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In the ocean of … diving for accurate 
molecular structures …. 
systems …

the  joint spectroscopy-theory approach

CONSPECTUS: The prediction

and interpretation of structural prop-

erties are the starting points for a

deep understanding of thermochem-

istry, kinetics and spectroscopic sig-

natures of molecular systems. To give an example, a detailed knowledge of the conformational

behavior of the main building blocks of biomolecules in the gas phase (i.e., without the perturbing

effect of the environment) is a mandatory prerequisite toward the understanding of the role played

by different interactions in determining the biological activity in terms of structure-activity rela-

tionships. The first step to take is an unambiguous definition of molecular structure. We address

the so-called Born-Oppenheimer equilibrium structure, which is defined in a rigorous manner and

isotopically independent, and the target accuracy. For the latter, we aim at the so-called “spectro-

scopic” accuracy, which implies uncertainties of a few milliÅ for bond lengths and smaller than a

tenth of degree for angles.

If on one side the continuous enhancements of the experimental techniques give access to new

and unprecedented spectroscopic determinations, on the other side they require increasing efforts

for an unbiased interpretation and analysis. Among the pieces of information, accurate molecular

structures play a particularly important role. Indeed, there is a strong relationship between the

experimental outcome and the electronic structure of the system. Spectroscopic techniques, in

particular those exploited in the gas phase, are therefore accurate and reliable sources for struc-

tural information. However, it is seldom straightforward to derive molecular structures directly

from the experimental information. Indeed, even in the favorable case of investigations in the

gas phase, vibrational effects are always present and disentangling their contributions requires

to collect information for all vibrational modes, a nearly impossible protocols strategies can be

identified, which are referred to as “top-down” and “bottom-up”. The first approach, denoted

as semi-experimental approach, relies on extracting from experimental outcomes the equilibrium

structure by using quantum-chemical computations to recover vibrational effects. The “bottom-

up” approach consists in verifying the computed equilibrium geometry by means of a comparison

between calculated and experimental spectroscopic parameters that probe structural characteris-

tics.
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In this contribution, we try to review the most important challenges in accurate molecular

structure determinations, with particular emphasis on the “solution” provided by a joint theoretical-

experimental approach and on the current state of the art. Starting from the illustration of different

strategies, we proceed by addressing the increasing complexity in the derivation of equilibrium

geometries: from the construction of a database of accurate structures, we then face the problem

of extending the dimension of the systems amenable to accurate structural determinations, and

finally we move to the challenge of understanding the nature of intermolecular interactions.
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Introduction

Reliable prediction of molecular structures is at the heart of chemistry and spectroscopy, yet re-

mains a challenging task that over the years has attracted the attention of many experimentalists

and theoreticians.1,2 The first step to take is an unambiguous definition of molecular structure,

which is actually provided by quantum mechanics. The so-called Born-Oppenheimer (BO) ap-

proximation, decoupling the electrons and nuclei motions, allows the definition of potential energy

surfaces (PES), whose minima correspond to equilibrium structures (re). Indeed, this definition

has a number of advantages: it has well defined ranges of application, excludes vibrational ef-

fects in a rigorous manner, and is independent of the considered isotopic species. From another

point of view, molecular structures in condensed phases are determined by the interplay of stereo-

electronic, dynamic, and environmental effects. It is of paramount importance to disentangle the

role of the different contributions in order to tune molecular properties for different technological

and/or biological applications.3,4

The focus of this contribution will be the prediction of equilibrium structures for isolated

molecules, which is a very demanding task for both pure experimental and theoretical approaches.

Focusing on molecular spectroscopy, there is a strong relationship between the experimental out-

come and the electronic structure of the system under investigation. Therefore, spectroscopic

techniques, in particular those exploited in the gas phase, are accurate sources for structural infor-

mation.2–5 However, it is seldom straightforward to derive molecular structures from the experi-

mental information. Even in the most favorable case of investigations in the gas phase, vibrational

effects are always present and disentangling their contributions requires to collect information for

all vibrational modes, a nearly impossible task for all but the smallest molecular systems.1,2,6

For first-principles computations, the challenge is the accuracy because it requires sophisticate

quantum-chemical (QC) models together with a full account of core-valence (CV) correlation con-

tributions as well as the extrapolation to the complete basis set (CBS) limit (see, for example,7–10

and references therein). Indeed, for medium-to-large sized molecular systems, such computations

are not affordable because of the unfavourable scaling of highly correlated levels of theory with

the number of basis functions. Although recent works have shown that basis-set and core-valence

correlation effects can be effectively evaluated at lower computational levels,9,11–13 the dimension
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of the systems amenable to these accurate approaches remains quite limited. Under such circum-

stances, a viable solution is provided by integrated experimental-theoretical strategies, which pave

the route toward the extension of accurate structural studies to systems larger than those treatable

by experimental and QC methods separately.

We can conceive two joint theory-spectroscopy strategies, which are referred to as “top-down”

and “bottom-up”. The first approach, denoted as semi-experimental approach,2,14,15 relies on ex-

tracting from experimental outcomes the equilibrium structure details by using QC computations

for providing the missing information. If gas-phase spectroscopic investigations are considered,

QC calculations are employed to recover vibrational effects and derive equilibrium structures from

experimental data, thus leading to the so-called equilibrium ‘semi-experimental’ structures. The

range of application of the “top-down” approach can be further extended by employing either the

method of predicate observations16 or the template approach,15 in which QC computations are

also used to complete the set of experimental data. Whenever the lack of experimental informa-

tion is too extended, one can resort to the “bottom-up” approach, which consists in verifying the

computed equilibrium geometry by means of a comparison between calculated and experimental

spectroscopic parameters that probe structural characteristics.

In the following we offer a feeling of the status and perspectives of the quest for reliable

structures of molecular systems and their complexes by means of some case studies taken from the

work of the authors and their groups.

The joint theory-spectroscopy strategy

In this section the essential details of the joint theory-spectroscopy approach are presented for both

the “top-down” and “bottom-up” strategies, and the relevant literature addressed.

The semi-experimental approach

Rotational spectroscopy and its leading terms, i.e., the rotational constants, are at the basis of the

semi-experimental approach. Indeed, a generic rotational constant is inversely proportional to the
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corresponding element of the inertia tensor I (in atomic units):17

Bi =
1

2Ii
, (1)

with Ii only depending on molecular geometry and isotopic masses, and i denoting the inertial

axis. However, structural determinations from the knowledge of rotational constants are ham-

pered by the limited number of data with respect to the number of geometrical parameters and

by the proper account of vibrational effects. The first limitation can be overcome by consider-

ing for a given molecule different isotopic species in order to increase the number of available

data.17 However, rotational constants obtained from experiment refer to the vibrational ground

state and the structures derived directly from them are vibrationally averaged structures (like r0

and rs),17 therefore depending on the isotopic species considered. On the contrary, the equilibrium

geometries exclude vibrational effects in a rigorous manner and are independent of the considered

isotopic species. The so-called semi-experimental (SE) equilibrium geometry (rSEe ) is obtained

by a least-squares fit of experimental vibrational ground state rotational constants (B0) of different

isotopologues corrected by computed vibrational (�Bvib) and (often neglected) electronic (�Bel)

contributions:

Bi
e = Bi

0 ��Bi
vib ��Bi

el = Bi
0 +

1

2

X

n

↵i
n � me

mp
gi Bi

e (2)

In the above equation, ↵i
n denotes a vibration-rotation interaction constant (n is the normal mode),18

me and mp are the mass of the electron and proton, respectively, and gi denotes the diagonal ele-

ment of the rotational g-factor along the i inertial axis.

Rotational spectroscopy experiments need to be carried out in the gas phase. However, in

the last decades limitations related to solid compounds have been overcome by employing laser

ablation techniques, which allow them to be vaporized without being decomposed. This technique

thus paves the way toward the determination of the molecular structure for biomolecules and metal-

containing compounds (see, for example, Refs.19–24).

If the number of available isotopologues of a molecular system is not sufficient to allow a

robust evaluation of all structural parameters, the lack of information can affect both the quality of

the fit and the accuracy and reliability of the parameters determined. The simplest solution of this

problem is to fix a subset of parameters to values obtained by means of accurate QC calculations.
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A more flexible approach, the so-called method of predicate observations,2,16,25,26 can be indeed

used, which is based on the use of estimated structural parameters as additional input data in the

fitting procedure. These estimates are the so-called predicate observations and are weighted ac-

cording to the accuracy they are expected to meet. For a detailed account, the reader is referred to

Ref.16 A key issue is thus the evaluation of accurate structural parameters to be either kept fixed in

the fitting procedure or used as predicates. The so-called template approach15 has been introduced

to further extend the size of molecular systems amenable to highly accurate molecular structure

determinations. If for a similar molecule or a smaller molecule identical to one of the system moi-

eties an accurate equilibrium geometry can be obtained either experimentally or computationally,

then this can be used as template-molecule (TM) for deriving the missing geometrical parameters:

re(fixed/predicate) = re +�TM (3)

where �TM is defined as

�TM = raccu
e (TM)� re(TM) (4)

re is the geometrical parameter of interest calculated at the same level of theory for both the

molecule under consideration and that chosen as reference. The level of theory obviously depends

on the size of the molecule to be characterized, but usually relies on density functional theory

(DFT). Alternatively, linear regressions between computed and experimental bond lengths have

been determined and validated.27,28

The “bottom-up” strategy

The idea at the basis of the so-called bottom-up strategy is to obtain a validation of the accuracy of

the equilibrium geometry computationally determined from the analysis of different spectroscopic

parameters that depend on the molecular structure. As mentioned above, rotational constants are

inversely proportional to the inertia tensor, which contains the structural information, i.e. the mass

distribution in the molecule. Another set of parameters of particular relevance is provided by

the nuclear quadrupole coupling constants, �ii,17 which strongly depend on the intramolecular

interactions, thus permitting, for example, to distinguish among conformers and/or isomers with
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similar mass distributions, i.e. similar rotational constants.24

In general terms, if a very good agreement is observed between the computed and experi-

mental values of those spectroscopic parameters that strongly depend on the molecular structural

properties, then an indirect confirmation of the reliability and accuracy of the computed equilib-

rium geometry is obtained.11–13 As already noted for the semi-experimental approach, the proper

account of vibrational effects is critical.

Ab initio structures: the composite approaches

Joint experimental-computational approaches are often validated or complemented by accurate ab

initio results. To fulfil the accuracy requirements, composite approaches are usually employed

because they allow for accounting for both electron correlation and basis-set effects at the best

possible level. Indeed, relying on the additivity approximation, the various contributions are eval-

uated separately at the highest possible level and then combined together. The most physically

sound is the gradient scheme, with additivity directly applied to energy gradients. Within this

family, the CCSD(T)/CBS+CV considers the extrapolation to the CBS limit and CV corrections

at the CCSD(T)29 level,7,8 s affordable for medium-sized molecules, like glycine9 and pyruvic

acid,30 and is well recognized to provide bond distances with an accuracy of 0.001-0.002 Å and

angles accurate to 0.05-0.1 degrees (see, for example, Refs.6–9,30,31).

Recently, the so-called “cheap” geometry scheme has been set up in order to increase the

size of systems amenable to accurate structure determinations by reducing their computational

cost.9,11–13 This very effective approach starts from a geometry optimization at the CCSD(T)/cc-

pVTZ level within the frozen-core approximation and adds CBS, CV and aug (i.e. effect of

diffuse functions) contributions by means of independent geometry optimizations using second-

order Møller-Plesset theory (MP2)32 and basis sets of triple- and quadruple-zeta quality. Several

benchmark studies have shown that the accuracy of the “cheap” approach33 is close to that of the

CCSD(T)/CBS+CV reference.9,30 In passing, we note that, in addition to those briefly described

above, there are several other composite schemes available in the literature, among which the so

called focal point approach34 is perhaps the most widely used.

The last comment concerns the quantities to be computed within the different approaches (e.g.
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cubic force constants for vibrational corrections, electronic g-tensor, electric field gradients for

nuclear quadrupole coupling constants). It should be noted that they are available at different

levels of theory within standard calculations and QC program packages. The references in this

account are Gaussian35 and CFOUR36 for DFT and CCSD(T) calculations, respectively.

From small systems to building-blocks of biomolecules

In this section, after a short discussion on the accuracy of the semi-experimental approach illus-

trated by some representative examples, we proceed to address the construction of a quite large

database of accurate structures, and then to face the problem of extending the dimension of the

systems amenable to accurate structural determinations by means of the template approach and

the method of predicate observables.

The semi-experimental approach: from the single result to a database

cyclobutene

1.3406(1)
1.3409(1)

cis4acrolein

1.3302(12)
1.3324(24)

pyridine

Figure 1: Selection of rSEe bond lengths of cyclobutene, cis-acrolein, and pyridine ob-
tained using CCSD(T)/cc-pVTZ (in boldface) and B3LYP/SNSD (in italics) vibrational
corrections.15

The reliability of vibrational contributions obtained from QC computations has been demon-

strated in the pioneering work by Pawlowski et al.:37 as a matter of fact an accuracy of 0.001

Å on bond lengths can be obtained as soon as a correlated ab initio method in conjunction with

9



triple-zeta quality basis sets is used. Several subsequent studies have shown that methods rooted

in the DFT in combination with double-zeta quality basis sets are able to reach the same accuracy

at a greatly reduced computational cost, thus extending the applicability of this approach to large

systems.15,27 In particular, in Ref.,15 a systematic benchmark study on small molecules has been

carried out to evaluate the performance of the B3LYP/SNSD level of theory in the derivation of

vibrational corrections. This evaluation was based on the comparison with vibrational corrections

computed at the CCSD(T) level in conjunction with basis sets of at least triple-zeta quality. The

overall conclusion was that B3LYP/SNSD corrections lead to results that reproduce very well the

best rSEe geometries. As an example, Figure 1 collects the results for cyclobutene, the cis form of

acrolein, and pyridine, thus comparing a selection of rSEe bond lengths determined using CCSD(T)

and B3LYP vibrational corrections. It is observed that the bond lengths agree within 0.001 Å, with

the exception of a very few specific cases. For all examples of Figure 1, the electronic correc-

tions to rotational constants were also considered,15 which are for example mandatory to fulfil the

planarity condition for the moments of inertia17 in cis-acrolein.

Figure 2: Block diagram of the VMS-MSR software.

A key point in the determination of SE equilibrium structures is the robustness of the fitting

program. Furthermore, an important step toward a widespread use of the semi-experimental ap-
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proach is the availability of an user-friendly tool. Both requirements are well fulfilled by the recent

“Molecular Structure Refinement” (MSR) software,16 which is specifically designed for comput-

ing equilibrium structures based on a nonlinear least-squares fit of the moments of inertia for a

given set of isotopologues. Among the wide range of features of the MSR software, an impor-

tant one is the implementation of a black-box generation of a set of totally symmetric vibrational

modes (A1 internal coordinates) to be used in the structural determination. Indeed, as pointed out

by Demaison et al.,2 the most effective choice to describe the molecular configuration is by means

of the set of A1 coordinates selected from a set of non-redundant internal symmetry coordinates.

In addition, the method of predicate observations has also been implemented in the MSR program.

While the reader is referred to Ref.16 for all details, Figure 2 shows the program structure of MSR,

which is part of the virtual multifrequency spectrometer (VMS).38

As a sort of conclusion, Ref.15 demonstrated that the computational bottleneck of the semi-

experimental protocol, which is the calculation of the cubic force field required for vibrational

corrections, could be overcome by using the B3LYP/SNSD level. Indeed, the differences in the

rSEe geometrical parameters obtained using B3LYP/SNSD and CCSD(T) vibrational corrections

show a nearly Gaussian distribution with standard deviation and mean absolute error of 0.0009

and 0.0007 Å for bond distances and of 0.08 and 0.05 degrees for angles, respectively.15 The

small standard deviations shown by B3LYP/SNSD vibrational corrections are therefore fully sat-

isfactory for accurate geometrical parameter determinations, the values given above being clearly

comparable with the intrinsic errors of the fitting procedure itself. The evaluation of rSEe for a set

of 47 molecules containing the most common organic moieties led to the definition of a database

of accurate molecular geometries,15,27 the so-called B3se database, to be used as references for

benchmark calculations as well as for the validation of low-level models affordable for large sys-

tems. In particular, Refs.39,40 made use of the B3se database for benchmarking recently developed

density functionals. In subsequent studies, it has been shown that even better results can be ob-

tained employing the B2PLYP functional in conjunction with a triple-zeta basis set27 (B2se set)

and the database was extended to compounds containing sulfur.28 The reader is referred to the

database website (http://smart.sns.it/molecules/), where all information can be downloaded.

Even if the topic will not be further addressed, it is worthwhile mentioning that semi-experimental

equilibrium constants can also be used for benchmarking low level, in particular DFT, models. A
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significant example in this respect is provided by Ref.41 The last comment concerns other exper-

imental techniques for structural determinations, which also suffer from the proper analysis of

vibrational effects. Among them, gas-phase electron diffraction and x-ray crystallography deserve

a particular mention, the latter also showing the additional issue of crystal packing to be taken into

account. In these cases, vibrational corrections can be evaluated to correct computed equilibrium

geometries in order to derive structures that are directly comparable with experimental values.42

Extension to building-blocks of biomolecules

A great challenge of computational chemistry is the extension of the accuracy obtainable with

the semi-experimental approach to larger systems, like building-blocks of biomolecules. As al-

ready mentioned, the key point of the semi-experimental approach is to have a sufficient number

of experimental data in order to obtain a balanced fit, which means not only to have a number of

rotational constants larger than the number of molecular parameters, but also to have data for iso-

topic substitutions involving all nuclei. This becomes clearly not possible when the molecular size

and topological complexity increase because of the large number of isotopologues then required.

The template approach introduced above provides a solution when a pure, accurate ab initio de-

termination cannot be carried out. An illustrative example is provided by 2-fluoropyridine. The

first determination of the semi-experimental equilibrium structure of 2-fluoropyridine is reported

in Ref.15 . Because of the limited number of available experimental data, not all structural pa-

rameters could be determined. Instead, some parameters were fixed using the template approach,

with pyridine as template molecule. In Table 1 two fits from Ref.15 are given: in the first one the

CCSD(T)/CBS+CV level has been considered for evaluating re of equations (3) and (4), while in

the second fit re was calculated at the B3LYP/SNSD level. The third fit collects the results when

the template approach is not employed and the non-determinable parameters are kept fixed at their

B3LYP/SNSD values. The comparison of the third fit to the first two clearly points out that fixing

parameters to not sufficiently accurate values strongly affects the outcome of the fit itself, thus

leading to inaccurate results. However, the comparison between the first two fits demonstrates that

the B3LYP/SNSD level is suitable once employed in conjunction with the template approach.

Another strategy to overcome the lack of information and possible strong correlations between
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Table 1: Partial rSEe of 2-fluoropyridine (bond lengths in Å, angles in degrees).

6

5

43

2

Parameter Ref. 15 This work

Fit 1a Fit 2b Fit 3c

r(N-C2) 1.3179(38) 1.3179(38) 1.3057(59)

r(N-C6) 1.3402(5) 1.3402(5) 1.3419(6)

r(C2-C3) 1.3796(40) 1.3796(39) 1.3989(60)

r(C4-C5) 1.3961(11) 1.3961(11) 1.3921(17)

r(C5-C6) 1.3826(10) 1.3826(10) 1.3859(15)

r(C2-F) 1.3356(3) 1.3356(3) 1.3334(4)

r(C3-H) 1.0781d 1.0755d 1.0839d

r(C4-H) 1.0801d 1.0796d 1.0860d

r(C5-H) 1.0788d 1.0783d 1.0848d

r(C6-H) 1.0809d 1.0811d 1.0876d

6 (C6-N-C2) 116.15(9) 116.15(9) 116.35(13)
6 (N-C2-C3) 126.18(2) 126.18(2) 126.33(2)
6 (C5-C6-N) 123.47(3) 123.47(3) 123.37(4)
6 (C4-C5-C6) 118.36(1) 118.36(1) 118.38(1)
6 (C3-C2-F) 118.78(33) 118.77(32) 117.67(51)
6 (C2-C3-H) 120.38d 120.48d 120.60d

6 (C3-C4-H) 120.62(26) 120.64(26) 121.33(28)
6 (C6-C5-H) 120.26d 120.25d 120.37d

6 (C5-C6-H) 120.86d 120.86d 120.97d

a re(fixed) = re(CCSD(T)/CBS+CV) + �TM; �TM = rSE
e (B3LYP/SNSD) - re(CCSD(T)/CBS+CV)

b re(fixed) = re(B3LYP/SNSD) + �TM; �TM = rSE
e (B3LYP/SNSD) - re(B3LYP/SNSD)

c re(fixed) = re(B3LYP/SNSD)

d Fixed parameters.
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Table 2: Semi-experimental equilibrium structure of glycine Ip (bond lengths in Å, angles
in degrees).

H1
H2

N

C1

C2

O1

O2

H3 H4

H5

Parameter Ref. 9 Ref. 16

Fit 1a Fit 2b Fit 3c Fit 4d

r(C2-O2) 1.348(3) 1.349(1) 1.350(3) 1.347(3)

r(C2-O1) 1.203(5) 1.203(1) 1.203(2) 1.203(3)

r(O2-H5) 0.9645fix 0.965(2) 0.968(7) 0.97(2)

r(C1-C2) 1.513(4) 1.5133(7) 1.513(1) 1.513(1)

r(C1-N) 1.443(1) 1.4429(9) 1.442(2) 1.442(3)

r(C1-H3) 1.0908(6) 1.0907(3) 1.0907(3) 1.0907(3)

r(N-H1) 1.0104(9) 1.011(2) 1.011(7) 1.02(1)
6 (O1-C2-O2) 123.00(3) 123.03(6) 123.1(1) 122.3(2)
6 (C1-C2-O2) 111.5(4) 111.44(8) 111.5(2) 111.5(2)
6 (N-C1-C2) 115.3(1) 115.28(5) 115.3(1) 115.3(2)
6 (H3-C1-C2) [107.36] 107.39(4) 107.38(5) 107.37(5)
6 (H1-N-C1) [110.10] 109.9(2) 109.7(6) 110.2(8)
6 (H5-O2-C2) 106.64fix 106.7(2) 106.6(7) 107.1(8)

�(H4-C1-C2-O1) [123.21] 123.20(4) 123.21(4) 123.21(4)

�(H2-N-C1-C2) [57.43] 57.4(2) 57.2(6) 57.(1)

a Partial rSE
e with fixed parameters at the CCSD(T)/CBS+CV level. For details, see Ref. 9

b Fit performed using CCSD(T)/CBS+CV predicate observations. The uncertainties assigned to bond distances, bond angles,

and dihedral angles are: 0.001 Å, 0.1 deg., and 1.0 deg., respectively. For details, see Ref. 16

c Fit performed using B2PLYP/cc-pVTZ predicate observations. The uncertainties assigned to bond distances, bond angles,

and dihedral angles are: 0.005 Å, 0.5 deg., and 2.0 deg., respectively. For details, see Ref. 16

d Fit performed using B3LYP/SNSD predicate observations. The uncertainties assigned to bond distances, bond angles, and

dihedral angles are: 0.01 Å, 0.5 deg., and 2.0 deg., respectively. For details, see Ref. 16
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parameters, which can greatly affect the quality of the fit, is the so-called method of predicate ob-

servations introduced above. In this approach the fitting procedure remains mostly unchanged,

except for the fact that the inclusion of predicates leads to an augmented set of data for the fit-

ting itself. To illustrate this method, the equilibrium structure determination of the most stable

conformer of glycine (Ip), which has been the object of several studies (see Refs.9,16 and refer-

ences therein), has been considered. The number of available isotopic species being not sufficient

to characterize all internal degrees of freedom, a partial semi-experimental equilibrium geometry

was determined in Ref.,9 with the non-determinable structural parameters kept fixed at high-level

computed values. In Ref.,16 the so-called method of predicate observations was employed with

the set of semi-experimental moments of inertia used in Ref.9 augmented by the computed data

mentioned above used as predicate observations. The rSEe structure has then been obtained by

means of a weighted least-squares calculation, in which the weights have been defined on the basis

of experimental and assigned uncertainties for the semi-experimental moments of inertia and the

predicate observations, respectively. In detail, the computed values were obtained at the so-called

CCSD(T)/CBS+CV level of theory. The two geometries are compared in Table 2 (first two fits).

However, these two fits have been carried out by employing structural values at a high level of the-

ory, which is not affordable for larger systems. For this reason, in Ref.16 the method of predicate

observations has also been applied by using predicate observations at both the B2PLYP/cc-pVTZ

and B3LYP/SNSD levels. The results are collected in the third and fourth columns of Table 2.

It is first of all noted that all fits provide very similar results. This is particularly interesting for

the three fits obtained with the method of predicate observations because of the huge difference

in the computational cost between the CCSD(T)/CBS+CV level of theory on one side and the

B2PLYP/cc-pVTZ and B3LYP/SNSD levels on the other. This example thus demonstrates that the

extremely cheap B3LYP/SNSD level of theory can be used to provide reliable predicate observa-

tions able in turn to lead to accurate semi-experimental equilibrium structures.

Whenever the lack of data is even more significant, the limited experimental data can be used

to obtain confirmation of the accuracy of the computed equilibrium structure in the framework

of the so-called bottom-up approach. To illustrate this strategy, the investigation of the rotational

spectrum of N-acetyl-glycinamide (Ac-Gly-NH2), also denoted as glycine dipeptide analogue, is

briefly discussed. For N-acetyl-glycinamide, two conformers are found to be stable in the gas
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Table 3: Experimental and calculated spectroscopic parameters (in MHz) of the C7 N-
acetylglycinamide conformer.a

1.3490
'82.10°
φ !

Parameter Experiment Calculatedb

A0 4469.1107(11) 4480.5

B0 1214.23622(27) 1210.6

C0 1081.26289(20) 1082.9

�aa(N7) 1.2553(38) 1.258

�bb(N7) 0.717(74) 0.752

�cc(N7) -1.972(74) -2.008

�aa(N3) 0.3887(69) 0.432

�bb(N3) 1.593(10) 1.603

�cc(N3) -1.981(10) -2.035

a Ref.13

b Best-estimated equilibrium rotational and nitrogen quadrupole coupling constants (from the “cheap”
geometry scheme) augmented by vibrational corrections at the B3LYP/SNSD level. In the figure: a
selection of structural parameters (distances in Å, angles in degrees).
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phase: C5 and C7, with the latter being the most stable by about 200 cm�1. In Ref.,13 the “cheap”

geometry scheme was applied to the spectroscopic characterization aiming at assigning the rota-

tional spectrum. For the C7 conformer, a selection of structural parameters is given in the figure

of Table 3, which summarizes the comparison between experiment and theory for the rotational

and nitrogen quadrupole coupling constants. A very good agreement is noted, with discrepancies

of the order of 0.3% for the former and 1-3% for the latter. This very good agreement clearly

indicates that the computational scheme employed was able to describe well both the molecular

structure and the intramolecular interactions, thus suggesting a very good accuracy for the struc-

tural parameters, also for the backbone torsion angles ' and  , which describe the conformation

of the C7 and C5 rotamers. Indeed, since both the amine and amide functional groups are involved

in the ' and  angles, the nitrogen quadrupole coupling constants change by varying the dihedral

angle values.

A step toward the condensed phase

In the last decades, a great effort has been devoted to understand the nature of weak and/or elec-

trostatic interactions in condensed phase. The bottom-up strategy applied above to the elucidation

of the structure of a glycine dipeptide analogue can also be successfully employed to the accurate

description of intermolecular interactions. These range from those formed by the system under

consideration with one or more molecules of water or other solvents to those established between

two or more molecular systems themselves. An example for the first case is provided by the joint

experimental-computational investigation of the pyridine-ammonia complex.43 For the first time,

the “cheap” geometry scheme was applied to a weakly bonded molecular complex, and its accu-

racy and reliability was tested by means of a high-resolution rotational spectroscopy study. Key

results are collected in Table 4: they demonstrate that the “cheap” approach is suitable for studying

molecular complexes and is able to lead to accurate structural determinations. As above, relying

on a bottom-up strategy, the good agreement observed for rotational and nitrogen quadrupole cou-

pling constants together with the specialistic literature on this topic9,11,12 suggest that the structural

parameters, also those involved in the intermolecular interaction, have an estimated accuracy of

about 0.001-0.002 Å for bond lengths and around 0.1-0.2 degrees for angles.
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Table 4: Experimental and calculated spectroscopic parameters (in MHz) of the pyridine-
ammonia complex.a

1.337

Parameter Experiment Calculatedb

A0 5872.300(1) 5875.20

B0 1387.6497(2) 1386.28

C0 1128.7913(1) 1127.93

N (Pyridine)

�aa 3.747(5) 3.92

�bb - �cc 2.860(8) 2.86

N (Ammonia)

�aa 1.437(5) 1.42

�bb - �cc 4.792(8) 4.49

a Ref.43

b Best-estimated equilibrium rotational and nitrogen quadrupole coupling constants (from the “cheap”
geometry scheme) augmented by vibrational corrections at the B2PLYP-D3/m-aug-cc-pVTZ-dH
level. In the figure: a selection of structural parameters (distances in Å, angles in degrees).
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As mentioned above, recent experimental techniques and in particular the employment of laser

ablation in conjunction with broadband microwave spectroscopy, allow the investigation of sys-

tems of increasing dimension and complexity, also involving intermolecular interactions. This is

testified by several works reported in the literature (see, for example, Refs.44–47). More important

in the context of this account is that the sensitivity of these new techniques permits the observa-

tion of isotopically substituted species in natural abundance, thus allowing the determination of

effective structures, like r0 and rs. This is, for example, demonstrated in Ref.47 for the complexes

formed by �-propiolactone and one to five water molecules and in Ref.45 for the phenol dimer and

trimer. However, as already pointed out, effective structures are not sufficiently accurate and in

some cases they also fail in providing qualitative results (see, for example, Ref.6). Furthermore,

as shown in Refs.,45,47 when the systems become large, very often only partial structures can

be obtained, with non-determinable parameters fixed at computed equilibrium values. The semi-

experimental approach combined with either the template approach and/or the method of predicate

observations can solve inconsistency issues in the structural determination and allows for obtaining

accurate and quantitative descriptions of intermolecular bonds. However, methodological devel-

opments and benchmark studies are still in progress in our groups because anharmonic force field

computations for flexible systems, like molecular complexes, are not at all straightforward.

Perspectives

Despite the great advances and accuracy in structural determinations seen in the last decades, sev-

eral challenging cases are still present. In addition to the determination of semi-experimental equi-

librium structures for molecular complexes, contemporary challenges for a joint theory-spectroscopy

approach are:

• Correct treatment of large amplitude motions. The presence of large amplitude motions

poses challenges for both theory and experiment. The former has to face the typical inac-

curacy in the determination of dihedral angles, the latter usually lacks of the appropriate

Hamiltonian for the analysis of the spectroscopic data.
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• Heavy metal(s) in the system under investigation. While an effective treatment of rela-

tivistic effects in QC computations can be considered an accomplished task, heavy metal-

containing compounds are often investigated in a condensed phase. This poses the challenge

of a correct model to interpret the spectroscopic results. An illustrative example is provided

by cisplatin,48 for which the vibrational spectroscopic features can be correctly interpreted

only if the essential intermolecular interactions are accounted for.

While a thorough discussion on the challenges above is beyond the scope of the present ac-

count, it is noted that methodologies to properly address them are under development in our re-

search groups.

Biographical Information

Cristina Puzzarini is Full Professor of Physical Chemistry at the University of Bologna. After a

Ph.D. in Theoretical Chemistry (1997), in 2000 she moved back to the Millimeter-/Submillimeter-

wave Spectroscopy lab, where in 1993 she got her MSc degree in Chemistry. Her research lines

cover both computational and experimental aspects in the field of High-Resolution Molecular

Spectroscopy.

Vincenzo Barone is Full Professor of Theoretical and Computational Chemistry at the Scuola

Normale Superiore in Pisa (from 1994 to 2007 at the Federico II University of Naples), where he

is also the Director. He is Fellow of the Royal Society of Chemistry, Accademia dei Lincei and

IAQMS and has been President of the Italian Chemical Society (SCI). His main research interests

include DFT, solvation and computational spectroscopy.

Acknowledgments

This work was supported by Italian MIUR (PRIN 2015) and by the University of Bologna (RFO

funds). The research leading to these results has received funding from the European Research

Council under the European Union’s Seventh Framework Programme (FP/2007-2013) / ERC

Grant Agreement n. [320951]

20



References

(1) Domenicano, A., Hargittai, I., Eds. Accurate Molecular Structures: Their Determination and

Importance; 1992.

(2) Demaison, J., Boggs, J. E., Császár, A. G., Eds. Equilibrium Molecular Structures: From

Spectroscopy to Quantum Chemistry; CRC Press, Taylor & Francis Group, 2011.

(3) Barone, V., Ed. Computational Strategies for Spectroscopy, from Small Molecules to Nano

Systems.; John Wiley & Sons, Inc. Hoboken: New Jersey, 2011.

(4) Puzzarini, C.; Biczysko, M. In Structure Elucidation in Organic Chemistry; Cid, M. M.,

Bravo, J., Eds.; Wiley-VCH Verlag GmbH & Co. KGaA, 2015; pp 27–64.

(5) Puzzarini, C. Rotational spectroscopy meets theory. Phys. Chem. Chem. Phys. 2013, 15,

6595–6607.

(6) Puzzarini, C.; Stanton, J. F.; Gauss, J. Quantum-chemical Calculation of Spectroscopic Pa-

rameters for Rotational Spectroscopy. Int. Rev. Phys. Chem. 2010, 29, 273–367.
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