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The accurate prediction of vibrational wavenumbers for functional groups involved in hydrogen-bonded bridges remains an im-
portant challenge for computational spectroscopy. For the specific case of the C=O and N-H stretching modes of nucleobases and
their oligomers, the paucity of experimental reference values, needs to be compensated by reliable computational data, which
require the use of approaches going beyond the standard harmonic oscillator model. Test computations performed for model sys-
tems (formamide, acetamide and their cyclic homodimers) in the framework of the second order vibrational perturbation theory
(VPT2) confirmed that anharmonic corrections can be safely computed by global hybrid (GHF) or double hybrid (DHF) func-
tionals, whereas the harmonic part is particularly challenging. As a matter of fact, GHFs perform quite poorly and even DHFs,
while fully satisfactory for C=O stretchings, face unexpected difficulties when dealing with N-H stretchings. On these grounds,
a linear regression for N-H stretchings has been obtained and validated for the heterodimers formed by 4-aminopyrimidine with
6-methyl-4-pyrimidinone (4APM-M4PMN) and by uracil with water. In view of the good performance of this computational
model, we have then built a training set of B2PLYP-D3/maug-cc-pVTZ harmonic wavenumbers (including linear regression
scaling for N-H) for six-different uracil dimers, and a validation set including, together with 4APM-M4PMN, one of the most
stable hydrogen-bonded adenine homodimers, as well as the adenine-uracil, adenine-thymine, guanine-cytosine and adenine-
4-thiouracil heterodimers. Because of the unfavourable scaling of DHF harmonic wavenumbers with the dimensions of the
investigated systems, we have optimized a linear regression of B3LYP-D3/N07D harmonic wavenumbers for the training set,
which has been next checked against the validation set. This relatively cheap model, which shown very good agreement with
experimental data (average errors of about 10 cm−1), paves the route toward the reliable analysis of spectroscopic signatures for
larger polynucleotides.

1 Introduction

Spectroscopic approaches have become the methods of choice
for analyzing structural, dynamical, and environmental effects
for molecular systems of increasing complexity in a very ef-
fective yet non-invasive way1–7, and this is especially true
for biomolecules and their building blocks, whose physical-
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chemical characteristics are tuned by several weak interactions
of comparable strengths8–17. In particular, the spectroscopic
fingerprints in the ground and excited electronic states, stud-
ied by variety of experiments (i.e IR, UV, IR-IR, IR-UV) are
often related to the stretching vibrations ν(C=O) and ν(N-
H)16,18–27, which in turn can be involved in N-H· · ·O hy-
drogen bonds (HB) and other inter- or intra-molecular inter-
actions. Indeed, shifts as large as hundreds of wavenum-
bers are sometimes observed for bands related to functional
groups directly involved in hydrogen-bonded bridges,28–35 so
that interpretation of the experimental outcomes might be-
come questionable.32,34,35. This is particularly true for nu-
cleobase dimers and oligomers, in view of their importance in
prebiotic chemistry.33,36–39 Let us recall, in this connection,
that supramolecular noncovalent assemblies of nucleobases,
or plausible building blocks of pre-RNAs, have been proposed
as key intermediates along the evolutionary pathway toward
contemporary nucleic acids.40,41 Unfortunately, unambiguous
experimental frequencies are scarce for nucleobase dimers in-
volving inter-molecular hydrogen bonds. Under such circum-
stances, reliable theoretical descriptions of spectroscopic fea-
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tures and, especially, of their trends, which cover the most
important vibrational fingerprints would be highly desirable.

In the last few years, computational spectroscopy has
extended its range of application from small semi-rigid
molecules in the gas phase to larger molecular systems of
current biological and/or technological interest in their natu-
ral environment.3,42–47 Nevertheless, the accurate prediction
of vibrational wavenumbers of molecular systems governed
by weak intermolecular interactions remains a challenge, due
to the difficulty of treating dispersion interactions27,32 and to
the enhanced accuracy requirements of the potential energy
surface (PES) for hydrogen-bonded bridges48. Several stud-
ies have shown that second-order vibrational perturbation the-
ory (VPT2)49–52 in conjunction with PESs obtained by global
hybrid functionals (GHFs) or, even better, double hybrid func-
tionals (DHFs), perform a remarkable job for several molec-
ular systems,46,53–61 and also for their supra-molecular ana-
logues32,34,35,62 when complemented by empirical descrip-
tion of dispersion forces (e.g. the D363,64 model proposed
by Grimme). Another remarkable conclusion of those stud-
ies, further confirmed by computations of small model sys-
tems in the present work, is that reliable, and essentially con-
verged, anharmonic corrections are obtained by some GHFs
(here B3LYP65) in conjunction with polarized double-ζ basis
sets augmented by diffuse functions (here N07D66–68). The
situation is more involved for the harmonic part, which re-
quires more refined computational models. In this connection,
remarkable results are usually delivered by some DHFs (here
B2PLYP69,70) in conjunction with polarized triple-ζ basis set
augmented by at least s,p diffuse functions.

Recently, we have started a comprehensive research project
aimed to the accurate analysis and prediction of fully an-
harmonic spectra of nucleobases and their oligomers of in-
creasing size and complexity32,35, through a multi-step strat-
egy. Starting from the spectroscopic properties of the isolated
molecule, the investigation proceeded with the analysis of
systems of increasing complexity, namely dimers, oligomers,
micro-solvated species and, finally, condensed phases like
the molecular solid34. It has been shown that fully anhar-
monic simulations are required to obtain realistic spectral
line-shapes, which are strongly influenced by different intra-
and inter-molecular interactions.32,35 Moreover, the B3LYP-
D363,64 computations led to remarkable improvements on the
accuracy of structural parameters and binding energies for
systems involving both stacking interactions and hydrogen
bonds, providing at the same time accurate anharmonic fre-
quencies.32,33,46,62,71–73 However, some larger discrepancies
with respect to experiment are still observed for the X-H and
C=X (X=O, N) stretching frequencies32,61, which can be sys-
tematically amended by hybrid computations46,74,75 with har-
monic frequencies corrected at higher-level of theory (Cou-
pled Cluster (CC) or B2PLYP) with basis sets of at least triple-

ζ quality17,46,59. The B2PLYP/B3LYP-D3 model has been ap-
plied for uracil-water complexes and hydrogen-bonded uracil
dimers35. For uracil-water complexes, this method reproduces
well also the vibrations involved in hydrogen bonds (ν(O−H)
and ν(N −H)), with average and maximum uncertainties in
the spectral region of hydrogen-bonding interactions of about
10 cm−1 and 20 cm−1, respectively, i.e. nearly halved with
respect to B3LYP-D3. With the aim of developing effective
protocols for the study of larger and more complex systems,
within hybrid schemes, another approach has also been con-
sidered to improve the description of harmonic frequencies for
modes involved in hydrogen-bonding interactions through less
demanding ONIOM B2PLYP:B3LYP computations, where
only the part of the molecular system forming the hydrogen
bonds is treated at the B2PLYP level of theory, whereas the re-
maining part is described by the B3LYP functional.35 Full and
”ONIOM” hybrid B2PLYP/B3LYP-D3 computational mod-
els yield very similar results (average uncertainties of about
10 cm−1) for uracil-water complexes.35 However, the focused
schemes would become less effective for larger molecular sys-
tems, with several inter- and intra-molecular interactions, so
more general approaches are required.

The difficulties experienced in predicting reliable
wavenumbers for C=O and N-H functional groups in-
volved in hydrogen bonds, which show significant red-shifts
for the stretching vibrational modes and analogous blue-shifts
for the out-of-plane vibrational modes22,23, motivated us to
explore in this work the ability of DHFs to deal with the
vibrational wavenumbers of those moieties, either isolated
or involved in hydrogen bonds within a target accuracy of
about 10 cm−1 and 30 cm−1 in terms of average errors
and maximum discrepancies, respectively. On the basis of
previous works and in order to obtain broader applicability
to the molecular systems governed by various weak inter-
and intra-molecular interactions73,76,77, we have chosen to
use B2PLYP-D3 in conjunction with maug-cc-pVTZ78 basis
set. The results obtained using this method for some model
systems are fully satisfactory for any kind of C=O group
and for isolated N-H moieties. However, reduced accuracy
of computed frequencies is observed for the N-H groups
involved in hydrogen bonds, which can be improved only
upon scaling by mean of linear equations. The two param-
eters defined in this way have been successfully validated
for the heterodimers formed by 4-aminopyrimidine with
6-methyl-4-pyrimidinone (4APM-M4PMN) and by uracil
with water. On these grounds, we have built a training set
of B2PLYP-D3/maug-cc-pVTZ harmonic wavenumbers (in-
cluding the linear regression scaling for N-H) for six-different
uracil dimers (members of the T6 set) and a validation set
including, together with 4APM-M4PMN, one of the most
stable hydrogen-bonded adenine homodimers as well as with
the adenine-uracil, adenine-thymine, guanine-cytosine and
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adenine-4-thiouracil heterodimers (V6 set). These molecular
systems show different bonding patterns, but are all char-
acterised by negligible proton-transfer effects, so that the
VPT2 approach is expected to provide a correct description
of the localized anharmonic PES. Due to the unfavourable
scaling of DHF harmonic wavenumbers (in conjunction with
rather large basis sets) for the bigger systems of current
scientific and technological interest, we have optimized also
linear regressions for C=O and N-H harmonic wavenumbers
computed by GHFs and polarized double-ζ basis sets for the
T6 set, which were next validated on the V6 set. The good
performance of this relatively cheap model (average errors of
about 10 cm−1) paves the route toward the reliable analysis of
spectroscopic signatures for larger polynucleotides.

2 Computational Details

All equilibrium geometries and harmonic force fields
have been obtained by means of analytical gradients
and Hessians of the B3LYP65 global hybrid functional
and the B2PLYP55,69,70 double-hybrid functional, including
Grimme’s semi-empirical dispersion corrections (D363,64).
The B3LYP-D3 computations have been performed in con-
junction with the double-ζ N07D basis set66–68,79, which
has been extensively validated for several spectroscopic ob-
servables34,35,80,81. The reference B2PLYP-D3 computations
have been performed with the maug-cc-pVTZ basis set78

(in which d functions on hydrogens have been removed),
in view of previous experience about increased basis-set re-
quirements55–57,60,82,83. The B3LYP-D3/N07D and B2PLYP-
D3/maug-cc-pVTZ computational models will be simply la-
belled B3D3 and B2D3 in the following. Fully anharmonic vi-
brational computations have been performed within the VPT2
framework49–51,84–89, using cubic and semi-diagonal quartic
force fields obtained by numerical differentiation of the an-
alytical second derivatives along each active normal coor-
dinate (with the standard 0.01 Å step) at geometries opti-
mized with tight convergence criteria. Fermi and Darling-
Dennison resonances have been treated within the general-
ized VPT2 scheme (GVPT2), where nearly-resonant contri-
butions are removed from the perturbative treatment (leading
to the deperturbed model, DVPT2) and variationally treated in
a second step.51,85,90,91 This model51,84,85, as implemented in
the GAUSSIAN package,92 has provided accurate vibrational
wavenumbers for several semi-rigid systems (see for instance
Ref.46 and references therein). Anharmonic computations
have been performed also with hybrid models46,55,57,74,75,93,94,
in which the harmonic part is computed at the B2D3 level
and the anharmonic corrections are evaluated by the less ex-
pensive B3D3 approach. In this work we have adopted the
simplest a posteriori hybrid approach in which anharmonic
corrections are added to the best estimated harmonic results

(ωB2D3+(νB3D3-ωB3D3)). The resulting hybrid approach will
be shortly labeled B2D3/B3D3 in the following.

The B2D3 model has been validated with reference to
the experimental vibrational wavenumbers of 2-thiouracil, ac-
etamide, formamide and the hydrogen-bonded cyclic homod-
imers of the last two molecules. In order to improve the har-
monic wavenumbers of N-H stretchings involved in hydrogen
bonds (without worsening those of isolated N-H moieties), the
following linear scaling formula was used,

ωB2D3NH = kB2 ∗ωB2D3 +∆B2

The parameters, kB2 and ∆B2, were fitted by solving the
equation,

ωexp = νexp − (νB2D3 −ωB2D3) = kB2 ∗ωB2D3 +∆B2

where νexp and νB2D3 are reference experimental and an-
harmonic wavenumbers, respectively. The model, labeled
B2D3NH in the following, has been validated by comparison
with the available experimental N-H stretching wavenumbers
for the 4-aminopyrimidine-6-methyl-4-pyrimidinone (4APM-
M4PMN) hydrogen-bonded complex, as well as for four
1:1 uracil-water complexes25,95. The B2D3NH model has
been further applied in order to derive best theoretical esti-
mates/reference data for ω(C=O) and ω(N-H) of larger com-
plexes.

Next, two linear scaling equations (one for C=O and one
for N-H stretchings) were derived to improve the accuracy of
B3D3,

ωB3D3C = kB3 ∗ωB3D3 +∆B3

where the two pairs of kB3 and ∆B3 parameters (one for
C=O and one for N-H) have been fitted by comparison
with the harmonic wavenumbers of a training set (hereafter
T6) of six hydrogen-bonded uracil dimers computed at the
B2D3NH level. The resulting B3D3C model has been then
validated with reference to B2D3NH harmonic wavenum-
bers computed for a validation set (hereafter V6) includ-
ing the adenine homodimer (A-A), the adenine-uracil (A-
U), adenine-thymine (A-T), guanine-cytosine (G-C), adenine-
4-thiouracil (A-ThioU) and 4APM-M4PMN (mimicking the
adenine-thymine dimer) heterodimers, which are character-
ized by diverse hydrogen bond patterns and quite different
wavenumbers of the corresponding vibrational modes.

The structures and numbering schemes for the nucleobase
complexes used in the T6 and V6 sets are shown in Figure 2,
while the corresponding Cartesian coordinates are reported in
the supplementary material.

All calculations have been carried out employing the
GAUSSIAN suite of programs92. Assignments of vibrational
modes were performed by means of visual inspection of the
atomic displacements along normal modes and by compari-
son with the assignments reported in the literature. A graph-
ical user interface (VMS-Draw)96 has been used to visualize
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normal modes and analyze in detail the outcome of vibrational
computations.

3 Results and discussion

3.1 Validation of the B2D3 and B2D3/B3D3 Models: 2-
Thiouracil and the Dimers of Acetamide and For-
mamide

Harmonic and anharmonic vibrational wavenumbers and IR
intensities of 2-thiouracil computed with the B2D3, B3D3,
and hybrid B2D3/B3D3 models in the framework of the
GVPT2 approach are compared to their experimental coun-
terparts53,97 in Table 1, where data relative to ν(N-H) and
ν(C=O) are marked in bold. B2D3 and B3D3 harmonic
wavenumbers are quite close (mean absolute error (MAE)
of about 5 cm−1) for all modes except ν(N3H), γ(CH) and
ν(C4=O), whose discrepancies reach 10-20 cm−1. As ex-
pected, B2D3 and B3D3 anharmonic corrections are es-
sentially identical also for C-H, N-H, and C=O stretchings
(MAE=2 cm−1), the only discrepancies larger than 5 cm−1

being due to the different definition of Fermi resonances for
the ν(C5H) and ν(C6H) modes. Comparison with experi-
ment shows that the B2D3 computational model is able to
improve the harmonic part of the vibrational wavenumbers
for ν(C=O) and (to a lower extent) for ν(N-H). Since the an-
harmonic correction is the most demanding part of the calcu-
lations, it is more advantageous to adopt an hybrid scheme,
where this correction is computed at a lower level of theory
like B3D3. In this way, it is possible to obtain very good
agreement with experiment both for ν(C=O) and ν(N-H), with
mean absolute errors of about 8 cm−1 and 2 cm−1, respec-
tively, instead of about 14 cm−1 and 13 cm−1 in the case of full
harmonic/anharmonic B3D3 computations. This further con-
firms the accuracy of the anharmonic shifts computed with the
B3D3 method, and points out the importance of using more
accurate harmonic wavenumbers (e.g B2D3) for quantitative
comparison with experiments. On the whole, the MAEs ob-
tained for the anharmonic wavenumbers computed at B2D3
and hybrid B2D3/B3D3 levels of theory are very small, i.e.
6.4 cm−1 and 5.5 cm−1, respectively, slightly better than the
full B3D3 model (7.5 cm−1). Moreover, the intensities com-
puted at both the B2D3 and B3D3 levels reproduce well the
trends observed in the experimental IR spectrum. Those re-
sults confirm that B2D3 can be generally considered a reliable
method for the prediction of vibrational properties and, addi-
tionally, shows better performance with respect to B3D3 for
C=O and N-H stretching, which are also the ones mainly in-
fluenced by hydrogen-bonding interactions.

Following this initial analysis, the B2D3 and hybrid
B2D3/B3D3 models have been tested with respect to the
vibrational properties of other model systems, acetamide

and formamide and their cyclic dimers featuring hydrogen-
bonding interactions, focusing in particular on the ν(C=O)
and ν(N-H) vibrations (see Tables 2 and 3). It is apparent
that both B2D3 and hybrid B2D3/B3D3 computations provide
fully satisfactory results for ν(C=O), with MAE of 5.4 cm−1

and 7.5 cm−1, and maximum deviations of 10 cm−1 and
13 cm−1, respectively. The situation is different for ν(N-H),
which shows an overall MAE of 10.9 cm−1 and 12.2 cm−1, re-
spectively, but with larger maximum deviations over 40 cm−1

for the modes affected by hydrogen bonding (ν(N-H)s-as of
both dimers). The unusually large discrepancies observed for
N-H stretches involved in hydrogen bonds could be related to
the parameterisation of dispersion correction (D3) as well as
to intrinsic inaccuracies of the VPT2 treatment. With respect
to the latter, we note that all systems studied in this work show
only slight elongation of the N-H distances involved in HB in-
teractions, so that the VPT2 approach is expected to provide
a correct description of the underlying PES. Both test on the
accuracy of the B2D3 PES along the hydrogen bonded bridge
coordinate, and comparisons with variational vibrational com-
putations are deferred to further studies. However, it has
been shown for instance for T c−pyruvic acid, featuring an
intramolecular O-H· · ·O hydrogen bond, that for ν(O-H)HB,
the discrepancies of B2D3 anharmonic wavenumbers with re-
spect to experiment can be fully related to the harmonic part,
at least for the fundamental transition98. Moreover, by scal-
ing the B2D3 harmonic wavenumbers, it was possible to ob-
tain very good agreement with experiment, on par with the
best theoretical estimates employing Coupled Cluster compu-
tations and extrapolations to the complete basis set limit98.

Although the error of B2D3 harmonic wavenumbers is not
dramatic and the general trends are always reproduced, in or-
der to improve the overall accuracy, we tried to introduce some
scaling of the harmonic wavenumbers. However, since iso-
lated N-H stretchings are well determined, a constant scaling
is not the best solution, and linear scaling equations should
be preferred. To this end, in this work, harmonic B2D3
wavenumbers have been fitted to “harmonic experimental”
values (ωexp) obtained by subtracting B2D3 anharmonic cor-
rections from the experimental fundamental transitions ob-
tained in gas phase measurements for all the systems reported
in Table 3. Figure 3 shows a remarkable linear correlation be-
tween these two sets of data, which can be expressed as ωexp =
kB2 ∗ωB2D3 +∆B2, with kB2=0.93±0.03, ∆B2=(2.9±0.9)*102

cm−1 and correlation coefficient R2=0.9952. Such corrected
harmonic wavenumbers (referred to as B2D3NH) have been
applied into hybrid models with anharmonic corrections com-
puted at the B2D3 and B3D3 levels. The results are reported
in the last two columns of Table 3, showing significant im-
provement with MAE of 9.6 cm−1 and 7.6 cm−1 and maxi-
mum discrepancies below 20 cm−1, which are well within our
target accuracy.
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3.2 Validation of B2D3NH model: 4APM-M4PMN and
uracil-water complexes

The B2D3NH model has been further validated by compari-
son with available experimental data for two sets of systems,
a model complex mimicking the adenine-thymine Watson-
Crick pair, i.e. the 4-aminopyrimidine with 6-methyl-4-
pyrimidinone25, and four uracil-water 1:1 complexes95. It is
worth noting that, although there are several studies devoted to
vibrational spectra of isolated hydrogen-bonded complexes of
biomolecule building blocks, in our opinion most of them are
not adequate for validation purposes due to possible bias in the
spectral analyses, which have been performed with the support
of insufficiently accurate computational models. For example,
in a recent study the IR photodissociation action spectra of
adenine dimer hydrates99 have been used to determine their
structures by comparing the experimental results with scaled
harmonic computations at M06-2X/6-311++G(2d) level. Un-
fortunately, the conclusions are not without ambiguities since
it has been shown that this computational level is inadequate
for the prediction of vibrational features of isolated adenine72.
The same remark applies to a previous analysis of IR-UV
double-resonance spectra of adenine dimers19, in the N-H
stretching frequency range, which has been performed with
the aid of harmonic computations at the HF/6-31G(d,p) level,
excluding the most stable symmetric structure due to the dis-
agreement between computed and experimental spectra. Our
experience suggests that improvement in theoretical method-
ology might eliminate such discrepancies, leading sometimes
to the re-analysis of experimental data81,100–103. The situation
is especially critical for weakly-bonded systems where it is
necessary to combine structure identification of the complexes
(for instance by means of rotational spectra10,11,104) with anal-
ysis of the vibrational transitions. In this respect both systems
chosen for validation purposes provide unequivocal reference
data. For 4APM-M4PMN this is related to the specific setup
of Adenine-Thymine mimicking molecular system, for which
the Watson-Crick type bonding is strongly preferred and no
other (differently bonded) complexes are expected in the ex-
perimental mixture25. For the uracil-water complexes95 the
analysis of the infrared spectra has been supported by mea-
surements of vibrational transition moment angles for various
vibrational modes. These measurements allowed to identify
the formation of four structural isomers of the uracil-water bi-
nary complex in helium nanodroplets, and to assign all ν(N-H)
and ν(O-H) vibrations.

The accuracy of theoretical anharmonic wavenumbers has
been assessed employing a database of ν(N-H) experimen-
tal wavenumbers obtained as discussed above and reported
in Table 4. The database involves both free and hydrogen-
bonded cases, and spans the rather large interval ranging be-
tween 2750 and 3550 cm−1. Anharmonic corrections have

been always obtained from GVPT2 computations at the B3D3
level, so that the results differ by the harmonic part only. As
observed for smaller systems, the B2D3/B3D3 model shows
excessive discrepancies with respect to experiment for ν(N-
H)HB, with MAE and |MAX| of 31 cm−1 and 70 cm−1, re-
spectively, leading to overall MAE of 21 cm−1. Significant
improvement, for all anharmonic wavenumbers, is obtained
with the hybrid B2D3NH/B3D3 scheme showing MAE and
|MAX| of 11 cm−1 and 36 cm−1, respectively. It is notewor-
thy that B2D3NH not only improves significantly ν(N-H)HB,
lowering maximum discrepancies by about 35 cm−1, but also
refines the values of ν(N-H)free, leading to very good agree-
ment within 1-6 cm−1. On these grounds the B2D3NH model
will be applied to obtain our best theoretical estimates for the
harmonic wavenumbers of systems from the T6 and V6 bench-
mark sets.

3.3 B2D3NH harmonic wavenumbers for ν(C=O) and
ν(N-H) and B3D3C model: the Nucleobase Dimers

In order to extend accurate anharmonic computations to larger
systems we recall that the B2D3 harmonic wavenumbers are
often more computationally demanding (mainly due to the in-
creased memory requirements) than the evaluation of anhar-
monic corrections at the B3D3 level. Moreover, anharmonic
corrections within reduced dimensionality schemes46,105,106

can be quite routinely computed also for rather large sys-
tems like, for instance, uracil heptamer34, chlorophyll105,107,
glycine adsorbed on silicon cluster106 or metal-carbonyl-
diimine complexes108. All these systems feature spectral fin-
gerprints due to the carbonyl and/or amino groups, clearly
showing that it would be highly desirable to correct ν(C=O)
and ν(N-H) harmonic wavenumbers, also when B2D3 com-
putations become unfeasible.

In order to build reference databases of best theoretical es-
timates for harmonic wavenumbers of nucleobase complexes,
we have performed B2D3NH computations for a number of
representative systems. As a first step, a training set (T6)
of six different hydrogen-bonded uracil dimers, referred to
as U-Un (n=1,2,3,4,5,6) in Figure 2, has been set up. The
T6 set has been then used to derive linear scaling equations
for the B3D3 wavenumbers of ν(C=O) and ν(N-H), based on
the reference data from B2D3NH. The harmonic vibrational
wavenumbers for these dimers, computed at the B2D3NH
and B3D3 levels, are reported in the Supplementary Mate-
rial, along with the assignment of the vibrational modes in
the high-frequency region. These data are also compared in
Figures 4 and 5, for ν(C=O) and ν(N-H), respectively. In
both cases, the B2D3NH and B3D3 results show rather good
linear dependence and, considering all data within the linear
regression of the form ωB2D3NH = kB3 ∗ωB3D3+∆B3, satisfac-
tory fits have been obtained with coefficients of correlation,
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R2=0.996 and 0.999 for ν(C=O) and ν(N-H), respectively. In
this way, it has been possible to define the correction param-
eters, kB3 and ∆B3, for the B3D3 harmonic wavenumbers of
ν(C=O) and ν(N-H), based on the more accurate B2D3NH
ones as: kC=O

B3 =0.92±0.01 and ∆C=O
B3 =(1.3±0.2)*102 cm−1,

kN-H
B3 =0.865±0.006 and ∆N-H

B3 =(5.0±0.2)*102 cm−1.
These parameters have been then applied to correct the

B3D3 harmonic wavenumbers for ν(C=O) and ν(N-H) of a
validation set (V6) of other homo- and hetero-dimers of nu-
cleobases. The V6 harmonic vibrational wavenumbers are re-
ported in the Supplementary Material, along with the assign-
ment of the vibrational modes in the high-frequency region.
All B2D3NH and B3D3 results for the validation set are also
depicted in Figures 4 and 5, while the comparison between
the uncorrected and corrected (C) B3D3 harmonic wavenum-
bers and the reference B2D3NH ones for ν(C=O) and ν(N-H)
are reported in Tables 5 and 6, respectively. First of all, it
can be observed that all the data from the validation set fall
very close to the straight line corresponding to the regressions
derived for the training set. This finding indicates that the cor-
rection parameters for B3D3 harmonic wavenumbers defined
for ν(C=O) and ν(N-H) using as training set the hydrogen-
bonded uracil dimers, can be transferred to improve both
ν(C=O) and ν(N-H) of the other nucleobase dimers of the
V6 set, even though they are characterized by different hydro-
gen bond patterns and quite different vibrational frequencies.
Indeed, the correction parameters have been derived from
hydrogen-bonded systems where only the N-H· · ·O=C hydro-
gen bond type is present. The validation set, instead, features
very different hydrogen bond types, specifically NH2 · · ·N, N-
H· · ·N and NH2 · · ·O=C. It is also noteworthy that the ν(N-H)
harmonic wavenumbers from the T6 set cover the range 3200-
3600 cm−1, while the values from the V6 set span the much
larger 2800-3800 cm−1 interval. Moreover, the fits derived
from the training set alone and from the whole T6+V6 data
agree with each other within the reported error bars. This find-
ing strongly suggests a broad range of applicability for the pro-
posed linear scaling equation parameters, which should hope-
fully cover any hydrogen-bonded system involving C=O and
N-H functional groups with localized anharmonic character,
independently of the partner in the hydrogen-bonded bridge.

In more detail, in the case of the A-A dimer, which presents
two NH2 · · ·N hydrogen bonds, after correction the differences
between B3D3C and B2D3NH harmonic wavenumbers are all
lower than 20 cm−1. For the νasym(NH2) and the ν(N9H) both
corrected and uncorrected values agree within about 5 cm−1,
while a significant improvement (19 cm−1 with respect to
46 cm−1) is observed for νsym(NH2) .

In the case of the A-U heterodimer, featuring one
NH2 · · ·O=C and one N-H· · ·N hydrogen bonds, all B3D3C
wavenumbers are within 13 cm−1 from the reference
B2D3NH values, while uncorrected B3D3 show differences

reaching 60 cm−1. The major improvements are observed for
the harmonic wavenumber of νsym(NH2) (by about 14 cm−1)
and, mostly, uracil ν(N3H) is improved by about 48 cm−1.
Regarding the carbonyl stretching vibrational modes of uracil
(ν(C2O) and ν(C4O)), involved in the hydrogen bonds within
the dimer, the correction allows to improve both of them, with
discrepancies from B2D3NH reference values, of -3 cm−1 and
1 cm−1, respectively, instead of 15 cm−1 and 13 cm−1 for non-
corrected B3D3.

For A-ThioU, A-T and 4APM-M4PMN the situation is
analogous to that of A-U, with all discrepancies lower than
13 cm−1 for B3D3C values, and major improvements for N-
H wavenumbers. Adenine and 4APM νsym(NH2), and mostly,
thiouracil, thymine and M4PMN ν(N3H) harmonic wavenum-
bers undergo a remarkable improvement of about 13-21 cm−1

and 38-46 cm−1, respectively, reaching values very close to
the corresponding B2D3NH ones, with a difference of only
-3 cm−1 in the case of thiouracil. The ν(C=O) vibration of
thiouracil, thymine and M4PMN are improved as well, with
discrepancies below 3 cm−1 instead of 10-18 cm−1 for non-
corrected B3D3.

In the case of G-C, characterized by two NH2 · · ·O=C and
one N-H· · ·N hydrogen bonds, B3D3C values agree with the
B2D3NH reference within 10 cm−1. The harmonic wavenum-
ber of νsym(NH2) for guanine is improved by about 14 cm−1,
while even larger corrections have been observed for inter-
molecular modes within the hydrogen-bonded bridges, i.e. the
simultaneous stretching of N1H, NH2 of guanine and ν(NH2)
of cytosine, whose discrepancy decreases by 28 cm−1, the si-
multaneous stretching of NH2 of cytosine and N1H of gua-
nine, whose discrepancy decreases by 34 cm−1, and the simul-
taneous stretching of C6O of guanine and C2O of cytosine,
with a difference of -3 cm−1 compared to B2D3NH, instead
of 11 cm−1 for the non-corrected B3D3.

Given the good performance of such linear scaling equa-
tions for improving, beyond B3D3, the harmonic part of vi-
brational wavenumbers for ν(C=O) and ν(N-H) involved in
hydrogen bonds, we have also verified their behavior for iso-
lated uracil and 2-thiouracil monomers (see Supplementary
Material). In both cases, the discrepancies of the ν(C=O)
with respect to B2D3 decrease significantly upon scaling,
while minor improvements are obtained for ν(N-H). Specif-
ically, for uracil the B3D3C values for ν(C2O) and ν(C4O)
agree with their B2D3 counterparts within 1-3 cm−1, instead
of 17-18 cm−1 for non-corrected B3D3 results, while for 2-
thiouracil the discrepancy of 22 cm−1 for ν(C4O) is lowered
to 6 cm−1.

Finally the B3D3 and B3D3C/B3D3 ν(N-H) anhar-
monic wavenumbers have been compared with experimental
data for the hydrogen bonded complexes considered previ-
ously, namely the formamide and acetamide dimers, 4APM-
M4PMN and U-Wn. From the data reported in Table 7, it is

6 | 1–20

Page 6 of 20Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



clear that the B3D3 results are significantly improved with the
B3D3C correction, reducing MAE and maximum errors by a
factor of 3, from 34 cm−1 to 12 cm−1 and from 100 cm−1 to
37 cm−1. As expected, B3D3 shows significantly larger errors
for the vibrations involved in the hydrogen bonds, with MAE
of 54 cm−1, while the usual rather good accuracy of B3D3
is retained for ν(N-H)free with MAE and |MAX| of 11 cm−1

and 18 cm−1, respectively, in line with benchmark studies
for isolated molecules32,46. At variance, the B3D3C/B3D3
results show MAE of 11 cm−1, 17 cm−1 and 7 cm−1, on
overall, for ν(N-H)HB and ν(N-H)free, respectively. More-
over, the B3D3C/B3D3 results show an accuracy essentially
on par with the B2D3NH/B3D3 one, while the B3D3C/B3D3
model requires only B3LYP-D3/N07D anharmonic computa-
tions, so it is routinely applicable for systems containing up
to 50 atoms within the full-dimensionality approach and even
larger by means of reduced-dimensionality GVPT2 computa-
tions.

In conclusion, we strongly believe that the proposed lin-
ear scaling equations perform a remarkable job in improving
B3D3 harmonic frequencies, leading to values very close to
the B2D3NH data for both ν(C=O) and ν(N-H). It can be fore-
cast that the same scaling approach is able to improve B3D3
stretching frequencies for C=O and N-H groups involved in
any kind of hydrogen bonds, as well as for isolated molecules
including such moieties as far as vibrations show rather local-
ized character.

4 Conclusions

The description of vibrational properties for functional groups
like C=O and N-H, in particular when involved in hydrogen-
bond networks, remains a challenge for computational spec-
troscopy, due to the strong anharmonicity of the correspond-
ing stretching vibrational modes which requires methods go-
ing beyond the standard harmonic approximation and particu-
larly accurate potential energy surfaces. Furthermore, for the
case of nucleic acid bases, very limited experimental informa-
tion is available about the perturbing effect of inter-molecular
hydrogen bonds on vibrational frequencies. Test computations
on small model systems (thiouracil, formamide, acetamide
and their cyclic homodimers) have confirmed that, within the
framework of VPT2, reliable anharmonic contributions can
be safely computed at the B3LYP-D3/N07D level, which is
cheap enough to allow the study of large systems, especially
in connection with reduced dimensionality approaches. The
situation is more involved for harmonic contributions, where
the B3D3 computational model is clearly insufficient and even
the more computationally intensive and reliable B2PLYP-
D3/maug-cc-pVTZ approach is not fully satisfactory for N-H
stretchings. We have thus derived a linear regression correc-
tion for this last vibrational mode and shown that the result-

ing B2D3NH anharmonic vibrational wavenumbers are suffi-
ciently accurate. An even more effective approach, referred to
as B2D3NH/B3D3, retaining essentially the same accuracy,
is obtained correcting B2D3NH harmonic wavenumbers by
B3D3 anharmonic contributions. This approach has been next
validated by comparison with the available experimental data
for a model complex mimicking the adenine-thymine Watson-
Crick pair, i.e. 4-aminopyrimidine-6-methyl-4-pyrimidinone
and for some uracil-water 1:1 complexes, showing an over-
all agreement with experiment within 10 cm−1. Unfortu-
nately, the B2D3NH/B3D3 model can be unpractical for larger
systems in view of the quite unfavourable scaling of B2D3
harmonic wavenumbers. On these grounds, we have built a
B2D3NH training set of 6 uracil homodimers (T6) and an
analogous validation set (V6) of six additional dimers (in-
cluding, together with 4APM-M4PMN, one of the most stable
hydrogen-bonded adenine homodimer, the nucleic acids base
pairs adenine-uracil, adenine-thymine, guanine-cytosine and
the adenine-4-thiouracil heterodimer), which should be useful
for testing, possibly correcting (by linear scaling equations),
and validating cheaper quantum mechanical approaches. As a
first application of these sets, we have derived and validated
linear regression corrections for both C=O and N-H harmonic
wavenumbers computed at the B3D3 level. Our results point
out a wide applicability of such parameters for both isolated
and hydrogen-bonded nucleobases, thus paving the route to-
ward the study of large nucleosides and nucleotides of current
scientific and technological interest.
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Mode Expb B2D3 B3D3 B2D3 B3D3 B2D3/B3D3
Assignmenta freq I relative harm I(harm) harm I(harm) anh I(anh) anh I(anh) anh

ν(N1-H) 3457 151 3631 94 3634 97 3461 80 3461 80 3458
ν(N3-H) 3415 79 3588 64 3599 70 3419 56 3428 59 3417
ν(C5-H) 3266 2 3261 3 3136 1 3125 1 3129
ν(C6-H) 3226 3 3222 3 3104 2 3089 3 3093
ν(C4=O) 1738 543 1761 632 1783 668 1732 335 1752 325 1730
ν(C5=C6) 1634 29 1665 38 1668 63 1627 23 1633 38 1631

δ (N1-H), δ (N3-H), ν(C6-N1) 1534 623 1571 699 1573 678 1527 453 1527 522 1526
δ (N3-H) + δ (C-H) 1430 4 1457 23 1456 28 1419 8 1419 9 1421

δ (C6-H) 1389 14 1402 49 1397 72 1366 50 1362 77 1366
δ (N-H) 1376 38 1396 33 1395 10 1360 24 1356 3 1357

δ (C5-H), ν(C6-N1), δ (C6-H), ν(N3-C4) 1223 33 1243 18 1237 6 1217 4 1212 10 1219
ν(C2-N3), δ (C6-H), δ (N1-H), ν(N3-C4) 1191 150 1216 230 1212 255 1185 199 1179 189 1184

ν(C=S), δ (ring), δ (N3-H) 1148 192 1169 154 1160 133 1140 86 1132 77 1142
ν(C6-N1), δ (C5-H), ν(C5=C6) 1060 4 1085 4 1082 8 1062 4 1059 7 1062

δ (ring) 986 15 1003 13 1001 11 979 16 980 12 982
γ(C-H) 981 0 967 0 966 0 947 0 962

ν(N3-C4), ν(C4-C5), ν(C=S) 907 4 916 6 911 5 899 6 894 5 900
γ(C5-H), γ(C4=O), γ(C6-H) 806 58 825 63 816 69 816 59 804 67 813
γ(N3-H), γ(C4=O), γ(C5-H) 727 4 745 8 740 17 735 4 727 10 731

δ (ring), ν(C4-C5), ν(C=S), ν(N1-C2) 710 5 720 4 717 4 708 3 706 3 709
τ(ring), γ(N3-H) 694 67 716 64 709 64 699 65 693 53 700
γ(C=S), γ(N1-H) 643 16 649 9 642 28 645 11 637 23 643

γ(N1-H) 604 31 618 32 620 26 610 27 608 29 606
δ (ring) 530 13 536 9 538 9 529 6 531 7 529

δ (C4=O) 491 12 497 11 499 12 492 10 494 11 492
δ (ring), ν(C=S) 451 15 453 13 449 14 448 13 444 14 448

τ(ring) 395 11 404 14 402 13 402 7 398 10 400
δ (C=S) 269 10 272 9 271 9 268 7 269 5 271
τ(ring) 162 1 165 1 160 1 162 1 159
τ(ring) 128 1 131 1 129 1 130 1 127
MAEc 29.2 28.2 6.4 7.5 5.5
|MAX|c 174 184 23 27 23

a Abbreviations: ν = stretching; δ = in-plane bending; γ = out-of-plane bending; τ = torsional.
b Experimental data from low-temperature Ar Matrix measurement from Ref. 97

c Mean absolute errors (MAE) and maximum absolute deviations |MAX| with respect to experimental values.

Table 1 Harmonic and anharmonic vibrational wavenumbers and IR intensities of 2-thiouracil, computed with B2PLYP-D3/maug-cc-pVTZ
(B2D3) and B3LYP-D3/N07D (B3D3) methods, and the hybrid B2PLYP-D3/B3LYP-D3 (B2D3/B3D3) anharmonic wavenumbers, in
comparison with experiment.97
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System Exp(Ar)a Exp(gas)b B2D3 B2D3/B3D3
2-thiouracil 1738 1732 1730
formamide 1739 1754 1744 1744

formamide dimer 1728 1740 1729 1731
acetamide 1728 1746 1727 1724

acetamide dimer 1694 1706 1697 1689
MAEc 5.4 7.5
|MAX|c 10 13

a Experimental data from low-temperature Ar Matrix measurements from Refs. 53,97,109,110

b Experimental data from the gas phase measurements from Refs. 111,112

c Mean absolute errors (MAE) and maximum absolute deviations |MAX| with respect to average experimental values.

Table 2 Anharmonic stretching vibrational wavenumbers of the C=O functional groups for the molecular systems 2-thiouracil, acetamide,
formamide, and the dimers of acetamide and formamide, computed with the B2D3 and hybrid B2D3/B3D3 methods, in comparison with
experiments.53,97,109–111
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System Assignment a Exp(Ar)b Exp(gas)c B2D3 B2D3/B3D3 B2D3NH/B2D3 B2D3NH/B3D3
thiouracil ν(N1-H) 3457 3460 3461 3458 3476 3473

ν(N3-H) 3415 3424 3419 3417 3437 3435
formamide ν(N-H)as 3547 3564 3544 3545 3550 3552

ν(N-H)s 3427 3440 3425 3425 3442 3442
formamide dimer ν(N-H)as-as 3515 3527 3518 3515 3528 3525

ν(N-H)s-as 3131 3167 3122 3117 3159 3154
acetamide ν(N-H)as 3557 3568 3550 3552 3556 3558

ν(N-H)s 3436 3448 3435 3435 3451 3451
acetamide dimer ν(N-H)as-as 3515 3531 3522 3519 3532 3529

ν(N-H)s-as 3140 3149 3109 3102 3147 3140
MAEd 10.9 12.2 9.2 7.6
|MAX|d 36 42 18 16

a Abbreviations: ν = stretching; s = symmetric; as = asymmetric.
b Experimental data from low-temperature Ar Matrix measurements from Refs. 53,97,109,110

c Experimental data from the gas phase measurements from Refs. 111,112

d Mean absolute errors (MAE) and maximum absolute deviations |MAX| with respect to average experimental values.

Table 3 Anharmonic N-H stretching wavenumbers for the molecular systems 2-thiouracil, acetamide, formamide, and the dimers of acetamide
and formamide, computed with the B2D3 and hybrid B2D3/B3D3 methods, and their corrected counterparts (see text) in comparison with
experiments.53,97,109–111
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Assignmenta Expb,c B2D3d /B3D3 B2D3NHe/B3D3
4APM-M4PMN

νasym(NH2) f (4APM) 3530 3516 3525
νsym(NH2)HB (4APM) 3130 3060 3099

ν(N3-H)HB 2758 2714 2772
Uracil-water

ν(N3-H) f U-W1 3443 3432 3449
ν(N1-H)HB U-W1 3317 3305 3333
ν(N1-H) f U-W2 3492 3480 3493

ν(N3-H)HB U-W2 3256 3262 3292
ν(N1-H) f U-W3 3492 3479 3492

ν(N3-H)HB U-W3 3271 3246 3276
ν(N1-H) f U-W4 3492 3481 3494
ν(N3-H) f U-W4 3443 3431 3448

MAE f 21 11
|MAX| f 70 36

a Abbreviations: ν = stretching; f= free, HB = hydrogen bonding
b For 4APM-M4PMN experimental data from the IR vibrational spectra were measured via double resonance scheme utilizing femtosecond multiphoton ionization in the

gas-phase 25.
c For uracil-water complexes experimental data from IR spectra recorded in Helium nanodroplets 95.
d For uracil-water complexes harmonic values from B2PLYP/maug-cc-pVTZ computations.
e Harmonic B2PLYP-D3/maug-cc-pVTZ wavenumbers corrected based on experimental gas phase, by linear regression: ωB2D3NH = k ∗ωB2D3 +∆, with k=0.9252, ∆=286 cm−1 ,

see text and Figure3).
f Mean absolute errors (MAE) and maximum absolute deviations |MAX| with respect to experimental values.

Table 4 Anharmonic N-H stretching wavenumbers for the molecular systems: 4-aminopyrimidine-6-methyl-4-pyrimidinone and uracil-water
complexes, computed with hybrid B2D3/B3D3 and B2D3NH/B3D3 method, in comparison with experiments. 25,95

Assignmenta B2D3 B3D3 B3D3C
Adenine-Uracil (A-U)

ν(C2=O) (U) 1788 1803 1786
ν(C4=O), ν(ring), δ (N3-H) (U) 1731 1744 1732
Adenine-ThioUracil (A-ThioU)

ν(C2=O) (ThioU) 1787 1805 1788
Adenine-Thymine (A-T)

ν(C2=O) (T) 1786 1800 1783
ν(C4=O), δ (N3-H) (T) 1719 1731 1720

Guanine-Cytosine (G-C)
δ (N1-H) ν(C6=O) (G), δsciss(NH2), ν(C2=O) (C) 1751 1761 1748

4APM-M4PMN
ν(C4=O) 1735 1745 1733

a Abbreviations: ν = stretching; δ = in-plane bending; sciss = scissoring; asym = asymmetric; sym = symmetric; M1 = Monomer 1; M2 = Monomer 2.

Table 5 Harmonic C=O stretching wavenumbers for the nucleobase-dimers validation set. B3D3 and B3D3C values with respect to the B2D3
reference.
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Assignmenta B2D3NH B3D3 B3D3C
Adenine dimer

νasym(NH2) (M1,M2) 3691 3679 3685
νasym(NH2) (M1,M2) 3691 3679 3685
νsym(NH2) (M1,M2) 3335 3254 3317
νsym(NH2) (M1,M2) 3298 3210 3279
ν(N9-H) (M1,M2) 3670 3657 3666
ν(N9-H) (M1,M2) 3670 3657 3666

Adenine-Uracil (A-U)
νasym(NH2) (A) 3704 3693 3697
νsym(NH2) (A) 3439 3387 3432
ν(N9-H) (A) 3670 3656 3665
ν(N3-H) (U) 3006 2880 2994
ν(N1-H) (U) 3659 3645 3656

Adenine-ThioUracil (A-ThioU)
νasym(NH2) (A) 3706 3693 3697
νsym(NH2) (A) 3465 3409 3451
ν(N9-H) (A) 3670 3656 3665

ν(N3-H) (ThioU) 3045 2937 3043
ν(N1-H) (ThioU) 3654 3641 3652

Adenine-Thymine (A-T)
νasym(NH2) (A) 3704 3693 3697
νsym(NH2) (A) 3438 3385 3431
ν(N9-H) (A) 3670 3656 3666
ν(N3-H) (T) 3020 2895 3007
ν(N1-H) (T) 3660 3647 3657

Guanine-Cytosine (G-C)
νasym(NH2) (G) 3713 3706 3709
νasym(NH2) (C) 3700 3686 3691
νsym(NH2) (G) 3430 3378 3425

ν(N1-H), ν(NH2) (G), ν(NH2) (C) 3252 3172 3246
ν(NH2) (C), ν(N1-H) (G) 3185 3091 3176

ν(N9-H) (G) 3671 3657 3666
ν(N1-H) (C) 3646 3631 3644

4APM-M4PMN
νasym(NH2)(4APM) 3709 3696 3700
νsym(NH2) (4APM) 3342 3277 3337
ν(N3-H) (M4PMN) 3117 3011 3107

a Abbreviations: ν = stretching; δ = in-plane bending; sciss = scissoring; asym = asymmetric; sym = symmetric; M1 = Monomer 1; M2 = Monomer 2.

Table 6 Harmonic N-H stretching wavenumbers for the nucleobase-dimers validation set. B3D3 and B3D3C values with respect to the
B2D3NH reference.
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Assignmenta Expb,c,d B3D3 B3D3Cd /B3D3
formamide dimer

ν(N-H)as-as 3527 3503 3509
ν(N-H)s-as 3167 3097 3152

acetamide dimer
ν(N-H)as-as 3531 3509 3514
ν(N-H)s-as 3149 3081 3138

4APM-M4PMN
νasym(NH2) f (4APM) 3530 3512 3516
νsym(NH2)HB (4APM) 3130 3034 3095

ν(N3-H)HB 2758 2666 2762
Uracil-water

ν(N3-H) f U-W1 3443 3440 3455
ν(N1-H)HB U-W1 3317 3277 3318
ν(N1-H) f U-W2 3492 3480 3490

ν(N3-H)HB U-W2 3256 3252 3293
ν(N1-H) f U-W3 3492 3478 3489

ν(N3-H)HB U-W3 3271 3233 3276
ν(N1-H) f U-W4 3492 3481 3491
ν(N3-H) f U-W4 3443 3438 3454

MAEg 34 12
|MAX|g 96 37

a Abbreviations: ν = stretching; asym/as = asymmetric; sym/s = symmetric; f= free, HB = hydrogen bonding
b For formamide and acetamide dimers experimental data from the FTIR gas phase measurements 111

c For 4APM-M4PMN experimental data from the IR vibrational spectra were measured via double resonance scheme utilizing femtosecond multiphoton ionization in the
gas-phase 25.

d For uracil-water complexes experimental data from IR spectra recorded in Helium nanodroplets 95.
e Harmonic B3D3 harmonic wavenumbers corrected based on the B2D3NH, with linear regression: ωB3D3C = k ∗ωB3D3 +∆, with k=0.8651, ∆=502 cm−1 , see text and Figure5).
f Mean absolute errors (MAE) and maximum absolute deviations |MAX| with respect to experimental values.

Table 7 Anharmonic N-H stretching wavenumbers for the model molecular systems: formamide and acetamide dimers,
4-aminopyrimidine-6-methyl-4-pyrimidinone and uracil-water complexes, computed with the B3D3 and B3D3C/B3D3 models, in
comparison with experiment.25,95,111
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Fig. 1 Structures of 2-thiouracil, acetamide, formamide, and the dimers of acetamide and formamide.
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Fig. 2 Structures and numbering schemes of the nucleobase complexes used in this work as training and validation sets.
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Fig. 3 Linear fits of B2PLYP-D3/maug-cc-pVTZ harmonic wavenumbers vs. experimental harmonic wavenumbers (estimated as ωexp+∆theo
anh ,

see text), for ν(N-H) vibrations of 2-thiouracil, formamide, acetamide and cyclic dimers of the two last molecules.

Fig. 4 Linear fits of B2D3 harmonic wavenumbers vs. B3D3 ones, for ν(C=O), along with data for the training and validation sets.
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Fig. 5 Linear fits of B2D3NH harmonic wavenumbers vs. B3D3 ones, for ν(N-H), along with data for the training and validation sets.

Fig. 6 Graphical abstract. The GVPT2 approach in conjunction with B3LYP-D3/N07D computations allows to obtain reliable anharmonic
frequencies for C=O and N-H moieties involved in H-bridges for large systems, provided that the harmonic part is scaled by linear equations
based on new B2PLYP-D3/maug-cc-pVTZ benchmarks.
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