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Abstract – This article reports a short description of: (i) Reaction mechanisms un-
ravelled by microwave spectroscopy (MW); (ii) Some kinetic processes taking place dur-
ing a supersonic expansion; (iii) Unexpected chemical reactions proved in a microwave
cavity.
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Riassunto – Questo articolo riporta una breve descrizione di: (i) Meccanismi di
reazione svelati attraverso spettroscopia a microonde (MW); (ii) Alcuni processi cinetici
che hanno luogo durante un’espansione supersonica; (iii) Sorprendenti reazioni chimiche
rilevate in una cavità a microonde.

Parole chiave: Spettroscopia Rotazionale; Meccanismi di Reazione; Processi Cinetici;
Chiralità

A few years ago, we published an article entitled “Detection and characteri-
zation of impurities in commercial products with Fourier transform microwave
spectroscopy”: the rotational signatures of methyl pyruvate as an impurity were
accidentally found and its rotational spectrum was assigned while recording the
microwave spectrum of a 98% Sigma-Aldrich sample of methyl (S)-(-)-lactate
[1, 2]. In [1], in the field of analytical chemistry, we outlined that, as to the ap-
plication of MW in analytical chemistry, probably the most important success
is related to the identification of signals reaching the earth from interstellar
space. It has been possible, indeed, to observe with this technique more than
200 molecular species from remote sources in space [3].

Still in the same article, we mentioned that already in 1981 the MW technique
was used to discriminate between different deuterated products while studying
the steric course of the reaction of ethylene oxide with hydrogen halides in the
gas phase [4]. The author of the present article made the MW measurements,
but his contribution was acknowledged with a misspelled name (Carminati in-
stead of Caminati). The MW measurements, made in a conventional absorption
cell, were essential in the determination of which product was formed because
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the two isotopologues of D2-ethylene oxide (see Fig. 1)
have completely different rotational spectra.

Now we take into account the main kinetic effects as-
sociated with a supersonic expansion typical of cavity
Fourier transform spectroscopy: (i) Appreciable popula-
tions of only low energy rotational states (more or less ac-
cording to the Boltzmann equation); (ii) Appreciable
populations of only low energy vibrational states but de-
pending on the vibrational spacings, “propensity rules”
and carrier gas; (iii) Isotopic effects and formation of chi-
ral adducts; (iv) Conformational relaxations, that is high
energy conformers can relax to more stable conformers
if there is a low energy path, also depending on the mass
of the carrier gas.

Regarding point (ii), we described the vibrational re-
laxation in pyridine upon supersonic expansion [5],
measuring the rotational spectra of five vibrational states
by millimeter wave absorption spectroscopy in a super-
sonic expansion. We found that the intensities of the lines
of the vibrational satellites with respect to the ground
state after the supersonic expansion depend on the kind
of carrier gas, backing pressure, pyridine concentration,
and symmetry of the rotational and vibrational states. The
overall behavior is represented in Fig. 2.

As to point (iii), isotopic effects, they are related to the
different vibrational energies for bonds involving differ-
ent isotopes. These effects are remarkable for the H/D
pair, as shown in Fig. 3, since the mass ratio is about 1/2.
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Fig. 1. The two isotopologues of D2-ethylene oxide have completely
different rotational spectra.

Fig. 2. Ratios between the jet experimental and calculated values of the intensity ratios I(vi =1)/I(v=0) quantities. i runs over the vibrational
modes. The calculated values are obtained with Boltzmann equation relative to the starting temperature (298 K). The upper lines reports
the quantum numbers of three rotational transitions with different symmetries of the involved rotational levels.



For this reason, when HDO acts a proton donor in a
hydrogen bonded adduct, the isotopologue HOD···X (X
is a proton acceptor) is much more stable than the
DOH···X one. For example, in the case of the adduct eth-
ylene oxide (EO)-water, the supersonic expansion rota-
tional spectrum of the HOD···EO species was three times
more intense than that of the DOH···EO isotopologue
[6]. The understanding of this feature can be very impor-
tant for the observation of hydrogen bonded complexes
in low temperature-low pressure conditions, as, for ex-
ample, in interstellar space, where the D/H ratio can be
much larger than on earth.

The isotopic effect are remarkable, however, also for
heavier atoms. For example, for the isotopic pair
20Ne/22Ne in the rotational spectrum of [1,1]-Pyridine-
Ne2 [7]. The shape of the molecular adduct is shown in
Fig. 4a.

The isotopic abundances of 20Ne and 22Ne are 90.5 and
9.2 %, respectively. However, as shown in Fig. 4b, it turns
out that in the jet conditions the ground-state popula-
tions of the Pyridine-20Ne22Ne and Pyridine-22Ne22Ne iso-
topologues increase by factors up to ≈20 with respect to
that of the parent (Pyridine-20Ne20Ne) species. The mass
increase for the heavier isotopomers results in a lower
zero-point energy level and larger dissociation energy.
Then, the isotopic enrichment can be explained by the
thermal quasi-equilibrium reached as a result of repeated
dissociation and re-formation of the trimers in the low-
temperature molecular expansion [8].

This kind of unexpected enrichments of slightly more
stable isotopologues led us to suppose that the formation
of chiral complexes within a supersonic could lead to a
higher concentration of the most stable form originated
from parity violation [9]. For example, the trimer of tri-
fluoromethane has, according to the rotational spectrum
[10], a chiral structure (see Fig. 5).

The two mirror images can interconvert by a set of ro-
tations and breaking/reformation of several weak hydro-
gen bonds. If one of the two enantiomers is slightly more
stable, the formation and reformation processes which
take place in the nozzle throat would favorite this form.
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Fig. 3. Qualitative description of the origin of the isotopic effects,
especially pronounced for the H→D isotopic substitution.

Fig. 4. (a) Shape of [1,1]-Pyridine-Ne2. (b) Recorded 414-303 transitions of three isotopologues of the complex (15N)pyridine with 2 Ne
atoms. The intensities of the 22Ne species are unusually high.

(a) (b)



In principle, a plausible zero enantiomeric excess could
be observed with the “enantiomeric-specific MW detec-
tion” [11-13]. This could suggest the possibility of ob-
serving the effects of parity violation (ΔEpv).

Concerning point (iv), conformational relaxation, it is
well known that high energy conformers can relax to low
energy conformers (generally to the global energy mini-
mum), when the barrier to conformational conversion is
lower than 2kT [14]. However, the pathways and the
atomic weight of the carrier gas play important roles. For
example, in the case of the tetrahydropyran···HF com-
plex, both equatorial and axial rotamers are observed
when using He as carrier, but only the most stable equa-
torial form has been detected when using Ar [15].

As to unexpected reactions, many molecular adducts
of formic acid with various (mainly organic) molecules
have been studied by MW [16], most of them in Bologna,
see Fig. 6.

However, when we tried to assign the rotational spec-
tra of adducts of formic acid with simple acids, we did
not succeed. Vice versa, we could assign 1:1 molecular
adducts of formic acid with tertiary alcohols.

Why primary and secondary alcohols led to esterifica-
tion when mixed with formic acid and subject to super-
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Fig. 5. Chiral shape of the trimer of difluoromethane.

Fig. 7 Details of the spectra of the esters formed in a supersonic expansion of binary mixtures of carboxylic acids with primary and
secondary alcohols, and adducts formed with tertiary alcohols.

Fig. 6. Formic acid forms easily molecular adducts with most mol-
ecules, but not with primary or secondary alcohols.



sonic expansion, while tertiary alcohols do not? An ex-
planation attempt is given in our article “The Borderline
between Reactivity and Pre-reactivity of Binary Mixtures
of Gaseous Carboxylic Acids and Alcohols” [17]. There
we took into account the investigation of carboxylic acids
with five primary or secondary alcohols, which lead to es-
terification, and with two tertiary alcohols, which brought
to the formation of the molecular adduct (see Fig. 7).

We tried to interpret the different behavior of tertiary
alcohols with chemical dynamics calculations (see Ref.
[17] for the details). The results are shown in Fig. 8.

It seems that the ΔG values are the most significant
ones in interpreting the experimental evidence. Their
changes (ΔG0) in going from the adducts to the ester are
close to zero for the tertiary alcohols, but about -3 to -5
kcalmol-1 for the primary and secondary alcohols.

We believe that the presented results can be useful to
understand some aspects of astrochemical kinetics.
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Fig. 8. Energy profiles of the multiple chemical process paths for the FA–methanol, FA–ethanol, FA–isopropanol, and FA–tert-butanol
mixtures. The observed species are indicated with a rectangular frame.



(2008); b) W. Caminati and J.-U. Grabow, “Advancements in
Microwave Spectroscopy”, in “Frontiers and Advances in
Molecular Spectroscopy”, Ch. 17, pp. 569-598, J. Laane Ed.,
Elsevier, Amsterdam (2018).

[4] G. Bellucci, G. Berti, R. Bianchini, G. Ingrosso, A. Moroni,
J. Chem. Soc., Perkin Trans. 2, 1981, 1336-1340.

[5] A. Maris, L. B. Favero, R. Danieli, P. G. Favero, W. Caminati,
Vibrational relaxation in pyridine upon supersonic expansion,
J. Chem. Phys., 2000, 113, 8567-8573.

[6] W. Caminati, P. Moreschini, I. Rossi, P. G. Favero, The O···H-
O Hydrogen Bond in the Gas Phase. Microwave Structure of
Ethylene Oxide-Water, J. Am. Chem. Soc., 1998, 120, 11144-
11148.

[7] L. Evangelisti, L. B. Favero, B. M. Giuliano, S. Tang, S. Me-
landri, W. Caminati, Microwave Spectrum of [1,1]-Pyridine-
Ne2, J. Phys. Chem. A, 2009, 113, 14227-14230.

[8] Y. Xu, J. van Wijngaarden, W. Jaeger, Microwave spec-
troscopy of ternary and quaternary van der Waals clusters, Int.
Rev. Phys. Chem., 2005, 24, 301-338.

[9] M. Gottselig and M. Quack, Steps towards molecular parity
violation in axially chiral molecules. I. Theory for allene and
1,3-difluoroallene, J. Chem. Phys., 2005, 123, 084305.

[10] S. Blanco, S. Melandri, P. Ottaviani, W.Caminati, Shapes and
Noncovalent Interactions of Oligomers: The Rotational Spec-
trum of the Difluoromethane Trimer, J. Am. Chem. Soc., 2007,
129, 2700-2703.

[11] D. Patterson, M. Schnell, J. M. Doyle, Enantiomer-specific
detection of chiral molecules via microwave spectroscopy. Na-
ture 2013, 497, 475-477. 

[12] J. -U. Grabow, Fourier transform microwave spectroscopy:
handedness caught by rotational coherence. Angew. Chem.
Int. Ed. 2013, 52, 11698-11700.

[13] B. H. Pate, Luca Evangelisti, W. Caminati, Y. Xu, J. Thomas, D.
Patterson, C. Perez, and M. Schnell, Quantitative Chiral Analy-
sis by Molecular Spectroscopy. In Chiral Analysis - Advances in
Spectroscopy, Chromatography and Emerging Methods, 2nd

Edition - (P. L. Polavarapu, ed.), Elsevier 2018, 679-729.
[14] See, for example, R. S. Ruofft, T. D. Klots, T. Emilsson, H. S.

Gutowsky, Relaxation of Conformers and Isomers in Seeded
Supersonic Jets of Inert Gases, J. Chem. Phys. 1990, 93, 3142-
3150.

[15] S. Antolínez, J. C. Lopez, J. L. Alonso, The Axial and Equato-
rial Hydrogen Bonds in the, ChemPhysChem, 2001, 2, 114-117.

[16] See, for example, L. Spada, L. Evangelisti, W .Li, R. Orlac-
chio, W. Caminati, Carboxylic Acids, Reactivity with Alcohols
and Clustering with Esters: A Rotational Study of Formic
Acid – Isopropylformate, J. Phys. Chem. A, 2019, 123, 1785-
1789, anf ref.s therein-

[17] L. Evangelisti, L. Spada, W. Li, F. Vazart, V. Barone, W. Ca-
minati, The Borderline between Reactivity and Pre-reactivity
of Binary Mixtures of Gaseous Carboxylic Acids and Alco-
hols, Angew. Chem. Int. Ed., 2017, 56, 3872-3875.

18                                                                                                                                                             Walther Caminati


