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EMILIA CHIANCONE*

Welcome address

I would like to welcome you all on behalf of the Academy of the XL and intro-
duce you briefly to our Academy and the origin of its name. Back in 1782, Anton
Maria Lorgna, a mathematician and hydraulic engineer from Verona, wanted Italian
scientists, who were dispersed in a number of local academies, to have a single voice
in Europe. Thus, Lorgna invited the 40 most outstanding scientists from all parts of
Italy to join the «Società Italiana» he was founding and to publish their work in the
Memorie di Fisica e Matematica, nowadays the Rendiconti. In a few years, the Memo -
rie di Fisica e Matematica became the reference point of Italian scientists in Europe
and the «Società Italiana dei XL» established itself as the sole representative of Italian
Science. I would like to stress that Lorgna called the Society «Italian» roughly a hun-
dred years before Italy was united; we are very proud of this anticipatory role.

Let me add a few words on the topic of this Symposium and at the same time
thank our Academy member Vincenzo Aquilanti and his team for organizing it.
Given my background as protein scientist, and my limited knowledge of chirality,
let me just refer to Primo Levi and his thoughts on «Asymmetry and life» published
in the Bollettino dell’Unione Matematica Italiana in 1998. Levi dwells on the fact
that all the protagonists of the living world – proteins, nucleic acids, sugars – are
asymmetric, that the left-right asymmetry is intrinsic to life and concludes that it
coincides with life. It seems to me that this conclusion is relevant to one of the
scopes of the Symposium, brought up by the continuously increasing number of chi-
ral molecules discovered in space, namely assessing the role of chirality in the origin
and evolution of life.

Let me give the floor to Vincenzo for his opening remarks, while thanking you
for your attention.

* President, Accademia Nazionale delle Scienze detta dei XL, Roma (Italy).
E.mail: segreteria@accademiaxl.it     emilia.chiancone@uniroma1.it
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VINCENZO AQUILANTI*

The Astrochemical Observatory: Chemistry in the sky

Summary – The sixteen chapters of this book are a collection of short essays and
extended abstracts, which originated from presentations at an event that took place in 22 and
23 March 2018 in Villa Torlonia in Rome. The venue was the Library of the Accademia
Nazionale delle Scienze detta dei Quaranta (National Academy of Sciences, known as of the
Forty). The participants to the conference shared interest for the role of molecules in con-
nection with the modern science of the Universe. The recent designation for this area of
research goes under the name of Astrochemistry. A brief history of this discipline is sketched,
with particular emphasis on the roots, namely the developments that took place back in time,
essentially due to an eminent astronomer, Angelo Secchi: in the Nineteenth century he was
known as “the Chemist of the sky”: he was curious about the role of chemical elements in
the observational data from his telescope, that he had equipped with a spectroscope. The
nucleus of the group of scientists carrying out concerted efforts under the denomination
“Astrochemical Observatory” operates since a dozen years: it is diffused in various universities
and research centers essentially based in central Italy, extended to collaborators in the Nation
and abroad. The theme chosen for this year’s event that can be considered as one of a series,
is molecular chirality, a topic transversal across many disciplines that has relevance also for
evolutionary sciences. The conference was dedicated to the memory of Giangualberto Volpi,
the founder of a school in chemical kinetics who had died in February 2017: in June 2018,
he would have been ninety years old: Volpi’s school was based first in Rome on ion-molecule
reactions and then in Perugia on neutral reactions. A member of his school, Anna Giardini
who later contributed to the topic of chiral recognition, was the special guest of the confer-
ence. Anticipations are indicated of future meetings: the one in 2019 will be devoted to chem-
ical kinetics, while other events in preparation will be centered about the figure of Primo
Levi, writer, chemist, prominent figure, protagonist of the cultural debate of last century, in
occasion of his one hundredth birthday.

* One of the XL – Dipartimento di Chimica, Biologia e Biotecnologie, Università di Perugia,
06123 Perugia, Italy. Consiglio Nazionale delle Ricerche, Istituto di Struttura della Materia, 00016
Roma, Italy. E.mail: vincenzoaquilanti@yahoo.it



Opening the March 2018 event

The call for the present conference had the goal of establishing a starting event
for an initiative involving research groups in Italy active in carrying out projects in
astrochemistry. The melting pot consisted of a scientific reunion assessing the state
of the “Astrochemical Observatory”, that had been formalized in 2016 under the
auspices of the Italian Accademia Nazionale delle Scienze detta dei XL (National
Academy of Sciences, known as of the Forty). The initiative is regarding wide areas
covered by the emerging science going under the name of astrochemistry – a new
name with an immediate self-explaining connotation. To this theme, several activities
had been dedicated already in the recent past, and the particular focus of this gath-
ering has been centered around that of molecular chirality. However, the occasion
was taken of extending the presentations to related topics, in order to give an
account of the general status of the research in this field from Italian scientists,
enlarged to their principal international collaborators. For an account published in
2012 of the preliminary proposals see Figure 1.
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Fig. 1. Cover of the Journal where in 2012 an article on the Astrochemical Observatory project
was presented, with particular emphasis on the collaborations with Osaka and Taipei laboratories.



Twenty years ago in Rome…

The First European Workshop on an emerging discipline ‘‘Exo-Astro-Biology’’,
took place in Frascati, near Rome, in 2001 and included the attendance of many
chemists. Proceedings are available (see Figure 2): the concluding sentence of one
of the progress reports (Keheyan et al. 2001) refers to “astrobiological implications
of our laboratory discovery, the detection of aligned benzene in gaseous streams (see
the Physical Review Focus, http://focus.aps.org.no.26,29 May 2001, and Chemical,
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Fig. 2. The proceedings of the First European Workshop on Exo-/ Astro-biology in 2001.



Engineering News, 11 June 2001, p. 22) and previous evidence on simpler molecules
point out that as our future work plan we focus on possible mechanisms for chiral
bio-stereochemistry of oriented reactants, for example when flowing in atmospheres
of rotating bodies, specifically the planet Earth”. A decade later, at the 2010 and
2012 Rome Lincei Conferences on Astrochemistry and Chirality, respectively, the
opportunity was provided of presenting an account of the progress regarding that
initial proposal. 

The search for possible stereodynamical mechanisms of chiral discrimination
based upon collisions, involves design of new experiments and the laboratory tech-
niques must be upgraded to distinguish between enantiomers. This objective requires
sharpening not only the experimental tools, but also the theoretical ones provided
by modern physical chemistry (Aquilanti et al. 2008): quantum and semiclassical
approaches developed for few-atom reactions need extensions to cases of more com-
plicated many-body systems to explicitly include chirality, starting by defining con-
venient parametrization of chiral observables for enantiomeric distinguishability.
From an experimental viewpoint, progress continues to be required on collisional
alignment in gaseous streams and on various aspects of physicochemical sciences,
aimed at understanding spatial aspects of molecular structure and dynamics. The
main target here is to measure and/or to calculate crucial kinetic parameters (cross
sections and rate constants) to be used in models to verify the hypothesis that molec-
ular collision mechanisms can induce chirality discrimination. Experiments involving
molecular beams techniques, assisted by model molecular dynamics calculations, are
currently being performed and described in some of the papers collected here.

The prequel: Angelo Secchi, the chemist of the sky

The Nineteenth Century Jesuit Angelo Secchi (Reggio Emilia 1818 – Rome
1878) was defined as “the chemist of the sky”. He was very well known in his times
for many scientific contributions and discoveries: not only he was an astronomer
and an astrophysicist, but also established important geophysical benchmarks, such
as the definition of the Rome meridian, and laboratory studies of the Earth magnet-
ism and of meteorology. Regarding his contribution to astronomy, during the several
years when he acted as the director of the Pontifical Observatory, he had imple-
mented the idea of adding a spectroscope to his telescope and in this way he could
follow the “royal road” established by Fraunhofer and others. Importantly, he was
the first to focus not only on the spectral lines (which were correctly attributed to
atomic spectra) but also to bands, which were subsequently associated to molecular
spectra. In this sense he was really doing chemistry. Additionally, one of the main
aspects of the great fame of Secchi came when he classified stars according to their
chemical compositions: his classification was the first to be proposed and lasted as
the standard one for few decades, until the British classification modified his
approach by substantial variants.
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Angelo Secchi was a member of the Academy of the Forty and was a Jesuit: his
laboratory was placed in central Rome at the roof of the S. Ignazio church, which is
the headquarter of the Jesuit Order. Unfortunately for him, when in the Seventies of
the XIX century, Rome passed from the Pontifical Reign to the newly formed Italian
Kingdom, Father Secchi, as functionary of the Papal state, was under scrutiny for
removal by the new state and for dismission from his position as Chief Astronomer.
The Italian Senate voted by a tiny majority in his favor and for him to continue to
be the head of the Observatory, especially thanks to the influence of Quintino Sella –
then Minister of Economics of Italy and the president of the newly reorganized Lincei
Academy. The Pope established an alternative a new branch of the academy, known
as Accademia Pontificia, and Secchi was as appointed the president of it. Exception-
ally, he was allowed to continue his activity as Chief Astronomer until his death in
1878. He was a member of the Academy of the Forty, without interruption from 1858
to 1878: to celebrate him, the Academy organizad an important meeting on the occa-
sion of his centennial anniversary: the proceedings of this conference were published
in 1979 and a second edition was printed in 1993. In the year 2018 in September, a
conference subsequent to the present one, celebrating the bicentennial of his birth,
took place: a stamp was issued from the Italian Mail (Figure 3) and proceedings are
being prepared from the Academy of the Forty also on this event.
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Fig. 3. Celebration of Angelo Secchi (the Chemist of the sky), on the Bicentennial of his birth, by
a postcard and a stamp from the Italian Mail in April 2018.



A dedication: Giangualberto Volpi and chemical kinetics

The conference is dedicated to professor Giangualberto Volpi (Figure 4), who
died exactly one year before this event in February 2017 and would be ninety-year-
old at the time of writing. To his memory, a commemorative article appeared in this
Rendiconti, Aquilanti, 2016. He belonged to a team that in the post-war Italy started
a pioneering activity on elementary chemical reactions, innovating the instrumenta-
tion of chemical physics by introducing the first especially built mass spectrometer
in the country, homemade in the laboratory of professor Giorgio Careri in the
Physics Institute of the University of Rome. The instrument was essential for a
kinetic study of the prototype of all chemical reactions, the isotopic exchange of
hydrogen and deuterium, and that work provided the first convincing experimental
confirmation of Transition State Theory, which had been formulated about 25 years
before by Eyring, Polanyi, Wigner. In successive decades, Volpi established a
research activity in the General Chemistry Institute in the University of Rome,
devoted to elementary chemical processes, innovating the scope of investigations of
the group to the point that it is now recognized as among the first teams to study
physics and chemistry involving ions by high pressure mass spectrometry. The group
became soon a world leader on ion-molecule reactions, and the results obtained
were considered of main interests in radiation chemistry and in the chemistry of
plasmas, with applications to the ionosphere research and more recently to astro-
chemical environments. In fact, well beyond the expectation of scientists of the
atmospheres of the planets in the solar system, ion-molecule reactions are being
considered as playing an important role even in discussions of the early Universe,
regarding the formation of atoms and molecules through reactions of ions. The book
reports articles on these and related topics.
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Fig. 4. Gian Gualberto Volpi in his office in Perugia at the beginning of the century. Also shown
the mass spectrometer of the Fifties.



Special guest: Anna Giardini and chiral recognition

Anna Giardini’s work was recognized worldwide as that of a fine experimen-
talist with a deep involvement in studying processes of relevance both to theoreti-
cians and to applied scientists. Her enthusiasm and tireless energy were so well
known that it is no surprise to us that after retirement from the University she had
been still active in the National Research Council Laboratories. As a further impres-
sive demonstration of the ample spectrum of interest that have characterized her
scientific career, she more recently focused on the study of ultrafast photophysical
and photochemical processes with femtosecond lasers, performing pump-probe spec-
troscopy experiments of molecules of biological relevance in liquid solutions. Impor-
tant are her contributions to chirality issues, see Figure 5 and many articles in this
book by her former collaborators and students.

The sequel: Primo Levi, chirality and the periodic system

The year 2019 is the centennial of the birth of Primo Levi who was a chemist
both as training (doctor in Chemistry in Turin in 1941) and for many years also by
profession. Any intent to highlight the significant role in his life and in his work of
science (and of chemistry in particular), is often overshadowed by the immense noto-
riety of his great figure as narrator and witness of his time. The famous book by
Levi Il Sistema Periodico, “The Periodic System” (1975), see Figure 6, is a paramount

— 13 —

Fig. 5. Anna Giardini in her office at La Sapienza of Rome around 2005. Several contributions in
this collection come from her main coworkers on chirality issues, such as Professor Maurizio Spe -
ranza, and former students Susanna Piccirillo, now at the University of Rome Tor Vergata, Daniele
Catone and Mauro Satta, now at CNR, the Italian National Research Council, and others.



example of narrative writing inspired and permeated by scientific philosophy. Addi-
tionally, the year 2019 marks the 150th anniversary of the formulation of the periodic
system of elements by Medeleev: this milestone was celebrated ten years ago in an
interdisciplinary Lincei congress and updates are proposed also in reference to the
work of Levi. In Levi, the theme of molecular chirality pervades his writing explicitly
or as a metaphor: in future events, presentations of this interdisciplinary theme will
also be addressed.

In 2017, the Italian Chemical Society, together with the German counterpart,
instituted the two-year Primo Levi Prize and awarded the Nobel Prize laureate Hoff-
mann with a prestigious ceremony, held in Germany, that has been given a great
deal of attention from media. The next award will be organized by the Italian Chem-
ical Society in Rome in December 2019: accompanying events are being planned
emphasizing highly interdisciplinary features 

As mentioned, Primo Levi was a chemist by profession, his doctoral disserta-
tion concerned Walden’s inversion, related to chiral changes: he later published a
famous article on molecular chirality and asymmetry of life, whose relevance was
underlined by the physicist Tullio Regge, with whom he discussed in more occa-
sions about the possible dialogue between the two cultures. The title of one of his
collections is L’Asimmetria e la Vita (Asymmetry and Life). The excellence of his
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Fig. 6. The first edition of one of Primo Levi’s narrative masterpieces, and one where the “fil rouge”
is the reference to his chemical background. Note the cover, by a drawing by M. S. C. Escher,
showing a three-dimensional paradox inspired by a Möbius band: to the early XIX century math-
ematician Möbius the geometrical concept now known as chirality is attributed.



writing pervades his literary works, as a witness to the Holocaust, as a publicist,
as a scientific disseminator within narrative contexts, transcending the barriers
between the “two cultures”. 

Concluding the presentation of the book dedicated to the 2018 event, it is an
appropriate signal towards the future to indicate that dates and location for the next
event, OAK – Observatory for Astrochemical Kinetics, are already settled: again
Rome, the Biblioteca dell’Accademia dei XL, 27 and 28 June 2019: old and new
participants are cordially invited to joint efforts on the current and future chemical
themes inspired by the surprising discovery of myriads of planets outside the Solar
System.
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The effect of halogen substitution on the aromatic ring in
chiral recognition between 1-aryl-1-ethanol and butan-2-ol:
Resonant Two Photon Ionization Spectroscopy and Quantum

Chemical Calculations

Abstract – Non-covalent intra and intermolecular interactions account for the molecular
and chiral recognition properties as well as the functionality of biomolecules. 

This minireview presents the results concerning adducts between chiral aromatic alco-
hols, differently substituted on the aromatic ring, with the two enantiomers of butan-2-ol,
which have been investigated by mass-selective resonant two-photon ionization (R2PI) and
infrared depleted R2PI (IR-R2PI) techniques. The comparison of the systems allowed us to
highlight the significance of specific intermolecular interactions in the chiral discrimination
process. The interpretation of the results is based on theoretical predictions at the D-
B3LYP/6-31++G** level of theory.

Introduction

The transmission of chiral information, the recognition properties as well as the
functionality of biomolecules rely substantially on non-covalent intra and intermol-

1 Elettra-Sincrotrone Trieste S.c.p.A., in Area di Ricerca, Basovizza (Trieste), Italy.
2 C.R ENEA Frascati, Via E. Fermi 45 - 00044 Frascati, Roma, Italy.
3 CNR – ISM, Area della Ricerca di Roma 1, Monterotondo Scalo, Italy.
4 Dip. di Chimica e Tecnologie del Farmaco, Università di Roma «La Sapienza», Rome, Italy.
5 CNR-ISMN, Dipartimento di Chimica, University of Rome Sapienza, Rome, Italy.
6 Dip. di Scienze e Tecnologie Chimiche, Università di Roma «Tor Vergata», via della Ricerca

Scientifica - 00133 Rome, Italy. E-mail: piccirillo@fisica.uniroma2.it



ecular interactions and their study is of fundamental interest and has a deep impact
on chemistry, biology, pharmacology, materials science and astrophysics. In combi-
nation with stronger non-covalent interactions with high directionality, such as con-
ventional hydrogen bonding or metal coordination, other forces such as π···π
stacking, lone pair···π or weaker hydrogen bond interactions such as XH···π (X = O,
N and C) or CH···X (X = O, N, halogen) interactions often play an essential role
in chiral discrimination processes [1]. Indeed, the ability of halogen atoms to work
as effective sites for directing molecular recognition processes long remained unex-
plored, despite in 1970 Hassel et al. [2] pointed out the key role of halogen atoms
in driving molecular self-assembly processes. Then in the past decade, the effects of
halogenation have received a growing interest in many different fields, and the halo-
gen bond has been largely exploited to control the assembly of small molecules in
the design of both supramolecular complexes and new materials [3].

A convenient approach to gain detailed information on the nature of the spe-
cific intervening forces is to generate tailor-made molecular adducts in the isolated
state and to investigate them through high-resolution spectroscopy. Specific inter-
actions, influencing molecular geometries, as well as the dynamics of conceivable
reactive processes [4] can be studied without any interference from the environment.
The results of gas phase experiments can be used by theoretical chemists as a bench-
mark for the validation of different approximations for quantum calculations [5].

Here, we highlight and summarize some recent results [6, 7, 8] concerning
adducts containing a chiral halogenated molecule, obtained under collision-free con-
ditions in supersonic molecular beams and investigated through resonant two-photon
ionization (R2PI) and double-resonance infrared-R2PI (IR-R2PI) spectroscopy cou-
pled with mass spectrometry. In particular, we point out results concerning the effect
of the presence of a halogen atom in different positions on the aromatic ring on the
structure and the conformational equilibria of the complexes between (S)-1-(4-
chlorophenyl)ethanol (p-ClES), S-1-(4-fluorophenyl)ethanol (p-FES), (S)-1-(2-fluo-
rophenyl)ethanol (o-FES), R-1-phenyl1-ethanol (ER) with the two enantiomers of
butan-2-ol (BR and BS). All figures are adapted from Ref. 6.7,8.

Experimental section

The experimental apparatus for the study of gas phase complexes has been
described previously [6, 9] and will be briefly summarized. Neutral clusters are pro-
duced in a 10-Hz-pulsed seeded supersonic expansion of vapors of chiral molecules
generated in temperature-controlled reservoirs in argon carrier gas. The clusters are
ionized via one-color Resonant Two Photon Ionization (1cR2PI) process. The pho-
toions are mass analyzed in a time-of-flight mass spectrometer and detected by a
channeltron. One-color R2PI experiments are performed through the ionization of
the species of interest by resonant absorption of two photons of the same energy h�.
The entire TOF mass spectrum is recorded as a function of n1. Due to the resonant
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step in the two-photon process, the wavelength dependence of a given mass-resolved
ion represents the excitation spectrum of the neutral precursor and contains infor-
mation about its electronic excited state S1.

The difference in the binding energies of the diastereomeric complexes has
been evaluated by the measure of the product/parent dissociation ratio recorded at
specific 1c-R2PI transitions. 

The vibrational spectra in the OH-stretching region of the neutral precursors
are recorded by IR–R2PI double resonance spectroscopy. The IR and UV lasers are
counter-propagating and spatially superimposed, the IR laser pump pulse precedes
the UV laser by about 100 ns. If a cluster absorbs photons with energies of one or
several quanta of a high-frequency vibrational mode, it predissociates very fast by
IVR resulting in a depopulation and an R2PI-ion signal depletion. An ion-dip spec-
trum is recorded by scanning the wavelength of the IR laser with the wavelength of
the probe laser being fixed to the specific transition in the R2PI spectrum of a
selected cluster. It represents part of the vibrational spectrum of the neutral precursor
cluster in the electronic ground state. This methodology also allows the discrimination
of different conformers present in the supersonic molecular beam [10]. The IR laser
light is generated by a home-made, injection-seeded optical parametric oscillator
(OPO), built according to the design developed at the University of Frankfurt [11]. 

A preliminary analysis of the conformational landscape was carried out by clas-
sical molecular dynamics with the MM3 force-field. The optimized structures are
classified according to their conformation and energy and the lowest energy struc-
tures for each diastereomer (relative energy lower than 2 kcal mol-1) have been re-
optimized with the D-DFT approach: we used the B3LYP Hamiltonian with the
6-31++G** basis set. Further details can be found in references 6,7 and 8.

The structure of the bare chromophores

The 1cR2PI excitation spectrum of the halogenated compounds pFES, p-ClES
and oFES are characterized by the presence of low-frequency (40-50 cm-1) band
progressions, which are absent in the ER congener under similar experimental con-
ditions. This behavior is ascribable to the fact that the S1←S0 transition in the halo-
genated species involves asymmetric structures of the aromatic ring in both the S0
and S1 states while the same electronic transition in non-halogenated ER involves no
change of the quasi-C6 symmetry of the ring. According to D-B3LYP/6-31++G**
calculations, the band progression observed in the spectra of pFES, p-ClES and
oFES can be related to the n1(C1-Cα

) torsional mode of the most stable structure of
each species, pointing out that only one predominant conformer is identified in the
supersonic beam expansion. The presence of one stable conformation is found also
in the case of ER. 

The most stable conformational structures of the isolated chromophores which
were identified experimentally are remarkably similar. As shown in figure 1 for
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p-ClES they are characterized by an intramolecular OH···π interaction and a weak
attractive C2H···O interaction. In the case of oFES, there is also a weak Cα

H···F
interaction.

Structure and stability of the para halogenated diasteromers

Fig. 2 reports as an example the 1cR2PI excitation spectra of the two complexes
of p-FES with R and S-butan-2-ol [6]. Both spectra display a low frequency vibra-
tional progression which can be assitgned to the n1(C1-Cα

) torsional mode. A spectral
chiral discrimination is evident from the spectra: each diastereomer displays distinct
features shifted to the red with respect to 000 electronic transition of the chro-
mophore [12]. The shift is greater for the homochiral complex with respect to the
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Fig. 1. D-B3LYP/6-31++G** calculated structure for the most stable conformer of isolated p-ClES.

Fig. 2. R2PI excitation spectra and IR-R2PI spectra (inset) of (a) heterochiral [p-FES*BR] and (b)
homochiral [p-FES*BS] clusters.



heterochiral complex. Similar results have been found for the non-halogenated
adducts and for the para-chloro adducts with butan-2-ol [8]. The measurement of
the dissociation ratios in the mass spectra indicates that the homochiral complexes
are more stable than the heterochiral complexes for the non halogenated and para
fluorinated diasteromers and the relative stability of the specific homo versus hetero
complexes is much higher for the para substituted complexes with respect to the
non-fluorinated adducts.

The shift in the R2PI spectra is relative to the electronic transition of the iso-
lated FES molecule at 37 140 cm-1. 

In the inset of figure 2, the IR-R2PI depletion spectra of the complexes is
shown, recorded in the 3500-3700 cm-1 range with the probe wavelength set on the
000 origin of the complexes. The bands at 3637 and 3610 cm-1 correspond to the OH
stretch mode of butanol in the p-FES·BR/S clusters. 

Figure 3 for the non halogenated and figure 4 for the para-halogenated adducts
show the D-B3LYP calculated structures which have been assigned on the basis of
i) the comparison between calculated and observed vibrational frequencies, ii) the
analysis of the specific interactions contributing to the shift of the electronic tran-
sition, iii) the relative energy of the complexes. A complete description of all calcu-
lated complexes can be found in references 6, 7, 8. These structeres are characterized
by an OchH···O hydrogen bond and an ObuH···π interaction with the aromatic ring
(Och and Obu are the oxygen atoms of chromophore and butan-2-ol). The binding
motif is similar, as shown in figure 4: the hydrogen atom attached to the C2 chiral
center of butan-2-ol points towards the aromatic ring, so that C2H···π interactions
are established. Other CH···π interactions can be established either by facing the
ethyl or the methyl group of butan-2-ol towards the aromatic ring, yet these inter-
actions are stronger if the ethyl points towards the aromatic ring. In the non-halo-
genated complexes (figure 3) and in the para fluoro or chloro substituted complexes
(figure 4) the ethyl group of butan-2-ol is always bent over the aromatic ring. The
conformation of butan-2-ol in the clusters is the same in all the adducts and it is
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Fig. 3. D-B3LYP/6-31++G** structures of the assigned homochiral and heterochiral conformers
of the complexes of of ER with butan-2-ol. (a) homochiral (b) heterochiral.



one of the two most stable geometries that have been identified by microwave
Fourier transform spectroscopy in supersonic beam expansion of isolated butan-2-
ol, denoted m-ga [13]. The different chirality of the two stereoisomers of butan-2-
ol involves that, in the complex, the hydrogen atom attached to the C

α
chiral center

of the aromatic molecule and the hydrogen atom attached to the C2 chiral center of
butan-2-ol are facing each other in the hetero complexes, (fig. 4b, as well as 4d, 3b)
while they point to opposite directions in the homocomplexes (Fig. 4a as well as 4c,
3a). Consequently C

α
H···HC2 repulsive interactions in all the hetero complexes are

somewhat more relevant, decreasing the overall CH···π and OH···π interactions with
the aromatic ring. This is in agreement with the experimental findings that the homo
complexes are more stable than the hetero complexes.

The comparison between the para halogenated and non-halogenated complexes
reveals that the presence of the halogen atom in the para position of the aromatic
ring does not affect the overall geometry of the complex, though in the para halo-
genated homo complexes a contraction of the vdW complex with a shortening of
the OH···π distance is found. The strengthening of the attractive interactions in the
homo para complexes can be tentatively attributed to the inductive and resonance
effects of the halogen atom on the aromatic ring, which modify the distribution of
the � electron density. This probably leads to an extra stabilization of the homo para
substituted complex with respect to the non-substituted homo adduct and could
explain the fact that the experimental and theoretical binding energy difference
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Fig. 4. D-B3LYP/6-31++G** structures of the assigned homochiral and heterochiral conformers
of the complexes of p-FES and p-ClES with butan-2-ol. (a) para flluorine substituted complex,
homochiral (b) para flluorine substituted complex, heterochiral (c) para chlorine substituted com-
plex, homochiral (d) para chlorine substituted complex, heterochiral.



between the homo and hetero complexes with 2-butanol follows the order
ER*BR/S<p-FES*BR/S <p-ClS*BR/S. 

Structure and stability of the ortho fluorine substituted complexes

Differently from the non halogenated and para substituted adduct, the R2PI
spectrum of the homochiral complex (figure 5a) is blue-shifted with respect to the
000 transition of the bare chromophore, while in the case of the heterochiral complex
(figure 5b) a red shift was measured. Both spectra display a vibrational progression
spaced about 20 cm-1. In their respective IR-R2PI spectra, one sharp absorption at
3636 cm-1 for the homochiral complex and at 3616 cm-1 for the heterochiral complex
are measured. The dissociation ratios in the mass spectra are 51% for the homo and
62% for the hetero complex at almost equal values of total ionization energy, hence
the hetero/homo ratio in the fragmentation efficiency is lower in the ortho-fluoro
substituted complexes with respect to the para-fluoro substituted complexes, in
agreement with the calculated binding energy differences. 

In the complex formation, the fluorine atom in the ortho position is also avail-
able for the formation of an intermolecular C2H···FC interaction. Considering a
structural motif like the one described above for the para and non-fluorinated com-
plexes (fig. 3, 4) the C2H···FC interaction can be established only in the hetero ortho
substituted complex, which indeed adopts a conformation similar to the other dis-
cussed hetero structures (figure 5b). In the ortho homo adduct, the establishment
of C2H···FC intermolecular interaction together with an ObuH···π�interaction is only
possible if the conformation of butan-2-ol is different from the m-ga. The best over-
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Fig. 5. R2PI excitation spectra and D-B3LYP/6-31++G** structures of (a) homochiral [o-FES*BS]
and (b) heterochiral [o-FES*BR] clusters. The shift in the R2PI spectra is relative to the 0

0
0 electronic

transition of the isolated o-FES molecule at 37587 cm-1.



all agreement with the experimental data is in fact obtained if the spectrum of the
homo adduct is assigned to the structure reported in the inset of figure 5a, where
the conformation of butan-2-ol is e-ga [13], with the methyl (instead of the ethyl)
group interacting with the aromatic ring. The different spectroscopic behavior of
this complex acknowledges the role and the importance of CH···F interactions in
molecular and chiral recognition processes. While the ortho hetero complex is struc-
turally analogous to the hetero para and non-fluorinated structures, butan-2-ol in
the ortho homo adduct adopts a different conformation in order to establish a
CH···F intermolecular interaction.

Conclusions 

This mini-review resumes the results of a systematic investigation aimed at clar-
ifying, at the molecular level, the potential of the halogen substitution on the aro-
matic ring to alter the type and magnitude of non-covalent interactions as well as
to modify the spectroscopic properties of the adducts. Our results confirm at the
molecular level that chiral recognition is a process that involves the conformational
adjustments of the partners in order to achieve the best efficacy of non-covalent
interactions.
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Accurate Rotational Spectroscopy for Astrophysical
Investigations: the Challenge of Chiral and Flexible

Molecules and Molecular Complexes

Summary – In this short review we analyze some results and the challenges related to
the analysis of molecular spectra of Complex Organic Molecules (COMs) in the microwave
and millimeter frequency range including the detection of their chirality. These analyses are
essential for the detection of new molecules of increasing complexity in the huge amount of
astronomical data and rich surveys collected by the most recent and advanced radiotelescopes
and in-situ measurements..

Key words: Molecular Spectroscopy; Rotational Spectroscopy, Complex Organic Molecules;
Chirality; Astrochemistry.

The investigation of phenomena related to the chemistry of the Cosmos, in par-
ticular regarding the evolution of stars, is strongly based on the identification and
quantification of molecules by spectroscopic methods, that is by their emission of
light. Spectroscopic lines, in addition to telling us what molecules are present, and
their abundance (concentration), are excellent tracers of the physical conditions. For
example, temperature (more strictly, rotational temperature) can be measured by
comparison of intensities for different rotational lines of the same molecule, gas den-
sity can be derived from the collisional excitation of these lines, and radial motion
of the cloud; e.g., collapse, can be obtained from the Doppler effect [1]. Already
more than 200 molecules have been detected in the gas phase of interstellar clouds
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(see for example refs. [1] and [2]) mainly by their rotational spectra and include
cations, anions, radicals, small hydrides, oxides, sulfides and halogens but also larger
(up to 10 heavy atoms) neutral molecules; the latter, known as Complex Organic
Molecules (COMs). Many more complex organic species are expected to be detected
thanks to new telescopes: submillimeter observatories such as the Atacama Large
Millimeter Array (ALMA), the Stratospheric Observatory for Infrared Astronomy
(SOFIA), and the recent Herschel Space Observatory (HSO) which have been and
will be providing observational data with unprecedented spectral sensitivity, signal-
to-noise ratio and spatial resolution, thus laboratory work is essential to provide the
community with the spectral features needed to analyze the cosmological surveys.

The analysis of high resolution spectra of COMs including chiral ones, is some-
times a formidable task because of their high degree of flexibility. The same flexi-
bility belongs to weakly bound molecular complexes (molecules held together by
non-covalent interactions) which have been studied in relation to the determination
of collision rates which are of vital importance in reactions schemes [3] and are
thought to play a role in the chemistry of dense and molecular clouds and in plan-
etary atmospheres [4]. For all of these systems, the presence of several low energy
conformations and the presence of large amplitude motions on shallow potential
energy surfaces are typical giving rise to complex rotational spectra, which represent
a challenge for spectroscopic and computational methods. Therefore a great effort
is needed to provide the astronomers with reliable and accurate data for their search
of molecules in space. 

Usual experimental and theoretical strategies for recording and analyzing the
rotational spectra of flexible organic molecules include the use of the cold and iso-
lated conditions of a free jet expansion and heated sources for the non-volatile sys-
tems, coupled to absorption or Fourier Transform spectrometers [5, 6] which show
an extremely high accuracy, resolution and sensitivity. The introduction of three wave
mixing techniques by Patterson et al. [7] has expanded applications of microwave
spectroscopy into the field of chiral analysis [8-10].

The experimental work is strongly supported and complemented by theoretical
modeling and calculations with the aim of assigning the observed spectra and to
obtain information on the molecular dynamics which involve, for example, confor-
mational rearrangements [11], tautomeric equilibria [12], large amplitude motions
[13], vibro-rotational coupling [14] and the prediction of vibrational spectra [15],
see for example the conformational/tautomeric equilibrium of 2-mercaptopyridine
[12], represented in figure 1.

Radioastronomical observations encode a huge amount of information. In order
to facilitate their decryption, public, on line databases have been built. For instance
several different single dish surveys are available through the Spectral Line Search
Engine (SLISE at https://www.cv.nrao.edu/~aremijan/PRIMOS/). Atacama Large
Millimeter/submillimeter Array data are available at ALMA archive (http://alma
science.eso.org/aq/). The analysis of interferometric data is not straightforward, and
the reduction of raw data to final spectra requires specific and advanced knowledges.
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To overcome this difficulty, a feasibility study to re-image ALMA archival data is
currently underway (ALMA Re-I project). ESASky is an open science discovery por-
tal providing full access to the entire sky as observed with Space astronomy missions,
as of February 2017 (http://open.esa.int/esasky/), it includes both ESA and inter-
national partners data mission.

Once spectral surveys are obtained, the challenge lies in the assignment of the
thousands of interstellar molecular lines that are present. This is made easier by the
existence of spectral databases for rotational transitions, such as the Splatalogue
Database for Astronomical Spectroscopy (http://www.splatalogue.net/), containing
the quantal assignments, frequencies, and intensities of both measured and predicted
rotational lines for many species.

As an example, we report the analysis of the spectral profile of the Class 0 pro-
tostar IRAS 16293-2422 B. The astronomical observations are part of the ALMA
project 2012.1.00712.S, aimed to the search of pre-biotic molecules in low-mass pro-
tostars. These observations were carried out with 31 antennas of the 12-m main
array. They covered four spectral windows: 89.49-89.72, 92.78-93.01, 102.49-102.72
and 103.18-103.41 GHz, each of which with a 0.23 GHz bandwidth and 3840 chan-
nels, resulting in a 60 kHz channel spacing corresponding to a velocity resolution
of 0.2 km/s. In collaboration with the ALMA Italian Regional Center, we reduced
the data according to the standard recipes in the Common Astronomical Software
Applications package (v4.2.1) and we extracted the spectrum of the source within
one 1”×1” synthesized beam size, centered on the 102.690 GHz peak (RA=16h 32m

22.s612; Dec=-24°28’32”.588). Then, exploiting the already mentioned Splatalogue
data base, we could assign the molecular lines of several species. An excerpt of the
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Fig. 1. The precise information on the conformational/tautomeric equilibrium of 2-mercaptopyri-
dine given by millimeter wave free jet absorption spectroscopy.



spectra is reported in Figure 2, within the assignment of methylacetylene, ethylene
glycol, acetone, glycolaldheyde, ethanol, methylformate. The unassigned lines are
indicated with a question mark.

As regards classical chiral molecules (not taking into account transient chirality,
such as in ethyl alcohol or hydrogen peroxide), only propylene oxide has been
detected in space [16] but laboratory data exist for many other chiral species such
as sugars (see Figure 3) [17, 18] or aminoacids [19].

In 2013, Patterson et al. [7] have experimentally demonstrated how to distin-
guish a pair of enantiomers by microwave spectroscopy using a new three-wave mix-
ing method. The method is based on the fact that for the enantiomers the product
of the three electric dipole moments in the principal axis system has opposite sign.
Using a special cycle of transitions which needs to have a-, b-, and c-type transitions
it is possible to generate a coherent emission signal that is proportional to the prod-
uct of the three-dipole moment components. The phase of the free induction decay
signal is opposite (in the time domain) for different enantiomers. To observe the sig-
nal an additional requirement is that the electric fields of the three waves have to
be mutually orthogonal. As a result, the signal amplitude is also proportional to the
enantiomeric excess. 
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Fig. 2. Line survey and assignment of the protostar IRAS 16293-2422 B (ALMA, band 3).



Despite several challenges for which the research is still ongoing (such as phase
calibration, phase-matching or off-resonant excitation) which has recently been well
presented elsewhere [20] and go beyond the aims of this report, it is interesting to
highlight a new project for the construction of the first millimeter-wave chirality
spectrometer [21, 22]. The success of this project will advance the technologies for
the chiral detection and can be applicable to space mission in areas such as Ence-
ladus, Europa, Titan, and Mars. Organic molecules on the planets can be in-situ
characterized. This could be the first step for the search of life.

In conclusion, we have discussed how the data obtained from laboratory spec-
troscopy in the microwave and millimeter wave range are essential for the analysis of
the huge amount of data collected and the extremely rich surveys performed by tele-
scopes and especially by the Atacama Large Millimeter Array (ALMA). One of the
objectives is the detection of new molecules of increasing complexity and possibly the
measurement of their chirality with in-situ techniques. All of this represent a challenge
from the spectroscopic point of view and for this reason a strong interplay between
the laboratory spectroscopists and observational astronomers is required.

Acknowledgements

This paper makes use of the following ALMA data: ADS/JAO.ALMA#2012.1.00712.S.
ALMA is a partnership of ESO (representing its member states), NSF (USA) and NINS
(Japan), together with NRC (Canada), MOST and ASIAA (Taiwan), and KASI (Republic of
Korea), in cooperation with the Republic of Chile. The Joint ALMA Observatory is operated
by ESO, AUI/NRAO and NAOJ. We acknowledge the Italian ALMA Regional Center for
the availability of high performance computing resources. We wish to thank Camilla Calabrese
and Nuria Marcelino for support in the data reduction process.

These investigations have been supported by the Italian MIUR (Finanziamento delle
attività base di Ricerca and PRIN 2015 F59J3R 004 PE4) and the University of Bologna
(Ricerca Fondamentale Orientata).

— 31 —

Fig. 3. Sketch of the two most stable conformers of the two isomeric anhydrosugars 1,4-anhydroe-
rythritol and 1,4-anhydrothreitol (AT) and of their principal axes systems (from ref 17b).
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PhotoElectron Circular Dichroism:

a versatile probe for chirality

Abstract – The use of circularly polarised light in PhotoElectron Spectroscopy enhances
the response to conformational effects in chiral systems. PhotoElectron Circular Dichroism
(PECD) provides a rich and detailed dynamics with respect to tiny changes of the electronic
and structural properties by means of the dispersion of the intensity of the circular dichroism
as a function of photoelectron kinetic energy. This is due to the interference of the outgoing
partial waves of the photoelectron in the transition matrix element. Due to this particular
interference term in the dipole allowed matrix element, PECD is the chiroptical spectroscopy
with the highest asymmetry ratio. State of the art Density Functional Theory (DFT) is an
important tool to interpret conformational effects in PECD spectra and to achieve quantitative
information.

In this rendiconto examples of PECD studies of chiral molecular systems will be pre-
sented. They prove that PECD is a versatile tool with high sensitivity to group substitution,
isomerism, conformer population, vibrational modes.

Introduction

Chiroptical spectroscopies represent the cornerstone for the stereochemical
analysis. Optical Rotatory Dispersion (ORD), Electronic Circular Dichroism (ECD),
Vibrational Circular Dichroism (VCD), Raman Optical Activity (ROA) along with
Density Functional Theory calculations provide the basis to determine the absolute
enantiomer configuration. Chirality affects a wide variety of scientific fields such as
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enantioselective reactions, chiral recognition in biological processes, homochirality
in terrestrial life. The analysis of conformers represents a challenge for spectroscopy;
Boltzmann averages over different geometries should be performed in order to
reproduce data and the need of a set of independent data is crucial to significantly
retrieve the correct weights in the analysis. At variance with, photoabsorption, pho-
toelectron spectroscopy is characterized by two independent quantum labels namely
the photon energy and the electron kinetic energy, and provides for each electronic
state an electron kinetic energy distribution. The drawback is that the photon energy
dependence of the photoelectron cross section of different conformers is faible. In
the language of quantum scattering theory this is reflected in a dependence of the
photoelectron cross section on the interference of partial waves with the same angu-
lar momentum without phase effect. To display the full sensitivity of the electron
kinetic distribution to conformer geometry one should select terms with a strong
interference. PhotoElectron Circular Dichroism (PECD) presents interference of the
l, l ± 1 outgoing partial waves of the photoelectron in the transition matrix element
[1] and this is the origin of the extreme sensitivity in electronic and structural prop-
erties of chiral molecules [2].

PECD primer

Ritchie [3] pointed out that the PECD appears in the transition matrix element
already in the electron dipole term, whereas circular dichroism in absorption is pres-
ent at the second order perturbation level in the electric dipole/magnetic dipole and
electric dipole/electric quadrupole interference terms. Consequently, the detected
asymmetries are in the range 10-1-10-2 for PECD and 10-3-10-4 for CD in absorption.
PECD is the chiroptical spectroscopy with the highest asymmetry value. Moreover
the variety of spectroscopies and experimental methods based on photoemission can
find a specific application to the study of chiral molecules. PECD has found appli-
cation in valence band [4], core levels [5], resonant photoelectron spectroscopy [6],
Auger-photoelectron coincidence spectroscopy [7], multiphoton photoelectron spec-
troscopy [8], ion-photoelectron coincidence [9], above threshold and tunnel ioniza-
tion [10], time resolved PES [11].

The photoelectron angular distribution for a circularly polarized radiation and
unoriented molecules is written: 

                                             σ                             Im(θ) = –— (1 + mDP1(cos(θ)) – 2βP2(cos(θ)))                         (1)                                            4π

where P1, and P2 are Legendre polynomials, θ is the scattering angle, σ is the total
integrated cross section, β is the classical anisotropy parameter and D is the dichro-
ism parameter, which describes the dynamics of the photoionization, m =±1 for left
and right circularly polarized light. The parameter D is defined for each molecular
state and is a function of the electron kinetic energy. 
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PECD is efficiently modeled by Continuum Multiple Scattering-Xα�[12, 13]
and B-spline–Linear Combination of Atomic Orbitals (LCAO) – Density Functional
Theory (DFT) [14, 15, 16]. PECD has been exploited to study several facets which
affect molecular chirality such as isomerism, group substitution, conformer popula-
tion, clustering, vibrational effects, transient chirality and chiral self-assembled mono-
layers. Since the early days of the interpretation of PECD conformational geometries
were recognized as crucial for the comparison between experiments and theory. A
theoretical study on methyl-oxirane derivatives [15] reveals the sensitivity of the D
parameter to the changes in the electronic structure due to group substitution also
for very localized orbitals. This behavior is associated to the sensitivity of the pho-
toelectron to the whole molecular potential; small variations in the molecular geom-
etry change the molecular potential and could dramatically vary the sine of the phase
difference in the D parameter, even for tiny phase differences around zero. Moreover
the sine function allows the dichroism to change intensity and sign. At variance the
β asymmetry parameter depends on the cosine of the phase difference and is not
sensitive to small phase differences. In PECD the final state character plays the most
important role; this immediately results from the PECD of the core levels, which
are achiral orbitals with localized character. It is worth noticing that also in the case
of core levels, despite the local origin of the excitation, PECD displays sensitivity
to the absolute enantiomer configuration, as a true chiroptical spectroscopy.
Although the first PECD spectra measured with synchrotron radiation were obtained
by means of bending magnets, the development of the circular dichroism in pho-
toemission has been associated to the employment of insertion devices fully dedi-
cated to the delivery of photon beams with high flux and large degree of circularly
polarization. These insertion devices induce elliptical trajectories of the electron
beam in the storage ring, that result in the production of circularly polarized radi-
ation on the central axis of the elliptical path. The two helicity branches are pro-
duced by the clockwise/anticlockwise direction of rotation of the elliptical motion.
The measurements reported in this rendiconto were performed at the Circularly
Polarised beamline (CiPo), built and managed by the Istituto di Struttura della Mate-
ria – CNR, of the synchrotron radiation facility ELETTRA (Trieste, Italy). The CiPo
insertion device is an electromagnetic wiggler that spans the 5-900 eV energy range.
PECD measurements are normally taken reversing the photon helicity at 0.05 Hz,
recording the two polarity branches of the spectrum. The beamline [17, 18] is
equipped with a normal incidence monochromator in the range 5-35 eV (resolving
power ~10000 at 16 eV, ~ 6000 at 21 eV) and a grazing incidence spherical grating
monochromator in the range 35-900 eV. The polarization ratio is 60% at 15 eV,
90% in the range 40-120 eV in quasi-undulator mode and 80% in the range 120-
900 eV in wiggler regime. The electron analyser is a 150 mm electron hemispherical
analyser.
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Vibrational effects in PECD

The Born-Oppenheimer approximation suggests that the adiabatic coupling
between electronic and nuclei allows us to express a molecular state as a product
between a vibrational wavefunction depending on the nuclei coordinates and an
electronic wavefunction of the electronical coordinates with nuclear coordinates as
parameters.

The photoionization matrix element is written as follows:

(2)

where r and R are representative of the electronic and the nuclei coordinates, μel is
the electric dipole, ψ (–)

f,k
(r, R) and ψi(r, R) are the final and initial electron state, respec-

tively, with the corresponding vibrational function χf,v(R) and χi,v’(R). Franck-Condon
(FC) approximation considers the electric dipole matrix element independent on
the molecular geometry sampled by the vibrations and allows us to factorize the
electronic and nuclear contribution.

Violations of the FC approximation are reported due to the influence of shape
resonances [19] or of the Cooper minimum [20]. It is worth noting that if the FC
approximation holds then PECD should be independent on vibronic effects. D
parameter is apt to change as a function of molecular conformation, hence the inte-
gral over the electronic coordinates is expected to vary significantly with R, making
impossible the separation of the electronic and vibrational contribution. The vibra-
tional intensity of PECD could also display different signs, that is equivalent to a
forward-backward asymmetry associated to an opposite sign of the vibronic transi-
tions. Vibrationally resolved K shell circular dichroism in oriented CO [21] is
explained in terms of a transition matrix element that employs the integration of the
dipole moment over the internuclear distance. A theoretical study on a selected
enantiomer of H2O2 [22], which is a chiral molecule that interconverts enantiomers
and displays lack of optical activity, clearly points out that in the average over the
vibrational matrix the vibrational phase effects play a key-role in forward-backward
asymmetry; the matrix element is a complex quantity and the difference is dramat-
ically affected by small change of the phase between the different contributions. The
PECD of the HOMO of the methyl-oxirane, measured at 21 eV of photon excitation
[23], clearly displays a variation of about 40% of the D parameter across the
HOMO vibrational envelopes. PECD on the same molecule [24, 25] with photon
energy excitation close to the HOMO ionization potential shows a sign inversion in
the PECD of different vibrational terms. 

It is worth noticing that the tiny changes in the electronic structure due to
vibronic effects is highly reflected in the intensity and sign of PECD enlightening the
role of the phase difference of the different contributions in the transition matrix ele-
ment. Figures 1 and 2 report high resolution PECD spectra, together with the PES
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Fig. 1. HOMO PhotoElectron spectrum of S-methyl-oxirane (blue line) measured at 16.6 eV of
photon energy together with D parameter (red line).
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Fig. 2. HOMO PhotoElectron spectrum of S-methyl-oxirane (blue line) measured at 21.4 eV of
photon energy together with D parameter (red line).



spectra, of the vibrationally resolved HOMO of methyl-oxirane measured at photon
energy 16.6 and 21.4 eV, respectively. Distinct values of D parameter in the vibrational
structure are observed as a function of photon energy and vibrational strucure.

Conformer Population studied by PECD

To establish on firm grounds the interpretation of PECD it is desirable to com-
pare the experimental PECD of molecules that are structural isomers and molecules
presenting different group substitutions. Alaninol and isopropanolamine are linear
saturated bifunctional molecules and are structural isomers with swapped functional
groups (-OH,-NH2). For HOMO and HOMO-1 [26, 27, 28] the DFT theory dis-
plays a good agreement in the shape of the dispersion, but it is shifted in kinetic
energy toward lower energies for HOMO and toward positive D values in HOMO-
1. A better quantitative accord is reported for HOMO-2 and HOMO-3. In the case
of the isopropanolamine the comparison with theory improves for HOMO and
HOMO-1 with respect to the alaninol case, while it is poor for HOMO-2 and
HOMO-3. Theory should give the same level of agreement with respect to the
experiments in molecules with the same functional groups and similar skeleton struc-
ture. The answer to this issue is clearly important for the interpretation of PECD.
From the comparison of the experimental D parameters of the two molecules a sim-
ilar dichroism dispersion for HOMO and HOMO-1 is found. The difficulty of the
theory to represent HOMO and HOMO-1 dichroic dispersion relies in the assign-
ment of the character of the orbitals. For alaninol and isopropanolamine the LB94-
DFT method [29] calculates as the main contribution to the HOMO the one of the
O 2p and for the HOMO-1 the one of the N 2p, while Hartree-Fock (HF) and
OVGF calculations predict a reverse situation. The good agreement of the DFT pre-
dicted dichroism with the experiments for isopropanolamine points out that the elec-
tronic assignment is O 2p for the HOMO and N 2p for the HOMO-1. On the basis
of the topological similarity of the orbitals with respect to the skeleton structure, the
good agreement of the experimental dichroism parameter for HOMO and HOMO-
1 of the two molecules indicates that the DFT assignment for the HOMO and
HOMO-1 of alaninol should be reversed. By means of the PECD dispersion, it is
also possible for both molecules to individuate states in the PES spectrum belonging
to the minority conformer in the energy range predicted by the OVGF calculations.

Conformational effects in 3-Methylcyclopentanone were observed by PECD
varying the conformer population in vapor target at thermal equilibrium [30]. PECD
experiment was performed at two different temperature T1=300 K and T2=370 K.
Assuming a prevailing two conformer population (equatorial and axial conformers)
the population at 300 K is Peq=0.9 and Pax=0.1, the population at 370 K is Peq=0.85
and Pax=0.15. Using a Boltzman average for the PECD dispersion at the two tem-
peratures, a 2x2 linear system is formed to retrieve the experimental dichroism
parameter of the two conformers. The HOMO experimental dispersions, obtained
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solving the linear systems, corresponding to the Peq and Pax show a good agreement
with the calculated ones. On the other hand the agreement between the experimen-
tal data and the Boltzmann average is good as far as the shape and sign are con-
cerned, but it is only qualitative. These findings directly point out to the contribution
of rotations not accounted for in the calculation. PECD is an oscillating signal and
sum over conformer contribution in general decreases the intensity. This simple argu-
ment explains why the calculated PECD at the equilibrium geometry is usually more
intense than the experimental one. However in a great number of experiments cal-
culation at equilibrium geometry reproduces at least qualitatively the experimental
data. The above result may suggest that the effect of the average on free rotations
results in a superimposed slow varying signal that can shift and distort the shape of
the signal of equilibrium geometry. Since PECD strongly depends upon tiny struc-
tural variations, the above results pave the road for a quantitative and structural
analysis of the conformer population in equilibrium and non-equilibrium states.

Future experimental developments at Elettra

In order to continue the activity described in the previous sections as well as
to address other outstanding questions connected with the understanding of the
physical mechanism behind the electronic chiral response, the formation of aerosol
particles in the atmosphere, the role of spatial and anisotropic properties in biolog-
ical structure recognition and drug design and the mechanisms of radiation damage
and protection in DNA and RNA strands, a project to develop a synchrotron radi-
ation based chemical-physics laboratory at Elettra is under development. The core
of the project is a new beamline named MOST (Molecular Science and Technology).
The technical specifications of this new beamline are: a wide photon energy range
(8 - 1500 eV), full polarization control (horizontal or vertical linear polarization, left
or right circular polarization), high flux, (one order of magnitude or more higher
than the actual beamline at Elettra), high spectral purity (around a few percents of
harmonic content) and superior resolution, taking advantage of the lower emittance
of planned Elettra 2.0 source and the lower slope errors of the new optical elements. 

The source will consist of two variable polarization undulators, for low and
high energy. This configuration has proven to give optimal flux when a wide photon
energy range is required, and the most recent soft x-ray beamlines at Elettra are
designed like this. The low energy insertion device will be aperiodic to reduce the
harmonic content and provide greater spectral purity [31]. The full polarization con-
trol will allow an easy determination of asymmetry and dichroic parameters.

The beamline will consist of two branches (figure 3), a low energy branch and
a main line where up to three end-stations can be located. The beam emerging from
the undulator will be incident on the first optical element, which has the function of
absorbing the heat load, deflecting the beam so that gamma rays can be blocked by
suitable shielding, and it may also focus the beam. This optical element will deflect
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the beam either to the main line equipped with a plane grating monochromator or
to the low energy branch equipped with a normal incidence monochromator.

As for the main line a design without entrance slits is proposed, an approach
widely used for modern beamlines, because since the introduction of top-up oper-
ation, Elettra has become a very stable machine, and Elettra 2.0 is expected to be
even more stable This shortens the beamline, providing more space after the mono-
chromator for branch lines and experimental stations. Also it may reduce the num-
ber of optical elements, increasing flux and reducing cost. The adoption of Variable
Line Space (VLS) and Variable Groove Depth (VGD) plane gratings [32] in the
monochromators will allow the optimisation of either spectral purity (suppression
of higher orders) or flux. The beam will emerge from the exit slit horizontally, and
enters a deflection chamber with mirrors to deflect the beam left or right, or allow
it to pass straight through. All three branches will have refocusing optics, which
provide a small spot in the experimental station. The central branch will provide
the full range of energy, and the left and right branches will have lower cut-off ener-
gies, depending on the deflection angle chosen for the mirrors. A laser hutch will
be constructed, to allow pump-probe experiments with optical laser plus synchro-
tron light.

The low energy branch line will be equipped with a normal incidence mono-
chromator (refurbishing of the existing one at CIPO beamline which can host two
gratings) and cover an energy range 8-35 eV. This branch will serve a permanent
end-station devoted to mass spectrometric studies of biomolecules, proteins and ion-
molecule reactions. The gratings and focusing optics will be chosen in order to
achieve a high flux and optimal suppression of higher orders. The typical resolving
power will be at least 10000 over all the energy range.
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Fig. 3. Schematic layout of the MOST beamline.



Conclusions

In the last decade PECD has been established as a promising chiral spectroscopy;
it displays the highest chiroptical asymmetry (10-1 – 10-2) and benefits from the steep
development of circularly polarized VUV sources, such as synchrotron insertion
devices and laser high harmonics generation, and from state of the art photoelectron
spectroscopy experimental methods. The odd/even interference term of the angular
momentum outgoing wavefunction gives rise to the sensitivity to both electronic and
structural properties of chiral molecules. DFT-theory is suitable to reproduce exper-
iments and analyzes the experimental signal in terms of conformer population. The
future challenge for PECD will be to manage the extreme conformational sensitivity
of PECD by means of reliable time consuming calculation approaches.
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1. Introduction

The assemblage of appropriate Potential Energy Surfaces (PES)s is of key
importance for the accurate evaluation of the dynamics and kinetics properties of
molecular systems of interest for astrochemistry [1]. The computational procedure
adopted for this purpose is usually articulated into a) the production and/or collec-
tion of high resolution experimental and high level ab initio theoretical information
on the electronic structure of the involved molecular system, b) the fitting of avail-
able data using a suitable formulation of the PES, c) the checking, correcting and
coding the PES into a high performing routine, d) the calculation of an extended
set of detailed dynamical quantities and their averaging to evaluate the desired
observable.

We have already incorporated the steps of the above mentioned procedure into
the so called Grid Empowered Molecular Simulator (GEMS) [2-4] implemented as
an activity of the Virtual Organization (VO) COMPCHEM [5] first and of the
Chemistry Molecular and Materials Science and Technologies (CMMST) Virtual
Research Community (VRC) [6] later. According to the dictate of the Open Science
consultation document [see ref. 7] we are driving the CMMST VRC Molecular sci-
ence modelers to adopt an Investigating → Discovering → Analysing →Writing →
Publishing → Outreaching → Assessing approach via the development of a dedi-
cated Open Science cloud solution. This is aimed at creating common interfaces and
standard maintenance, interoperability and sustainability procedures for data, pro-
tocols and methodologies [see http://ec.europa.eu/research/openscience/] for the
purpose of offering to everybody the possibility of computing both accurate struc-
tural data for chemical compounds and ab initio efficiency parameters for chemical
processes.

More specifically, in the recent past, GEMS has been used for the systematic
study of the homonuclear chemical processes of Nitrogen. Within this effort, full-
dimensional PESs of N + N2 [starting with a LEPS published in ref. 8] were pro-
duced. In particular, their Largest-Angle Generalized ROtating Bond Order
(LAGROBO) formulation [9] based on Bond Order (BO) coordinates [10] has been
used to fit a double barrier Minimum Energy Path (MEP) shown by a set of avail-
able high-level ab initio data [11, 12]. Further ab initio calculations were performed
later and two new full-dimensional PESs were produced [13, 14] both confirming
a double barrier shape of the N + N2 MEP. The investigation was also extended to
N2 + N2 by focusing on the inelastic channel. Accordingly, the PES was formulated
as a sum of N2 intramolecular and intermolecular interactions formulated in terms
of distances, spherical harmonics and bond-bond pairwise additive interactions [see
for example refs 15-18]. Both the inelastic channel and the LAGROBO approaches
were extended also to four nitrogen atom systems. Studies of the interaction com-
ponents of N2 + N2 have been reported in [refs. 19-21]. In order to include in the
study the switch to atom exchange and fragmentation processes further ab initio
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studies were performed for a large set of molecular geometries [22-24] and fitted
using also a statistically localized, permutationally invariant, local moving least
squares interpolating function [25, 26]. These studies provided also a fitted PES
(MN) for the N + N2 system bearing sufficient flexibility to improve the quality of
dynamical studies and to allow a valid description of higher energy processes (includ-
ing dissociation) [27] even if it cannot be accredited of the necessary accuracy for
the calculation of low temperature thermal rate coefficients and low energy detailed
state specific collision induced cross sections due to the lack of an attractive long
range tail [28]. On the contrary, both the already mentioned Double Many Body
Expansion (DMBE) PES [14] and an hybrid LAGROBO and Improved Lennard-
Jones [29] (ILJ) PES exhibit an attractive long range tail.

Accordingly, the paper is articulated as follows: in section 2 the evolution
towards the provision of cloud services is briefly illustrated, in sections 3 the method
adopted for the full range formulation of the potential energy of the two body
N-N system is discussed, in section 4 the process-driven method adopted for for-
mulating the full range three body N + N2 LAG4ILJ PES is discussed, in section 5
the force field approach used for the N2 dimer is discussed, in section 6 some quan-
tum dynamical effects depending on the inclusion of an accurate long range tail in
the N + N2 potential energy surface are reported, in section 7 some Molecular
Dynamics features of the N2 dimer leveraging the ILJ formulation of the N-N long
range interaction and coulombic terms are reported.

2. The Molecular Science computational platform evolution towards the provision of
cloud services

The work aimed to develop a dedicated Open Science cloud infrastructure for
the Molecular Science community started thanks to the COST [www.cost.eu/]
Action D23 METACHEM [www.cost.eu/COST_Actions/cmst/D23] launched by
the University of Perugia in the year 2000. METACHEM was able to connect the
activities of different Molecular Science research laboratories on a shared computing
platform made of a geographically distributed cluster of heterogeneous computers
connected as a single virtual parallel machine [30]. Grid solutions and paradigms
for molecular science research developed by D23 were further enhanced by the next
COST Action D37 (Grid Computing in Chemistry: GRIDCHEM) started in the
year 2006. GRIDCHEM leveraged the creation and the use of distributed computing
infrastructures (the «Grid») to drive collaborative computer modelling and simula-
tion in chemistry towards «new frontiers in complexity and a new regime of time-
to-solution» [31].

As a matter of fact, about ten years ago the European projects EGEE [Enabling
Grids for E-sciencE, https://cordis.europa.eu/project/rcn/87264_en.html] first and
EGI [European Grid Infrastructure, https://en.wikipedia.org/wiki/European-Grid-
Infrastructure] later provided European researchers with a world class level platform
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for computational collaborations. In particular, during the EGEE-III project, a pilot
distributed computational application was assembled to demonstrate the possibility
of implementing grid techniques for performing accurate calculations of cross sec-
tions and rate coefficients of reactive and non reactive molecular processes for a
very large number of molecular geometries [32] and collisional events [33]. This
fostered the establishing of the already mentioned COMPCHEM VO5 and the gen-
eralization of the distributed procedures computing the cross sections and the rate
coefficients of reactive and non reactive molecular processes into GEMS2. This also
provided the proper ground for establishing (in the year 2013) a network of (mainly
European even if not only) Chemistry Departments sharing their on-line educational
services (e-test, learning objects, on-line courses, etc.) leveraging an open collabo-
rative user/producer (Prosumer) [34] model and prompted the assembling at the
Dipartimento di Chimica, Biologia e Biotecnologie (DCBB) of the University of
Perugia of an embryonic cloud platform of the Beowulf type, named HERLA
[https://en.wikipedia.org/wiki/Beowulf_cluster]. The platform consisted in a couple
of HPC clusters, (CG/training) and (FE/research), running Scientific Linux 6.x,
with two distinct access nodes. The clusters were connected using NIS in a single-
image system, and were used the first for students’ training (CG) and the second
(FE) for scientists’ research. Two years later the CMS2 Consortium of the University
of Perugia, of CNR ISTM - UOS Perugia and of the two companies Master-UP srl
and Molecular Horizon srl took over the management of HERLA.

More recently cloud images of HERLA (VHERLA) were created and in col-
laboration with the Department of Physics and Geology (DFG) and INFN Perugia
were deployed on a CEPH storage (locate at DCBB) to support the activities of the
School Open Science Cloud (SOSC17) held in Perugia on June 2017 and running
under the INFN OpenStack platform. The next step of the process consisted in
allocating a Virtual Data Center on the GARR Cloud to the end of generating a vir-
tual cluster for Molecular Sciences, with the support of A. Barchiesi (GARR CSD)
and G. Attardi (GARR Cloud).

3. The formulation of the two body N + N potential energy

A popular formulation of the potential energy of a chemical system for dynam-
ical studies is the one combining locally appropriate (dominant) analytical represen-
tations of the interaction by means of appropriate (possibly physically meaningful)
switching function (say g(r)) turning on and off the various components depending
of the value of the internuclear distance r. The obvious starting point of our inves-
tigation was the formulation of the potential V(2)(r) of two body (nuclei) systems
(here we obviously refer to the Nitrogen-Nitrogen (N-N) one due to the already
specified focus of the paper). In the two body problem one can easily compose the
V(2)(r) potential (let’s call it V(2-tot)(r) for that purpose) as

— 50 —



                            V(2-tot)(r) = V(2-spectr)(r)g(r) + V(2-scatt) (r)(1 – g(r)).                        (1)

The first term of the sum V(2-spectr) (r) is usually formulated as a Morse potential

                     V(2-spectr)(r) = V(morse)(r) = De(n
2 – 2n) = De(1 – n)

2 – De                  (2)

in which De is the dissociation energy of the diatom and n = exp(-γ (r-re)) is the
already mentioned BO variable with γ being a constant proportional to the square
root of the force constant of the oscillator. A more flexible formulation of
V(2-spectr)(r) is obtained by the generalization of the Morse functional form to higher
powers of n as follows

                                                                                J
                                       V(2-spectr)(r) = V(BO)(r) = De � cjn

j.                                   (3)
                                                                              j = 0

The value of the c coefficients of eq. 3 are either derived by fitting accurate
high level ab initio calculations (see Table 1 for the N-N diatom) or by working out
them from spectroscopic force constants [see ref. 35 for the adopted procedure].

Table 1. Coefficients of the N2 BO potentials formulated using De=228.23 kcal/mol
and re=1.098 Å. The RMSD of BO4 and BO6 from the ab initio data of ref. 36 are
1.035 kcal/mol and 0.650 kcal/mol respectively.

           PES                   c1              c2              c3              c4              c5              c6
           BO4          2.4200     -1.9573      0.6547     -0.1174
           BO6          2.9833     -3.7743      2.9145     -1.4858      0.4077     -0.0457

As to the second term of V (2-tot)(r) (i.e. the V (2-scatt)(r)) it is the already men-
tioned ILJ potential [29] defined below

                                                                    m            1             s(x)          1
                V (2-scatt)(r) = V (ILJ)(r) = εo �———— —–— – ———— ——�.            (4)                                                              s(x) – m     xs(x)          s(x) – m    xm

In eq. 4 where x = r/re, s(x) = β + 4x2 (with β ranging from 6 to 10 depending
on the hardness of the interacting electronic distributions which is proportional to
the cubic root of the polarizability α of the interacting partners). For N-N both εo
and re can also be derived from the polarizability of the interacting partners. The
values used for our calculations are: m = 6, εo = 6.43 meV, re = 3.583 Å and
β=6.6055. The BO and the ILJ potentials allow a smooth matching between the
atom-atom (scattering) long range and the diatom (spectroscopy) short range com-
ponents of the formulation of the total two body interaction V(2-tot)(r) without resort-
ing to a complex formulation of the g(r) switching function. This is useful when
dealing with insufficiently dense sets of ab initio electronic structure values.
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The formulation of a proper switching function g(r), however, is an important
factor for an appropriate connection of the two components of V (2-tot)(r). The first
consideration to make to this end is that V (2-spectr)(r) and V(2-scatt)(r) refer, indeed, to
different arrangements of the electrons around the nuclei with a strongly bound (the
first) and a weakly (or non) bound (the second) nature respectively. Accordingly, n
(the BO variable) and x (the reduced ILJ radius) provide clear boundaries (n = 1
and x = 1) for the interval within which locate the switching function g(r). Within
that interval we can either adopt a symmetrically switching function or pilot the
switching through the minimum difference between V (2-spectr)(r) and V (2-scatt)(r). We
are also considering the possibility of adopting a formulation coupling two adia-
batic-like components of V (2-tot)(r) and exploiting high level (experimental and the-
oretical) information on ionization and polarization energies.

4. Process Driven Fitting Methods for three body N + N2 interactions

The functional representation of the three N atom (NL–1, NL and NL+1) poten-
tial for the NL–1 + NL(L+1) → N(L–1)L + N(L+1) reactive channel at fixed value of the
angle ΦL (the angle formed by the internuclear distances rL/1,L and rL,L+1) can be
formulatd in terms of the polar BO coordinates ρL and ηL defined (see Fig. 1) as:

                                               ρL = �n2(L–1)L + n2
L(L+1)�1/2                                           (5)

and
                                                                         n(L–1)L                                                    ηL = tan–1 �––––––�                                                (6)                                                                         nL(L+1)

using the so called ROtating BO (ROBO) [37] model. In this case one can set the
origin of the axes at n = 0 (that is at r = ∞) for the two involved BO variables with-
out artificial loss of flux. The angle ηL (see Fig. 1) can be taken as a continuity vari-
able in the transformation of the reactant diatom L(L + 1) of channel L into the
related product one (L – 1)L. At the same time the variable ρL (see again Fig. 1)
spans the different fixed arrangement angle ΦL elongations of the system. The cor-
responding fixed arrangement angle ΦL ROBO potential channel(s), can be formu-
lated as a polynomial in ρL as follows:

                                  VL
BO(ΦL; ηL, ρL) = D(ΦL; ηL)P(ΦL; ηL; ρL)                              (7)

in which D(ΦL; ηL) represents the fixed collision angle ΦL depth of the process chan-
nel evolving from reactants (at ηL = 0) to products (at ηL = π/2) while the polynomial
P(ΦL, ηL; ρL) represents the shape of the L channel cut while the system elongates
(or contracts) out of its (fixed ηL) minimum energy geometry. In the particular case
of N + N2 discussed in ref. 19 the following simple formulation
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                                       D(ΦL; ηL) = –�De + SL1(ΦL) sin(2ηL)                                   (8)

was adopted to the end of fitting the single barrier of the LEPS thanks both to the
collinearity (ΦL

TS = 180°) of the transition state (TS) and to the homonuclear sym-
metry of the system. In this case, in eq. 8, SL1 is equal to the value of the potential
energy of the collinear saddle ETS. Corrective SLj terms depending on the deviation
of the actual value of ΦL from the saddle ΦL

TS one were then added when moving
away from the collinear arrangement. In addition, further corrective SLj terms having
the form:

                                                                 kmax

                                     SLj = � ETS (ΦTS
Lk – ΦL)

2(k-1)                                         (9)
                                              k=1

for the given value of ΦL were added to the end of changing the topology of the
minimum energy path (for example from single to double well). Furthermore, in
order to consider all the possible process channels of the system, we combined dif-
ferent fixed ΦL ROBO formulations into a single LAGROBO (Largest Angle Gen-
eralized ROBO) full 3D one and incorporated the long range tail of the potential
using an ILJ potential suitably modified to deal with a pseudo-atom diatomic body
of the relevant channel. This means that at a value of ηL corresponding to a suffi-
ciently large value of RN–N2 (the atom-diatom internuclear distance hereafter called
just R) an ILJ potential in R was formulated [29] as:

                                           m            Rm(γ)    s(R,γ)              s(R, γ)         Rm(γ)   m      V(R, γ) = ε(γ) � ————— �———�         – ——––—— �—–—� �    (10)                                  s(R, γ) – m         R                   s(R, γ) – m        R

where ε(γ) and Rm(γ) represent, respectively, the depth of the van der Waals potential
well and its location in R. In eq 10, the first term describes the R-dependence of
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Fig. 1. LHS PLOT: Qualitative isoenergetic contours of the single barrier N+N2 LAGROBO PES;
RHS PLOT: Cuts of the reaction channel at the asymptotes (blue line) and at the saddle (green
line) of the N+N2 LAGROBO PES. For simplicity we drop here the L index for ρ and η and we
name n1 and n2 the BO variables nL–1,L and nL,L+1.



the repulsion, while the second one represents the R-dependence of the long-range
attraction with s(R, γ) = σ + 4[R/Rm(γ)]2 and σ being a factor related to the hardness
of the two interacting partners. For all values of the orientation angle γ the potential
parameters are defined as Rm(γ) = Rm⊥ cos2 γ + Rm|| sin2 γ and ε(γ) = ε

⊥
cos2 γ + ε||

sin2 γ, with the ⊥ and || symbols representing the perpendicular and the collinear
arrangements of the system.

By including the ILJ term into the fourth PES of the LAGROBO series the so
called LAG4ILJ PES having the advantage of fitting in the most appropriate way
both the short and the long-range sets of ab initio data was generated. In particular,
in the short-range region the calculations were confined, as already mentioned,
around the process channel (avoiding so far to compute the (large) fraction of ab
initio values falling in the forbidden regions) and in the long range region (out of
the van der Waals well) concentrate the efforts in best fitting the relevant model
parameters.

5. The Force field of the N2 dimer

To realistically describe the total interaction potential energy of the N2 dimer
we had to add the electrostatic (Velec) component to the non-electrostatic (Vnelec) one.
As discussed earlier the non electrostatic part is properly represented by the already
mentioned ILJ potential [29] whereas the electrostatic part is calculated as a simple
Coulombic potential

                           Vtot(R) = Vnelec(R) + Velec(R) = VILJ (R) + VCoul (R).                     (11)

We can either place the molecular interaction centre on the centre of mass of
N2 to reduce the molecule to a pseudo-atom bearing the total molecular polarizabil-
ity (CM-CM model) or take into separate account the effects of atomic polarizabil-
ities by means of atom-atom 4 ILJ terms as follows:

                       2
Vnelec(RAB) = � VILJ (Rij) = VILJ(R11) + VILJ(R21) + VILJ(R12) + VILJ(R22) (12)                     i,j=1

where i and j indicate the nitrogen atoms of the N2 molecules A and B within the
dimer. This type of potential will be referred to as atom-atom potential.

For the simulation of small gaseous molecules, often partial charges are intro-
duced in the system to calculate the electrostatic interaction. Although such partial
charges do not have an actual physical meaning, they are usually chosen so as to
best fit a molecular property (often the lowest non-zero multipole is chosen for that
purpose). The parameters of the ILJ potential were optimized using different charge
schemes. For the N2 gas, usually either a three site or a four site charge system is
adopted [38]. The three-charge system has negative charges on the N atoms and a
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balancing charge on the centre of mass twice the amount needed to get an overall
neutral molecule. The negative charges are placed at a distance of 1.10Å from each
other, while the positive charge is displaced at a distance of 0.55Å (see Fig. 2). An
electrostatic energy contribution is then calculated as the Coulombic sum

                                                                              qiqj
                                                    VCoul (R) = � ——                                              (13)
                                                                        i, j      Rij

where i and j are the relevant point charges located in the N2 dimer and follow the
notation of eq. 12.

6. The N + N2 quantum dynamics

Quantum state to state inelastic probabilities were calculated using the program
ABC [39] based on the time-independent hyperspherical coordinate integration of
the atom diatom Schrödinger equation for all the reactant states lower than the total
energy Etot and a fixed value of the total angular momentum quantum number J.
To this end, ABC expands the system wavefunction into a basis set of fixed hyper-
radius ρ (not to be confused with the above defined BO coordinate ρ) hyperangular
functions. The integration is performed by segmenting the ρ interval into several
sectors and propagating through them the scattering S matrix (from 0 to an asymp-
totic ρmax value (16 Å)) where the probability P matrix is evaluated. Extended con-
vergency checks were performed at total angular momentum J=0 for the overall
elastic and inelastic collisions. The analysis of the quantum values of the J=0 prob-
ability associated with inelastic transitions from a given initial rovibrational v, j state
to a given final ύ vibrational (summed over all rotational) states (v,j | v’,all) computed
on the DMBE, MN and LAG4ILJ PESs shown in Fig. 3 allows us to accurately
quantify the efficiency of the vib-rotational-to-vibrotational energy transfer without
resorting to approximations. An important conclusion of such analysis in the energy
range of up to 1 eV is the clear predominance of vibrationally elastic events over
vibrational excitation and deexcitation. The importance of including the long range
tail (as is for the LAG4ILJ PESs) is shown, however, by the enhancement of the
efficiency of the vibrational excitation computed on LAG4ILJ of at least one order
of magnitude over the DMBE PES and two orders of magnitude over the MN PES
and in the corresponding lowering of the energy threshold.
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Fig. 2. The charges’ scheme adopted to reproduce the electrostatic term of the interaction.



A more systematic analysis of the structure of the computed probabilities is
given by the comparison of the probability for transitions from a given initial rota-
tional state j to a final

j́ one (only jumps of two units are allowed by the symmetry of the system) as a
function of j. These probabilities clearly indicate that there is a tendency of the sys-
tem to rotationally excite N2 and trigger a self-sustained rotational excitation of N2.
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Fig. 3. (v,j|v’,all) inelastic transition probabilities computed on the DMBE (upper panel), LAG4ILJ
(central panel) and MN (lower panel) PESs plotted as a function of total energy at J = 0 and j =
0, 16, 32.

      Charge scheme             ε (kcal/mol)       r0 (Å               β              q
-(e)

no charges

          no charges                      0.074            3.893          8.033 /

  Three Charge model

          This work                       0.081            3.770           9.000           -0.52

Table 2. Interaction parameters for the N2 dimer using an atom-atom model.



7. Molecular Dynamics of the N2 dimer

Molecular Dynamics (MD) simulations of the N2 dimer have been performed
in the canonical (NVT) ensemble using the DL_POLY program [40]. The size of
the simulation box was of 36.11x62.52x140.00 Å3. A Nose-Hoover thermostat with
a relaxation constant of 0.5 ps has been employed to keep the temperature T of the
system fixed at 300 K. The cutoff distance for the nonelectrostatic and electrostatic
components has been set to 15 Å, and the Ewald method has been applied for the
calculation of electrostatic contributions. During the simulations the membrane
structure was kept frozen and the gas molecules treated as rigid. Each simulation
has been performed for 5 ns after a properly long equilibration period with a fixed
time step of 1 fs by collecting data every 2 ps. After each production run, the tra-
jectories were recorded and the results analyzed. The simulation temperatures fluc-
tuated between 20 and 3 percent (relative standard deviations vary from 7% to 1%)
in going from lower to higher pressure. We consider here first the case of a single
interaction centre located on the centre of mass of the N2 molecule. The interaction
parameters are given in Table 2 with relevant partial charges. It is clear from the
Table that an explicit inclusion of the electrostatic term by means of the Coulombic
sum only affects the ILJ parameters when large charges are used.

In this case, the introduction of the electrostatic term changes the parameters
less than in the CM-CM model. For the three-charge model, ε and r0 increase slightly
with the increase of charges (while β decreases). The optimized charges are again
slightly higher than the ones reported in the literature. The computed ε and r0 values
for the ILJ potential are similar to those of the relevant Lennard-Jones one (notice
the different symbols). Ravikovich et al. have reported values of 0.202 kcal/mol for
ε and 4.058Å for r0 of the LJ CM-CM model with no charges [41]. Those ε and r0
are higher than ours. The agreement is, though, reasonable when taking into account
that they were obtained using a completely different method. We can compare the
ε and r0 parameters of the atom-atom model directly to the TraPPE and MOM LJ
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Table 3. Interaction energies (De) and equilibrium distance (ri 0 ) of the N2 dimer
calculated by the molecular dynamics simulation compare with the literature.

       Charge scheme            De(kcal/mol)     r0 (Å)

no charges

           no charges                      0.293            3.78

   Three Charge model

       Optimized [43]                  0.222            3.94
        CCSD T [44]                   0.205            3.57

           This work                     0.2635           3.69



ones for the three-charge model [42]. The ε and r0 for both the MOM and the
TraPPE potential (0.072 kcal/mol and 3.730Å respectively) compare reasonably well
with our values. Furthermore, we can compare to ILJ parameters using the three-
charge model [see ref. 43]. They obtained optimized values of 0.079 kcal/mol,
3.897Å and 7.720 for ε, r0 and β respectively when using a charge of -0.5664 on the
N atom.

In order to examine the performances of the different approaches, the interac-
tion energies of some highly symmetrical configurations of the N2-dimer were calcu-
lated with the different interaction potentials fitted. The values are presented in Table
3. Three representative configurations (T-shape, parallel and linear) were taken into
account and were compared with the interaction energies computed at the
CCSD(T)/CBS [44] level, which is a well-recognized standard for evaluating the accu-
racy of other computational methods. From Table 3 it can be seen that the interaction
energies of N2-dimers calculated with the different fittings are in general in good
agreement with the CCSD(T) results for the considered noncovalent interaction.
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The double photoionization of propylene oxide

Abstract – A photoelectron-photoion-photoion coincidence technique, using an ion
imaging detector and tunable synchrotron radiation in the 18.0 – 37.0 eV photon energy
range, inducing the ejection of molecular valence electrons, has been applied to study the
double ionization of the propylene oxide, a simple prototype chiral molecule. Energy thresh-
olds for the formation of different ionic products, the related branching ratios, and the kinetic
energy distribution of fragment ions are measured at different photon energies. The main
recorded two body fragmentation channels yield C2H4

+ + CH2O+, and C2H3
+ + CH3

+ product
ions (66.70% and 18.70%, respectively). These new experimental data are relevant per se
and are mandatory information for further experimental and theoretical investigations of ori-
ented chiral molecules.

Keywords: double photoionization, molecular dications, synchrotron radiation, chiral mole-
cule, propylene oxide, astrochemistry.

1. Introduction

The present paper represents an effort to unravel the physical chemistry of the
elementary processes induced by the interaction of ionizing vacuum ultraviolet VUV
photons with a simple chiral molecules, the propylene oxide, being the first chiral
molecule detected by astronomers using highly sensitive radio telescopes in inter-
stellar space [1]. It is well known that the left-right dissymmetry, both at macro-
scopic and micro-scopic scales, plays a fundamental role in life science. Investigation
of molecular enantiomeric nature has therefore a strong impact in chemistry in var-
ious subareas such as, heterogeneous enantioselective catalysis, photochemical asym-
metric synthe-sis, drug activity, enzymatic catalysis, and chiral surface science
involving supramolecular assemblies [2, 3]. The interaction of polarized light with
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chiral systems has been extensively studied since Pasteur’s pioneering experiments
on optical activity leading to the enantiomer recognition [4]. Although techniques
involving optical rotation and circular dichroism in photoabsorption with visible/UV
light are routinely used as well established analytical methods, studies of chiral sys-
tems using ionizing photons are instead very limited to date (see Ref. [5] and ref-
erences therein). Progresses in synchrotron radiation techniques allowed intense
photon sources with high degree of both linearly and circularly polarized light of
both helicities to be used in experiments like that one concerning the present paper.
In particular, we intended to study the fragmentation dynamics following the double
photoionization of propylene oxide whose importance from an astrochemical point
of view has been already mentioned above. In fact, this chiral molecule has been
detected in the gas phase in a cold extended molecular shell around the embedded,
massive protostellar clusters in the Sagittarius B2 star-forming region, being a mate-
rial representative of the earliest stage of solar system evolution in which a chiral
molecule has been found [1]. To characterize the ionizing VUV interaction with
such a molecule, we started by the use of a linearly polarized synchrotron radiation,
as that one available at the «Circular Polarization (CiPo)» Beamline at the Elettra
Synchrotron Facility of Trieste (Italy), to perform a double photoionization experi-
ment using the same ARPES (Angle Resolved Photo-Emission Spectroscopy) appa-
ratus successfully employed in previous studies, performed by our research team
[6-10]. In such an experiment, the double photoionization of propylene oxide mol-
ecules in a racemic mixture, has been performed in order to measure: i) the thresh-
old energy for the different ionic products formation; ii) the related branching ratios,
and iii) the kinetic energy released (KER) distribution of fragment ions at different
photon energies. This preliminary study is important to provide unavailable data on
dication energetics and nuclear dissociation dynamics, this being mandatory infor-
mation for further experimental and theoretical investigations of the interaction
between chiral molecules and circularly polarized radiation. For such a reason, we
are planning to switch in next future to use the circularly polarized light, as available
at «CiPo» Beamline, using the two enantiomers of propylene oxide with the aim to
investigate possible differences on the angular and energy distribution of fragment
ions and ejected photoelectrons at different photon energies. (Figures 1-5 are
adapted from Ref. 11).

2. Materials and Methods

The data reported and discussed in this paper were recorded in experiments
performed at the ELETTRA Synchrotron Facility of Basovizza, Trieste (Italy). The
ARPES end station was employed at the «Circular Polarization (CiPo)» beamline.

For the present experiment we used a 3D-ion-imaging TOF spectrometer that
we have successfully applied recently to N2O [12, 13], CO2 [14, 15], C6H6 [16, 17],
and C2H2 [18, 19] double photoionization experiments. In particular, this device con-
sists in a time of flight (TOF) spectrometer equipped with an ion position sensitive
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detector (stack of three micro-channel-plates with a multi-anode array arranged in
32 rows and 32 columns). It has been especially designed in order to properly meas-
ure the spatial momentum components of the dissociation ionic products [20]. The
data were accumulated using the same method previously employed, and the analysis
has been carried out by using the codes and computational procedure already well
tested [12-19]. The energy selected synchrotron light beam operating in the 18-37
eV photon energy range crosses at right angle an effusive molecular beam of the
neutral precursor molecule, and the ion products are detected in coinci-dence with
photoelectrons coming out from the same double photoionization event under study.

The propylene oxide molecular beams was prepared by effusion from a glass
bottle containing a commercial sample (with a 99% nominal purity), and was sup-
plied by a needle effusive beam source taking advantage of its high vapor pressure
at a room temperature. A Normal Incidence Monochromator (NIM), equipped with
two different holographic gratings, allowing to cover the 18-37 eV energy range by
means of a Gold (2400 l/mm) and an Aluminum (1200 l/mm) coated grating has
been used. Spurious effects, due to ionization by photons from higher orders of dif-
fraction, are reduced by the use of the NIM geometry.

The resolution in the investigated photon energy range was about 1.5-2.0 meV.
More details about the used experimental techniques have been detailed elsewhere
[21-27].

3. Results and Discussion

In a recent double photoionization experiment of propylene oxide in a photon
energy range of 18-37 eV [5] we found the following six two-body fragmentation
channels accessible in the Coulomb explosion of the (C3H6O2+)* intermediate
molecular dication with the measured relative abundances: 

C3H6O + hν → (C3H6O2+)* + 2e–   → C2H4
+ + CH2O+            66.70%                 (1)

                                                          → CH2
+ + C2H4O+              7.84%                 (2)

                                                          → CH3
+ + C2H3O+              5.00%                 (3)

                                                          → O+ + C3H6
+                      1.59%                 (4)

                                                          → C2H3
+ + CH6O+            18.70%                 (5)

                                                          → OH+ + C3H5
+                  0.17%                 (6)

The measured threshold energy for the double ionization of propylene oxide
was 28.3±0.1 eV [6]. In this paper we present the KER distributions of product
ions obtained as a function of the investigated photon energy for each reaction (1)-
(6) above. Such KER distributions are reported in Figures 1-5. It was not possible
to determine KER distributions related to product ions of reaction (6) because the
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Fig. 1. The kinetic energy released (KER) distribution of the C2H4
+ + CH2O+ products for various

investigated photon energies: in the left panel are reported the KER for each fragment ion, whereas
in right panel the total KER distributions are shown.
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Fig. 2. The kinetic energy released (KER) distribution of the C2H3
+ + CH3O+ products for various

investigated photon energies: in the left panel are reported the KER for each fragment ion, whereas
in right panel the total KER distributions are shown.
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Fig. 3. The kinetic energy released (KER) distribution of the CH2
+ + C2H4O+ products for various

investigated photon energies: in the left panel are reported the KER for each fragment ion, whereas
in right panel the total KER distributions are shown.
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Fig. 4. The kinetic energy released (KER) distribution of the O+ + C3H6
+ products for various

investigated photon energies: in the left panel are reported the KER for each fragment ion, whereas
in right panel the total KER distributions are shown.
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Fig. 5. The kinetic energy released (KER) distribution of the CH3
+ + C2H3O+ products for various

investigated photon energies: in the left panel are reported the KER for each fragment ion, whereas
in right panel the total KER distributions are shown.



very low intensity of recorded signals for OH++C3H5
+ coincidences. All recorded

KER distributions of Figures 1-5 do not change appreciably with the photon energy.
In particular, they appear rather symmetric and can be easily fitted by a simple Gauss-
ian function. It has to be noted that in such Figures the peaks position and relative
shapes, for each analyzed dissociation channel, are practically the same for all inves-
tigated photon energies. This could be an indication that each fragmentation channel
involves one specific region of the multidimensional potential energy surface, associ-
ated to the effective intramolecular interaction within the (C3H6O)2+ dication frame
and responsible of the opening of the various two body fragmentation channels, at
all investigated energies. Therefore, for all investigated fragmentation channels the
excess of the used photon energy respect to the double ionization threshold energy
should be released as electron recoil energy. The only exception is constituted by the
recorded total KER distribution for the two CH3

+ + C2H3O+ product ions of reaction
(3) shown in the right panel of Fig. 5 as a function of the investigated photon energy.
It is evident that such total KER distributions are characterized by a bimodal behavior
depending on the two possible microscopic mechanisms for the two body fragmen-
tation of (C3H6O)2+ dication producing CH3

+ + C2H3O+. In fact, reaction (3) may
occurs by two different pathways: in one case (probably the most important one) a
direct fragmentation of the (C3H6O)2+ dication into CH3

+ + C2H3O+ products can
occurs, while in a second case the Coulomb explosion of the (C3H6O)2+ dication
takes place by means of a hydrogen migration from the methyl group of propylene
oxide molecule to the end carbon atom bound with oxygen. Further experiments
performed using isotopically labeled precursor molecules should clarify the relative
importance of such different microscopic pathways for reaction (3).

Moreover, future experimental investigations recording the angular distributions
of the final ions could be able to investigate in major detail the hypotheses discussed
above concerning the microscopic two body dissociation mechanisms following the
Coulomb explosion of the (C3H6O)2+ dication. These experiments are planned in
next future at the Elettra Synchrotron Facility to measure the anisotropy parameter
[28-30] in the angular distribution of dissociation ion products as a function of the
photon energy, and possibly electron kinetic energy spectra as done in previous
experiments [31-35].

4. Conclusions

In this paper, we presented a study of the double photoionization of a simple
chiral molecule of astrochemical interest (the propylene oxide) promoted by direct
ejection of two valence electrons. The study has been performed by using linearly
polarized synchrotron radiation in order to identify the leading two-body dissocia-
tion channels and measure: i) the threshold energy for the different ionic products
formation; ii) the related branching ratios, and iii) the KER distribution of fragment
ions at different photon energies. This preliminary study is important to provide
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unavailable data on (C3H6O)2+ molecular dications energetics, and nuclear dissoci-
ation dynamics, being mandatory information for further experimental and theoret-
ical investigations of the interaction between chiral species and linearly or circularly
polarized light. Besides, for all investigated fragmentation channels, the recorded
KER distributions indicate that the excess of the used photon energy, respect to the
double ionization threshold energy, should be released as electron recoil energy. The
CH3

+ formation by reaction (3) involves two different microscopic mechanisms in
the Coulomb explosion fragmentation dynamics of the intermediate (C3H6O)2+ dica-
tion. This is confirmed by the observation of a bimodality in the total KER distri-
bution for the CH3

+ + C2H3O+ product ions of reaction (3), as observed in previous
experiments [5,11].
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NIR-absorption and NIR-VCD spectroscopy can teach

us a lot about OH bonds

Abstract – We briefly review the local mode model and its usefulness to interpret simply
and effectively the near infrared absorption and near infrared vibrational circular dichroism
spectra (NIR and NIR-VCD respectively). In particular we consider the case of the OH-
stretching first overtone region between 6250 and 7700 cm-1 (1600 and 1300 nm). With ref-
erence and by comparison of newly acquired data for chiral phenylethanol and chiral
2,2,2-trifluorophenylethanol, we show that NIR VCD spectra in that region are quite inform-
ative about the OH bond, more than the corresponding fundamental region, between 3000
and 3800 cm-1, which is more accessible to standard instrumentation. 

Introduction. The local mode model and NIR spectra

Near-infrared (NIR) vibrational absorption spectroscopy covers the spectro-
scopic region from straight infrared to the red-visible region (2500-700 nm = 4000-
15,000 cm-1): it has been thought generally to be dull and hard to cope with
theoretically; for this reason it has been used scarcely in Academia but a lot in indus-
try and for practical reasons, for example in the pharma- industry, agro-food indus-
try, packaging industry and for quality control [1]. The scope of the present chapter
is to demonstrate that this spectroscopic region deserves attention also from basic
science investigators and can provide useful and fundamental information on molec-
ular structure. This has been recognized for some time, the revived interest dating
back to 1980, when considerable progress had been made both experimentally and
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theoretically. Indeed, in the eighties, besides the use of long path-length cells
employed in order to be able to detect vibrational features with increasingly lower
molecular absorption coefficient at decreasing wavelength [2], several methods were
proposed and utilized to investigate also gases, like laser intra-cavity photo-acoustic
spectroscopy, thermal lensing, etc. [3-7]. Theoretically, the local mode approximation
[2, 8-10] accommodated satisfactorily the interpretation of the many spectroscopic
data being accumulated; the local mode model stimulated interested, through a
renewed attention to the Morse potential and the alike, also from theoretical physi-
cists utilizing methods, as, e.g. Lie-algebraic methods [11]. The local mode model
allows one to approximate the NIR spectrum as the succession of overtone spectra
at ν-th order of the uncoupled XH-stretching vibrational modes (X = C, O, N, etc.);
the large anharmonicity permitting to overcome inter-mode couplings. Concurrently,
in the model no combination or mixed mode involving XH-modes plus bath-modes
or bending modes is expected to bear intensity, as generally observed.

Our group contributed to the field by testing whether some NIR chiroptical
spectroscopy were possible on chiral compounds, and indeed we found it was [12,
13] in the range from 3000 to 600 nm for molecules not containing electronic chro-
mophores, active in the investigated region. Some fifty compounds were studied in
our group, in the group of Nafie and in the group of Stephens even earlier [13-15]:
for all of them it was possible to measure vibrational circular dichroism (VCD),
which has been measured prevalently in the mid-IR range (3300-1000 cm-1 ≈ 3000-
10000 nm). VCD spectroscopy consists in the difference in absorption of left and
right circularly polarized light in the IR and NIR range [16]. Theoretically we also
contributed to the further elaboration of the local mode model by introducing the
effect of mechanical anharmonicity and of electrical anharmonicity [16-19] in such a
way that the new terms are easily computed from ab-initio/DFT quantum mechan-
ical packages [20-21]. In this way, we provided a protocol for calculating the
mechanical anhamonicity parameter χ n�together with the harmonic mechanical fre-
quency ωn for the n-th bond-stretching (or local mode) at ν-th order from the 2

nd,
3rd and 4th derivatives Knn, Knnn and Knnnn of the Hessian matrix, to be inserted in
the Birge-Sponer or Dunham expansion reported in eq. (1) (all other constants in
eq. (1) being easily recognizable fundamental constants):

                                                                                                                                     (1)

                                                                                                                                     (2)

                                                                                                                                     (3)
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In eqs. (2) and (3) instead are presented the contributions of electrical anhar-
monicity to the electric dipole transition moments and magnetic dipole transition
moments for the 0 -> ν transition of the n-th local mode; such contributions are the
first derivative of the atomic polar tensor Π and atomic axial tensor A with respect
to the n-th XH stretching, involving the α-th atoms (the transition moments just
presented enter the dipole strengths and rotational strengths, as for example in refs.
[21, 22, and 23]. Explanation of the other constants in eqs. (2) and (3) and gener-
alization to include higher derivatives than the first one may be found in refs. [17,
18 and 19].

Discussion. The first overtone of the OH-stretching region

In this chapter we deal with the first overtone (Δν = 2) of alcohol molecules.
For this and even further overtone regions, since just one OH bond is present, the
local mode approximation is well justified. Through the method briefly expounded
above, we were able to explain the NIR and NIR-VCD spectra of (R)- and (S)-bor-
neol between 1600 and 1300 nm. [24] The case of borneol is intriguing, since two
features are observed for the OH-stretching in NIR-VCD, instead of just one, as
observed in the NIR-absorption spectrum and as expected from the local mode
model. The explanation we provided in ref. [24] was that three conformers, corre-
sponding to three different orientations of the OH group, are present in solution
and VCD is able to detect them, since the sign of VCD is different for one of them
with respect to the other two. Thus VCD adds some information, which absorption
is unable to pick, since it has got an implicitly higher resolution, due to sign sensi-
tivity. Not only that, the mechanical anharmonicity parameter and mechanical fre-
quency we were able to calculate in ref. [24] are pretty close in value to the ones
for ethylene glycol, that Kjaergaard et al. [7] had calculated and measured for the
OH bond for overtone up to �v = 5, as may be appreciated from Table 1.
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     Cmpd.        Conformer          τ(deg)              %pop             ω(cm-1)               χ(cm-1)

    Borneol              1-f                   68                 51.5               3807                88.6
    (ref. 24)              2-f                  174                28.3               3822                86.8
                               3-f                  300                20.2               3814                90.0

    Ethylene             1-b                                                             3806                82.9
      glycol                1-f                                                              3856                84.1
     (ref. 7)

Table 1. Comparison of mechanical harmonic frequencies and anharmonicity constant calculated
via DFT for the OH bond in borneol [24] and ethylene glycol [7]. One has three conformers for
borneol, for which the OH bond is «free» (f) and several conformers for ethylene glycol, for which
the OH bond can be either «free» (f) or involved in a donor-type H-bond (b). Results for just one
conformer are provided in the latter case.



The new alcohol-cases that we wish to discuss here are (R)- and (S)-phenyl
ethanol (1) and (R)- and (S)-2,2,2-trifluoro-phenyl ethanol (2), differing just in the
CH3 group being substituted by a CF3 group. In Figure 1 we present the superim-
posed mid-IR and mid-IR-VCD spectra of both enantiomers of 1 and of 2 in CS2
and CCl4 solution respectively (please notice that the VCD spectra of the two enan-
tiomers of the two compounds are opposite, within experimental error). While the
data for 2 are from a previous publication of ours [25], the data for 1 are taken
from our collection of yet unpublished results.

We were able to predict [25] the IR and VCD spectra of Figure 1 by DFT cal-
culations carried out by using standard methodology [20, 26]. Computed spectra
are not reported here for conciseness. The computed spectra contain fundamental
transitions (Δν = 1) for highly delocalized normal modes resulting from linear com-
binations of several simple «internal» modes involving CC- and CO- and CF-stretch-
ings and HCC and OH bendings [27]. Besides and more importantly the computed
spectra are weighted averages of IR and VCD spectra of different conformers, which
are thermally populated through Boltzmann population factors [26]. The conformers
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Fig. 1. IR-VCD spectra of phenyl ethanol (1) (left) and of 2,2,2-trifluoro-phenyl ethanol (2) (right).
Spectrum of 1 was recorded in CS2 solvent at 0.1M concentration in 200 μm cell. Spectrum of 2
was recorded in CDCl3 solvent at ca. 0.1M concentration in 100 μm cell.



predicted for these compounds are presented in Figure 2: in the top line one has
the conformers for molecule 1 ((R)-enantiomer), in the lower line the conformers
for molecule 2 ((S)-enantiomer).

Please notice that the prevalent conformer for 1 (with a population factor larger
than 80%) is such that the positive H atom of the OH bond is strongly attracted
by the phenyl moiety. Instead in 2 the OH is pointing to the strongly electro-negative
CF3-group (with a population larger than 50%), while the conformer with the OH
pointing towards PHE is close to 30% in population. This has consequences on the
reproduction of the spectra, especially the VCD ones, of Figure 2; however there is
no clear, immediately recognizable signature of each one of the two conformers.
Instead, a dramatic difference is observed in NIR-VCD spectra of 1 and 2, which
we recorded on our home-made apparatus in the region of the first OH-stretching
overtone (Δν = 2) (see Figure 3) on the same solution employed for mid-IR VCD
measurements.

The NIR absorption spectrum is very simple and almost coincidental in the two
cases, namely it is composed by one single band at ca. 1416 nm with a max absorp-
tion coefficient ε ≈ 1.6 M-1cm-1, being two order of magnitudes lower than in the
mid-IR. The NIR-VCD spectrum (which provides mirror-image spectrum for the
two enantiomers, as is in the mid-IR) is composed by a single feature in 1 and by a
major feature in 2, accompanied by a minor one at lower energies (longer wave-
lengths) and opposite sign. The major feature reaches approximately the value
Δε� ≈ ±1 x 10-4 for 1 and the value Δε� ≈ ±1.6 x 10-4 for 2, with two orders of mag-
nitude decrease from the fundamental IR stretching region (cfr. Figure 1). The latter
fact, namely that absorption and VCD spectra decrease by similar orders of magni-
tude at each overtone order has been known for some time, even before the advent
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Fig. 2. Calculated conformers of phenyl ethanol (1) (first row as R configuration) and of 2,2,2-triflu-
oro-phenyl ethanol (2) (second row as S configuration). Population factors are reported in brackets.



of DFT calculations [28-30], based on the first extensive application of Van Vleck
perturbation theory to the study of VCD anharmonic spectra [31, 32]. However,
and most importantly, for the same absolute configuration at the stereogenic carbon,
the sign of the major VCD band is reversed. To explain that fact, we first observe
that the (C.I.P.) specification of molecular chirality [33] by Cahn, Ingold, and Prelog
for 1 is such the groups about the sterogenic carbon C* are in the decreasing order:
OH, Phe, CH3, H, while for 2 the order is: OH, CF3, Phe, H. Thereby the (R) con-
figuration for 1, as defined by C.I.P. rule, places the chemical groups in the same
order as for (S)-2, once the substitution CH3 ⇔ CF3 is made (see Figure 2). More-
over, the different conformational properties pointed out above for 1 and 2 give fur-
ther meaning to what is observed: as it happens in borneol, different orientations
of the OH group, are characterized by different signs in the VCD transition. Indeed,
as of Figure 2, the conformer prevailing in 1 is quite different from the conformer
prevailing in 2: in the former case OH tends towards the Phe group (# 2 in C.I.P.
rule), while in the latter case the OH tends towards CF3 (once more # 2 in C.I.P.
rule). We think that this fact provides physical grounds to the C.I.P. rule and the
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Fig. 3. NIR-VCD spectra of the two enantiomers of phenyl ethanol (1) (left) and of 2,2,2-triflu-
oro-phenyl ethanol (2) (right). Spectrum of 1 was recorded in CS2 solvent at 0.1M concentration
in 5 cm quartz cuvette. Spectrum of 2 was recorded in CCl4 solvent at 0.13 M concentration in 2
cm path-length quartz cuvette.



NIR-VCD spectrum is directly related to it. In conclusion, the NIR-VCD spectrum
is directly related to the local structure of the vibrational chromophore, not only as
regards the geometrical characteristics, but also as regards the different electronic
chemical environment, through the electrical anharmonicity parameters. The corre-
sponding IR-VCD spectra, examined extensively by Nafie et al. [14] for several com-
pounds, is not as informative as the NIR-VCD ones. We finally wish to report that
the importance of the first overtone region for the OH-stretching had been pointed
out some time ago by Sandorfy et al. in seminal studies of NIR absorption spectra
of simple alcohols [34].
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Stereodynamical effects by

anisotropic intermolecular forces

Abstract – Alignment and/or orientation of molecules (i.e. non-statistical spatial distri-
butions of their rotational angular momenta, their molecular axes and/or their molecular
planes) can be naturally induced during two body collisions in gas phase. The nature and
strength of the intermolecular forces involved, and their anisotropies govern the collision
dynamics and a deep understanding of the physical mechanisms underlying collisional align-
ment/orientation is crucial to control the stereodynamics of elementary chemical-physical
processes. By using different experimental techniques and theoretical methodologies the effect
of polarization on elementary processes involving neutral and ionic species are presented and
discussed for both weakly and strongly interacting systems.

1. Introduction

Electric and magnetic field gradients, arising from anisotropic intermolecular
forces, can induce molecular polarization, i.e. alignment and/or orientation of a mol-
ecule as a consequence of collisions with other atoms or molecules. A deep knowl-
edge of these phenomena, today still not fully understood, is of general relevance
to control the stereodynamics of elementary chemical-physical processes, occurring
both in gaseous and condensed phases and involving neutral and ionic species (Vat-
tuone et al. 2010). The possibility of aligning/orienting molecules in gaseous streams
by virtue of collisions may have some implications in understanding the origin of
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chiral discrimination and chiral selectivity emerging in vortices formed both in the
liquid and in the gas phase (Lombardi et al. 2018 and references therein; Su et al.
2013). It is intriguing to think that polarization phenomena involving chiral molecules
might have implications for the emergence of homochirality in the Universe and con-
nections might be proposed with vortex generation in the atmospheres of rotating
planets and satellites or in the protoplanetary disk phase of stellar formation.

This short review paper reports on results obtained, by exploiting an integrated
experimental-theoretical approach, within a long-standing collaboration between the
research groups in Perugia and Trento. By combining information obtained with
different techniques and experimental set-ups, it will be highlighted how molecular
polarization, induced in a natural way by anisotropic forces, plays a role on the stere-
odynamics of reactive and non-reactive collisions.

2. Molecular alignment by weak anisotropic forces

Several experimental findings suggest that, when only weak van der Waals
forces are operative among the colliding partners, molecular alignment is the result
of a combined effect of several elastic/inelastic collisions occurring along preferential
directions in environments where anisotropic velocity distributions are operative. It
is the case of supersonic expansions leading to the formation of seeded molecular
beams, where hundreds of collisions among seeded molecules and lighter carrier
atoms occur preferentially in the forward direction of the expansion. Two limiting
collision regimes can be identified in the expansion zone, with increasing distance
from the nozzle, where different relative collision velocities (defined as velocity slip)
and gas densities are present (see top part of Figure 1). Molecules emerging from
the nozzle suffer hundreds of collisions (both elastic and inelastic and at different
impact parameters) and are accelerated, focused in the forward direction and
aligned, as pictorially shown in the central and bottom part of Figure 1. 

Two different experimental ways to probe the alignment degree far from the
beam source have been used in the Perugia laboratory: the first one exploits the
measure of the beam transmittance across a Stern-Gerlach magnetic selector and it
is applicable only to paramagnetic molecules such as O2 (Aquilanti et al. 1994, 1995a,
b, 1998). The second one, of more general applicability, involves measurements of
beam intensity attenuation in scattering experiments with a spherical target
(Aquilanti et al. 1997). 

The magnetic analysis performed on O2 seeded beams has shown that molecules
achieve a high and anomalous paramagnetism, related to a non-statistical distribution
of their magnetic sublevels. The paramagnetic degree is found to increase with the
final speed achieved by the molecules within the same velocity distribution, and with
the pressure employed in the source (Aquilanti et al. 1994, 1995a). In other words,
molecules flying in the head of the molecular beam, with intermediate and high
supersonic character, exhibit the highest polarization degree. In addition, it was sug-
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Fig. 1. Center: a pictorial view of the formation of a skimmed molecular beam by expansion of a
gas mixture through a nozzle. Top: dependence of the velocity slip with the nozzle distance. The
vertical dashed line defines the two different limiting regions: at short distance from the nozzles
many body elastic and inelastic collisions lead to molecular rotational excitation and relaxation. At
larger distances only elastic and inelastic processes at low energy (rotational relaxation) can occur,
producing the sequence of events illustrated in the bottom part. Bottom: effect of collisions at dif-
ferent impact parameters b. Collisions at large impact parameters (1 and 6) are mostly elastic and
lead to focusing in the forward direction; collisions at intermediate b (2 and 5) lead bending of the
rotational plane (promoting alignment in the «edge-on» configuration); collisions at small b (3 and
4) lead to acceleration and relaxation.



gested that a high simultaneous/combined polarization of K (the rotational angular
momentum) and S (the electronic spin angular momentum) is achieved by faster
molecules (Aquilanti et al. 1999). A key for understanding the origin of such effect
is to consider that during the collision, the intermolecular electric field strength is
sufficient to decouple K from S (which are coupled to give the spin-rotational angu-
lar momentum J in the isolated O2 molecule), and its anisotropy (or gradient) tends
to form states with zero helicity, that is exhibiting zero projection of K along the
flying direction. Under such conditions, the unique quantization axis for S is the
direction of the orbital angular momentum of the collision complex. After the col-
lision K couples again with S and a polarization transfer between K and S can occur.

The extent of molecular alignment has been found to depend on the geometric
features of the nozzle, on the gas density and on the resolution conditions adopted
in the detection of aligned molecules (Aquilanti et al. 1994, 1995a, b, 1997, 1998,
1999), but it turned out to be nearly independent on the type of lighter carrier
species. The latter finding led to the introduction of the reduced speed (i.e. the ratio
between the selected molecular velocity v and the peak velocity of the molecular
beam vp) as a proper scaling factor for the alignment degree. Hence, exploiting the
velocity selection technique, it has been possible to sample in a controlled way mol-
ecules flying at the same speed but having a different alignment degree, as detailed
in panel a) of Figure 2 (Aquilanti et al. 1994, 1995a). By combining velocity selection
with scattering experiments it was possible to measure not only velocity dependences
of the cross section for projectile molecules flying with the same reduced speed, but
also of the cross section anisotropy due to the change of the speed ratio. Results for
the O2-Kr system are shown in panel b) of Figure 2 (Aquilanti et al,1998). Scattering
experiments were particularly useful in the case of diamagnetic N2 projectiles
(Aquilanti et al. 1997).

An integrated investigation exploiting scattering and spectroscopic probes has
been performed on some seeded beams of hydrocarbon molecules (Pirani et al. 2001,
2003), while other cases of molecular polarization have been investigated with dif-
ferent techniques, as discussed in (Aquilanti et al. 2005).

3. Molecular orientation by intermediate strength forces

Molecular orientation controlled by anisotropic intermolecular forces of inter-
mediate strength manifests even in single collision events if the molecules involved
are in low lying rotational states. Orientation can be achieved in the presence of a
permanent dipole moment for the molecular target, and the water molecule, having
a large dipole moment but an electronic polarizability very close to that of O2 and
Ar, is the ideal candidate to investigate the role of different contributions to
anisotropic intermolecular interactions, with special reference to intermolecular
hydrogen bonds, and their effects on collision dynamics properties (Cappelletti et
al. 2012). Even working with rotationally hot and randomly oriented projectile-target
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Fig. 2. a): velocity distributions (solid lines) of O2 supersonic beams seeded in increasingly lighter
mixtures of atomic carriers: Ne (blue), He (green) and a Ne+He mixture (red). The dashed lines
represent the speed dependence of the alignment for molecules flying within the same velocity dis-
tribution. By probing the tail of the Ne+He seeded beam (red square) or the head of the Ne seeded
beam (blue square) O2 molecules having the same speed but different alignment degree can be
selected. b): integral cross sections for scattering of O2 molecules having different reduced speed
(hence different alignment degrees) and using Kr as the spherical target.



molecule pairs, there is clear evidence that an electrostatic interaction contribution
is operative, arising from the partial polarization achieved by water molecules during
the collisions (Roncaratti et al. 2014 a, b). The anisotropic intermolecular potential
between two water molecules is sufficiently strong to couple their permanent dipole
moments within the field gradient, thus transforming free rotations into pendular
states, a particular case of bending motion. H2O molecules with very similar rota-
tional periods and in low lying rotational states are more efficiently coupled, in what
has been pictorially described as a synchronized dance of water molecules (Roncaratti
et al. 2014 a, b).

4. Molecular orientation by strong intermolecular forces

Molecular orientation effects become dominant in each collision events when
the anisotropic intermolecular forces have high intensities. Such a situation can occur
under an ample variety of conditions, but here we will focus on collisions involving
charged species. Physical and chemical processes involving ions occur in many
gaseous and plasma environments (e.g. ionospheres of planets and satellites, inter-
stellar medium, laboratory plasmas for technological applications), where ion–mol-
ecule reactions participate in the balance and redistribution of charges in the
above-mentioned systems, as well as to the synthesis/destruction of chemical species.
In the case of ion–molecule reactions, alignment/orientation is a general phenome-
non due the large electric fields generated by the charged particle. Polarization might
lead to stereodynamic effects that can either enhance or suppress reactivity. The for-
mer effect is achieved when alignment/orientation drives the collision complex into
the most appropriate configurations for reaction (see the enhanced reactivity at low
collision energies in the H2

+ + H2 → H3
+ + H reaction, Allmendinger et al. 2016).

The latter occurs when long-range interaction potentials reorient the reacting couple
either in a non-reactive or in a configuration unfavorable for reaction, as in the case
of the H-atom transfer reaction between H2 and H2O

+, where reorientation of H2O
+,

facilitated by rotational excitation, is necessary to promote reactivity (Li et al. 2014).
Another example is represented by the positive temperature dependence shown in
the rate constants of the barrierless and exothermic charge exchange reactions
between Ar+ and N2

+ ions and diatomic interhalogen molecules ICl and ClF (Shu-
man et al. 2017). The extent of long-range ion-molecule interaction potentials are
also at the basis of the effects observed on bimolecular reactivity by different rota-
tional isomers (conformers) of a polyatomic molecule in the gas phase (Chang et al.
2013; Rösch et al. 2014).

Collisions with He+ are an important pathway for the decomposition of «com-
plex organic molecules» (COMs, i.e. molecules containing at least six atoms) in the
interstellar medium. Within this framework, we recently investigated charge transfer
reactions of He+ with dimethyl ether CH3OCH3 (DME) and methylformate
HCOOCH3 (MF), two amongst the most abundant COMs with a prebiotic rele-
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vance for their capability of acting as building blocks for sugars and biopolymers
(Balucani et al. 2015). Using the Guided Ion Beam Mass Spectrometer in Trento
reactive cross sections and branching ratios (BRs) as a function of the collision
energy have been measured (Cernuto et al. 2017, 2018). Due to the large dipole
moments exhibited by the neutral collision partners the studied systems present large
interaction anisotropies that can induce strong steroedynamic effects and influence
the outcome of reactive collisions. The experimental evidence is that electron
exchange processes are completely dissociative, leading to extensive fragmentation
of the neutral partner, and cross section trends with collision energies are at odds
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Fig. 3. a): Cut of the potential energy hypersurface (with the He+ ion confined in the plane defined
by the C-O-C atoms) for the entrance channel of the He+-DME system. b) Pictorial representation
of the formation of a pendular state during collisions between He+ and DME: at large ion-neutral
distances the molecule is rotating freely (left), while at shorter distances (right) the PES anisotropy
is so prominent that free rotations are hampered and DME librates around the direction of pref-
erential orientation; c) electron density distribution for one of the inner valence molecular orbitals
of DME involved in the electron transfer process with He+.



with those expected from simple capture models. By investigating the nature of the
non-adiabatic transitions between the reactant and product potential energy surfaces
using an improved Landau-Zener model, we were able to identify three critical ele-
ments at the basis of such discrepancy: the strong anisotropy of the potential energy
hypersurface (PES) in the entrance channel, the crossings among entrance and exit
PESs and the symmetry of the electron density distributions of the molecular orbitals
involved in the electron transfer to He+ (Cernuto et al. 2017, 2018). The presence
of deep potential wells for selected configurations of the reacting couple induces
pronounced orientations of the polar neutrals in the electric field generated by the
cation (i.e. formation of pendular states in which the molecule librates around a pref-
erential direction), thus channelling most of the molecules in narrow angular cones
confined around the most attractive configurations of the interacting systems. A cut
of the PES for the He+-DME system is reported in panel a) of Figure 3, while a pic-
torial view of the formation of pendular states is shown in panel b) of the same Fig-
ure. The crossing positions among entrance and exit PESs force He+ to capture an
electron from an inner valence molecular orbital of the organic molecules, thus pro-
ducing quickly dissociating molecular cations in highly excited states. The symmetry
of the electron density distribution of the molecular orbitals from which the electron
is removed affects the probability of electron transfer to He+. For both DME and
MF the overlap integral between the orbitals involved in the electron exchange is
unfavourable (see panel c) of Figure 3 for the He+-DME case), thus originating the
paradox that the most attractive geometry is the least efficient for charge transfer. 

As general conclusion, it is proper to stress that molecular polarization effects,
induced in all investigated cases by anisotropic intermolecular forces of different
strength, tend to become more prominent under sub-thermal conditions. Hence they
should be properly taken into account when modelling non-reactive as well as reac-
tive systems in low temperature environments such as the interstellar medium and
planetary atmospheres.
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Crossed molecular beam experiments on bimolecular
reactions of relevance in astrochemistry:
the case of atomic oxygen reactions with

small unsaturated hydrocarbons

Abstract – The presence of atomic oxygen in the interstellar medium is one of the factors
that limit the growth of the carbon skeleton of organic molecules, as it easily degrades organic
molecules into CO or one of its precursors (e.g. HCO). Yet, its reactions can actually lead to
the formation of O-rich organic molecules like esters or carboxylic acids. In this contribution,
we summarize recent experimental work on the reactions between atomic oxygen and small
unsaturated hydrocarbons performed in our laboratory by means of the crossed molecular
beam techniques with mass spectrometric detection. Our results show that, even if C-C bond
fission dominates the reaction mechanism in most cases, interesting O-bearing radicals are
formed that can further foster the chemical complexity of interstellar organic molecules. 

1. Introduction

Oxygen is an important player in the chemistry of the Universe, being the third
most abundant element. Even though its mole fraction is only 477 ppm, it is more
abundant than carbon (326 ppm) and nitrogen (102 ppm) and exhibits a rich chem-
istry, contrarily to the two most abundant elements, hydrogen and helium, charac-
terized by mole fractions of 90.9964% and 8.8714%, respectively. Among the
various extraterrestrial environments, interstellar clouds (that is, the regions of the
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interstellar medium where most of matter outside solar systems gathers, with number
densities as low as 104 molecules/cm3 and temperatures ranging from 10 to 100 K)
are the subject of great interest, because these are the regions of galaxies where new
stars, and their solar systems, are formed (Caselli and Ceccarelli, 2012). Since we
cannot directly reconstruct the evolution of our own star and solar system, neither
can we observe the birth of a new star in real time because the timescale is outside
the human range, the best approach to understand how Sun and its Solar System
were formed is to analyze different interstellar objects in different evolutionary stages
and try to recreate the sequence of steps that leads from a diffuse cloud to a Sun-
like star and its planets (Caselli and Ceccarelli, 2012). The observation of relatively
complex organic molecules (McGuire, 2018) in all the stages that are believed to
lead to star formation seems to suggest that interstellar clouds can be the chemical
factories where massive synthesis of organic molecules occurs, thus providing the
newly formed solar systems with the inventory of the simple organic molecules nec-
essary to trigger (if the planet conditions are favorable) the emergence of life (Caselli
and Ceccarelli, 2012; Balucani, 2009). This vision gains support from the observation
of plenty of complex chemicals (including aminoacids and other prebiotic molecules)
in the small bodies of our solar systems (asteroids, meteorites, comets and even inter-
planetary dust particles) that are supposed to be the carriers that bring interstellar
molecules (and the products of their chemical evolution) to the newly formed planets
(Ehrenfreund et al., 2002). 

Given the predominance of hydrogen, oxygen is mainly sequestered as water.
In cold objects, it is assumed to be strongly depleted from the gas-phase being the
main constituent of the water-ice mantles that cover interstellar dust particles
(Occhiogrosso et al., 2013). Also, a significant fraction is segregated into CO, a very
abundant interstellar molecule. Yet, the presence of residual oxygen in atomic form
can have a strong influence in the formation and destruction of interstellar complex
organic molecules (Occhiogrosso et al., 2013). In particular, because of its capability
of reacting with organic molecules in a destructive way, the presence of atomic oxy-
gen can severely reduce the chemical complexity of the available organic species.

In this contribution, we will show several cases in which atomic oxygen
degrades organic molecules. In particular, we will analyze several examples of reac-
tions with unsaturated hydrocarbons. As we are going to see, oxygen atoms are even
more effective than we thought in inducing the break-up of C-C bonds and in
degrading them directly towards CO or CO precursors. However, at the same time
the reactions of atomic oxygen with organic molecules allow for the formation of
other complex molecular species (Balucani et al. 2015, Skouteris et al. 2018) that
can, instead, foster the chemical growth of prebiotic molecules. Quite interestingly,
indeed, among the so-called interstellar complex organic molecules (iCOMs), those
which are by far the most abundant do contain oxygen, namely formaldehyde,
methanol, dimethyl ether, methyl formate etc. (Ceccarelli et al., 2017, McGuire,
2018). In this contribution, we will briefly summarize the main results obtained in
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our laboratory by means of the crossed molecular beam technique with mass spec-
trometric detection on the reactions of atomic oxygen with unsaturated hydrocar-
bons (Casavecchia et al., 2015). Among the results we have obtained, the focus will
be on the product branching ratios. We will also analyze the effect of those revised
branching ratios in the chemistry of interstellar clouds and the role of atomic oxygen
in the organic chemistry of interstellar objects (Occhiogrosso et al., 2013). 

2. Experimental method

In our laboratory, we use the crossed molecular beam technique coupled to
mass spectrometric detection. The basic scheme of our apparatus follows the clas-
sical design by Lee and coworkers (for a scheme of our apparatus in its recent ver-
sion see Casavecchia et al. 2015, 2009; for the original work by Lee and coworkers,
see Lee et al. 1969). Our machine features an efficient radio frequency discharge
beam source for the production of intense supersonic beams of atomic or diatomic
radicals (see Alagia et al. 1996 and Leonori et al. 2010). When applied to the pro-
duction of beams of atomic oxygen, we obtain a very high degree of dissociation
starting from a dilute mixture of molecular oxygen in helium or neon. Atomic oxy-
gen is produced mainly in its ground 3P state, with a small percentage (around 5%,
see Alagia et al. 1996) in the first electronically excited state 1D. 

The observables of this experimental technique are the product angular and
time-of-flight distributions (Balucani et al., 2006). From these quantities, we can gain
insights into the reaction mechanism and product branching ratios. In particular,
the product branching ratios are of interest in the context of applied chemistry,
because the products of one elementary reaction are the reactants of subsequent
ones in the intricate networks of elementary chemical reactions that account for the
global transformation. Since most of the kinetics experimental techniques are
designed to record the disappearance rate of one reactant, rather than determining
the appearance rate of products, our experimental results nicely complement the
results of kinetics experiments.

3. The reaction of atomic oxygen with hydrocarbon containing a triple bond

In our laboratory, we have investigated the reaction of atomic oxygen in its
ground state with ethyne and propyne (Leonori et al., 2014; Vanuzzo et al. 2016).
No experimental evidence of the reactions involving O(1D) was obtained at the mass-
to-charge ratios investigated. In both cases, we have verified that the initiation of
the reaction occurs with the addition of the electrophilic atomic oxygen to the π
system of the alkyne. In the case of ethyne, because of its symmetric structure, only
two sets of products have been observed, that is HCCO + H (O/H exchange chan-
nel) and CO + CH2 (C-C bond breaking channel). The O/H exchange channel is
dominant (accounting for ca. 80%) under all the experimental conditions investi-
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gated. There is no experimental evidence of the occurring of intersystem crossing
(ISC) to the underlying singlet potential energy surface. Several theoretical studies
(Gimondi et al., 2016; Rajak and Maiti, 2014; Nguyen et al., 2006) confirm our data
in this respect. In the case of the reaction with propyne, given that also in this case
the initial attack is towards the π system of the molecule, the asymmetry of the mol-
ecule makes more channels possible. In addition, the occurrence of ISC is very
important in this case. In Table 1 are reported the product branching ratios (B. R.)
under the conditions of our experiments.

4. The reaction of atomic oxygen with hydrocarbons containing one double bond

In our laboratory, we have investigated the reaction of atomic oxygen in its
ground state with ethene, propene and 1-butene (Fu et al., 2012; Balucani et al. 2015b;
Leonori et al., 2015; Caracciolo et al., 2017). In all cases, we have verified that the
initiation of the reaction occurs with the addition of the electrophilic atomic oxygen
to the π system of alkenes. The main result of our investigation is that there is a facile
pathway leading directly to the formation of formaldehyde, accounting for 20%, 44%
and 15% of the reaction involving ethene, propene and 1-butene, respectively (see
Table 2 and Caracciolo et al., 2017). This was unexpected for the reactions with
propene and 1-butene. ISC is also important for these reactive systems, but its extent
varies from system to system, as a result of the detailed characteristics of the associated
triplet and singlet potential energy surfaces and their coupling terms. In the case of
the reaction O(3P)+C2H4, we have compared our detailed observables with the pre-
dictions of quasiclassical trajectories calculations on an accurate potential energy sur-
face where the occurrence of ISC was explicitly considered. This comparison fully
corroborates our experimental findings (Fu et al. 2012; Balucani et al. 2015b).
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Table 1. Experimental branching ratios of the two simplest O + alkyne reactions at
Ec~10 kcal/mol. 

Reaction channel         O + HCCH      B. R.           O + CH3CCH               B. R. 

H                                  H + HCCO      0.79            H + CH3CCO               0.04 
CH3                                    -                                       CH3 + HCCO               0.10 
CO                               CH2 + CO        0.21            C2H4/CHCH3+CO        0.74
HCO                                  -                                       HCO + C2H3                            0.11
H2                                       -                                       CHCCO + H2               0.01



5. Astrophysical implications

The new branching ratios derived in our laboratory for the reactions O+C2H2,
CH3CCH, C2H4 and CH2CCH2 have been tested in astrochemical models of inter-
stellar clouds (Occhiogrosso et al. 2013) for four different scenarios corresponding
to the conditions of i) diffuse clouds, ii) translucent clouds, iii) dark cores and iv)
hot cores. Important differences were noted with respect to the previous models
referring to the data set of UMIST 2006 (one of the most used databases for astro-
chemistry, now evolved in the more recent UMIST 2012, see Woodall et al. 2007
and McElroy et al., 2013). The new branching ratios affect the abundances of several
observed species in the case of hot cores. The main differences have been highlighted
in Figure 2 and Table 6 of the paper by Occhiogrosso et al. 2013. Apart from some
interesting effects on the species which are already considered in the models (such
as CH2, CH3, CH2CO or C2H2 and C2H4 themselves), the inclusion of new species
can have a profound influence in the outcome of astrochemical models. For instance,
in Figure 2 the abundances of the newly inserted species CH2CHO/CH3CO and
CH3CCO reach very high, unrealistic values because no destruction pathways were
included. This is a way to estimate the maximum impact of these species in different
evolutionary stages of hot cores. In real cases, when chemical destruction routes will
be included, their reactions with other constituents of hot cores (ion species, for
instance, or other abundant reactive radicals) could lead to more complex molecules
bearing an oxygen atom. We remind that several of the hot cores considered in
Occhiogrosso et al. (2013) are the objects where a large number of molecular species,
complex to some extent and rich in oxygen (e.g. methyl acetate, ethyl formate,
methoxymethanol), have been detected (McGuire, 2018). In other words, even if the
presence of atomic oxygen impedes the growing up of the skeleton of C-atoms, it
might lead to the formation of O-rich organic molecules.
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Table 2. Experimental branching ratios of the two simplest O + alkene reactions at
Ec ~ 9 kcal/mol.

    Reaction           O + CH2=CH2     B. R.             O + CH3-CH=CH2             B. R.
    channel

         H                 H + CH2CHO      0.30               H + CH3CHCHO              0.07 
         H                 H + CH3CO         0.03               H + CH3COCH2                 0.05
       CH3                        CH3 + HCO         0.34               CH3+CH2CHO/CH3CO    0.32 
      H2CO             CH2 + H2CO        0.20               CHCH3/C2H4 + H2CO      0.44
         H2                          H2 + CH2CO        0.13               CH3CHCO + H2                 0.03 
       C2H5                       -                                                   C2H5 + HCO                      0.09



This suggestion is actually supported by two modelling studies, in which the
reactions of atomic oxygen with organic radicals already bearing an oxygen atom
were invoked to lead to the formation of methyl formate, glycolaldehyde and acetic
acid. Methyl formate, indeed, results from the sequence of reactions (S1) (see Balu-
cani et al., 2015a), while glycolaldehyde and acetic acid result from the sequence of
reactions (S2a,b) (see Skouteris et al., 2018) in the gas phase, starting from saturated
molecules which can well be formed by surface-induced hydrogenation on interstel-
lar dust particles:

CH3OCH3

OH,Cl–⟶ CH3OC
·
H2

O–⟶ CH3OCHO (S1)

CH3CH2OH
OH,Cl–⟶ CH3C

·
HOH

O–⟶ CH3COOH (S2a)

CH3CH2OH
OH,Cl–⟶ C

·
H2CH2OH

O–⟶ HCOCH2OH (S2b)

In this sense, the role of atomic oxygen is strategical in converting the saturated
species possibly produced by heterogeneous processes on the dust surface into much
more complex and variegated species.

In conclusion, as expected, the reactions of atomic oxygen with organic mole-
cules have the capability of degrading them by inducing the fission of C-C bonds.
At the same time, however, new radicals containing an O-atom are formed and they
can, in turn, lead to the formation of O-rich organic molecules. Some of these
species (glycolaldehyde, acetic acid) are widely detected in space and are considered
to be prebiotic species, being potential precursors of sugars and aminoacids. 

A more general conclusion is that only the detailed knowledge of the reactions
leading to the formation of the most important prebiotic molecules will help us to
understand if the chemistry that precedes life emergence is common in the Universe
and, in turn, if life is possible outside our Solar System. 
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HF molecule as a tracer of column density in interstellar

diffuse gas: the adsorption on dust grain surfaces

Abstract – The HF molecule has been proposed as a sensitive tracer of diffuse interstellar
gas, but at higher densities its abundance could be influenced heavily by freeze-out onto dust
grains, and hence it can lead to a distortion as a mass tracer if these freeze-out effects are not
properly taken into account. At this regard it is important to refer to the study of the spatial
distribution of a collection of absorbing gas clouds, some associated with the dense, massive
star-forming core NGC6334 I, and others with diffuse foreground clouds elsewhere along the
line of sight. A far-infrared spectral imaging has been used from the Herschel SPIRE iFTS to
construct a map of HF absorption at 243 mm in a region surrounding NGC6334 I and I(N).
These data also imply a lack of gas-phase HF in the envelope of core I(N). Using a simple
description of adsorption onto and desorption from dust grain surfaces, it can be shown that
the overall lower temperature of the envelope of source I(N) is consistent with freeze-out of
HF, while it remains in the gas phase in source I. The HF molecule can be used as a tracer of
column density in diffuse gas (nH≈10

2–103 cm-3), and it may uniquely traces a relatively low-
density portion of the gas reservoir available for star formation that otherwise escapes detection.
At higher densities prevailing in protostellar envelopes (≥ 104 cm-3), there are evidences of HF
depletion from the gas phase under sufficiently cold conditions.
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Introduction

Atomic fluoride is the only element in the interstellar chemistry which is mainly
neutral, because of its ionization potential >13.6 eV, reacts exothermically with H2
to form neutral HF, and lacks an efficient chemical pathway to produce its hydride
cation HF+ due to the strongly endothermic nature of the reaction with H3

+. For
these reasons chemical models predict that essentially all interstellar F is locked in
HF molecules [1, 2], which has been confirmed by observations across a wide range
of atomic and molecular ISM conditions [3]. Galactic [4] and extragalactic [5] inter-
ferometric observations show that CF+, the next most abundant F bearing species
after HF, has an abundance roughly two orders of magnitude lower than HF. As for
destruction of HF, the most efficient processes are UV photodissociation and reac-
tions with C+, but both of these are unable to drive the majority of fluoride out of
HF [2]. Because of the constant HF/H2 abundance ratio and the high probability
that HF molecules are in the rotational ground state, measurements of HF J=0→1
absorption provide a straightforward proxy of H2 column density. This has led to
the suggestion that, at least in diffuse gas, HF absorption is a more reliable tracer
of total gas column density than the widely used carbon monoxide (CO) rotational
emission lines, and is more sensitive than CH or H2O absorption [6].

Based on the above arguments, HF absorption measurements are a good tracer
of overall gas column density. However, HF itself may suffer from freeze-out effects
[7, 8] and the density and temperature conditions needed for HF adsorption onto
dust grains have been studied in astrophysical contexts [9]. (Figure 1 is adapted
from Ref. 9).

Discussion

Any freeze-out of interstellar HF will obfuscate the direct connection between
HF absorption depth and H2 column density described above. A proper analysis [9]
of these freeze-out effects has been carried out by studying the filamentary, star-
forming cloud NGC 6334, at a distance of 1.35 kpc, which harbors a string of dense
cores: specifically the region of ~ 2.4×1.6 pc surrounding the embedded cores NGC
6334 I and NGC 6334 I(N) (See Fig. 1). The mass of source I(N) exceeds that of
sister source I by a factor of ~ 2-5, but the ratio of their bolometric luminosities is
30-140 in favour of source I because of the markedly lower temperature for source
I(N). Core I is in a more evolved stage of star formation than core I(N).

Envelope of core I(N) is more massive than that of core I, but has a similar
size, hence its total gas column density toward core I(N) should be higher. On the
contrary the map of equivalent width of the HF 1 ← 0 absorption neglects this
assumption. This can be explained if the the lack of HF absorption associated with
the I(N) core is not due to the difference in total (H2) column, but to the fact that
HF is primarily frozen out onto dust grains in core I(N), while HF is in the gas
phase in core I.
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Fig. 1. Map of equivalent width of the HF 1←0 absorption signature measured with Herschel
SPIRE iFTS (see ref. 9).



To support the hypothesis of HF being depleted from the gas phase in core
I(N), a rudimentary model has been adopted (see ref 9 and references therein). We
assume that thermal desorption is the dominant mechanism that drives molecules
from the grain surface back into the gas phase, where�λ, and ξ , are respectively the
adsorption and the desorption rate:

                                                                              Tgas    0.5                                  λ(nH, Tgas) = 4.55�10–18(——)    nH    [s–1]                           (1)                                                                              mHF

                                                                          –Eb,HF                                         ξ(Tdust) = νvibexp(—––—)           [s–1]                           (2)                                                                           kTdust

Here, Tgas and Tdust are the temperatures of gas and dust, mHF is the molecular
weight of HF, nH is the density of hydrogen nuclei, νvib is the vibrational frequency
of the HF molecule in its binding site, for which we adopt 1013 s−1, k is the Boltz-
mann constant, and Eb,HF is the binding energy of HF to the dust grain surface. Typ-
ical interstellar dust grains, especially those embedded in cold, star-forming regions,
are covered in one or multiple layers of ice consisting of various molecules, mainly
H2O, CO, and CO2 [10]. We collect binding energy values for several types of grain
surfaces in Table 1. For CO and CO2 ice covered grains we adopt calculated binding
energies from the literature [11, 12], while for hydrogenated bare silicate grains and
H2O ice covered grains, these values result from ab initio chemical calculations 9.

To calculate the HF binding energies we carry out quantum calculations within
the Kohn-Sham implementation of Density Functional Theory using the Quantum
Espresso Simulation Package [13]. Perdew-Burke-Ernzerhof exchange-correlation
functional ultrasoft pseudopotentials are used. KS valence states are expanded in a
plane-wave basis set with a cutoff at 340 eV for the kinetic energy. The selfconsis-
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              Surface topology                          Eb,HF (Kcal/mol)

                    SiH2···FH                                           2.23

                SiH(OH)···FH                                      15.69

        Si(OH)2···FH···(OH)2Si                               17.01

             Si(OH)2·H2O·HF                                   25.42

                 (CO)ICE···FH                                        2.13

                 (CO2)ICE···FH                                        2.22

                (H2O)ICE···FH                                      12.68

Table 1. Binding energies for HF onto various surfaces.



tency of the electron density is obtained with the energy threshold set to 10−5 eV.
Calculations are performed using the primitive unit cell containing a total number
of 46 atoms for bare hydrogenated silica, and 54 atoms for hydrogenated silica cov-
ered with one layer of H2O ice. The geometry optimization is used within the con-
jugate gradients scheme, with a threshold of 0.01 eV Å−1 on the Hellmann-Feynman
forces on all atoms; the Si atoms of the bottom layers are fixed at their bulk values.

In amorphous silica, exposed to terrestrial atmosphere, the most stable surface
[α-Quartz(001)] is characterized by five types of terminal chemical groups: =SiH2,
≡SiH, =Si-O-Si= (siloxane bridges), ≡SiOH (single silanol), =Si(OH)2 (geminal
silanol). =SiH2 and ≡SiH groups are less probable because siloxane and silanol
groups have lower energy content with respect to them. At T > 500 K silanol groups
are converted in siloxane bridges, with H2O production (dehydroxilation). The bind-
ing energy of HF with the SiH terminus of hydrogenated crystalline silica is based
on calculations for the hydroxylated alpha-quartz (001) surface. The binding energy
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Fig. 2. Schematic view of the SiH2···FH topology.

Fig. 3. Schematic view of the SiH(OH)···FH topology.



of HF with one layer of H2O ice on amorphous hydrogenated silicate is estimated
by assuming that the the most common structure in this case is the HF molecule
interacting with a H2O molecule bonded to silanol (SiOH), which is the most abun-
dant surface group in amorphous silica [14].

The binding energies of HF with CO and CO2 ice (Table 1) are taken from cal-
culations for molecules in the gas phase. We consider the gas phase binding energies
of HF with CO and CO2 to be similar to those of HF with CO and CO2 ices
adsorbed on an inert surface such as that of hydroxylated amorphous silica. This
approximation is based on the weak interactions of these ices with hydroxylated sil-
ica and within the CO and CO2 molecular solids, so that the electronic density of
CO and CO2 in solid form is not significantly altered with respect to their state in
the gas phase. Hence, the binding energy of the HF molecule with CO or CO2 as
calculated in the gas phase is applicable for the condensed phase. The situation is
notably different for interactions with H2O in the gas or adsorbed form, because of
its stronger interaction with silica and HF. For HF interacting with H2O ice, we use
binding energies from calculations 9.

The binding energy of HF with the SiH and SiOH terminus of hydrogenated
crystalline silica are shown in fig. 2 and 3. The binding energy of HF with one layer
of H2O ice on amorphous hydrogenated silicate (See fig. 4) is estimated by assuming
that the the most common structure in this case is the HF molecule interacting with
a H2O molecule bonded to silanol (SiOH), which is the most abundant surface
group in amorphous silica.

The analysis of the radial dependence of adsorption and desorption timescales
(see eq. 1 and 2) of HF from various types of grain surfaces indicates that the grains
are mainly supposed to be made of: (CO)ICE, (CO2)ICE, SiH2 (H2O)ICE, whereas H2O
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Fig. 4. Schematic view of the Si(OH)2∙H2O∙HF···topology.



and OH groups seems to not play any role in the grain adsorption of HF in these ISM
molecular clouds.

Summarizing, this work uses HF as a sensitive tracer for (molecular) gas at rel-
atively low densities that may be contributing mass to star forming cores. The HF
signature reveals a gas reservoir that is inconspicuous in traditional dense gas tracers
such as CO. In addition, we show that gas phase HF in higher density environments
(>105 cm−3) is extremely sensitive to interactions with dust grains and will be
depleted significantly at low dust temperatures 9.
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Excited CO Formation in Interstellar Molecular Clouds:
Methyl Formate Photodissociation

by Ultraviolet Radiation

Summary – Progress in astrochemistry is driven by observations. Typically, the molecules
in the Interstellar Medium dark and dense clouds are studied by the infrared and millimeter
spectroscopy by radiotelescopes. A careful analysis of their signatures in the spectra helps to
characterize these regions where new stars and planets are born. The rotational transition
lines of carbon monoxide, CO, are the most important tracer of molecular gas within molec-
ular clouds. However, the accuracy of the interpretation of the detected signals depends on
the quality of the kinetic models, used to simulate molecular environments, that in order to
be reliable require accurate knowledge of the dynamics and reactive kinetics properties of
the individual molecules. A certain lack of knowledge in current models surely affects reactive
and dissociation processes involving complex organic molecules. For example, these can be
exposed to far Ultra-Violet (FUV) radiation in photodissociation regions and also in the inner
regions of molecular clouds (collision of cosmic rays with gas phase particles can results in
UV emissions) and generate vibro-rotationally excited molecular fragments upon photodis-
sociation, such as rotationally hot CO molecules. In this work we establish a possibly fruitful
dialogue between the chemistry and astrophysics communities considering a molecular beam
experiment of UV photodissociation of methyl formate, abundant and ubiquitous in space,
as a source of accurate information about the generation of vibrationally and rotationally
excited CO dissociation fragments in molecular clouds. The scheme can be extended to many
complex organic molecules, for which experimental and theoretical photodissociation studies
are feasible.
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Introduction

The advent of a new interdisciplinary field of scientific research, astrochemistry
[1], as the investigation of the chemical nature of the Universe, originates from astro-
nomical and radioastronomical observations and space mission data collections. The
interpretation of the resulting ample phenomenology needs to be assisted by labora-
tory experiments and theoretical and computational modeling. This search has already
led to the identification of a constantly increasing number of molecules, even complex
organic molecules, but progress in space exploration and direct sampling promise
further insight into the evolution of the universe, from a chemical point of view, since
its formation up to the the generation of protobiological molecules. 

In this respect, the discovery of amino-acids in meteorites, and possibly in other
spatial environments, has contributed to the debate on the origin of the building
blocks of life in space. The recent discovery of propylene oxide (PO) in the Inter-
stellar Medium (ISM) [3] has induced large interest in spite that it is just a further
addition to a now long list of molecules, being this molecule an ideal candidate as
a prototype for studies aiming at elucidating the insurgence and establishment of
homochirality since the origin and early evolution of life, an issue still lacking con-
vincing explanations. 

The trend in the discovery of Complex Organic Molecules (COMs) [4] confirm
a diffuse presence in the Interstellar Medium (ISM), since besides protostellar hot
cores and corinos, COMs are found at all stages of star formation, in cold cores,
protoplanetary disks, shocks, jets and outflows [5].

Their widespread presence in the ISM suggests that in building kinetic models
of spatial environments one should assess the role of COM breakings upon pho-
todissociation, since such processes involve the production of the simple basic
diatomic molecules such as, for example, carbon monoxide CO and the hydroxyl
radical OH, generated in excited rotational and vibrational states. 

The observation of molecules, in any astrophysical environment, relies upon
experiments based on measurements of radiative spectra, but sufficiently high spec-
tral resolution and sensitivity allow in principle to measure also absorption spectra
from different rotational levels, including the ground state, permitting to probe the
column density of the detected molecule, temperature and molecule abundances.

Carbon monoxide, a basic reactant for the formation of small organic molecules
and aminoacids and, at the same time, the detectable product of their decomposition
by photodissociation, is one of the most abundant molecules in space, with a specific
relationship to hydrogen and a main tracer of molecular clouds, due to the ease of
detection of its Ultraviolet (UV) and millimeter (mm) photon emission.

Privileged environments for CO generated by photodissociation are arguably
regions of the ISM, so called “neutral”, in which the gas heating and chemical
processes are mostly regulated by far UV. These are termed Photo-Dissociation
Regions (PDRs) and are the source of most of the non-stellar infrared (IR) and the
millimeter and submillimeter CO emission from galaxies [6].
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The importance of PDRs has become increasingly apparent with advances in
Infra-Red (IR) and submillimeter astronomy. The IR emission from PDRs corre-
sponds to rovibrational lines of H2, rotational lines of CO, broad mid-IR features
of polycyclic aromatic hydrocarbons (PAH) and a luminous underlying IR contin-
uum from interstellar dust. The transition of H to H2 and C to CO actually occurs
within PDRs. Comparison of observations with theoretical models of PDRs enables
one to determine the density and temperature structure, the elemental abundances,
the level of ionization, and the radiation field. Complex Organic Molecules (COMs)
are abundant especially in the deep part of clouds, where actually the far UV radi-
ation is more attenuated. In these regions, however, the effect of cosmic rays is the
leading one, which causes the presence of secondary UV radiation, due to collisions
with molecules (mainly H2). 

If the temperature is sufficiently high, molecules, also the more complex ones,
can be desorbed from grain surface.

Generation of excited CO molecules, could affect the emission spectra, which
follow a proper excitation of the molecular emitting levels. The emitted radiation is
directly linked to the population of the upper level (it may also depend on the pop-
ulation of the lower level) and to the physical and chemical properties of the envi-
ronments located between the source and the observer. The presence of dust
particles is an example of effect inducing additional absorption and scattering which
may considerably alter the observed emitted spectrum. 

In this work, we accont for molecular beam experiment of UV photodissocia-
tion of methyl formate, abundant and ubiquitous in space, as a source of accurate
information about the generation of vibrationally and rotationally excited CO dis-
sociation fragments in molecular clouds.

Population of levels by collisional processes

The collisions between molecules are the basic processes leading to energy
transfer and internal excitation and population of higher states. Their efficiency relies
on the nature of the colliding partners, the chemical composition and the density
of the medium and the local temperature, which influences statistically the average
degree of excitation and, consequently, determines the intensities of the radiation
emission. Other important mechanism can be effective, such as radiative and chem-
ical level pumping. When relatively complex organic molecules are available, and
photons with frequencies close to far-UV radiation are present, photodissociation
might occur generating excited fragments, such as CO, OH or HCO. This scheme,
is a mechanism that indirectly pumps radiation energy into the rotational and vibra-
tional manifold of diatomic molecules, such as the tracer CO.

The level population in the conditions typical of the interstellar medium is gen-
erally not in line with a thermal distribution. For a given molecule, the assignment
of a set of transitions allows to draw a so-called Boltzmann plot, reporting the log-
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arithm of the column density, denoted as N(j) and corresponding to the j-level rel-
ative population divided by its statistical weight gj, versus the related energies (often
expressed in Kelvin). The corresponding points are aligned when thermodynamic
equilibrium or local thermodynamic equilibrium (LTE) is fulfilled and the temper-
ature is simply obtained from the slope of the curve.

                                                               P(O)
P(j) = gj —— e –(Ej – E0)/kT

                                                                 g0

Fig. 1 shows an example of Boltzmann plot measured downstream of a molec-
ular beam experiment involving photodissociation of methyl formate [7].

The drawback of such an idealized picture come from the low-density condi-
tions typical of the interstellar medium, meaning low collision frequencies, which
prevent molecular encounters to be the leading process in establishing thermal equi-
librium, even locally, for the level population.

In other words, LTE is rarely fulfilled. Then, knowledge of the collisional rate
coefficients involving the most abundant species, i.e. H, H2, He, electrons and Car-
bon and Oxygen carrier molecules, such as the molecular tracer CO, is required to
solve the coupled differential equations describing the evolution of the different
excited states of each molecule. Under similar conditions, the interpretation of the
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Fig. 1 Boltzmann plots of data of rotational populations of vibrationally excited CO molecules
(v = 1 and v = 2), from laser photodissociation of a molecular beam of methyl formate. Thermal
bimodality is exhibited by changes in slopes (dashed lines are a guide for readers’ eyes adapted
from Ref. 7).



emission spectra to infer the physical and chemical properties of the molecular
clouds also requires the simultaneous solution of the radiative transfer part, which
contributes to de-excitation in competition with collisions.

To better understand the observational data, it is necessary to enhance the mod-
els including physical chemical networks containing gas-phase and grain-surface
reactions. The determination of collisional rates for all the relevant interstellar mol-
ecules is therefore a major challenge in the interpretation of astrochemical observa-
tions. In the specific case outlined above, when photodissociation occurs, the
network should include such processes and the correct share of single excited states
in which the fragments are produced.

This situation is not limited to astrochemical models. In general, whatever the
conditions, the modeling of gas phase systems requires an accurate description of
the molecular energy transfer and photodissociation and reactive processes, which
have to be carefully represented within the kinetic models. So many other research
areas fields are included, such as combustion chemistry, chemistry of plasmas, gases
under flow conditions (e.g. in aircraft and spacecraft design [8]). The additional
obstacle here, is the lack of general and local equilibrium for any of the degrees of
freedom, which prevents to assume statistical population averaging, and forces to
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Fig. 2 Reconstructed rotational quantum number distributions from the estimated rotational tem-
perature values from Boltzmann deconvolutions. Two components, designated by T< and T>, are
disentangled and attributed as arising from events emerging directly from pathways into the channel
CH3OH + CO or from alternative paths along the radical channel adapted from Ref. 7.



resort to a state-to-state level of details for the rate coefficients and to detailed
dynamics simulations to obtain reactive mechanisms, branching ratios and dissoci-
ation pathways. Important attempts are currently being carried out in the gas dynam-
ics community to develop kinetic models at a state-specific level [9-12].

The excitation and de-excitation of molecules, occurring upon collision, as well
their decomposition patterns are strongly dependent on the features of the inter-
molecular potentials [10] and part of the efforts to improve the accuracy of models
must be spent to obtain a realistic description of the intermolecular interactions. A
further key point is that energy transfer is state-specific in its nature, since it depends
on the initial quantum states of the colliding molecules, and this dependency is more
pronounced when excited states are involved, as for hypersonic flows and high tem-
perature plasmas, an aspect typical of planetary atmosphere chemistry [8]. 

Photossociation as a vibrational and rotational pumping mechanism

Besides collisional excitation, photodissociation processes of small and medium
size molecules abundantly present in molecular clouds, can convert the UV radiation
into significant amounts of vibrational and rotational energy of the preferred disso-
ciation fragments, such as CO.

As an example, the methyl formate molecule (HCOOCH3) is one of the most
abundant species in hot molecular cores [14]. Together with acetic acid and the
sugar glycolaldehyde, these C2H4O2 molecules are the first triad of isomers detected
in interstellar clouds. The abundance of methyl formate is an average of 100 times
the amount of acetic acid, the second most abundant isomer and this must depend
upon formation pathways and quantum yields of photodissociation. In the last ten
years some significant experimental and theoretical studies of the photodissociation
of methyl formate around the lower energy limit of the far-UV radiation, have been
carried out (see e.g. Ref. [7,15]), showing that the main dissociation pathways involve
CO fragment formation with a significant vibrational and rotational excitation. This
suggests a possible role of such processes in determining the CO level population.
Fig. 2 shows the rotational distribution of CO fragments from methyl formate pho-
todissociated at 248 nm [7].

Concluding remarks

Small organic molecules, e.g. methyl formate, are sources of excited molecular
fragments, such as the tracer CO. Performing properly designed molecular beam
experiments, assisted by theoretical and computational modeling, provide accurate
rate coefficients of collisional energy transfer processes in the range of conditions
typical of the interstellar medium. In particularly, experiments of photodissociation
allow to reconstruct the energy disposal and the molecular vibro-rotational state dis-
tributions, enriching current astrochemical data base by updated kinetics and pop-
ulation data.
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Chemical Kinetics under Extreme Conditions:
Exact, Phenomenological and First-Principles

Computational Approaches

Abstract – Modern experimental and theoretical advances in chemical kinetics are doc-
umenting an ample spectrum of phenomena on reactions occurring under conditions relevant
for astrochemistry, from those of interest for formation of molecules in the early universe to
those encountered in interstellar medium. Here, we present a set of exact, phenomenological
and first-principles tools to describe temperature dependence of rate constants under extreme
conditions, showing non-Arrhenius behavior, especially at low temperatures. We are mainly
concerned with illustrating case studies on (i) super-Arrhenius kinetics, including treatment
of diffusion and viscosity in supercooling and glass material; (ii) sub-Arrhenius kinetics,
regarding quantum mechanics proton or atomic hydrogen transfer in chemical reactions of
interest in astrochemistry, astrobiology, and also in atmospheric and industrial applications;
and (iii) anti-Arrhenius kinetics, where processes with no energetic obstacles are rate-limited
by molecular reorientation requirements, such as documented for OH + HX (X = Br and I)
elementary chemical reaction.

1. INTRODUCTION

The understanding of the history, role and fate of molecules in the universe
requires information of the kinetics of the involved elementary processes, particularly
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on their rates, and often in a wide range of conditions and specifically as a function
of temperature. The temperature dependence of the rate constant of the primordial
chemical reaction process is therefore crucial in order to establish the molecular
abundances and the early universe evolution. The rate constants for most rate
processes depend on absolute temperature according to the Arrhenius law: however,
modern experimental progress in the age of nanotechnologies and computational
progress, that are manifesting in a variety of approaches, has shown that when
extended to low temperatures, deviations are observed even with no apparent
changes in the chemical mechanism or in the physical nature of the moieties. Indeed,
these advances have assisted to control the physical chemistry of materials in a large
variety of environments and in the progress of new sciences, such as astrochemistry
and astrobiology. 

The deviations from linearity in Arrhenius plot leads to distinct regimes,
denoted sub-Arrhenius, super-Arrhenius and anti-Arrhenius: the first two case cor-
respond, respectively, to higher or lower reactivity as temperature decreases, and
therefore to a decrease or increase of the apparent activation energy; the last and
extreme case arises when the activation energy has negative value. To describe these
behavior, recent systematic investigations lead to a simple formulation in terms of a
single deformation parameter, denominated as deformed-Arrhenius (d-Arrhenius).
which is inspired by Tsallis non-extensive statistical mechanics and exploits Euler’s
expression of the exponential function as the limit of a succession. 

Special attention requires the chemistry of the early Universe, which plays an
important role in our understanding of the formation of the first cosmological
objects. Molecular formation began in the recombination era, when the temperature
was low enough for the newly formed atoms to survive and participate in further
evolution. At the end of the era, atomic density was still too low for three body reac-
tions to play any significant role: however, it was then that the first molecular species
were postulated to be formed through radiative association. The formation of molec-
ular species in the primordial Universe is extremely important, because roto-vibra-
tional quantum states became available to participate in the cooling process,
permitting the dissipation of the radiative energy and balancing the increase of the
gravitational energy during the collapse of the first cosmological objects. Gas phase
chemistry of formation and destruction of these molecules is therefore very impor-
tant to get a good understanding of how galaxies and clusters came to be. 

Accordingly, this paper aims to illustrate the recent advances in the under-
standing of chemical kinetics in extreme temperature conditions, mainly in astro-
physical environment. In the Section 2 we show the new paradigms and the current
state of kinetic theory for super-Arrhenius, sub-Arrhenius and anti-Arrhenius behav-
ior. In sections 3 and 4 we present an exact quantum dynamics study of the F +
HD and H + HeH+ reactions for ultra-cold collision energies with an emphasis on
the application of the d-Arrhenius formula and of the relevance of these results in
the early universe scenario. Concluding remarks follow in Section 4.
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2. LOW TEMPERATURE: SUB, SUPER AND ANTI-ARRHENIUS BEHAVIOR

The rate constant k for the most rate processes depend on absolute temperature
according to the well-known Arrhenius law [1]:

                                                          k(β) = Ae–Eaβ                                                                                          (1)

where A is the pre-exponential factor, Ea the apparent activation energy and β = 1–––
kBT
,

where kB is the Boltzmann constant. However, modern experimental techniques and
theoretical approaches are providing an ample phenomenology of deviations from
Arrhenius behavior, especially at low temperatures. In order to provide a description
of non-Arrhenius behavior, recent systematic investigations led to a simple formalism
in terms of a single parameter, d. The use of the deformed Arrhenius law [2, 3]:

                                                     k(β) = A(1 – dεβ)
1–
d,                                                 (2)

known as the Aquilanti-Mundim formula, permitting one to evaluate prototypical
systems where the temperature dependence of the rate constant according to this
equation is described by ε > 0 and d > 0 or d < 0, corresponding to convex (super-
Arrhenius), concave (sub-Arrhenius) in the semi-log plots against reciprocal temper-
ature (see figure 1). In the limit d ⟶ 0, the term (1 – dεβ)

1–
d can be identified with

the Arrhenius exponential law (Eq. (1)). Other case for ε < 0 will also be docu-
mented and indicated as anti-Arrhenius.

In the next section the recent paradigm and the current state are illustrated for:
(i) super-Arrhenius kinetics, for example cases where transport mechanisms accel-
erate processes when increasing temperature; (ii) sub-Arrhenius kinetics, where quan-
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Fig. 1. Experimental, theoretical and simulation data are universally analyzed by an Arrhenius plot,
where k is reported against T. Deviations from linearity at low temperatures can be observed in
the plot as showing either a «concave» behavior (sub-Arrhenius), i.e., higher than expected rates
as temperature decreases, or a «convex» curve (super-Arrhenius), i.e., lower than expected rates
as temperature decreases.



tum mechanical tunneling favors low temperature reactivity; (iii) anti-Arrhenius
kinetics, where processes with no energetic obstacles are limited by molecular reori-
entation requirements.

2.1. The super-Arrhenius case

Super-Arrhenius behavior is one that deserves particular attention, and its occur-
rence is varied and demanding. It often manifests because of collective phenomena,
such as those amenable of treatment by the non-extensive thermodynamics of Tsallis,
and covers on ample set of phenomena: rates of enzymatic catalysis promoted
processes [4–6], food preservation processes [7, 8], basic features of the dynamics
of complex or glass-forming liquids and solids [9-14] and geochemistry [15]. A sig-
nificant number of studies in the temperature-dependence of rates of enzymatic
catalysis reactions has inspired several formulations for the description of the mech-
anism involved in these processes [16-19]. Results in the kinetics of catalytic reac-
tions of the dehydrogenase and oxidase enzymes has shown an unequivocal
super-Arrhenius behaviour [4, 5, 20, 21].

A similar behavior is found in the temperature dependence of food processes.
We propose in Ref. [7] the use of Equation 1 to describe the non-Arrhenius behavior
in these processes, showing that the d-Arrhenius formula is suitable for describing
the effect of temperature on non-enzymatic browning of onion and on the rate of
growth of several species of bacteria. The d-Arrhenius rate law provides a means to
account for convex curvature. Such factors include particle diffusion and constraints
on proposed microscopic model, in particular requiring that any successful approach
to super-Arrhenius processes should be consistent with the microcanonical rate con-
stant [7, 21].

A most fundamental case of super-Arrhenius temperature-dependence occurs
for the diffusion in supercooled systems near the glass transition temperature, Tg.
An interesting example is the diffusion of krypton in methanol and ethanol mixtures
at low temperature near their glass transition temperatures [22-24]. Furthermore,
in the vicinity of the glass transition temperature the viscosity and diffusion coeffi-
cients of polymers and other glass forming liquids are strong functions of tempera-
ture, and it is a frequently occurring observation that materials exhibit deviation
from Arrhenius behavior. Non-Arrhenius relaxation rates in glassy materials can be
associated with thermally activated rearrangements of increasing numbers of mole-
cules as temperature decreases. 

To account for the super-Arrhenius behavior in classical collective phenomena,
it is shown that is inversely proportional to the barrier height, ε, and directly pro-
portional to a limit critical temperature, T †, which can be related to freezing in the
degree of freedom of the system:
                                                                     kBT

†
                                                            d = —–—                                                        (3)
                                                                        ε
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2.2. The sub-Arrhenius cases

There are uncountable cases of concave deviation on the temperature rate con-
stants for the elementary chemical reactions that can be classified as exhibiting a
sub-Arrhenius behavior. In systems with no apparent changes in the chemical mech-
anism, this behavior can be attributed in most cases to quantum mechanical tunnel-
ing [2, 25]. Several investigations have provided examples of chemical reactions
within this regime. A series of experimental kinetic data and of benchmark theoret-
ical calculations [26-33] has established that, for example, the prototypical quantum
mechanically investigated reaction of a fluorine atom with molecular hydrogen rep-
resents (See Section 3) an archetypical case of sub-Arrhenius behavior [34, 35], as
has been experimentally confirmed [36].

To account for the sub-Arrhenius behavior in elementary chemical reactions, it
has been shown that can be considered as inversely proportional to the square of
the barrier height (ε) and directly proportional to the square of the frequency for
crossing the barrier (v≠) at a maximum in the potential energy surface:

                                                                 1     hv≠   2                                                    d = — — �——� ,                                                (4)                                                                 3      2ε

agreeing with Wigner’s tunnel formula.
This definition can be incorporated in transition-state theory to cover cases

where reaction rates as a function of temperature deviate from Arrhenius law. When
deviation can be ascribed to quantum mechanical tunneling, an explicit derivation
is given and inserted in a proposed variant of transition-state-theory – deformed tran-
sition-state-theory (d-TST) – which permits comparison with experiments and tests
against alternative formulations. The application of d-TST to several hydrogen trans-
fer reactions has been showing promising results. Temperature ranges for the validity
of the approach are assessed with respect to features of the potential energy barrier
to reaction [37]. Elementary reactions, widely investigated both experimentally and
theoretically, which have been described successfully, are F + H2 [2, 35], CH4 + OH
[38], CH3Cl + OH [38], H2 + CN [38], OH + HCl [39], abstraction and dissoci-
ation in the nitrogen trifluoride channels [40], and proton rearrangement in cur-
cumin [41] and methylhydroxycarbene [42] and recently d-TST is shown to be
suitable for describing the overall rate constant for the CH3OH + H reaction [43]. 

As discussed in Refs. [44, 45], the degree of concavity in the Arrhenius plot
can characterize the degree of tunneling in chemical reactions. The crossover tem-
perature,  Tc = ħv≠/kB, is the parameter that delimits the degree of tunnelling
regimes. The ranges of tunnelling regimes are important to quantify how the tun-
nelling affects the rate constant in particular cases. From a mathematical viewpoint,
the d-TST formulation has clear limitations in the description of the deep tunnelling
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regime (Wigner limit) [46, 47], since the Euler limit deformation of the exponential
function fails to quantify the distributions of reactive particles with energy less than
the height of the barrier. However, the flexibility of the distribution formula permits
to cover the sub-Arrhenius behaviour, specifically typical of quantum tunnelling,
smoothly extending into the Boltzmann distribution [48] of the classical regime.

Formula (2) is found adequate for moderate tunneling, T > Tc. Rarer cases of
deep tunneling can be dealt by introducing a modified form [49]:

                                                                               dε            1–
d                                         kd

ASCC (T) = A �1 – —————� .                                     (5)                                                                        kBT + hv≠

Its derivation and performances will be further discussed elsewhere.

2.3. Anti-Arrhenius cases

The rates of some processes increase as temperature decreases accordingly to
an apparently negative activation energy. These processes can be classified as anti-
Arrhenius. In gas-phase reaction the anti-Arrhenius behavior is frequently found in
molecule-radical reactions [50-55]. Using a first-principles Born-Oppenheimer
molecular dynamics approach, we were able to provide an interpretation of the neg-
ative dependence of the rate constant on temperature for the OH + HBr and OH
+ HI reactions [56-59], confirming the suggestion obtained experimentally that this
phenomenon has stereodynamical origin, which until now has been neglected by
theoretical studies. The analysis of simulations showed that for low temperature, the
reactants reorient to find the propitious alignment leading to reaction; however, this
adjustment is progressively less effective for higher temperatures, where the wan-
dering paths evidence the «roaming» effect. Additionally, the smaller number of
reactive trajectories and the time required for the mutual reactant orientations for
the hydrogen exchange for the OH + HI suggest a greater role of stereodynamics
here, which may be related to the higher observed rate constant for the same tem-
perature compared to the OH + HBr reaction.

Currently, there is ample activity investigating whether advances in molecular
dynamics simulations can provide quantitatively rate constants [60-62]. However,
the methods have difficulty in estimating the rate constants, generally leading to
overestimates and the discrepancy with experimental data is larger for high temper-
atures. With our methodology, we also find overestimating rate constant for OH +
HBr and HI reactions [56, 57]. These uncertainties are often associated to inherent
difficulties of possible direct evaluations from molecular dynamics simulation, and
are ascribed to the statistical validity of samplings of the system phase space and the
accurate characterization of transition state features [63-65]. These crucial issues in
the applications of TST-type approaches to calculations of rates constitute hard
problems in the extraction of rate constants from first-principles molecular dynamics
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experiments, preventing them to represent an at least semiquantitative alternative
to direct exact or approximate quantum mechanical methods, often prohibitive to
be implemented.

As a final example on how the study of the anti-Arrhenius behavior offers
opportunities for fundamental research and can guide scientific progress in different
areas, we note a recent paper where the stereodirectionality effect contributed to
understand the negative activation energy in addition reactions of arylchlorocarbenes
to alkenes [66].

3. AN EXACT TRIATOMIC TREATMENT: THE F + H2 ⟶ HF + H REACTION AND ITS

ISOTOPIC VARIANTS

The rate constants for the F + H2 reaction and its isotopic variants arouses great
attention from experimental and theoretical chemical kinetics studies [67-69]. This
reaction is a prototypical exothermic elementary reaction driven by the tunneling
effect. Furthermore, because of the population inversion of the vibrational levels in
the HF product, this reaction was studied in much detail for leading to vibrational
population inversion of interest of chemical lasers [70]. 

For this reaction, the results of rigorous quantum scattering calculations, see
ref. [71] for details, show a linear behavior of the rate constant at high temperature,
when the thermal contributions are more pronounced; however, a strong curvature
was observed at low temperature. We compare the abilities that two different
approaches, namely the Bell’s 1935 [72] and d-Arrhenius [2, 48, 73] formulas, have
to account for the deviation of the rate constant from the Arrhenius law in a tem-
perature interval at the borderline between moderate and deep tunneling regimes,
see Figure 2.

The rate constant obtained from close coupling calculations employing FXZ
PES [74] has been fitted to the Bell’s 1935 formula:

                                              RT exp (–ε/RT) – ħv≠ exp (–ε/ħv≠)
                         k(T) = A �—————————————————�                     (6)                                                                     RT – ħv≠

as presented in Ref. [71]. Here, the d-Arrhenius [2, 48, 73] formula in Eq. (2) and
Eq. (5) has been used to described the rate constants.

From Figure 2 one can note that the two formulas fit satisfactory well the close
coupling data in the range of temperatures studied with a mean percent error within
or close to the numerical accuracy of the data. Nevertheless, it had been shown in
ref. [71] that Bell’s formulas reproduce much better the data (a factor near to five)
with respect to d-Arrhenius. As introduced in the section 2.2, d-Arrhenius formula
has clear limitations in the description the rate constant below of the crossover tem-
perature, Tc = ħv≠/k, which for the F + HD reaction is equal to 178 K. In general,
Bell’s venerable approach turns out as very useful for extending the study of reac-
tivity at very low temperatures, describing a dependence of rate constants in agree-
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ment with Wigner threshold law. However, the ASCC formula shown here is defin-
itively better and recommended.

The current challenge is to describe the temperature dependence on the rate
constants for temperatures below 1K, where an anti-Arrhenius behavior, due to the
presence of a resonance state near to reaction threshold, has been predicted by
recent results not published yet.

4. AN EXACT TREATMENT OF THE ION-MOLECULAR REACTION H + HeH+ ⟶ H2 +
He+: ROLE IN THE PRIMORDIAL UNIVERSE

Because H and He are the dominant species in the early Universe scenario and
can be ionized to H+ and He+ by cosmic rays, the first collisions of the He chemistry
are He + H2

+ and He+ + H2. The former collision is an adiabatic process on the
HeH2

+ ground electronic surface and was extensively investigated in the past [75].
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Fig. 2. Arrhenius plot for F + HD ⟶ FH + D reaction (reproduced and updated from ref. [71]).
Filled circles indicate the results obtained from close coupling quantum scattering calculations
employing FXZ PES, whereas lines are obtained by: red solid lines for the ASCC formula, Eq. (5),
and dashed blue lines for the Aquilanti-Mundim formula, Eq.(2). The dot-dashed black lines are
the classical Arrhenius results. The crossover temperature Tc is indicated by arrow.



The chemical reaction H + HeH+ reaction plays an important role in astrophysics,
because it is the key step in one of the main mechanisms of hydrogen molecule for-
mation in the primordial plasma, strongly affecting the hydrogen abundance in the
red shift range 150-300 nm. The temperature dependence of the rate of this simple
exothermic process is therefore crucial in order to establish the molecular abun-
dances and the early universe evolution. Also, the existence of HeH+ in many dif-
ferent astrophysical environments (planetary nebulae, dense molecular clouds, white
dwarfs) has been discussed in several papers [76, 77]. Because of the many astro-
chemical applications, accurate reaction data are required in the full collision energy
range, from the ultra-cold regime to the three-body breakup and beyond. 

The dynamics of the H + HeH+ reaction has been studied from 0.001 K to
2000 K by close coupling quantum reactive scattering calculations, exact when the
potential energy surface is given [78]. The main tools that allow the covering of so
large a range of temperature, varying by six orders of magnitude, have been the
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Fig. 3. Rate constants for the H + HeH+ reaction as a function of temperature. A log-log plot is
here used to emphasize the cold regime. The figure is adapted from [75], to be consulted for fur-
ther details. The dashed black line, labeled Langevin, is the capture model value obtained by using
for the dipole polarizability of the incoming hydrogen atom the exact analytical value of 4.5 a.u. The
dashed blue and red lines are the results of the fits to the solid black line using Aquilanti-Mundim
and ASCC formula (with A = cm^3.molecule^-1.sec^-1, ε = 0.2644 kJ.mol-1 and ν≠ = 3.49 cm-1). 



implementation of the Enhanced Renormalized Numerov method [79] to improve
the convergence in the ultra-cold regime and a massive parallelization of the code
[74] to treat the large number of partial waves required for this ionic system.

The large difference at higher temperatures (see Fig. 3), where the rates are
about double in the new time independent calculations, may have important con-
sequences in the early universe scenario. In fact, a higher reactivity of the HeH+

cation makes the title reaction more competitive with radiative dissociation favoring
the formation of the H2 (at higher red shifts, where the HeH

+ mechanism is the
main channel of formation of the hydrogen molecule. It is highly relevant to date
the formation of the first stars and galaxies because the H2 molecule is, in the present
state of the astrophysical knowledge [80], the most important coolant species in the
early universe scenario.

5. CONCLUSION

In summary, in our journey to the understanding of the microscopic ingredients
which are the driving-force in physical and chemical processes under extreme con-
ditions, and specially at low temperatures, we can highlight some interesting new
entries: (i) the introduction of a deviation parameter d covering uniformly a variety
of rate processes, from quantum mechanical tunneling and stereodynamical effects
to Pareto-Tsallis distributions process culminating in deformed version of the Arrhe-
nius law, the Aquilanti-Mundim d-Arrhenius; (ii) a relationship among the deforma-
tion parameter d with structural properties of the physical and chemical processes
evaluated; (iii) explanation of the role of stereodynamical and roaming effects for
elementary chemical reactions under anti-Arrhenius behavior; and (iv) presentation
of exact rate constant at extreme low temperature for three-body reactions which
emphasize the limitations of the phenomenological formulas available and the need
of advance in formulations which describe processes in this regime.
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Chiral Selection in Space: Role of Cosmic Dust

Abstract – It is well known that the amino acids occurring in proteins (natural amino
acids) are exclusively of L-configuration. Among the many scenarios put forward to explain the
origin of this chiral homogeneity, one involves the asymmetric photolysis of amino acids present
in space, triggered by circularly polarized ultraviolet radiation. Here, I propose that amino acids
formed in the cavities of dust aggregates in protoplanetary discs are exposed to asymmetric
photolysis induced by an effective ultraviolet circularly polarization generated in situ.

1. Introduction

The origin of homochirality of amino acids and sugars is so far an unfilled gap
for the theories of the chemical origin of life. Why amino acids occurring in proteins
are, almost exclusively, of L-conformation and only D-conformation sugars enter the
RNA and DNA molecules is, in fact, the most crucial question to be answered before
indulging in any chemical, biological or philosophical discussion on the origin of life. 

Quantitative analyses of cosmic debris show some amino acids presenting an
excess of the L-conformation enantiomer (e.g., Engel & Nagy 1982), while both rare
and common sugar monoacids (aldonic acids) may contain significant excesses of
the D-enantiomer (Cooper & Rios 2016) in straightforward similarity with terrestrial
biomolecular homochirality. This coincidence is too striking to be fortuitous; it
points out that products of routine cosmic chemistry contributed to the early Earth
organic pool and facilitated prebiotic molecular evolution.

Several controversial theories have been developed to explain an abiogenic ori-
gin of the chiral homogeneity in terms of the physico-chemical processes involved.

* INAF – Osservatorio Astronomico di Palermo, Piazza del Parlamento 1 - 90134 Palermo
(PA), Italy.



For evident reasons, the highest astrophysical relevance has been awarded to
processes involving radiation and magnetic fields. Among photochemical effects,
only Circularly Polarized Light (CPL) and a static magnetic field collinear with a
light beam are truly chiral systems and thus can potentially produce an enantiomeric
enhancement within initially racemic mixtures. 

The interaction of CPL with an isotropic medium containing chiral molecules
in the presence of a constant external magnetic field may be described by several
phenomenological constants, relating to optical activity and dichroism, summarized
by slightly different dielectric constants associated with right- and left-handed CPL
(e.g., Jorissen & Cerf 2002).

In this work I propose a new scenario in which amino acids formed in the cav-
ities of dust grain aggregates (Duley, 2000, Williams & Cecchi-Pestellini 2016) in
protoplanetary discs, are exposed to asymmetric photolysis induced by an effective
ultraviolet CPL generated in situ. The enantiomeric excess of chiral biomolecules
produced and protected in the cavities of grain aggregates may have contributed to
the early Earth organic pool and facilitated prebiotic molecular evolution.

2. The possible role of cosmic dust in the emergence of life on Earth

Only a very small fraction of the organic compounds in nature are found in
planets or comets and other condensed objects. By far the larger quantity – more
than 99.9% by mass – reside in the enormous molecular clouds in interstellar space
of the Milky Way and other spiral galaxies. Abiotic organic chemistry, as observed
in molecular clouds, offers a glimpse of the chemical evolution preceding the onset
of life on our own planet, and allows us to evaluate the possibility that, during the
evolution from a molecular cloud to a planetary system, complex organic molecules
are formed, transformed and preserved until they are incorporated into comets and
meteorites.

Do complex organic molecules survive the processes of star and planet forma-
tion? The formation of a planetary system is a violent event, so the intricate chemical
history of the gas from which the planet forms may be obliterated, requiring chem-
ical evolution to be continuously restarted. On the other hand, the chemical mech-
anisms that generate biomolecules in space could be transferred to newly formed
planets during a bombardment phase by the dust grains aggregates, comets, aster-
oids, and meteorites, so there is a potential connection between prebiotic organic
chemistry and the chemistry of the interstellar medium. These exogenous products
could, of course, have been complemented by substances arising on Earth.

Cosmic dust may have contributed to the emergence of life on Earth many
times during the long evolutionary pathway that eventually gave rise to our planetary
system, in the following ways: (1) contributing precursors for prebiotic chemistry in
larger bodies, (2) serving as building blocks from which future comets, asteroids,
and other celestial bodies may originate, (3) inducing the formation of the Earth
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itself and – more generally – planets, (4) delivering complex organic molecules to
the early Earth and Mars during the late heavy bombardment 4.5 billion years ago,
(5) providing a stable and reducing environment for the ingredients needed to start
life early and quickly, and (6) contributing to chiral selection in space. While there
is considerable agreement regarding the points from (1) to (4), the last two issues
are rather speculative and no general, or even partial consensus on the production
and selection of chiral organic molecules in protoplanetary discs has been reached.
The present proposal is based on these last two hypotheses.

3. The potential of ice cavity gas-phase chemistry for chemical complexity

All the early speculations about the origins of life on Earth were based on Solar
System processes. Of these speculations, the more influential were the suggestions of
possible Miller–Urey type syntheses in a reducing planet atmosphere, following pro-
duction and recombination of radicals, and of catalytic, Fisher–Tropsch type
processes in the early stages of the solar nebula. In 1957 Miller showed that formalde-
hyde and hydrogen cyanide were key intermediates in the synthesis of glycine. This
led Orò. and his co-workers (1961) to study the products of a solution of ammonium
cyanide (NH4CN) in water, discovering that NH4CN was converted in adenine, one
of the four bases of DNA. Such, and other similar, discoveries determined the direc-
tion of research on prebiotic chemistry for many years. However, our understanding
of the atmosphere on early Earth has changed since then, and it is now believed that
the atmosphere consisted mostly of carbon dioxide, nitrogen, and water. Under such
conditions, prebiotic molecules are produced only in trace amounts.

However, in the complex process leading to the formation of circumstellar discs
around young stars from prestellar dense molecular clouds, physical conditions sim-
ilar to those envisaged in the early prebiotic experiments may arise. In the high den-
sities of the discs, these ice-coated dust grains collisionally agglomerate, assembling
in loosely packed structures with much of their internal volume being vacuum and
trapped ices. Sputtering of silicate, carbon solids, and PAHs by cosmic-rays will
inject heavier atoms, ions and molecules into these ices. 

The timescale for the accretion of volatiles on grains is much faster than that
of grain aggregation, implying that the latter process occurs when dust grains have
already accreted ice mantles. Interstitial voids must occur even in highly organized,
densely packed structures. For example, dense packing of like spheres in a face-cen-
tered cubic lattice leaves 26% of space unoccupied. In surface chemistry the time
delay between the adsorption and reaction steps may be substantial if the reaction
products are non-volatile, but they can be short for prompt reactions. The products
of surface reactions are either retained on dust or desorbed to the ambient gas.
Duley (2000) noted that the interior of dust aggregates offers a different intermediate
possibility: the re-accretion of reaction products by other components of the aggre-
gate. This re-deposition may occur on the surface of other dust particles or on com-
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ponents of an ice mantle. As desorbed products can be in an energetic state, these
secondary reactions might be expected to mimic some aspects of high-temperature
chemistry. Aggregate grains bring together all components of the interstellar gas and
dust, a unique situation, outside planetary systems. As reaction products can remain
trapped within aggregates and are shielded from radiation, conditions exist for the
formation of larger molecules. The feedstock for this chemistry would be the ices
accumulated during aggregation, together with light atoms and radicals from the
ambient gas that diffuse into the interior of the aggregate. 

Dust aggregates can be impulsively heated by collisions with other aggregates
or grains and by cosmic-ray impacts. The heat released during a collision may lead
to the vaporization of the ice content filling the cavities, in which radicals and mol-
ecules from the ice enter a transient, warm, high pressure gas phase, giving rise to:
(1) a solid-state chemistry involving elements such as Si, Mg and Fe sputtered from
silicate particles; (2) facilitated secondary reactions and rapid quenching of the reac-
tion products; (3) a hydrogen rich atmosphere inside the cavities. The resulting mix-
ture is a reasonable analogue of the conditions that Stanley Miller supposed as
plausible for the primitive Earth atmosphere. Therefore, grain aggregates may rep-
resent in the interstellar medium the equivalent of terrestrial micro-laboratories con-
taining raw materials of reducing chemical composition suitable for conversion into
complex organic molecules. The final products are likely to be very similar to those
obtained from laboratory chemistry under terrestrial conditions. Because of the
reducing atmosphere in the cavities large organic molecules are allowed to form.
Recent numerical experiments (Saitta & Saija 2014) based on ab-initio molecular
dynamics simulations of aqueous systems subject to electric fields (e.g. describing
lightning) and on metadynamics analysis of chemical reactions showed that glycine
spontaneously forms from mixtures of simple molecules. Formic acid and formamide
are key intermediate products of the early steps of the Miller reactions. Formamide
represents the simplest molecule containing the peptide bond. It is therefore of great
interest as an important precursor in the abiotic synthesis of amino acids, and of
further prebiotic chemistry. Remarkably, when nitrogen compounds are present in
the initial mixture, the processing of interstellar ice analogues produces formamide
(e.g., Jones et al. 2011), and under suitable conditions aminoacids (e.g., Muñoz-Caro
et al. 2002), and sugars (de Marcellus et al. 2015).

4. Chiral selection in protoplanetary discs

The formation yield of complex molecules depends critically on the dose of
ultraviolet radiation impinging on the molecular material. Cecchi-Pestellini et al.
2005 showed that the interiors of grain aggregates are, in fact illuminated by a sub-
stantial fraction of the incident radiation. In addition to implications for the photo-
chemistry of icy mixtures trapped in aggregate cavities, such residual radiation
acquires polarization properties, that are directly related to asymmetric photo-reac-
tions of chiral molecules.
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The most general state of polarization of an electromagnetic field is elliptic and
the direction of propagation is given by the Poynting vector S. The latter has a fixed
direction for a plane homogeneous wave and/or for a scattered field in the far zone.
In both these cases the plane of polarization ellipse is orthogonal to the Poynting
vector, so that the state of polarization is conveniently described by the Stokes
parameters constructed with the components of the field orthogonal to the direction
of propagation. In the interstitial material and in the cavities of the aggregate the
direction of propagation of the field changes from point to point. The plane of polar-
ization ellipse is in general not orthogonal to the vector S. Consequently, the state
of polarization of the field cannot be described by the usual Stokes parameters but
it needs a more general description (Carozzi et al. 2000), e.g., through the definition
of the real vector V = i (E x E*), where E is the electric field and E* is its complex
conjugate. The magnitude of V is 2/π times the area of the polarization ellipse. When
V = 0 the field is linearly polarized, otherwise the electric field rotates, as a function
of time, in a counterclockwise sense with respect to V. As a consequence, the sign
of VS = V�S/|S| gives the sense of field rotation with respect to the direction of prop-
agation of the electromagnetic energy. The components of the vector V are found
expanding the spectral density tensor (the representation of the coherency dyad
ρ = E ⊗ E* in rectangular coordinates) in terms of the unit matrix 13 and of the
eight Gell-Mann matrices that are the generators of the group SU(3). Details on the
generalized description of the polarization of electromagnetic waves can be found
in Borghese et al. 2005.

This has interesting consequences, e.g., when a linearly polarized wave impacts
on the aggregate, the net result is the creation of additional components of the fields
that thus lose their original state of being linearly polarized, acquiring a degree of
circularity. In other words, the field depolarizes (becomes elliptically polarized) in
the inner cavities of the aggregate giving rise to CPL, and thus providing a photo-
selective mechanism. 

4.1 A proof of concept

I approximate the aggregate with a simple model consisting of a homogeneous
sphere with radius ρ0 embedding a spherical cavity with radius ρc. The incident field
is assumed to propagate along the z axis and the reference plane is chosen to be the
x-y plane (Fig. 1a). The location of the embedded cavity is determined by the couple
of polar angles θc and φc, and by the distance from the center of the host sphere. I
consider host spheres with radii around the value ρ0 = 100 nm, taken as a reference.
Dust particles of these sizes are efficient in causing interstellar extinction at visual
wavelength. I choose four candidates for the interstitial material, namely silicates,
amorphous carbon, water ice, and a Bruggeman mixture (Bohren & Huffman 1983)
of 30% silicates, 30% amorphous carbon and 40% water ice. The Bruggeman mix-
ing rule is applied only to the interstitial material, whereas the cavity is treated as a
separate entity.
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VS is computed at B and F (see Fig. 1a), i.e. the points at which the parallel to
the z axis through the center of the cavity crosses its surface. Calculations show that:
the largest depolarization effects occur for cavities tangent to the surface of the host
sphere; rotating the position of the cavity with respect to both the x and y axes the
sign of VS is unchanged; the depolarization appears to be almost independent of the
refractive index, the maximum value of VS occurring in the range 100 – 500 nm for
any choice of the material, while no depolarization occurs above 1 μm; depolariza-
tion effects are only slightly dependent on the volume of the embedded cavity (Fig.
1c); for evident symmetry reasons the field does not depolarize at points B and F
when the cavity is centered on the z axis; the sign of field rotation alternates with
wavelength (Fig. 1b). 

This last property is particularly intriguing. In fact, every proposed mechanism
for asymmetric photolysis induced by an external source of ultraviolet CPL has to
meet with the Kuhn-Condon rule (e.g., Mason 2000). The most effective proposed
external ultraviolet CPL sources operate only at a single photochemically active cir-
cular dichroic band, which is not shared by all biogenic amino acids. (Cerf & Joris-
sen 2000). In the present model the CPL, that spans a wide wavelength region from
100 nm to 1 μm, for volumes of the embedded cavity larger than the 5% of the vol-
ume of the host sphere, changes twice the sense of field rotation at approximately
200 and 300~nm. The inversion at 200 nm which fits exactly the circular dichroic
spectra of Tryptophan and Proline occurs, for instance in an aggregate with radius
ρ0 = 150 nm, embedding a cavity with a volume about 40% of the volume of the
host sphere.

4.2 A more realistic case

As a natural extension of the synthetic aggregate presented in the previous para-
graph, dust grains are modelled here as a fluffily substructured collection of 25 strat-
ified spheres, composed by a solid refractory core (silicates or amorphous carbon)
covered by an icy water mantle (Fig. 2, left panel). The radii of the subunits are ran-
domly chosen. Such a model includes the presence of interstitial voids generated by
coagulation of particles. 

A more realistic aggregate allows the possibility to assess the presence of trends
and regularities in the wave depolarization pattern. VS is computed at several points
within the cavities for incidence along all coordinate axes (which is equivalent to a
rotation of the target grain), in the wavelength range from 0.1 to 0.3 μm. The results
indicate that a much lower depolarization occurs for incidence along the x axis, as
well as along the y axis. Generally, the sign of VS changes for rotations of the aggre-
gate with respect to a fixed direction of incidence and of polarization. 

Major results of the study are as follows: (1) in all examined cases a net depo-
larization is present; (2) depolarization in a given cavity depends exclusively on the
environment, i.e., morphology and chemical composition of the aggregate close to
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the cavity; (3) any time there is significant depolarization in an interstitial cavity, a
significant amount occurs in its icy boundaries (see Fig. 2, right panel), the most
interesting region for photochemistry; (4) in all examined cases, the depolarization
depends on the wavelength, with VS varying both in sign and/or in value, in going
from λ = 0. 1 to 0.2 μm; (5) significant depolarization occurs when the projected
section of the target aggregate on a plane perpendicular to the direction of incidence
of the wave bears enough asymmetry; (6) the sign of VS changes erratically from cav-
ity to cavity; there is however a tendency of CPL sign to be the different in the inner
and outer parts of the aggregate; (7) rotations can affect the sign of Vs, but, on aver-
age, a net depolarization of a given sign is always present, i.e., the integral of VS over
the rotation angle is never zero; (8) the depolarization appears to be essentially deter-
mined by the geometry of the nearest environment.

Since the sign of VS is not the same in different cavities of the same aggregate,
it is not clear whether or not the depolarization, i.e., the presence of an effective
CPL within the ice layers, might be relevant to the selection of chiral molecules. 

5. Discussion and conclusions

In this work, I address the problem of field depolarization within interstellar
dust aggregates, in which coagulation generates interstitial cavities partly filled with
icy condensed gas. The present calculations show that a net depolarization effect is
always present in all cavities, although the signs of generated CPL depend on the
location within the aggregate in an unclear way. This prevents the establishment of
a net enantiomeric excess of a given symmetry.

Since the effect is purely geometric, it is not chiral since it does not provide a
symmetry breaking. In fact, the sign of the induced circular polarization changes
with rotation of the cavities with respect to axes parallel to the propagation of the
wave. The breaking of spatial symmetry may be provided by dust grain alignment
with respect to the stellar incident field. When embedded in a protoplanetary disc,
real aggregates can be efficiently aligned by interacting with the gaseous flow both
in subsonic and supersonic regimes. The alignment arises from grains having irreg-
ularities that scatter atoms with different efficiency in the right and left directions.
Although, the tendency for grains is to align with long axes perpendicular to the
magnetic field, paramagnetic dissipation is not involved (Lazarian & Hoang 2007),
and the specific chemical composition of a dust aggregate is irrelevant. In conclusion,
if the aggregates in the protoplanetary disc are aligned, they must share the same
geometrical asymmetry: the denser part leading and the more porous one following.
Because the more porous part has more cavities a net enantiomeric excess of chiral
biomolecules is to be expected in the aggregates.

The ubiquitous mutual presence of ultraviolet linearly polarized radiation and
dust aggregation in star forming regions may provide the conditions for a widespread
universal replication of the chiral selection.
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The State-to-state kinetics:

from a Sumerian prototype to astrobiology

Abstract – The state-to-state (STS) kinetics, in which molecules in different internal
states are considered as different species in the description of chemical reactions, is one of
the most productive concepts in theoretical chemistry with an endless record of successful
applications. An example is the formulation of scenarios for the production of oxygen on
Mars. In the STS formulation of a chemical problem, distribution functions appear, which
describe the population of molecules in these different states. The problem of composition
change with time can be solved only when these distributions, and their changes too, are
included in the calculations. Remarkably, the basic ideas of this approach are already found,
in the author’s opinion, in a 40-centuries old Sumerian tablet which reports a fully theoretical
cattle breeding account. This document also anticipates some basic ideas of computer science,
like the execution of a program and the management of a structure of data. 40 centuries later,
ideas from this prototype may help to explain the predominance of a single chiral version in
biological molecules and organisms.

Introduction: the state-to-state kinetics and its importance

One of the most productive concepts of modern theoretical chemistry is the
state-to-state kinetics (STS in the following) [1-3]. It is based on the known fact that
in some chemical reactions networks, the internal state of molecules has such a
strong effect on reactivity, that the molecular species must be conceived as mixtures
of several components, each component of the mixture being the ensemble of mol-
ecules in a given state. According to this view the species is therefore represented as
a probability distribution, the state- or energy- distribution. This concept has found
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wide application to the determination of chemical reaction rates in fields as different
as atmospheric science, astrophysics, catalysis, energy production and many others. 

A large number of very important examples can be used to illustrate the impor-
tance of the STS concept [3]. One which is gaining recently much visibility for its
relevance to space technology and Mars colonization scenarios is the following: CO2,
the most important component of Mars atmosphere, may be converted to CO and
atomic oxygen by a reaction where electrons in a gas are used to pump up energy
into the vibrational degrees of freedom of the CO2 molecule [4-5]. Since the most
effective dissociation path is through the asymmetric stretching mode, it is necessary
to distinguish the 22 vibrational levels of this mode. Electron impact processes, the
so-called eV, however, can only pump energy into the lowest vibrational levels, say
the first 4 or 5. Subsequently, CO2 molecules reach the dissociation limit with the
help of a different process, named VV1, where a low excited CO2 molecule interacts
with a more excited one pushing this last to higher excitation

CO2(1)+CO2(v)→CO2(0)+CO2(v+1)

This mechanism, which was extensively studied by Russian scientists in the 70’s-
80’s [6], works like a «conveyor belt» where molecules are moved up the ladder
until they reach dissociation, i.e.

CO2(1)+CO2(21)→CO2(0)+CO+O

Note that no dissociation occurs until the top of the internal energy ladder is
reached.

A remarkable aspect of the STS reaction schemes is that the knowledge of the
concentration of a given species is no more sufficient to specify its state. Knowledge
of a «hidden distribution» becomes necessary, the distribution of individual mole-
cules in individual conditions (internal state, speed, age, depending on the problem).
This distribution must be computed, stored and updated in order to determine the
reaction rate. The equation, or scheme, normally used to update this internal distri-
bution is called «Master Equation». This is a classical probability expression, not to
be confused with the Pauli Master Equation in spin relaxation problems. The state
of the system is specified only if the distribution of molecules into this collection of
states is provided.

A very early example of the role of distributions in a growth problem

Surprisingly, early studies of this idea are very old. It is claimed in the present
work that they are as old as 40 centuries, and possibly more. The oldest «paper» is
not even paper but a clay table: a Sumerian tablet kept in the Louvre museum (the
AO5499 table). This table was found in the Puzriš-Dagan excavation, the modern

— 142 —



Drehem. It dates back to king Shulgi period of neo-Sumerian culture in Ur, giving
to the tablet an estimated date of 2000-2100 BC. The tablet is fully written in Sumer-
ian, on both sides. The text of AO5499 describes what is presented as a cattle breed-
ing account, and names it the «problem of the scribe Idua». It looks at a first view
as an accurate account of cows (ab2) and bulls (gu4) during several years (figure 1),
but, as it was recognized long ago [6], the «problem of Idua» is actually the first
known model of a growth process formulated on pure theoretical basis [7-8]. It
introduces a distribution of cattle ages. Only adult cows (ab2.mah2) reproduce. On
AO5499 the problem is solved reporting the numbers of individuals as a function
of age and time (Figure 1). While a description of AO5499 and its recognition as a
theoretical problem is found for example in [7], here we will adopt the modern ter-
minology while connecting this problem to the STS kinetics. 

The process involved is actually very clear and self-explanatory even after four
millennia. The state of the cattle is defined by a vector N of dimension 5. This vector
contains the number of cows with ages from 0 to the mature state named mah2. In
this specific example mah2=4 which means that N is a vector of mah2+1=5 elements,
marked in the tablet as follows: calf (ab2.amar.ga), 1 year old (mu 1), 2 years old, 3
years old, adult (ab2.mah2), see again figure 1.

The number of individuals of age x becomes equal to the number of individuals
of age x+1 at the next «step», in this way:

N(0)→N(1)→N(2) and so on

But adult cows only increase in number, with no mortality, betraying the the-
oretical nature of the problem

N(mah2)←N(mah2)+N(mah2-1)

The number of newborns, N(0), is calculated by a simple model: the number
of newborns is equal to the number of mature cows N(mah2), but they are distrib-
uted between males and females in alternation. This regular alternation is another,
even stronger, clue of the theoretical nature of the account.

The Idua problem, from a modern perspective, anticipates many important con-
cepts:

(1) A growth process is influenced by the distribution of different states of
individuals (the STS concept);

(2) the distribution can be represented by a collection of individuals in different
states (similar to a modern event-driven simulation);

(3) the evolution is essentially obtained by shifting the recorded data in a
sequence (the modern «stack» concept in computer Science).
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Idua sequences: new applications for a 40 centuries old idea

In a modern revisit of the problem of Idua, simple computer programs can be
used to produce a variety of «Idua sequences», using parameter values no more lim-
ited by the original application. An example, in figure 2, extends considerably the
number of states (using mah2=20 instead of 4). The evolution of this more extended
simulation displays better the structure of the sequence. The employ of these or sim-
ilar deterministic sequences in chemical kinetics is suggestive, since they express in
a very simple form the effect of internal distribution evolution in a multiplication
process. The example in figure 2 already presents a nontrivial kinetics, due to the
delays introduced by the necessity for new individuals to reach the uppermost level
and contribute to the production rate. Even leaving, as here, the production rule
strictly equal to those reported in the original Idua problem, the growth can be
strongly influenced by different choices for the initial distribution of ages. 

The study of the mathematical and numerical properties of «Idua sequences»
by modern standards can be an interesting topic for new researches in theoretical
chemistry and numerical analysis.
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Fig. 1. The AO5499 tablet. Left: the calculated age distribution after 7 yrs. including (from above)
7 adult cows, one 3 years old, one 2 years old, one 1 year old, 2 heifer calves; 3 adult bulls, one 3
years old, one 2 years old, two 1 year old, 1 bull calf. Right: full obverse of the tablet (the simulation
continues on the other side). The attribution of the problem to Idua is on the left bottom corner.
Adapted from the Cuneiform Digital Library Initiative archive [7].



It is not difficult to imagine chemical systems for which an Idua sequence could
provide an insightful model: a possibility is a population of molecules which receive
free energy from a substrate in successive steps and, when the stored energy is high
enough to compensate for a thermodynamic or kinetic threshold, undergo self-repli-
cation, i.e. a reaction of the form

A(i) + S* → A(i+1) + S
A(n) + S* → 2A(0) + S

where S and S* are the energy-poor and energy-reach version of an environmental
species. The self-replication step is the last one. Note the difference between self-
replication and the CO2 dissociation reaction in the previous section.

Chiral selection and prebiotic evolution

Computational models including the STS concept and self-replication, like
those described by Idua sequences and in the previous section, may look artificial,
but they have been actually much studied in the past and applied to some of the
most fundamental problems in chemistry and biology. An example from the study
on the origin of life and astrobiology is the attempt to explain the predominance of
biological molecules, as well as whole organisms, which have a well-defined chirality
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Fig. 2. Author’s computer-generated «Idua sequence» with mah2 = 20 and an arbitrary initial pop-
ulation (upper row) with only two individuals with initial state 6 and 11: time flows from top to
bottom. New individuals in the 0 state appear only after 10 time-units and the internal population
is continuously evolving.



(L levo or D destro). This last is the geometrical property which distinguishes a left
hand from a right one (thereby its name, from χειρ, hand). The two chiral variants,
called enantiomers, have the same thermodynamic stability and should be present
in biological systems with the same occurrence, all the opposite of what is actually
found. Explanations of this predominance of a single chirality in biomolecules
included many possible external causes which may have favored the formation of
one species, by a process of chirality induction, or inheritance, from the environment
in which the formation occurs. Among the causes considered there were the chirality
of crystal surfaces on which biomolecules where first produced, polarized light, elec-
troweak interactions, the effect of fluid vortexes [9-12].

A new concept was tested by a series of computer simulations in the group of
the author a few years ago [13]. The concept is based on the breakup of the cele-
brated law of large numbers in statistics in a system of self-replicating individuals.
The actual model proposed was very complex, involving an internal «genetic code»
for any individual, but here it will be described in a simpler way to catch its essential
features. The model is based on a simulation of an ensemble of individuals of two
different chiral states L and D which can self-reproduce, move by drift and diffusion,
and compete for «chemical energy» resources, these last are in the form of «activated
cells» which appear randomly in the simulation domain.

An element of strong similarity of this computer experiment with the Idua
problem is that the individuals, or «agents» in the simulation have an internal state
and that this state is updated at any computational step based on the events occur-
ring in the simulations. Only individuals reaching the uppermost level in the internal
scale can reproduce themselves, with the same chirality e.g. a L individual produces
another L individual and a D individual produces another D.

An essential breakthrough of this scenario is that, in the random process of
replication of the two species competing for the same resources (energy, space, etc.),
anomalous fluctuations, similar to critical fluctuations in thermodynamics, arise,
which may push one of the alternative species to full extinction even when this last
is an extremely unlike outcome according to the law of large numbers (see figure 3).

In this way a mechanism of selection between two isomers L and D initially in
a racemic mixture is demonstrated. A very interesting feature of this mechanism is
that it is not based on external chiral influences. The selection of a single chiral vari-
ant is, of course, random, but the selection process is immensely more effective than
in a typical random process. Details of this mechanism have been discussed on ref.
[13] where a quantitative explanation of the outcome is also provided based on the
numerical solution of the corresponding Master Equation. It was also shown that
the chiral symmetry breaking mechanism is critically dependent on the order of the
destruction process, which must be pseudo-first order and not higher, e.g. second
order. As an alternative to using a Master equation, accurately devised deterministic
sequences could be used in the future to mimic the essential features of these pre-
biotic models and gain further insight into the process.
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Conclusions

The STS approach may allow us to formulate appropriate models for countless
problems involving molecules which are reacting while performing transitions
between their internal states. An example is the production of oxygen out of carbon
dioxide on Mars. All these models assume that molecules or species climb a ladder
of internal states whose uppermost step is the condition where a reaction is possible.
Although this approach, so formulated, looks intrinsically tied to molecules, the inspi-
ration behind it is much more general: an evolving distribution of individual condi-
tions influences the global changes of the population. This idea, quite remarkably,
was reported in written form, and concretely demonstrated by a test case, about four
millennia ago on a clay tablet. On this tablet the formulation and solution of a prob-
lem of growth driven by a distribution of age is presented in the form of cattle
accounting during several years. 40 centuries later a variant of this approach shows
how a single chiral variety emerges in the course of prebiotic evolution as well as in
developed organisms. This is possible since, in its very essence, the STS approach is
a special case of an ancient idea of enormous versatility: is it is possible to produce
a theoretical model of the changes in a system by defining a rule to calculate the next
step in time and iterating the calculation process. Even more important, it is possible
to get insight from the observation of the evolution of this virtual world as it evolves
on the screen of the computer today, or on the tablet of the scribe in the past.
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Mapping the configurations of four-bar mechanisms as

chirality change processes: a clue in evolutionary science

Abstract – The mechanism of four bars is a prototypical tool of kinematics that has
found numerous applications in a variety of areas, since the Industrial Revolution until the
Robotics, is here mapped on a screen, developed for representing the configurations of qua-
drilaterals as functions of their diagonals. The method permits to successfully compact and
classify the large amount of structural data obtained during the years on a representative class
of peroxides and persulfides. It is based on the two-dimensional representation of the dis-
tances sensitive to the variation of the dihedral angle around the O - O and S - S bonds of
peroxides and persulfides, with a consequent change in chirality. The screen representation
was inspired by the geometrical interpretation of the 6j symbols formulated in the asymptotic
limit through the Ponzano - Regge theory, thus applying the properties of the tetrahedra and
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quadrangles, together with the symmetry properties of the 6j symbols. A first information
obtainable from these diagrams is the systematic screening of available data: those used here
are homogeneous and their accuracy can be improved so that the screen can provide infor-
mation on the features regulating specific properties. A presentation is also given on a scrutiny
of various systems encountered in nature, such as macromolecules, bacteria, vertebrates and
invertebrates, demonstrating the ubiquity of the four-bar linkage: for these systems the screen
provides a representation to be applied in order to analyze the functional configurations.

1. INTRODUCTION

Interest in peroxides and persulfides, the arguably simplest cases of chiral mole-
cules (the two mirror forms being interconverted through torsional motions [1, 2]),
greatly increased in the scientific community when hydrogen peroxide was discove-
red in the interstellar medium [3]. Necessity of compacting and classifying the great
variety of data accumulated on these molecules by our group, lead us to develop a
method that allows one to visualize their structural, thermodynamic and kinetic data
[4-7]. We present a method alternative to the Ramachandran diagram familiar in
biochemistry that consists of a plot as a function of distances only, while the Rama-
chandran diagram is instead a plot as a function of two dihedral angles that visualizes
various properties such as the allowed geometries for the various aminoacids that
form the peptides. In molecular sciences, angles are much harder to be experimen-
tally accessible, and e. g. for peroxides and persulfides, a diagram as a function of
the distances is one of choice. Therefore, the proposal is here made that the method
be extended also to wide classes of molecules.

The recently established connections between classical and quantum mechanical
tools of angular momentum in quantum mechanics [8], on which the idea of a screen
is originated, is connected to the four-bar mechanism [9] that is at the basis of the
operation of a great variety of several machines moderately extended to robotics.
Interestingly it is also observed in both the simplest and the most complex living
beings. The screen could be employed to interpret and analyze their motions and
the functionally relevant configurations.

The paper is structured as follows: in Section 2, the example of peroxides and
persulfides serves to introduce a description of the application of the screen to this
ample class of molecules; in Section 3, we report various cases encountered consi-
dering living beings that operate through the four-bar mechanism; in Section 4, we
give concluding remarks. (Figures 1 and 2 are adapted from Ref. 15).

2. THE SCREEN APPLIED TO PEROXIDES AND PERSULFIDES

Geometrical features of peroxides and persulfides can be characterized accor-
ding to their dihedral angle [10-12]. The nomenclature defines cis geometries with
reference to molecules having dihedral angle of 0°, trans geometries with those
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having dihedral angles of 180°; for the equilibrium geometries, especially interesting
from the view point of chirality since correspond to the pair of enantiomers, the
dihedral angle is typical of each molecule. In this section, we will illustrate the
method of the screen applied to peroxides and persulfides, defining the quadrilate-
rals, quadrangles and tetrahedra associated to these class of molecules and showing
comparisons between the interatomic distances here introduced and the nomencla-
ture adopted for the 6j symbols which occur in the quantum theory of angular
momentum.

2.1. Quadrilaterals, quadrangles and tetrahedra associated to peroxides and persulfides

In planar Euclidean geometry a quadrilateral is defined as a geometrical object
with four sides and four vertices, where the two diagonals join its opposite vertices.
The sum of the four inner angles is 360°. In projective and affine geometries, a com-
plete quadrilateral is formed by four points and six lines, where diagonals are consi-
dered as further sides. A complete quadrangle includes four incident lines in six
points. In projective geometry, quadrangles and quadrilaterals are treated on the
same footing. Such objects can be seen in tridimensional geometry as tetrahedral for
which the volume is zero.

From a molecular view point, let us consider for definiteness a generic peroxide
(Fig. 1), R1O1O2R2, and define a quadrilateral using the four centers in the following
way: O1R1-O2R1-O1R2-O2R2, these distances define the sides of a quadrilateral, where
O1O2 and R1R2 are the diagonals, to be eventually taken as our variables. 

The sides of the quadrilateral are conveniently classified as follows: a is the shor-
test side, c is opposite to a, d is longer than b. The quadrilaterals are identified as
biconcave, concave and convex, depending on the number of diagonals located in
and out the quadrilateral: the biconcave quadrilateral has two external diagonals, the
concave an internal and an external diagonal, and the convex two internal diagonals.
Thus, a quadrilateral can be representative of the geometries, as shown in Fig. 2.
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Fig. 1. A generic peroxide, the substituents are indicated with R1 and R2, while the oxygen atoms
with O1 and O2 (for persulfides, O1 and O2 are replaced by S1 and S2 indicating sulfur atoms).
Adapted from ref. [17].



2.2. 6-distance and 6j symbols

This 6-distance system presents interesting analogies with the 6j symbol, which
represents the matrix element in the passage between two different coupling schemes
of quantum mechanical angular momenta. The notation consists of six elements, the
angular momenta, distributed in two rows and three columns:

                                                        j2               j1           j12
                                                     �                          � .

                                                 (1)                                                         j          j3           j23

The Ponzano-Regge paper [13] gives a geometrical interpretation of the 6j sym-
bol in the form of a tetrahedron whose edges are identified with angular momenta
of lengths corresponding to their values.

The 6j notation can be applied to the 6-distance system that we introduced as
follows:

(2)

— 154 —

                          Biconcave                               Concave                                   Convex

Fig. 2. Classification of quadrilaterals based on the number of internal and external diagonals. The
parameters R1O1, O1R2, R2O2 and O2R1 are indicated by solid lines, while the diagonals O1O2 and
R1R2, x and y, respectively, are indicated by dotted lines. Adapted from ref. [17].

Fig. 3. In the right, the tetrahedron representation of the six entries of a 6j symbol in in the geo-
metrical interpretation of Ponzano-Regge. In the left, a tetrahedron built on the six distances that
characterize a peroxide: its projection on the plane gives a quadrilateral of four sides (continuous
line) and two diagonals (dashed lines).



in the first column, we report the diagonals (the distance O1O2 and R1R2), while in
the remaining columns the sides O2R2, O1R1, O1R2, O2R1 are given. In the case of
peroxides and persulfides, the variation of the distance R1R2 is the most suitable for
monitoring transitions with chirality changing [17, 18]. Different choices of the dia-
gonals are possible, based on the symmetry properties of 6j symbols:

(3)

The quantum mechanical 6j symbol is invariant under exchange of two columns
and this allows us to make alternative choices for the diagonals. They are also inva-
riant under the exchange of rows of two columns and this allows us to generalize
the concept of tetrahedron

(4)

A further symmetry property of the 6j symbols is the Regge symmetry, which
consists in subtracting the length of the sides from the semi perimeter of the qua-
drilateral, obtaining the Regge conjugate:

                                            x    a    b         x    s – a     s – b
                                          �              � = �                            �                   (5)                                            y    c    d          y     s – c     s – d

We will not exploit this property, although surprisingly connected with the
Grashof classification of four bar mechanism, as shown in [17].

2.3. The screen

The screen was initially applied to the 6j symbol of quantum mechanical angular
momentum theory in order to represent the allowed range of a tetrahedral through
the plot of two discrete variables [8]. In a similar way, it has been recently applied
to represent the field of existence of the tetrahedron associated to molecular struc-
tures, as exemplified for peroxides and persulfides [17, 18]. The screen is a plot of
the two diagonals of a quadrilateral, x and y, that span the range given by the trian-
gular inequalities b – a ≤ x ≤ b + a and d – a ≤ y ≤ d + a. The curve inside the
screen, the caustic curve, reports the values of x and y associate to the planar pro-
jection of the tetrahedron, being the quadrilateral a tetrahedron of zero-volume. The
caustic curve touches the axes in four points, called gates, that are named with the
four cardinal points: north N, south S, east E, and west W. There are two further
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curves defined in the screen, the ridges, that mark configurations of the associated
tetrahedron when two specific pairs of triangular faces are orthogonal. The crossing
point of the ridges corresponds to the maximum value of the volume of the tetra-
hedron for cuts along x or y. Regarding peroxides and persulfides, cis and trans geo-
metries are located along the caustic, corresponding to the configuration of a
tetrahedron of zero-volume. The equilibrium geometry, corresponding to one of the
two enantiomers, is placed within the caustic, where a tetrahedron of non-zero
volume is defined. The figure shows only one of the enantiomers, while the other
one is located at the same values of x and y on the opposite side of the tetrahedron. 

3. THE FOUR-BAR LINKAGE

The 6-distance system we have just described is reminiscent of a famous mecha-
nism of kinematics known as the four-bar linkage. It consists of four movable bars,
or links; their paths is determined by their reciprocal ratio that also permits to clas-
sify the performances of the linkage. One of the four links is usually fixed, the
ground link, and is directly connected to the adjacent links, called input and output
link. The remaining link, opposite to the ground link, is called floating link. Assu-
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Fig. 4. Screen of a generic tetratomic molecule, the x and y diagonals vary between b – a and b + a,
and d – a and d + a, respectively. The gates N, S, E and W are indicated. The trans and cis geome-
tries are defined along the caustic curve, while the equilibrium geometry occurs inside the caustic.
There the related tetrahedron has volume non-zero. The crossing point of the ridge corresponds
to the maximum volume of the tetrahedron for cuts along x and y.



ming the ground link horizontal, the input and output links can make four kinds of
rotations: a 360 degrees motion called, the crank; a rotation within a limited range
that does not include 0 and 180°, the rocker; a rotation that excludes 0°, the 0-
rocker; a rotation that excludes 180°, the π-rocker, again similar to the rocker and
the previous case, but excludes 180°. Quadrilateral linkages are also classified accor-
ding to the lengths of the bars. As well known, if the sum of the longest and the shor-
test bars is less than or equal to the sum of the remaining two, they are said to
accomplish the condition of Grashof and the shortest link can rotate fully with respect
to the neighboring links.

3.1. Four-bar mechanism in biological systems

The considerations made so far can be obvious when extended to more com-
plex systems. The four-bar mechanism is well suited to the study of biological sys-
tems because it considers changes in the structural elements that may have occurred,
for example during the evolutionary process. Biomechanical systems are defined by
morphology and functional properties and the relationship between form and func-
tion can have a deep impact on the way in which selection becomes morphological
evolution. The biological evolution (the endless change that living beings encounter),
as described by Darwin, can be seen as involving an optimization procedure and
one can try to understand the intrinsic mechanism occurring in nature and making
evolution proceed. The analysis of the four-bar system often provides a rigorous
method to simplify the study of much more complex biological mechanisms (see for
example [19]).

Macromolecules: DNA and proteins. We start this account with the application
of four-bar linkage to macromolecules. DNA turned out to be not simply a genetic
material in cells, but also a powerful building material in the nanometer world. The
DNA origami is a technique that consists in folding DNA in two- and three- dimen-
sional arrangements (see for example [20]). It is employed in nanotechnology to
connect or functionalize different nanostructures, such as gold nanoparticles, quan-
tum dots and single-walled carbon nanotubes, or even to construct nanostructures
composed exclusively of DNA. The ability to use DNA origami to design and fabri-
cate a series of classical kinematics joints on a nanometric scale, such as a revolved
articulation, prismatic and universal joints, as well as kinematic mechanisms, has
been demonstrated including a four-bar spatial link, called the Bennett mechanism
[21]. A general algorithm for kinematic projection analysis was developed for mecha-
nisms such as four-bar and five-bar links. The origami DNA kinematics leads to the
study of robotics mechanisms and the application of well-developed kinematics theo-
ries and the use of computational tools for the design of nanorobots and nanoma-
chines. This technique permits to design custom structures with high addressability
that helps in nanoscience research. It is a promising material to be used for diag-
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nostics and human health care therapies. DNA nanostructures such as tetrahedra
are able to get across the cell membrane and are easily modified to carry RNA, anti-
bodies or small molecules of drugs. The most surprising property of origami DNA-
based therapy is the possibility to decide the ability to release drugs. Similarly to
DNA, proteins are to be seen as highly refined natural molecular machines, which
owe their properties to the complex tertiary structures through a precise spatial posi-
tioning of different functional groups. The idea of designing new molecular machines
beyond the limits of natural proteins makes the design of new protein structures a
challenging perspective, analogously to the approach of DNA nanotechnology, where
complex tertiary structures are designed by complementary nucleotide segments.
The technology of origami proteins permits to construct different molecular
machines [22]. Polypeptides and polynucleotides can be self-assembled in complex
tertiary structures in the form of a tetrahedron, four-sided pyramid or triangular
prism. The tetrahedral structure has demonstrated biocompatibility since the protein
is bent correctly and does not trigger a stress response, and the structures are pro-
duced efficiently and compatible with cell physiology.

Bacteria. Bacteria have the ability to move in the medium in which they are
located. This is a very important property, because it allows them to escape unfavo-
rable situations or to approach a source of nourishment. This mechanism is called
chemotaxis (phenomenon of removal or approach towards a particular substance).
Most of bacteria follow spatial gradients of chemical and physical stimuli, a better
characterized chemotaxis is found in aminoacid gradients or sugars, but other phy-
siological stimuli like pH, osmolarity, redox potentials and temperature are also
known. These multiple environmental stimuli are integrated and elaborated to gene-
rate a coordinated behavior of chemotaxis, which has a high sensitivity. Chemotaxis
over the years has become a very detailed topic with experimental observations and
mathematical models of the dynamics of bacterial populations. The importance of
orientation and active movement for survival has led to the emergence and evolution
of a variety of motility mechanisms. Bacteria respond to a wide range of stimuli such
as concentration of chemicals (chemotaxis), light (phototaxis), electric fields (galva-
notaxis), magnetic fields (magnetotaxis), pH (pH-taxis), and temperature (thermo-
taxis) (see for example [23]. Bacterial chemotaxis is described by a four-bar
mechanism and its dynamics can be optimized by an algorithm that also considers
the management of the constraints established by the kinematic analysis of the pro-
blem. Various algorithms have been proposed for the optimization of the movement
that leads to the improvement of bacterial nutrition, based on the design of a four-
bar mechanism that follows a linear vertical path (for details see [24]).

Invertebrates. There are examples of four-bar mechanism among invertebrates
(animals without vertebral column). Such mechanism can be observed for example
in the movement of the wings of insects [25] and jump of locusts [26]. Mantis
shrimp (Stomatopoda) generates extremely rapid and powerful predator shots
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through a series of structural modifications of the raptorial appendages (the second
pair of thoracic limbs is modified in raptor appendices), whose mechanism is also
an application of the four-bar linkage [27]. The mechanism adopted by jumping spi-
ders of the family of the Salticidae [28] found applications in robotics.

Fish. In many biological systems, the elements that constitute the skeleton can-
not be moved directly by the muscles. This is the case of the movement of the head
of fishes during the feeding, because of the absence of lateral muscles strong enough
to move the suspensors (cheeks) and opercles [29] (gill cover) in lateral direction
(abduction). These elements can be moved through a linkage between bones and
ligaments. A certain number of teleosts (fish with a bone skeleton) feed on snail, by
crushing the shells, and evolved by developing a four-bar mechanism that involves
the cranial elevation and the jaw protrusion mechanism to generate a powerful bite
[30]. The lower jaw of a fish is an example of a simple system of biological levers:
an input lever, where force is applied, and an output lever, which transmits force;
the kinematic transmission is a simple function of the ratio of these lengths. Syn-
gnathidae fishes (seahorses, needlefish and sea dragons) have a highly modified skull
characterized by a long tubular snout with small jaws at the end. Previous studies
have shown that these species feed by an extremely fast aspiration with a movement
characterized by a rapid elevation of the head accompanied by rotation of the hyoid
and a four-bar planar model is proposed to explain the coupled movement of the
neurocranium and hyoid. The four-bar model indicates a clear coupling between
the rotation of the hyoid and the elevation of the neurocranium [31].

Mammals. Relevant examples among mammals are given by kangaroos and ele-
phants. Kangaroo is an animal that jumps with two paws in the synchronous phase.
In this case the movement of the jump can be obtained with a four-bar mechanism:
a rocker mechanism is adopted to generate repeated movements of contraction and
lengthening of the legs to generate the jump [32]. The articulation of the knee of
elephant [33] that shows unique morphological characteristics is mainly linked to
the support of the enormous body weight of the animal. 

4. CONCLUDING REMARKS

The screen representation of a four-bar mechanism was initially inspired by the
6j symbols of quantum mechanical angular momentum theory, to represent the allo-
wed range of the tetrahedron associate to the coupling scheme of angular momenta,
through plot of two of the discrete variables. It has been recently applied to the
mapping of structural properties of peroxide and persulfides, in order to monitor
chirality changing transitions [17]. Its applications can be extended to other kind
of information, such as thermodynamic and kinetic properties. It can be also exten-
ded to other types of chiral stereogenic units, such as those defined by asymmetric
carbon connected to four different ligands or to describe the peptide bond, through
a reference system of distances only.
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The screen is closely related to the four-bar mechanism, the simplest movable
closed chain linkage, that is present in systems of growing dimensions, from macro-
molecules to bacteria, invertebrates and vertebrates. For these systems, the screen
represents a promising method for the analysis of the involved kinematics. Interes-
ting perspectives concern its application to extremophiles, organisms that thrive in
physically and chemically extreme conditions, nowadays investigated in astrochemis-
try and astrobiology [34].
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trostatic techniques. These perspective corroborates the following objectives: (a) extension
and probing of the natural orientation technique to chiral molecules by elastic and/or inelastic
collisions, that permits to design crossed molecular beam experiments to be implemented for
the first-time demonstration of left-right spatial asymmetry in molecular encounters; ii) the
novel experimental proposals exploiting hexapolar orientation are applied to experiments on
the orientation control of molecular collisions in dynamics and photochemistry. 

1. Introduction

The experimental techniques and the interpretative tools of modern physical
chemistry are applied in this work to specific issues regarding the broad theme of
the origin and manifestation of molecular chirality [1, 2]. This theme has exceeded
the scope of chemical research and is central also to the physical and biological sci-
ences [3, 4]. The origin of chiral specificity as a signature of life on our planet, and
the high enantiomeric selectivity of processes involved in the most important bio-
logical molecules, rank among the most intriguing natural phenomena that is of great
interest, not only for basic research but also for technology (chiral recognition and
asymmetric synthesis in organic, industrial and pharmaceutical chemistry). The
recent discovery of propylene oxide, one of the simplest organic chiral molecules,
in the interstellar medium [5] (and previously the discovery of hydrogen peroxide,
arguably the simplest chiral molecule [6]), has provided additional interest on the
occurrence of this phenomenon also in astrochemical environments.

Several hypotheses have been formulated on the natural origins of chiral dis-
crimination in the bio-world. Some of them are controversial and none was convinc-
ing enough to receive global consensus. A scenario attributes chiral bias just to chance
and statistical fluctuations, followed by some amplification mechanisms: crystalline
solids of chiral compounds formed from a melt normally solidify as a racemic con-
glomerate, and yield an enantiomeric excess if crystallization occurs under constant
stirring. A hypothesis considers that asymmetric distributions of enantiomers origi-
nated from parity violation, due to weak nuclear forces, leads to an energy difference
between enantiomers of chiral molecules, but the energy difference is extremely small
and the transmission of this asymmetry to the molecular scale has eluded theoretical
modeling and experimental verification (see [7] and references therein).

On the other hand, polarized fields can certainly act as a chiral environment
and there is plenty of experimental evidence concerning the role of electric and mag-
netic fields [8]. Enantioselective photochemistry with circularly polarized light is
well established and experimental observations of dichroic effects in photoionization
can be obtained by very intense synchrotron radiation sources [9, 10]. The magne-
tochiral dichroism induced by magnetic fields and unpolarized light may be enan-
tioselective in photochemical reactions, and recently has been observed in organic
molecules [11]. 
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A key experiment has recently demonstrated preferential population of the
rotamers in haloalkanes induced by whirling flows [12]. Such rotational-translational
motions (vortices) are chiral force fields and are present in a large variety of contexts,
from planetary atmospheres to the interstellar space. Also, liquid vortices have been
shown to induce chiral discrimination in mesophase achiral aggregates [13]. It was
theoretically proved that in collisions between unpolarized projectiles and chiral
molecules, the differential cross sections for enantiomers differ if these are oriented:
if a chiral framework is provided, the enantiomers will scatter the projectiles in dif-
ferent directions [14]. The key role of orientation has been further confirmed by
experiments of scattering of polarized electrons by thin films of oriented chiral mol-
ecules impinging on surfaces [15], and by the demonstration of stereodynamic
effects in scattering from surfaces of molecules oriented according to the techniques
mentioned above [16]. Ionization cross sections of chiral molecules by electron
impact have also been theoretically investigated, demonstrating the dependence of
these observables on the polarization of the incident electron beam [17]. No exper-
imental evidence has been provided on the left-right asymmetry of outcomes of
molecular encounters, for which crucial is the unique availability of molecular ori-
entation techniques (see [18] and references therein). 

The control of translational and internal molecular states is a main challenge
in the realization of stereodynamics experiments. Additionally, control of the molec-
ular orientation is a fundamental prerequisite in order that the phenomenon of chiral
selectivity can be demonstrated even without circularly polarized light: this is the
strongest point towards the goal of establishing a phenomenology for the origin of
chirality as a steric property in the area of chemical kinetics. To this aim, orienta-
tional techniques exploit innovative approaches based on (a) properties of expan-
sions of gas mixtures in supersonic flow regimes and hexapolar electrostatic fields.
Control through gas flows, referred to as the «natural» alignment technique, has
been revealed and characterized in the Perugia laboratory, but knowledge of possible
chirality effects in streams is in its infancy and has to be further investigated as a
basic scientific issue, a bonus being to prove or disprove any role in prebiotic issues
[19-26]. All this is motivating this project (see the logo in Fig. 1) involving the study
of left and right asymmetries in elastic and inelastic angular distributions in the col-
lisions of oriented chiral molecules, verifying the anticipation of molecular dynamics
simulations, to be performed to design, assist and interpret the demanding experi-
ments and their results. Control through hexapolar electric fields had been widely
used for linear and symmetric-top molecules and is being adapted for the first time
to the orientation of chiral molecules [27-30]. This requires dealing with molecules
of an unprecedented complexity and an elaborate theoretical approach for data
analysis. Crossed molecular beam experiments are being performed for the first-time
demonstration of left-right spatial asymmetry in molecular encounters: these exper-
iments allow us to obtain information on reaction mechanisms, on the partitioning
of product energy and on features of the potential energy surfaces. 
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The paper is structured as follows: in Section 2, the theoretical models and
computational simulations of chiral selective processes are reported; in Section 3,
we describe the on-going molecular beam scattering experiments; in Section 4, we
report the state-of-the-art of enantioselective photodissociation experiments; finally,
in Section 5 we give concluding remarks.

2. Theoretical models and computational simulations

A preliminary assessment of enantioselective collisional mechanisms requires a
detailed characterization of the potential energy surface that can describe accurately
the intermolecular interactions. An efficient and accurate approach is based on
semiempirical methods, which are tested and improved by comparison with results
of electronic structure calculations and leads to suitable analytical expressions for
the interactions, also by explicitly exploiting the strength and range parameters
obtained from collision observables. This approach permits an internally consistent
reproduction of the interactions of the most significant configurations of the systems,
allowing us to perform extensive molecular dynamics simulations of collisions involv-
ing chiral molecules. Extensive investigations have been carried out on hydrogen
peroxide and persulfide, which are arguably the simplest cases of chiral molecules
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Fig. 1. The Orchid in the logo of the project not only stands for the acronym of ORigin of CHIral
Discrimination, but is also appropriate being the great varieties of this flower often scrutinized for
their chiral properties. One of them is the spiral arrangement of the five petals.



[31-33]. Molecular dynamics simulations of elastic collisions between oriented chiral
molecules and rare gas atoms have shown that the latter are deflected with a specific
angular distribution discriminating the two enantiomers [34]. For studies concerning
unimolecular processes involving propylene oxide and its interactions with rare gas
atoms see [35-37].

3. Chirality discrimination in molecular collisions

In this section, we describe two unique molecular-beams experiments of
remarkable complexity, built and operating in the Perugia laboratory: chiral selection
originates in molecular collisions and is determined by the different interaction
between a couple of identical (RR) or different enantiomers (RS). Orientational con-
trol through the natural alignment technique would permit to highlight such a dif-
ference [37-39]. In Fig. 2, we report the configuration of an experimental apparatus
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Fig. 2. The apparatus for the realization of differential scattering experiments. The velocity plot
shows the quantum interference pattern that can be observed in this kind of experiments due to
diffraction oscillations and to the rainbow effect (Adapted from Ref. 38).



consisting of two crossed molecular beams and a rotating detector, for differential
cross section measurements. Under high angular and energy resolution conditions,
it permits the manifestation of rainbow and diffraction quantum interference effects,
in the angular dependence of the differential cross sections. 

In Fig. 3, we show an apparatus for the measurement of the integral cross sec-
tions as a function of the collision velocity, consisting of a molecular beam, velocity
selected by a mechanical device consisting of a series of rotating slotted disks, of a
scattering chamber and of a quadrupole mass spectrometer as a detector. This type
of measurements exhibit, under favorable conditions, quantum interference phenom-
ena that are given the names of analogous optical phenomena. In particular, diffrac-
tion and rainbow patterns are a manifestation of the rise of repulsive walls and of
the strength of the attraction in the neighborhood of the potential wells; the glory
quantum interference is instead a probe of the position and depth of the potential
well. A chiral discrimination phenomenon is expected to be observed in the angular
distribution of the fragments produced by collision of two identical enantiomers, RR,
or opposite enantiomers, RS. Measurements of differential cross section, performed
by the apparatus in Fig. 2, are suitable for this kind of enantiomeric selection. 

The apparatus in Fig. 3, suitable for measurements of integral cross section,
permits to probe the different energy interaction between couple of enantiomers RR
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Fig. 3. A typical experimental setup for measuring integral cross sections by the attenuation of a
molecular beam at selected velocities by a target gas in the scattering chamber. The plot shows
glory oscillations superimposed to an average velocity dependence v-2/5 due to the R-6 dependence
of long-range interactions (Adapted from Ref. 38). 



and RS. On this regard, we have estimated the interaction averaged over all the rel-
ative orientations of a couple of propylene oxide molecules RR and RS. Propylene
oxide has been amply characterized by our group both from a theoretical and an
experimental point of view. The average binding energy is estimated as about 3-4
kJ/mol at an equilibrium distance of 4-4.5 Å. Considering the information provided
by spectroscopic measurements, we have estimated a difference in energy between
RR ad RS couples of ca. 0.2 kJ/mol, that is about 5% of the total interaction energy.
Ongoing experiments have been carried out involving propylene oxide. Additionally,
for this molecule double ionization (valence shell) thresholds have been recently
measured by synchrotron radiation [40]. 

4. Chirality discrimination in photodissociation

Enantioselective photodissociation experiments are performed on molecules
oriented by an electrostatic hexapole, combined with the ion photofragment imaging
detection technique. The photodissociation is induced by a linearly polarized laser,
which is a non chiral source, but the aim is to point out the role of the orientation
in originating chiral discrimination. The interpretation of the chiral effect involved
is visualized by a semiclassical vector scheme in the electric dipole approximation
in the molecular (body fixed) reference frame xyz (Figure 4, upper panel). The vec-
tors to be considered are the velocity of the photofragments v, that identifies with
the z-axis, the transition dipole moment µ and the permanent electric dipole moment
d. The angle θ between v and d has range 0 ≤ θ ≤ π and the angle Θ between vectors
v and µ has also range 0 ≤ Θ ≤ π, while the angle ψ, given by the intersection of the
x-axis with the projection of µ onto the xy-plane, has range 0 ≤ ψ < 2π. Achiral mol-
ecules do not distinguish the sign of ψ, while for chiral molecules, a symmetry break-
ing occurs and the sign of ψ is characteristic of a specific enantiomer. It is important
to note that the sign of ψ can be determined from the photofragment angular dis-
tribution of oriented (chiral) molecules via linearly polarized photolysis light. Pre-
requisite is that the three vectors must have a three-dimensional arrangement. It can
be shown that, under sliced imaging conditions, θ and ψ can be determined from
specific light polarization and orienting field arrangement. 

In Figure 4 (lower panel), we report the simulation of the photofragment angu-
lar distribution obtained by ion imaging for a prototypical chiral molecule. A racemic
mixture, as well as an achiral molecule, gives a symmetric distribution of the
photofragments [41]. On the contrary, the separate enantiomers give an asymmetric
distribution, characteristic of the corresponding mirror form. Recent experiments
of enantioselective photodissociation involved the hexapole oriented 2-bromobutane
[42-44].
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Fig. 4. The upper panel reports the vectors and the angular coordinates that describe the angular
distribution of the photofragment in the xyz Cartesian coordinate reference frame. The origin of the
axes is the center-of-mass of the fragment, the z-axis is parallel to the direction of the velocity recoil
vector v and the permanent dipole moment vector d is coplanar to the xz-plane. The angle between
v and d is denoted by θ (0 ≤ θ ≤ π), while the angle between v and µ is indicated by Θ (0 ≤ Θ ≤
π). The µ vectors are indicated by the superscripts + and – that correspond to the enantiomers. The
directions of µ+ and µ–, as well as the sign of ψ, the angle between the x-axis and the projection of
µ on the xy-plane ψ (0 ≤ ψ < 2π), are specific for each enantiomer. (Lower panel) In the left, we
report the photofragment angular distribution of an achiral molecule, or similarly of a racemic mix-
ture. In the right, the photofragment angular distributions given by separate enantiomers (Adapted
from Ref. 41).



5. Concluding remarks

We have provided an account of molecular chirality manifestations in molecular
beam experiments and the corresponding theoretical modeling. Chiral effects are
expected to show up in the intermolecular interactions involving homo- and hetero-
chiral molecular pairs and in the collision observables, where molecular alignment
can arguably highlight such role of the stereodynamics. In dissociation experiments
photoinitiated by linearly polarized laser, being a non-chiral source, molecular ori-
entation is a fundamental prerequisite for the observation of chiral effects.
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