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Binding Energies of Hydrogen-Bonded
cis-Amide and Nucleobase Dimers:
An Evaluation of DFT Performance

Jann A. Frey and Samuel Leutwyler*

Abstract: The understanding of biological processes at the molecular level demands accurate knowledge of the
nonbonded interactions that control the geometries, binding energies and dynamics of the supramolecular struc-
tures involved. High level ab initio methods are still prohibitively expensive for large systems, but certain density
functional (DFT) methods can provide cost-effective alternatives. The performance of six different functionals
(BLYP, B3LYP, X3LYP, PBE, PW91, and mPW91) for the calculation of the doubly hydrogen-bonded cis-amide di-
mers (formamide), and (2-pyridone), have been tested. Their N-H***O hydrogen bond motifs occur between many
nucleobases, peptides, and proteins. Binding energy benchmarks using ab initio MP2 calculations and basis set
extrapolations to the complete basis set (CBS) limit with the Dunning aug-cc-pVXZ (X=D,T,Q) basis set series have
been established. These yield Dy = —14.80 kcal/mol for (formamide), and —22.63 kcal/mol for (2PY),. Of the six
functionals, PW91 consistently gives the best agreement with the MP2 basis-set limit binding energies, closely fol-
lowed by PBE. The mPW91, B3LYP and the recently proposed X3LYP functionals are in less good agreement. The
BLYP functional underestimates the interaction strengths by 20-25% and is not recommended. As an application
the hydrogen-bond isomerization equilibria for the Sugar-edge, Watson-Crick and Wobble isomers of the dimers

2-pyridone-uracil and 2-pyridone-thymine from first principles are computed and compared to experiment.
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1. Introduction

The accurate computation of intermolecu-
lar interaction energies is fundamental for
the prediction of structures, isomers, tau-
tomers, and supramolecular interactions
of systems of biological interest, such as
polypeptides, enzymes, oligonucleotides,
and nucleic acids. High-level correlated ab
initio approaches such as CCSD(T) give
very accurate structures and interaction en-
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ergies but consume tremendous amounts of
CPU time even for small systems and are
therefore not applicable to large systems.
Structure and dynamics in systems of bio-
logical interest are usually still modeled
using empirical force fields [1-4]. This ap-
proach is adequate to obtain qualitative and
global structural information, but the lack
of accurate intermolecular potentials and
intrinsic methodological restrictions of the
force field approach [5] hinder more accu-
rate investigations of structures and ener-
gies. Due to their computational efficacy,
density functionals involving the general-
ized gradient approximation (GGA) [6—14]
have become popular for the calculation of
intermolecular interactions between me-
dium-size molecules. The quality of differ-
ent exchange and correlation functionals is
usually judged by their predictions of the
chemical binding energies of the G2 test set
[15], but this set does not include intermo-
lecular interactions. For benchmarking in-
termolecular interactions of larger systems,
the amount of accurate experimental data is
still very limited. An alternative is then to
compare to high-level correlated ab initio
calculations.

Several studies have investigated the ac-
curacy of DFT methods for intermolecular

interactions: Tsuzuki and Liithi [16] ex-
amined the performance of different func-
tionals for systems from rare-gas dimers
to H-bonded dimers. They employed the
Dunning correlation-consistent cc-pVXZ
(X =D,T,Q and 5) basis set series (without
diffuse functions) and compared to second-
order Mgller-Plesset (MP2) and coupled
cluster CCSD(T) results. Other approaches
have combined DFT with dispersive cor-
rection terms in order to account for corre-
lation effects [17-20]. Typically, dispersive
atom-atom interaction terms are added to
functionals that themselves do not exhibit
minima for rare-gas dimers, such as BLYP
and B3LYP [16]. The improvements are
achieved at the price of adding a (large)
number of atom—atom parameters that have
to be empirically fitted [17-20]. In contrast
to these supermolecule approaches, We-
solowski and co-workers have implement-
ed a variational DFT approach for the cal-
culation of weakly bound complexes based
on the total energy bifunctional E[p,,p,],
the so-called Kohn-Sham procedure with
constrained electron density (KSCED)
[21-25]. For weakly-bound complexes the
calculated geometries and binding energies
are in good agreement with experiment
and/or high-level calculations [21-26].
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Our group has investigated the hydro-
gen-bond interactions of nucleobases and
nucleobase analogues, both experimentally
in molecular beams and theoretically using
DFT and ab initio methods [27-35]. The
spectra of the pyrimidine nucleobases ura-
cil (U) and thymine (T, 5-methyluracil) in
supersonic jets are broad [36] due to their
ultrarapid nonradiative decay [37][38]. In
order to circumvent these photophysical
limitations, we employ 2-pyridone (2PY),
shown in Fig. 1, as a nucleobase mimic:
2PY and its self-dimer (2PY), exhibit nar-
row-band absorption and emission spectra
[27][28][39][40]. Like the pyrimidine nu-
cleobases, 2PY has neighboring N-H donor
and C=0 acceptor groups. (2PY), is bound
by antiparalle]l N-H---+O=C hydrogen bonds,
analogous to the uracil wobble dimer U-U
[41][42]. The symmetric doubly hydrogen-
bonded structure [39][40], intermolecular
vibrations [27] and ultrafast excited-state
energy transfer [28] of (2PY), have been
studied. We have systematically investigat-
ed doubly hydrogen-bonded dimers of 2PY
with U, T, 3-methyluracil (3MU), 1-methy-
luracil (1MU), and 5-fluorouracil (5FU)
[33][35]. As shown in Fig. 1, the pyrimidine
nucleobases offer three different hydrogen-
bonding sites: the canonical Watson-Crick
(WCQ), the Wobble (W) and the Sugar-edge
(S). In the biological context, the N1 atom
is linked to the (desoxy)ribose, so the Sug-
ar-edge sites are not accessible for double
hydrogen bonding. Accurate calculations of
the binding energies of all possible dimers
are needed to help determine the identity
of the dimer(s) that are examined in the ex-
periments.

We first present a comparative ab initio
and DFT study of two model systems, (for-
mamide), and (2-pyridone),, abbreviated
(FA), and (2PY),. These doubly N-H--O
hydrogen-bonded dimers serve as mimics
for U-U, T-T and analogous dimers that
have been crystallographically observed in
RNAs and tRNAs. The electronic binding
energies D, are fundamental properties of
the intermolecular interaction but are not
directly measurable; one also needs accu-
rate vibrational frequencies to obtain the
experimentally accessible dimer dissocia-
tion energy D,,. At finite temperatures, both
rotational constants and vibrational fre-
quencies are needed for the calculation of
the dimer thermodynamic functions such
as Ay, HO, Ay S0 A GO and the dimer-
ization constant K ;. . Ab initio correlated
methods are still too expensive to calculate
the required vibrational frequencies; we
show that selected DFT methods allow the
calculation of these with very good accu-
racy. We apply the DFT results to calculate
the dimerization equilibria of three differ-
ent 2PY-uracil and 2PY-thymine isomers
from first principles, and compare them to
experiment [35].

R (0]
/1 2 N—H
N
/
H 0
o) H
/
N
\ 7/
Sugar-edge
H—N
R o /
4 6]
7 aN—H
N
/
H
Watson-Crick
R O
7 IN—H

Wobble

Fig. 1. Three hydrogen-bond isomers of 2-
pyridone-uracil: (a) Sugar-edge (2PY-U1), (b)
Watson-Crick (2PY-U2) and (c) Wobble (2PY-U3).
The analogous Sugar-edge, Watson-Crick
and Wobble isomers of 2-pyridone-thymine
are discussed in the text and the R2PI spectra
shown in Fig. 5.

2. Theoretical Results and
Discussion

2.1. Theoretical Methods

Benchmark calculations of structures
and binding energies were carried out with
the frozen-core MP2 method: full structure
optimizations of (FA), and (2PY), were
performed with the Dunning aug-cc-pVTZ
basis set, using the most stringent conver-
gence criteria (<2 x 10E,a;"). At these
geometries, single-point calculations were
performed with the aug-cc-pVXZ (X =
2, 3, 4) series of basis sets. Details of the
MP2 calculations for (2PY), have been
previously given [32]. The calculations for
(FA), presented here are new: although pre-
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vious MP2 calculations have been reported
for (FA), [16][45], these have employed
much smaller basis sets for the structure
optimizations. The basis set superposition
error (BSSE) and counterpoise (CP) correc-
tions were calculated by the Boys-Bernardi
scheme [44]. Both the CP-corrected and
-uncorrected binding energies DCPC and
D, were extrapolated to the complete basis
set (CBS) limit, D}’ by fitting the aug-cc-
pVXZ (X =2, 3, 4) binding energies to the
extrapolation function proposed by Klop-
per [45].

DFT calculations were performed with
the BLYP,BBLYP, PBEPBE,mPW91PWO1,
X3LYP and PWO91 functionals [6—14]. With
every functional, the respective geometries
of the monomers and dimers were opti-
mized with the 6-311++G(d,p) basis set
(convergence criteria <2 x 10°E, a;"). The
ultrafine grid was applied for numerical in-
tegration. To check the effects of basis set
size we have also calculated the CBS ex-
trapolated binding energies with the PW91
density functionals. The X3LYP calcula-
tions were performed with JAGUAR 5.0
[46], all other calculations with GAUSS-
TIANO3 [47].

2.2. Benchmark Calculations on
(Formamide), and (2-Pyridone),

The CP-corrected and -uncorrected MP2
binding energies DS and D, of (FA), and
(2PY), are given in Table 1. As shown in
Fig. 2, they approach the CBS limit nearly
symmetrically from above and below as a
function of basis set size. For both (FA),
and (2PY), the averages of DSPC and D
(marked x in Fig. 2) prov1de very good
estimates for the CBS limit values. The
CBS extrapolation procedure yields bind-
ing energies D, ps = —14.86 kcal/mol and
DeCPC%S = -14. 72 kcal/mol for (FA),. The
CBS limit indicated in Fig. 2 is the average
of these two values, D’ = —14.79 kcal/mol.
The CBS extrapolated binding energies for
(2PY), are D e.CBS = —22.56 kcal/mol and
DeCPCCBS —22 /69 kcal/mol [32]; the aver-
age, shown in Fig. 2 is —22.63 kcal/mol. As
usual, the BSSE effects on the MP2 binding
energies are large and decrease relatively
slowly with increasing basis set size. The
relatively large residual BSSE of 4%, even
at the largest basis set size, contributes an
error to the CBS extrapolated binding en-
ergy that we estimate to be 0.1 kcal/mol or
0.4-0.7% of D, .

Tsuzuki and Liithi have previously in-
vestigated (FA), with the cc-pVXZ (X =
D,T,Q,5) basis sets, which lack diffuse or-
bitals [16]. They report an MP2/cc-pVXZ
CBS limit binding energy of D7’ = -13.40
kcal/mol, which is 1.4 kcal/mol or =10%
smaller than that obtained here. We note
that they optimized the geometries at the
MP2/6-311G(d,p) level. With this rela-
tively small basis set we obtain hydrogen
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Table 1. Calculated MP2 and PW91 binding energies of (formamide), and (2-pyridone), [kcal/moll, bond distances of H--O = 1.897 A (N--O
using the aug-cc-pVXZ (X= D, T, Q) basis sets. The energies were computed at the respective opti- = 2 914 A), which is 0.063 A longer than
mized aug-cc-pVTZ geometries. the aug-cc-pVTZ H-bond distance. Part of

their smaller CBS extrapolated binding en-

(formamide), (2-pyridone), ergy is thus due to the use of a nonoptimal

geometry. Vargas et al. have performed an

MP2 D DCPC D DCPC MP2 CBS study on five different isomers
€ ° e e of (formamide), with the aug-cc-pVXZ ba-

aug-cc-pVDZ _15.598 _13.388 —24.735 -20.996 sis sets, including the C,, symmetric dimer

studied here. However, there are problems
with their reported results (cf. [48]), as be-

aug-ce-pVTZ ~15.362 ~14.109 ~23.854 ~21.984 comes clear from examination of their Fig.
aug-cc-pvVQZ -15.073 -14.482 —23.240 —22.359 2 [49].

CBS limita -14.86 -14.72 -22.56 -22.69 2:3. Comparison of the B3LYF,
: : : : X3LYP and PW91 Functionals

We now employ the MP2 CBS bind-

P ing energies as benchmarks for a number

of density functionals that have been used

aug-cc-pvVDZ -15.839 ~15.068 —22.642 -21.719 to calculate intermolecular interactions:

These are the GGA functionals BLYP

aug-cc-pVTZ -14.952 -14.706 -21.340 -21.010 [61[7], PW91PW91 [10], (denoted PW91)

and its modified form mPW91PW (denoted

aug-cc-pVQZ -14.564 -14.446 -21.119 —20.993 mPWO91) [13]. The PBE functional has been

specifically developed for the calculation of

CBS limit® -14.193 -14.184 -20.942 -21.008 intermolecular interactions [12]. The hybrid

three-parameter functional B3LYP [11] has

6-311++G(d,p) -14.966° -14.466P -21.683P —20.794P found widespread use due to its good chem-

ical accuracy [14] and performance for in-

aExtrapolation to the complete basis set limit according to [44]; Pcomputed at the 6-311++G(d,p) termolecular interactions [16]. We include

geometry the recently developed X3LYP functional

of Xu and Goddard which is a combination
of the B3LYP and PW91 functionals [14].

The calculated DFT binding energies

for (FA), and (2PY), are plotted in Fig.

MP2 CBS extrapolation

'
g
—_

1 (formamide), 3. As already noted by Tsuzuki and Liithi

12 ] [16], the BLYP functional underestimates
13 pePe hydrogen-bond interactions by about 20—
?E) . ¢ 25%, and the B3LYP functional by about
= 14 y 15%. The mPWO91 functional gives results
2 454 very similar to B3LYP. In contrast, the
=] e e ] PW91 functional yields H-bond binding
o167 D, energies that very close to the MP2 results,
g 47 resulting in the best performance of the six
> (2-pyridone), functionals tested here. The PBE functional
£-187 gives results that are closest to PW91 for
'crgz 19 these doubly H-bonded dimers; however,
% . PBE has recently been criticized for its

performance on chemical problems, com-
pared to B3LYP or PW91 [50]. The X3LYP
functional has been explicitly optimized for
optimum performance on both chemical
and intermolecular problems, e.g. the wa-
ter dimer [14]. Since it is a combination of
B3LYP and PWOl1, it is no surprise that the
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= g o 2.4. PW91 Complete Basis Set
“’ © © Extrapolations
Given the good performance of PW91
Fig. 2. MP2 calculated binding energies D, (*) and counterpoise-corrected for the binding energies of (FA), and (2PY),
binding energies DSPC (°) of (formamide), and (2-pyridone),, using the aug- we investigated the basis set dependence
cc-pVXZ (X=D,T,Q) basis sets. Both sets of energies are extrapolated to the of PW91 with the aug-cc-pVXZ basis set

complete basis set (CBS) limits, as indicated by dashed lines. series: The CP-corrected and -uncorrected
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Fig. 3. Comparison of six different density functionals for the calculation of

D, (*) and counterpoise-corrected binding energies

and (2-pyridone),, using the 6-311++G(d,p) basis set. The functionals are
defined in the text. The MP2 complete basis set limit binding energies
(formamide), and (2-pyridone), are given for reference. For both systems,
the uncorrected PW91 binding energy D, (¢) is closest to the MP2 CBS

limit.

DEPC and D, and the CBS binding energies
D, cpgand DEFG¢ are given in Table 1. As
Fig. 4 shows, the binding energies extrapo-
late to D, = —14.19 kcal/mol and -14.18
kcal/mol for (FA)% and to D, cps = -20.94
keal/mol and D £, = —21.01 keal/mol for
(2PY),.

The effect of basis set size on the PW91
binding energies is moderate: for (FA), and
for (2PY), the D ¢.CBS values are 12% and 8%
smaller than the uncorrected aug-cc-pVDZ
binding energies, respectively. At the CBS
limit, the PW91 method underestimates by
5% for (FA), and by 7% for (2PY),, relative
to the MP2 D7’ The calculated counterpoise
corrections for PW91 are smaller than for
the MP2 calculations. As a consequence,
the extrapolated CP-corrected and uncor-
rected values lie much closer together than
the MP2 values, differing by only 0.006%
(0.009 kcal/mol) for (FA), and by 0.3%
(0.066 kcal/mol) for (2PY),. In contrast to
MP2, with PW91 both the CP-corrected and
uncorrected binding energies approach the
CBS limit from below: this implies that the
counterpoise procedure underestimates the
basis set incompleteness and even the CP-
corrected binding energies are too large.

DEPC (°) of (formamide),

Fig. 4 also shows the good performance
of the 6-311++G(d,p) set (378 basis func-
tions) in comparison to the aug-cc-pVXZ
basis sets, which have 412, 874 and 1580
basis functions for X = D, T and Q, respec-
tively. For (FA),, the uncorrected PW91
binding energy D, approaches the MP2 ex-
trapolated energies to within =1.3% and for
(2PY), to within=4.2% [32], giving binding
energies that are comparable to those calcu-
lated with much larger basis sets. Since DFT
calculations scale with the number of basis
functions N as =~N3- but MP2 as =N, this
suggests the use of PW91/6-311++G(d,p)
for the efficient and accurate calculation of
hydrogen-bonded nucleobases.

2.5. Application of PW91 to
Nucleobase Dimers of Uracil or
Thymine with 2PY

As a practical application, we show
experimental data on nucleobase dimers
that involve hydrogen-bond isomerization
equilibria in the gas phase. Using mass-
specific resonant two-photon ionization
(R2PI) spectroscopy in supersonic jets, we
have measured the S, €S, vibronic spectra
of the nucleobase dimers 2-pyridone-uracil

Fig. 4. Complete basis set (CBS) extrapolations of the binding energies D,
(*) and counterpoise-corrected binding energies DSPC (°) of (formamide),
and (2-pyridone), with the PW91 functional, using the aug-cc-pVXZ (X =
D,T,Q) basis sets. The 6-311++G(d,p) binding energies are also shown on
the left. The PW91 limits are given by dashed lines, the corresponding MP2
CBS limits (cf. Fig. 2) by full lines.

and 2-pyridone-thymine, shown in Fig. 5.
The R2PI signals are composed of partially
overlapping spectra due to the hydrogen-
bonded isomers Sugar-edge (S), Watson-
Crick (WC), and Wobble (W), shown in
Fig. 1. The isomers are formed within the
molecular-beam source and are in mutual
equilibrium at the source temperature and
pressure. Hence the reactants 2-pyridone
and uracil have identical gas-phase densi-
ties for all three reactions. The same is true
for the analogous dimerization reactions of
2PY with thymine, see Fig. 5(b).

To interpret the relative abundances of
these isomers one needs accurate structures
(i.e. rotational constants), intermolecular
vibrational frequencies, zero-point frequen-
cies and binding energies for all isomers.
From these, the dimerization enthalpies
Ay HO, free energies A, G° and entro-
pies 4 dimSO can be calculated by gas-phase
statistical mechanics [51]. The vibrational
frequencies cannot be calculated by MP2
correlated ab initio methods, even with
medium-sized basis sets, but this is pos-
sible with DFT methods. Using the PW91
/6-311++G(d,p) structures, vibrational fre-
quencies and dissociation energies of the
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Fig. 5. Resonant two-photon ionization spectra of (a) 2-pyridone-uracil and
(b) 2-pyridone-thymine. Note the weak signals between 30’500 and 30’800
cm~! which are due to the Watson-Crick and Wobble isomers; these signals
are magnified 10 times in the inserts. The strong electronic origin bands at
the right are due to the respective Sugar-edge isomers. The structures are

shown in Fig. 1.

Table 2. Binding and dissociation energies D, and D,, of the 2-pyridone-uracil and 2-pyridone-thymine
Sugar-edge (U1, T1), Watson-Crick (U2, T2) and Wobble (U3, T3) isomers. The dimerization enthalpies
AdimHggs, free energies AdimG%98 and entropies AdimS%QS are at room temperature, the isomerization
free energies A, GOT at the nozzle temperature 7. All values calculated with the PW91 method and

isom

the 6-311++G(d,p) basis set.

Sugar Edge
Ut T1

D, -20.7 -20.5
D, -19.8 -19.6
AgirH%08 -19.6 -19.44
AgimG%os -8.36 -8.30
AgimS%os® -37.6 -37.4
AigomG% 0.0 0.0

Watson-Crick

u2
-16.7
-15.8
-15.76
-4.84
-36.6
3.30°

T2
-16.4
-15.7
-15.47
-4.56
-36.6
3.59¢

akcal/mol-K; Prelative to U1 at T = 513 K; Crelative to T1 at T = 481 K

U3
-156.3
-14.6
-14.26
-3.50
-36.1
4.51b

Wobble
T3
-14.8
-14.8
-14.50
-3.70
-36.0
4.37¢
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three isomers in Table 2, we calculated the
thermodynamic functions for 2PY-uracil
and 2PY-thymine. From the differences of
the 4 dimG0 values the equilibrium constants
for the isomerization reactions Sugar-edge—
Watson-Crick and Sugar-edge—>Wobble can
be obtained. For 2PY-uracil at 513 K we
calculate A, | GY = +3.30 kcal/mol for the
Sugar-edge(U1)—>Watson-Crick(U2)  and
A, G° = +4.51 kcal/mol for the Sugar-
edge(U1)>Wobble(U3) isomerization, see
also Table 2. These free energy changes
correspond to abundances of 3.9 % for the
Watson-Crick and 1.2 % for the Wobble iso-
mer in the source at 513 K. The measured
R2PI signals are 4.2 + 0.25% (U2) and 1.2
+ 0.25% (U3) of the Sugar-edge (U1) elec-
tronic origin, see Fig. 5. The calculated and
measured isomer ratios are seen to agree
within the experimental error.

For 2PY thymine at 481 K the calculat-
ed 4, G"is+3.59 kcal/mol for the Sugar-
edge Watson-Crick isomerization, see Table
2. This leads to a calculated abundance of
2.4%, in good agreement with the measured
abundance of 1.7 = 0.3%. For the Sugar-
edge(T1)~>Wobble(T3) isomerization the
calculated 4. G is +4.37 kcal/mol. The
predicted abundance of the Wobble iso-
mer T3 is 1.0%, in good agreement with
the measured concentration ratio of 0.7 =
0.25%.

3. Conclusions and Outlook

As a benchmark and basis for the com-
parisons of different density functionals, we
have established MP2 complete basis set
values for the binding energies of two dou-
bly hydrogen-bonded cis-amide dimers, the
(formamide), dimer with D} =—-14.79 kcal/
mol and the (2-pyridone), dimer with D’
=—-22.63 kcal/mol. The latter gas-phase di-
mer exhibits an extraordinarily large single
N-H---O=C hydrogen bond energy of 11.3
kcal/mol [32].

The binding energies of the same sys-
tems are then calculated with six DFT
methods that have been widely applied for
the calculation of intermolecular interac-
tions: BLYP, B3LYP, X3LYP, PBE, PWO1,
and mPW91. PW91 and PBE provide bind-
ing energies within a few percent of the
correlated ab initio values, making these
functionals very attractive for applications
to large biochemical systems.

Compared to the very time-consuming
MP2 method, the PW91 density functional
can give a reliable and balanced description
of hydrogen bonding in the vicinity of the
minimum at a fraction of the computational
cost. Although the long-range dispersive at-
traction forces are not correctly described
by the current GGA functionals, effective
error cancellation occurs at typical hydro-
gen bond distances. Combining PW91 with
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the aug-cc-pVXZ basis sets does not im-
prove the agreement with the MP2 values,
as shown by extrapolation to the complete
basis set limit. Optimum PW91 binding en-
ergies are obtained with the medium-sized
6-311++G(d,p) basis set.

The B3LYP functional and its recent
offspring X3LYP, which show excellent
chemical accuracies as evaluated on the
G2 test [14][50], predict hydrogen bond
energies in these systems that are 10-15%
too small. The most commonly used GGA
functional BLYP underbinds by 20-25%.

The excellent performance of PWO1 is
highlighted by performing a statistical-me-
chanics calculation of the thermodynami-
cal functions and equilibrium constants for
the gas-phase dimerization reactions of 2-
pyridone with the nucleobases uracil and
thymine. The calculated data is in excellent
agreement with the measured ratios of the
observed Sugar-edge, Watson-Crick and
Wobble H-bonded isomers.
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