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Abstract

Computation of full infrared (IR) and Raman spectra (including absolute intensities and transition 

energies) for medium- and large-sized molecular systems beyond the harmonic approximation is 

one of the most interesting challenges of contemporary computational chemistry. Contrary to 

common beliefs, low-order perturbation theory is able to deliver results of high accuracy (actually 

often better than those issuing from current direct dynamics approaches) provided that anharmonic 

resonances are properly managed. This perspective sketches the recent developments in our 

research group toward the development a robust and user-friendly virtual spectrometer rooted into 

the second-order vibrational perturbation theory (VPT2) and usable also by non-specialists 

essentially as a black-box procedure. Several examples are explicitly worked out in order to 

illustrate the features of our computational tool together with the most important ongoing 

developments.

1 Introduction

Vibrational spectroscopy, in particular when combining different techniques (essentially IR 

and Raman) able to provide a detailed insight on the whole vibrational spectrum, is a very 

powerful tool for the investigation of structural and dynamical properties of any kind of 

molecular systems1–4. Nowadays, interpretation and analysis of the experimental 

spectroscopy outcome is rather routinely aided by quantum mechanical (QM) computations 

of increasing accuracy and effectiveness5–14. Together with vibrational energies, IR 

intensities and Raman activities convey further information about internal motions, but their 

computation requires the evaluation of transition matrix elements of dipole moment and 

polarizability, between the initial and final state (see for example Ref.15). Within the Born-

Oppenheimer approximation the problem can be formally cast in terms of potential energy 

(PES)16,17 and property (PS)16,18,19 surfaces, which determine the overall spectroscopic 

outcome. Most of current computations for all but the smallest molecules20–25 are performed 
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in the so-called double harmonic approximation in which the PES is truncated at the second 

order and the PS at the first order15. A common practice to improve the accuracy of those 

calculations is to resort to simple26–31 or more sophisticated scaling methods26,32,33 applied 

to harmonic wavenumbers in order to correct band positions of fundamental transitions. It 

should be noted that such methodologies based on the double-harmonic approximation do 

not provide any information about the intensities of overtones and combination bands, which 

might be necessary to correctly analyse experimental outcomes. For example, more refined 

computations are needed 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 species.

With the increase of computer performance, generally applicable methods going beyond the 

harmonic approximation to obtain reliable vibrational wavenumbers of medium-to-large size 

systems have gained considerable interest3,4,34. A possible strategy is to use dynamical 

(time-dependent) approaches35–38, but, due to the current hardware limitations, the accuracy 

of the underlying electronic computations remains quite limited, and, at the same time use of 

classical mechanics for the integration of equations of motion is questionable especially for 

the gas phase spectra. In our opinion the claimed quantitative accuracy often results from an 

error compensation between the underestimation of anharmonic effects related to the use of 

classical dynamics and the contemporary underestimation of harmonic vibrational energies 

related to the use of conventional functionals. This is confirmed, for instance, by a recent 

paper by Kirchner and coworkers,37 which shows a nearly perfect agreement between 

molecular dynamics and conventional harmonic results. Alternatively, several time-

independent routes have been followed in order to provide robust approaches, going beyond 

‘ad-hoc’ implementations for specific molecular systems. Within this frame the most 

effective implementations are, at present, rooted into the second-order vibrational 

perturbation theory (VPT2)39–61 and vibrational self-consistent field (VSCF), possibly 

followed by perturbative or variational (VCI) treatments of phonon correlation60,62–72. In 

particular, the pioneering works on both VPT2 and VCI approaches by Handy and co-

workers led to the developments and implementations widely used in the scientific 

community over the years (programs Spectro44–46 and Multimode64–66). In this Perspective, 

we will focus on VPT2-based models. Despite the known limitations of low-order 

pertubative methods in the treatment of large amplitude motions and the challenging task for 

anharmonic methods to treat correctly explicit solvent-solute interactions, it has been shown 

that VPT2 is reliable in the treatment of low-lying vibrational states (i.e. fundamentals and 

first overtones and combination bands) of semi-rigid, isolated systems, on which this 

perspective is focused. Indeed, the VPT2 approach is particularly appealing in connection 

with the computation of third and a subset of fourth energy derivatives by means of 

numerical differentiation of analytical second derivatives computed by methods rooted in 

the density functional theory (DFT) and, especially, by hybrid48,73–83 or double-hybrid84–86 

functionals. The reliability of the results can be further improved by adding DFT 

anharmonic corrections to the harmonic contributions obtained with more reliable methods 

(in particular CCSD(T) with at least cc-pVTZ basis sets)73,82,83,87–93. Although basic VPT2 

is plagued by resonances, robust and general procedures have been proposed over the years 

to overcome this problem44,49,52,83,94–96. Conversely, much less work has been performed 
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concerning IR intensities or Raman activities.5 In the framework of perturbative treatments, 

after the pioneering work of Handy and co-workers46, general implementations of IR 

intensities have been reported by several groups45,58,96–99. Recently, we have introduced a 

general treatment of transition properties, which straightforwardly includes, together with IR 

intensities, also Raman and vibrational circular dichroism (VCD) spectroscopies100. This 

approach has been also extended to take into account non-equilibrium solvent effects on 

vibrational (e.g. IR or VCD) transition intensities101–103. On these grounds, we report in the 

following a more detailed analysis of IR and Raman spectra of medium-size molecules and 

complexes including the effects of both mechanical and electrical anharmonicity, with focus 

on isolated systems in the gas phase or low-temperature rare-gas matrix environments. 

Extension to condensed phases can be then envisaged either by means of discrete/continuum 

solvent models102,104,105 and/or combining time-independent gas phase results with time-

dependent evaluations of solvent shifts106.

In order to provide and validate a computational strategy applicable also to quite large 

systems, for which the affordable levels of electronic structure calculations are limited, we 

have resorted to the B3LYP functional coupled to basis sets of different sizes, up to aug-cc-

pVQZ. From these tests, we can confirm that aug-cc-pVTZ provides for DFT computations 

nearly converged wavenumbers and intensities. Additionally, we investigate if smaller and 

more effective basis sets (in particular the SNSD and SNST families107–111 recently 

proposed by our group) could be sufficiently accurate for effective studies of IR and Raman 

intensities. Reduced dimensionality approaches are further shortly discussed as additional 

tools for increasing the size of investigable systems. Finally, a discussion will be dedicated 

to the possibility of further improving the overall accuracy by mean of hybrid computational 

approaches73,82,83,87–93. Concerning Raman spectra, in the present work we will confine 

ourselves to static (low-energy) computations, postponing the inclusion of frequency-

dependence to forthcoming studies.

The paper is organized as follows: after providing a short summary of VPT2 computations 

for wavenumbers and intensities (section 2), we define an effective computational strategy 

applicable to larger systems and analyze the functionals and basis set effects for a set of 

small-to-medium size closed- and open-shell benchmark systems (section 3). Next, IR and 

Raman spectra of some semi-rigid and flexible medium-size molecular systems are 

simulated and analyzed in sections 4 and 5, highlighting the fact that the anharmonic spectra 

provide more accurate (band positions) and more detailed (number of transitions) 

information than simple harmonic computations, thus enabling the correct interpretation of 

the experimental findings. The possible pathways toward feasible computations for larger 

molecular systems are presented in section 6, while the strategies to improve accuracy, for 

both band position and transition intensities are discussed in section 7. General conclusions 

and perspectives are given in the last section.

2 Theoretical background

As mentioned in the introduction, second-order vibrational perturbation theory (VPT2) is 

particularly appealing to treat medium-to-large systems. Among the available VPT2 

models39,42–44,46,49,50,98,112–114, we have developed a general framework to compute 
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thermodynamic properties, vibrational energies and transition intensities from the 

vibrational ground state to fundamentals, overtones and combination bands.49,50,98,100,115 

One strength of the VPT2 approach comes from its cost efficiency to compute accurate 

vibrational properties, at least for medium-size semi-rigid systems, in particular when 

applied to a fourth-order normal mode representation of the anharmonic force field. 

Moreover, difficulties related to the electronic structure computations necessary to explore 

the multidimensional anharmonic potential energy surface can be overcome with purposely 

tailored reduced-dimensionality VPT2 models11. The combinations of the anharmonic 

thermodynamic properties, vibrational energies and intensities allow to simulate very 

accurate vibrational spectra of single molecules or mixtures of several species or 

conformers, which can be directly compared with experimental data. For simplicity, the 

theoretical background presented in the following is intended for Abelian symmetry groups, 

that is with no degeneracy present. Finally, for reasons of compatibility with previous 

works, we have preferred to adopt units commonly used in the spectroscopic literature 

(instead of SI units), namely cm−1 for vibrational wavenumbers, km mol−1 for infrared 

intensities, and Å4 u−1 for Raman activities (1 Å = 1.0×10−10 m).

2.1 Vibrational energies

For a system with N internal degrees of freedom, the vibrational energies of the states of 

interest are given by39,44,49,

(1)

(2)

(3)

where the anharmonic χ matrix has the form39,44,49,50,115,

(4)
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(5)

ωi is the harmonic wavenumber (in cm−1) associated to mode i,  is the diagonal inertial 

tensor of the molecule at equilibrium geometry and  the Coriolis constant coupling mode i 

and j along the rotation axis Iτ. Finally, kijk and kijkl are the third and fourth derivatives of 

the potential energy V with respect to the dimensionless normal coordinates q, also referred 

to as cubic and quartic force constants,

It should be noted that a less general-purpose notation with respect to Refs.49,50,115 has been 

adopted here since we consider only energy minima.

At this point, a discussion about the problem of resonances in the VPT2 treatment is 

appropriate. More precisely, the matter at hand is when resonances result in vanishing or 

nearly-vanishing denominators in the formulae used to compute the quantities of interest. 

Vibrational energies, for instance, suffer from the presence of so-called Fermi resonances, 

that is when the wavenumber of a mode is twice the wavenumbers of one mode (ωi ≈ 2ωj, 

type I) or equal to the sum of the wavenumbers of two modes (ωi ≈ ωj + ωk, type II), which 

result in an improper account of the anharmonic correction. Workarounds have been 

proposed in the literature to overcome such a problematic situation44,52,95,96. A commonly 

adopted scheme is based on a two-step procedure44,49. First, resonant terms are identified by 

mean of an ad hoc test, such as the one proposed by Martin et al.52 and successively 

removed, which correspond to the deperturbed VPT2 (DVPT2). In the second step, the 

discarded terms are reintroduced through a variational treatment. We refer to the whole 

procedure as the generalized VPT2 (GVPT2), and this approach has been recognized to give 

very accurate results45,76–79,82,85,92,93. The Martin test52 used in our GVPT2 

implementation relies on a double control on the difference in wavenumber (∣ωi − (ωj + ωk)∣ 

≤ Δω where j = k for type I) and on the magnitude of the possibly resonant terms49,

where  and  are empirically defined thresholds. Default, reliable values are provided 

internally for these parameters but can be easily modified by the user. Moreover, it is 
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possible to redefine the resonant terms, which can be convenient to allow a direct 

comparison with the results from other theoretical approaches, as well as to test the 

influence of any specific interaction on the overall results.92 Terms defined as resonant are 

removed and subsequently treated variationally.

From a practical point of view, the quality of vibrational wavenumbers computed at the 

GVPT2 level39,44, as implemented in the GAUSSIAN package49,50,83 has been already well 

documented74,81,82,85,92,93,116,117. Here we will only discuss the computational 

requirements for the force field evaluation. First, equilibrium structures have to be optimized 

using tight convergence criteria (maximum forces and displacements lower than 1.5×10−5 

Hartree/Bohr and 6×10−5 Å, respectively). The semi-diagonal quartic force field is obtained 

by numerical differentiation of the analytical second derivatives along each normal 

coordinate (with the standard 0.01 Å step). In order to get accurate results, all computations 

are done with at least an ultrafine integration grid (99 radial shells and 590 angular points 

per shell) for the numerical integrations to obtain the two-electron integrals and their 

derivatives. Concerning the nearly-resonant contributions, the test proposed by Martin et 

al.52 is applied with the following settings Δω = 200 cm−1,  = 1 cm−1,  = 1 cm−1 

used by default.

However, as explained in ref.115, this two-step procedure suffers from a direct dependency 

on the empirical parameters (namely Δω, , ), which can lead to unexpected 

behaviours about the thresholds used when analyzing an ensemble of force fields for a given 

structure or when studying a series of structures along a reaction path. An alternative 

approach proposed by Kuhler, Truhlar and Isaacson, called degeneracy-corrected PT2 

(DCPT2), does not use any parameter since all potentially resonant terms are rewritten in a 

non-resonant way95. While this method offers a consistent solution to the problem of 

resonances, the transformation can be ill-suited far from resonances. To cope with this 

shortcoming, we have introduced the hybrid DCPT2-VPT2 (HDCPT2)115 scheme, which 

mixes the DCPT2 and standard VPT2 approaches by mean of a transition function without 

the need for an actual evaluation and identification of the resonant terms. This makes this 

method particularly suited for black-box procedures and to control the reliability of the 

thresholds used for the Martin test.

2.1.1 Reduced dimensionality vibrational perturbative approach—In reduced-

dimensionality VPT2 computations, a set of M normal modes for which anharmonic 

wavenumbers will be evaluated, that we will refer to as the active modes, is defined. The 

choice of active modes is related to the system under study, for instance the most intense 

transitions in the IR or Raman spectrum, a range of energy or a molecular fragment, such as 

a molecular probe. In practice, numerical differentiation is performed along the normal 

coordinates of active modes, so that for any non-linear N-atomic system, 2M + 1 Hessians 

need to be computed, instead of 6N − 11. These lead to a reduced number of force constants 

available for the perturbative treatment, that is, assuming that index i corresponds to an 

active mode and j and k are inactive modes, all the cubic force constants where index i is 

present at least once (i.e. kijk, kijj, kiik, kiii) and all kiijj and kiiij quartic force constants. 

However, a limited number of cubic force constants (terms including only j and k indices) 
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will not be evaluated. In practice, this omission will have an impact with respect to the full-

dimensionality treatment only when a subset of the strongly coupled vibrations is included 

in the set of active modes. Indeed, there are only two terms in Eq. 5 which might not be 

computed, namely:

(6)

The first term, Δj, should not be omitted if both kjjj and kiij are large. Since kiij/4ωj is known, 

it is possible to have a qualitative estimate of the impact of the whole term in the calculation 

of χij. If it is very small, then it is likely that Δj will give a small contribution and can be 

safely neglected. A larger value of kiij reflects a significant coupling between modes i and j, 

meaning that mode j must be also included in the set of active modes. Chemical intuition can 

also help to assess more precisely the magnitude of kjjjkiij by noting that kjjj will be 

important only if mode j is strongly anharmonic. In such a case, mode j must be included in 

the set of active modes to be treated anharmonically. If the numerical differentiation along j 

is too cumbersome and does not have an interest per se (e.g. it is not in the wavenumber 

range under study), an alternative approach would be to include only the missing term kjjj 

through numerical evaluation of one-dimensional energy third derivatives, a task much less 

computationally demanding than the complete computation. The second term, Δjk, reflects 

the coupling of mode k with both modes i and j. As before, the known kiik can be used to 

guess the possible influence of the whole term, which will not contribute to Eq. 5 if kiik/4ωk 

is negligible, i.e. if i and k are uncoupled. On the other hand, for large kiik constants, the 

whole Δjk term is not negligible if mode j is also strongly coupled to mode k. A more 

detailed analysis has been given in Ref.11. Here we just summarize that the reduced-

dimensionality approach can be safely applied if all modes which are strongly coupled are 

included simultaneously in the VPT2 computations, so that the necessary force constants are 

evaluated. The choice of normal modes can be based on “chemical intuition” (the 

geometrical confinement of vibrations and the spanned wavenumber range, since the 

vibrations localized in different regions of the molecular systems and with significantly 

different wavenumbers are unlikely to be strongly coupled) and followed by appropriate 

validation11, or derived from lower-level electronic structure computations, resonance 

conditions, or normal mode similarity (See Ref.118 and references therein). Finally, it should 

be noted that if j is also in the active set, both terms are taken into account, while only the 

second one will be available if mode k is active instead.

2.2 Band intensities

The derivation of equations for the transition moments at the anharmonic level is made 

difficult by the need to account for both the anharmonicity of the potential energy surface 

(PES) and of the property of interest. Due to the complexity of such a treatment, various 

approximations have been employed, in particular by considering independently the wave 

function and the property, so that different levels of theory can be applied to each term and 

only one of them is treated beyond the harmonic approximation119,120. Following the first 

complete derivation by Handy and co-workers121, we adopted the alternative approach 

presented by Vázquez and Stanton58 and proposed a general formulation for any property 
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function of the normal coordinates or their associated momenta, which can be expanded in 

the form of a polynomial truncated at the third order. In this work, we will only consider the 

molar absorption coefficient  and Raman scattering at 90° for any polarization of an 

incident light with perpendicular polarization 100,

(7)

(8)

where  is the wavenumber of the incident light and δ is the Dirac function. The summation 

runs over all initial states o and final states e with wavenumbers εo and εe, respectively.

The static dipole strength Do,e and the Raman activity So,e are given by,

(9)

(10)

with μ the electric dipole, αo,e the mean polarizability and βo,e
2 the anisotropy term,

The general formulation to compute the transition moments of the electric dipole vector 

⟨μ⟩o,e and polarizability tensor ⟨α⟩o,e has been given in Ref.100. Since the properties of 

interest here depend on the normal coordinates and not on their conjugate momenta, we can 

use a more compact formula for fundamentals than the one used in Ref.100,
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(11)

where Pa is a cartesian component of the electric dipole or an element of the polarizability 

tensor and δij is the Kronecker delta. Pi, Pij and Pijk are respectively the first, second and 

third derivatives with respect to the dimensionless normal coordinates,

For overtones and combination bands, simpler formulae are obtained, respectively,

(12)
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(13)

Similarly to vibrational energies, Eqs. 11, 12 and 13 are plagued by the existence of 

potential singularities, which lead to excessive contributions from the anharmonic terms. In 

addition to the Fermi resonances described above, 1-1 resonances (ωi ≈ ωj) are present for 

fundamental transitions. The protocol used to avoid unphysical contributions in the 

anharmonic correction is similar to the one used for energies. Terms identified as resonant 

through ad hoc tests are removed from the calculations. Contrary to the GVPT2 model used 

for wavenumbers, this step is not followed by any variational treatment of the resonant 

terms. In practice, the same Martin test is adopted to find Fermi resonances. For 1-1 

resonances, the test described in Ref.100 is used here. It relies on two complementary 

conditions. The first one is the difference in wavenumbers,

The second one is based the magnitude of the numerator and uses two thresholds depending 

on the term,  for cubic terms and  for quartic and Coriolis terms,

with the default values as following:  cm−1,  = 1 cm−2,  = 1 cm−1.

2.3 Thermodynamics

The relative abundance of each species (e.g. conformer) in a mixture under a given set of 

conditions, such as the temperature, can be estimated from their respective vibrational 

partition function Qvib. The simple perturbation theory (SPT) proposed by Truhlar and 

Isaacson offers a simple way to evaluate Qvib at the anharmonic level122. In practice, the 

same formula as for the harmonic approximation is used,

(14)

in which E0 is the zero-point vibrational energy (ZPVE) and ν1i is the fundamental energy 

associated to mode i, both computed at the VPT2 level.

The resonance-free formulation proposed by Schuurman et al.123 was used for E0 ,
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(15)

where  is the harmonic ZPVE, and

 is an element of the inverse inertia tensor at the reference geometry.

A more general definition of the ZPVE at the VPT2 level was proposed in Ref.115, which 

could also be used for transition states.

To compute the fundamental energies ν1i, the versatile HDCPT2 model was used to provide 

a resonance-free expression for the partition function. A complete derivation of eqs. 4 and 5 

at the HDCPT2 level can be found in Ref.115.

A final comment regards the proper treatment of torsional anharmonicity, which still 

represents a challenging aspect for accurate thermochemical calculations of complex 

molecules.124–132 Here, we use a generalization to anharmonic force fields of the Hindered-

Rotor Harmonic Oscillator (HRHO) model124 that automatically identifies internal rotation 

modes and rotating groups during the normal-mode vibrational analysis. This approach 

employs an effective analytical approximation of the partition function for a one-

dimensional hindered internal rotation that reproduces the accurate values with a maximum 

error of about 2% for a number of reference systems124. The one-dimensional rotor 

treatment is generalized to give useful approximations of multidimensional rotor 

thermodynamic functions, and in the Hindered-Rotor Anharmonic-Oscilattor (HRAO) 

model, is further coupled to the simple perturbation theory (SPT) approach to the partition 

function for the other internal degrees of freedom115.

All computational models described in this section have been implemented by some of us, 

and are available within the GAUSSIAN suite of programs for quantum chemistry133. All 

VPT2 computations applied to generate IR and Raman spectra have been performed within 

GVPT2/DVPT2 approach, while the degeneracy-free HDCPT2 model has been used in 

order to evaluate thermodynamic properties.

3 Cost-effective computations of IR and Raman spectra: DFT functionals 

and basis sets

Models rooted into the density functional theory can be successfully applied to fairly large 

molecular systems, well beyond the capabilities of more sophisticated ab initio methods. 

DFT has proven to be very successful for the prediction of ground- and excited-state 
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equilibrium structures, as well as for the purpose of computational spectroscopy studies 

including a broad range of linear and nonlinear spectral responses, and of magnetic (NMR 

and EPR) parameters (see the recent review provided in Ref.6 and references therein). 

However, the quality of the results depends strongly on a careful choice of the functional 

and of sufficiently flexible basis sets. In the field of vibrational spectroscopies the 

requirements are an accurate prediction of vibrational wavenumbers and reliable transition 

intensities, which in turn are related to the quality of potential energy and electric and/or 

magnetic properties surfaces, respectively. Let us first discuss the choice of functionals 

allowing the computation of vibrational wavenumbers with the accuracy required for 

quantitative comparisons with experiment. We will focus on hybrid134–142 functionals, 

including also long-range135,137,142 and dispersion-corrected143,144, as well as meta-

hybrid138,139 models, in the prediction of anharmonic wavenumbers for a set of small-to-

medium sized molecular systems, while the performance of significantly more 

computationally demanding double-hybrid approaches145,146 will be postponed to section 7. 

All computations have been performed in conjunction with polarised basis sets of double-ζ 

quality supplemented by diffuse functions, mainly from the N07D/SNSD family107–109,111. 

From Figure 1 it is clear that standard hybrid functionals, in particular B3LYP and B97-1 

provide very satisfactory results, while some of the most successful last-generation 

functionals (M06-2X139 and ωB97X142) do not show a sufficient accuracy for spectroscopic 

studies. Based on this analysis, we will use the B3LYP functional in all our computations at 

the DFT level, while possible accuracy improvements by mean of hybrid schemes with the 

harmonic part computed at a higher level of theory will be discussed in section 7. The latter 

are usually more important for the high-wavenumber region (X-H stretching vibrations), 

which in most cases show larger errors than low-lying fundamentals (C-C, C=O stretches), 

as shown with the glycine conformers.93,147 We also note that if the system under study can 

only be correctly treated by including dispersion interactions, a viable way to accurate 

spectroscopic studies is provided by Grimme’s semi-empirical dispersion correction143,148 

added to the B3LYP functional117,149.

The accuracy of anharmonic wavenumbers computed with the B3LYP150 functional in 

conjunction with the polarized double-ζ basis set N07D107–109,111 has been further 

demonstrated for several medium-to-large closed- and open-shell systems11,81,82,85,99,151. 

The N07D basis set has been constructed aiming at cost-effective computations of 

spectroscopic properties for medium-to-large molecular systems. N07D has been recently 

extended by consistently including diffuse s functions on all atoms, and one set of diffuse 

polarized functions (d on heavy atoms and p on hydrogens), leading to the new SNSD basis 

set which confirmed its effectiveness for computational spectroscopy studies of relatively 

large molecular systems, and different properties/spectroscopies81,82,85,107–110,152 including 

the early results on IR and Raman spectra93,153. In this work we also consider an effective 

triple-ζ basis set, SNST (previously denoted as aug-N07T152) constructed by consistent 

inclusion of diffuse s functions starting from the N07T basis set. These basis sets allow the 

reliable prediction of excited-state properties81,152, including rotatory strengths and 

transition dipole moments152, and due to their construction are also expected to be well 

suited for IR intensities and Raman activities computations.
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In this work, we provide further data on the applicability of the B3LYP/SNS(D/T) approach 

for the computations of Infrared (IR) intensities and Raman activities (RA), whose 

dependence on the electric dipole moment and polarizability derivatives lead to a stronger 

sensitivity to electron correlation and basis set extension effects154–159. Concerning the 

effect of correlation, it has been shown that converged IR intensities can be obtained at the 

CCSD(T) level in conjunction with basis sets of at least aug-cc-pVTZ quality156,157,160. In 

the DFT frameworks, hybrid functionals (e.g B3LYP) lead to the best agreement with the 

most refined post-Hartree-Fock methods154. Moreover, concerning composite schemes 

recently introduced to evaluate best estimates for IR intensities within the double-harmonic 

approximation93,161, slow convergence to the CBS limit has been observed at the MP2 level, 

together with large effects of diffuse functions and rather small core-correlation corrections 

(CV) (the largest contributions being of a few km mol−1, at most). The differences between 

MP2/ccpVTZ and MP2/cc-pVQZ IR intensities are in most cases on the order of 1-2 km 

mol−1 but variations as large as 15-20 km mol−1 93 have been also found, while the effects 

of diffuse functions are on average of about 5 km mol−1, but, in specific cases, reach 25-35 

km mol−1. On the other hand, the harmonic and anharmonic IR intensities computed at the 

B3LYP/SNSD level show remarkable agreement with converged CCSD(T) results and 

experimental data160,162.

Similarly, the very few studies available on Raman activities have shown that the effects due 

to the electron correlation are less pronounced in comparison to those originating from the 

truncation of the basis set159, and again DFT approaches are more efficient than their MP2 

counterparts155. Thus, in the present work we will focus on the basis set convergence, 

following the findings reported by Schlegel et al.154 for IR intensities and the fact that while 

Raman activities require larger basis sets than IR intensities, a purposely tailored 

mediumsized basis sets, able to describe correctly the tail region of the electron density can 

be developed (see for example the pVTZ basis set developed by Sadlej163 or aug(sp)-cc-

pVDZ recently proposed by Cheeseman and Frisch159). It should be noted that the absolute 

values of both IR intensities and Raman activities are rather difficult to determine 

experimentally, with inaccuracies of about 10%157,158, so usually only the relative data are 

reported and used in spectroscopic analysis. For this reason we resort to the comparison with 

other theoretical values, obtained at the B3LYP level with aug-cc-pVXZ (AVXZ) basis 

sets164,165 of double- to quadruple-ζ (X=D,T,Q) quality.

Taking into account benchmark studies available in literature, for both IR 

intensities154,156,157,166,167 and Raman activities155,166–171, we set up two benchmark sets 

considering small closed- and open-shell molecules with a variety of single and multiple 

bonds (benchmark set VIB67) and a few selected medium-sized molecular systems which 

can be considered as representatives of important biomolecule building blocks (benchmark 

set VIBbio100), in both cases considering only molecular systems which contain atoms from 

the first two rows of periodic table. Thus, the VIB67 benchmark set is composed of 15 

molecules, in total 67 fundamental vibrations (CH+, HF, NH, OH, CN, CO, NO, H2O, 

H2CO, H2CN, C2H4, CH2F2, CH3NH2, CH3OH, HCONH2 and HCOOH); while the 

VIBbio100 benchmark set is composed of: furan, pyrrole, pyrimidine, glycine and phenyl 

radical, with over 100 fundamental vibrations. Results computed with the double- and triple-

Barone et al. Page 13

Phys Chem Chem Phys. Author manuscript; available in PMC 2015 October 14.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



ζ SNS basis sets, SNSD and SNST respectively, have been compared to the ones obtained 

with the Dunning basis sets aug-cc-pVXZ164,165. For smaller molecules (set VIB67), basis 

sets up to aug-cc-pVQZ have been considered (X=D,T,Q), while for medium-size systems 

(set VIBbio100) the most expensive computations are performed at the B3LYP/aug-cc-

pVTZ level (X=D,T).

Harmonic and anharmonic vibrational wavenumbers (in cm−1), infrared intensities (in km 

mol−1) and Raman activities (in Å4 u−1) computed for set of 7 bi-hetero-atomic closed- and 

open-shell molecules are listed in Table 1, while mean absolute errors (MAE) and maximum 

absolute errors ∣MAX∣ with respect to the B3LYP/aug-cc-pVQZ results computed over the 

whole VIB67 benchmark set are reported in Table 2. It can be noted that harmonic 

wavenumbers, IR intensities and Raman activities are essentially converged at the aug-

ccpVTZ level, the average discrepancies with respect to aug-ccpVQZ results being lower 

than 3 cm−1, 0.3 km mol−1 and 0.4 Å4 u−1, and maximum errors lower than 8 cm−1, 1.0 km 

mol−1 and 1.0 Å4 u−1, respectively, but with basis set size reduced by about 50%. Among 

the least expensive basis sets, of double-ζ quality, which both include only about 25% of 

basis functions with respect to AVQZ, SNSD performs significantly better, in particular as 

far as anharmonic corrections are concerned; this finding is remarkable for hybrid QM/QM’ 

schemes which have shown to be very effective for accurate studies of medium-to-large 

molecular systems82,85,93,153,161. Moreover, improved results for IR intensities and Raman 

activities can be obtained at an only slightly increased computational cost by using the 

purposely tailored triple-ζ basis set SNST, which contains on overall about 20% basis 

functions more that SNSD and aug-cc-pVDZ but about 40% less than those of the standard 

aug-cc-pVTZ. Performance of the aug-cc-pVDZ (AVDZ), SNST and SNSD basis sets are 

compared to aug-cc-pVTZ (AVTZ) also for the medium-sized molecules from the 

VIBbio100 benchmark set in Table 3. Also in this case the results with the SNSD basis set 

are better than those obtained with its double-ζ counterpart AVDZ, in particular for 

anharmonic contributions and harmonic wavenumbers, while an improved accuracy for IR 

intensities and Raman activities can be obtained with computations at the SNST level.

Considering the simulation of IR and Raman spectra, reliable relative intensities along with 

accurate band positions are sufficient to obtain a correct overall spectra line-shape/intensity 

pattern, which in turn is required for the analysis of experimental results. In this respect 

comparable results are obtained with all basis sets (AVTZ, AVDZ, SNST and SNSD) for the 

IR and Raman spectra of furan, presented in Figures 2 and 3, respectively. In fact, in all 

cases, a similar intensity pattern is obtained even in fully anharmonic spectral ranges, related 

to overtones and combination bands (3900-4800 cm−1), the only significant discrepancy 

being related to the intensity of the 217 overtone in the Raman spectra (at about 1670 cm−1) 

overestimated by SNST computations, but correctly predicted by the SNSD basis set. 

Moreover, SNST and SNSD perform better than AVDZ as far as band positions are 

concerned, with the most visible difference for the intense IR transition at about 740 cm−1 or 

the Raman one at about 3160 cm−1. On the whole, we can conclude that all considered basis 

sets provide reliable estimates of IR and Raman spectra. Therefore, the cost-effective SNSD 

basis set can be recommended for anharmonic computations. As it will be discussed in more 

details in section 7, we should mention that it is possible to improve the overall accuracy at a 
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reasonable computational cost by using hybrid models where the harmonic part is computed 

with larger basis sets, or at a higher level of theory.

4 Semi-rigid medium-size closed- and open-shell systems: Thymine and 

Phenyl radical

Combined IR and Raman spectroscopic studies, plotted and analyzed together, allow to 

obtain more detailed and precise information on the properties of molecules under study, in 

particular to identify and assign all fundamental transitions also for relatively large systems. 

Here we show that the analysis of experimental data can be complemented by the direct 

comparison of both kinds of spectra with their theoretical anharmonic counterparts, taking 

into account also intensities of overtones and combination bands. For Raman spectra it is a 

common procedure to correct the experimental scattering signal by applying a factor of 

ν4/Δνvib
172 (with ν being the wavenumber of the scattered light and ν=νexc-Δνvib, where 

νexc is the exciting light wavenumber) in order to obtain a signal that could be integrated 

over each band to obtain the relative integrated band areas, which are directly proportional 

to the calculated Raman scattering activities. This procedure allows to obtain data 

independent from specific experimental conditions, and also facilitate comparison between 

experimental and computed results. For such reason in most cases along this paper we will 

report Raman spectra line-shapes in terms of static Raman scattering activities in Å4 u−1.

As an example of integrated IR and Raman studies of biomolecule building blocks isolated 

in low-temperature matrices, we will discuss the case of the nucleic-acid base thymine, 

comparing the simulated spectra to the experimental measurements performed by 

Szczepaniak et al.173. It is evident from Figure 4 that, although all high-wavenumber 

transitions are present in both IR and RA spectra, the intensity distribution is significantly 

different between both spectra. Simulated IR and Raman anharmonic spectra agree very well 

with their experimental counterparts, for both the band positions and the intensity pattern 

(intense RA transitions predicted by theory fall outside the region of sensitivity of the 

Raman instrument). It is also clear that several observed transitions are missing in the 

harmonic spectra, and these drawbacks can not be resolved by simply scaling the computed 

harmonic wavenumbers. At variance, computations beyond the double-harmonic 

approximation allow to assign also non-fundamental transitions, as shown in Figure 5 for the 

2800-3800 cm−1 wavenumber range. For example, the band at 2899 cm−1 has been 

tentatively assigned to the overtone 211, while our results suggest an alternative assignment 

to the 110111 combination transition. Moreover, several additional weak features can be 

assigned to overtones or combination bands, some of them easily observed in the IR 

spectrum (e.g. 28), others in the RA experiment (e.g. 212). All fundamental transitions and 

selected overtones and combination bands observed in the 2800-3800 cm−1 wavenumber 

range are also listed in Table 4, and compared to experimental results. Our computations 

agree with previously proposed assignments, suggesting that for the doublet at 2997 cm−1 

and 2987 cm−1 assigned in Ref.173 to the Fermi resonance between asymmetric in-plane 

CH-stretching vibration of CH3 and some combination band, the higher-wavenumber 

transition is related to the 19116 combination and the lower one to the 14 fundamental band. 

Most of the anharmonic wavenumbers agree with experiment within 5 cm−1, with the largest 
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discrepancies of about 25 cm−1 observed for the C-H stretching wavenumbers of CH3 and 

an overall mean absolute error (MAE) of 10 cm−1. It can be noted that improved accuracy 

can be expected from the correction of harmonic wavenumber by means of hybrid 

approaches discussed in Section 7.

Direct simulations of reliable IR and Raman spectra, already valuable for the analysis of 

experimental outcomes for closed-shell systems, are even more important for open-shell 

species, for example organic free radicals, playing a significant role in a number of 

processes of biological, technological or astrochemical relevance174. An increased difficulty 

to perform experimental spectroscopy studies of radicals is related to their short life-time 

and high reactivity, so that experimental outcomes might be cumbersome to interpret, even 

in terms of appropriate identification of molecular species175,176. In most cases the studies 

of radicals involve quite elaborate integrated experimental procedures combining several 

complementary spectroscopic techniques and possibly a few precursors, with accurate 

computational data playing an essential supporting role. In this context, analysis of 

experimental outcomes requires to dissect between the spectral features related to the 

species under study, precursors, other possible photoproducts, and any possible impurities. 

In principle, it might happen that some significant transitions are assigned to other species 

and ruled out. In fact, in several cases experimental spectra have been reassigned (e.g. for 

F2NO87) or re-investigated (e.g. for vinyl radical81,177–180) based on theoretical suggestions. 

In this frame, computations of fully anharmonic IR and Raman spectra for several species 

possibly present in the experimental mixture and/or including a few sets of isotopically 

substituted precursors, can be recommended. As an example, we refer to a recent study of 

phenyl radical153, which allowed us to critically analyze the IR181 and Raman182 spectra 

with an unprecedented accuracy, suggesting a re-investigation of the spectral zone where 

bands due to precursor and water impurities are clearly present. Such an analysis can be 

illustrated by the comparison of simulated Raman spectra of nitrosobenzene and phenyl 

radical, with the experimental Raman spectrum182 of their mixture (obtained after prolonged 

excimer laser irradiation at 308 nm). Figure 6 shows, that several bands belonging to either 

phenyl radical or nitrosobenzene can be identified in the experimental spectrum, but at the 

same time several remaining peaks are due to side products, or impurities. Our 

computational model makes feasible the simulation of spectra taking into account quite large 

numbers of species possibly present in the experimental mixture. This, in our opinion, would 

facilitate analysis and assignment by direct comparison with detailed experimental data, 

increasing the accuracy and reliability of reported experimental results.

5 Flexible molecules: Butane and Glycine Conformers

Several important molecular systems show a few nearly isoenergetic isomers and/or 

conformers, which are often concomitantly present in experimental mixture. In such cases 

analysis of experimental outcomes is further complicated as in principle all relevant low-

energy minima should be considered, taking also into account their relative abundances. The 

latter can be estimated theoretically, based on the computed free energies. Taking into 

account the recent progress in the development of composite schemes aiming at an accurate 

prediction of thermochemical properties183–188, it has been recognized that for larger 

systems the factor limiting the accuracy of thermochemical protocols will increasingly be 
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related to the vibrational properties189. A protocol, recently proposed by the present 

authors115, briefly described in Section 2, allows for a rather straightforward and fully 

resonance-free computation of thermodynamic properties beyond the rigid-rotor harmonic-

oscillator (RRHO) model. It combines the evaluation of resonance-free ZPVE with 

HDCPT2 wavenumbers used to evaluate degeneracy-corrected partition functions within the 

SPT model and including also an automatic treatment of internal rotations through the 

hindered-rotor model. Then, the spectra of complex molecular mixtures can be simulated by 

computation of contributions of all single conformers/isomers, weighted by theoretical 

Boltzmann populations. Such simulations allow to match the experimental conditions, for 

example by taking into account temperature effects. In this work the aforementioned 

approach has been applied to simulate the IR and Raman spectra of butane and the Raman 

spectra of glycine, in the latter case complementing recent works on accurate computations 

of its structure, thermodynamic and spectroscopic parameters from CC and CC/DFT 

schemes93,147,190.

For butane, two relatively stable configurations anti- and gauche- contribute to the overall 

spectra at room temperature. Their relative weights of 64% and 36% have been computed 

with the SPT hindered-rotor anharmonic-oscillator (HRAO) model with all vibrational 

computations performed at the B3LYP/SNSD level of theory and electronic energy 

difference adjusted based on the best theoretical estimates recently reported by Császár et 

al.191. Figure 7 compares the overall (SUM) spectra of butane in the C-H stretching region, 

and single contributions from anti- and gauche- to experimental gas phase IR192 and 

Raman193 spectra in the 3200–2700 cm−1 wavenumber range. First, it is evident that both 

conformers yield rather different spectral patterns, so both need to be considered in order to 

simulate overall spectral shape. In fact, although the main spectral features are related to the 

more abundant anti- conformer, the agreement with experiment increases when the 

contributions from the gauche- one are also added. The butane IR and Raman spectra have 

been recently simulated194 by VSCF-based computations195, but taking into account only 

the anti- conformer due to high computational cost of the underlying electronic structure 

computations defining the PES and PS, and harmonically-derived expressions for intensities 

in Raman spectra. At variance, the theoretical approach used in the present work, being 

based on relatively inexpensive computations (yet retaining comparable accuracy of QM 

level), does not require unnecessary restrictions for the number of conformers to be 

considered (at least for mediumsize molecules). Moreover, both IR and Raman anharmonic 

intensities have been computed considering all fundamental transitions, overtones (2i) and 

combination bands (1i1j) starting from the ground vibrational state, leading to an accurate 

simulation in all spectral regions. For IR spectra a very detailed comparison with the gas 

phase experiment is possible, with the latter reported in the NIST database192. Figure 8 

shows that the anharmonic computations lead to a better agreement for the band positions, 

but also introduce several new spectral features related to non-fundamental transitions. The 

latter effect is well illustrated by the inset related to the 2600–1600 cm−1 spectral range 

where harmonic contributions yield vanishing spectra while anharmonic computations very 

well reproduce positions and band patterns in this very low-intensity spectral zone.
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Glycine is an example of a quite simple molecule with a rather complex PES characterized 

by several local minima separated by low-energy barriers and large conformational 

flexibility due to the presence of three internal rotational degrees of freedom. Among the six 

low-lying conformers, at least five (namely Ip/ttt, IIn/ccc, IIIp/tct, IVn/gtt and VIp/ttc, see 

Figure 9) have been observed experimentally in different spectroscopic measurements 

(Microwave, IR, Raman) and in conditions ranging from the gas phase196–204 to low-

temperature rare-gas matrices205–208 or helium nanodroplets209. Our recent state-of-the-art 

quantum-chemical computations93,147,190 allowed to complement available experimental 

data leading to a better understanding of the whole potential energy surface governed by soft 

degrees of freedom, as well as to complete structural, thermodynamic, and spectroscopic 

characterization of glycine conformers along with suggestion of new experiments that would 

allow the unequivocal detection of “elusive” conformers. In particular, it has been shown 

that, although the rigid-rotor harmonic-oscillator (RRHO) approximation provides semi-

quantitative results for enthalpies and free energies at 15K, a more refined model is required 

to get qualitatively correct predictions of the relative population of conformers at higher 

temperatures (e.g. 410 K). This is due to the fact that the entropy of the IIIp/tct rotamer is 

strongly overestimated by the RRHO model, and only the full HRAO approach is able to 

provide a reasonable relative free energy of this conformer. Here we extend our study of 

glycine conformers to the Raman spectra, with the wavenumbers computed at the hybrid 

CC/DFT level described in detail in reference93 and both harmonic and anharmonic Raman 

activities computed at the B3LYP/SNSD level. Figure 9 reports the spectra of all six low-

lying conformers, the sum spectrum of the three most stable ones Ip/ttt, IIn/ccc and IIIp/tct, 

with each contribution weighted according to the relative Boltzmann population at 410 K 

considering also the IVn/gtt and Vn/gct conformational cooling (IVn/gtt→Ip/ttt and Vn/

gct→IIIp/tct), and the spectrum with additional minor contributions (1%) from the IVn/gtt, 

Vn/gct and VIp/ttc conformers. The good accuracy of CC/DFT band positions has been 

already confirmed by the comparison with IR spectra, while the full list of Raman activities 

for the six conformers (for all fundamental bands, overtones and combination bands, 

reported in the ESI†), which allows to simulate the Raman spectra line-shape for any kind of 

experimental conditions might facilitate further experimental studies on glycine Raman 

spectra in the whole spectral range.

6 Toward feasible computations for larger molecular systems

For larger systems and/or high numbers of conformers or isopotomers to be considered 

simultaneously, the computational burden can be significantly scaled down by reduced-

dimensionality computations, where the numerical differentiation of analytical Hessian is 

performed only along some selected normal modes. The latter can be chosen on the basis of 

spectroscopic observables of interest, for instance the most intense bands in the IR or Raman 

spectrum, or selected spectral ranges. Recently we have suggested a practical path for 

reduced-dimensionality VPT2 computations: the sets of normal modes to be considered 

simultaneously should be selected based on the nature of the vibrations and the related 

†Electronic Supplementary Information (ESI) available: (i) Basis sets from N07D/SNSD family. (ii) Best-estimated anharmonic 
vibrational frequencies and Raman activities for the six conformers of glycine, for all fundamental bands, overtones (2i) and 
combination bands (1i1j). See DOI: 10.1039/b000000x/
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energy range (see Ref.11 for a detailed analysis). In this way all vibrations mainly localized 

on the same region of a molecular system (e.g. functional group) and with similar 

wavenumbers, which are likely to be coupled, are included in the anharmonic treatment. For 

the Ip conformer of glycine it has been shown11 that in order to compute the anharmonic 

wavenumbers of the five high-energy modes with an accuracy comparable to the full 

dimensional VPT2 treatment it is necessary to include the coupling terms between stretching 

mode νCH2as and both symmetric and asymmetric νNH2 stretchings. Moreover the best 

results have been obtained with all five X-H stretching vibrations considered together and 

with additional inclusion of mode υ10. This approach has been followed in the present work 

for the simulation of IR and Raman spectra. Figure 10 reports the IR and Raman spectra in 

the wavenumber ranges related to the X-H stretching fundamental transitions (3600–2800 

cm−1) and their overtones and combination bands (7000–5500 cm−1). In all cases, the 

spectra computed using reduced-dimensionality approaches agree very well with their full 

VPT2 counterparts, in particular the complex spectral pattern in the fully anharmonic zone 

of the spectrum (7000–5500 cm−1) is perfectly reproduced by the reduced VPT2 scheme.

The same computational model can be applied to the vibrational study of a hybrid system, 

for example, glycine adsorbed on a silicon cluster11,151, allowing to dissect changes of 

glycine spectra upon adsorption on the Si(100) surface (see Figure 11). In that case, 

depending on the spectral zone of interest, it is possible to consider only high-energy 

vibrations for anharmonic computations, as discussed above. Even if all normal modes of 

glycine are taken into account, the computational cost remains substantially lower with 

respect to the total system (i.e. the glycine molecule and the substrate, here a Si15H16 

cluster) with 117 normal modes, for which the determination of full-dimensional 

anharmonic force-field would require 235 Hessian computations. The reduced-

dimensionality VPT2 approach allows to combine the accuracy of the anharmonic treatment 

with feasible calculations, permitting also a reliable QM description of the associated 

anharmonic PES. In particular, it is possible to describe both isolated molecule and the 

whole “molecule+cluster” system at the B3LYP level with double-ζ basis sets. In Figure 11, 

the five modes with the highest wavenumbers of isolated and adsorbed glycine are 

compared. It should be noted that the OH stretching is not present in the adsorbed molecule 

due to the dissociative character of the adsorption process (see reference151 and references 

therein), while the Si-H stretching, representative of the new system, is reported. 

Furthermore, a close similarity of the CH2 and NH2 stretching modes has been found 

between isolated and adsorbed glycine. Extension to even larger systems can be done by 

combining reduced-dimensionality models with QM/MM schemes10,105. We should note 

that all the approaches discussed above can be also coupled with the description of non-

specific environmental effects by means of continuum solvent models101–103, leading finally 

to the discrete/continuum representation of complex environments102,104,105. A fully 

coherent polarizable QM/MM/PCM model can be applied to anharmonic computations 

thanks to the availability of analytical second derivatives with respect to nuclear and electric 

perturbations105 and if required combined with reduced-dimensionality VPT2 schemes for 

the choice of specific degrees of freedom considered for anharmonic computations. Those 

integrated approaches allow to set up computational procedures tailored for the system and 

properties under study, including also large systems with localized spectroscopic 
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phenomena. These strategies have been already shown to provide an improved agreement 

with experimental results210–212 for the hybrid organic-inorganic systems such as glycine 

adsorbed on a silicon cluster as discussed above, or large biomolecules as C=O stretching 

spectral range for chlorophyll-a in a tetrahydrofuran solution5,11, taking into account both 

environmental and anharmonic effects, and allowing reinvestigation of experimental 

outcomes.

7 Improving the accuracy: hybrid approaches

It has been already shown for several small closed- and open-shell molecular systems that 

the differences between coupled cluster (CC) and DFT anharmonic wavenumbers are mainly 

due to the harmonic terms73,82,87–90, paving the route to introduce effective yet reliable 

hybrid CC/DFT schemes. As a matter of fact, increased accuracy, even for relatively large 

systems, can be achieved with hybrid approaches where the harmonic part is computed with 

larger basis sets and/or at higher levels of theory (especially CCSD(T) or double-hybrid 

B2PLYP), and the anharmonic corrections are evaluated with much less computationally 

demanding (B3LYP) models. The simplest hybrid approach relies on a posteriori DFT 

corrections to the best estimated harmonic results. Alternatively, the hybrid anharmonic 

force field can be obtained in a normal-coordinate representation by adding the cubic and 

semi-diagonal quartic force constants computed at the DFT level to the CC or B2PLYP 

harmonic wavenumbers within the VPT2 expressions. Since usually the normal modes are 

very similar, DFT cubic and quartic force constants can be used without any transformation. 

Such a hybrid anharmonic force field is then used to compute the anharmonic wavenumbers 

with the VPT2 approach. This procedure, which allows also the anharmonic resonances to 

be identified based on the more accurate results, and introduces corrections to ω within all 

VPT2 equations (wavenumbers and intensities) can be advocated as the most reliable and 

has been used in the present work.

Figure 12 collects results from our recent works83,91–93,99,147,151,153,160,190, and compares 

the anharmonic wavenumbers for a set of about 250 fundamental vibrations computed at the 

B3LYP level, and by hybrid models (where harmonic contributions have been evaluated at 

the B2PLYP and CCSD(T) levels, with basis sets of at least cc-pVTZ quality) with 

experimental outcomes. In all cases, anharmonic corrections have been computed at the 

B3LYP level with, at least, polarized double-ζ basis sets (mainly SNSD/N07D family). This 

approach provides accurate results for all vibrations except two large-amplitude motions, 

namely the out-of-plane deformation (υ2) of NH3 and the OH stretching involved in an 

intermolecular hydrogen bond (υ3) of glycine IIn. First of all, it is further confirmed that 

B3LYP computations provide, per se, quite reliable anharmonic wavenumbers, with MAEs 

of 13 cm−1, and maximum discrepancies of about 50 cm−1, in line with the MAE of about 

10 cm−1 reported for the somehow larger benchmark set in Figure 1. On these grounds, we 

can safely claim an accuracy of about 10–20 cm−1 for B3LYP/SNSD GVPT2 computations. 

For small-to-medium closed- and open-shell molecular systems, an increased accuracy can 

be obtained with CC/B3LYP models, which have already been validated for wavenumber 

computations73,82,87–90. Within Coupled Cluster computations, refined harmonic force 

fields can be evaluated through composite schemes, taking into account extrapolation to the 

basis set limit, as well as inclusion of core-correlation and diffuse-function corrections. 
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From a set of molecules adapted for the statistics in Figure 12, the best-estimated CC 

harmonic wavenumbers have been evaluated for glycine93,147,190, pyrimidine91 and uracil92. 

In all other cases CCSD(T) harmonic wavenumbers have been computed in conjunction 

with basis sets of at least cc-pVTZ quality. The good accuracy of CC/B3LYP wavenumber 

computation, with an overall MAE well below 10 cm−1 and maximum discrepancies not 

exceeding 30 cm−1 is further confirmed, clearly showing that hybrid schemes can deliver 

wavenumbers of remarkable quality, at computational costs well accessible for medium-

sized molecules. As mentioned above, improvements over the B3LYP computations can 

also be achieved by means of the double-hybrid B2PLYP145 functional. Computations at the 

B2PLYP level are significantly more expensive than B3LYP ones, due to the inclusion of 

second-order perturbation treatment of the electron correlation and larger basis set 

requirements, but, on the other hand, they can be considered as very cost-effective 

alternatives with respect to CCSD(T). For this reason, and on the basis of some promising 

results85,86,99, we decided to further check the quality of the B2PLYP/B3LYP model. Note 

that the B2PLYP (and MP2) route suffers from some difficulties for open-shell species since 

unrestricted approaches require in some cases high-order perturbative terms to reduce spin-

contamination at a reasonable level, and restricted open-shell approaches do not include, at 

low perturbative orders, spin-polarizations effects. From Figure 12, it is evident that the 

inclusion of B2PLYP harmonic wavenumbers improves results with respect to B3LYP 

computations, leading sometimes to an agreement close to that issuing from hybrid CC/

B3LYP models. Moreover, the improvement is more significant in some difficult cases as 

for example halo-organic compounds (due to large electronegativities of halogen atoms and, 

for the heaviest ones, significant relativistic core-electron effects), with a correction of the 

harmonic terms by means of more accurate methods, either CCSD(T) or B2PLYP/cc-

pVTZ(-PP) significantly increasing the wavenumber accuracy. Thus B2PLYP/AVTZ 

computations of harmonic wavenumbers can be recommended as a viable route to improve 

the accuracy of anharmonic wavenumbers for relatively large systems. Moreover, hybrid 

B2PLYP/B3LYP schemes can be advocated as a first choice instead of fully B2PLYP 

anharmonic computations in all cases where B3LYP wavenumbers yield larger than usual 

discrepancies. It has been shown that B2PLYP, if coupled to basis sets of at least cc-pVTZ 

quality, yields harmonic wavenumbers substantially more accurate than other DFT 

approaches, and in this respect, it outperforms the B3LYP functional85. On the other side, 

the B2PLYP model, if coupled to double-ζ basis sets, does not show any clear improvement 

for anharmonic force constants over B3LYP. This is explained by the higher basis set 

requirements related to the second-order perturbation treatment of electron correlation85. 

Table 5 reports harmonic and anharmonic wavenumbers for formic acid computed at 

B3LYP, B2PLYP/B3LYP and B2PLYP levels, including, for B3LYP, basis set effects 

(SNSD, SNST and aug-cc-pVTZ). For the formic acid B3LYP computations lead to results 

which cannot be considered fully satisfactory for the analysis of experimental spectra 

(maximum discrepancies up to 50 cm−1). In particular, the largest discrepancies are found in 

the X-H stretchings spectral zone, so for the bands, which are strongly affected (both 

wavenumbers and intensities) by the creation of formic acid conglomerates. Improved 

wavenumbers can be obtained by fully anharmonic B2PLYP/AVTZ computations, but 

results of the same accuracy are also obtained by hybrid B2PLYP/B3LYP models. With 

respect to the B3LYP computations we note that both harmonic and anharmonic 
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wavenumbers are essentially converged at the B3LYP/SNSD level, and anharmonic 

contributions can be safely computed with the least expensive SNSD basis set. However, we 

also note that for strongly anharmonic modes, improved results can be obtained with 

anharmonic corrections computed at the B2PLYP/aug-cc-pVTZ level. This is the case of 

OH stretching mode for glycine IIn/ccc conformer (mode υ3, not considered in Figure 12) 

involved in the hydrogen bridge, where CC/B2PLYP and B2PLYP computations halve the 

deviation from experiment with respect to computations where anharmonic corrections have 

been obtained at the B3LYP level, albeit at a largely increased computational cost93.

With respect to intensities, anharmonic hybrid IR intensities and Raman activities have been 

obtained by means of an a posteriori scheme, again assuming that the differences between 

the two levels of theory can be ascribed only to the harmonic part

(16)

Here we consider hybrid schemes with CCSD(T) and B2PLYP levels applied for best-

estimated IR intensities, and B2PLYP computations of Raman activities, in all cases in 

conjunction with basis sets of at least cc-pVTZ quality. Analogously to wavenumbers, a 

composite scheme can be used to evaluate best-estimates for IR intensities93,147,161,190. 

Regarding the direct comparison with experiment, much less experience is available for IR 

and, above all, Raman intensities beyond the harmonic level. In this respect, the general 

implementation presented here is providing encouraging results5,100. In particular, B3LYP, 

B2PLYP and hybrid CC/B3LYP and CC/B2PLYP IR intensities have been compared with 

experimentally derived integrated cross sections (km mol−1) for a set of halo-organic 

molecules of atmospheric interest showing in all cases good agreement with experiment 

even in the spectral ranges due fully to non-fundamental transitions160. It has been observed 

that the agreement between theoretical and experimental intensities is very good already at 

the B3LYP/SNSD level, with a total MAE of about 7 km mol−1. A slight improvement has 

been observed by employing B2PLYP/cc-pVTZ(-PP) and B2PLYP/B3LYP computations 

(MAE of 6 km mol−1), with further improvement reachable with hybrid schemes where the 

harmonic part is corrected at the CCSD(T) level (MAE of about 2.5 km mol−1). In this 

regard, it should be pointed out that the B2PLYP or CCSD(T) corrections to wavenumbers 

are applied to all bands, also including overtones, while the corrections to harmonic 

intensities influence only the fundamental transitions. However, it is evident that hybrid 

CC/DFT approaches are useful in order to improve the theoretical intensities. The 

performance of B3LYP and B2PLYP approaches in predicting IR intensities and Raman 

activities for formic acid is compared in Tables 6 and 7, respectively. For IR intensities, 

again B3LYP and B2PLYP yield essentially identical anharmonic corrections, in line with 

what has been observed for halogenated molecules. Moreover, for B3LYP the anharmonic 

correction is already converged with the least expensive SNSD basis set, in line with 

benchmark studies presented in Tables 1-3. On the other hand, improved harmonic IR 

intensities are obtained by increasing the basis set with the B3LYP functional or with 

B2PLYP/AVTZ computations. Finally, it is noteworthy that B2PLYP/B3LYP hybrid IR 

intensities agree within 1 km mol−1 with full B2PLYP/AVTZ anharmonic computations. 

Concerning high-to-medium intensity Raman activities, the B3LYP harmonic contributions 
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agree within 10 % with their B2PLYP/AVTZ counterparts, while for low-intensity features, 

discrepancies do not exceed 1 Å4 u−1. Within B3LYP computations both harmonic parts and 

anharmonic contributions are essentially the same for all basis sets, with the Raman 

activities for the most intense transitions varying by less than 2.5 Å4 u−1.

The previous analysis leads to some practical considerations for a cost-effective yet reliable 

simulation of fully anharmonic IR and Raman spectra. First of all, for most of the molecular 

systems, the accuracy of B3LYP/SNSD computations is fully adequate also for quantitative 

analyses. For specific cases where even more stringent accuracy is needed, the most viable 

way to improve the results at a reasonable computational cost goes through hybrid schemes 

with the harmonic part corrected at CCSD(T) or B2PLYP levels, in conjunction with basis 

sets of at least cc-pVTZ quality. B2PLYP computations can be advocated for larger systems 

or in order to reduce the computational cost, still considerable for computation of harmonic 

wavenumbers at the CCSD(T)/VTZ level even for few-atomic systems. Corrections of 

harmonic contributions are more important for wavenumbers than for intensities, at least for 

the interpretation of experimental outcomes and unless high-quality quantitative data for 

transition intensities are required. It should be noted that the correction of band position 

influences the pattern of simulated transitions, hence the overall spectral line-shape. For 

some difficult cases, involving strongly anharmonic PES or challenging description of the 

electronic structure, improved anharmonic corrections can be computed at the B2PLYP/

AVTZ level.

This strategy has been applied to simulate IR and Raman spectra of formic acid and its 

complexes, which are concomitantly present under experimental conditions in low-

temperature Argon matrices213–215. Formation of weakly bound molecular systems in 

matrix environments requires the proper consideration of all the most probable aggregates, 

with simultaneous measurements of IR and Raman spectra significantly facilitating the 

analysis of experimental outcomes213–216. Here, we show that spectra of such mixture can 

be directly simulated at a fully anharmonic level allowing a vis-à-vis comparison with its 

experimental counterpart. In the case of the formic acid monomer, improved anharmonic 

wavenumbers have been obtained with B2PLYP/AVTZ and hybrid B2PLYP/B3LYP 

computations. For the simulation of the spectra of the monomer and dimers, we resort to the 

less expensive one between those approaches, i.e. the hybrid B2PLYP/B3LYP model with 

anharmonic corrections computed at the B3LYP/SNSD level. Figure 13 compares the 

simulated spectra of the monomer, the two most stable dimers215 and a mixture of all the 

species with the experimental IR and Raman spectra214,215. In this case, the Raman spectra 

have been reported directly in terms of scattering intensities, without any scaling. For this 

reason, we have computed the corresponding theoretical values according to Equation 8 

starting from anharmonic Raman activities in Å4 u−1 and considering an excitation 

wavenumber equal to 18797 cm−1 (532 nm)215. According to the different concentration of 

formic acid in Ar matrix for both experiments and the higher stability of the cyclic dimers 

we have adopted a 5-30% interval for the dimer contribution to the overall spectra. Figure 

13 shows a very good agreement between simulated and experimental IR and Raman 

spectra, considering both the band positions and the intensity patterns. In particular, it is 

evident that several new features emerging with respect to the monomer spectra, can be 
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assigned to one of the dimers. This example highlights the accuracy and feasibility of fully 

anharmonic simulations of IR and Raman spectra for complex molecular mixtures.

8 Conclusions and Future Developments

We have discussed our general approach and analysed some representative results for the 

description of vibrational spectra for isolated molecules (gas phase, low-temperature 

matrices, nanodroplets) with the contemporary account of mechanical and electrical 

anharmonicity. The computational approach and the general trends, even if here applied to 

few small-to-medium sized systems, should not be considered as specific of given molecular 

structures, but as an account of the present situation of a much wider general project. The 

implementation of the whole approach in a widely available and user-friendly suite of 

programs allows the use of all quantum mechanical methods for which analytical second 

derivatives of energies and analytical first derivatives of electric properties are available: 

numerical differentiation of all these terms provides the quantities needed for the evaluation 

of anharmonic vibrational wavenumbers and intensities. Comparison of the calculated 

results with their experimental counterparts suggests that remarkably accurate anharmonic 

contributions can be obtained by quite inexpensive basis sets and QM methods, thus 

allowing to concentrate computational efforts on the harmonic terms, whose convergence 

with the many-body contributions and/or basis set extension are more demanding. The 

quality of the results obtained by this new robust black-box procedures for the proper 

inclusion of resonance effects shows that VPT2 is the method of choice for the study of low-

energy spectra (i.e. including fundamentals together with first overtones and combination 

bands) of medium and large-size semirigid molecules in the gas phase. Even larger systems 

can be accurately studied employing reduced-dimensionality approaches, which allow the 

inclusion of diagonal anharmonicity only for a selected and tunable number of normal 

modes, but including the most important anharmonic couplings also with inactive modes. 

Although true large amplitude motions are still problematic, the ongoing development of 

approaches based on internal coordinates promises to further extend the range of application 

of VPT2. It is, of course, always possible to resort to mixed variational/perturbative 

approaches, but then the true problem becomes the definition and evaluation of a reliable 

potential energy surface going beyond the fourth-order polynomial approximation. In our 

opinion pathways to go beyond the VPT2 scheme should be rather explored for specific/

necessary cases only, and we preferred to highlight the applicability and accuracy of the 

present VPT2 model. Another issue concerns the treatment of systems in condensed phase. 

Here the polarizable continuum model (PCM) has been already extended to wavenumbers 

and IR intensities with promising results and the corresponding developments for Raman 

spectra are in a final stage of testing. Of course, explicit solvent molecules need to be 

included whenever specific effects in the cybotactic region are important. Here again, 

ongoing work based on mixed discrete/continuum models and/or integration of time-

independent and time-dependent approaches is giving promising results. In conclusion, the 

results reported in this perspective and in the underlying specific studies show, in our 

opinion, that despite pending further developments, we dispose “hic and nunc” of a 

powerful general tool (which can be referred to as a first generation multifrequency virtual 
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spectrometer) for complementing and aiding vibrational studies for molecular systems of 

current scientific and technological interest.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Performance of selected hybrid, (B3LYP134, B97-1141, PBE0136, M06138,139, HSE06140), 

long-range corrected (CAM-B3LYP135, LC-ωPBE137, ωB97142), and meta-hybrid 

(M06-2X138,139) DFT functionals, including also their dispersion-corrected DFT-D 

counterparts143,144 for the computation of anharmonic vibrational wavenumbers at the 

GVPT2 level. Mean Absolute Error (MAE) with respect to experimental data for a set of 

small-to-medium-sized molecules from this work (H2O, NH3, ethylene, methanol, 

formaldehyde, F2CN, H2CNH, benzene) and as reported in references: adenine117, 

anisole85, furan85, glycine83,99,147,151, phenol85, pyrimidine83,91, pyridine85, pyrrole85, 

uracil83,85,92, thiophene85. All computations have been performed with basis sets of at least 

double-ζ plus polarization quality, mainly the SNSD/N07D family (see ESI† for basis set 

definition): N07D (Ref.85), aug-N07D (Refs.83,91,92,99,151), SNSD (Ref.147 and this work), 

6-311+G(d,p) (Ref.219) and 6-311++G(df,pd) (Ref.117).
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Fig. 2. 
Anharmonic IR spectra of furan in the 500–1800 cm−1(upper panel), 1800–3300 

cm−1(central panel) and 3900–4800 cm−1(lower panel) wavenumber ranges computed at the 

B3LYP level with the aug-cc-pVTZ, aug-cc-pVDZ, SNST and SNSD basis sets. Spectra 

line-shapes have been convoluted with Lorentzian distribution functions with a HWHM of 1 

cm−1.
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Fig. 3. 
Anharmonic Raman spectra of furan in the 800–3000 cm−1 3050–3200 cm−1 and 3900–4800 

cm−1(lower panel) wavenumber ranges computed at the B3LYP level with the aug-cc-

pVTZ, aug-cc-pVDZ, SNST and SNSD basis sets. Spectra line-shapes have been convoluted 

with Lorentzian distribution functions with a HWHM of 1 cm−1.
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Fig. 4. 
Computed anharmonic and experimental IR and Raman173 spectra of thymine in the 3900–

100 cm−1 wavenumber range. Theoretical spectra line-shapes have been convoluted with 

Lorentzian distribution functions with a HWHM of 1 cm−1.
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Fig. 5. 
Computed anharmonic and experimental IR and Raman173 spectra of thymine in the 3800–

2800 cm−1 wavenumber range, along with the assignment of fundamental transitions and 

most pronounced overtones and combination bands. Theoretical spectra line-shapes have 

been convoluted with Lorentzian distribution functions with a HWHM of 1 cm−1.
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Fig. 6. 
Computed anharmonic Raman spectra of the phenyl radical and nitrosobenzene in the 1600–

600 cm−1 wavenumber range, compared to the experimental Raman182 spectrum measured 

in Ar Matrix and obtained after prolonged excimer laser irradiation at 308 nm of 

nitrosobenzene isolated in Ar matrix at 6 K, with peaks assigned to the C6H5 marked by 

arrows. Theoretical spectra of the phenyl radical and nitrosobenzene from Ref.153 and this 

work (B3LYP/SNSD), respectively. Theoretical spectra line-shapes have been convoluted 

with Lorentzian distribution functions with a HWHM of 1 cm−1.
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Fig. 7. 
Computed anharmonic and experimental IR192 and Raman193 spectra of butane in the 3200–

2700 cm−1 wavenumber range. The theoretical spectra of each conformer, anti and gauche, 

and the sum of their contribution weighted by their relative abundances (as computed in this 

work, T=298K) are presented here. The line-shapes have been convoluted with Lorentzian 

distribution functions with a HWHM of 5 cm−1.
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Fig. 8. 
Computed harmonic and anharmonic IR spectra of butane in the 3200–600 cm−1 

wavenumber range compared to experiment192. The theoretical spectra of anti and gauche 

conformers, the sum of their contribution weighted by their relative abundances (as 

computed in this work, T=298K) are presented here. The inset shows the 2600–1600 cm−1 

spectra range fully related to the overtones and combination transitions. Theoretical spectra 

line-shapes have been convoluted with Lorentzian distribution functions with a HWHM of 5 

cm−1.
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Fig. 9. 
Best-estimated Raman spectra in the (2000–200 cm−1) wavenumber region, for the main 

glycine isotopologue. Simulated theoretical spectra: single spectra for Ip/ttt, IIn/ccc, IIIp/tct, 

IVn/gtt, Vn/gct and VIp/ttc, the sum of the Ip/ttt, IIn/ccc and IIIp/tct (Ip-IIn-IIIp) 

contributions weighted by their relative abundances (as computed at the HRAO level at 

T=410 K93), also assuming the conformational cooling IVn/gtt→Ip/ttt and Vn/gct→IIIp/tct), 

and the Ip-IIn-IIIp sum complemented by minor contributions (1%) from the IVn/gtt, Vn/gct 

and VIp/tcc (ALL). Spectra line-shapes have been convoluted with Lorentzian distribution 

functions with a half-width at half-maximum (HWHM) of 1 cm−1.
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Fig. 10. 
Infrared and Raman spectra of the most stable glycine conformer (Ip) in the wavenumber 

range related to the X-H stretching fundamental transitions (3600–2800 cm−1) and their 

overtones and combination bands (7000–5500 cm−1). VPT2 computations taking into 

account all normal modes (Full) and with the reduced dimensionality scheme (Reduced), for 

the latter all five X-H stretching vibrations have been considered together along with 

additional inclusion of mode υ10. Spectra line-shapes have been convoluted with Lorentzian 

distribution functions with a half-width at half-maximum (HWHM) of 1 cm−1.
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Fig. 11. 
Infrared spectra in the wavenumber range related to the X-H stretching fundamental 

transitions (3600–2000 cm−1) of the most stable glycine conformer (Ip) and glycine 

adsorbed on the Silicon cluster. In both cases all normal modes of glycine have been 

included into the GVPT2 computations. Spectra line-shapes have been convoluted with 

Lorentzian distribution functions with a half-width at half-maximum (HWHM) of 1 cm−1.
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Fig. 12. 
Performance of the B3LYP/SNSD and hybrid B2PLYP/B3LYP and CCSD(T)/B3LYP 

models for the computation of anharmonic vibrational wavenumbers at the GVPT2 level. 

All anharmonic corrections have been computed at the B3LYP level with basis sets of at 

least double-ζ plus polarization quality (mainly SNSD/N07D family). For B2PLYP and 

CCSD(T) harmonic wavenumbers have been computed with basis sets of at least cc-pVTZ 

quality. Mean Absolute Error (MAE, upper panel) and Maximum Absolute Error (∣MAX∣, 

lower panel) with respect to experimental data for about 250 fundamental wavenumbers for 
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small-to-medium molecular systems as reported in references: small molecules (H2O, NH2, 

NH3)83, halo-organic (halo-methanes, halo-ethylenes)160, acroleine83, glycine ( Ip, IIn, IIIp 

and VIp conformers)83,93,99,147,151, phenyl153, pyrimidine83,91, uracil83,85,92, and from this 

work. Normal modes showing larger deviation for anharmonic correction between B3LYP 

and B2PLYP and/or CCSD(T) (υ2 of NH3 and υ3 of glycine IIn) have been excluded from 

statistic (see text).
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Fig. 13. 
Computed anharmonic and experimental IR and Raman215 spectra of formic acid in the 

2000–500 cm−1 wavenumber range. For theoretical spectra single contributions from the FA 

monomer (M) and its most stable dimers, cyclic dimer (CD) and open dimer (OD), and the 

overall spectra (SUM) obtained as the spectrum of the monomer complemented by the 

contributions (5-30%) from the CD and CO dimers are presented. Theoretical spectra line-

shape of monomer and dimers have been convoluted with Lorentzian distribution functions 

with HWHMs of 1 cm−1 and 2 cm−1, respectively.
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Table 1

Wavenumbers (in cm−1), Infrared intensities (in km mol−1) and Raman activities (in Å4 u−1) computed for a 

set of bi-hetero-atomic closed- and open-shell molecules. All computations at DFT level with B3LYP 

functional in conjunction with aug-cc-pVXZ (X=D,T,Q) and SNSX (X=D,T) basis sets

Molecule Basis Wavenumbers IR Intensities Raman Activities

set harm anh Δ anh harm anh Δ anh harm anh Δ anh

CH+ AVQZ 2797.3 2687.2 −110.2 1.3 1.9 0.7 62.9 69.7 6.7

AVTZ 2793.1 2686.7 −106.4 1.3 1.9 0.6 63.5 70.9 7.4

AVDZ 2786.7 2677.0 −109.7 1.7 2.5 0.8 67.0 72.4 5.4

SNST 2809.9 2696.2 −113.7 1.4 2.0 0.6 64.8 71.3 6.5

SNSD 2807.5 2696.5 −111.0 1.2 1.7 0.5 64.6 71.3 6.8

CN AVQZ 2153.1 2127.3 −25.8 19.9 19.1 −0.8 205.1 258.1 53.0

AVTZ 2150.9 2125.1 −25.8 19.7 18.9 −0.8 207.5 262.5 55.1

AVDZ 2137.6 2112.1 −25.4 18.0 17.2 −0.8 224.5 293.0 68.5

SNST 2153.4 2127.5 −25.9 20.0 19.1 −0.8 203.2 255.6 52.4

SNSD 2149.8 2123.9 −25.9 17.1 16.3 −0.8 221.2 283.1 61.9

CO AVQZ 2212.6 2187.6 −24.9 79.7 79.4 −0.3 17.7 18.1 0.4

AVTZ 2207.7 2183.0 −24.7 79.9 79.6 −0.3 17.6 18.0 0.4

AVDZ 2185.7 2161.2 −24.5 78.7 78.3 −0.3 17.0 17.3 0.4

SNST 2207.6 2182.7 −24.9 81.7 81.3 −0.4 17.1 17.4 0.4

SNSD 2209.1 2183.6 −25.5 83.4 83.0 −0.4 17.9 18.3 0.4

HF AVQZ 4078.4 3905.3 −173.1 111.0 108.6 −2.4 39.5 43.6 4.2

AVTZ 4072.1 3901.0 −171.1 111.4 108.9 −2.5 38.9 43.0 4.1

AVDZ 4062.0 3871.0 −191.0 111.3 109.4 −1.9 38.6 42.9 4.3

SNST 4051.9 3876.8 −175.1 112.7 109.7 −3.0 34.4 38.4 4.0

SNSD 4067.5 3892.0 −175.5 109.6 107.3 −2.3 39.3 43.6 4.2

NH AVQZ 3263.3 3118.8 −144.5 20.5 22.8 2.2 94.1 103.4 9.3

AVTZ 3259.6 3117.2 −142.4 20.8 23.2 2.3 93.7 98.7 5.0

AVDZ 3234.5 3093.5 −141.0 22.3 24.4 2.1 94.3 103.1 8.8

SNST 3260.3 3115.8 −144.5 21.0 23.3 2.4 94.5 105.5 11.1

SNSD 3261.8 3120.3 −141.5 22.9 25.5 2.5 94.8 103.7 8.9

NO AVQZ 1973.5 1948.8 −24.7 42.3 41.9 −0.4 8.5 8.8 0.3

AVTZ 1968.3 1943.4 −24.9 42.7 42.2 −0.4 9.3 9.5 0.3

AVDZ 1974.7 1949.6 −25.1 41.8 42.4 0.6 10.2 10.2 0.1

SNST 1972.3 1946.9 −25.4 42.1 41.6 −0.4 8.9 9.2 0.2

SNSD 1982.8 1957.3 −25.5 43.3 42.8 −0.5 9.4 9.7 0.3

OH AVQZ 3701.0 3555.9 −145.1 13.5 12.0 −1.5 61.3 71.1 9.9

AVTZ 3693.1 3543.4 −149.7 13.3 12.0 −1.3 60.8 67.0 6.2
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Molecule Basis Wavenumbers IR Intensities Raman Activities

set harm anh Δ anh harm anh Δ anh harm anh Δ anh

AVDZ 3681.8 3528.8 −153.0 12.8 11.6 −1.2 60.6 66.7 6.1

SNST 3693.0 3542.1 −150.9 13.7 12.2 −1.5 60.3 66.4 6.1

SNSD 3705.5 3554.4 −151.1 12.6 11.2 −1.4 60.8 67.0 6.2
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Table 2

Harmonic and anharmonic vibrational wavenumbers (in cm−1), IR intensities (in km mol−1) and Raman 

activities (in Å4 u−1) computed for the benchmark set composed of small closed- and open-shell molecules 

(CH+, CN, CO, HF, NH, NO, OH, H2O, H2CO, H2CN, C2H4, CH2F2, CH3NH2, CH3OH, CHOOH). All 

computations were done at the DFT level with the B3LYP functional in conjunction with the aug-cc-pVXZ 

(X=D,T,Q) and SNSX (X=D,T) basis sets. Mean absolute errors (MAE) and maximum absolute errors ∣MAX∣ 

are reported with respect to the B3LYP/aug-cc-pVQZ resultsa

Basis Wavenumbers IR Intensities Raman Activities

set harm anh Δ anh harm anh Δ anh harm anh Δ anh

MAE

AVTZ 2.3 2.3 1.0 0.2 0.2 0.1 0.2 0.6 0.5

AVDZ 13.8 13.3 4.2 1.1 1.1 0.3 0.8 1.3 0.7

SNST 5.0 4.7 1.2 0.5 0.5 0.2 0.4 0.6 0.3

SNSD 7.0 6.5 1.6 0.8 0.8 0.2 0.6 1.0 0.5

∣MAX∣

AVTZ 7.9 12.4 13.4 0.9 1.1 0.5 2.4 4.7 4.3

AVDZ 33.0 34.3 17.9 6.0 5.8 4.8 19.4 34.9 15.5

SNST 29.6 28.5 5.8 2.4 3.9 1.8 5.1 5.2 3.8

SNSD 22.4 22.6 8.2 5.9 5.1 3.8 16.1 25.0 8.9

a
modes showing strong Fermi interactions (υ5 of H2CO; υ9 of C2H4, υ1 and υ2 of CH2F2; υ3, υ4 and υ5 of CH3NH2; υ3, υ4 and υ5 of 

CH3OH; ) have been excluded from statistics.
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Table 3

Harmonic and anharmonic vibrational wavenumbers (in cm−1), IR intensities (in km mol−1) and Raman 

activities (in Å4 u−1) computed for the benchmark set composed of medium-size closed- and open-shell 

molecules (furan, pyrrole, pyrimidine, glycine, phenyl). All computations were done at the DFT level with the 

B3LYP functional in conjunction with the aug-cc-pVXZ (X=D,T) and SNSX (X=D,T) basis sets. Mean 

absolute errors (MAE) and maximum absolute errors ∣MAX∣ are reported with respect to the B3LYP/aug-cc-

pVTZ resultsa

Molecule Basis Wavenumbers IR Intensities Raman Activities

set harm anh Δ anh harm anh Δ anh harm anh Δ anh

MAE

furan AVDZ 9.6 8.5 2.8 2.0 2.2 0.4 1.5 1.8 0.7

SNST 3.4 3.5 1.5 0.3 0.4 0.2 0.9 1.1 0.6

SNSD 4.9 4.7 1.9 2.1 2.1 0.4 1.0 0.9 1.0

pyrrole AVDZ 8.6 9.1 4.6 1.0 1.4 0.9 1.2 1.7 1.0

SNST 3.7 5.6 2.7 0.4 0.9 0.7 0.4 1.3 1.1

SNSD 5.0 6.5 2.5 0.7 0.6 0.5 0.7 0.9 0.7

pyrimidine AVDZ 7.4 7.6 4.1 1.0 1.5 0.6 1.1 2.1 1.4

SNST 2.2 5.2 3.9 0.3 0.7 0.5 0.4 1.3 1.5

SNSD 4.7 5.9 3.0 0.9 1.1 0.5 0.7 1.1 0.8

glycine AVDZ 6.7 8.4 4.4 1.9 4.8 4.1 0.3 1.6 1.3

SNST 2.9 4.0 2.6 1.9 3.5 2.8 0.3 1.1 1.0

SNSD 3.6 5.8 4.1 4.2 3.6 3.9 0.4 0.7 0.6

phenyl AVDZ 8.1 9.4 8.1 0.3 1.9 2.0 1.6 2.4 1.4

SNST 1.5 5.6 4.8 0.2 1.6 1.7 1.3 2.6 2.5

SNSD 4.4 6.1 4.4 0.3 0.3 0.3 2.3 3.1 1.9

ALL AVDZ 8.0 8.6 4.8 1.2 2.4 1.6 1.1 1.9 1.2

SNST 2.7 4.8 3.1 0.6 1.5 1.2 0.6 1.5 1.3

SNSD 4.5 5.8 3.2 1.6 1.5 1.1 1.0 1.4 1.0

∣MAX∣

furan AVDZ 28.9 27.4 9.1 15.9 16.7 2.6 8.0 13.9 5.9

SNST 8.4 10.1 4.5 1.3 1.4 1.2 5.8 6.5 4.7

SNSD 15.9 15.4 8.3 15.9 16.7 2.2 4.9 6.7 7.9

pyrrole AVDZ 23.1 28.2 22.5 9.8 11.5 11.2 6.8 11.9 5.8

SNST 11.0 19.7 11.3 4.8 4.9 4.2 2.4 13.4 12.9

SNSD 15.9 28.2 23.3 6.1 5.6 1.6 3.3 5.8 3.9

pyrimidine AVDZ 14.8 20.5 19.4 5.8 5.3 5.5 7.6 20.1 13.7

SNST 5.5 28.0 25.6 1.5 4.8 3.9 3.4 13.4 12.6

SNSD 12.6 23.8 20.3 4.3 3.6 3.6 6.3 10.0 4.8

glycine AVDZ 18.5 31.1 19.7 6.5 37.0 32.0 2.2 17.2 15.0

SNST 12.4 27.2 22.4 9.8 14.5 21.6 1.4 9.9 10.5

SNSD 13.2 26.7 27.1 31.7 24.6 25.6 2.4 3.3 5.6
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Molecule Basis Wavenumbers IR Intensities Raman Activities

set harm anh Δ anh harm anh Δ anh harm anh Δ anh

phenyl AVDZ 17.0 35.2 21.9 2.9 37.9 40.8 9.3 20.1 10.8

SNST 5.5 19.6 15.4 1.9 12.0 13.8 10.4 15.4 17.7

SNSD 11.8 14.1 13.4 1.5 1.8 3.3 13.8 26.8 13.3

ALL AVDZ 28.9 35.2 22.5 15.9 37.9 40.8 9.3 20.1 15.0

SNST 12.4 28.0 25.6 9.8 14.5 21.6 10.4 15.4 17.7

SNSD 15.9 28.2 27.1 31.7 24.6 25.6 13.8 26.8 13.3
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Table 4

Anharmonic vibrational wavenumbers (in cm−1), IR intensities (in km mol−1) and Raman activities (in Å4 u−1) 

of thymine in the high-wavenumber region of the Raman/IR spectra, along with the available experimental 

results.

Exp.a Calc. State Assignment

Wn IRb RAb Wn IR RA

3514.2 10.9 34.4 27 νC 2 O

3479 130 n.a. 3474.1 85.7 121.3 11 νN 1 H

3432 110 n.a. 3427.6 49.4 60.5 12 νN 3 H

3412.1 3.8 0 28 νC 4 O

3108.9 2.5 35.4 19111 νC5C6+δscissCH2

3078 74 3068.6 3.7 69.5 13 νC 6 H

3050.7 4.1 17.3 19113 νC5C6+δN1H+νC2N3

3048.9 6.2 28.7 19114 νC5C6+invCH3

2997c 2993.4 0.2 3.8 19116 νC5C6+δC6H

2987c/2992 7 42d 2962.0 6.8 27.8 14 ν asym CH 3

2969 13 55 2941.8 11.9 87.7 15 ν out–of–plane CH 3

2939 20 162 2933.9 17.8 231.7 16 ν sym CH 3

2905.5 0.5 5.5 210 υ 10

2899 2894.8 3.6 24.2 110111 δN1H+δscissCH3+νC2N3

2855.1 1.4 0.8 19117 νC5C6+νC5−CH3

2839.3 1.9 7.8 212 γCH 3

a
Experimental data from IR and Raman spectrum recorded in low-temperature Ar Matrix from Ref. 173

b
The experimental values for the IR intensity and Raman activity are relative values, see Ref. 173 for the details.

c
The doublet at 2997 cm−1 and 2987 cm−1 has been assigned in Ref. 173 to the Fermi resonance between the 14 fundamental and some 

combination band.

d
Total relative intensity for all of the sub-bands, see Ref. 173 for the details.
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Table 6

Harmonic and anharmonic IR intensities (in km mol−1) of formic acid computed at different levels of theory. 

Hybrid B2PLYP/B3LYP scheme: harmonic wavenumbers computed at the B2PLYP/aug-cc-pVTZ level and 

anharmonic corrections computed by B3LYP with SNSD (anh D) and SNST (anh T) basis sets, respectively.

No. Sym. B3LYP/SNSD B3LYP/SNST B3LYP/AVTZ B2PLYP/AVTZ B2PLYP/B3LYP

harm anh harm anh harm anh harm anh anh D anh T

υ 1 A’ 60.0 49.9 62.7 52.2 60.5 50.8 67.5 57.3 57.0 56.9

υ 2 A’ 38.9 41.8 38.4 41.0 39.8 42.3 36.0 37.4 37.6 37.4

υ 3 A’ 375.4 355.8 373.4 354.0 373.0 353.6 353.2 333.1 333.8 334.4

υ 4 A’ 2.6 2.3 2.7 2.3 2.4 2.2 2.0 1.7 1.7 1.7

υ 5 A’ 8.4 10.2 7.5 9.5 9.1 12.1 9.9 11.9 11.6 11.5

υ 6 A’ 257.9 256.8 264.9 263.3 262.1 260.1 261.8 260.9 260.9 261.0

υ 7 A’ 41.6 38.9 41.3 38.7 41.5 39.1 41.0 38.3 38.2 38.1

υ 8 A” 2.3 2.0 2.3 2.0 2.1 1.7 2.6 2.3 2.3 2.3

υ 9 A” 137.2 134.5 137.8 135.5 137.3 134.8 136.5 133.9 133.8 134.2
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Table 7

Harmonic and anharmonic Raman activities (in Å4 u−1) of formic acid computed at different levels of theory. 

Hybrid B2PLYP/B3LYP scheme: harmonic wavenumbers computed at the B2PLYP/aug-cc-pVTZ level and 

anharmonic corrections computed by B3LYP with SNSD (anh D) and SNST (anh T) basis sets, respectively.

No. Sym B3LYP/SNSD B3LYP/SNST B3LYP/AVTZ B2PLYP/AVTZ B2PLYP/B3LYP

harm anh harm anh harm anh harm anh D anh T

υ 1 A’ 75.7 89.9 76.2 90.4 75.2 89.2 71.8 85.3 85.3

υ 2 A’ 124.7 136.7 123.1 134.8 122.2 134.2 117.0 123.9 123.5

υ 3 A’ 13.8 13.6 13.4 13.2 13.4 13.3 15.0 14.9 14.9

υ 4 A’ 4.6 5.3 4.7 5.4 4.6 5.3 5.0 5.7 5.7

υ 5 A’ 2.3 2.6 2.2 2.5 2.2 2.5 2.3 2.6 2.6

υ 6 A’ 2.5 2.3 2.4 2.2 2.3 2.2 3.1 3.0 3.0

υ 7 A’ 3.4 3.8 3.3 3.8 3.3 3.8 3.4 3.9 3.9

υ 8 A” 1.2 1.5 1.0 1.4 1.0 1.4 0.9 1.3 1.3

υ 9 A” 0.4 0.5 0.5 0.6 0.5 0.6 0.4 0.5 0.5
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