridinol donates a hydrogen
bond to 4(1H)-pyridinone is calculated to be only slightly higher in energy than the 4-pyridinol dimer.

1. Introduction

Tautomerization is a very important property in biological
systems that is particularly relevant for nucleobases,1-4 and
many studies have been performed to investigate the tautomer-
ization and association properties of the simplest model
compounds,5 the hydroxy pyridines. These compounds are also
model systems for the study of the properties of larger molecules
such as quinolones,6 anthraquinones,7 pyridonophanes,8 and
quinacridones,9,10many of which are of interest for their optical
and photovoltaic7,11,12 properties. Our concern here is with
4-pyridinol and 4(1H)-pyridinone,

which are hydroxy (HYD) and oxo (OXO) tautomers, respec-
tively. The HYD form is, in fact, a lactim and is fully aromatic,
whereas the OXO form is a lactam and is thus not expected to
be aromatic. Chemically, however, the OXO form exhibits more
aromatic than lactam character, but spectroscopically, the OXO

form exhibits typical lactam (or quinone) properties13 and
absorbs at a much lower energy than does the HYD form.14 In
quinacridones, tautomerization moves the main absorption band
between the UV and visible regions, and hence, these molecules
can function as a chemically controllable color switch.15

Furthermore, these molecules self-associate in head-to-tail
chains,9 and hence, it is possible to envisage15 their use in the
construction of a micro electrochemical solid-state color display
device. For such systems, 4(1H)-pyridinone is an excellent
model compound, not only because of its analogous tautomeric
and optical properties but also because of its associative
properties, with its prevalent OXO tautomer being known to
associate into chains of up to>30 monomer units in aqueous
solution.16,17 To direct the synthesis and hence explore the
synthetic flexibility of quinacridones10 and the like, it is
important to understand the energetics of tautomerization of
4(1H)-pyridinone and its oligomers. Here, we investigate
monomers and dimers of this compound through extensive ab
initio and density-functional computation.

An important aspect of the tautomerization of 4(1H)-
pyridinone is its sensitivity to environment. In the gas phase,
this molecule is known to exist to within experimental detection
limits purely in its HYD form.14,18However, in aqueous solution,
it exists in its OXO form. This is easily understood in terms of
solvation effects, using either cluster19-22 or reaction-field23

methodologies, with the HYD form becoming the most impor-
tant form in solvents of low polarity.17,23,24Related systems such
as quinolones are interesting in that it is possible to obtain widely
varying nonequilibrium gas-phase compositions by varying the
mode of production of the vapor.25 These effects are not of
concern to us here, however, and we concentrate on the
determination of the gas-phase equilibrium properties of 4(1H)-
pyridinone and its dimers.
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Both this system and other, closely related5,22,26-30 monomeric
systems have frequently been investigated by theoretical means.
Early semiempirical19 and ab initio SCF31-33 calculations
produced qualitatively reasonable descriptions of the tautomer-
ization, but significant quantitative differences have been found
at the correlated MP2 level.28,34,35The recent development of
density-functional techniques has added another perspective,
with most,29,36,37but not all,26 indications suggesting that the
B3LYP38 functional should give realistic results for systems such
as this. Also, new functions such as HCTH39 have been
parametrized with hydrogen-bonding interactions included in
the training set. As we are concerned with the identification of
the most computationally effective method for examining
tautomerization in systems much larger than this, we perform
calculations using B3LYP, HCTH, and SCF methodologies. In
addition, we consider results from MP2,40 MP4,41 QCISD,42 and
extensive coupled cluster CCSD43 and CCSD(T)44 calculations.

2. Methods

A variety of basis sets were employed, ranging from the small
3-21G basis set through the correlation-consistent basis sets cc-
pVDZ,45 aug-cc-pVDZ,46 cc-pVTZ,45 and aug-cc-pVTZ.46 All
B3LYP calculations were performed using Gaussian-94,47 as
were all SCF and MP2 geometry optimizations and analytical
frequency calculations. The single-point energy calculations at
the SCF, MP2, MP4, QCISD, CCSD, and CCSD(T) levels were
performed using MOLPRO-97,48 and the HCTH calculations
were performed using a beta-release version of CADPAC6.5.49

The very large MP2 calculations (using the aug-cc-pVDZ basis
set for dimers and the aug-cc-pVTZ basis set for monomers)
were performed using TURBOMOLE50 with the TZVPP
auxiliary basis set.51 Calculations to test the accuracy of the
use of auxiliary basis sets51 in these MP2 calculations were
performed for high-symmetry species, as well as for the water
dimer, and the errors in the relative energies found to be less
that 0.03 kcal mol-1.

3. Monomers

Calculated properties for the 4(1H)-pyridinone and 4-pyridinol
monomers are shown in Tables 1 and 2, while all optimized
coordinates are given in full in the Supporting Information. First,
in Table 1 are shown the calculated energies,∆E, of 4(1H)-
pyridinone with respect to the planar optimized structure of
4-pyridinol, as well as the barriers,∆Eq, to free rotation of the
hydroxyl proton. All methods produce similar values for the
hydroxy rotation barrier, and it appears that this barrier is
reasonably small, ca. 4.7 kcal mol-1, indicating that strong
hydrogen bonding of the hydroxyl proton could induce signifi-
cant deviations from planarity. The calculated relative energies
of the tautomers vary significantly, however, with these results

being consistent with results from earlier SCF and MP2
calculations.28,31-35 Clearly, the small 3-21G basis set should
not be used for accurate energy calculations, though the MP2-
calculated energies at the SCF/3-21G optimized geometries
closely parallel those at the MP2 optimized geometries; hence,
this basis set may be useful in geometric calculations on larger
oligomers.15 Using the polarized double-ú cc-pVDZ basis set,
∆E increases from 4.1 to 5.5 kcal mol-1 in going from SCF to
MP2, but higher treatments of correlation appear to be poorly
convergent, with results of 2.6 (MP4), 3.2 (QCISD), 3.9
(CCSD), and 4.1 kcal mol-1 [CCSD(T)]. The effects of
systematic enlargement of the basis set, through expansion to
triple-ú and/or addition of augmented functions, appear well-
behaved, however, with the two effects being additive at the
SCF, MP2, and B3LYP levels and with the total corrections
being -1.2, -0.8, and-0.6 kcal mol-1, respectively. At the
CCSD and CCSD(T) levels, use of the doubly expanded basis
set (aug-cc-pVTZ) was not currently feasible, but the sums of
the individual corrections are-1.0 and -0.9 kcal mol-1,
respectively, results that are quite similar to those for MP2.
Hence, we estimate the CCSD(T)/aug-cc-pVTZ value of∆E to
be 3.2 kcal mol-1, a result that we take as our best estimate of
the actual molecular property.

Thermal and zero-point vibrational corrections to the tau-
tomerization energy∆E have been evaluated at both the MP2
and the B3LYP levels using the cc-pVDZ basis set through
normal-mode analysis. All calculated normal modes and vibra-
tional frequencies are given in full in the Supporting Information.
The calculated zero-point energy corrections of 0.15 (MP2) and
0.26 kcal mol-1 (B3LYP) are both much smaller than the SCF
value34 of 0.7 kcal mol-1. We thus take the best-estimate zero-

TABLE 1: Energy ∆E of 4(1H)-Pyridinone with Respect to 4-Pyridinol and Barrier ∆Eq for Free Rotation of the Hydroxyl
Proton in 4-Pyridinol a

propertyb basis set SCF SCFc MP2d MP2 MP2c MP4c QCISDc CCSDc CCSD(T)c HCTHc B3LYP

∆E 3-21G 0.7 -1.5 -3.6
cc-pVDZ 4.1 4.3 5.3 5.5 5.5 2.6 3.2 3.9 4.1 0.6 2.1
aug-cc-pVDZ 3.8 4.8 3.2 3.4 1.9c

cc-pVTZ 2.7 3.6 5.4 3.6 3.9 1.7c

aug-cc-pVTZ 3.1 4.7 [2.9] [3.2] 0.6 1.5c

∆Eq 3-21G 3.5 4.4 5.4
cc-pVDZ 4.3 4.9 4.8 4.9 4.8 4.9 4.7 4.8 6.1 5.5
cc-pVTZ 4.3 4.3 4.6 4.5 4.7 5.1c

a Geometries are optimized using the indicated method unless noted otherwise. The reported28 MP2/6-31++G** value at the SCF/6-31++G**
geometry is 5.3 kcal mol-1. b Values are in kilocalories per mole.c B3LYP/cc-pVDZ optimized geometry used.d SCF/3-21G optimized geometry
used.

TABLE 2: Calculated Dipole Moments µ and Polarizability
Componentsr for the 4-Pyridinol (HYD) and 4-Pyridinone
(OXO) Tautomersa

propertyb SCF SCFc MP2 MP2c CCSDc CCSD(T)c B3LYP

|µHYD| 2.6 2.57 2.71 2.72 2.62 2.62 2.71
µOXO 6.91 7.24 6.43 6.34 6.41 6.33 6.54
RLL

HYD 70 70.7 71.6 72.4 74.8

RLS
HYD -1.5 -2.5 -1.6 -1.6 -1.9

RSS
HYD 69.6 72.5 70.4 70.9 73.7

RNN
HYD 25.2 24.9 24.9 24.9 25.2

RLL
OXO 84.6 90.9 84.9 85.3 84.3

RSS
OXO 58.9 71.2 61.9 63.6 66.4

RNN
OXO 25.2 31.4 24.6 25 25.3

a All calculations are performed using the cc-pVDZ basis set at
geometries optimized using the indicated method unless noted other-
wise. Inertial coordinates are used withL being the long axis (the O-N
direction for 4-pyridinone and approximately the same for 4-pyridinol),
S the short axis, andN the axis normal to the molecular plane.b µ in
Debye andR in au. c B3LYP/cc-pVDZ optimized geometry used.
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point energy corrected value of∆E to be 3.4 kcal mol-1.
Experimentally, 4-pyridinol is known18 to have the lowest
energy in the gas phase, with the free-energy difference at 298
K, ∆G298, exceeding 2 kcal mol-1. The calculated entropy
changes are-0.83 (MP2) and-0.86 cal mol-1 K-1 (B3LYP),
while the calculated total changes to the Gibbs free energy at
298 K are 0.45 (MP2) and 0.57 kcal mol-1 (B3LYP). Hence,
our best estimate for∆G298 is 3.7 kcal mol-1, a value which, in
fact, does exceed its experimental lower bound. Of all the
computational methods employed, only HCTH produced energy
differences that are clearly inconsistent with the available
experimental data. The apparent underestimation of∆E by ca.
3 kcal mol-1 for HCTH is, however, within the expected
accuracy39 of this multipurpose functional.

In Table 2 are shown calculated values for the dipole moment
and polarizability of 4-pyridinol and 4(1H)-pyridinone evaluated
using the cc-pVDZ basis set. For the SCF and B3LYP methods,
analytical expressions for these quantities were used, whereas
numerical differentiation with respect to an applied electric field
was used for the MP2, CCSD, and CCSD(T) methods. To test
the accuracy of this numerical procedure, this method was also
applied for B3LYP, and errors of less than 1% were found. This
result is much less than the variation of ca. 15% that was found
in the calculated properties as the treatment of electron cor-
relation is varied, indicating that the method is sufficiently
accurate for our purposes. In general, the B3LYP results closely
parallel those from CCSD. Variations of the calculated properties
as a function of basis set are not included in the table, however,
and in particular, the addition of augmented basis sets is
expected to have significant quantitative effects. To test this
hypothesis, B3LYP calculations of the dipole moment were
repeated using the aug-cc-pVDZ and aug-cc-pVTZ basis sets:
the calculated dipole moments of 4-pyridinol and 4(1H)-
pyridinone changed from 2.71 and 6.54 D (cc-pVDZ) to 2.70
and 6.96 D (aug-cc-pVDZ) to 2.70 and 6.95 D (aug-cc-pVTZ),
respectively. Larger effects are expected for the calculated
polarizabilities, however. Nevertheless, the dipole moment of

4-pyridinol is calculated to be very much smaller than that of
4(1H)-pyridinone, while the corresponding polarizabilities are
only slightly smaller. These results support the conclusion, which
has been perhaps most evident from recent reaction-field
studies,23 that dipole-dipole solvation effects are responsible
for the lower free energy of 4(1H)-pyridinone dissolved in polar
solvents.

4. Dimers

The geometries for 12 dimers of 4-pyridinol and/or 4(1H)-
pyridinone were optimized at the SCF/3-21G, B3LYP/cc-pVDZ,
and MP2/cc-pVDZ levels. Included in these structures are those
of HYD f HYD, HYD f OXO, OXO f HYD, and OXY f
OXO hydrogen-bond donation patterns. All resultant structures
are given in full in the Supporting Information, while the
B3LYP/cc-pVDZ structures are shown in Figure 1. Basically,
the corresponding structures obtained using the three methods
are all qualitatively similar. There is a notable exception,
however, in the SCF energies for the stacked structures5 and
8. For these dimers, the inter-ring distances are much shorter
in the MP2/cc-pVDZ structures than in the SCF/3-21G and
B3LYP/cc-pVDZ structures. Naively, one would expect that the
MP2 results would be the most reliable, as only this method
properly includes important dispersion interactions. However,
as discussed later, CCSD/cc-pVDZ calculations suggest that
MP2 considerably overestimates the magnitude of the interac-
tions, and hence, we select the set of 12 B3LYP/cc-pVDZ
structures for subsequent analysis.

Single-point energy calculations have been performed using
augmented basis sets, MP2/aug-cc-pVDZ and B3LYP/aug-cc-
pVDZ. Counterpoise-corrected hydrogen-bond energiesEHB are
shown in Table 3, along with the appropriate root-mean-square
(RMS) basis-set superposition errors (BSSE). The effects of
adding the augmented functions to the B3LYP calculation are
small, the most significant being a reduction of the RMS BSSE
to just 0.7 kcal mol-1. This result is typical of density-functional

Figure 1. B3LYP/cc-pVDZ optimized structures of the 12 dimers described in Tables 3 and 4.
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calculations of hydrogen-bond energies and, indeed, parallels
the results already obtained for the monomers themselves. Much
larger basis-set dependences are found at the MP2 level,
however, and by analogy with the monomer results, we expect
that the effects of enlarging the basis set on CCSD and CCSD(T)
calculations would parallel these larger dependences.

Hydrogen-bond energies obtained using the CCSD/cc-pVDZ
and HCTH/cc-pVDZ methods are also shown in Table 3; these
energies are evaluated as the difference between the dimer
energy and the sum of the monomer energies at the optimized
B3LYP/cc-pVDZ geometries. Overall, the results from all of
the methods show the same basic trends, with the MP2 and
B3LYP hydrogen-bond energies being typically 1-2 kcal mol-1

more attractive than the CCSD energies, which are, themselves,
ca. 2 kcal mol-1 more attractive than the HCTH energies.
Significant differences do appear for structures5 and8. For 8,
the HCTH, B3LYP, and CCSD results differ from the MP2
results by 4.6-7.1 kcal mol-1, and the B3LYP and HCTH
results appear to track those from CCSD better than do the MP2
results.

Although the efficient SCF/3-21G method appears to produce
reliable geometries, a feature that we have exploited elsewhere15

in calculations of the structure of trimers, tetramers, and
hexamers, its hydrogen-bond energies are poorly converged with
respect to expansion of the basis set to cc-pVDZ and aug-cc-
pVDZ. Interestingly, through cancellation of errors, it appears
that it is the SCF/3-21G energies that are in best agreement
with the MP2, B3LYP, and CCSD calculations.

The largest hydrogen-bond strengths predicted using CCSD
and HCTH are for the pyridinone-pyridinone dimers6 and7,
with that for the dimer9, in which a pyridinol donates a
hydrogen bond to a pyridinone, just 0.3 kcal mol-1 less
attractive. For MP2 and B3LYP, the results are similar, except
that the order is reversed. The interactions between two
pyridinols (structures1 and 2) and the dimers in which a
pyridinone donates a hydrogen bond to a pyridinol (structures
10 and11) are predicted to be ca. 1 kcal mol-1 weaker. It is
interesting to note that, for9, the MP2 and CCSD BSSE is ca.
6 kcal mol-1, 50% larger than for any other structure, and that
the largest MP2 change of-2.5 kcal mol-1 is found for this
structure on enlarging the basis set to aug-cc-pVDZ. For all

methods, structures3, 4, and12, in which a hydroxy group acts
as a hydrogen-bond acceptor, have hydrogen-bond energies that
are ca. 7 kcal mol-1 less attractive than those for the other
hydrogen-bond types, and thus, these structures are not likely
to be important. Similarly, the stacked structures5 and 8 are
also high in energy, but sufficient binding is predicted at the
CCSD level to suggest that these interactions may have an
important role in determining the geometry of condensed phases.

Normal-coordinate analysis on all 12 structures has been
performed using B3LYP/cc-pVDZ, and again, all results are
given in full in the Supporting Information. Zero-point (ZPT)
energies, additional corrections to the enthalpy (∆Hcorr

298), and
entropies (∆S) are listed in Table 4, however, along with
corrected CCSD, MP2, HCTH, and B3LYP estimates for the
relative absolute energies of the 12 structures,∆E2. These
estimates are obtained by taking from Table 1 the best estimate
of 3.2 kcal mol-1 for the monomer energy difference∆E, adding
this to the CCSD/cc-pVDZ, MP2/cc-pVDZ, HCTH/cc-pVDZ,
and B3LYP/cc-pVDZ hydrogen-bond energies from Table 3,
adding a correction to account for basis-set expansion (obtained
as the difference between the MP2/aug-cc-pVDZ and MP2/cc-
pVDZ results from Table 3), and adding the B3LYP/cc-pVDZ
ZPT correction from Table 4. Once again, all four sets of results
are similar, and with the exception of the stacked structures5
and8 for which MP2 appears to overestimate the binding, the
estimated relative energies agree to within 1 kcal mol-1. The
thermodynamic properties∆Hcorr

298 and∆Sprovide an indica-
tion of the variability of the relative stability of the complexes
as the temperature increases. Note, however, that these quantities
were obtained using a harmonic vibrational analysis, and as the
dimers possess many hindered or free rotors, these results are
only crude estimates.

The calculations show that, although 4-pyridinone is clearly
the most stable monomeric structure, the increased hydrogen-
bonding strength of the pyridinol-pyridinone complex makes
this dimer only slightly higher in energy than the pure pyridinol
dimer. Hence, even at the dimer level, intermolecular interac-
tions are seen to favor the tautomerization of 4-pyridinol to
4(1H)-pyridinone. No other dimer structure is likely to be of
sufficiently low energy to contribute significantly to a thermally
equilibrated dimer sample.

TABLE 3: Calculated Hydrogen-Bond Strengths EHB for Various Dimers of 4-Pyridinol and/or 4(1H)-Pyridinone and
Root-Mean-Square Basis-Set-Superposition Error (BSSE)a

EHB, kcal mol-1

molecule structured
SCF

3-21Gb
SCF
avdzc

SCF
vdzb

SCF
vdzd

SCF
vdzc

MP2
avdzc

MP2
vdzb

MP2
vdzd

MP2
vdzc

CCSD
vdzc

HCTH
vdzc

B3LYP
vdzc

B3LYP
avdzc

NC5H4OH‚‚‚NC5H4OH 1 twisted,C1 -10.7 -6.7 -6.7 -6.4 -6.7 -11.2 -9.7 -9.7 -9.7 -6.6 -9.5 -9.6
2 planar,Cs -10.5 -3.7 -6.5 -6.3 -6.3 -11.1 -9.4 -9.5 -9.4 -8.8 -6.4 -9.2 -9.1

NC5H4OH‚‚‚OHC5H4N 3 single HB,e C1 -5.6 -2.3 -0.7 -1.3 -2.6 -5.5 -3.4 -4.4 -4.5 0.0 -3.5 -3.4
4 double HB,e C2 -3.8 -2 -1.5 -2.4 -2.4 -3.6 -2.3 -3.1 -3.0 0.1 -2.5 -2.5
5 stacked,Ci -0.1 -0.1 0 7.8 0.1 -6.3 -4.1 -3.9 -4.3 -2.6 1.7 -0.5 -0.4

HNC5H4O‚‚‚HNC5H4O 6 planar,Cs -10.7 -8.8 -8.6 -8.2 -8.6 -12 -10.5 -10.2 -10.4 -7.6 -10.2 -10.6
7 perp.,Cs -11 -8.8 -8.4 -7.6 -8.4 -12.9 -11 -10.6 -10.8 -9.8 -7.7 -10.5 -10.9
8 stacked,C2h -2.1 -3 -2.7 2.7 -2.6 -10.4 -7.1 -6.6 -7.2 -2.6 -0.1 -2.7 -3.5

NC5H4OH‚‚‚OC5H4NH 9 twisted,C1 -11.5 -8.6 -7.6 -7.1 -8.5 -13.6 -10.8 -10.9 -11.1 -9.5 -7.3 -11.3 -11.7
OC5H4NH‚‚‚NC5H4OH 10 planar,Cs -8.4 -11.9 -5.9 -5.5 -5.7 -9.7 -9.0 -8.9 -9 -6.0 -8 -7.8

11 perp.,Cs -9.4 -12.8 -6.6 -5.8 -6.4 -10.5 -9.5 -9.2 -9.5 -8.5 -6.6 -8.7 -8.8
OC5H4NH‚‚‚OHC5H4N 12 twisted,C1 -5.4 -2.3 -1.9 -2 -2.6 -5.1 -4.2 -4.3 -4.4 -0.9 -3.3 -3.1
RMS BSSE - - 4.4 0.6 2 2.3 1.9 2.4 3.8 4.4 3.6 3.9 2.5 2.8 0.7

a B3LYP/cc-pVDZ optimized geometries are shown in Figure 1. The basis sets used are vdz, cc-pVDZ; vtz, cc-pVTZ; avdz, aug-cc-pVDZ; and
avtz, aug-cc-pVTZ.b SCF/3-21G optimized geometry used.c B3LYP/cc-pVDZ optimized geometry used.d MP2/vdz optimized geometry used.
e HB ) hydrogen bond.
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Also given in Table 4 are the calculated frequency changes
of the NH- and OH-stretch vibrations due to dimer formation.
Large frequency changes on the order of-600 cm-1 are
associated with strong hydrogen bonding involving an OH
group, while the corresponding change for a NH vibration is
on the order of-350 cm-1. Much smaller changes are predicted
for the weakly bonded complexes, including those that involve
hydrogen-bond donation to a hydroxy oxygen. The changes in
the OH and NH vibrational bands are important markers, and
these results may be useful in identifying experimentally
produced dimers.

5. Conclusions

The a priori calculation of the properties of tautomeric
systems is a difficult task, as the relative energies of the
structures of interest are often very similar. It is clear that all
of the computational methods considered herein predict the
correct qualitative result that 4-pyridinol and 4(1H)-pyridinone
are very close in energy. When the results obtained with the
small 3-21G basis set are neglected, the SCF, MP2, MP4,
QCISD, CCSD, CCSD(T), HCTH, and B3LYP methods predict
4(1H)-pyridinone to be 0.6-5.5 kcal mol-1 less stable that
4-pyridinone. This range is, however, an order of magnitude
larger than the maximum permissible inaccuracy if calculations
of this type are to be useful in the interpretation of experimental
data. The previous calculated energy differences obtained using
SCF and MP2 were significantly different, and our results
obtained using density-functional theory, in fact, lieoutsideof
their predicted range. Experimentally, the energy difference is

known to exceed 2 kcal mol-1, consistent with the SCF and
MP2 results. However, at higher levels of theory such as CCSD
and CCSD(T), the ab initio results appear to be converging
toward a zero-point energy corrected value of 3.4 kcal mol-1.
This value is expected to provide a realistic estimate for this
important but not yet properly unmeasured quantity.

Accurate computation of the properties of tautomeric dimers
is an even more difficult task, as both the monomer energies
and the intermolecular interaction energies must be calculated.
We have simplified this process by performing the most accurate
calculations possible for the isolated monomers, evaluating the
interaction energy separately. After demonstrating that the fast
auxiliary-basis-set RIMP2 method51 is applicable to the evalu-
ation of hydrogen-bond energies, we evaluated the interaction
energies at the MP2 level using the large aug-cc-pVDZ basis
set. Again, we found significant differences between MP2 and
density-functional results, but in this case, CCSD calculations
suggest that MP2 overestimates the intermolecular interactions,
particularly for π-stacked configurations. Hence, the B3LYP
and HCTH density-functional methods appear to be slightly
more reliable.

Pyridinol-pyridinone tautomerization results in significant
changes to the chemical reactivity, electrical conductivity,
solvation, and spectroscopic properties of the molecules. The
preferential solvation of the pyridinone form in polar solvents
arises from the much larger dipole moment of this tautomer, as
has been demonstrated previously in many ways. Here, we show
that, even at the level of dimer formation, this effect applies.
Furthermore our calculations predict that the 4-pyridinol dimer

TABLE 4: Characterization and Thermodynamic and Spectroscopic Properties of Various Dimers of 4-Pyridinol and/or
4(1H)-Pyridinone

∆E2
a

molecule structure type ∆ν,c cm-1 ZPT corrb CCSD MP2 HCTH B3LYP ∆Hcorr
298b ∆Sb

NC5H4OH‚‚‚NC5H4OH 1 twisted,C1 min. -566 (HB),
-3.5 (F)

1.1 0.1 0.2 0.1 0.5 -36

2 planar,Cs TS -548 (HB),
-3.2 (F)

0.9 [0] [0] [0] [0] 0.5 -36

NC5H4OH‚‚‚OHC5H4N 3 single HB,C1 min. -137 (HB),
3.1 (F)

1.0 5.7 6.1 5.3 1.2 -30

4 double HB,C2 TS -27.3 (a),
-25.1 (b)

0.5 7.1 6.3 6.6 0.3 -37

5 stacked,Ci TS -9.1 (g),
-8.4 (u)

0.4 5.2 4.4 7.2 7.7 0.9 -33

HNC5H4O‚‚‚HNC5H4O 6 planar,Cs TS -319 (HB),
-11.5 (F)

0.9 5.5 5.4 5.6 1.2 -24

7 perp.,Cs min. -409 (HB),
-12.5 (F)

1.0 5.3 4.7 5.0 5.0 1.1 -27

8 stacked,C2h TS -17.4 (ag),
-16.9 (bu)

0.5 10.6 6.7 10.7 10.9 0.3 -38

NC5H4OH‚‚‚OC5H4NH 9 twisted,C1 min. -609 (HB),
-12.7 (F)

1.4 1.9 1.2 1.7 0.5 0.9 -32

OC5H4NH‚‚‚NC5H4OH 10 planar,Cs TS -370 (HB),
-8.2 (F)

0.8 4.5 4.5 5.3 0.6 -34

11 perp.,Cs min. -403 (HB),
-3.2 (F)

0.9 4.2 3.8 3.7 4.4 1.2 -26

OC5H4NH‚‚‚OHC5H4N 12 twisted,C1 min. -101 (HB),
-0.4 (F)

0.6 8.9 9.2 9.6 1.4 -23

a The zero-point energy change and the MP2-calculated correction for the basis-set expansion cc-pVDZ to aug-cc-pVDZ (from Table 3) are
combined with the best-estimate monomer energy difference of 3.2 kcal mol-1 (from Table 1) and either the CCSD/cc-pVDZ or the 3LYP/cc-
pVDZ hydrogen-bond energiesEHB (from Table 3) in order to estimate the relative energy of the dimers at 0 K,∆E (in kcal mol-1); see text.b The
zero-point energy at finite temperature correction to the enthalpy,∆Hcorr

298, in kcal mol-1, and the entropy change on dimerization,∆S, in cal mol-1

K-1, are evaluated within the harmonic vibrational approximation using B3LYP/cc-pVDZ; this vibrational analysis is also used to characterize each
dimer as a local minimum (min.) or transition state (TS).c The change in vibration frequency∆ν on dimerization is evaluated as the difference
between the B3LYP/cc-pVDZ calculated NH- and/or OH-stretch frequencies and the corresponding monomer values [3770 cm-1 for 4-pyridinol,
3648 cm-1 for 4(1H)-pyridinone]; the modes are either assigned as hydrogen-bond donor (HB) or free donor (F) bands or assigned by symmetry.
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and the mixed 4-pyridinol-4(1H)-pyridinone dimer have only
a small energy difference (0.5, 1.2, 1.7, and 1.9 kcal mol-1 using
B3LYP, MP2, CHTH, and CCSD, respectively). Hence, through
the observation of the energetics of dimer formation, experi-
mental tautomerization energies may be obtained more easily
than they are for monomer tautomerization. Such experimental
data would be very useful in calibrating computational tech-
niques. We have presented key spectroscopic and thermody-
namic properties that may aid in the experimental observation
of such dimers, and in the Supporting Information provide a
large range of additional information that may be useful for
this and other purposes.
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