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Abstract

Computational spectroscopy techniques have become in the last years effective means to analyze 

and assign infrared (IR) spectra for molecular systems of increasing dimensions and in different 

environments. However, transition from compilations of harmonic data to full anharmonic 

simulations of spectra is still under way. The most promising results for large systems have been 

obtained, in our opinion, by perturbative vibrational approaches based on potential energy surfaces 

computed by hybrid (especially B3LYP) density functionals and medium size (e.g. SNSD) basis 

sets. In this framework, we are actively developing a comprehensive and robust computational 

protocol aimed to a quantitative reproduction of the spectra of nucleic acid bases complexes and 

their adsorption on solid supports (organic/inorganic). In this contribution we report the essential 

results of the first step devoted to isolated monomers and dimers. It is well known that in order to 

model the vibrational spectra of weakly bound molecular complexes dispersion interactions should 

be taken into proper account. In this work, we have chosen two popular and inexpensive 

approaches to model dispersion interaction, namely the semi-empirical dispersion correction (D3) 

and pseudopotential based (DCP) methodologies both in conjunction with the B3LYP functional. 

These have been used for simulating fully anharmonic IR spectra of nucleobases and their dimers 

through generalized second order vibrational perturbation theory (GVPT2). We have studied, in 

particular, isolated adenine, hypoxanthine, uracil, thymine and cytosine, the hydrogen-bonded and 

stacked adenine and uracil dimers, and the stacked adenine-naphthalene heterodimer. Anharmonic 

frequencies are compared with standard B3LYP results and experimental findings, while the 

computed interaction energies and structures of complexes are compared to the best available 

theoretical estimates.
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1 Introduction

The study of the adsorption of nucleic acid bases on organic and inorganic substrates and the 

detailed characterization of their supra-molecular structure, orientation and dynamics have 

numerous applications in different areas, such as materials science, nanotechnology, surface 

science, catalysis, biosensing, cell biology, etc.1-8. A comprehensive analysis of the 

properties of these systems could be very useful for designing highly biocompatible 

materials and specific biosensors9-14. DNA-based biosensors, for example, can consist of 

probes attached to functionalized substrates with the capability of recognizing and capturing 

specific DNA targets. In these hybrid systems, the nature of the interactions between 

purines/pyrimidines and the substrates is critical for the effective functionality of the devices 

and thus its characterization is a mandatory starting point for developing and improving high 

quality technologies15-20 and finely tuned therapies21,22.

Moreover, nucleic acid bases are powerful biomaterials for realizing rationally designed and 

functionally enhanced nanostructures for homogeneous dense surface coatings, bottom-up 

nanopatterning, and 3D nanoparticle lattices23.

The investigation of the adsorption of nucleobases on different substrates is also particularly 

relevant in the prebiotic context to identify the role played by solid supports in the processes 

that led to the emergence of life, which is one of the open questions of the astro-biological 

research. As already reported in previous works, these molecules are prebiotically available 

and their adsorption on solid interfaces could be correlated to their effective preservation 

and resistance to degradation as well as to the improvement of their prebiotic conversion 

into complex biologically functional molecules24-30. Indeed, self-organization and self-

interactions of biomolecules at interfaces were most likely responsible for the evolution 

from inanimate matter to biological systems.

The binding of nucleobases to substrates can be affected by a large variety of factors such as 

the type of material which the interface is composed of and the exposed superficial area, the 

presence of water and electrolytes, the concentration of the adsorbates. Adsorption of 

organic molecules onto surfaces is a complex thermodynamic process, in which the mutual 

orientation of the molecules should be energetically favourable. Molecules can adopt highly 

anisotropic distributions and be self-organized in disordered arrangements, they can lay flat 

on the surfaces forming various types of layers, be inclined or even aligned with certain 

directions of the interfaces. The competition between molecule-surface and molecule-

molecule interactions can control their behaviour. Molecular organization usually depends 

on the synergistic combination of specific and nonspecific interactions, e.g., ionic, covalent, 

van der Waals, hydrogen bonding, solvophobic, etc. As a consequence, in order to 

investigate and identify possible adsorption mechanisms and the final configurations, many 

factors should be taken into account.

Among the various types of investigations, vibrational spectroscopy can be used to 

characterize, at the molecular level, the forces acting on the various components of the 

nucleobase-surface complexes. This is important for the analysis of functionalized 
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nanostructures and of particular relevance for prebiotic processes, interpretation of 

astronomical data and detection of organic compounds in extraterrestrial environments.

However, due to the great variety of interactions between the adsorbate and the interface and 

to complex environmental factors, the results of experimental spectroscopic studies on these 

kinds of systems are difficult to interpret30. Even though some hints can be obtained through 

the comparison with available gas-phase spectroscopic data, these are not sufficient for a 

complete characterization of their properties. The main problem is related to the presence of 

the substrate, which could influence intra-molecular interactions in comparison with the gas 

phase scenario and could be responsible for the formation of supra-molecular complexes and 

thus the appearance of new spectroscopic features. Considering these premises, it is 

extremely difficult to identify the geometrical arrangement of the nucleobases on the surface 

and their interaction sites from the analysis of the experimental data only, especially at low 

coverage.

A factual determination of the geometry of molecular adsorbates may be better achieved by 

employing quantum mechanical (QM) computations. Recent improvements in 

computational methods have led to better understanding, at the atomic level, of nucleic acid 

base properties, their tautomerization, conformation and pairing and have also shown to be a 

powerful tool to interpret and predict experimental spectroscopic results31-42. This is 

especially useful in the case of IR spectra where it is often difficult to attribute some 

frequencies to a particular vibrational mode of the molecule, and becomes even more 

important for complex systems, where differently oriented/adsorbed molecules have specific 

spectral patterns. For example computational spectroscopy studies of a hybrid organic-

inorganic system, namely glycine adsorbed on silicon43, lead to a more correct interpretation 

of the experimental results44.

The present work is aimed at identifying a general, reliable and effective computational 

strategy, based on fully anharmonic computations of the vibrational wavenumbers and IR 

intensities, to analyze and assign IR spectra of nucleic acid bases-solid-support complexes. 

A plausible way of studying the intricate interactions mentioned above is through a 

multistep strategy. This consists in performing a series of studies on the isolated bases, base 

pairs and multicomponent configurations (nucleobases in various environments such as 

adsorbed on inorganic and organic substrates, in aqueous solution, etc.). The present 

investigation describes the first two stages, focussing on: the isolated nucleobases adenine, 

hypoxanthine, uracil, thymine and cytosine, the hydrogen-bonded and stacked dimers of 

adenine and uracil and, finally, a first example of interaction with a substrate that is the 

stacked adenine-naphthalene heterodimer.

Vibrational frequency calculations are necessary to verify if the optimized geometries of the 

chosen compounds are minima on their potential energy surfaces (PES) and are used to 

characterize the thermodynamic properties of the molecular system. In these calculations 

molecular conformations play a central role for determining the harmonic frequencies, and 

reliable structures are necessary starting points for further calculations, while accuracy 

requirements increase moving from simple confirmation of the nature of stationary points to 

the analysis of vibrational spectra through computed data (frequencies and intensities) which 
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could be compared to experimental measurements. The common approach to correct 

frequencies for anharmonicity and improve their agreement with the experimental findings 

is obtained by using simple scaling factors45-49, or more sophisticated scaling methods50-52. 

Mode specific scaling improves the agreement between computed and experimental 

vibrational frequencies, but the uncertainty of the optimized scaling factors cannot be lower 

than 0.0247 and the problem of transferibility is not trivial. Furthermore, due to the different 

role played by anharmonicity in vibrational frequencies, zero-point vibrational energies 

(ZPVE), and partition functions, different scaling factors must be used. As a consequence, 

the definition of a consistent procedure becomes rather cumbersome47,53,54. On the contrary, 

consistent procedures can be derived from QM computations of vibrational properties 

beyond the harmonic approximation. Recently, exact solutions for the treatment of few 

active modes to the vibrational problem for a generic system has been proposed55 and 

effective schemes to compute vibrational frequencies within the second order vibrational 

perturbative (VPT2)56-75 or vibrational self-consistent field (VSCF) based76-85 approaches 

have been developed and implemented. In particular, a general VPT2 framework to compute 

thermodynamic properties, vibrational energies and transition intensities from the 

vibrational ground state to fundamentals, overtones and combination bands66,67,86-88 has 

been developed in our group. It should be noted that information about the intensities of 

overtones and combination transitions, not available from any computations based on the 

double-harmonic approximation, is required to reproduce the overall band pattern, and might 

be necessary to correctly analyze experimental outcomes, for example to distinguish low-

intensity features related to non-fundamental transitions of the most populated species 

present in experimental mixtures from fundamental transitions of the less abundant 

species89,90. The fully ab initio VPT288 approach allows also inclusion of non-specific 

solvent effects by means of the polarizable continuum model (PCM) essentially without any 

additional cost91, and has been also extended to take into account non-equilibrium solvent 

effects on vibrational (e.g. IR or VCD) transition intensities92-94.

The VPT2 model, combined with a semi-diagonal fourth-order polynomial representation of 

the anharmonic force field in terms of normal modes, evaluated by means of Density 

Functional Theory (DFT) using hybrid or double-hybrid functionals with polarized double- 

or triple-zeta basis sets, is particularly appealing to treat medium-size semirigid systems. 

Indeed, it has been shown that this methodology provides very accurate vibrational 

properties at a relatively low computational cost (see for example Refs.90,95-99). As gathered 

from literature, B3LYP100,101 with double-zeta plus polarization functions basis 

sets33,41,65,73,90,95,102-107 is a cost-effective approach providing accurate vibrational spectra 

of medium-size semirigid systems.

However, when dealing with molecular complexes of aromatic compounds, such as 

nucleobases and their dimers, it should be taken into account that, depending on the relative 

position of the molecules, dispersion interactions could play a major role in determining the 

stability of the systems. Unfortunately, standard functionals fail in describing such non-local 

and non-classical electronic interactions108. Instead, this type of interactions can be 

modelled at a relatively low computational cost by using dispersion-corrected DFT 

methods109-111 and new functionals112-115. However, some of the most successful last-

generation functionals (M06-2X113 and ωB97X114,116) do not predict vibrational 
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wavenumbers with an accuracy sufficient for spectroscopic studies31,89,90,117. On the other 

hand addition of semi-empirical dispersion corrections to B3LYP (leading to B3LYP-

D109,110) showed better promises for accurate computation of vibrational properties for 

larger weakly bound molecular systems where dispersion/stacking interactions cannot be 

neglected31,41,117. Considering also other B3LYP-based dispersive methods, we have 

chosen the improved version of Grimme’s correction, B3LYP-D3111,118 coupled to the 

SNSD basis set and the last version of dispersion-correcting potentials by Di Labio (B3LYP-

DCP119-122 with the companion 6-31+G(2d,2p) basis set), for calculating anharmonic 

frequencies of nucleobases and their dimers. The results have been compared with both 

B3LYP data and experimental findings in order to identify which DFT-based dispersion-

corrected model was the most reliable for simulating vibrational spectra. Both DFT-D3 and 

DCP have shown good performance in predicting structural parameters and binding energies 

of non-covalent adducts but they have not been validated yet for anharmonic vibrational 

frequencies. In particular, the DFT-D3 approach, which is the last refined version of DFT-

D110,123,124 parameterized for the 94 elements of the periodic table, has been used 

successfully to describe tripeptide-folding, metallic systems, graphene, benzene on the 

Ag(111) surface and other molecular complexes111. Then, the recently proposed B3LYP-

DCP method (developed for H, C, N, and O), which corrects B3LYP by using atom-

centered effective core potentials (dispersion-correcting potentials - DCPs) composed of 

Gaussian-type functions119-121, is able to model satisfactorily π-stacking, steric repulsion 

noncovalent interactions and also hydrogen bonding122.

The paper is organized as follows: after providing a short description of theoretical models 

applied for computation of vibrational wavenumbers and IR intensities (section 2), we 

analyse in detail spectra of isolated nucleobases by comparison with experimental data 

(section 3.1). The computed interaction energies and structures of complexes provided by 

both dispersion-corrected models are compared with the best available theoretical estimates 

in section 3.2, along with effects of intermolecular interactions on vibrational spectra, 

considering both frequency and intensity changes. General conclusions and perspectives are 

given in the last section.

2 Computational Details

Geometry optimizations together with harmonic and anharmonic vibrational frequency 

calculations of isolated nucleobases were performed at the B3LYP/SNSD, B3LYP-D3/

SNSD and B3LYP-DCP/6-31+G(2d,2p) levels.

The B3LYP-D3 and B3LYP-DCP methods have shown good performances in predicting 

structural parameters and binding energies of chemical systems involving mainly dispersion 

interactions but they have not been validated yet for vibrational frequencies. In particular, 

the DFT-D3 approach is the last refined version of DFT-D, which models dispersion by 

adding to the density functional a semi-empirical dispersion term (DFT-D), that is a long-

range attractive pair-potential (inversely proportional to the sixth power of the 

intermolecular distance) multiplied by a damping function which determines the range of the 

dispersion correction in order to avoid near singularities for very small distances and double-

counting of correlation effects at intermediate distances110,123-124. In DFT-D3, atom-
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pairwise specific dispersion coefficients and cutoff radii computed from first principles have 

been introduced together with dispersion coefficients dependent on coordination numbers 

(geometry). These modifications lead to an improved accuracy and a wider range of 

applicability111.

Instead, the recently developed B3LYP-DCP method corrects B3LYP by using atom-

centered effective core potentials (dispersion-correcting potentials - DCPs) which model 

dispersion by modifying the environment in which the valence electrons move119-121, 

composed of Gaussian-type functions, with the following general form:

where Nl is the number of Gaussian functions, nli is the power of r (set to 2 throughout this 

work), cli is the coefficient of the Gaussian, and ξli is its exponent. Functions are local (l = p 

for H and l = f for C, N, O) or are semilocal (l = s for H and l = s, p, or d for C, N, O), and 

operate on electron density in specific angular momentum channels. The DCPs used in this 

work were developed by optimizing cli and ξli values such that the error in the predicted 

interactions chosen from a set of noncovalently bonded dimers (the “fitting” set) was 

minimized relative to those obtained by CCSD(T)/CBS-quality methods122.

Effective core potentials are normally used in simulations involving metals and other heavy 

atoms, and in this case they are employed to account for dispersion interaction.

B3LYP-based approaches have been chosen because this hybrid functional has been 

extensively validated for the prediction of vibrational frequencies with the accuracy 

necessary for a quantitative comparison with experimental data. The B3LYP/N07D method 

has been employed to calculate anharmonic frequencies of several closed- and open-shell 

molecular systems43,90,117,125-131, and a recent extension of N07D, the SNSD basis set, with 

the inclusion of diffuse s functions on all atoms and one set of diffuse polarized functions, d 

on heavy and p on hydrogen atoms, has improved its performance (Double and triple-ζ basis 

sets of SNS and N07 families, are available for download. 2012; visit http://

dreamslab.sns.it)132,133.

All structures have been optimized using tight convergence criteria. Anharmonic frequencies 

at optimized geometries have been obtained, with the DFT methods mentioned above, by 

means of the fully-automated, second-order vibrational perturbation approach (VPT2), as 

implemented in the GAUSSIAN package. Recently, the method has been extended to 

compute anharmonic infrared and Raman intensities of the fundamentals, overtones and 

combination bands66,67,87,90. In order to calculate anharmonic frequencies and IR 

intensities, the underlying semi-diagonal quartic potential energy and cubic electric dipole 

moment surfaces have been derived through numerical differentiations on geometries 

displaced from equilibrium along the normal modes (with a 0.01 Å step). Vibrational 

wavenumbers have been computed within the generalized VPT2 model (GVPT2), where 

nearly-resonant contributions are removed from the perturbative treatment (leading to the 

deperturbed model, DVPT2) and treated in a second step variationally61,66,68. This model, 
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as implemented in the GAUSSIAN package86, provided accurate vibrational wavenumbers 

for several semi-rigid systems31,32,90,97-99,103,104,117,129,130,132,134,135. Such an approach 

relies on semi-empirical thresholds for Fermi and Darling-Denninson resonances. In the 

present work, the criteria proposed by Martin et al.68 for Fermi resonances have been chosen 

as they provide accurate results for fundamental bands134, overtones and fundamental 

transitons136. Within GVPT2 computations the force constants related to the strongly 

anharmonic out-of-plane vibrations of amino group, poorly described by Cartesian normal 

modes, have been excluded from the vibrational perturbative treatment (SKIPT2 option). 

Moreover, considering the computations of IR intensities within the DVPT2 model, the 

values of the threshold for 1-1 resonances have been varied between 2 and 10 cm−1, in order 

to get converged results.

Geometry optimizations followed by harmonic and anharmonic vibrational frequency 

calculations were performed also for the hydrogen-bonded and stacked homodimer 

structures of uracil and adenine, and the stacked heterodimer structure of adenine-

naphthalene, starting from geometries reported in the literature137-140. Dimer binding 

energies have been computed as differences between dimer total energies and the sums of 

the total energies of isolated monomers, taking into account the basis set superposition error 

(BSSE) via counterpoise correction (CP)141. Moreover, the anharmonic zero-point 

vibrational energies (ZPVE) of monomers and dimers have been computed by means of our 

resonance-free formulation86,142 and used to obtain anharmonic ZPVE corrections to the 

interaction energies.

All calculations have been carried out employing a locally modified version of the 

GAUSSIAN suite of programs143.

3 Results and discussion

3.1 Monomers

B3LYP optimized geometries and atom numberings of the investigated nucleobases are 

shown in Figure 1. The detailed results of harmonic and anharmonic frequency DFT 

calculations for the isolated nucleobases are reported in the supplementary material (Tables 

1-5) where they are compared with the available experimental data. Assignments of 

vibrational modes were performed by visual inspection of the atomic displacements along 

normal modes and by comparison with the assignments reported in the 

literature31,32,34-36,39,144-147.

3.1.1 DFT and hybrid CC/DFT approaches: Uracil—We start our analysis from the 

uracil molecule, devoid of problems related to the description of out-of-plane NH2 

vibrations, and for which highly accurate theoretical studies are available32. For uracil we 

have considered also M06-2X113, ωB97XD114 and B2PLYP130,148 functionals, in order to 

further check their performances for anharmonic frequency computations. Table 1 compares 

harmonic frequencies computed at the DFT level to the best theoretical estimates of 

CCSD(T)/CBS quality32, while DFT and hybrid anharmonic frequencies are compared to 

experimental results. In line with previous studies, B3LYP provides fairly accurate 

anharmonic frequencies, with a Mean Absolute Error (MAE) of about 12 cm−1, and 
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maximum discrepancies lower than 35 cm−1. The overall result is due to the good quality of 

both harmonic contributions and anharmonic corrections, and not to a fortuitous cancellation 

of errors. The overall accuracy can be improved by hybrid computations, with the harmonic 

part computed at higher levels of theory, here B2PLYP/aug-cc-pVTZ and CCSD(T)/CBS, 

which in both cases lead to MAEs within 10 cm−1. Moreover the best theoretical estimates 

at the CC/DFT level lower maximum discrepancies to 25 cm−1. It is noteworthy that, 

although harmonic frequency computations at the CCSD(T)/CBS level are at present limited 

to systems with up to 10-15 atoms, the B2PLYP/B3LYP model can be applied also for 

larger systems of biological and/or technological interest40,90. Concerning dispersion-

corrected DFT approaches, B3LYP-D3 provides results essentially equal to B3LYP, for both 

harmonic frequencies and anharmonic corrections, so the same improvements can be 

obtained by hybrid models. All the other DFT models, B3LYP-DCP, M06-2X and ωB97XD 

yield less accurate harmonic frequencies, with MAEs of about 20 cm−1 and maximum 

discrepancies larger than 50 cm−1. Moreover, for M06-2X and ωB97XD the quality of 

results is worsened for anharmonic corrections. Although for uracil the MAEs shown by 

M06-2X and ωB97XD are slightly lower than those previously reported for other 

systems31,89,90,117, both functionals show again non-systematic maximum deviations 

(MAX) larger than 100 cm−1, accompanied by large errors (50-100 cm−1) for several 

important spectral features (e.g. N-H or C=O stretching vibrations). On the other hand, the 

large MAE of anharmonic B3LYP-DCP frequencies can be essentially attributed to the 

errors in the harmonic part. Thus, in the following we will focus on B3LYP, B3LYP-D3 and 

B3LYP-DCP results, considering B3LYP as a reference for both harmonic frequencies and 

anharmonic corrections.

B3LYP and B3LYP-D3 approaches give better predictions than B3LYP-DCP, with MAE 

and MAX of 11.8 and 32 cm−1, 12.3 and 34 cm−1, 18.7 and 56 cm−1, respectively. 

Moreover, B3LYP and B3LYP-D3 anharmonic frequencies all agree with respect to 

experiments within 20 cm−1 range, while larger discrepancies (over 30 cm−1) have been 

observed only for the vibrational mode γN1H at 562 cm−1. For B3LYP-DCP errors larger 

than 30 cm−1 have been observed for several vibrations in higher frequency range (νC-C, 

νC=O and νC5H) and ν ring, δNH, δCH at ~ 1240 cm−1.

3.1.2. B3LYP and its dispersion corrected counterparts—A statistical analysis of 

the deviations of computed vibrational frequencies for all nucleobases with respect to 

experimental data and B3LYP results is presented in Table 2.

Inspection of Table 2 shows that B3LYP and B3LYP-D3 results agree fairly well with 

experiments, with MAEs of about 11 cm−1 for the whole set of molecules and maximum 

positive (MAX) and negative (MIN) discrepancies not exceeding 30 cm−1 and 41 cm−1, 

respectively. It should be also noted that larger discrepancies observed for N-H stretching 

vibrations can be attributed to red-shifts of about 20 cm−1 due to the Ar matrix environment. 

The relative errors for B3LYP-DCP are significantly larger, with MAE, MAX and MIN of 

23, 72 and 80 cm−1 respectively. The accuracy of B3LYP results confirms that it can stand 

as a reference for comparison between the two dispersive methods B3LYP-DCP and 

B3LYP-D3. Direct comparison between the theoretical models allows to analyze different 

contributions to each overall anharmonic frequency, namely the harmonic part and the 
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anharmonic correction. The accuracy of the latter is of particular interest as the harmonic 

part can be corrected by more expensive computations within hybrid schemes, as shown 

above for the case of uracil. It emerges that harmonic and anharmonic frequencies obtained 

with B3LYP and B3LYP-D3 methods are nearly equivalent. On the other hand, major 

deviations appear in the case of B3LYP-DCP frequencies, with weighted mean absolute 

errors of 22 and 26 cm−1 respectively for the harmonic and anharmonic frequencies of all 

the nucleobases; a small deviation (6 cm−1) of the anharmonic shifts is, instead, observed. 

On the whole, B3LYP and B3LYP-D3 approaches provide more accurate vibrational 

wavenumbers with respect to B3LYP-DCP. In particular, the high accuracy of B3LYP, fully 

sufficient for the analysis of experimental spectra, is retained by computations with B3LYP-

D3. However, even if less accurate than B3LYP-D3, B3LYP-DCP computations perform 

significantly better than most of the other dispersion-corrected DFT models31,90 and, most 

importantly, provide reliable anharmonic corrections. In the following a more detailed 

analysis for remaining molecules is provided.

Adenine: Adenine vibrational wavenumbers are well reproduced in the whole spectral range 

with MAE and MAX of 12.0 and 26 cm−1, 12.3 and 25 cm−1, 24.0 and 55 cm−1, for B3LYP, 

B3LYP-D3 and B3LYP-DCP, respectively (see Table 6 in the supplementary material). 

However, the region of the experimental spectrum34 between 500 and 600 cm−1, 

corresponding to out-of-plane vibrational modes such as τNH2, γN9H,γC2H, τR, τr, shows 

several features which are not reproduced. In particular, a very intense doublet of bands at 

591 and 583 cm−1 was tentatively assigned to the out-of-plane vibrations of the amino 

group, split into two components due to matrix effects. Thus, the direct comparison between 

simulated and experimental34 infrared spectra of isolated adenine molecule has been 

restricted to the 800-3600 cm−1 spectral range, as shown in Figure 2.

In the lower frequency range B3LYP and B3LYP-D3 anharmonic frequencies provide major 

discrepancies in relation to experiments for the following vibrational modes: δscissNH2, 

νC4C5, νC5C6 at ~ 1565 cm−1, δrockNH2, νN1C6 at ~ 994 cm−1, γC8H, τR, τr, γC6N6 in the 

777-814 cm−1 region, γN9H, γC2H, τR, τr at ~ 545 cm−1, γwaggNH2, τRr in the 205-240 

cm−1 region. Nevertheless also in these cases the errors are of the order of about 20-30 

cm−1, and mainly involve out-of-plane modes of the amino group.

In the 900-1500 cm−1 spectral region a very good agreement between experimental data and 

calculated B3LYP and B3LYP-D3 anharmonic frequencies and intensities is observed. 

Instead, B3LYP-DCP anharmonic frequencies show larger deviations from experimental 

values.

Direct comparison with simulated spectra shows that experimental spectroscopic features in 

the 1500-1750 cm−1 spectral range are well reproduced by B3LYP and B3LYP-D3 

anharmonic calculations taking into account also the presence of relatively intense non-

fundamental transitions. The difference between the full experimental spectra (EXP) and the 

ones resulting from the fundamental transitions only (EXP FUNDAM) is also highlighted. It 

should be noted that such result could not be obtained by scaling the harmonic frequencies, 

as in this case only fundamental bands are present instead of complex pattern, including 

combination bands at 1604 cm−1 (δrockNH2, νN1C6 + δr, νC5C6, δR), 1610 cm−1 (δC2H, 
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νC8N9, δC8H, νC6N6 + δC6N6, δR, δr), 1645 cm−1 (δr, νC4C5 + ring breathing) (Figure 2: 

inset). The B3LYP-DCP anharmonic frequencies also result in rather complex spectra but 

the band positions show larger deviations from experimental values, and different band 

patterns.

As it could be expected, larger discrepancies between computed anharmonic frequencies and 

experiment are observed for the higher-frequency vibrational modes at ~ 3500 cm−1, 

νasymNH2 and νN9H, with about 30 cm−1 shifts in the case of B3LYP and B3LYP-D3, and 

about 20 cm−1 shifts for B3LYP-DCP. It was noted that larger discrepancies in the high-

wavenumber region are related to the Ar matrix effects. On the other hand X-H vibrations 

are also more sensitive to the PES description and can be systematically emended by hybrid 

computations with harmonic frequencies corrected at higher-level of theory (CCSD(T) or 

B2PLYP) with basis sets of at least triple-zeta quality90.

Cytosine: Globally, B3LYP and B3LYP-D3 approaches give better predictions than 

B3LYP-DCP, with MAE and MAX of 11.2 and 27 cm−1, 11.0 and 28 cm−1, 18.4 and 46 

cm−1, respectively (see Table 6 in the supplementary material). However, B3LYP and 

B3LYP-D3 anharmonic frequencies show remarkable differences from the experimental 

values (with shifts in the 20-30 cm−1 range) for the vibrational modes: νasymNH2 and N1H 

at ~ 3500 cm−1 which are better predicted by B3LYP-DCP, probably due to the fortuitous 

cancellation of errors. In the lower frequency range we note νC2N3 at ~ 1225 cm−1, δC5H, 

νC6N1, νC5C6 at ~ 1111 cm−1, δrockNH2 at ~ 1066 cm−1 which is better predicted by 

B3LYP-DCP, δC4N4, δC2O at ~ 357 cm−1.

Hypoxanthine: B3LYP and B3LYP-D3 methods give much better predictions than B3LYP-

DCP, with MAE and MAX of 11.3 and 26 cm−1, 11.2 and 25 cm−1, 31.9 and 66 cm−1, 

respectively (see Table 6 in the supplementary material). However, B3LYP and B3LYP-D3 

anharmonic frequencies deviate from experiments (with shifts in the 17-36 cm−1 range) for 

the following vibrational modes: νC2N3, δC2H at ~ 1590 cm−1, νN7C8, νC4C5 at ~ 1494 

cm−1, νN7C8, δN1H at ~ 1441 cm−1, δN9H, δC2H at ~ 1367 cm−1, νN1C6, δC6O at ~ 1032 

cm−1, γC6O, τR, τr at ~ 766 cm−1, δr, νC5C6 at ~ 599 cm−1, γN9H at ~ 524 cm−1.

Thymine: Once again B3LYP and B3LYP-D3 anharmonic frequencies agree much better 

with experiment than their B3LYP-DCP counterparts, with MAE and MAX of 9.3 and 7 

cm−1, 9.9 and 8 cm−1, 20.3 and 57 cm−1, respectively (see Table 6 in the supplementary 

material). However, B3LYP and B3LYP-D3 anharmonic frequencies show major 

discrepancies with respect to experiment (with shifts in the 19-40 cm−1 range) for the 

following vibrational modes: νasymCH3 at ~ 2964 cm−1, νout-of-planeCH3 at ~ 2945 cm−1, 

inv CH3, δN1H, νC2N3 at ~ 1386 cm−1, νC5-CH3, νN1C6 at ~ 1197 cm−1, γwaggN3H, γ ring, 

γwaggN1H, γwaggC2O at ~ 633 cm−1 and γwaggN1H, γwaggN3H, γwaggC4O, γ ring at ~ 507 

cm−1 (which are much better predicted by B3LYP-DCP with shifts of the anharmonic 

frequencies of only 14 cm−1 and 21 cm−1, respectively).
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3.2 Dimers

Optimized geometries and atom numberings of the investigated dimers are shown in Figures 

3 - 4.

Counterpoise-corrected binding energies (ΔEbind) of hydrogen-bonded and stacked dimer 

structures were calculated and compared to reference values137-140 in Figure 5 (detailed data 

are reported in Table 8 in the supplementary material). The comparison between the 

optimized structures of the dimers and the reference ones is reported in Tables 9 in the 

supplementary material, while the percentage mean absolute errors (MAE, %) of rotational 

constants of dimer structures are shown in Figure 5. The anharmonic Zero Point Vibrational 

Energies (ZPVE) for monomers and dimers, along with anharmonic ZPVE corrections to the 

binding energies are reported in Table 3.

The results of the anharmonic frequency calculation obtained through the three DFT 

methods for the hydrogen-bonded and stacked homodimers of uracil are reported in Table 4 

for the vibrational modes which exhibit the largest anharmonic frequency shifts with respect 

to the isolated nucleobase (complete anharmonic frequency results both for uracil and 

adenine dimers are reported in Tables 12-16 in the supplementary material).

Assignments of vibrational modes were performed by means of visual inspection of the 

atomic displacements along normal modes and through comparison with the assignments of 

the isolated nucleobases.

A detailed statistical analysis of the deviations of the harmonic and anharmonic frequencies 

computed with B3LYP-D3 and B3LYP-DCP methods is presented in Table 5. The mean 

absolute difference (MAD) has been computed considering all normal modes, while MIN e 

MAX have been evaluated by excluding 10 of the 341 vibrational modes which exhibit 

exceptionally large discrepancies. The small values of MADs prove that such modes do not 

play a major role in the weighted average.

3.2.1 Structures and energies: comparison of computational methods—The 

structures and energies of all dimers considered in the present study have been previously 

evaluated by highly accurate computational strategies, mainly by combination of MP2 and 

Coupled Cluster (CCSD(T)) approaches along with extrapolation to the complete basis set 

limit (CBS), allowing the comparison and assessment of the performance of less 

computationally demanding B3LYP-based models. First of all it can be observed that 

B3LYP calculations fail for stacked dimers, as expected for systems that mainly interact 

through dispersion forces. Instead, both B3LYP-D3 and B3LYP-DCP models predict 

reliable binding energies and structural parameters with similar good accuracy.

As shown in Figure 5 and in Tables 8-11 in the supplementary material, even in the case of 

hydrogen-bonded structures B3LYP shows the largest deviations for both binding energies 

and structural parameters with respect to the best theoretical estimates137-140, while B3LYP-

D3 and B3LYP-DCP show very good performances and provide rather similar values, 

making both approaches of essentially equal accuracy. The slight differences between 
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B3LYP-D3 and B3LYP-DCP results suggest that each method has its pros and cons and 

none of them can be considered clearly superior to the other.

As far as the energies of the optimized geometries are concerned, B3LYP underestimates the 

binding energies of the hydrogen bonded structures137,138 by about 14 % for the uracil 

dimer and 22% for the adenine dimer, B3LYP-D3 slightly overestimates by up to 6 % for 

the uracil dimer and 5% for the adenine dimer, whereas B3LYP-DCP gives energies with 

the best agreement. Indeed, an overestimation within 0.6% of the reference, in the case of 

the uracil dimer, and an underestimation of 2%, in the case of adenine dimer, are observed. 

For stacked structures137,139,140, in most cases B3LYP-D3 and B3LYP-DCP underestimate 

interaction energies (exception: uracil dimer at the B3LYP-D3 level), and in all cases the 

difference from the reference is at most 2 % (see Table 8 in the supplementary material).

Regarding the optimized structures, all methods give rotational constants which reflect the 

overall accuracy of geometry parameters within 5% of the reference (see Table 9 in the 

supplementary material), whereas for structural parameters the difference is at most 11 % 

(see Table 11 in the supplementary material). In the case of hydrogen bonded dimers 

B3LYP shows the largest errors, which are about 4 % for rotational constants and 5 % for 

structural parameters in the case of the uracil dimer, and 1 % for both rotational constants 

and structural parameters in the case of the adenine dimer. On the contrary, B3LYP-D3 and 

B3LYP-DCP provide quite similarly small deviations, i.e. 3 % for rotational constants and 4 

% for structural parameters in the case of the uracil dimer and 0.5 % for rotational constants 

and 0.3 % for structural parameters in the case of the adenine dimer. Stacked dimers show, 

instead, larger deviations with respect to reference values. This reflects the difficulty of 

obtaining a proper description of geometry when the overall structures are largely influenced 

by dispersion interactions. However, both B3LYP-D3 and B3LYP-DCP show deviations 

within about 7% for rotational constants and 11% for structural parameters, and no clear 

preference of one over another can be observed.

3.2.2 Vibrational properties—Unfortunately, reliable reference data regarding 

vibrational properties are not available in the literature. To the best of our knowledge, 

anharmonic computations at the Coupled Cluster level for the systems considered in this 

work (except uracil molecule) have not yet been performed. Additionally, experimental 

spectroscopy studies of weakly bound nucleobase complexes or similar systems are still 

rather scarce149,150 and most importantly results might be biased by interpretations, thus 

being not fully adequate for benchmark purposes. As an example it could be quoted the 

study by Kleinermanns and coworkers150 on adenine dimers, performed by IR-UV double-

resonance spectroscopy, where the assignment of the observed spectra in the N-H stretching 

frequency range has been performed with the aid of harmonic computations at the HF/

6-31G(d,p) level, and the most stable symmetric structure has been excluded due to the 

disagreement between computed and experimental spectra. A similar analysis, based on very 

limited spectroscopic data, namely the comparison of experimental and theoretical OH 

vibrational frequencies, lead to an incorrect proposal of a non planar equilibrium structure 

for the anisole-water complex151. This was corrected by high-resolution laser induced 

fluorescence spectroscopy (LIF) measurements of the rotational constants, which showed 

that water is located in the anisole symmetry plane and is bound to the molecule by a 
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conventional hydrogen bond152 and further confirmed by experimental153-155 and 

computational155,156 findings. As a consequence, for a proper benchmark reference it is 

necessary to combine structure identification of the complexes (by means, e.g., of rotational 

spectra) with an analysis of the vibrational transitions. To the best of our knowledge such 

experimental studies for the nucleobase complexes are not available and the present work 

could be useful for supporting future investigations. Experimental data on dimers are largely 

related to the X-H stretching vibrations, at high-wavenumbers, which are more difficult to 

describe at the DFT level. Moreover, while isolated X-H stretching vibrations are accurately 

described at the VPT2 level, which is an exact solution for a Morse-like potential energy 

curve, this might not be the case for strongly anharmonic vibrations within hydrogen bonded 

bridges. Thus, benchmark studies based on the high-frequency spectral zone would 

unbalance the accuracy of the lower-wavenumbers regions, which are, instead, more 

relevant for the current project. For that reasons, the performances of both dispersion-

corrected models for prediction of vibrational properties have been validated by comparison 

with well-established data for monomers. In this section, vibrational properties for 

complexes, computed with both B3LYP-D3 and B3LYP-DCP, are discussed and a critical 

comparison between both models is made.

Considering the absolute values of ZPVE’s (Table 3), the differences between B3LYP-D3 

and B3LYP-DCP are mainly related to the harmonic part, while anharmonic corrections 

vary by up to 50 cm−1 for monomers and 250 cm−1 for dimers. The latter value refers to the 

uracil hydrogen bonded dimer and leads to the largest differences in the ZPVE correction to 

the binding energy. B3LYP-D3 predicts a decrease of ΔZPVE by 0.5 kcal mol−1 when 

anharmonic correction is considered while for B3LYP-DCP harmonic and anharmonic 

ΔZPVEs are very similar. On the contrary, in the case of the adenine stacked dimer B3LYP-

D3 yields similar values of harmonic and anharmonic ΔZPVEs while for B3LYP-DCP both 

values differ by about 0.25 kcal mol−1. Considering the similar performances of B3LYP and 

B3LYP-D3, for the latter an accuracy of anharmonic corrections to ZPVE of about 0.05 kcal 

mol−1 can be expected86. By comparison with B3LYP-D3 we can estimate for anharmonic 

ΔZPVEs computed with B3LYP-DCP an average error of about 0.2 kcal mol−1, with 

maximum discrepancies of up to 0.5 kcal mol−1. In summary, for accurate estimates of 

complexes binding energies ΔZPVEs computed at the B3LYP-D3 level should be 

recommended, while computations at harmonic level and/or with B3LYP-DCP yield results 

well within the so called chemical accuracy.

Comparison of harmonic and anharmonic frequencies obtained with both dispersive 

methods (Table 5) indicates a MAD of about 20 cm−1 for the deviations between the 

harmonic frequencies, about 30 cm−1 for the deviations between the anharmonic frequencies 

and about 10 cm−1 for the deviations of anharmonic shifts. It can be noted that the relative 

performance of these two methods in calculating vibrational frequencies in the case of the 

dimers is the same as that just observed for monomers (with respective MADs again of 

about 20 cm−1, 30 cm−1 and 10 cm−1). Absolute maximum deviations of 65 cm−1, 67 cm−1 

and 51 cm−1 are obtained for harmonic frequencies, anharmonic frequencies and the 

anharmonic shifts, respectively, excluding 10 of the 341 vibrational modes which exhibit 

exceptionally large discrepancies. The vibrations excluded from the statistical analysis are 

indeed the ones which are the most difficult to describe properly due to both PES 
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requirements and limitations of perturbative treatment. In particular, the most significant 

deviations between the harmonic frequencies calculated through B3LYP-DCP and B3LYP-

D3 methods are observed for the torsional vibrational mode of the amino group in the 

hydrogen-bonded adenine dimer (−78 cm−1), and the ring stretching of hydrogen-bonded 

uracil dimer (60 cm−1). The largest deviations between the anharmonic frequencies are 

observed for the out-of-plane bending of N1H group in the stacked uracil dimer (−236 cm−1) 

and the out-of-plane bending of N1H, CH and N3H groups in the hydrogen-bonded uracil 

dimer (139 cm−1). The maximum negative deviation of anharmonic shifts is due to the out-

of-plane bending of N1H group in the stacked uracil dimer (−257 cm−1), while the 

maximum positive deviation of anharmonic shifts is due the torsional vibrational mode of 

the amino group in the hydrogen-bonded adenine dimer (196 cm−1). However, as it can be 

inferred by the MADs evaluated taking into account all the vibrational modes, the role of 

such modes is negligible in the weighted average, justifying their exclusion in the evaluation 

of MAX and MIN.

3.2.3 Effect of intermolecular interactions—Given the better performance of B3LYP-

D3 in calculating vibrational frequencies for the monomeric nucleobases, this method has 

been chosen to compare IR spectra of the monomers and the dimers in order to investigate 

the effect of the intermolecular interactions on the vibrational frequencies of nucleobases.

The anharmonic infrared spectra, calculated through B3LYP-D3 approach, of adenine 

dimers compared with that of isolated adenine molecule are presented in Figure 6.

The two major effects of intermolecular interactions observed on the IR spectra are the 

frequency shifts and the intensity changes.

The anharmonic frequency shifts of adenine dimers with respect to the isolated adenine 

molecule are reported in bold italic in the supplementary material in Tables 14-16.

In the hydrogen-bonded adenine dimer, the most significant shifts of anharmonic vibrational 

frequencies concern some vibrational modes of the amino group, which is indeed involved 

in the hydrogen-bonding interaction. These are: νsymNH2 at 2965 cm−1 with a considerable 

shift of ~ −500 cm−1 and a large intensity increase giving the most intense band in the 

spectrum, δscissNH2, νC6N6 at 1495 cm−1 with a shift of −70 cm−1, γwaggNH2, τRr at ~ 152 

cm−1 with a shift of ~ −53 cm−1. It is noteworthy that all these shifts are negative indicating 

that hydrogen bonds weaken the force constants of the amino group for such vibrations. 

Other bands which gather intensity include the νasymNH2 vibrational mode at 3502 cm−1, 

the νC8H vibrational mode at 3101 cm−1, the νC2H vibrational mode at 3030 cm−1, the 

δscissNH2, νC5C6, νC6N6 vibrational mode at 1647 cm−1 and 1592 cm−1, the δscissNH2, 

νC4C5, νC5C6 vibrational mode at 1583 cm−1, the νC2N3, νN1C2 vibrational mode at 1311 

cm−1.

In the stacked adenine dimer, the main anharmonic frequency shifts involve out-of-plane 

vibrational modes, such as τNH2, γN9H at 425 cm−1 with a shift of −66 cm−1 and γwaggNH2 

at ~ 280 cm−1 with a shift of ~ 77 cm−1. The most intense band in the spectrum of the dimer 
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corresponds to the δC8H, νN7C8, δN9H vibrational mode at 1242 cm−1, which acquires 

intensity with respect to the case of the isolated adenine molecule.

In the present study the stacked adenine-naphthalene heterodimer may be considered as a 

first step in the investigation of the interactions between nucleobases and graphene-like solid 

supports. Therefore the effects determined by the naphthalene support on the vibrational 

frequencies and band intensities of the spectrum of the adenine molecule have been 

examined. In particular, the most relevant anharmonic frequency shift concerns the 

γwaggNH2, τRr vibrational mode of the adenine molecule at 330 cm−1 with a shift of 125 

cm−1, which shows also an intensity increase. Other shifts are observed for the νasymNH2 

vibrational mode at 3520 cm−1 (−14 cm−1), νN9H vibrational mode at 3463 cm−1 (−19 

cm−1), νsymNH2 vibrational mode at 3425 cm−1 (−18 cm−1), γC8H vibrational mode at 824 

cm−1 (+11 cm−1), γC8H, τR, τr, γC6N6 vibrational mode at 810 cm−1 (+30 cm−1), γN9H, 

γC2H, τR, τr vibrational mode at 567 cm−1 (+23 cm−1) which has vanishing intensity in the 

spectrum of the isolated nucleobase, but gather intensity when adenine interacts with 

naphthalene, δR, γN9H vibrational mode at 523 cm−1 (+18 cm−1) which undergoes to a 

remarkable intensity increase leading to the most intense band in the spectrum of the 

adenine-naphthalene heterodimer, τNH2, γN9H vibrational mode at 518 cm−1 (+20 cm−1) 

which is one of the most intense bands in the spectrum of the isolated nucleobase, but 

decreases its intensity when adenine interacts with naphthalene, γN9H vibrational mode at 

522 cm−1 (+31 cm−1) which shows also an intensity increase, τNH2, δR vibrational mode at 

461 cm−1 (−25 cm−1) which decreases in intensity, τRr, γwaggNH2 vibrational mode at 218 

cm−1 (−21 cm−1) which is subjected to a significant decrease, γwaggNH2, τRr vibrational 

mode at 168 cm−1 (−37 cm−1) which is subjected to a significant decrease. Other bands 

which gather intensity when adenine interacts with naphthalene include the νC2H 

vibrational mode at 3034 cm−1 which becomes the second most intense band in the 

spectrum, the νN1C6, δC2H, νC2N3, νC6N6 vibrational mode at 1464 cm−1 and the δN9H, 

δC2H, νC4N9, νC8N9 vibrational mode at 1379 cm−1 which becomes particularly intense.

The main anharmonic frequency shifts of uracil dimers with respect to the isolated uracil 

molecule are reported in bold italic in Table 4 (detailed anharmonic frequency shifts are 

reported in the supplementary material in Tables 12-13).

In the hydrogen-bonded uracil dimer, the most significant shifts of anharmonic frequencies 

are observed for some vibrational modes of the functional groups involved in the hydrogen-

bonding interaction. In particular, the stretching modes of the N3H and νN1H groups at 

about 3000 cm−1 show very pronounced shifts to lower frequencies of ~ −500 cm−1, and the 

νC2=O, νC4=O, ν ring, δNH vibrational modes at ~ 1700 cm−1 display red-shifts up to ~ 

−70 cm−1; whereas the ν ring, δN1H, δN3H vibrational modes at ~ 1500 cm−1 and the 

δC=O, δ ring vibrational modes in the 527-560 cm−1 region present blue-shifts up to ~ 160 

cm−1.

In most cases B3LYP-DCP yields similar results as B3LYP-D3. Only for stacked uracil 

dimer B3LYP-DCP anharmonic calculations do not predict any significant shift of 

vibrational frequencies of the dimer with respect to the isolated molecule, while using 

B3LYP-D3 noteworthy frequency shifts are observed. These involve the stretching mode of 
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the N1H group at about 3370 cm−1 with shifts to lower frequencies of ~ −100 cm−1, the 

stretching mode of the C4=O group at 1689 cm−1 with a shift of ~ −60 cm−1, and out-of-

plane vibrational modes which undergo shifts to higher frequencies, that are: γN3H at ~ 700 

cm−1 with shifts up to 59 cm−1, γN1H at 824 cm−1 with a shift of 296 cm−1 and at 651 cm−1 

with a shift of 124 cm−1.

As expected, comparison of the IR spectra of the monomer and the dimers shows important 

shifts of the vibrational frequencies and/or IR intensity variations of specific functional 

groups. These correspond to proton donor and acceptor moieties which could interconnect 

the molecules through intermolecular hydrogen bonds. Even in the stacked structures and in 

the heterodimer significant changes in the spectral features are noticed for some out-of-plane 

vibrational modes, which are most influenced by the stacked configuration.

4. Conclusions

Computational spectroscopy studies are often indispensable for the interpretation of 

experimental spectra of complex molecular systems, such as nucleobase complexes 

characterized by different kinds of intermolecular interactions which may deeply influence 

the vibrational frequencies of the isolated molecules. Therefore, it is necessary to define a 

viable yet accurate computational procedure for the description not only of isolated 

monomers but especially of dimers with the aim of studying multicomponent configurations 

such as isolated nucleobases or layers of nucleobases adsorbed on solid supports in vacuum 

or in aqueous environments.

For such systems the dominant intermolecular interactions to be taken into account are the 

relatively weak hydrogen bonding and van der Waals interactions. In order to model the 

vibrational spectra of weakly bound molecular complexes, we have tested the performances 

of two popular and inexpensive approaches, namely the semi-empirical dispersion correction 

(D3) and pseudopotential based (DCP) methods both in conjunction with the B3LYP 

functional, for calculating anharmonic frequencies of the nucleobases adenine, 

hypoxanthine, uracil, thymine, cytosine, the hydrogen-bonded and stacked adenine and 

uracil dimers and the stacked adenine-naphthalene heterodimer. These methods have already 

shown good performances for structural parameters and binding energies of non-covalent 

adducts, but they have not been validated yet for vibrational anharmonic frequencies, so we 

decided to use these two approaches for simulating fully anharmonic infrared spectra of 

nucleobases and their dimers.

Our investigation indicates that in the case of isolated nucleobases B3LYP and B3LYP-D3 

lead to a very good agreement with experiments, with MAEs of about 12 cm−1 for the whole 

set of molecules and maximum discrepancies not exceeding 45 cm−1. Larger deviations are 

observed instead for B3LYP-DCP, with MAE of 24 cm−1and maximum discrepancy of 80 

cm−1. Direct comparison between theoretical models shows that harmonic and anharmonic 

frequencies obtained with B3LYP and B3LYP-D3 methods are nearly equivalent, while 

B3LYP-DCP frequencies differ more from B3LYP ones with a weighted mean absolute 

error of 22 cm−1 on the harmonic frequencies and of 26 cm−1 on the anharmonic frequencies 

of all the nucleobases. However, the deviation between the anharmonic shifts is only 6 
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cm−1, suggesting that the main difference between the performances of the two dispersive 

methods concerns the harmonic part of the overall vibrational frequencies.

In the case of dimers, our study points out the failure of B3LYP calculations in describing 

stacked structures, as expected for systems that mainly interact through dispersion forces. 

Even in the case of hydrogen bonded dimers B3LYP behaves worse both for calculating 

binding energies and structural parameters. On the contrary, B3LYP-D3 and B3LYP-DCP 

predict reliable binding energies, rotational constants and structural parameters with similar 

good accuracy both for hydrogen bonded and stacked dimers, indicating that such methods 

may be effectively used for describing these kinds of systems.

Regarding vibrational spectra, examination of harmonic and anharmonic frequencies of the 

dimers obtained with both dispersive methods yields about the same deviations obtained in 

the case of isolated nucleobases, with a MAE of about 20 cm−1 for the deviations between 

the harmonic frequencies, about 30 cm−1 for the deviations between the anharmonic 

frequencies and about 10 cm−1 for the deviations of anharmonic shifts. This result indicates 

that the relative performances of these two methods in calculating vibrational frequencies 

does not change increasing the complexity of the system. Then, the effect of intermolecular 

interactions on the vibrational frequencies of nucleobases has been investigated comparing 

the IR spectra of the dimers with those of the monomers, observing significant shifts of the 

vibrational frequencies and the increase of band intensity of specific functional groups. As 

expected, in the hydrogen bonded dimers major effects are observed for the groups involved 

in the hydrogen bonds, i.e. the proton donor and acceptor moieties. But even in the stacked 

structures significant shifts have been observed for some out-of-plane vibrational modes, 

which are more influenced by the stacked configuration.

As a consequence, when considering nucleobases in condensed-phases or adsorbed onto 

surfaces, assignments of spectroscopic features based on gas-phase data could be 

misleading30, bringing to an incorrect interpretation of the spectra and thus of the actual 

groups involved in the interactions. Therefore, for a correct assignment of vibrational 

frequencies it is fundamental to carry out computational spectroscopy studies not only for 

isolated molecules but especially for the complexes.

Our investigation indicates that the two dispersive methods, B3LYP-D3 and B3LYP-DCP, 

are capable of predicting reliable values for binding energies and structural parameters, both 

for hydrogen bonded and stacked structures. For vibrational frequencies B3LYP-D3 yields 

more accurate results, yet B3LYP-DCP outperforms several other dispersion-corrected DFT 

approaches, and provides reliable anharmonic corrections. However, considering also its 

applicability for essentially all elements from the periodic table, B3LYP-D3 can be 

suggested as the method of first choice.

From the present investigation it emerges that spectra simulated with dispersion-corrected 

B3LYP approaches may be used confidently to interpret experimental data of nucleobase 

complexes, or nucleobase solid-support molecular systems in order to get hints on their 

function and properties, of relevance to astrophysical research (prebiotic interactions, the 

detection of such compounds in extraterrestrial environments) as well as to improve the 

Fornaro et al. Page 17

Phys Chem Chem Phys. Author manuscript; available in PMC 2015 October 20.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



characterization of biomolecular devices that are particularly appealing in materials science 

and biotechnologies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

The research leading to these results has received funding from the European Union’s Seventh Framework 
Programme (FP7/2007-2013) under grant agreement No ERC-2012-AdG-320951-DREAMS. The high 
performance computer facilities of the DREAMS center (http://dreamshpc.sns.it) are acknowledged for providing 
computer resources. The support of COST CMTS-Action CM1002 “COnvergent Distributed Environment for 
Computational Spectroscopy(CODECS)” is also acknowledged. The authors gratefully acknowledge Y. Cho for 
providing the optimized geometries of the adenine-naphthalene dimer.

references

1. Donhauser ZJ, Mantooth BA, Kelly KF, Bumm LA, Monnell JD, Stapleton JJ, Price DW, Rawlett 
AM, Allara DL, Tour JM, Weiss PS. Science. 2001; 292:2303–2307. [PubMed: 11423655] 

2. Davis SA, Dujardin E, Mann S. Current Opinion in Solid State and Materials Science. 2003; 7:273–
281.

3. Patwardhan SV, Patwardhan G, Perry CC. J. Mater. Chem. 2007; 17:2875–2884.

4. Walcarius A, Minteer SD, Wang J, Lin Y, Merkoci A. J. Mater. Chem. B. 2013; 1:4878–4908.

5. Singh P, Kumar J, Toma FM, Raya J, Prato M, Fabre B, Verma S, Bianco A. J. Am. Chem. Soc. 
2009; 131:13555–13562. [PubMed: 19673527] 

6. Lee J-H, Choi Y-K, Kim H-J, Scheicher RH, Cho J-H. J. Phys. and Colloid Chem. 2013; 
117:13435–13441.

7. Panigrahi S, Bhattacharya A, Banerjee S, Bhattacharyya D. J. Phys. and Colloid Chem. 2012; 
116:4374–4379.

8. Vovusha H, Sanyal S, Sanyal B. J. Phys. Chem. Lett. 2013; 4:3710–3718.

9. Zheng G, Patolsky F, Cui Y, Wang W, Lieber CM. Nat. Biotechnol. 2005; 23:1294–1301. [PubMed: 
16170313] 

10. Drummond TG, Hill MG, Barton JK. Nat Biotech. 2003; 21:1192–1199.

11. Yang C, Zhong Z, Lieber CM. Science. 2005; 310:1304–1307. [PubMed: 16311329] 

12. Levicky R, Horgan A. Trends in biotechnology. 2005; 23:143–149. [PubMed: 15734557] 

13. Labuda J, Brett AMO, Evtugyn G, Fojta M, Mascini M, Ozsoz M, Palchetti I, Paleček E, Wang J, 
et al. Pure and Applied Chemistry. 2010; 82:1161–1187.

14. Porchetta A, Valle-Blisle A, Plaxco KW, Ricci F. J. Am. Chem. Soc. 2013; 135:13238–13241. 
[PubMed: 23971651] 

15. Monti S, Prampolini G, Barone V. J. Phys. and Colloid Chem. 2011; 115:9146–9156.

16. Lacerda L, Bianco A, Prato M, Kostarelos K. J. Mater. Chem. 2008; 18:17–22.

17. Lu F, Gu L, Meziani MJ, Wang X, Luo PG, Veca LM, Cao L, Sun Y-P. Advanced Materials. 
2009; 21:139–152.

18. Kitano H. Science. 2002; 295:1662–1664. [PubMed: 11872829] 

19. Ziegler C. Analytical and Bioanalytical Chemistry. 2004; 379:946–959. [PubMed: 15338089] 

20. Patolsky F, Lieber CM. Materials Today. 2005; 8:20–28.

21. Hood L, Heath JR, Phelps ME, Lin B. Science. 2004; 306:640–643. [PubMed: 15499008] 

22. Draghici S, Khatri P, Eklund AC, Szallasi Z. Trends in Genetics. 2006; 22:101–109. [PubMed: 
16380191] 

23. Howorka S. Langmuir. 2013; 29:7344–7353. [PubMed: 23373872] 

Fornaro et al. Page 18

Phys Chem Chem Phys. Author manuscript; available in PMC 2015 October 20.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts

http://dreamshpc.sns.it


24. Sowerby S, Heckl W. Origins of life and evolution of the biosphere. 1998; 28:283–310. [PubMed: 
9611768] 

25. Monnard P-A, Kanavarioti A, Deamer DW. J. Am. Chem. Soc. 2003; 125:13734–13740. 
[PubMed: 14599212] 

26. Scappini F, Casadei F, Zamboni R, Franchi M, Gallori E, Monti S. International Journal of 
Astrobiology. 2004; 3:17–19.

27. Saladino R, Crestini C, Ciambecchini U, Ciciriello F, Costanzo G, Di Mauro E. ChemBioChem. 
2004; 5:1558–1566. [PubMed: 15481029] 

28. Saladino R, Crestini C, Neri V, Brucato JR, Colangeli L, Ciciriello F, Di Mauro E, Costanzo G. 
ChemBioChem. 2005; 6:1368–1374. [PubMed: 16003804] 

29. Fornaro T, Brucato JR, Branciamore S, Pucci A. International Journal of Astrobiology. 2013; 
12:78–86.

30. Fornaro T, Brucato JR, Pace E, Guidi MC, Branciamore S, Pucci A. Icarus. 2013; 226:1068–1085.

31. Biczysko M, Panek P, Barone V. Chem. Phys. Lett. 2009; 475:105–110.

32. Puzzarini C, Biczysko M, Barone V. J. Chem. Theory Comput. 2011; 7:3702–3710.

33. Zierkiewicz W, Komorowski L, Michalska D, Cerny J, Hobza P. The Journal of Physical 
Chemistry B. 2008; 112:16734–16740. [PubMed: 19367910] 

34. Nowak MJ, Lapinski L, Kwiatkowski JS, Leszczynski J. J. Phys. Chem. 1996; 100:3527–3534.

35. Lapinski L, Reva I, Nowak MJ, Fausto R. Phys. Chem. Chem. Phys. 2011; 13:9676–9684. 
[PubMed: 21499603] 

36. Ramaekers R, Maes G, Adamowicz L, Dkhissi A. J. Mol. Struct. Theochem. 2001; 560:205–221.

37. Santoro F, Barone V, Gustavsson T, Improta R. J. Am. Chem. Soc. 2006; 128:16312–16322. 
[PubMed: 17165786] 

38. Santoro F, Barone V, Improta R. Proc. Nat. Acad. Sci. USA. 2007; 104:9931–9936. [PubMed: 
17545308] 

39. Szczepaniak K, Szczesniak MM, Person WB. J. Phys. Chem. A. 2000; 104:3852–3863.

40. Biczysko M, Bloino J, Brancato G, Cacelli I, Cappelli C, Ferretti A, Lami A, Monti S, Pedone A, 
Prampolini G, Puzzarini C, Santoro F, Trani F, Villani G. Theoret. Chim. Acta. 2012; 131:1201.

41. Thicoipe S, Carbonniere P, Pouchan C. Phys. Chem. Chem. Phys. 2013; 15:11646–11652. 
[PubMed: 23759994] 

42. Puzzarini C, Biczysko M, Barone V, Pena I, Cabezas C, Alonso JL. Phys. Chem. Chem. Phys. 
2013; 15:16965–16975. [PubMed: 24002739] 

43. Carnimeo I, Biczysko M, Bloino J, Barone V. Phys. Chem. Chem. Phys. 2011; 13:16713–16727. 
[PubMed: 21858336] 

44. Lopez A, Heller T, Bitzer T, Richardson N. Chem. Phys. 2002; 277:1–8.

45. Sinha P, Boesch SE, Gu C, Wheeler RA, Wilson AK. J. Phys. Chem. A. 2004; 108:9213–9217.

46. Andersson MP, Uvdal PE. J. Phys. Chem. A. 2005; 109:2937–2941. [PubMed: 16833612] 

47. Teixeira F, Melo A, Cordeiro MNDS. J. Chem. Phys. 2010; 133:114109. [PubMed: 20866128] 

48. Alecu IM, Zheng J, Zhao Y, Truhlar DG. J. Chem. Theory Comput. 2010; 6:2872–2887.

49. Katsyuba SA, Zvereva EE, Burganov TI. J. Phys. Chem. A. 2013; 117:6664–6670. [PubMed: 
23805975] 

50. Rauhut G, Pulay P. J. Phys. Chem. 1995; 99:3093–3100.

51. Baker J, Jarzecki AA, Pulay P. J. Phys. Chem. A. 1998; 102:1412–1424.

52. Fabri C, Szidarovszky T, Magyarfalvi G, Tarczay G. J. Phys. Chem. A. 2011; 115:4640–4649. 
[PubMed: 21495661] 

53. Irikura KK, Johnson IRD, Kacker RN, Kessel R. J. Chem. Phys. 2009; 130:114102. [PubMed: 
19317526] 

54. Pernot P, Cailliez F. J. Chem. Phys. 2011; 134:167101. [PubMed: 21528984] 

55. Császár AG, Fábri C, Szidarovszky T, Mátyus E, Furtenbacher T, Czakó G. Physical Chemistry 
Chemical Physics. 2012; 14:1085–1106. [PubMed: 21997300] 

56. Mills, IM. Molecular Spectroscopy: Modern Research. Academic; New York: 1972. 

Fornaro et al. Page 19

Phys Chem Chem Phys. Author manuscript; available in PMC 2015 October 20.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



57. Truhlar DG, Olson RW, Jeannotte AC, Overend J. J. Am. Chem. Soc. 1976; 98:2373–2379.

58. Isaacson AD, Truhlar DG, Scanlon K, Overend J. J. Chem. Phys. 1981; 75:3017–3024.

59. Clabo DA Jr. Allen WD, Remington RB, Yamaguchi Y, Schaefer HF III. Chem. Phys. 1988; 
123:187–239.

60. Allen WD, Yamaguchi Y, Császár AG, Clabo DA Jr. Remington RB, Schaefer HF III. Chem. 
Phys. 1990; 145:427–466.

61. Amos RD, Handy NC, Green WH, Jayatilaka D, Willets A, Palmieri P. J. Chem. Phys. 1991; 
95:8323–8336.

62. Maslen PE, Handy NC, Amos RD, Jayatilaka D. J. Chem. Phys. 1992; 97:4233–4254.

63. Gaw, F.; Willetts, A.; Handy, N.; Green, W. SPECTRO - a program for derivation of spectroscopic 
constants from provided quartic force fields and cubic dipole fields. Bowman, JM., editor. Vol. 
1B. JAI Press; 1991. p. 169-185.

64. Zhang Q, Day PN, Truhlar DG. J. Chem. Phys. 1993; 98:4948–4958.

65. Barone V. J. Chem. Phys. 1994; 101:10666–10676.

66. Barone V. J. Chem. Phys. 2005; 122:014108.

67. Barone V. J. Chem. Phys. 2004; 120:3059–3065. [PubMed: 15268458] 

68. Martin JML, Lee TJ, Taylor PM, Francǫis J-P. J. Chem. Phys. 1995; 103:2589–2602.

69. Stanton JF, Gauss J. J. Chem. Phys. 1998; 108:9218–9220.

70. Ruden TA, Taylor PR, Helgaker T. J. Chem. Phys. 2003; 119:1951–1960.

71. Ruud K, Åstrand PO, Taylor PR. J. Chem. Phys. 2000; 112:2668–2683.

72. Stanton JF, Gauss J. Int. Rev. Phys. Chem. 2000; 19:61–95.

73. Neugebauer J, Hess BA. J. Chem. Phys. 2003; 118:7215–7225.

74. Vázquez J, Stanton JF. Mol. Phys. 2006; 104:377–388.

75. Vázquez J, Stanton JF. Mol. Phys. 2007; 105:101–109.

76. Bowman JM. Science. 2000; 290:724–725. [PubMed: 11184203] 

77. Roy TK, Gerber RB. Phys. Chem. Chem. Phys. 2013; 15:9468–9492. [PubMed: 23677257] 

78. Bowman JM, Carter S, Huang X. Int. Rev. Phys. Chem. 2003; 22:533–549.

79. Carter S, Handy N. J. Chem. Phys. 2000; 113:987–993.

80. Carter S, Sharma AR, Bowman JM, Rosmus P, Tarroni R. J. Chem. Phys. 2009; 131:224106. 
[PubMed: 20001023] 

81. Chaban GM, Jung JO, Gerber RB. J. Chem. Phys. 1999; 111:1823–1829.

82. Rauhut G, Hrenar T. Chem. Phys. 2008; 346:160–166.

83. Christiansen O. Phys. Chem. Chem. Phys. 2007; 9:2942–2953. [PubMed: 17551617] 

84. Norris LS, Ratner MA, Roitberg AE, Gerber RB. J. Chem. Phys. 1996; 105:11261–11268.

85. Christiansen O. J. Chem. Phys. 2003; 119:5773–5781.

86. Bloino J, Biczysko M, Barone V. J. Chem. Theory Comput. 2012; 8:1015–1036.

87. Barone V, Bloino J, Guido CA, Lipparini F. Chem. Phys. Lett. 2010; 496:157–161.

88. Bloino J, Barone V. J. Chem. Phys. 2012; 136:124108. [PubMed: 22462836] 

89. Barone V, Biczysko M, Bloino J, Puzzarini C. J. Chem. Theory Comput. 2013; 9:1533–1547.

90. Barone V, Biczysko M, Bloino J. Phys. Chem. Chem. Phys. 2014; 16:1759–1787. [PubMed: 
24346191] 

91. Cappelli C, Monti S, Scalmani G, Barone V. J. Chem. Theory Comput. 2010; 6:1660–1669.

92. Cappelli C, Lipparini F, Bloino J, Barone V. J. Chem. Phys. 2011; 135:104505. [PubMed: 
21932908] 

93. Cappelli C, Bloino J, Lipparini F, Barone V. J. Phys. Chem. Lett. 2012; 3:1766–1773. [PubMed: 
26291857] 

94. Egidi F, Bloino J, Cappelli C, Barone V. Chirality. 2013; 25:701–708. [PubMed: 23857879] 

95. Carbonniere P, Lucca T, Pouchan C, Rega N, Barone V. J. Comput. Chem. 2005; 26:384–388. 
[PubMed: 15651031] 

96. Burcl R, Carter S, Handy NC. Phys. Chem. Chem. Phys. 2004; 6:340–343.

Fornaro et al. Page 20

Phys Chem Chem Phys. Author manuscript; available in PMC 2015 October 20.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



97. Burcl R, Handy NC, Carter S. Spectrochim. Acta A. 2003; 59:1881–1893.

98. Boese AD, Martin J. J. Phys. Chem. A. 2004; 108:3085–3096.

99. Cane E, Miani A, Trombetti A. J. Phys. Chem. A. 2007; 111:8218–8222. [PubMed: 17672437] 

100. Becke AD. J. Chem. Phys. 1993; 98:5648–5652.

101. Lee C, Yang W, Parr RG. Phys. Rev. B. 1988; 37:785–789.

102. Miani A, Cane E, Palmieri P, Trombetti A, Handy NC. J. Chem. Phys. 2000; 112:248–259.

103. Barone V. Chem. Phys. Lett. 2004; 383:528–532.

104. Barone V. J. Phys. Chem. A. 2004; 108:4146–4150.

105. Boese A, Klopper W, Martin J. Int. J. Quantum Chem. 2005; 104:830–845.

106. Palmer MH. J. Molec. Structure. 2007; 834-836:113–128.

107. Olbert-Majkut A, Ahokas J, Lundell J, Pettersson M. Chem. Phys. Lett. 2009; 468:176–183.

108. Kristyn S, Pulay P. Chem. Phys. Lett. 1994; 229:175–180.

109. Grimme S. J. Comput. Chem. 2004; 25:1463–1473. [PubMed: 15224390] 

110. Grimme S. J. Comput. Chem. 2006; 27:1787–1799. [PubMed: 16955487] 

111. Grimme S, Antony J, Ehrlich S, Krieg H. J. Chem. Phys. 2010; 132:154104. [PubMed: 
20423165] 

112. Becke AD, Johnson ER. J. Chem. Phys. 2007; 127:154108. [PubMed: 17949133] 

113. Zhao Y, Truhlar DG. Theoret. Chim. Acta. 2008; 120:215–241.

114. Chai J-D, Head-Gordon M. Phys. Chem. Chem. Phys. 2008; 10:6615–6620. [PubMed: 18989472] 

115. Zhao Y, Truhlar DG. J. Chem. Theory Comput. 2011; 7:669–676.

116. Chai J-D, Head-Gordon M. J. Chem. Phys. 2008; 128:084106/1–15. [PubMed: 18315032] 

117. Puzzarini C, Biczysko M, Barone V. J. Chem. Theory Comput. 2010; 6:828–838.

118. Grimme S. WIREs Comput. Mol. Sci. 2011; 1:211–228.

119. DiLabio GA. Chem. Phys. Lett. 2008; 455:348–353.

120. Mackie ID, DiLabio GA. J. Phys. Chem. A. 2008; 112:10968–10976. [PubMed: 18828578] 

121. Mackie ID, DiLabio GA. Phys. Chem. Chem. Phys. 2010; 12:6092–6098. [PubMed: 20424783] 

122. Torres E, DiLabio GA. J. Phys. Chem. Lett. 2012; 3:1738–1744. [PubMed: 26291852] 

123. Elstner M, Hobza P, Frauenheim T, Suhai S, Kaxiras E. J. Chem. Phys. 2001; 114:5149–5155.

124. Wu Q, Yang W. J. Chem. Phys. 2002; 116:515–524.

125. Barone V, Cimino P, Stendardo E. Journal of Chemical Theory and Computation. 2008; 4:751–
764.

126. Barone V, Cimino P. Chemical Physics Letters. 2008; 454:139–143.

127. Barone V, Cimino P. J. Chem. Theory Comput. 2009; 5:192–199.

128. Barone V, Biczysko M, Bloino J, Borkowska-Panek M, Carnimeo I, Panek P. Int. J. Quantum 
Chem. 2012; 112:2185–2200.

129. Barone V, Bloino J, Biczysko M. Phys. Chem. Chem. Phys. 2010; 12:1092–1101. [PubMed: 
20094674] 

130. Biczysko M, Panek P, Scalmani G, Bloino J, Barone V. J. Chem. Theory Comput. 2010; 6:2115–
2125.

131. Biczysko M, Bloino J, Carnimeo I, Panek P, Barone V. J. Mol. Spectrosc. 2012; 1009:74–82.

132. Barone V, Biczysko M, Bloino J, Puzzarini C. Phys. Chem. Chem. Phys. 2013; 15:10094–10111. 
[PubMed: 23599122] 

133. Barone V, Biczysko M, Bloino J, Egidi F, Puzzarini C. J. Chem. Phys. 2013; 138:234303. 
[PubMed: 23802956] 

134. Barone V, Festa G, Grandi A, Rega N, Sanna N. Chem. Phys. Lett. 2004; 388:279–283.

135. Cane E, Trombetti A. Phys. Chem. Chem. Phys. 2009; 11:2428–2432. [PubMed: 19325975] 

136. Charmet AP, Stoppa P, Tasinato N, Giorgianni S, Barone V, Biczysko M, Bloino J, Cappelli C, 
Carnimeo I, Puzzarini C. J. Chem. Phys. 2013; 139:164302. [PubMed: 24182024] 

137. Řezáč J, Riley KE, Hobza P. J. Chem. Theory Comput. 2011; 7:2427–2438. [PubMed: 21836824] 

138. Šponer J, Jurečka P, Hobza P. J. Am. Chem. Soc. 2004; 126:10142–10151. [PubMed: 15303890] 

Fornaro et al. Page 21

Phys Chem Chem Phys. Author manuscript; available in PMC 2015 October 20.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



139. Morgado CA, Jurecka P, Svozil D, Hobza P, Sponer J. Phys. Chem. Chem. Phys. 2010; 12:3522–
3534. [PubMed: 20336251] 

140. Cho Y, Min SK, Yun J, Kim WY, Tkatchenko A, Kim KS. J. Chem. Theory Comput. 2013; 
9:2090–2096.

141. Boys S, Bernardi F. Mol. Phys. 1970; 19:553–566.

142. Schuurman MS, Allen WD, von Ragué Schleyer P, Schaefer HF III. J. Chem. Phys. 2005; 
122:104302. [PubMed: 15836311] 

143. Frisch, MJ.; Trucks, GW.; Schlegel, HB.; Scuseria, GE.; Robb, MA.; Cheeseman, JR.; Scalmani, 
G.; Barone, V.; Mennucci, B.; Petersson, GA.; Nakatsuji, H.; Caricato, M.; Li, X.; Hratchian, 
HR.; Izmaylov, AF.; Bloino, J.; Zheng, G.; Sonnenberg, JL.; Hada, M.; Ehara, M.; Toyota, K.; 
Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.; 
Montgomery, JR., Jr.; Peralta, JA.; Ogliaro, F.; Bearpark, M.; Heyd, JJ.; Brothers, E.; Kudin, 
KN.; Staroverov, VN.; Kobayashi, R.; Normand, J.; Raghavachari, K.; Rendell, A.; Burant, JC.; 
Iyengar, SS.; Tomasi, J.; Cossi, M.; Rega, N.; Millam, JM.; Klene, M.; Knox, JE.; Cross, JB.; 
Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, RE.; Yazyev, O.; Austin, R.; J., 
A.; Cammi; Pomelli, C.; Ochterski, JW.; Martin, RL.; Morokuma, K.; Zakrzewski, VG.; Voth, 
GA.; Salvador, P.; Dannenberg, JJ.; Dapprich, S.; Daniels, AD.; Farkas, O.; Foresman, JB.; 
Ortiz, JV.; Cioslowski, J.; Fox, DJ. Gaussian 09 Revision D.01. Gaussian Inc.; Wallingford CT: 
2013. 2009

144. Dhaouadi Z, Ghomi M, Austin JC, Girling RB, Hester RE, Mojzes P, Chinsky L, Turpin PY, 
Coulombeau C, Jobic H, Tomkinson J. J. Phys. Chem. 1993; 97:1074–1084.

145. Szczesniak M, Nowak MJ, Rostkowska H, Szczepaniak K, Person WB, Shugar D. J. Am. Chem. 
Soc. 1983; 105:5969–5976.

146. Plutzer C, Kleinermanns K. Phys. Chem. Chem. Phys. 2002; 4:4877–4882.

147. Kwiatkowski JS, Leszczynski J. J. Phys. Chem. 1996; 100:941–953.

148. Grimme S. J. Chem. Phys. 2006; 124:034108. [PubMed: 16438568] 

149. Ottiger P, Frey JA, Frey H-M, Leutwyler S. J. Phys. Chem. A. 2009; 113:5280–5288. [PubMed: 
19358551] 

150. Plutzer C, Hunig I, Kleinermanns K. Phys. Chem. Chem. Phys. 2003; 5:1158–1163.

151. Reimann B, Buchold K, Barth HD, Brutschy B, Tarakeshwar P, Kim KS. J. Chem. Phys. 2002; 
117:8805–8822.

152. Becucci M, Pietraperzia G, Pasquini M, Piani G, Zoppi A, Chelli R, Castellucci E, Demtroeder 
W. J. Chem. Phys. 2004; 120:5601–5607. [PubMed: 15267436] 

153. Giuliano BM, Caminati W. Angew. Chem., Int. Ed. 2005; 44:603.

154. Ribblett JW, Sinclair WE, Borst DR, Yi YT, Pratt DW. J. Phys. Chem. A. 2006; 110:1478. 
[PubMed: 16435807] 

155. Piani G, Pasquini M, Pietraperzia G, Becucci M, Schiccheri N, Biczysko M, Pavone M, Barone 
V. J. Phys. Chem. A. 2007; 111:12363–12371. [PubMed: 17997530] 

156. Barone V, Biczysko M, Pavone M. Chem. Phys. 2008; 346:247–256.

157. Graindourze M, Smets J, Zeegers-Huyskens T, Maes G. J. Molec. Structure. 1990; 222:345–364.

158. Chin S, Scott I, Szczepaniak K, Person WB. J. Am. Chem. Soc. 1984; 106:3415–3422.

Fornaro et al. Page 22

Phys Chem Chem Phys. Author manuscript; available in PMC 2015 October 20.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Figure 1. 
Geometries optimized using B3LYP and numbering schemes of nucleobases investigated.
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Figure 2. 
Computed anharmonic and experimental infrared spectra of isolated adenine molecule in the 

800-3600 cm−1 spectral range. Experimental IR spectrum recorded in the low-temperature 

Ar matrix have been generated using the data of Table 3 of Ref.34. IR spectra line-shapes 

(both theoretical and experimental) have been convoluted using Lorentzian functions with a 

half-width at half-maximum (HWHM) of 1 cm−1. The inset shows the 1500-1700 cm−1 

spectral range, with both the experimental spectrum obtained by convolution of fundamental 

vibrational modes (EXP FUNDAM) and the experimental spectrum shown in Figure 3 of 

Ref.34 (EXP).
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Figure 3. 
Geometries optimized using B3LYP-D3 and numbering schemes of the hydrogen-bonded 

(a) and stacked (b) uracil dimers.
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Figure 4. 
Geometries optimized using B3LYP-D3 and numbering schemes of the hydrogen-bonded 

(a), stacked (b) adenine dimers and stacked adenine-naphthalene dimer (c).

Fornaro et al. Page 26

Phys Chem Chem Phys. Author manuscript; available in PMC 2015 October 20.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Figure 5. 
Counterpoise-corrected binding energy (ΔEbind) of hydrogen-bonded and stacked dimer 

structures in kcal mol−1 compared to reference values, and percentage mean absolute errors 

(MAE, %) of rotational constants of optimized dimer structures computed with B3LYP, 

B3LYP-D3 and B3LYP-DCP methods.
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Figure 6. 
Anharmonic IR spectra of adenine dimers computed with B3LYP-D3 method, compared 

with IR spectrum of isolated adenine molecule, in the 800-3600 cm−1 energy range, along 

with the assignment of most pronounced bands. Theoretical spectra line-shapes have been 

convoluted with Lorentzian functions with a HWHM of 1 cm−1.
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Table 2

Deviations of computed vibrational frequencies (cm−1) of all nucleobases with respect to experimental data
a 

and B3LYP results.

Calculated vs Experimental
a Calculated vs B3LYP

Δanharm
f

Δharm
e

Δanharm
f

ΔGVPT2
g

MAE
b

B3LYP 11.1

B3LYP-D3 11.4 1.4 1.7 1.5

B3LYP-DCP 22.6 21.6 26.4 6.1

MIN
c

B3LYP −38

B3LYP-D3 −41 −14 −17 −19

B3LYP-DCP −80 −103 −102 −23

MAX
d

B3LYP 27

B3LYP-D3 28 15 18 20

B3LYP-DCP 72 82 75 52

a
From Ref. 31,32,34-36,39,145,147,157,158.

b
Weighted Mean Absolute Error.

c
Minimum negative deviation.

d
Maximum positive deviation.

e
Deviation between harmonic frequencies.

f
Deviation between anharmonic frequencies.

g
Deviation of anharmonic shift for the selected method respect to B3LYP method.
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Table 3

Zero-point vibrational energies (ZPVE) (in cm−1) and ZPVE corrections to the binding energy (ΔZPVE) (in 

kcal mol−1) for all dimers, computed with B3LYP-D3 and B3LYP-DCP methods.

B3LYP-D3 B3LYP-DCP

harm anharm harm anharm

ZPVE

Uracil 19077 18842 19410 19204

Adenine 24517 24199 24888 24612

Napthalene 32266 31888 33004 32633

Uracil-Uracil hydrogen-bonded 38581 37923 39166 38727

Uracil-Uracil stacked 38402 38002 39042 38567

Adenine-Adenine hydrogen-bonded 49649 48910 50378 49689

Adenine-Adenine stacked 49260 48638 50097 49455

Adenine-Naphthalene stacked 56998 56253 58140 57507

ΔZPVE

Uracil-Uracil hydrogen-bonded 1.2 0.7 1.0 0.9

Uracil-Uracil stacked 0.7 0.9 0.6 0.5

Adenine-Adenine hydrogen-bonded 1.8 1.5 1.8 1.3

Adenine-Adenine stacked 0.6 0.7 0.9 0.7

Adenine-Naphthalene stacked 0.6 0.5 0.7 0.7
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Table 4

Anharmonic vibrational frequencies (cm−1) of hydrogen-bonded and stacked uracil dimer, computed using 

B3LYP, B3LYP-D3 and B3LYP-DCP approaches, and corresponding shifts with respect to the isolated 

molecule (Δ).

B3LYP B3LYP-D3 B3LYP-DCP Assignment
a

anharm Δ anharm Δ anharm Δ

hydrogen-bonded uracil dimer

3002 −424.6, −470.4 2926 −503.1, −546.4 2947 −482.0, −527.5 νN3H (M1), νN1H (M2)

2897 −530.0, −575.8 2870 −559.7, −546.4 2880 −549.4, −594.9 νN3H (M1), νN1H (M2)

1700 −49.9 1699 −49.4 1735 −38.4 νC2=O, νC4=O, δNH (M2)

1679 −70.8 1676 −72.4 1715 −58.1 νC4=O, ν ring, δN3H (M1)

1511 48.6 1515 52.3 1535 42.3 δN1H (M2)

1474 102.0 1475 104.9 1514 95.4 ν ring, δN1H, δN3H (M1)

543 156.1 543 155.8 558 162.1 δC=O, δ ring (M2), δ ring (M1)

527 140.0 527 139.9 539 143.2 δC=O, δ ring (M1), δ ring (M2)

stacked uracil dimer

3362 −111.1 3465 −9.6 νN1H (M1, M2)

3374 −98.5 3465 −9.5 νN1H (M1, M2)

1727 −21.6 1745 −27.9 νC4=O (M1, M2)

1689 −59.3 1734 −39.2 νC4=O (M1, M2)

700 59.1 687 7.9 γN3H (M1, M2)

686 44.9 690 11.1 γN3H (M1, M2)

824 296.1 587 10.4 γN1H (M1, M2)

651 123.7 584 7.5 γN1H (M1, M2)

a
Abbreviations: ν = stretching; δ = in-plane bending; γ = out-of-plane bending; τ = torsional; sciss = scissoring; rock = rocking; wagg = wagging; 

asym = asymmetric; sym = symmetric; M1 = Monomer 1; M2 = Monomer 2.
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Table 5

Deviations of harmonic and anharmonic vibrational frequencies (in cm−1) of dimers computed with B3LYP-

DCP with respect to the B3LYP-D3 method.

MAD
a

MIN
b

MAX
c

Δharm
d

Δanharm
e

ΔGVPT2
f

Δharm
d

Δanharm
e

ΔGVPT2
f

Δharm
d

Δanharm
e

ΔGVPT2
f

Uracil-Uracil hydrogen-bonded 20.3 31.7 14.9 −6 −2 −22 60 65 51

Uracil-Uracil stacked 20.6 28.1 13.5 −15 −16 −20 55 59 14

Adenine-Adenine hydrogen-bonded 21.4 29.2 13.2 −63 −63 −37 47 63 46

Adenine-Adenine stacked 22.1 22.2 3.3 −1 −3 −16 53 55 14

Adenine-Naphthalene stacked 24.2 25.4 5.9 −65 −65 −23 52 67 33

all 21.5 27.3 10.3 −65 −65 −37 60 67 51

a
Mean absolute difference.

b
Minimum negative deviation, evaluated by excluding 10 of 341 vibrational modes.

c
Maximum positive deviationevaluated by excluding 10 of 341 vibrational modes.

d
Deviation between harmonic frequencies.

e
Deviation between anharmonic frequencies.

f
Deviation of anharmonic shift.
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