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Abstract

Gas-phase molecular spectroscopy is a natural playground for accu-
rate quantum-chemical computations. However, the molecular bricks of
life (e.g., DNA bases or amino acids) are challenging systems because of the
unfavorable scaling of quantum-chemical models with the molecular size
(active electrons) and/or the presence of large-amplitude internal motions.
From the theoretical point of view, both aspects prevent the brute-force
use of very accurate but very expensive state-of-the-art quantum-chemical
methodologies. From the experimental point of view, both features lead
to congested gas-phase spectra, whose assignment and interpretation are
not at all straightforward. Based on these premises, this review focuses on
the current status and perspectives of the fully a priori prediction of the
spectral signatures of medium-sized molecules (containing up to two dozen
atoms) in the gas phase with special reference to rotational and vibrational
spectroscopies of some representative molecular bricks of life.
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1. INTRODUCTION

Rotational and vibrational spectroscopies are at the heart of our knowledge of the structural and
dynamic properties of molecular systems because of their ability to unveil different physicochem-
ical characteristics in a noninvasive way. In particular, high-resolution molecular spectroscopy in
the gas phase (the only field considered in the present review) provides accurate information on
intrinsic molecular features without any perturbation from noninnocent environments (1–5). Fur-
thermore, these techniques allow for the unequivocal identification of chemical species in hostile
environments, e.g., the interstellar space (6, 7) and planetary atmospheres (8), but also in gaseous
samples of unknown composition (4, 9–11).

Recently, rotational spectroscopy has been extended to the investigation of solid compounds
by the introduction of the laser ablation technique (12). This technique relies on the use of a laser
to vaporize solids without decomposing molecules. Therefore, it is particularly suitable for inves-
tigating the building blocks of biomolecules (13–17), especially when coupled with supersonic jet
expansion that cools molecules to low rotational temperatures. This permits a great simplification
of the resulting rotational spectrum. Furthermore, chirped-pulsed microwave spectrometers (18,
19), which allow for covering a broadband spectral region, combined with fast-mixing nozzles per-
mit the investigation of noncovalent interactions in large systems (20–24). However, for flexible
molecules, interpretation of the experimental data often requires accurate computational char-
acterizations of the low-energy minima and their interconversion routes in order to unravel the
actual conformers contributing to experimental outcomes. In the same vein, gas-phase infrared
(IR) spectra of building blocks of biomolecules have become accessible owing to fast thermal
heating of solid samples followed by fast-scan Fourier-transform (FT) IR spectroscopy prior to
decomposition (25, 26). At the high temperatures of such experiments, no conformational freezing
is possible, thus leading to complicated spectra that require accurate computational predictions
for their correct interpretation. Furthermore, a large spectral range from near- to mid-IR is ac-
cessible, thus providing high-quality data for benchmarking vibrational calculations (27, 28). The
combination of Raman spectroscopy with supersonic expansion provides complementary results
(29, 30).

Experimental outcomes have traditionally been considered to be the unquestionable and defini-
tive answers to any chemical problem.However, already for medium-sized systems (in the present
context, up to two dozen atoms), such as most molecular bricks of life (see Figure 1), direct in-
terpretation of the spectroscopic signals in structural and dynamic terms is not straightforward.

Molecular bricks
of life

Peptides

Phosphates

Nucleobases

Mono-
saccharides

Amino
acids

Oxo and
fatty
acids

Figure 1

Main families of the molecular bricks of life.
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In these cases, although conveying additional information, spectral congestion makes quantitative
interpretation of experimental data even more difficult. In this respect, molecular simulations can
play an invaluable role, provided that they are able to couple accuracy and feasibility (5, 31, 32).

For small semirigid molecules (in the present context, up to a dozen atoms), the accuracy of
state-of-the-art quantum-chemical (QC) methodologies can rival that of experimental techniques
(33–37). However, their extension to large (possibly flexible) systems faces a number of difficulties
(even within the Born-Oppenheimer approximation), ranging from the very unfavorable scaling
of QCmethods with the number of active electrons to the correct description of the interactions/
effects at work to (possibly) the proper characterization of flat potential energy surfaces (PESs)
ruled by a large number of stationary points (5, 38). Focusing on the spectroscopic and molecular
properties at the basis of vibrational and rotational spectroscopy, a viable route to obtain accu-
rate results, even for relatively large molecular systems (a few dozens of atoms), is provided by
hybrid QC/QC′ models, which combine accurate QC calculations of the primary properties (e.g.,
molecular structures and harmonic force field) with cheaper yet reliable QC approaches (QC′) for
secondary properties (e.g., vibrational corrections and anharmonicity) (see, e.g., 5, 39–41). At the
same time, accurate computations of spectroscopic parameters often require purposely tailored
basis sets, whose setup and/or choice always requires extensive benchmarks (42–44).

In the field of rotational and vibrational spectroscopy, the rigid rotor (RR)–harmonic oscillator
(HO) approximation, which lays the foundation of these spectroscopies and their separability, is
not suitable for quantitative purposes, and models incorporating semirigidity and anharmonicity
must be employed. Second-order vibrational perturbation theory (VPT2) (45–47) can be con-
sidered the gold standard for treatments beyond the RR-HO approximation at affordable costs.
Indeed, it has been exploited with considerable success for semirigid molecules of increasing
dimensions (5, 48–51). However, concerning vibrational spectroscopy, resonances largely limit
VPT2 treatments, and their identification and accurate description still remain daunting tasks
due to the arbitrariness of their definition and their indirect influence on the energy and inten-
sities. Note that such interactions also affect rotational spectroscopy (46, 52). It is therefore of
crucial importance to be able to systematically find the true resonances and then to correct them
appropriately. The resonance conditions are strongly related to the quality of the electronic struc-
ture calculations, but they also depend on the coupling between the potentially resonant states.
The most obvious solution is to combine perturbative and variational models, with the general-
ized (G)VPT2 model offering a very good accuracy-to-cost ratio not only for energies but also
for transition moments (49). Indeed, GVPT2 incorporates a systematic unsupervised treatment
of Fermi and Darling-Dennison resonances, as explained in Section 2.

The focus of this review is on rotational and vibrational spectroscopies for medium-sized
molecular bricks of life in the gas phase, which still represent a great challenge for molecular spec-
troscopy. In view of the different techniques exploited in vibrational and rotational spectroscopy
(see above), their synergistic combination guided and supported by computational chemistry in
their interpretation paves the route toward the comprehensive study of flexible molecules in the
gas phase. From the theoretical point of view, the first issue to address is the selection of suitable
QC methods, which should be able to provide an optimal balance between accuracy and feasi-
bility for the properties under consideration (5). Their use for deriving geometric structures and
anharmonic force fields of all the stationary points of interest as well as their accuracy has a great
impact on the subsequent spectroscopic characterization. Indeed, geometry and force constants
are the input of the subsequent (G)VPT2 treatment. However, such a well-defined procedure
cannot be applied to flexible systems. Indeed, the exploration of their rugged high-dimensional
PESs is already a great challenge that cannot be performed in a standard fashion. Systematic
scans of the so-called soft degrees of freedom ruling large-amplitude motions (LAMs) become
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extremely expensive for systems involving more than a few LAMs. In these cases, one can resort
to algorithms based on artificial intelligence for both the definition of the most suitable set of
variables characterizing the PES and its exploration (53).

To address the challenges mentioned in the preceding paragraph, we try to provide a com-
prehensive picture of an integrated experimental/computational strategy aimed at the structural
and spectroscopic characterization of prototypical molecular bricks of life. Starting from semirigid
medium-sized molecules, we proceed toward systems with increasing flexibility. Each step is illus-
trated by representative test cases, which have been mostly selected from recent work performed
in the authors’ laboratories.

2. GENERAL METHODOLOGY

Even if not addressed in the discussion, the state of the art for small semirigid molecules show-
ing a single well-defined energy minimum is presented in the description of the methodology (1,
5, 52, 54). However, difficulties arise with increasing molecular dimensions. The first difficulty
is the increased number of degrees of freedom, which requires the use of effective approximate
methods (e.g., hybrid QC/QC′) tested for small systems (5, 39–41, 55). The second difficulty is
related to the presence of soft degrees of freedom, which can give rise to LAMs. Furthermore, flat
PESs containing several low-lying energy minima separated by (possibly) small energy barriers
require the location of all minima and the transition states ruling their interconversion (in order
to unravel possible fast relaxation paths). This task, broadly referred to as exploration, can be per-
formed according to different strategies (56–60). We consider systematic searches for molecules
characterized by a small number of soft degrees of freedom (61, 62) and, for more flexible systems,
the so-called metaheuristics (63), namely iterative generation procedures that guide subordinate
heuristics (i.e., deterministic local optimizations) with the aim of escaping from the nearest local
minimum (53). The latter topic is analyzed in Section 2.1.2. Subsequently, the so-called exploita-
tion phase, namely the computation of structural, thermochemical, and spectroscopic parameters,
is addressed. This phase is common to all types of molecular systems provided that, for flexible
molecules, it is repeated for all of the low-lying structures having a nonnegligible population. The
general framework of the spectroscopic approach is perturbation theory employing the Watson
Hamiltonian (5, 27, 52, 64, 65), which allows a direct link between the computed parameters
and those obtained by spectroscopists from the analysis of the recorded spectra (32). To summa-
rize, in the next sections, the QC methodology and the foundations of rotational and vibrational
spectroscopy are presented.

2.1. The Quantum-Chemical Model

In the field of rotational and vibrational spectroscopy, the computation of reliable spectroscopic
parameters requires the derivation of accurate energies, structures, and anharmonic force fields
for each low-lying minimum of the studied molecule. Unfortunately, for the molecular systems
of interest in the present context, the state-of-the-art QC composite schemes exploited for the
spectroscopic characterization of small semirigid molecules are at present not affordable. Thus,
some approximations are unavoidable; however, methodologies that limit the reduction of accu-
racy have been developed (43, 44). The general approach presented here is to resort to the most
accurate composite scheme compatible with the dimension of the system under investigation.

2.1.1. Equilibrium structure. Composite approaches were developed to account for both
electron correlation and basis set effects by exploiting the additivity approximation. Among
the possible additive schemes available for small semirigid species, in the following we present
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the so-called gradient scheme introduced by Gauss and coworkers (66, 67). This is entirely
based on coupled-cluster (CC) techniques and is a modular black-box approach that allows for
incorporating the desired terms (68). An example is provided here:

dEbest

dx
= dE∞(HF − SCF)

dx
+ d�E∞(CCSD(T))

dx
+ d�E(CV )

dx
+ d�E(fT)

dx
+ d�E(fQ)

dx
. 1.

While the reader is referred to References 66 and 67 for additional details, in Equation 1, the
extrapolation to the complete basis set (CBS) is considered at the CCSD(T) level within the
frozen-core (fc) approximation [CCSD(T) standing for the CC ansatz including single, double,
and perturbative triple excitations (69)]. Equation 1 also incorporates the core-valence (CV) corre-
lation effects and corrections due to the full treatment of triple (fT) and quadruple (fQ) excitations.
To extend the applicability of composite approaches to larger molecules, an effective solution is
provided by the so-called geometry scheme. This is based on the assumption that the additivity
approximation can be directly applied to geometric parameters and only requires geometry op-
timizations at several levels of theory. The different contributions are thus evaluated separately
and then combined together. To extend the size of systems to those of interest in this review,
the computational cost is further reduced by resorting to the so-called cheap geometry scheme
(hereinafter ChS) (55):

r(ChS) = r(CCSD(T)/TZ) +�r(CBS) +�r(CV), 2.

with r denoting a generic structural parameter. In Equation 2, the first term of the right-hand
side is the fc-CCSD(T) calculation with a triple-zeta (TZ) quality basis set. The extrapolation to
the CBS limit and the CV contribution are instead evaluated using second-order Møller-Plesset
(MP) perturbation theory (MP2) (70). Recently, the ChS approach has been extended to incorpo-
rate the effects of diffuse functions in the basis set, thus leading to the definition of the junChS
model (43, 44). Explicitly correlated F12 methods (71) have also been introduced, thus defining
the junChS-F12 model (44, 72). Interestingly, geometries obtained at the CCSD(T)-F12 level
(73) with the jun-cc-pVTZ (74) or cc-pVDZ-F12 (75) basis sets are already remarkably accu-
rate without any further extrapolation, provided that CV contributions are incorporated at least
at the MP2-F12 level (76) combined with a CV basis set (44, 76, 77). Despite the reduction of
the computational cost when moving from a composite scheme entirely based on CC techniques
to the ChS model and its variants, for large systems, less expensive levels of theory are needed.
In this respect, hybrid [e.g., B3LYP (78) and PW6B95 (79)] and, especially, double-hybrid [e.g.,
B2PLYP (80) or rev-DSD-PBEP86, hereinafter rDSD (81)] density functionals perform remark-
ably well when augmented by empirical dispersion corrections [usually using the D3BJ model
(82, 83)]. Note that partially augmented double-zeta (DZ) and TZ basis sets [jul-cc-pVDZ and
jun-cc-pVTZ (84)] offer the best cost-accuracy compromise for hybrid and double-hybrid density
functionals, respectively (50, 85). When these combinations of functional/basis set are used, only
the acronym of the functional is indicated explicitly.

The accuracy of computed geometries can be further improved by means of the so-called
linear regression approach (LRA) (86, 87). This makes use of the large database of accurate semi-
experimental (SE) equilibrium structures (see Section 2.2.1 for definition), which allowed the
derivation of reliable linear regressions for key geometric parameters to be used for correcting
density functional theory (DFT) systematic errors. The LRA leads to equilibrium geometries ri-
valing those issuing from the most refined (and costly) QC schemes (86, 87). Another approach
that allows for improving DFT structures is the template model approach (TMA) (87, 88), which
implies the direct transfer of corrections to geometric parameters from suitable fragments to the
molecular system under consideration. The combination of the TMA and the LRA has recently
led to the definition of a fully black-box tool, referred to as nano-LEGO (86).
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2.1.2. Potential energy surface exploration. The computational protocol for the exploration
of flat PESs starts with an optional systematic search based on chemical knowledge (89, 90). This
step generates a manageable number of guess structures (smaller than 3n, where n is the num-
ber of degrees of freedom), which are submitted to constrained geometry optimizations using
a fast semi-empirical method [typically PM7 (91) or GFN2-xTB (92)]. The application of en-
ergy and similarity filters generates the first set of candidates, whose energies are evaluated at the
B3LYP or PW6B95 level. The most promising structures resulting from this step are saved for
further processing. Then a genetic algorithm is employed to generate other candidates, avoid-
ing any coalescence with those selected in the first step (53). Once again energy and structural
filters are employed to select the most promising energy minima, whose geometries are reop-
timized at the B3LYP or PW6B95 level. The combination of the candidates selected in these
two steps (after further checking for any overlap) defines the panel of structures to be optimized
at the B2PLYP or rDSD level. Harmonic frequencies are also computed to verify the nature of
the located stationary points and to obtain the free energies (by standard statistical thermody-
namic equations) needed for evaluating the relative populations at the temperature of interest.
Possible relaxation paths are identified by locating transition states connecting low-energy min-
ima. In some cases, the geometry of key structures is reoptimized at a higher computational level.
Finally, spectroscopic parameters of the structures having nonnegligible populations (and not re-
laxing effectively to more stable energy minima) are computed, as described in Sections 2.2 and
2.3.

2.1.3. Energetics. In a spectroscopic characterization, energetics plays a central role, espe-
cially when several conformers are present in the gas-phase mixture. Indeed, as mentioned in
Section 2.1.2, free energies allow the derivation of conformer populations, with electronic energy
being the key ingredient for such an evaluation.

For small semirigid molecules, a number of highly accurate schemes have been introduced
(see, e.g., 93–98). In particular, the HEAT (high accuracy extrapolated ab initio thermochemistry)
protocol (96, 99, 100) provides subkilojoule per mole accuracy. Analogously to geometries, when
increasing the size of the system, to reduce the computational cost while retaining high accu-
racy, the ChS approach can be employed. In particular, the junChS and junChS-F12 models have
proven to provide kilojoule per mole accuracy (43, 44, 101). Interestingly, these two approaches
use reference geometries obtained by double-hybrid density functionals (43, 44).

2.1.4. Harmonic and anharmonic force fields. Composite schemes can also be employed in
the evaluation of harmonic force fields (39). Generally, state-of-the-art conventional or explicitly
correlated approaches provide very accurate harmonic (35, 36, 102) and anharmonic (51, 103)
force fields, but their cost becomes prohibitive for medium- to large-sized molecular systems.
For the latter, harmonic frequencies can be obtained from analytical second-derivative techniques
(48) applied to double-hybrid functionals with (partially) augmented TZ basis sets. Anharmonic
corrections, when needed, are computed using the already mentioned GVPT2 model (28, 104).
This requires the evaluation of third and semidiagonal fourth derivatives, which are obtained by
the numerical differentiation of second derivatives. Either double-hybrid functionals or, for large
systems, hybrid functionals are employed for this task.

2.2. Rotational Spectroscopy

The leading terms in rotational spectroscopy are the rotational constants, which mainly depend
on the molecular structure (52, 105). Within the RR approximation, the rotational Hamiltonian
is
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Ĥrot = 1
2

⎛
⎝ Ĵ

2
x

Ix
+ Ĵ

2
y

Iy
+ Ĵ

2
z

Iz

⎞
⎠, 3.

where Ĵx, Ĵy, and Ĵz are the components of the angular momentum Ĵ, and Ix, Iy, and Iz are the
principal moments of inertia (i.e., the diagonal elements of the inertia tensor I in the principal
inertia system). The multiplicative terms of Ĵ

2
x , Ĵ

2
y , and Ĵ

2
z are the rotational constants in atomic

units,

Bα = 1
2Iα

, 4.

where α stands for x, y, or z. The x, y, and z axes are those of the principal inertia systems,which are
usually denoted as a, b, and c. However, the order of the correspondence is not unambiguous. The
particular choice (which can be accomplished in six different ways) defines a representation (Ir,
IIr, IIIr, Il, IIl, or IIIl) (105). The a, b, c notation also leads to the usual definition of the rotational
constants A (=Ba), B (=Bb), and C (=Bc), with the convention that A ≥ B ≥ C. Within the RR
approximation, the rotational constants are thus given by the inverse of the principal moments of
inertia Iα , which are obtained by diagonalizing the inertia tensor of the molecule, which is given
by

I =
∑
K

MK (R2
K1 − RKRT

K ); 5.

the sum runs over all K nuclei, with RK denoting their Cartesian coordinates andMK their atomic
masses.

Going beyond the RR approximation, the rotational constants depend on the vibrational
motion. Within the VPT2 treatment, the usual contact-transformation method gives the
second-order result (45)

Bαv = Bαe −
∑
r

ααr

(
vr + 1

2

)
; 6.

the sum is taken over all fundamental vibrational modes r, and the superscript α refers to the
inertial axes (a, b, and c). Bαv and Bαe are the rotational constants of the vibrational state v and at
equilibrium, respectively, while ααr denotes the vibration-rotation interaction constants. Based on
the discussion above, the equilibrium rotational constants are completely defined once the equi-
librium structure is known. Therefore, from a computational point of view, their determination
only requires geometry optimizations. As is evident from Equation 6, the vibrational contribution
does not vanish for the vibrational ground state:

Bα0 = Bαe − 1
2

∑
r

ααr = Bαe +�Bαvib. 7.

From a computational point of view, vibrational corrections require anharmonic force field cal-
culations (52). Since the vibrational corrections are small terms with respect to the equilibrium
rotational constants (from less than 1% to 3% at most), in rotational spectroscopy, the com-
putational effort should be put into accurate geometry optimizations, possibly employing the
composite schemes introduced in Section 2.1.1.

Finally, going beyond theRR approximation also implies centrifugal distortion effects (64).The
lowest-order perturbation treatments lead to the introduction of the quartic and sextic centrifugal
distortion constants (47).Computationally, their evaluation needs harmonic and anharmonic force
field calculations, respectively (47, 52). Therefore, they can be obtained as by-products of the
computations carried out for obtaining vibrational corrections to rotational constants.
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Rotational constants are at the basis of the so-called SE approach for the derivation of accurate
structures. This is, however, hampered by the limited amount of data with respect to the number
of geometric parameters and by the proper account of vibrational effects. The first limitation is
overcome by considering, for a given molecule, a sufficient number of isotopic species in order
to increase the amount of data (105). Since rotational constants obtained experimentally refer to
the vibrational ground state, the structures directly derived from them are vibrationally averaged
structures (105). To exclude vibrational effects in a rigorous manner, we can resort to Equation 7,
which can be rewritten as

Bαe = Bα0 + 1
2

∑
r

ααr = Bα0 −�Bαvib. 8.

If in the equation above, the Bα0 value is obtained experimentally and the�Bαvib correction is com-
puted, the resulting Bαe is the so-called SE equilibrium rotational constant. The availability of SE
equilibrium rotational constants for a balanced set of isotopic species leads to the derivation of
the SE equilibrium geometry (rSEe ) by means of a least-squares fit. Since the sum in Equation 8
is, contrary to the individual terms, devoid of any possible resonance (106) and, owing to the fact
that the vibrational corrections are very small terms with respect to the Bα0 constants, the SE ap-
proach provides equilibrium structures with great accuracy, also when the�Bαvib contributions are
obtained with hybrid density functionals. Additional electronic contributions can also be taken
into account (3), but their role is negligible except in very peculiar cases. Using the SE approach,
a data set of about 100 SE equilibrium structures for molecules containing H, B, C, N, O, F, P, S,
and Cl atoms has been recently set up (86).

2.3. Vibrational Spectroscopy

The VPT2 model permits us to write the energies of vibrational bands in terms of harmonic wave
numbers (ωi) and elements of the effective anharmonicity matrix (χ ij):

νi = ωi + 2χii +
3N−6∑
r �=i=1

χir

2
, 9.

[νiν j] = ωi + ω j + 2χii + 2χ j j + 2χi j + 1
2

3N−6∑
r �={i, j}=1

(
χir + χ jr

)
. 10.

Both first overtones (i = j) and combination bands (i �= j) are described by Equation 10.
Diagonal and off-diagonal elements of the χ matrix are evaluated as follows:

16χii = φiiii − 5φ2
iii

3ωi
−

3N−6∑
j �=i=1

(8ω2
i − 3ω2

j )φ
2
ii j

ω j (4ω2
i − ω2

j )
, 11.

4χi j =φii j j −
2ωiφ2

ii j

(4ω2
i − ω2

j )
− 2ω jφ

2
i j j

(4ω2
j − ω2

i )
− φiiiφi j j

ωi
− φ j j jφii j

ω j

+
3N−6∑

r �={i, j}=1

[
2ωr (ω2

i + ω2
j − ω2

r )φ
2
i jr

�i jr
− φiirφ j jr

ωr

]
+ 4(ω2

i + ω2
j )

ωiω j

∑
α=a,b,c

Bαe {ζ αi j }. 12.

In the equations above, ζ αi j and B
α
e are the Coriolis constant (coupling normal modes i and j)

and the rotational constant associated with the principal rotation axis α, respectively; φijr and φiijj
denote the cubic and semidiagonal quartic force constants, respectively, and �ijr is given by

�i jr = ω4
i + ω4

j + ω4
r − 2(ω2

i ω
2
j + ω2

i ω
2
r + ω2

jω
2
r ). 13.
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In Equations 11 and 12, nearly singular contributions (resonances) must be removed and taken
into account in a successive variational treatment.Thismodel [known asGVPT2 (28) or VPT2+K
(107)] can be seen as a perturb then diagonalize approach,which is more effective in the vibrational
context than its more traditional diagonalize then perturb counterpart that is employed in most
multireference electronic structure models.

Analytical expressions for VPT2 transition moments have been derived for one-, two-, and
three-quanta excitations from the vibrational ground state, thus giving access to IR, Raman, vi-
brational circular dichroism, and Raman optical activity intensities including both mechanical
and electrical anharmonicity (49, 51). The corresponding variationally corrected VPT2 proper-
ties have also been implemented by means of proper deperturbation followed by projection onto
the eigenvectors of the Hamiltonian matrix, including nearly resonant couplings (27, 108). Al-
though the conventional VPT2 approach employs different equations for asymmetric, spherical,
symmetric, and linear tops, it has been recently shown that the asymmetric-top formulation can
be employed for the other cases, provided that all the degeneracy issues are handled properly and
the customary spectroscopic signatures of non-Abelian groups (e.g., 	-type doubling) are derived
by a posteriori transformations of the eigenvectors (65, 109). An additional advantage of this for-
mulation is that it allows the computation of intensities for non-Abelian symmetry groups without
resorting to complex algebra.

For flexible molecules, some degrees of freedom correspond to LAMs, whose perturbative
treatment can lead to unphysically huge anharmonic corrections. The challenges related to this
issue depend on the strength of the couplings between the LAMs and the other small-amplitude
motions.Whenever these couplings are small enough (e.g., isolated torsions or ring deformations),
the LAMs can be removed from the VPT2 treatment, and their contribution taken into account
by different one-dimensional discrete variable representations (DVRs). Details and successful
applications of this type of procedure can be found, for example, in References 110–113.

3. THE MOLECULAR BRICKS OF LIFE

This section is devoted to the spectroscopic characterization of representative examples of the
molecular building blocks of life shown in Figure 1. We start from the analysis of pyrimidines
and purines that are medium-sized semirigid molecules and, thus, suitable for hybrid QC/QC′

approaches. Uracil and thiouracil are chosen as examples for systems with only one minimum.
Then, we tackle the problem of different tautomeric forms using guanine as a test case. Next, we
move our attention to two species related to sugars, namely the smallest carboxylic acids containing
also a ketonic [pyruvic acid (CH3–CO–COOH)] or alcoholic [glycolic acid (CH2OH–COOH)]
moiety and representing paradigmatic models of small flexible systems with a reduced number of
soft degrees of freedom. The situation is similar for dipeptide analogs of amino acids with small
side chains, whose conformational landscape is ruled by two dihedral angles. Glycine and alanine
dipeptide analogs are the chosen examples.When the number of soft degrees of freedom increases
and their coupling is not negligible, preliminary exploration of the corresponding PES becomes
mandatory. This aspect is illustrated by different amino acids involving up to six dihedral angles
(using glycine, alanine, cysteine, and homocysteine as examples of increasing complexity).

3.1. Pyrimidines and Purines: Uracil, Thiouracil, and Guanine

The investigations discussed in References 114 and 115 demonstrated that composite approaches
fully based on CC techniques are able to provide rotational constants with great accuracy (see also
5 and 52). As explained in Section 2, such schemes are not affordable for medium-sized molecules
and approximated approaches must be employed. The performance of the latter is presented here

www.annualreviews.org • Gas-Phase Computational Spectroscopy 37

A
nn

u.
 R

ev
. P

hy
s.

 C
he

m
. 2

02
3.

74
:2

9-
52

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
 A

cc
es

s 
pr

ov
id

ed
 b

y 
U

ni
ve

rs
ita

 d
eg

li 
St

ud
i d

i B
ol

og
na

 o
n 

04
/2

5/
23

. S
ee

 c
op

yr
ig

ht
 f

or
 a

pp
ro

ve
d 

us
e.

 



Table 1 Equilibrium rotational constants of some molecular bricks of life

Be

B3LYP/
SNSD

B2PLYP/
cc-pVTZ

MP2/
cc-pVTZ

CCSD(T)/
cc-pVTZ ChS SE

Uracil Ae 3,875.9 3,904.5 3,906.8 3,884.1 3,913.9 3,912.4
Be 2,010.9 2,020.8 2,018.6 2,015.7 2,039.1 2,035.3
Ce 1,324.0 1,331.6 1,330.9 1,327.0 1,340.7 1,338.9

Thiouracil Ae 3,547.4 3,571.9 3,569.7 3,550.5 3,578.6 3,578.3
Be 1,299.5 1,309.6 1,313.6 1,306.6 1,322.4 1,321.9
Ce 951.1 958.3 960.3 955.1 965.6 965.4

Pyruvic acid
(Tc)

Ae 5,517.3 5,528.3 5,502.9 5,501.8 5,564.5 5,559.3
Be 3,564.5 3,603.0 3,625.6 3,602.4 3,611.4 3,621.5
Ce 2,194.5 2,210.5 2,214.9 2,206.3 2,219.6 2,222.4

Glycolic acid
(sSc)

Ae 10,653.0 10,718.3 10,699.3 10,701.9 10,801.2 10,797.3
Be 4,026.8 4,063.1 4,092.9 4,073.0 4,102.9 4,098.0
Ce 2,976.9 3,000.9 3,015.6 3,005.3 3,029.2 3,025.5

All values are in megahertz. B3LYP results are from Reference 106 and this work; B2PLYP results are from References 88, 112, and this work; MP2,
CCSD(T), and ChS results are from References 55, 112, 116, and 117; and SE equilibrium rotational constants are from References 5, 88, 112, and 117.
Abbreviations: ChS, cheap geometry scheme; MP2, second-order Møller-Plesset perturbation theory; SE, semi-experimental.

for uracil and thiouracil. These molecules have been chosen not only for their biological relevance
but also because they have been well characterized experimentally (see 55 and 116 and references
therein).

InTable 1, equilibrium rotational constants of both species evaluated at different levels of the-
ory are compared to the corresponding SE equilibrium values (see Equation 8). The results point
out the accuracy of the ChS model introduced above, which, at the price of a marginal increase of
computational cost [additional MP2 computations much less expensive than the CCSD(T) one],
provides a terrific improvement with respect to the fc-CCSD(T)/cc-pVTZ level of theory.Despite
strongly reduced computational costs, the results delivered by the B2PLYP and even the B3LYP
computational models are competitive with respect to fc-CCSD(T) calculations performed with
a TZ basis set. In Reference 5, figure 9, the impact on the prediction of the rotational spectrum
of uracil is evident: B2PLYP/cc-pVTZ agrees better with experiment than does fc-CCSD(T)/cc-
pVTZ. Concerning the ChS, a nice graphical representation of its very good performance can be
found in Reference 116, figure 1. In passing, we note that the ChS approach and its variants can
also be applied to other spectroscopic quantities such as harmonic frequencies, quartic centrifugal
distortion constants, and hyperfine parameters (for the definition of the latter, see 52).

Moving to vibrational spectra, in Reference 28, the performance and accuracy of fully anhar-
monic calculations for medium-sized molecular systems have been investigated. The comparison
of different hybrid functionals with partially augmented basis sets pointed out the superiority
of B3LYP with a mean absolute error with respect to experimental data of 9 cm−1. Focusing
on uracil and thiouracil, the remarkable agreement between experimental and computed (at the
B3LYP level) fundamentals (mean absolute error of 10 cm−1 for uracil, 5.3 cm−1 for thiouracil)
confirms the outcome above. Since both molecules show Fermi resonances (39, 118), this result
points out that the GVPT2 approach is able to deal satisfactorily with strong resonance effects in
semirigid molecules (28, 118). Improved results are obtained by means of hybrid QC/QC′ com-
putations in which anharmonic B3LYP contributions are employed together with more accurate
harmonic terms. If B2PLYP/cc-pVTZ or ChS is considered for the latter, absolute mean errors
within 10 cm−1 are obtained for uracil (39, 119). At these levels, similarly good agreement is also

38 Barone • Puzzarini

A
nn

u.
 R

ev
. P

hy
s.

 C
he

m
. 2

02
3.

74
:2

9-
52

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
 A

cc
es

s 
pr

ov
id

ed
 b

y 
U

ni
ve

rs
ita

 d
eg

li 
St

ud
i d

i B
ol

og
na

 o
n 

04
/2

5/
23

. S
ee

 c
op

yr
ig

ht
 f

or
 a

pp
ro

ve
d 

us
e.

 



noted for overtones and combination bands, thus demonstrating that assignment and interpreta-
tion of spectroscopic features for these types of molecular systems can be performed confidently
with effective approaches going beyond the standard HO model.

In the gas phase, uracil, thiouracil, and thymine are present only in their diketo forms (55, 116,
120),whereas several tautomeric forms have been detected for cytosine and guanine (121, 122) due
to the close stability of keto and enol forms (hereinafter K and E, respectively). In guanine, two
nonequivalent structures of the imidazole ring (N7H and N9H) have comparable energy and fur-
ther increase the number of detectable species. In fact, theory and experiment agree in predicting
four low-energy tautomers (K-N7H and K-N9H, together with the cis and trans forms of E-N9H)
(see References 121 and 123–125 for data and a detailed explanation of the nomenclature). Ac-
curate W1-F12 computations (95) point out that the four tautomers lie close in energy (enthalpy
at 298 K): 0.0 (K-N7H), 2.2 (K-N9H), 2.5 (cis-E-N9H), and 4.1 (trans-E-N9H) kJ mol−1 (125).
Therefore, they all should be considered in the prediction of rotational and vibrational spectra,
with an accurate estimate of relative populations being a crucial point. Several higher energy tau-
tomers have also been predicted, but their relative stability (at least 15 kJ mol−1 above the most
stable species) hampers any experimental detection.

3.2. Sugar-Related Molecules: Pyruvic and Glycolic Acids

Both pyruvic and glycolic acids can be produced from glucose and supply energy to cells through
the Krebs (in animals) or glyoxylate (in plants, bacteria, and fungi) cycle, respectively. Both acids
have been recently characterized using the ChS model for geometries and harmonic force fields
combined with anharmonic contributions at the B2PLYP level with an augmented TZ basis set
(112, 117).

The conformational landscape of pyruvic acid is ruled by the O=C–C=O and H–O–C–C di-
hedral angles, whose cis and trans conformations are labeled as C,T and c, t, respectively.However,
only three conformers (Tc, Tt, and Ct, in order of decreasing stability) have been located on the
PES. For the most stable one (Tc), owing to the spectroscopic (rotational) characterization of
different isotopic species, it has been possible to obtain the SE equilibrium structure (117). This
accurate geometry could be employed together with the TMA to derive geometric parameters of
the other two conformers with an accuracy approaching that of the rSEe , i.e., better than 0.001 Å
and 0.1° for bond lengths and valence angles, respectively. This strategy allowed for greatly im-
proving the prediction of rotational spectra of the Tt and Ct conformers. In passing, we note that
the results of Table 1 lead to conclusions similar to those pointed out for uracil and thiouracil.

Moving to IR spectroscopy, experimental data are available for the Tc and Tt conformers, thus
permitting us to verify the accuracy reached by the QC/QC′ model, with QC and QC′ being the
ChS and B2PLYP level, respectively. The computed vibrational frequencies were found to agree
with their experimental counterparts well within 10 cm−1, on average. The investigation reported
in Reference 117 allows us to point out the importance of predicting not only accurate vibrational
frequencies but also reliable IR intensities. Indeed, the computation of the latter led to simulated
spectra that effectively reproduce all main features in the mid- and near-IR spectral ranges, thus
allowing us to disentangle the contributions of low-intensity fundamentals from those of high-
intensity overtones and combination bands (117). A noteworthy outcome of the work presented
in Reference 117 is the remarkable accuracy of the B2PLYP functional, which can be further
improved by using the TMA for geometric parameters and a single scaling factor for the harmonic
part of the OH stretching. These findings pave the way toward the accurate study of larger acids
and/or carbohydrate moieties at the limited cost of DFT computations.

The conformational landscape of glycolic acid is ruled by three dihedral angles: H–O–C–C
(with syn, anti, and gauche minima), O–C–C=O (with syn and anti minima), and O=C–C–H
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(with cis and trans minima). The resulting conformers are labeled with three letters denoting the
conformation of each dihedral angle (e.g., sSc), with only 7 out of 12 being, however, true energy
minima (see 112 and references therein). These are sSc, gAc, aAt, aSc, aAc, sSt, and aSt, in order
of decreasing stability (see 112, figure 1). Characterization of the energetics is not sufficient to
understand which conformers can be experimentally observed, but interconversion paths are also
needed. According to Reference 112, the energy barriers leading from aSt to sSt, from aSc to sSc,
and from aAc to gAc are extremely low (below 1 kJ mol−1), thus preventing the detection of the
aSt, aSc, and aAc conformers. The remaining energy barriers are instead much higher, ranging
from 15 to more than 40 kJ mol−1. As a consequence, only the sSc, gAc, aAt, and sSt conform-
ers should be amenable to experimental investigations, and indeed, vibrational spectra have been
recorded for these four species either in the gas phase or in inert matrices (126). At variance, only
two conformers have been characterized by microwave spectroscopy, possibly due to the high
energy of sSt and the very small dipole moment components (which imply very weak rotational
transitions) of gAc (127, 128). In Table 1, the equilibrium rotational constants of the most sta-
ble conformer (sSc) evaluated at different levels of theory are compared with the SE equilibrium
counterparts, derived as explained in Equation 8. It is quite apparent that glycolic acid, despite its
increased flexibility with respect to pyruvic acid, confirms the effectiveness of the ChS approach,
with its accuracy not being degraded compared to that of semirigid systems. The availability of
rotational constants for several isotopologs of the sSc conformer (128) allowed the determination
of an accurate SE equilibrium structure, which could allow the application of the TMA method-
ology to similar compounds (112). Note that all the other spectroscopic parameters are accurately
reproduced by aGVPT2 treatment based on ChS harmonic and B2PLYP anharmonic force fields.

For the most stable conformer, GVPT2 computations combined with one-dimensional DVR
treatment of the torsion around the C–C bond led to remarkable agreement between computed
and experimental vibrational spectra recorded in the gas phase (112, 126). In particular, the mean
absolute error for fundamental bands is as small as 4.4 cm−1; furthermore, the small splittings
between theOH stretchings are reproduced accurately.For the other conformers, the agreement is
less satisfactory for some vibrations, possibly due to the role played bymatrix effects. In conclusion,
pyruvic and glycolic acids demonstrate that accurate predictions of the rotational and vibrational
spectroscopic parameters can also be obtained for molecules characterized by some degree of
flexibility, with the ChS approach performing well for equilibrium structures and harmonic force
fields.

3.3. Peptides: Glycine and Alanine Dipeptide Analogs

Besides simple amides, the smallest realistic systems showing the peptide linkage (CO–NH) are
the so-called dipeptide analogs, which actually contain two of these moieties because both the
amino and carboxyl terminations are replaced by amide groups. Several studies have shown that
substituents (e.g., a methyl group) at the N terminus have a negligible effect, whereas this is not
the case for those at the C terminus (129, 130). Consequently, CH3–CO–NH–CHR–CO–NH2

is the smallest representative model (see Figure 2a).
While the effect of side-chain flexibility is investigated in Section 3.4, here the attention is

focused on the system backbone. For this reason, innocent side chains (H, CH3) are considered.
In such circumstances, the conformational flexibility of dipeptide analogs is smaller than that
of the corresponding amino acids, with only the C5 (φ ≈ 180°, ψ ≈ 180°) and C7 (|φ| ≈ 90°,
|ψ | ≈ 60°, with φ and ψ of opposite sign) conformers being populated in the gas phase. For chiral
residues, two different situations, namely Ceq

7 and Cax
7 (eq and ax stand for equatorial and axial,

respectively), are possible; however, only the first one is experimentally accessible.
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Φ Ψ
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Figure 2

The structure and main dihedral angles of the most stable conformer of (a) a dipeptide analog and (b) an
amino acid with so-called innocent side chains. Dihedral angles are φ = LP–N–Cα–C′ (LP is the nitrogen
lone pair),ψ = N–Cα–C′–XH with X = N or O,ω = Cα–C′–O–H, and χ1 is the side-chain torsional angle.

Both the C5 and C7 conformers of glycine (15) and alanine (Ceq
7 ) (131) dipeptide analogs have

been accurately characterized by rotational spectroscopy guided by QC computations.While the
flexibility appears to be reduced here with respect to the systems of Section 3.2, the molecular size
increases, thus challenging accurate QC computations.

For the glycine dipeptide analog, rotational constants were evaluated by exploiting the ChS
approach for equilibrium and B3LYP for incorporating vibrational corrections (15) (seeTable 2).
This approach led to agreement between experimental and computed values within a few mega-
hertz (the only exception being the A constant of the C5 conformer, which is, however, not well
determined by experiment). On the contrary, for the alanine dipeptide analog, the mean and max-
imum absolute errors are 32 and 94 MHz, respectively (131). Such a worsening is ascribable to
both the level of theory [MP2/6-311++G(d,p)] and the lack of vibrational corrections (131). This
example allows us to draw attention to the fact that a fully a priori disentanglement of the con-
formational bath of more flexible systems (see Section 3.4) cannot rely on standard approaches

Table 2 Equilibrium rotational constants of glycine and its dipeptide analog

Be

B3LYP/
SNSD

B2PLYP/
cc-pVTZ

MP2/
cc-pVTZ

CCSD(T)/
cc-pVTZ ChS SE

Glycine dipeptide
analog (C7)

Ae 4,453.3 4,397.6 4,369.5 4,417.3 4,456.6 4,445.2
Be 1,199.2 1,225.5 1,236.1 1,220.2 1,228.9 1,232.5
Ce 1,061.1 1,086.7 1,097.6 1,087.1 1,096.5 1,094.8

Glycine dipeptide
analog (C5)

Ae 5,206.8 5,243.8 5,229.2 5,221.5 5,281.2 5,311.2
Be 998.5 1,011.9 1,017.7 1,011.7 1,016.8 1,016.0
Ce 846.7 857.1 860.9 856.5 861.7 862.3

Glycine (I) Ae 10,283.1 10,364.8 10,328.0 10,328.2 10,396.6 10,418.2
Be 3,831.1 3,883.3 3,905.0 3,884.4 3,901.1 3,906.9
Ce 2,882.9 2,917.1 2,926.2 2,915.0 2,930.4 2,934.4

Glycine (II) Ae 10,135.0 10,174.9 10,178.7 10,112.3 10,205.3 10,144.5
Be 4,043.4 4,086.7 4,104.7 4,083.8 4,095.6 4,094.5
Ce 2,993.1 3,026.3 3,041.0 3,025.7 3,030.6 3,024.7

All values are in megahertz. B3LYP results are from Reference 106 and this work; B2PLYP results are from Reference 88 and this work; MP2, CCSD(T),
and ChS results are from References 15 and 41; and SE equilibrium rotational constants are derived from data from References 15 and 41. Abbreviations:
ChS, cheap geometry scheme; MP2, second-order Møller-Plesset perturbation theory; SE, semi-empirical.
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but requires sophisticated yet affordable strategies. These are based on composite QC schemes
combined with the proper account of vibrational effects and, when needed, thermal contributions.

Dipeptide analogs containing more complex side chains have also been investigated; however,
they do not add any new features to our general discussion, since the detected conformers reduce to
only the Ceq

7 structure because of their increased backbone rigidity [e.g., proline dipeptide analog
(132)] or the formation of additional hydrogen bridges between the backbone and the side chain
[e.g., serine dipeptide analog (133)]. In fact, the free energy difference between the Ceq

7 and C5

conformers increases [at the MP2/6-311++G(d,p) level] from 1 to 7 kJ mol−1 when going from
the alanine to the serine dipeptide model (134). This explains why the less stable conformer has
been experimentally observed only for the lighter systems (131, 133, 135).

3.4. Amino Acids: Glycine, Alanine, and (Homo)Cysteine

As already mentioned, systematic searches can be performed only for a limited number of LAMs,
whereas more effective methodologies are needed for the exploration of more complex PESs (53).
Prototypical amino acids have been selected to illustrate both situations.

The structure of isolated amino acids is ruled by both backbone (φ,ψ , andω) and side-chain (χ )
torsional angles, as shown in Figure 2b. The nonplanarity of the NH2 moiety suggests replacing
the customary φ dihedral angle (HNCC) with φ′ = LP–C–C–C = φ + 120°, where LP is the
nitrogen lone pair perpendicular to the plane defined by the two aminic hydrogens and the Cα

atom. The most stable backbone structures involve the formation of hydrogen bonds, which can
be classified as I (bifurcated NH2���O=C; φ′ ≈ 180°,ψ ≈ 180°,ω≈ 180°), II [N���H(O); φ′ ≈ 0°,
ψ ≈ 0°,ω ≈ 0°], or III (bifurcated NH2���OH; φ′ ≈ 180°,ψ ≈ 0°,ω ≈ 180°) (16). Higher energy
minima can be classified as type I′ (single NH���O=C hydrogen bond; φ′ ≈ 90°, ψ ≈ 180°, ω ≈
180°) or type III′ (single NH���OHhydrogen bond; φ′ ≈ 180°,ψ ≈ 90°,ω≈ 180°). Furthermore,
conformers of type I, I′, and III can present higher energy counterparts for ω ≈ 0°, these being
labeled as Ic, I′c, and IIIc in the following. The conformations of the side chain are described by
the conventional g−, g, and t labels, which are used to indicate the gauche and trans conformations
of each χ dihedral angle.

While several studies of amino acids have been performed (see, e.g., 13, 14, 17, 136–139), the
computational characterization is very often restricted to systematic searches of energy minima
employing levels of theory of limited accuracy. These approaches usually only permit a posteriori
interpretations based on the agreement between experimental and computed spectroscopic pa-
rameters for a reduced number of conformers, which are not necessarily the most stable ones.
However, they are not appropriate for performing any fully unbiased disentanglement of the
conformational landscape. The examples discussed in the following are based instead on a more
comprehensive computational strategy allowing fully a priori predictions.

First of all, we consider the two simplest α-amino acids, glycine and alanine, for which a sys-
tematic search of the conformational PES is possible. For glycine, all of the eight conformers
mentioned above (I, II, III, I′, III′, Ic, IIIc, and I′c) have been characterized, with four of them (I, III,
Ic, and IIIc) belonging to the Cs point group (equivalent Cα hydrogens) and the other four lacking
any symmetry (41, 140). Glycine has been extensively characterized from both experimental and
computational points of view (see 140 and references therein). Its limited size also allowed the
exploitation of composite schemes based entirely on CC techniques [CCSD(T)/CBS+CV (67),
which corresponds to the first three terms of Equation 1]. Furthermore, the availability—for the
two most stable conformers—of the experimental rotational constants for several isotopic species
allowed the determination of SE equilibrium structures (3).While the reader is referred to Refer-
ences 3 and 41, we point out the good performance of the ChS approach (see alsoTable 2), which
provides results close to those obtained at the CCSD(T)/CBS+CV level.
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Table 3 Rotational (megahertz) and quartic centrifugal distortion (kilohertz) constants,a

vibrational frequencies (wave numbers) and, in parentheses, depolarization ratiosb of alanine

Parameter Iexp Icalc IIAexp IIAcalc IIBexp IIBcalc

A0 5,066.1455 (7) 5,031.47 4,973.0546 (35) 4,950.180
B0 3,100.9507 (5) 3,067.44 3,228.3375 (56) 3,183.80
C0 2,264.0131 (4) 2,258.84 2,307.8090 (42) 2,316.25
�J 2.445 (7) 2.409 2.11 (6) 1.40
�JK −6.38 (1) −6.37 −4.8 (3) −2.61
�K 5.37 (5) 5.42 4.6 (5) 2.77
δJ 0.574 (2) 0.570 0.41 (2) 0.26
δK 10.37 (3) 9.66 7.2 (7) 4.69
ν1(ρ1) 287 (0.20) 298 (0.14) 298 (0.21) 324 (0.26) 312 (0.19) 342 (0.19)
ν2(ρ2) 364 (0.41) 374 (0.46) 376 (>0.6) 384 (0.72) 393 (>0.6) 403 (0.56)

Abbreviations: calc, calculated; exp, experimental; MP2, second-order Møller-Plesset perturbation theory.
aExperimental and calculated [CCSD(T)/cc-pVTZ equilibrium rotational constants and MP2/6-31G(d) vibrational
corrections] data from Reference 138.
bExperimental and calculated [B3LYP/aug-cc-pVTZ harmonic values combined with MP2/6-31G(d) anharmonic
contributions] data from Reference 30.

Moving to alanine (13, 25, 26, 30, 138, 141, 142), the two sides of the backbone plane are
nonequivalent, with two nearly iso-energetic minima (referred to, in the following, as A and B)
being found for structures of types II, III, I′, III′, and I′c. The number of conformers thus increases
to 13: I, IIA, IIB, IIIA, IIIB, IA′, IB′, IIIA′, IIIB′, Ic, IIIc, IA′

c, and IB′
c, in order of decreasing sta-

bility (141). The comparison with experiment requires the computation of free energies of the
different conformers in order to evaluate their population and of transition states ruling their
interconversion. Only the I, IIA, IIB, IIIA, and IIIB conformers are sufficiently stable for an un-
biased spectroscopic characterization. However, the relaxation of the III conformers to their I
counterparts is ruled by low-energy barriers, which are easily overcome in the typical experimen-
tal conditions of rotational spectroscopy; the same applies to the relaxation of IIB to IIA. As a
consequence, only the I and IIA conformers could be detected in microwave studies, with the for-
mer collecting the populations of the I, IIIA, and IIIB conformers and the latter those of the IIA
and IIB conformers. It is remarkable that the computed relative populations (0.79 and 0.21 for I
and IIA, respectively) are in excellent agreement with the experimental findings (0.8 and 0.2) (13).
Table 3 reports the comparison between experiment and theory [CCSD(T)/cc-pVTZ] for the
rotational parameters of these two conformers (138). Fair agreement is noted, which is consistent
with what was already pointed out: The CCSD(T)/cc-pVTZ level of theory is not able to predict
rotational constants with an accuracy of a few megahertz.

Jet-cooled Raman spectroscopy was instead able to observe four conformers. In fact,
Raman vibrational spectra were interpreted in terms of nonnegligible contributions from I, IIA,
IIB, and IIIA (30). Very recently, the IIIB conformer was also tentatively detected in gas-phase
CD experiments (142).Table 3 illustrates good agreement between experimental and computed
[B3LYP/aug-cc-pVTZ harmonic terms with MP2/6-31G(d) anharmonic contributions] Raman
frequencies and depolarization ratios. For frequencies, we note surprisingly good agreement
between theory and experiment (on average, within 10 cm−1), possibly due to the very small
anharmonic contributions to the investigated vibrations.

We now turn to the case of cysteine, which has two more degrees of freedom in the side chain,
with the SH moiety being possibly involved in additional hydrogen bonds with the polar groups
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of the backbone. The increased number of soft degrees of freedom makes this system suitable
for applying the PES exploration procedure introduced in Section 2.1.2. As discussed in Ref-
erence 137, a systematic scan of the conformational PES at the MP2/cc-pVTZ level led to the
identification of 71 unique conformers, thus defining a reference data set for our strategy. This
latter strategy started by exploiting the conformational landscape using the PM7 semi-empirical
method (91), with constrained geometry optimizations followed by single-point energy evalua-
tions at the B3LYP-D3/6-31+G(d) level. Subsequently, a filtering procedure based on structural
and energetic criteria was applied to remove redundancies. At the end, all the structures of the
reference data set (137) were retrieved by performing about 2,000 energy evaluations and 150
geometry optimizations (compared to the 11,664 calculations needed in the original study) (53).
Refinement of the results by geometry optimization at the MP2/6-311++G(d,p) level, followed
byMP4/6-31++G(d,p) [MP4 is fourth-orderMP perturbation theory (70)] energy evaluation led
to 11 conformers within 12 kJ mol−1 (14). These results were in semiquantitative agreement with
those obtained at higher computational levels (137). Among these 11 conformers, the 2 less stable
ones probably have populations that are too low to be experimentally detectable. The structures
of type III not involving side-chain hydrogen bonds easily relax to the corresponding structures
of type I. Finally, the type I′ conformer can relax through a concerted path involving rotation of
both NH2 and SH groups to I structures. As a consequence, the number of detectable conform-
ers reduces to six: two for each type (I, II, and III). Spectroscopic parameters computed at the
MP2 level with a TZ basis set were then found to be in fair agreement with their experimental
counterparts (14).Note that the populations of the different conformers estimated experimentally
are significantly different from those derived from the electronic energies, whereas there is good
agreement with those obtained using the free energies evaluated at the carrier gas temperature.
This further stresses that unbiased comparison between theory and experiment requires proper
consideration of thermal contributions.

Moving to homocysteine, the flexibility of the system is further enhanced because of the intro-
duction of a methylene group in the side chain. A filter of 15 kJ mol−1 after the exploration step
produced 22 candidate structures, with 5 of them relaxing to more stable conformers after full
geometry optimization. At the rDSD level, the remaining 17 conformers span an energy range
of 8.5 kJ mol−1 (143). Although one structure of type II is the most stable conformer in terms of
electronic energies, this is significantly destabilized once vibrational and thermal effects are incor-
porated.Consequently, a structure of type I was found to have the lowest free energy. Interestingly,
a comprehensive analysis of possible relaxation paths further reduces the number of detectable
structures to seven (six of type I and one of type II) when employing a free energy threshold of
6 kJ mol−1. In view of the large number of conformers possibly contributing to the experimental
rotational spectrum, it was crucial to accurately improve their molecular structure. An F12 variant
of ChS, the ChS-F12 approach (144), was employed.Notably, this level of theory is still affordable
for systems of the size of homocysteine and provides remarkable agreement between theory and
experiment [e.g., an absolute average error of 7 Mhz on rotational constants (143)]. Despite the
extremely complex conformational landscape, theory is able to predict the correct number and
type of detectable conformers (143).

The different conformational landscapes of cysteine and homocysteine are reflected in dif-
ferent distinctive features of their IR and Raman spectra (145). For example, the NH2 in-plane
bend and the COH bend modes observed in cysteine at 1,583 and 650 cm−1, respectively, shift
to 1,633 and 470 cm−1, respectively, in homocysteine, thus highlighting different intramolecular
noncovalent interactions. Harmonic B3LYP computations, albeit not quantitatively accurate, are
able to correctly reproduce all experimental features, provided that Boltzmann averaging for the
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low-lying conformers is taken into account. In structural terms, the most significant outcome of
rotational and IR/Raman spectroscopy together with QC computations is that only in cysteine is
the SH moiety involved in hydrogen bonds with the backbone.

4. CONCLUDING REMARKS

In this review, the main aspects of a general approach aimed at the accurate computational char-
acterization of the rotational and vibrational signatures of the molecular bricks of life have been
illustrated by selected examples. The main outcomes can be summarized as follows:

� Concerning rotational spectroscopy, accurate rotational constants (which are the leading
terms of this technique) can be obtained from geometries (providing equilibrium values)
computed at the ChS level (or one of its variants) and combining the equilibrium terms
with vibrational corrections evaluated using suitable DFT models. This approach is afford-
able for systems containing up to about 10 nonhydrogen atoms and also showing a relevant
flexibility. For larger molecules, one has to resort to double-hybrid functionals, which per-
form at least as well as the CCSD(T) method when used with a TZ basis set but with a
much more favorable scaling with the number of basis functions. In addition, the TMA and
LRA models can be employed to further improve these structures. Concerning other spec-
troscopic parameters, while composite schemes can be exploited for medium-sized species,
they can be effectively computed at the DFT level for larger molecules.

� In terms of vibrational spectroscopy, for systems bearing up to about 10 nonhydrogen atoms,
a reliable yet effective strategy for obtaining accurate vibrational parameters is based on har-
monic frequencies evaluated bymeans of the ChSmodel (or one of its variants) coupled with
anharmonic contributions computed by double-hybrid functionals with partially augmented
TZ basis sets. For larger systems, one has to rely on harmonic contributions computed using
double-hybrid functionals combined with anharmonic corrections at the same level. Anhar-
monic contributions can also be obtained using hybrid functionals with partially augmented
DZ basis sets without any excessive degradation of the results.

� For flexible molecules containing a significant number of soft degrees of freedom, a crucial
piece of information for both vibrational and rotational spectroscopy is the number and type
of conformers contributing to the experimental spectra. This requires first of all an effective
exploration of the PES that can be performed by genetic algorithms driving local geome-
try optimizations with last-generation semi-empirical methods. Further refinement of the
surviving species by means of geometry optimizations using double-hybrid functionals, the
definition of the interconversion paths between low-lying conformers, and the incorpora-
tion of vibrational and thermal effects on energetics complete the procedure. Subsequently,
for each energy minimum, the characterization described in the first two bullet points has
to be performed.

Even if further developments are needed, especially for large flexible systems, the implementa-
tion of the proposed computational strategy in a user-friendly context (1, 89) might pave the way
toward awidespread application,which could also be used by nonspecialists, in the characterization
of experimental spectra of the molecular bricks of life.
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