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The 2-pyridone dimer, (2P¥) has two antiparallel NH---O H-bonds analogous to nucleobase dimers. The
gas-phase rotational constants and all six intermolecular vibrational frequencies of j2R& been previously
measured, providing benchmarks for theory. The structure, rotational constants, vibrational frequencies, and
binding and dissociation energies of (2RWere calculated at the correlated level using second-order Mgller
Plesset perturbation theory (MP2) with medium to very large basis sets. The MP2 binding energy limit was
extrapolated to the complete basis set (CBSPasss = —22.62+ 0.07 kcal/mol. Higher order correlation
energy contributions t® at the CCSD(T) level are destabilizing-Q.77 kcal/mol). This implies that (2PY)

is the most strongly bound doubly hydrogen-bonded dimer known so far. The Héfimek contribution to
Decasis only ~65%. Several medium-size basis sets yield MIR2 within £5% of the CBS value, as well

as structure, rotational constants, and intermolecular vibrations in good agreement with experiment. The PW91
density functional method also shows very good performance with regard to all properties calculated,
comparable to MP2. The results imply that correlated methods combined with carefully chosen medium-size
basis sets may give near-quantitative results for the structures, binding energies, and intermolecular vibrational
frequencies of nucleic acid base dimers.

1. Introduction In the hydrogen-bonded dimers, the intermolecular interactions
o ) o o are nearly always NH---O=C and N-H--N hydrogen
Ab initio methods now yield quantitative predictions for the  pongs?4 leading toDe = —14 to —18 kcal/mol® which are

structures and energetics of small hydrogen-bonded gas-phasgyrger than theDe's of the stacked isomers.

dimers!~7 For larger dimers of biological interest such as  The gas-phase dissociation energig®f nucleobase dimers
nucleobase dimers, the situation is less clear. A number of 5re still not known. The gas-phase base pairing enthalpy of

studies of nucleobase dimers have been performed using thea.T was determined by field ionization mass spectrometry at
SCF method, usually because correlated methods are toor = 350 K asAHgy, = —13.0 kcal/mol, and that of & as

expensivé12 However, SCF calculations predict hydrogen AH, = —21.0 kcal/moP5-27 It has now become clear from
bonds that are too long and binding energies that are too small;5 jnitio calculation®-3 that the value for the AT pair most
increasing the basis set size usually worsens agreement withyrobably refers to a mixture of different isomers, and also that
experiment.”37:13"15To reliably calculate dimer structures and  the Watsor-Crick and Hoogsteen forms are not among these.
binding energies, electron correlation must be included to  _pyridone (2PY) is the simplest aromatic with neighboring
capture the intermonomer correlation energy as well as changesy—H and G=0 groups and is a hydrogen-bonding analogue of
of intramonomer correlation. In recent years, the MP2 method yracil. The (2PY) dimer has antiparallel NH-+-O hydrogen
has been increasingly applied to nucleobase dimers using smalhonds3.32 like most hydrogen-bonded isomers of the uracil
and specially designed basis s¥ts® More recently, the  gimer -U.18 (2PY), has been previously studied by different
approximative resolution of the identity MP2 (RI-MP2) method  spectroscopic techniques, which have yielded precise rotational
has been applied to the study of H-bonded and stackedconstants and N-O hydrogen bond (HB) distancésas well
nucleobase dimef®,as well as advanced correlated methods s inter- and intramolecular vibrational frequenéied:3335 The
such as CCSD(T9+??The latter studies addressed mainly the availability of accurate gas-phase data allows us to benchmark
relative binding energies of different nucleobase dimers, using gifferent methods and basis sets on this doubly hydrogen-bonded
geometries calculated with smaller basis sets. However, MP2dimer. Here, we present a comparative study using as correlated
structure optimizations of nucleobase dimers with large basis gp initio methods second-order MghePlesset perturbation
sets are computationally still very expensive and are often theory (MP2) and two different density functional (DFT)
prohibitive for calculations of vibrational frequencies and methods, B3LYP and PW91. The basis sets employed range
intensities. The RI-MP2 method does not yet allow to calculate from small and medium Pople-type basis sets up to the
vibrational frequencies. augmented correlation-consistent Dunning aug-cc-pVXZX
Two different types of nucleic acid base pairs can exist in D, T, Q) basis sets. Our aims are
the gas phase: near-planar or coplanar structures, which are (i) to establish, using complete basis set extrapolations at the
bound by two or three hydrogen bonds and vertically “stacked” MP2 and CCSD(T) levels, an accurate dimer structure and
dimers. For the stacked uracil dimer;W MP2 calculations hydrogen bond binding enerdy;
with increasingly large basis sets have established two different (i) to explore, at the MP2 level, whether smaller basis sets
isomers, with binding energies & = 7—10 kcal/mol*19.23 can be identified that give near-quantitative predictions of
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structural, vibrational, and energetic properties [such information (a) (2-Pyridone),
is necessary for the study of larger and nonsymmetric dimers éﬂi

for which large basis sets cannot yet be employed, due to the
rapid increase of computational cost with system srél,?
whereN is the number of basis orbitals)];

(i) to compare the benchmark and other MP2 level results
in (i) and (ii) with those of selected DFT methods, which
promise effective performance at reduced computational cost.

2. Methods

Correlated calculations of (2PY)vere performed using the
MP2 method. The MP3 and MP4 perturbation theoretical
methods in general do not improve the predicted properties
of hydrogen-bonded systemsThe basis sets include the
6-31G*(0.25) basis set advocated by Hobza éf#f.and the
polarized valence double- and triplebasis sets 6-31G(d,p),
6-314+-G(d,p), and 6-311+G(d,p); all electrons were correlated.
For the complete basis set (CBS) study we employ the double-,
triple-, and quadruplé-augmented correlation-consistent aug-

cc-pVXZ (X = D, T, Q) basis sets of Dunnin{§; 38 for these, ,
the core electrons were not correlated (frozen core), because &)
this series of basis sets was optimized with the frozen core MP2 Figure 1. MP2/6-311-+G(d,p) optimized structures of (a) (2-
procedure?®3 pyridone) and (b) the UU3 (uraci) isomer corresponding to the

The properties obtained from MP2 calculations are compared strongest bound biologically relevant uracil dimer. The definitions of
to those of density functional calculations. Tsuzuki andhiLu structural parameters are employed in Table 1 and in the text.
have shown that the PW91 functional gives the best potential
energy curves and binding energies of six functionals that they pattern of the WUJ isomer UU3' also denoted HB3® Table 1
tested for both dispersively bound and hydrogen-bonded characterizes the intramolecular and intermolecular bond lengths
systems® hence we employ the PW91 functional with the and angles associated with the-N---O=C hydrogen bond.
6-311++G(d,p) basis set. Rabuck and Scuseria have shown thatThe experimentally determined anglgC=0---N) is 121.8+
B3LYP/6-31H-+G(d,p) is well suited for geometries and 0.5°.32Nearly all MP2 calculations predié within this range,
energies of hydrogen-bonded structures, closely comparable tovhereas the DFT methods predietZ larger angles; see Table
the Becke “half-and-half” exchange functional (BHLYP) and 1. The H-bond is predicted to be close to linegfiN—H---O)
definitely superior to kinetic-energy dependent functioAdw/e = 179 for all DFT and MP2 minimum energy structures; see
have previously found good agreement of B3LYP/6-8%1G- Table 1.

(d,p) harmonic intermolecular vibrational frequenCies with the In Figure 2, we p|0t the equ”ibrium rotational Constangs
experimental one¥-32 We note that DFT methods are not B, andC. of (2PY), vs the equilibriumRe(N---O) distances,
suggested for the calculation of stacking interactitns. calculated with the methods and the basis sets indicated. Figure
All geometries were fully optimized using analytic gradients = 2 also shows the experimental ground-state rotational constants
without symmetry restrictions and using the most stringent av By andCj determined by Held and Pratt; the experimental
convergence criteria<2 x 107° E, ag*). The same level of  errors aret0.1 MHz, about the width of the horizontal lin&.
theory was used for corresponding geometry optimizations, Using several model assumptions, Held and Pratt also deter-
energy calculations, and (where possible) harmonic frequencymined a HB distanc®(N-+-0) = 2.77 & 0.03 A from these
analyses. The BoysBernardi counterpoise (CP) corrections to  data3? marked in Figure 2. Table 1 reports the rotational
the binding energies were calculated as estimates of the basigonstantsA,, Be, and Ce and their root-mean-square (RMS)
set superposition error (BSSEY*In general, MP2 calculations  deviations relative to experimentRMS, both absolute (MHz)
with small to medium basis sets will underestimate the disper- and relative (%). With the MP2 method, the least good
sion energy; however, they have larger BSSE contributions thatagreement overall is with the 6-31G*(0.25) basis set. For the
cause them to overestimate the binding energy, so that errorseyen basis sets studied, the smallest differensB84S = 1.4
compensation .often occurs. The B3LYP and PW91 DFT MHz) are obtained with the 6-31G(d,p) and 6-31%+G(d,p)
methods exhibit comparatively small BSSEs, typically about pasis sets. The latter also yields the smallest relative RMS
5% of De. . . o deviation of 0.3%. The MP2/6-31G(d,p) calculations yield
Normal mode calculations were carried out at the minimum- ajmost exactly the experiment® and C, but a —13 MHz
energy geometries using analytical second derivatives. For thegifference inA; the relativeARMS error is only 0.4%. The MP2
MP2 calculations with basis sets larger than 6-&Ld,p), disk  optimizations with the aug-cc-pVDZ and aug-cc-pVTZ basis
space limitations precluded such calculations. All calculations sets yieldB, and C. constants slightly larger than experiment,

were performed using GaussiarJs. in agreement with the relatively short hydrogen bonds; see
. . below. The MP2/aug-cc-pVTZA. constant is 10 MHz higher
3. Results and Discussion than the experimental;, whereas the MP2/aug-cc-pVD%. is
3.1. Structures and Rotational ConstantsFor all methods 30 MHz lower, an unexpectedly large difference.
and basis sets, the optimizations converged to a pl@agar Turning to the DFT calculations, the B3LYP/6-3t1+G-

symmetric structure. The (2-pyridonetructure including the (2d,2p) and PW91/6-31+G(d,p) calculations also yield
definitions of several geometry parameters is shown in Figure very satisfactoryB and C constants, but less good agree-
la. Figure 1b shows the close analogy to the hydrogen bondingment with A. The absolute and relativARMS errors are
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TABLE 1: Calculated Structural Parameters (Angstroms and Degrees) and Rotational Constantf\, Be, Ce (MHZ) of the Fully
Optimized Doubly N—H---O Hydrogen-Bonded (2-Pyridone) Dimer and 2-Pyridone, with MP2, B3LYP, and PW91 Methods

and Seven Different Basis Sets

MP2 B3LYP PW91
expt AP B C D E F H E G E
(2-Pyridone)
Ri(N-+-0) 2.77 2.721 2.729 2.752 2.744 2.735 2.710 2.723 2.780 2.768 2.730
ri(N---H 1.065 1.051 1.040 1.043 1.044 1.054 1.044 1.040 1.039 1.059
r3(C=0) 1.291 1.253 1.256 1.263 1.252 1.266 1.253 1.246 1.247 1.258
61(C—0)--*N) 121.8 122.8 121.9 121.5 122.7 122.9 121.6 122.7 124.3 123.2 123.0
A", MHz 2014.4+0.1  1956.7 1991.1 1997.6 2009.9 20125 1980.4 202.4 2022.8 2019.3  1998.2
B", MHz 319.4+ 0.1 311.9 318.9 319.3 317.5 318.4 320.6 322.6 312.8 316.1 318.0
C", MHz 275.8+ 0.1 269.0 274.2 275.3 274.2 274.9 275.9 278.5 270.9 273.3 274.3
ARMS, MHz 315 11.2 7.4 1.4 1.4 17.3 6.3 8.6 5.7 7.2
ARMS, % 25 0.7 0.4 0.5 0.3 0.9 0.9 1.6 0.8 0.5
2-Pyridone
A 5643.758 5491.1 56320 5693.9 56765 5668.0 56604 5706.8 5660.4 56795 5626.6
B" 2793.471 2672.3 27471 27712 27682 27721 2739.7 2786.0 2787.4 2798.0 2759.4
c" 1868.823 1797.5 1846.5 1864.0 1860.8 1861.6 1840.4 1872.1 1867.7 1874.5 1851.4
ARMS, MHz 119.8 30.5 31.8 24.3 19.1 41.2 36.7 10.2 21.1 24.2
ARMS, % 3.7 1.2 0.7 0.7 0.6 15 0.7 0.2 0.4 0.9
aReference 322 Basis sets: A, 6-31G*(0.25§,B, cc-pVDZ; C, 6-31G(d,p); D, 6-3tG(d,p); E, 6-31%+G(d,p); F, aVDZ; G, 6-311++G(2d,2p);
H, avVTZ.
2.030 In perturbation-theoretical vibratiefrotation interaction treat-
i (2-pyridone) B ] ments, the ZP vibrational effects on the rotational constants
2.020 [~ ] 2 = — . e . . . . .
I A consist of a positive “harmonic” contribution from all vibrations
2010 L —— ® = and a negative contribution from the cubic and higher terms of
- ° . anharmonic vibrations (plus a contribution from degenerate
b | @ g = vibrations to Coriolis coupling which is not relevant heté)t
o o ﬁ . is not presently possible to include the effect of vibrational
| ) averaging of all 66 inter- and intramolecular modes using
1980 H - anharmonic potentials. We briefly consider the effects of the
- 7 intermolecular vibrations, because these have the lowest fre-
i 3 5 quencies and should contribute most to the ZP averaging
2 10l p Ba & 5 effects: The out-of-plane vibrationg to v3 and the in-plane
g g ®mz fF B 3 ? _ T “opening” vibrationvs (discussed below) have potentials that
£ 1950 5 IE. g % %% 2 ? @ é § é 1 are symmetric with respect to the vibrational displacements and
g ou:: g o 8% g § ‘é g cq are nearly perfectly harmonic, yielding dominantly harmonic
L i Rmefd & & a3 g | contributions. The in-plane intermolecular vibrationsandve
E oazol- @ g . 4 &9 ° ® 8 contribute to both the harmonic and to the anharmonic terms.
§ - & = @ 1 Because there are six harmonic but only two anharmonic
0.310 [~ = contributions, and because the out-of-plane vibrations have lower
0300 N frequencies than the in-plane vibrations, the harmonic correc-
| 1 tions should be larger than the anharmonic d¥t&3n the basis
0.290 | of the rotational constants and harmonic frequencies, we estimate
: 1 the intermolecular vibrational ZP correctidhasAg — Ae =
0.280 — A A . . o = +4 t0+12 MHz, By — Be = +0.3 to+0.5 MHz, andCy — C.
ool . A A TR A x| = +0.15 t0+0.25 MHz. These estimates indicate that the
. calculatedB. and C. values might be compared directly to
0:280 | | experiment. As Table 1 indeed shows, the PW91 and all MP2
——e—————— i calculations except those with the 6-31G*(0.25) and aVTZ basis
R(N-0) / A sets predicBe andCe rotational constants within 2 MHz d&,

Figure 2. Calculated rotational constarfs Be, andC. of (2-pyridone)

vs the calculated hydrogen bond lengR®---O); see also Table 1.
The experimental rotational constardg, B;, and Cj (errors £0.1
MHz) are plotted together with the experimental vibrationally averaged
Ro(N++-O) distance £0.03 A uncertainty).

comparable to those of the MP2/6-31G(d,p) and MP2/aug-cc-
pVTZ calculations.

The experimental rotational constants &¢N---O) distance
are zero-point (ZP) vibrationally averaged, whereas the calcu-
lated values are not. The deviations of the calculations should
be expressed relative &, Be, andCe rotational constants and
Re(N---O) derived from experiment, but these are not availéble.

andCy. However, the differences of the calculai&dconstants
relative toAg are large, betweet13 and—30 MHz; compen-
sating for ZP averaging by the-8 4 MHz indicted above does
not improve agreement. Also, increasing the basis set size up
to aVTZ with the MP2 method does not yet lead to a converged
Ac value.

The intermolecular vibrational ZP averaging of rotational
constants has been treated for several complexes and clusters
by rigid body diffusion Monte Carlo method%:5¢ However,
these investigations concerned light molecules such zasrH
H,0O with small masses, large rotational constants, and very large
ZP amplitudes, also the hydrogen bond energies were typically
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TABLE 2: MP2 Binding Energies of (2-Pyridone), and
(Formamide), (kcal/mol) with the aug-cc-pVXZ (X =D, T,
Q) Basis Sets and Extrapolation to the Complete Basis Set

(2-pyridone)

(formamide)

basis set De DSPC De DSPC
aug-cc-pvVDzZ —24.73% —20.996 —15.597 —12.759
(—24.637) (—20.908)
aug-cc-pvVTZ —23.854 —21.984 —16.087 —14.470
aug-cc-pvQzZ —23.240 —22.35¢ —15.916 —15.107
CBS limit —22.56 —22.69 —15.59 —15.68

aComputed at the aug-cc-pVTZ geomethyComputed at the aug-
cc-pVTZ geometry® Extrapolation to the infinite basis set limit using
the scheme of ref 57.

smaller than here. Thus the ZP effects calculated in those works

are much larger than the corrections expected here.

As an estimate of the ZP vibrational averaging on the
R«(N---O) distance, we have calculated the effect on the
intermolecular stretching vibratioms. In a one-dimensional
pseudodiatomic approximation, and using the experimental
harmonic frequencywe = 166.4 cnt! and anharmonicity
constantwexe = 1.4 cnm! to determine an anharmonic Morse
stretching potential® we calculateRy — R. = +0.008 A for
the ground vibrational state. Thrgin-plane shear vibration will

lead to an increase of similar size. As noted above, the three

out-of-plane modes and the in-plang mode have nearly
harmonic potentials, so they contribute only indirectly and
should yield smaller increases of the hydrogen bond length. We
estimate that the ZP averaging eff&t— Re due to theinter
molecular modes is=+0.02 A. As Figure 2 and Table 1 show,
the MP2 as well as the PW91 methods pre&is in the range
2.72-2.75 A, about 0.020.05 A shorter than the experimental
Ry=2.77 A%

The B3LYP/6-31#+G(2d,2p)R(N---O) distance coincides
with the experimental value of 2.77 A, and the B3LYP/
6-311++G(d,p) distance is 2.78 A, just 0.01 A longer (see
Table 1 and Figure 2). This indicates that B3LYP may be
effective for obtaining approximate vibrationally averaged HB

Mdiller et al.
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Figure 3. MP2 level complete basis set extrapolations for (2-pyridone)
and (formamide) using the aug-cc-pVXZ (%= D, T, Q) basis sets:
binding energied. (®) and counterpoise-corrected binding energies
DSFC (0) and average of the twd®!’2 (x). The corresponding CBS
limits are given by dashed lines.

Decrs value. The average binding energi@s'? lie close to
the CBS limit for all three basis sets.

distances; however, the MP2 and PW91 HB distances are We performed an analogous CBS extrapolation study for the

physically morecorrect

3.2. Binding Energies of (2-Pyridone). 3.2.1 Complete
Basis Set (CBS) Calculations on (2-Pyridonahd (Forma-
mide). The MP2 binding energie®. and D™ of (2PY),
calculated with the aug-cc-pVXZ (3 D, T, Q) series are given
in Table 2 and are plotted in the lower half of Figure 3. All
values were calculated for the aug-cc-pVTZ optimized monomer

formamide dimer, (FA) which exhibits the same antiparallel
double N—H---:O=C hydrogen-bond pattern as (2B¥) To
eliminate trivial differences between (FAand (2PY) caused

by geometry effects, we extracted the hydrogen-bonding part
of the (FA) geometries from the MP2/aug-cc-pVDZ geometries
of 2PY and (2PY} used above, optimizing only the two non-
hydrogen-bonded -€H and N—H bonds that point away from

and dimer geometries, the largest basis set for which we couldthe other dimer moiety. The CBS extrapolation of s lead

perform complete structure optimization. The average of the
CP-corrected and -uncorrected binding enerdr&?, as well

as the HartreeFock contributions to the binding energies,
DYF, are also included in Figure 3.

We performed complete basis set (CBS) extrapolations of
the binding energy, using the X D, T, Q series and the
extrapolation procedure of Kloppef.This yields Decps =
—22.56 kcal/mol using the CP-uncorrect&t's; with the
Dg™%s we obtainDShgs = —22.69 kcal/mol, 0.13 kcal/mol
larger thanDe cgs The CP-corrected and -uncorrected binding
energies in Figure 3 are smaller and larger tbagss as noted
in other CBS studies on hydrogen-bonded systérh&5862

but the opposite is true for tHBe, cesand DS ngslimits. Figure

to Decgs = —15.59 kcal/mol, that of thedS™C values to a
slightly larger value 0De cgs= —15.66 kcal/mol. (These values
cannotbe directly compared to those of ref 61, because, there,
the formamide dimer and monomer were fully structure
optimized, giving aDecgs = —14.35 kcal/mol.)

Comparison of (FAYwith (2PY), shows that the enlargement
of the ring system increases tbgcgs by 7.1 kcal/mol or 50%,
from —15.6 to —22.7 kcal/mol. In Figure 3 we show the
Hartree-Fock and MP2 binding energies separately. The CBS
extrapolated HartreeFock binding energies of (FA)and
(2PY), are —10.51 and—15.05 kcal/mol, respectively. Thus,
in (FA),, about 4.6 kcal/mol or 30% dd. and in (2PY} about
7.6 kcal/mol or 33% oDe is due to correlation, mainly long-

3 shows that the CP-corrected interaction energies convergerange dispersive interactions and to a lesser extent to the change

more smoothly to the limit than the CP-uncorrected energies,
as has been previously noted for smaller syst&rhis3-5which
may indicate that thdSags limit is more reliable than the

of intramonomer correlation energies upon dimerization. Of the
7.1 kcal/mol increase from (FAJo (2PY), 4.0 kcal/mol occurs
at the Hartree Fock level and is essentially due to electrostatic
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and long-range inductive interactions, a 3.1 kcal/mol increase
is due to the increase of dispersive interactions. 16 f—DoFT— | MP2 1]
TheDecas Of (2-pyridone} dimer is also considerably larger A7F o —
than that of comparable doubly hydrogen-bonded dimers, - ]
such as the formamidine dimer {NCHNH),,21:60 the formic 18- o o n
acid dimer (HCOOH)2%6364 and the carbonic acid dimer AR % ]
(HOCOOHY).53 e * o o ]
3.2.2. Higher Order Correctiong-or the determination of — 20 B3LYP PWO1 —
accurate hydrogen bond interaction energies, higher order g r o X X ]
contributions to the correlation energy should be included. The 3§ 2 X © B
CCSD(T) method provides very high accuracy, but due to the £ _22; L oo o ]
large size of (2PY,) CBS limit extrapolations at the CCSD(T) N e O
level were not feasible. Several authors have estimated the F -23|- X oxo X
CCSD(T) CBS binding energy limit by adding to the MP2CBS & ° ¢
limit a correction termDSSP™ — DM2 which is evaluated 2 24 x ® * S
with smaller basis sets thab}'" >.521235965The correction is 2 5| o ¢ i
typically ~2—3% of DY and usually decreases with increas- 2 | 1
ing basis set size; both positive and negative corrections have  -26- o e -
been found. Thus, for the doubly hydrogen-bonded dimers i e D ]
(formic acidy, (formamide), and (formamidine) theDS“SP(M = ° ]
— DY corrections with the aug-cc-pVDZ basis set are 0.00, 28| -
—0.06 and+0.63 kcal/mol, respectiveRL Using CCSD(T) with - 1
the aug-cc-pVDZ basis set at the aug-cc-pVTZ optimized 29 ° N
geometry, we obtaiD = —23.96 kcal/mol, which amounts to 30 N e
a destabilizing correction ddS“S°(" — pM*2 = 10,77 keall S § 23 33338 MY
mol or +3.1% of DM*? The size of the correction is in S 3 5 S 3 5 6 & & 2 3
agreement with earlier findings, but the sign is opposite to that f_ﬁ 55? f_ﬁ O 8 & % E g 8 8
found for (formamide), where—0.1 and—0.06 kcal/mol were 5 £ &5 b © e 5 2 ] Ef
calculated with the cc-pVTZ and aug-cc-pVDZ basis 3éts. © i © ©

Comb!nlng IQECCCSD(T)/aUQ_CC_pVDZ. correction \.Nlth the MP2 Figure 4. Binding energie®. (®) and counterpoise-corrected binding
CBS limit D = —22.69 kcal/mol yields an estimate of the - qCPC . 112
eCBS energiesD," ~ (O) of (2-pyridone) and average of the tw®¢'/? (x),
CCSD(T) CBS limit of—21.92 kcal/mol. calculated with the B3LYP, PW91, and MP2 methods, using five
In the MP2 and CCSD(T) aug-cc-pVXZ calculations the 1s different basis sets. The dashed line (- - -) corresponds to the MP2 CBS
orbitals on C, N, and O are not correlated (frozen core). The limit from Figure 3.

effect of correlating these core orbitals on the MP2 binding regions indicate loss and gain of electron density, respectivel
energies can be estimated from previous high-accuracy calcula- g 9 Y, resp Y-

. . Figure 6 shows a cut akp(r) along one of the hydrogen bonds
tions% on (H,0), and (HO)s, where increases @, by 0.02- 1 . h :
0.04 kcal/mol per hydrogen bond were found upon including of (2PY), in a contour representation. A number of interesting

. - . features are observed:
core correlation. The estimated correction for (2PWith two . .
hydrogen bonds is-0.04 to—0.08 kcal/mol at tige Mgz level. (i) At the N—H donor, the dominant effect of hydrogen bond

) ) formation is to displace electron density from the H atom into

We can . now compare Fhe magnl'[ude.S of the different o N—H o bond, close to the N atom. This has been previously
corrections: (i) the finite size of the basis set leads t0 an jnierpreted as an effect of the mutual penetration of the H and
uncertainty of the MP2 CBS extrapolation of 0.13 kcal/mol, 5 31oms979At the N atom, Figures 5 and 6 reveal that density

(if) the inclusion of core correlation in the MP2 calculation  qs from the 2p orbital into the N-H & bond relatively close
probably increases thB. by about—0.06 kcal/mol, and (iii) to the N atom.

the inclusion of higher order excitations at the CCSD(T) level (i) At the acceptor O atom, the opposite process occurs:

decreases the binding energyb9.77 kcal/mol, relative tothe  ;_gjectron density close to the nucleus and oriented along the

MP2 level. In contrast to similar analy$é$ on (H;0), and H bond flows into the oxygen 2prbital. At the carbonyl C

(H0); we find that the higher order correlation energy aiom there is practically no electron rearrangement, note

contributions are the most significant correction, which may specifically the absence of any changereélectron density. A

be due to_the greater contribution of dispersion interactions in 411 o-electron flow occurs out of the €0 into the C-N

the (2-pyridone) system. bond. It has been generally noted that one of the features of H
3.2.3. Effects of Hydrogen Bonding on Electron Densities. honding is the lack of concentration of charge in the bonding

The influence of hydrogen bonding on the electronic density region upon formation of the H&:~6° Also in other A—H---B

p(r) of HB donors and acceptors has been discussed by severahydrogen bonds, it has been noted that H loses electrons mainly

authors’”~71 Denoting the density of the 2PY monomer at point to A, and to a much smaller extent to®B7°

r by popy(r), thedifference densitpetween the dimer and the (iii) A small part of the electron density lost from the H atom

two monomers A and B is given bp(r) = pepyy(r) — flows to the bond critical point (BCP) near the center of the

ngY’A(r) - ngY’B(r). For these calculations, the geometries of N—H---O H bond. In (2PY3, the maximum ofAp(r) is 0.0056

the 2PY monomers are kept identical to that in the dimer. Figure au; compared te(rscp) = 0.0426 au, the density difference

5 shows isosurface representations of the electronic densityamounts to a local increase sf13%.

differencesAp(r) of (FA)2 and of (2PY}, both at contour values (iv) The Ap(r) plots of (FA) and (2PY} in Figure 5 are

of £0.004 au (1 atomic unit 1 e bohr3); the dark and light nearly identical. Even for much smaller density changes, the
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TABLE 3: Experimental and Calculated Intermolecular Frequencies (cnt?) of the Doubly N—H---O Hydrogen-Bonded

(2-Pyridone) Dimer

MP2 B3LYP PWO91
exp AP B C D E G E

v buckle 22.3 22.3 18.7 21.0 8.9 30.3 29.8 26.5
v propeller twist 59.6 59.6 62.4 62.5 57.2 59.2 60.6 57.6
v stagger 89.8 97.5 99.8 99.5 75.8 92.4 92.4 94.0
Vs shear 98.09 8.1 100.3 102.0 100.9 103.2 104.0 104.6
Vs opening 107.9 117.0 111.5 107.4 108.3 105.7 107.3 112.3
Ve stretch 163.0 177.2 170.8 165.6 165.8 160.9 164.7 169.0
ARMS, cnrte 7.6 5.8 46 8.1 4.2 4.1 48
ARMS, %' 6.1 8.6 5.7 25.4 14.8 11.8 8.8

aReference 33? Basis sets: A, 6-31G*(0.25¥,B, cc-pVDZ; C, 6-31G(d,p); D, 6-3tG(d,p); E, 6-31%+G(d,p); G, 6-31%+G(2d,2p).c Absolute

root-mean square deviatiohRelative root-mean-square deviation.

TABLE 4: Calculated Binding Energies (kcal mol~1) of the Doubly Hydrogen-Bonded (2-Pyridone) Dimer, Using the MP2,

B3LYP, and PW91 Methods and Eight Different Basis Sefs

MP2

B3LYP PW91
A2 B C D E F G E H E

functs 216 246 260 316 378 412 874 378 478 378
De —29.15 —24.07 —24.67 —23.61 —22.48 —24.64 —23.85 —19.50 —19.12 —21.69
BSSE 9.99 7.16 6.34 4.11 4.11 3.73 1.87 0.72 0.67 0.89
DSPC —19.16 —16.91 —18.33 —19.50 —18.36 —20.91 —21.98 —18.78 —18.45 —20.80
Do —28.20 —22.99 —23.48 —22.50 —18.33 —17.90 —20.86
AZPEjim 0.95 1.08 1.19 111 —-1.17 1.22 0.83
ZPEBnter 0.82 0.81 0.80 0.74 —0.79 0.80 0.81

2The vibrational zero-point energiZPEm, and intermolecular zero-point energiEqer are also given; see teXtBasis sets: A, 6-31G*(0.25%;
B, cc-p-VDZ; C, 6-31G(d,p); D, 6-3tG(d,p); E, 6-31%#+G(d,p); F, aug-cc-pVDZ; G, aug-cc-pVTZ; H, 6-3t+G(2d,2p).

|

o
Figure 5. B3LYP/6-31H+G(d,p) calculated difference densitiap
of (a) the formamide dimer (FA) (b) the 2-pyridone dimer (2PY,)at
an isosurface value a£0.004 atomic units (bohr=). The center of
the H--O distance is marked by.

electron density redistributions of (FAand (2PY} are very
similar. We conclude that the extension of the molecular
framework in the G=C—N z-electron system in (FA)to the
entire aromatic framework in (2P¥%oes not lead to additional
electron flow into or out of the hydrogen bonding region. This

[N T

0.000

Figure 6. B3LYP/6-311+G(d,p) calculated difference densitiap
along the hydrogen bond of the 2-pyridone dimer (2R¥) a contour
representation. The contour spacings are 0.00hohP.

3.2.4. Basis Set Dependence of Binding Energies of (2-
Pyridone). Using the MP2 binding energy limit of (2P¥)
discussed above, we compare the performance (i) of different
correlated methods and (ii) of the MP2 method using different
basis sets. The motivation for this investigation is that very large
basis sets lead to prohibitively long computational times for
systems that either have no symmetry and/or involve larger
subunits such as nucleobases, and also for vibrational frequen-
cies or thermodynamic properties that are expensive to calculate.
Figure 4 gives an overview of all thB, and D™ values
calculated with different correlated methods and basis sets. For
the smaller basis sets up to 6-8&(d,p) the harmonic vibra-
tional frequencies and the dissociation enerdigscould be

is in contrast to the expectations of “resonance enhancement”calculated. The detaileD, DSPC andDg values are given in

of hydrogen bond€ 731t is also difficult to interpret the 50%
larger HB binding energy of (2P¥Yelative to (FA) in terms

of the electron density redistributions shown in Figure 5,
emphasizing the importance of the dispersive interactions.

Table 4.

The MP2 calculations give larger binding energies which lie
in the rangeDe = —22 to —29 kcal/mol. Compared to the DFT
methods, the MP2 method is afflicted by relatively large BSSEs,
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especially for the smaller basis sets: the 6-31G*(0.25) basis TABLE 5: MP2-Calculated Standard Enthalpies AgimH®,
set, which has been used for extensive studies of nucleic acidEntropies AqinS’, and Free EnergiesAqimG® for the

: 8 : Dimerization of 2-Pyridone at T = 298.15 K, with the
d|mgr§ has a BSSE of about 10 kcal/mol and the cc-pVDZ 6-31G(d,p) and 6-31-G(d,p) Basis Sets
basis set 7.2 kcal/mol.

As Figure 4 shows, for many basis sets the CP-uncorrected Zisml ,is ektcanm _%g_%%(d'p) —Sﬁi%(d'p)
De is much closer tDeceps than the CP-correcteBS™ . An AgmS’, cal/(mol deg) —38.64 —-35.15
important finding is that the CP-uncorrectBd's of medium- AdimG®, kecal/mol —11.78 -11.72
size basis sets such as 643&(d,p) or 6-31%+G(d,p) that Grot 1.036x 10° 1.037x 108
allow structure optimizations and vibrational normal-mode Qi 1.183x 10¢ 5.402x 10
calculations differ by onlyt1 kcal/mol or less thas-5% from 2 Also given are the rotational and vibrational contributions to the
the Decas value. Even with the large aug-cc-pVXZ (XD, T, dimer partition function.

Q) basis sets the CP-uncorrected MP2 binding energies are very,
close to the CBS value for (F4)for (2PY), the CP-corrected
and -uncorrected.'s bracket the CBS value nearly equally;

see Fi_gu_re 3. For this_ reason we give the CP-uncorrectedChange upon dimerizatiohZPEym = ZPEiim — 2ZPEnon Were
dissociation energieBo in Table 4. evaluated. Those MP2 and B3LYP calculations that give the
For all DFT calculations the BSSEs are small (60?9 kcal/ best agreement with experiment predMPEdim =1.1-1.2
mol), corresponding to only-34% of the uncorrected binding  kcal/mol, which is about 5% of the binding ene@ycss. The
energyDe. The B3LYP density functional method yiel@%'s ZPE change can be further divided into the contribution of the
of —19.2 t0—19.5 kcal/mol, the smaller basis set leading to six intermolecular modes to ZPE, ZRE, and the changes of
the larger binding energy. With the PW91 method and the the monomer ZPEAZPEy, resulting from the intramolecular
6-311H+G(d,p) basis, th®. is —21.7 kcal/mol, 2.3 kcal/mol  vibrational frequencyhangesupon dimer formation. ZPer
or 12% larger than with the B3LYP method, and in excellent is consistently calculated to be 0.8 kcal/mol or about two-thirds
agreement with the estimated CCSD(T) CBS limit-621.9 of the total ZPE change upon dimerization.
kcal/mol. Tsuzuki and Lthi have shown that for hydrogen- 3.4. Gas-Phase Dimer Equilibrium.Using the rotational
bonded systems the PW91 functional yields improved binding constants and harmonic vibrational frequencies from the struc-
energies compared to B3LYP (and other) density functioffals. ture and vibrational calculations, the standard enthalpies
Because the PW91/6-31H#G(d,p) calculation combines avery  AgimH°, entropiesAginS’, and free energiedqimG° of the
good De with low BSSE, it is no surprise that the optimized dimerization 2PY(g)}+ 2PY(g) — (2PY)(g) were calculated
minimum-energy structure also yields a very good HB distance; at the MP2/6-31G(d,p) and 6-315(d,p) levels in the rigid-
see above. rotor/harmonic-oscillator approximation at 298.15 K and are

3.3. Intermolecular Vibrational Frequencies.Table 3 gives ~ given in Table 5. The standard dimerization enthalpigsH®
the calculated intermolecular frequencies for (2RYjhese  are —23.30 and—22.20 kcal/mol, respectively. The standard
differ slightly from the experimental frequencies due to diagonal entropies of dimerizationAsinS’, differ by 3.5 cal/(mol deg)
anharmonicity and off-diagonal (intermode) couplings. The ©f 10%, a comparatively large amount. The translational
experimental intermolecular frequencies of (2PWgre reported partition functions do not contribute to this difference, because
in refs 13 and 33 and are also given in Table 3. For the they depend only on mass and temperature and not on the ab
experimentally measured in-plane sheas) @nd stretch ife) initio method_. The rotational constants and partition functions
modes, the diagonal anharmonicities a@.2 and 1.4 cmt, calculated with both methods lie within 0.6% for (2B¥gnd

respectively. As discussed above, the potential energy curvesWithin 0.3% for the 2PY monomer (see Table 1), so the
along thev; to v3 out-of-plane and the in-plang vibrational rotational contribution to the difference is small. The difference

coordinates are nearly harmonic. In Table 3, we give both of AgmS’ can be traced to the contributions of the low-frequency
the absolute and relative root-mean-square deviatigRMS vibrations that are thermally excited at 298 K: In Table 3 we
between the harmonic and experimental frequencies. notice the large frequency differences for theéouckle and the

. . . . v stagger intermolecular vibrations. Indeed, the vibrational
Th_e .B?’LYP harmomg frequencies provide the mcwe . dimer partition functions calculated with the different basis sets
predictions of the experimental fundamental frequencies, yield-

: . . differ by a factor of 4.6, as shown in Table 5. This shows that
ing ARMS = 4.2 cnr and 4.5%, respectively. The main a exact knowledge of the low-frequency vibrations is of
contribution to the RMS deviations is from the “buckle” g g y

S X fundamental importance for thermodynamic considerations.
mode, which is calculated 8 crhor 30% too high compared The standard free energy of dimerizatiohg.G® is

to the experimental value; the other deviations af9. The —11.78 at the MP2/6-31G(d,p) arel.1.72 kcal/mol at the MP2/
PW91 intermolegular frequencies are slightly higher t'han the 6-31+G(d,p) levels; see Table 5. The close agreement is due
B3LYP frequencies, as would be expected from the higher 1, 5 fortuitous cancellation of the 1 kcal/mol difference of
of the PW91 calculation. The overall agreement for PWO1 is A . He and of theTAqmS® factor at 298 K. Clearly, the gas-
very satisfactory, the only exception being againtheuckle  phase dimerization equilibrium lies completely on the dimer
frequency which is calculated 4 cthor 16% too high. side.

The MP2/6-31G(d,p) combination exhibits the smallest In the gas phase, the 2-pyridone monomer also exists in the
overall relative deviation; see Table 3. Compared to B3LYP, enol or 2-hydroxypyridine (2HP) form. The gas-phase enol:
the absolute and relative deviations of the“buckle” mode keto tautomer ratio has been measttéd be 2HP:2PY= 3:1,
are much smaller, and thg andves harmonic frequencies agree  thus 2HP is actually the major tautomer. A complete description
almost quantitatively with experimeft.The other intermo- of the gas-phase equilibria would involve the 2HP 2PY
lecular frequencies are reproduced<tb6%, with the exception tautomerization and the three dimerization equilibria 2PY
of thevs “stagger” mode where the MP2 frequency is 10ém  2PY — (2PY),, 2PY + 2HP— 2PY-2HP, and 2HP+ 2HP—
or 12% above experiment. The MP2/643&(d,p) calculation (2HP), and is outside the scope of this work.

Iso gives good results, with the exception of thenode; see
Table 3.
On the basis of the harmonic frequencies, the vibrational ZP
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3.5. Overall Considerations.For the rotational constants, latter, the MP2 optimizedRe(N---O) is 2.723 A. We estimate
good overall agreement was found using the MP2 method andthat extrapolation to complete basis set and including higher
basis sets 6-31G(d,p) or larger. On the other hand, the MP2/order correlation energy at the CCSD(T) level to lengthen the
6-31G*(0.25) basis set combination, which was developed for R(N--+O) by 0.02-2.74 A. The intermolecular vibrational
BSSE-corrected single points and was never intended to useaveraging effects are estimated to increase the H bond distance
for optimizations, clearly should not be used for structure by another 0.04 A, t&y ~ 2.78 A. The latter value is in very
optimizations or calculations of properties at those stationary good agreement with the vibrationally averadggN---O) =
points. The best agreement with the experimental rotational 2.77 A obtained by Held and Pré&.At the MP2 level, the
constants was found with the 6-86G(d,p) and 6-31t+G- smaller 6-3%G(d,p) and 6-311+G(d,p) basis sets predict
(d,p) basis sets. The aug-cc-pVDZ basis set, which predicts R(N---O) values in the range 2.732.745 A, in excellent
excellentB and C constants, leads to an unexpectedly large agreement with the estimated CBS limit fBg(N---O). The
deviation of —30 MHz or —1.5% in A. This can be traced to = PW91 density functional with the 6-331-G(d,p) basis set also
the deviations of thenonomer Bconstant (correlating with the  yields a very goodRg(N+++O) = 2.730 A, whereas the B3LYP
dimerA constant) with the MP/aug-cc-pVDZ basis set. For those functional predictsRy(N---0) = 2.78 A which is about 0.05 A
MP?2 calculations that show8 MHz RMS absolute deviation  too long.
from the experimental rotational constants, the calculated HB  The experimental rotational constants of (2P¥ye best
distances vary over the rangg(N+--O) = 2.72-2.75 A. The reproduced at the MP2 level with the 6-BG(d,p) and
highest level MP2/aug-cc-pVTZ calculation yiel&(N---O) 6-311++G(d,p) basis sets. All the MP2 and DFT calculations
= 2.723 A, at the low end of this range. with medium and large basis sets reproduce Ehend C

Of the two density functional methods tested, the PW91/6- rotational constants ta0.5%, but the agreement in th&
311++G(d,p) predictions of rotational constants and hydrogen constant is onlyt=-1—2%. The differences are especially large
bond distance are very good, comparable to those of the morefor the MP2/aug-cc-pVDZ and aug-cc-pVTZ calculations.
accurate MP2 calculations. The B3LYP calculations are in less  Using the aug-cc-pVXZ (%= D, T, Q) basis sets with the
good agreement with experiment than the PW91 method. CBS extrapolation procedupéthe MP2 binding energy limit

For the binding energy our point of reference is given by the is extrapolated aBecgs = —22.62+ 0.07 kcal/mol. The MP2/
CBS extrapolated MP2 limits;-22.62+ 0.07 kcal/mol. The 6-311++G(d,p) calculation that was shown to yield an excellent
CP-uncorrected MP2 binding energies with medium-sized basis Rs(N---O) predicts a binding energy22.48 kcal/mol, in very
sets such as 6-31G(d,p) and 6-31++G(d,p) are close to this  good agreement with the MP2 CBS limit. A further correction
value, due to a compensation of the basis set incompletenesgor higher order correlation energy at the CCSD(T) level was
and basis set superposition errors. Similar good agreement isdetermined, which reduces the binding energyH#,77 kcal/
found also for the CP-uncorrected PW91/6-3HG(d,p) mol or +3.1%, yielding an estimate of the CCSD(T) CBS limit
calculation. of —21.92 kcal/mol. This is the largest accurate binding energy

The B3LYP calculations predidd¢'s that are 1517% too calculated for a doubly hydrogen-bonded gas-phase dimer so
low, similar to the experience reported by Tsuzuki aridhi.u far.

The B3LYP rotational constants are comparable to the PW91 For the formamide dimer with the same hydrogen bond
and the better MP2 values. The H bond distances are-0.03 geometry, the CBS extrapolation yielBgcgs = —16.63+ 0.04

0.05 A too long but turn out to be in agreement with the kcal/mol, which is 26% smaller than the binding energy of (2-
experimental vibrationally averaged values. The B3LYP har- pyridone). The 6 kcal/mol difference can be traced to the larger
monic frequencies show good agreement with experiment.  in-plane inductive and dispersive interactions of the 2-pyridone

In terms of computational cost and overall agreement with molecule.
experiment, the MP2/6-31G(d,p) combination turns out to be The CP-uncorrected PW91/6-3t3+G(d,p) and MP2/6-
extremely effective. Currently it is probably the limit for MP2  311++G(d,p) binding energies are very close to the limiting
vibrational calculations on systems of this size. To obtain value within the error estimate. Because both methods also
significantly better predictive capability, one needs to use at provide rotational constants and hydrogen bond lengths that are
least aug-cc-pVTZa 3 times larger basis set. The PW91/6- very close to the observed values, we find them to be extremely
311++G(d,p) combination is seen to provide results in agree- effective estimators for the CBS structures and binding energies
ment with the best MP2 methods at even lower cost; it is to be of this model dimer. For the intermolecular vibrations, the
preferred over the B3LYP method, except for vibrational B3LYP method is the most effective predictor method.
frequencies.
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tigated by the correlated MP2 method and the B3LYP and PW91
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