CHANGING THE PERSPECTIVES
OF NOBLE GAS REACTIVITY

EDITED BY: Sudip Pan, Pratim Kumar Chattaraj and Gabriel Merino
PUBLISHED IN: Frontiers in Chemistry and Frontiers in Physics

9.0
0' “ev0
o% 0’

oy

,frontiers Research Topics


https://www.frontiersin.org/research-topics/11433/changing-the-perspectives-of-noble-gas-reactivity
https://www.frontiersin.org/research-topics/11433/changing-the-perspectives-of-noble-gas-reactivity
https://www.frontiersin.org/research-topics/11433/changing-the-perspectives-of-noble-gas-reactivity
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org/journals/physics

:' frontiers

Frontiers eBook Copyright Statement

The copyright in the text of
individual articles in this eBook is the
property of their respective authors
or their respective institutions or
funders. The copyright in graphics
and images within each article may
be subject to copyright of other
parties. In both cases this is subject
to a license granted to Frontiers.

The compilation of articles
constituting this eBook is the
property of Frontiers.

Each article within this eBook, and
the eBook itself, are published under
the most recent version of the
Creative Commons CC-BY licence.
The version current at the date of
publication of this eBook is

CC-BY 4.0. If the CC-BY licence is
updated, the licence granted by
Frontiers is automatically updated to
the new version.

When exercising any right under the
CC-BY licence, Frontiers must be
attributed as the original publisher
of the article or eBook, as
applicable.

Authors have the responsibility of
ensuring that any graphics or other
materials which are the property of

others may be included in the

CC-BY licence, but this should be

checked before relying on the
CC-BY licence to reproduce those
materials. Any copyright notices
relating to those materials must be
complied with.

Copyright and source
acknowledgement notices may not
be removed and must be displayed

in any copy, derivative work or
partial copy which includes the
elements in question.

All copyright, and all rights therein,
are protected by national and
international copyright laws. The
above represents a summary only.
For further information please read
Frontiers” Conditions for Website
Use and Copyright Statement, and
the applicable CC-BY licence.

ISSN 1664-8714
ISBN 978-2-88966-817-5
DOI 10.3389/978-2-88966-817-5

About Frontiers

Frontiers is more than just an open-access publisher of scholarly articles: it is a
pioneering approach to the world of academia, radically improving the way scholarly
research is managed. The grand vision of Frontiers is a world where all people have
an equal opportunity to seek, share and generate knowledge. Frontiers provides
immediate and permanent online open access to all its publications, but this alone
is not enough to realize our grand goals.

Frontiers Journal Series

The Frontiers Journal Series is a multi-tier and interdisciplinary set of open-access,
online journals, promising a paradigm shift from the current review, selection and
dissemination processes in academic publishing. All Frontiers journals are driven
by researchers for researchers; therefore, they constitute a service to the scholarly
community. At the same time, the Frontiers Journal Series operates on a revolutionary
invention, the tiered publishing system, initially addressing specific communities of
scholars, and gradually climbing up to broader public understanding, thus serving
the interests of the lay society, too.

Dedication to Quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely
collaborative interactions between authors and review editors, who include some
of the world’s best academicians. Research must be certified by peers before entering
a stream of knowledge that may eventually reach the public - and shape society;
therefore, Frontiers only applies the most rigorous and unbiased reviews.

Frontiers revolutionizes research publishing by freely delivering the most outstanding
research, evaluated with no bias from both the academic and social point of view.
By applying the most advanced information technologies, Frontiers is catapulting
scholarly publishing into a new generation.

What are Frontiers Research Topics?

Frontiers Research Topics are very popular trademarks of the Frontiers Journals
Series: they are collections of at least ten articles, all centered on a particular subject.
With their unique mix of varied contributions from Original Research to Review
Articles, Frontiers Research Topics unify the most influential researchers, the latest
key findings and historical advances in a hot research area! Find out more on how
to host your own Frontiers Research Topic or contribute to one as an author by
contacting the Frontiers Editorial Office: frontiersin.org/about/contact

Frontiers in Chemistry

1 May 2021 | Reactivity of Noble Gas


https://www.frontiersin.org/research-topics/11433/changing-the-perspectives-of-noble-gas-reactivity
https://www.frontiersin.org/journals/chemistry
http://www.frontiersin.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/about/contact

CHANGING THE PERSPECTIVES
OF NOBLE GAS REACTIVITY

Topic Editors:

Sudip Pan, University of Marburg, Germany

Pratim Kumar Chattaraj, Indian Institute of Technology Kharagpur, India

Gabriel Merino, Center for Research and Advanced Studies - Mérida Unit, Mexico

Citation: Pan, S., Chattaraj, P. K., Merino, G., eds. (2021). Changing the
Perspectives of Noble Gas Reactivity. Lausanne: Frontiers Media SA.
doi: 10.3389/978-2-88966-817-5

Frontiers in Chemistry 2 May 2021 | Reactivity of Noble Gas


https://www.frontiersin.org/research-topics/11433/changing-the-perspectives-of-noble-gas-reactivity
https://www.frontiersin.org/journals/chemistry
http://doi.org/10.3389/978-2-88966-817-5

Table of Contents

04

06

16

34

44

52

62

72

84

92

Editorial: “Changing the Perspective of the Noble Gas Reactivity”

Sudip Pan, Gabriel Merino and Pratim K. Chattaraj

Charge-Shift Bonding in Xenon Hydrides: An NBO/NRT Investigation on
HXeY--HX (Y = Cl, Br, I; X = OH, Cl, Br, I, CCH, CN) via H-Xe Blue-Shift
Phenomena

Guiqgiu Zhang, Yue Su, Xiaoran Zou, Lei Fu, Junjie Song, Dezhan Chen and
Chuanzhi Sun

Covalent and Non-covalent Noble Gas Bonding Interactions in XeF
Derivatives (n = 2—6): A Combined Theoretical and ICSD Analysis

Rosa M. Gomila and Antonio Frontera

Noble Gas Reactivity in Planetary Interiors

Chrystele Sanloup

Cationic Noble-Gas Hydrides: From lon Sources to Outer Space

Felice Grandinetti

Changes in Structure and Reactivity of Ng, Encapsulated in Fullerenes: A
Density Functional Theory Study

Meng Li, Xin He, Bin Wang, Dongbo Zhao, Chunying Rong,

Pratim K. Chattaraj and Shubin Liu

Noble Gas Binding Ability of an Au(l) Cation Stabilized by a Frustrated
Lewis Pair: A DFT Study

Manas Ghara and Pratim Kumar Chattaraj

Confinement Effects of a Noble Gas Dimer Inside a Fullerene Cage: Can It
Be Used as an Acceptor in a DSSC?

Debolina Paul, Harkishan Dua and Utpal Sarkar

Noble Gases in Solid Compounds Show a Rich Display of Chemistry With
Enough Pressure

Maosheng Miao
New Perspectives in the Noble Gas Chemistry Opened by Electrophilic
Anions

Markus Rohdenburg, Vladimir A. Azov and Jonas Warneke

Frontiers in Chemistry

3 May 2021 | Reactivity of Noble Gas


https://www.frontiersin.org/research-topics/11433/changing-the-perspectives-of-noble-gas-reactivity
https://www.frontiersin.org/journals/chemistry

1' frontiers
in Chemistry

EDITORIAL
published: 26 March 2021
doi: 10.3389/fchem.2021.658318

OPEN ACCESS

Edited and reviewed by:
Michal Farnik,

J. Heyrovsky Institute of Physical
Chemistry (ASCR), Czechia

*Correspondence:

Sudip Pan
pans@chemie.uni-marburg.de
Gabriel Merino
gmerino@cinvestav.mx
Pratim K. Chattaraj
pkc@chem.iitkgp.ac.in

Specialty section:

This article was submitted to
Physical Chemistry and
Chemical Physics,

a section of the journal
Frontiers in Chemistry

Received: 25 January 2021
Accepted: 01 February 2021
Published: 26 March 2021

Citation:

Pan S, Merino G and Chattaraj PK
(2021) Editorial: “Changing the
Perspective of the Noble

Gas Reactivity”.

Front. Chem. 9:658318.

doi: 10.3389/fchem.2021.658318

Check for
updates

Editorial: “Changing the Perspective of
the Noble Gas Reactivity”

Sudip Pan™2* Gabriel Merino* and Pratim K. Chattaraj*°*

TInstitute of Advanced Synthesis, School of Chemistry and Molecular Engineering, Jiangsu National Synergetic Innovation Center
for Advanced Materials, Nanjing Tech University, Nanjing, China, °Fachbereich Chemie, Philipps-Universitt Marburg, Hans-
Meerwein-StraBe, Marburg, Germany, *Departamento de Fisica Aplicada, Centro de Investigacion y de Estudios Avanzados,
Unidad Meérida, Mérida, Mexico, “Department of Chemistry, Indian Institute of Technology Kharagpur, Kharagpur, India,
°Department of Chemistry, Indian Institute of Technology Bombay, Mumbai, India

Keywords: Reactivity, Noble gas, Fullerene (Ceo), Bonding, Structure
Editorial on the Research Topic

Changing the Perspective of the Noble Gas Reactivity

Noble gas (Ng) is undoubtedly a lazy element in the periodic table to show any kind of chemical
reactivity toward other chemical entities because of its completely filled valence electronic shell,
and large ionic potential and low electron affinity. Thanks to the recent advancements both in
the experimental and theoretical domains, it is now known that one can force them to work with
the proper chemical environment, and so a noble gas is no longer very “noble” (Grochala, 2007;
Khriachtchev et al., 2009; Brock and Schrobilgen, 2013; Pan et al., 2014; Pan et al., 2019; Saha
etal., 2019; Jalife et al., 2020). Since with an increase in the size of Ng atoms, the outer electronic
shell is more loosely bound by nucleus, and therefore the heavier Ng atoms have better aptitude
to take part in bonding with other elements. The compounds of Kr, Xe, and Rn are well-known,
albeit to a smaller number for the latter case because of the associated radioactivity. The first Ar
compound, HArF was only isolated in 2000 in a low-temperature Ar matrix (Khriachtchev
et al., 2000). Ne was reported to form very weak complexes with highly electrophilic centers as
in NeAuF, NeBeS, NeBeCOj3, NeBeSO,, (Ne),Be,0,, (NeAr)Be,0,, and (NeKr)Be,O, (Zhang
et al., 2014; Yu et al., 2016; Zhang et al,, 2017). In a remarkable study, recently Dong et al.
synthesized solid compound of helium and sodium Na,He at a high pressure (Dong et al,,
2017). Therefore, presently all the members of Ng group are known to form chemical bonds.
The aim of the present research topic is to highlight the present status of the noble gas chemistry
to the readers as well as to report new molecules of Ng and the study of bonding therein. This
collection includes nine articles involving 48 authors, among them three are minireviews and
six are original articles.

The minireview by Grandinetti summarizes the contributions made in the cationic noble gas
hydrides, which are relevant in outer space (Grandinetti, 2020). The author beautifully shows the
structure, stability and mode of formation of different such species that range from simple NgH"
diatomic molecule to (H;")(Ng),. In a comprehensive review, Sanloup elaborates how high
temperature and high pressure in planetary interiors induce interesting reactivity in Ng atoms
(Sanloup, 2020). This review shows different kind of cage compounds, stoichiometric oxides and
metals, and non-stoichiometric compounds having Ng atoms (mostly Xe and in some cases He)
which are formed in planetary interiors. Xe was found to take part in a different kind of bonding,
however, helium does not take part in bonding. Another review by Miao plays the same tone that Ng
can display a nice variety of chemistry under pressure (Miao, 2020). He highlights the types of
chemical roles and interactions that Ng exhibits under high pressure, including their oxidizing and
reducing properties, Ng-Ng bond formation, aerogen bonding, and reliever of repulsive electrostatic
interactions. In an elegant perspective article, Warneke and co-workers elaborated their
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contributions where anionic systems act as superb electrophiles to
bind Ng atoms (Rohdenburg et al., 2020).

Zhang et al. in their study on the bonding in HXeY (Y = Cl, Br,
I) and HXeY HX (X = OH, Cl, Br, I, CN, CCH) introduced
another view on the H-Xe bond (Zhang et al., 2020). They argued
that the H-Xe bond in HXeY is not a classical covalent bond
rather a charge-shift bond. In their contribution, Gomila and
Frontera showed the systems having “noble gas bond” where an
Ng center acts as a Lewis acid (Gomila and Frontera, 2020). On
the other hand, Ghara and Chattaraj theoretically proposed viable
Ng-Au complexes where frustrated Lewis pair is also involved
(Ghara and Chattaraj, 2020). Special emphasis is made on the
related bonding situation. In a couple of contributions, Liu and

REFERENCES

Brock, D. S, and Schrobilgen, G. J. (2013). “Noble-gas chemistry,” in
Comprehensive inorganic chemistry II. Chapter 1.25. Editors ]. Reedijk and
K. Poepplemeier (Oxford, United Kingdom: Elsevier), 1, 755-822.

Dong, X., Oganov, A. R., Goncharov, A. F,, Stavrou, E., Lobanov, S., Saleh, G, et al.
(2017). A stable compound of helium and sodium at high pressure. Nat. Chem
9, 440-445. doi:10.1038/nchem.2716

Grochala, W. (2007). Atypical compounds of gases, which have been called
“noble”. Chem. Soc. Rev. 36, 1632. doi:10.1039/b702109g

Jalife, S., Arcudia, J., Pan, S., and Merino, G. (2020). Noble gas endohedral
fullerenes. Chem. Sci. 11, 6642-6652. doi:10.1039/d0sc02507k

Khriachtchev, L., Pettersson, M., Runeberg, N., Lundell, J., and Rasanen, M. (2000).
A stable argon compound. Nature 406, 874. doi:10.1038/35022551

Khriachtchev, L., Réisinen, M., and Benny, R. B. (2009). Noble-gas hydrides: new
chemistry at low temperatures. Acc. Chem. Res. 42, 183-191. doi:10.1021/ar800110q

Pan, S, Jana, G., Merino, G., and Chattaraj, P. K. (2019). Noble-noble strong union:
gold at its best to make a bond with a noble gas atom. ChemistryOpen 8,
173-187. doi:10.1002/0pen.201800257

Pan, S, Moreno, D., Merino, G., and Chattaraj, P. K. (2014). Stability of the noble gas
bound SiH;" clusters. ChemPhysChem. 15, 3554-3564. doi:10.1002/cphc.201402370

Saha, R,, Jana, G,, Pan, S., Merino, G., and Chattaraj, P. K. (2019). How far can one
push the noble gases towards bonding? a personal account. Molecules 24, 2933.
doi:10.3390/molecules24162933

Editorial: Reactivity of Noble Gas

co-workers (Li et al., 2020), and Sarkar and co-workers (Paul et al.,
2020) studied confinement effects on the bonding and reactivity of
Ng, inside fullerenes.

As guest editors, we would like to thank all the contributing
authors, particularly for their work in this pandemic time. We
hope that this collection of noble gas chemistry will provide an
excellent account of the present state-of-the-art in this field.
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Charge-Shift Bonding in Xenon
Hydrides: An NBO/NRT Investigation
on HXeY...HX (Y = CI, Br, I; X = OH,
Cl, Br, I, CCH, CN) via H-Xe Blue-Shift
Phenomena

Guiqgiu Zhang™, Yue Su, Xiaoran Zou, Lei Fu, Junjie Song, Dezhan Chen and Chuanzhi Sun*

Key Laboratory of Molecular and Nano Probes, College of Chemistry, Chemical Engineering and Materials Science,
Collaborative Innovation Center of Functionalized Probes for Chemical Imaging, Ministry of Education, Shandong Normal
University, Jinan, China

Noble-gas bonding represents curiosity. Some xenon hydrides, such as HXeY (Y = Cl,
Br, I) and their hydrogen-bonded complexes HXeY---HX (Y = ClI, Br, I; X = OH, Cl,
Br, I, CN, CCH), have been identified in matrixes by observing H-Xe frequencies or
its monomer-to-complex blue shifts. However, the H-Xe bonding in HXeY is not yet
completely understood. Previous theoretical studies provide two answers. The first one
holds that it is a classical covalent bond, based on a single ionic structure H-Xet Y~. The
second one holds that it is resonance bonding between H-Xet Y~ and H™ Xe*-Y. This
study investigates the H-Xe bonding, via unusual blue-shifted phenomena, combined
with some NBO/NRT calculations for chosen hydrogen-bonded complexes HXeY---HX
(Y =Cl, Br, I; X = 0H, Cl, Br, I, CN, CCH). This study provides new insights into the
H-Xe bonding in HXeY. The H-Xe bond in HXeY is not a classical covalent bond. It is a
charge-shift (CS) bond, a new class of electron-pair bonds, which is proposed by Shaik
and Hiberty et al. The unusual blue shift in studied hydrogen-bonded complexes is its
H-Xe CS bonding character in IR spectroscopy. It is expected that these studies on the
H-Xe bonding and its IR spectroscopic property might assist the chemical community in
accepting this new-class electron-pair bond concepit.

Keywords: chemical bonding, charge-shift bonds, electron-pair bonds, resonance bonding, noble-gas hydride,
hypervalent molecule, blue shifts, NBO/NRT methods

INTRODUCTION

The chemical bond is the most central concept in chemistry. The model of chemical bonding
can help chemists to understand and design matter. Despite the apparent utility of the model of
chemical bonding, it is incomplete. Developing bonding models is undoubtedly important to our
understanding of novel molecules, such as the molecules of noble gas chemistry (Grandinetti, 2018).

The challenge to noble-gas bonding comes mainly from the inertness of noble-gas atoms.
However, significant progress has been made in noble-gas chemistry during the past 20 years.
Besides noble-gas hydrides (Khriachtchev et al., 2009), noble gas-noble metal complexes have been
studied for their thermodynamic and kinetic stabilities in theory (Jana et al., 2017, 2018a,b; Pan
et al,, 2019; Saha et al., 2019). Experimentally, about 30 noble-gas hydrides had been identified by
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H-Xe in HXeY Is a CS Bond

the beginning of 1995 (Pettersson et al., 1995; Rdsinen et al.,
2000; Lundell et al., 2002; Feldman et al., 2003; Khriachtchev
et al., 2003, 2009; Duarte and Khriachtchev, 2017). About 10
hydrogen-bonded complexes between HNgY (Ng = Xe, Kr)
and H,O/HCl/HBr/HI/HCCH have been well-characterized via
infrared (IR) spectroscopy. Interestingly, these complexes show
unusual shifts of the H-Xe stretching vibration. For example, the
H-Xe stretching mode of the complex HXel-.-HCCH exhibits a
blue shift of 49 cm™1, in comparison with the monomer HXel
(Zhu et al., 2015). Some other complexes such as HXeBr-:-H,0
and HXel:--H,O are characterized by much larger experimental
blue shifts of the H-Xe stretching frequency (>100 cm™!) (Tsuge
et al,, 2014). The largest blue shift (300 cm™!) has been reported
for the H-Kr stretching mode of the complex HKrCl.--HCI
(Corani et al., 2009). These experimental findings provide
theoretical chemistry researchers with excellent opportunities to
develop a bonding model for noble-gas hydrides.

In pioneering theoretical work, Last and George put forward
one simple ionic structure model H-Ng™ Y~ (Last and George,
1988), where H-Ng™ belongs to a classical covalent bond, to be
exact, an electron-sharing bond, while the interaction between
H-Ng™ and Y~ comes from electrostatic attraction. Energy
decomposition analyses (EDAs) carried out by Frenking for
HATrF provided a consistent bonding picture (Lein et al., 2004).
Besides this ionic structure model, empirical resonance bonding
models were proposed by Résdnen’s group (Pettersson et al.,
1999) and Alabugin’s group (Alabugin et al., 2004). Recently,
our group has carried out the resonance bonding analyses for
noble-gas hydrides (Zhang et al., 2016) by using Natural Bond
Orbital (NBO) and Natural Resonance Theory (NRT) methods
(Glendening and Weinhold, 1998a,b; Glendening et al., 1998,
2001, 2013a,b; Weinhold and Klein, 2014; Weinhold et al., 2016).
We found that each molecule HNgY could be best described
as three structures, H-Xe™ Y™, H"Xe'-Y, and H"Y, where the
first two resonance structures mix to form hyperbonding of
H-XeTY~ <> H™ Xe™-Y, as proposed by Weinhold and Landis
(2005b). Such bonding provides a picture of resonance covalency
for noble-gas hydrides (Weinhold and Klein, 2012, 2014; Landis
and Weinhold, 2013; Zhang et al., 2015, 2017a; Jiao and
Weinhold, 2019).

It is important to note that they are two variants of covalent
bonding, which are related to two kinds of electron-pair bonds.
They are our familiar electron-sharing bonds and dative bonds.
The difference between these two types of bonds is due to the
origin of the bonding electrons. In electron-sharing bonds, each
fragment provides one electron. In dative bonds, both electrons
come from one fragment, which donates two electrons to the
vacant orbital of the other. Also note that besides our familiar
electron-sharing bonds and dative bonds there is one new kind
of electron-pair bonds, charge-shift (CS) bonds. The concept of
charge-shift bonds was first proposed by Shaik and Hiberty et al.
in 1992, to describe a new-class electron-pair bonds, such as
F, (Shaik et al., 1992). Ten years later, they further presented
experimental manifestations of CS bonding (Shaik et al., 2005,
2009). They have applied the concept of CS bonds to the
understanding of bonding and stabilities of several hypervalent
molecules (Braida and Hiberty, 2013; Braida et al., 2014), such

as XeF,. In 2018, Grandinetti pointed out that a stabilization like
HNgY is, generally, known as CS bonding (Grandinetti, 2018).
Indeed, the decades following their original work saw more CS
bonding molecules. Very recently, they published their latest
review on CS bonds (Shaik et al., 2020).

Given that XeF, and HXeY are similar in geometrical and
electronic structures, two obvious questions arise: (1) Is the H-
Xe bond in HXeY a charge-shift bond? (2) What is the H-Xe
CS bonding character in IR spectroscopy? This study explores
these two questions through blue-shifted phenomena, with the
help of NBO/NRT analyses. We choose HXeY---HX (Y = Cl,
Br, I X = OH, Cl, Br, I, CN, CCH) as study systems. Some of
them are identified in the matrix experiment. We analyze the
relationship between the H-Xe bonding and H-Xe blue shifts. We
aim to understand the H-Xe bonding in HXeY and to extend CS
bonding concepts to noble-gas hydrides.

This paper will be organized as follows. Firstly, we summarize
the computational details and discuss the geometrical structural
details and H-Xe IR spectroscopic properties for our studied
monomers and complexes. Secondly, we analyze the resonance
bonding of HXeY, especially for the bonding between H and Xe.
Thirdly, we analyze the H-Xe bond order. And we determine
that the H-Xe bond order must include the contributions of
two resonance structures. Fourthly, we confirm that the H-Xe in
HXeY is a charge-shift bond, and further analyze its CS bonding
character. Finally, we present the concluding summary, with
emphasis on the H-Xe CS bonding and its bonding character.

COMPUTATIONAL DETAILS

The geometry optimization and vibrational frequency
calculations were carried out with the Gaussian 09 program
at the level of the second order MQ@ller-Plesset perturbation
theory (MP2) (Head-Gordon et al., 1988; Frisch et al., 2009).
The def2-TZVPPD basis set was used. This basis set, taken
from the EMSL basis set library (Feller, 1996; Schuchardt et al.,
2007), is the triple-zeta-valence basis set augmented with two
sets of polarization and diffuse basis functions. No imaginary
frequencies were found in any case, which confirms that our
obtained structures are true local minima on the potential
energy surface. The NBO and NRT were employed to analyze
the bonding of our studied systems with the NBOPro 6.0
program (Glendening and Weinhold, 1998a,b; Weinhold, 2012,
2013). Directed NBO analyses could provide the second order
perturbation energy of a donor-acceptor interaction in the best
Lewis structure. For any other resonance structure, we use
$CHOOSE keylist to calculate the second order perturbation
energy of a donor-acceptor interaction. It is important to
attach the $NRTSTR keylist in NRT analyses, for it insures a
consistent set of reference structures for NRT comparisons of
studied complexes. The NBO-based natural resonance theory
complements and extends NBO analyses to other resonance
structures. By using $NRTSTR keylist to specify key structures
as reference structures, we can obtain accurate weightings (w1,
i1, 0r11...) of resonance structures, and NRT bond orders (bag)
that express the strength of resonance-weighted chemical bonds
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FIGURE 1 | Four structures of complexes HXeY---HCI (Y = ClI, Br, ).

between any atom pair. More importantly, the NBO/NRT-based
models provide a framework for analyzing chemical bonding in
terms of familiar concepts, such as Lewis structures, resonance,
and donor-acceptor interactions. Herein, we use NBO/NRT
methods to analyze H-Xe bonding. Besides, the NBOview 2.0
module was acquired to obtain the orbital overlap graphics.

RESULTS AND DISCUSSIONS
Geometry and Blue Shifts

In general, four structures need to be considered for each of
the complexes HXeY---HX (Y = Cl, Br, ; X = OH, Cl, Br,
I, CN, CCH). Take HXeY:--HCI, as shown in Figure 1, as one
representative example. In the first two structures (A and B),
the HCI moiety is closed to the halogen atom of the monomer
HXeY to form a bent structure. Structure A is stabilized with
the Cl-H---Y hydrogen bond, whereas Structure B is dependent
on the Xe-Y---Cl halogen bond. Structure C, whose halogen
atom in the moiety is collinear with the monomer HXeY, is
formed by the CI atom interacting with the H atom. Structure
D is stabilized with the dihydrogen Cl-H:--H-Xe bond with all
atoms in line. Experimentally, it has been observed that several
infrared absorption bands originate from the H-Xe stretching
mode for our chosen complexes. With the aid of quantum
chemical calculations, they are assigned to Structure A (Lignell
et al., 2008; Tsuge et al., 2013, 2014; Zhu et al., 2015). Therefore,
the following analyses are restricted to Structure A.

As shown in Structure A in Figure 1, HXeY maintains its
original linear structure for all the HXeY---HX (Y = CI, Br,
I; X = OH, Cl, Br, I, CN, CCH) optimized geometry. At the
MP2/def2-TZVPPD level, the calculated H-Xe and Xe-Y bond
lengths (Rg—xe, Rxe—y) and vibrational frequency shifts of H-Xe
stretching mode in complexes HXeY---HX (Y = Cl, Br, ; X = OH,
Cl, Br, I, CN, CCH) as well as in monomers HXeY are collected
in Table S1 and compared with the available experimental data.
Note that Rédsdnen’s group has computed Ry_xe and Rxe_y as

well as a variety of H-Xe frequency blue shifts for some of the
complexes HXeY---HX (Y = Cl, Br, I; X = OH, Cl, Br, I, CN,
CCH) at the CCSD(T) level. The difference in calculated H-Xe
bond lengths at both MP2 and CCSD(T) levels is <0.060 A,
whereas for Xe-Y bond lengths the largest difference is 0.048 A in
the monomer HXel. These comparisons show that the MP2/def2-
TZVPPD is an appropriate model chemistry for this study. Thus,
the following discussion will be based on the calculated data at
the MP2/def2-TZVPPD level.

Data in Table S1 show that the complexation has non-
negligible influences on monomers HXeY. On the one hand, the
bond lengths of H-Xe in complexes become shorter as compared
with the value in the corresponding HXeY monomer. Taking
HXeCl species as one example, H-Xe bond lengths Ry_x. in
complexes are 1.646, 1.645, 1.644, 1.646, 1.648, and 1.655 A
for HX = H,O/HCI/HBr/HI/HCN/HCCH, respectively, while
the H-Xe bond length of the monomer HXeCl is 1.666 A.
This indicates that the interaction between H and Xe atoms
in monomers HXeY is weaker than that in corresponding
complexes HXeY---HX (Y = Cl, Br, ; X = OH, Cl, Br, I,
CN, CCH). On the contrary, the bond lengths of Xe-Y within
complexes are slightly larger than that in the corresponding
monomer HXeY, which means that the interaction between Xe
and Y atoms is stronger in monomers than in corresponding
complexes. It is worthwhile noting that the calculated Ry—_xe
ranges from 1.644 to 1.708 A, slightly larger than the covalent
limits Reoy[Feov(H)+7reov(Xe)] for 1.63 A and significantly shorter
than VAW limits Rygy [7vaw(H)+7vaw(Xe)] for 3.86 A (Pyykko,
2015; Rahm et al., 2016). This indicates strong covalency of the
H-Xe bond.

On the other hand, the complexation leads to experimentally
observable blue shifts of the H-Xe stretching frequency, which
seems to be normal phenomena according to Khriachtchev’s
group studies. The calculated and experimental vibrational
frequency shifts of the H-Xe stretching mode are also
collected in Table S1. Taking hydrogen-bonded complexes
HXeCl---H,0, HXeBr---H,O and HXel:--H,O as one example
group, calculations at the MP2 level predict blue shifts of
101, 116, and 139 cm™!, respectively. The experimental data
are 82, 101, and 138 cm™!, respectively. Obviously, the
calculated complexation-induced spectroscopic shift of the H-
Xe stretching mode at the MP2 level is in qualitative agreement
with the experimental values. These preliminary structural and
blue-shifted analyses provide the backdrop for the following
exploration of H-Xe bonding for Xe hydrides.

H-Xe Resonance Bonding in HXeY
Earlier studies have found that the NBO/NRT method is a
helpful tool to explore the resonance bonding because NBO
analyses can provide the best Natural Lewis Structure (NLS),
identify donor-acceptor orbital interactions, and estimate the
second-order perturbation energy [E®] of each donor-acceptor
orbital interaction (Glendening et al., 2013a,b; Weinhold, 2013;
Weinhold et al., 2016).

Our studies begin with NBO/NRT analyses for HXeY species.
The results show that each of the studied HXeY could be better
described as a hybrid of the three structures (III,and III) as
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FIGURE 2 | Three resonance structures for HXeY. A pair of dots represents a lone pair.
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N 0* 1 xe NH—0*xecl

FIGURE 3 | NBO orbital contour diagrams and 3-D surface views of donor-acceptor interactions for HXeCl.

shown in Figure 2, where the H-Xe™:Y~ (I) is the best NLS.
Table S2 lists three types of donor-acceptor interactions and
the value of the second-order perturbation energies [E@] of
the studied HXeY. For the best NLS H-Xe™:Y~ (I), the donor-
acceptor interaction (ny — ojj_yx.) takes place between the
lone pair orbital of Y (ny) and the antibonding orbital of H-Xe
moiety (0}j_y.). Pay particular attention to such a delocalization
interaction. It represents resonance mixing between H-Xe™:Y~
(I) and H:~ Xe™-Y (II), where the latter corresponds to the lone
pair of H atom (ny) delocalizing to the antibonding orbital of
Xe-Y moiety (0%,_y). As proposed by Weinhold et al., these two
structures make up resonance bonding. Additionally, there is a
non-negligible long-bonding structure H*Y (III), shown in the
final entry in Figure 2. It arises from the delocalization of Xe
atom lone pair (nxe) to the antibonding orbital of H-Y moiety
(0f;_vy)- Special attention is paid to the unusual values of E®
for nxe — ofj_y and ng — o%,_y interactions. Such results
show that they are no longer suitable for the description of
low-order perturbative NLS limit. Even in the unavailable value
of some second-order perturbation energies, the importance of
these three donor-acceptor interactions can be exhibited by the

orbital overlap contour diagrams or 3-D surface views. Figure 3
presents one illustrative example. These results are consistent
with our previous studies for HXeY noble-gas hydrides (Y = Cl,
Br, I) at the B3LYP level of theory (Zhang et al., 2016).

Once again, the importance of resonance bonding H-Xe™
Y~ < H™ Xet-Y is emphasized. On the one hand, resonance
bonding is an essential feature of H-Xe bonding in HXeY. On
the other hand, we note that earlier studies on the bonding of
noble-gas hydrides have already analyzed the leading resonance
structure H-Xet Y~ (Pérez-Peralta et al., 2009; Juarez et al.,
2011). In the next section, we will carry out detailed analyses on
H~ Xet-Y, as well as H-Xe™ Y.

H-Xe Bond in HXeY Is Not a Classical

Covalent Bond

HXeY is a particularly simple and interesting molecule. Its
H-Xe stretching modes provide experimental probes to learn
more about the bonding of noble-gas hydrides. It was reported
that the H-Xe stretching vibration frequencies of HXeY
species are blue shifts upon complexation. In this section,
we will explore the H-Xe bonding via this complexation
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effect, combining with quantitative NRT analyses on chosen
hydrogen-bonded complexes. Table1 displays the weighting
of three resonance structures upon complexation for Xe
cases. Obviously, the moiety H,O/HCI/HBr/HI/HCN/HCCH
complexing with HXeY has a significant influence on the
weighting of three resonance structures for HXeY. To be
specific, for the long-bonding structure (Weinhold et al., 2016;
Zhang et al., 2017b, 2018), its weighting always decreases
upon complexation. This indicates that the complexation of
the moiety H,O/HCI/HBr/HI/HCN/HCCH studied here is not
beneficial to the stability of long-bonding in HXeY. For two other
resonance structures, the w; decreases while wyy increases relative
to the corresponding monomer in studied hydrogen-bonded
complexes except for the complex HXeCl---HCCH. For example,
the weightings of H-Xe™:I™ and H:~ Xe'-I in the hydrogen-
bonded complex HXel---HI are 62.8 and 19.2%, compared with
66.4 and 9.5% in the monomer HXel. In contrast, the complex
HXeCl.--HCCH shows a different trend. As it is easily seen,
the weightings of H-Xe™:Cl~ and H:~ Xe™-Cl structures in the
monomer HXeCl are 74.3 and 10.9% respectively; in the complex
HXeCl---HCCH they are 76.1 and 9.7%, respectively. In short,
for all of our studied complexes, the HXeY complexation with
small molecules always leads to a decrease of the weighting about
the long-bonding structure. For weightings of these two other
resonance structures, one structure always shows a decreasing
trend while the other exhibits an increasing trend for all of
the studied complexes. In most of the Xe cases studied here,
the complexation results in an increasing weighting of the
resonance structure H-Xe™:Cl™, with a decreasing weighting of
the resonance structure H:~ Xe™-Cl. In HXeCl---HCCH the
situation is different. An opposite trend is seen for the complex
HXeCl:--HCCH. From preliminary NBO analyses on our studied
complexes, peculiarities in HCCH complexes shown here, in
Tables 1-3, and Figure 4, may be due to nxeq) —
donor-acceptor interaction.

Table 2 lists natural bond orders of the H-Xe and H™Y
bonds in the monomer HXeY and its complex. It is worthwhile
noting that the weighting and the corresponding bond order
are equivalent for our studied cases in NBO/NRT framework if
the former is expressed as a fraction rather than a percentage.
For instance, the weightings of the H-Xe™:Cl™ in the monomer
HXeCl and in the complex HXeCl---HCl are 74.3% and
71.8%, with corresponding bond order by_x. 0.743 and 0.718,
respectively. Generally, the larger the bond order is, the stronger
the bond is. The data obtained from current NBO programs show
the decrease of H-Xe bond orders, reflecting the weakening H-Xe
bonds upon complexation. Obviously, these calculated results do
not reflect the experimental fact: the strengthened H-Xe bond.
This disagreement confirms that the H-Xe bond in HXeY is not a
classical covalent bond.

This conclusion deserves some illustration. According to the
natural bond orders’ definition (Weinhold and Landis, 2005a),
the H-Xe bond in HXeY is regarded as a classical covalent bond.
The resonance structure H:~ Xe™-Y does not contribute to the
H-Xe bond order at all. The H-Xe bond order is only contributed
to by the resonance structure H-Xe™:Y ™. Thus, the H-Xe bond
order in Table 2 reflects merely the electron-sharing contribution

2
Tc—c

TABLE 1 | The weighting and its change of three resonance structures (H-Xe™
2Y~, H:= Xet-Y, HYY) upon HXeY complexation with
HoO/HCI/HBr/HI/HCN/HCCH, compared with the monomer HXeY.

Monomers/complexes ®| [ W Sum

HXeCl 74.3% 10.9% 14.9% 100.1%

HXeCl---H,O 70.3% 16.4% 12.7% 99.4%
(—4.0%) (+5.5%) (—2.2%)

HXeCl---HCl 71.8% 15.6% 12.2% 99.6%
(—2.5%) (+4.7%) (—=2.7%)

HXeCl---HBr 72.3% 15.3% 12.0% 99.6%
(—2.0%) (+4.4%) (—2.9%)

HXeCl---HI 72.0% 15.4% 12.1% 99.5%
(—2.3%) (+4.5%) (—2.8%)

HXeCl---HCN 69.9% 16.9% 13.1% 99.8%
(—4.4%) (+6.0%) (—1.8%)

HXeCl---HCCH 76.1% 9.7% 13.8% 99.6%
(+1.8%) (=1.2%) (=1.1%)

HXeBr 71.3% 11.6% 17.1% 100.0%

HXeBr---H,O 67.0% 17.8% 14.6% 99.4%
(—4.3%) (+6.2%) (—2.5%)

HXeBr---HCl 68.2% 17.2% 14.3% 99.7%
(—=3.1%) (+5.6%) (—2.8%)

HXeBr---HBr 68.7% 16.8% 13.9% 99.4%
(—2.6%) (+5.2%) (—3.2%)

HXeBr---HI 68.4% 17.0% 14.1% 99.5%
(—2.9%) (+5.4%) (—3.0%)

HXeBr---HCN 66.4% 18.2% 15.0% 99.6%
(—4.9%) (+6.6%) (=2.1%)

HXeBr---HCCH 64.3% 19.4% 16.0% 99.7%
(=7.0%) (+7.8%) (=1.1%)

HXel 66.4% 9.5% 24.1% 100.0%

HXel---H,O 61.6% 20.3% 18.1% 100.0%
(—4.8%) (+10.8%) (—6.0%)

HXel---HCI 62.5% 17.1% 20.0% 99.6%
(—3.9%) (+7.6%) (—4.1%)

HXel---HBr 63.1% 19.2% 17.2% 99.5%
(—=3.3%) (+9.7%) (—6.9%)

HXel---Hl 62.8% 19.2% 17.3% 99.3%
(—3.6%) (+9.7%) (—6.8%)

HXel---HCN 61.4% 20.3% 18.1% 99.8%
(—5.0%) (+10.8%) (—6.0%)

HXel---HCCH 59.0% 21.6% 19.3% 99.9%
(=7.4%) (+12.1%) (—4.8%)

Note that the oy in this table represents the sum of the weightings for the structures
closely related with the best NLS H-Xet :Y~. Taking HXeCl---HI complex as one example,
resonance structures H-Xe*t :Cl~---HI, H-Xe* CI-H :I,~ and H-Xe* CI"l were considered.
Also note that the sum in this table is a maximum of 100%. The error in 100.1% is due to
the weightings 74.3, 10.9, 14.9% of the resonance structures (H-Xe™ :Cl~, H:~ Xe*-Cl,
H"CI) in HXeCl, where they are from 74.28, 10.85, 14.87%.

in the H-Xe bond. It is insufficient to reflect the real strength
between H and Xe in HXeY.

H-Xe Bond in HXeY Is a CS Bond

The above studies on the H-Xe bond in HXeY confirm that it is
not a classical covalent bond. Then, is it a CS bond? To address
this question, we first need to solve the problem of the H-Xe
bond order. Let us return to the original NBO/NRT theory. In
the framework of NRT theory (Weinhold and Landis, 2005a), the
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FIGURE 4 | Correlation plot for the sum of electron-sharing and dative H-Xe/Kr bond orders [by_xe k. (€lectron-sharing) + by_xe/«: (dative)]-H-Xe/Kr bond lengths
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H-Xe total bond strength in HXeY could be written in resonance-
averaged form D(H-Xe) = wix D1 + wyx Dyj, where “w;” and
“o” respectively correspond to the weighting of H-Xet Y~ and
H:™ Xe™-Y; “Dy” and “Dy” represent the H-Xe bond strength
in H-Xe™ Y~ and in H:™ Xe'-Y respectively. As we know, a
bond order is roughly proportional to the bond strength or the
bond length. If introducing two arbitrary constants is presumed
to be expressed in terms of the same factor k, Dy and Dy
can be written in the form, D = k x by and Dy = k x by
Importantly, we obtain that b(H-Xe) = wx by + wyrx by, where
by represents the H-Xe bond order in resonance structure I, as
we know, by = 1; by refers to the H-Xe bond order in resonance
structure II. Therefore, a calculation that includes two resonance
structures is needed to deal with the H-Xe bond order. Note that
the procedure employed to calculate the H-Xe CS bond order
can be found in Supplementary Material “Explanation of the
Procedure Employed to Calculate the BO of the H-Xe Bond.”

To obtain by, we have to carry out some analyses
on H:~ Xe®-Y. For this structure, where does the H-
Xe bonding originate from? Here we emphasize that the
H:~ XeT-Y structure is a natural Lewis structure, in the

NBO/NRT language. Consideration of the antibond of the Xe™-
Y could lead to extension of the elementary Lewis structure
concept to include hyperconjugative delocalization corrections
in simple NBO perturbative estimates (Weinhold, 2012). Such
hyperconjugative delocalization forms one starting point for
our understanding of bonding about the H:~ Xe™-Y structure.
As shown in Figure 3, one donor-acceptor interaction ngy —
Oke_y exists in the H:™ Xe'-Y structure. On the basis of
this result, we propose that the H-Xe bonding about the
structure H:~ Xet-Y is attributed to this donor-acceptor
interaction. In our familiar language, it is dative bonding due to
hyperconjunctive interaction.

However, the question was still left open: How do we estimate
the degree of this H-Xe dative covalency? For this question,
our research ideas are from the natural bond orders” definition
proposed by Weinhold and Landis (2005b). If such a single
dative bond order by is defined as 1, the NRT bond order
of the dative structure is equal to the corresponding fractional
weighting. Taking HXeCl as one illustrative example, the dative
weightings of monomer HXeCl and hydrogen-bonded complex
HXeCl:--HCl are 10.9 and 14.6%, respectively. This simple
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TABLE 2 | The bond orders (b) of H-Xe and H*Y bonds for the monomer and
their hydrogen-bonded complex, with the changes shown in parentheses.

Monomers/complexes br_xe by_y

HXeCl 0.743 0.149

HXeCl---H,O 0.705 (—0.038) 0.127 (—0.022)
HXeCl---HCI 0.718 (—0.025) 0.122 (—0.027)
HXeCl---HBr 0.723 (—0.020) 0.120 (—0.029)
HXeCl---HI 0.720 (—0.023) 0.121 (—0.028)
HXeCl---HCN 0.701 (—0.042) 0.131 (-0.018)
HXeCl.--HCCH 0.764 (+0.021) 0.138 (—0.011)
HXeBr 0.713 0.171

HXeBr---H,O 0.675 (—0.038) 0.146 (—0.025)
HXeBr---HCI 0.682 (—0.031) 0.143 (—0.028)
HXeBr---HBr 0.687 (—0.026) 0.140 (—0.031)
HXeBr---HI 0.684 (—0.029) 0.141 (—0.030)
HXeBr---HCN 0.668 (—0.045) 0.150 (—0.021)
HXeBr---HCCH 0.646 (—0.067) 0.159 (—0.012)
HXel 0.664 0.241

HXel---H20O 0.616 (—0.048) 0.181 (—0.060)
HXel---HCI 0.625 (—0.039) 0.200 (—0.041)
HXel---HBr 0.631 (—0.033) 0.172 (—0.069)
HXel---HI 0.628 (—0.036) 0.173 (0.068)
HXel---HCN 0.616 (—0.048) 0.181 (—0.060)
HXel---HCCH 0.591 (—0.073) 0.193 (—0.048)

method lets us respectively estimate the dative bond orders: 0.109
and 0.146.

The above discussion is an effort to rationalize by;. We now
begin a discussion with a sum of wix by, and wix by. For
convenience, we use by_xe (electron-sharing) = wix by, by—xe
(dative) = wyix byr. As shown in NRT theory, it is a sum of by—xe
(dative) and by_x. (electron-sharing) that can reflect the H-Xe
total strength in HXeY. Figure 4 shows correlation plots between
the H-Xe bond order [by_x. (dative) + by—x. (electron-sharing)
and the H-Xe bond length Ry_x. for our studied Xe species.
One additional example is also shown in Figure 4 for Kr analogs.
Good correlation shown in Figure4 for our studied species
except Y =1, provides evidence to support our estimated method.
Not enough good correlation in Y = I case may be due to a larger
coupling effect between ny — of;_y, in HXeY and ny — ofj_x
in its H-bonding complex.

On the basis of the data of the H-Xe bond order, we can
analyze the H-Xe total bonding of HXeY. From preceding NRT
analyses, we have shown that the electron-sharing bond orders
[br—xe (electron-sharing)] in the monomer and in the complex
are 0.743 and 0.718, respectively, and 0.109 and 0.146 for the
dative bond orders [bg_x. (dative)]. Thus, summing by_xe.
(dative) to bp—_xe (electron-sharing) yields 0.852 and 0.864 for
the HXeCl monomer and the HXeCl---HCl complex, respectively.
Obviously, the HXeCl complexing with the molecule HCI leads
to an increase of the H-Xe bond order. The same is true for
other complexes studied here. Table 3 lists the total bond order of
the H-Xe bond in HXeY and in its hydrogen-bonded complexes.
Note that it includes dative contribution and electron-sharing
contribution of H-Xe bonding. As shown in Table 3, the HXeY

TABLE 3 | The H-Xe bond orders: by_xe (electron-sharing), b—_xe (dative), and
the total [bH_xe (electron-sharing) + br-_xe (dative)], for the monomer and their
hydrogen-bonded complex, with the changes shown in parentheses.

Monomers/complexes bu_xe by_xe by_xe

(electron-sharing) (dative) (total)

HXeCl 0.743 0.109 0.852

HXeCl---H,O 0.705 (—0.038) 0.164 0.869
(+0.055) (+0.017)

HXeCl---HCl 0.718 (—0.025) 0.156 0.874
(+0.047) (+0.022)

HXeCl.--HBr 0.723 (—0.020) 0.153 0.876
(+0.044) (+0.024)

HXeCl---HI 0.720 (—0.023) 0.154 0.874
(+0.045) (+0.022)

HXeCl---HCN 0.701 (—0.042) 0.169 0.870
(+0.060) (+0.018)

HXeCl.--HCCH 0.764 (+0.021) 0.097 0.861
(-0.012) (+0.009)

HXeBr 0.713 0.116 0.829

HXeBr---H, O 0.675 (—0.038) 0.178 0.853
(+0.062) (+0.024)

HXeBr---HCI 0.682 (—0.031) 0.172 0.854
(+0.056) (+0.025)

HXeBr---HBr 0.687 (—0.026) 0.168 0.855
(+0.052) (+0.026)

HXeBr---HI 0.684 (—0.029) 0.170 0.854
(+0.054) (+0.025)

HXeBr---HCN 0.668 (—0.045) 0.182 0.850
(+0.066) (+0.021)

HXeBr---HCCH 0.646 (—0.067) 0.194 0.840
(+0.078) (+0.011)

HXel 0.664 0.095 0.759

HXel---H,O 0.616 (—0.048) 0.203 0.819
(+0.108) (+0.060)

HXel---HCI 0.625 (—0.039) 0.171 0.796
(4+0.076) (+0.037)

HXel---HBr 0.631 (—0.033) 0.192 0.823
(+0.097) (+0.064)

HXel---HI 0.628 (—0.036) 0.192 0.820
(+0.097) (+0.061)

HXel---HCN 0.616 (—0.048) 0.203 0.819
(+0.108) (+0.060)

HXel---HCCH 0.591 (-0.073) 0.216 0.807
(+0.121) (+0.048)

complexing with the small molecule leads to an increase of the H-
Xe bond order. In other words, it is an enhancement of the H-Xe
bond. Such a result is consistent with experimental observations
about our studied cases.

It becomes clear that the bonding between H and Xe in HXeY
must meet two conditions. First, the resonance bonding between
H~ Xet-Y and H-Xet Y~ is a necessary condition. Second,
for the H-Xe bond order, including contribution of these two
resonance structures is essential. These two conditions are, in
effect, consistent with emphases in original CS bonding concept
paper (Shaik et al., 1992). The mixed covalent-ionic description,
such as F- -F«<F~ FT, is an essential feature of CS bonding,
wherein most, if not the entire, bond energy is provided by the
covalent-ionic resonance energy. And both the covalent and ionic
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structures must be treated explicitly and on an equal footing.
Thus, we conclude that the H-Xe bond in HXeY is a charge-
shift bond.

It should be noted, however, that neither the H-Xe bond
length nor its bond strength can be reliable probes for addressing
the question on whether the bond between H and Xe in HXeY
should be classified as a CS bond or a classical covalent bond.

H-Xe CS Bonding Character

Now that the H-Xe bond in HXeY is a charge-shift bond, a
new and unique form bonding, one question which arises is
whether the unusual H-Xe blue shift is its CS bonding character
in IR spectroscopy.

Deep analyses on the data in Table3 show that the
complexation leads to an increase of byy_x. (dative) while byy_xe
(electron-sharing) decreases, for most Xe cases. The competition
of these two opposite factors results in the strengthened H-
Xe bonds, corresponding to the blue shifts. Here, we want to
point out that unlike other Xe complexes, the HXeCl-.-HCCH
complex shows a difference in the dominant factor. It is the
electron-sharing factor that dominates the H-Xe frequent shifts.
The overall effect of two opposing factors is still an enhancement
of the H-Xe bond and a blue shift for the H-Xe stretching
frequency. These analyses reflect that the monomer-to-complex
blue shifts of H-Xe stretching modes for HXeY species should
be attributed to the balance of dative and electron-sharing
covalency in H-Xe bonds, corresponding to H~ Xe"-Y and H-
Xet Y~ resonance structures. In brief, the H-Xe frequent shifts
in HXeY-..-H,O/HCI/HBr/HI/HCCH/HCN hydrogen-bonded
complexes is controlled by a balance of two factors acting in
opposite directions.

All in all, blue shifts of H-Xe vibrational frequencies are
controlled by a balance of two opposing factors for dative
and electron-sharing covalency. The blue shift in our studied
complexes can be seen as a normal spectroscopic phenomenon. It
is natural for us to conclude that the H-Xe blue shift is the H-Xe
CS bonding character in IR spectroscopy.

SUMMARY AND CONCLUSIONS

The H-Xe bonding in HXeY has been a debated question in the
chemical community. The usual answer is that it is classically
covalent in character, or to be exact, it is electron-sharing. The
unusual blue shifts of complexes HXeY---HX (Y = Cl, Br, [
X = OH, (], Br, I, CN, CCH) definitely reflect the unusual
features of H-Xe bonding in noble gas hydrides. Via observed
blue-shifted phenomena, we have computationally investigated
the H-Xe bonding in HXeY from an NBO/NRT perspective.

We establish that the resonance bonding between H-Xe™ Y~
and H™ Xe™-Y is an essential feature of the H-Xe bonding, and
that the H-Xe bonding in these two resonance structures must
be considered explicitly. Specifically, its bonding includes the
ng — Oy._y donor-acceptor interaction in H™ Xet-Y, as well
as the electron-sharing interaction in H-Xe™ Y~; the H-Xe bond
order is contributed to by these two resonance structures. We
confirm that the H-Xe bond in HXeY is not a classical covalent
bond but a charge-shift bond, and that H-Xe blue shifts is a
normal spectroscopic phenomenon.

Our conclusions are (1) the H-Xe bond in HXeY is a charge-
shift bond. (2) The H-Xe blue shift in its hydrogen-complexes is
its CS bonding character in IR spectroscopy.

The first conclusion is consistent with ab initio VB methods’
insight into the F-Xe CS bonding in XeF, (Braida and Hiberty,
2013). But we note a little difference in the understanding of
CS bonding mechanism. We stress the point that the H-Xe CS
bonding is due to the resonance between H-Xe™:I~ and H:™
Xet-I, based on the natural Lewis structures’ concept, whereas
Shaik et al. (1992) think that CS bonding is due to strong mixing
between the covalent structure and the ionic structure, based on
Pauling-type Lewis structures’ concepts.

Finally, we want to point out that H-Xe CS bonding
is significantly different from some two-structure resonance
bonding, such as hydrogen-bonding, although there is a formal
resemblance in their resonance description. We have noticed
that the bond order of hydrogen-bonding in literature (Jiao
and Weinhold, 2019) is only considered a contribution from
one resonance structure; the other does not contribute to bond
orders of hydrogen-bonding at all. Why is CS bonding not
important in hydrogen-bonding? More studies are on the way
to answer such a question and to generalize CS bonding models.
We believe that more surprise will be gained via NBO/NRT
methods, in particular, new-type NBO-based NRT methods
on analyses for larger CS bonding species (Glendening et al.,
2019).
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A noble gas bond (also known in the literature as aerogen bond) can be defined as
the attractive interaction between any element of group-18 acting as a Lewis acid and
any electron rich atom of group of atoms, thus following the IUPAC recommendation
available for similar mt,0-hole interactions involving elements of groups 17 (halogens) and
16 (chalcogens). A significant difference between noble gas bonding (NgB) and halogen
(HaB) or chalcogen (ChB) bonding is that whilst the former is scarcely found in the
literature, HaB and ChB are very common and their applications in important fields like
catalysis, biochemistry or crystal engineering have exponentially grown in the last decade.
This article combines theory and experiment to highlight the importance of non-covalent
NgBs in the solid state of several xenon fluorides [XeF,]™* were the central oxidation state
of Xe varies from 42 to +6 and the number of fluorine atoms varies from n =2 to 6. The
compounds with an odd number of fluorine atoms (n = 3 and 5) are cationic (m = 1). The
Inorganic Crystal Structural Database (ICSD) strongly evidences the relevance of NgBs in
the solid state structures of xenon derivatives. The ability of Xe compounds to participate
in 7t,0-hole interactions has been studied using different types of electron donors (Lewis
bases and anions) using DFT calculations (PBE1PBE-D3/def2-TZVP) and the molecular
electrostatic potential (MEP) surfaces.

Keywords: o-hole interactions, m-hole interactions, supramolecular chemistry, inorganic crystal structural
database, DFT calculations

INTRODUCTION

The starting point of the noble gas chemistry was in 1962 with the discovery of XePtFs and
XeF; compounds by Bartlett (1962) and Zirin groups (Chernick et al., 1962), respectively. This
discovery opened a new field of research that has grown in the last two decades due to the
improvements in the experimental techniques and instrumentation to carry out reactions and
measurements in extreme conditions (Haner and Schrobilgen, 2015; Grandinetti, 2018). Another
interesting step in this field was the synthesis in 2000 by Seidel and Seppelt of the first compound
having a noble gas-noble metal bond [AuXe4]>* (Seidel and Seppelt, 2000). The formation of
an Au-Xe covalent bond itself is counterintuitive if gold is considered as a truly noble metal
and xenon a truly noble gas. Nevertheless, after the synthesis and characterization of the XeAuF
molecule by Cooke and Gerry (2004), numerous reports have been published in the literature
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studying the chemistry of Au-Xe-X (X = electron withdrawing
group) compounds (Grochala, 2007; Belpassi et al., 2008).

Supramolecular chemistry and molecular recognition
(including self-assembly) are intimately related concepts
(Busschaert et al, 2015) that rely on the understanding of
non-covalent interactions. For instance, chemists working on
solid state crystal engineering or solution state supramolecular
chemistry aspire to control molecular recognition, designing
individual molecules enable to interact with other molecules
or themselves conducting the formation of assemblies
spontaneously through non-covalent interactions (Schneider,
2009; Desiraju, 2013). The final aim is to control the molecular
recognition process precisely to be able to build selective
molecular receptors, sensors, supramolecular catalysts,
polymers, etc.

A deep understanding of the physical nature of non-covalent
interactions (directionality, strength, cooperativity) is essential to
dictate supramolecular chemistry processes since they are usually
governed by an intricate combination of forces (Schneider
and Yatsimirski, 2000). Therefore, a precise description of
the non-covalent interactions is essential for the incessant
expansion of the supramolecular chemistry. Crystal engineering
and molecular recognition commonly trust in moderately strong
and directional H-bonding interactions (Desiraju and Steiner,
2001) in combination with less directional but stronger forces
like ion pairing. In this sense, charge assisted H-bonds combine
strength of an ion-pair and the directionality of dipole dipole
interactions. Furthermore, ion-m interactions, either between
cations and electron rich w-systems or between anions and
acidic rings (Frontera et al., 2011), are also active players in
crystal engineering or solution state supramolecular chemistry,
including supramolecular catalysis (Zhao et al., 2015). The -7t
stacking is another non-covalent interaction that is widely used in
molecular recognition and crystal engineering, being particularly
relevant in the construction of supramolecular polymers (Meyer
et al., 2003).

In addition to the aforementioned conventional interactions,
other types of more unconventional interactions where elements
of the p-block play the role of hydrogen in H-bonds are gaining
importance in supramolecular chemistry (Bauzd et al., 2015;
Legon, 2017). Recent advances in host-guest chemistry, catalysis
and membrane transport are good examples that illustrate how
these interactions are gaining attention. This is particularly true
in the fields of crystal engineering and theoretical chemistry,
where tetrel (Tr) (Bauza et al., 2019), pnictogen (Pn) (Scheiner,
2013), chalcogen (Ch) (Scilabra et al., 2019) and halogen bonding
(HaB) (Cavallo et al.,, 2016) are largely utilized and studied. These
X-D---A interactions, where X is any atom, D is the o-hole
donor atom (Lewis acid) from groups 13-17 of elements, and
A is any electron rich entity (Lewis base) have several common
features. The magnitude of the m,0-hole depends on two factors:
(i) the polarizability of D and (ii) the electron withdrawing ability
of the X atom. The atomic polarizability increases in a given
group on going from lighter to heavier elements. For noble
gases (group 18) the polarizability values in atomic units are
He = 1.36, Ne = 2.62, Ar = 11.10, Kr = 16.70 and Xe = 27.06
(Bauza and Frontera, 2020); thus a more intense 7,0-hole is

expected for Xe, and, consequently, it is expected to form the
strongest interactions.

There are several works and reviews available in the literature
where noble gas bonding or aerogen bonding interactions (NgBs)
have been studied both experimental and theoretically (Haner
and Schrobilgen, 2015; Grandinetti, 2018; Bauzd and Frontera,
2020), which were named as such in 2015 (Bauzd and Frontera,
2015). The purpose of this manuscript is to combine searches on
the inorganic crystal structural database (ICSD) and theoretical
calculations to explore the ability of XeF, (n = 2-6) compounds
to form non-covalent NgBs. The theoretical part includes
molecular electrostatic potential (MEP) surfaces to identify the
directional preference of Xe to participate in NgBs depending on
the number of fluorine atoms. Moreover, a set of complexes has
been calculated at the PBE1PBE-D3/def2-TZVP level of theory
to investigate both the energetic and geometric features of the
complexes. The survey of crystal structures retrieved from the
ICSD evidences that NgBs between xenon fluorides and lone-
pair-possessing atoms are very common.

THEORETICAL METHODS

The energies of all complexes included in this study were
computed at the PBE1PBE-D3/def2-TZVP level of theory. The
geometries have been fully optimized imposing either Cs or
Cpy (n = 3,4) symmetry constraints (unless otherwise noted)
by using the program Gaussian-16 (Frisch et al., 2016). The
interaction energy (or binding energy in this work) AE, is defined
as the energy difference between the optimized complex and
the sum of the energies of the optimized monomers. For the
calculations we have used the Weigend def2-TZVP (Weigend
and Ahlrichs, 2005; Weigend, 2006) basis set and the PBE1IPBE
(Adamo and Barone, 1999) DFT functional. The MEP (Molecular
Electrostatic Potential) surfaces calculations have been computed
at the same level of theory and plotted using the 0.001a.u.
isosurface as the best estimate of the van der Waals surface.
The QTAIM formalism has been used to analyse the topology
of the electron density (Bader, 1985), using the same level
of theory and optimized geometries and making use of the
AIMAIl program (Keith, 2013). The natural bond orbital (NBO)
analysis was performed on some optimized complexes at the
same level. The NBO analysis is adequate to study the role
of intermolecular orbital interactions or charge transfer in the
complexes (Reed et al,, 1988). It takes into consideration all
possible interactions between filled donor and empty acceptor
NBOs and calculating their energetic stabilization by using the
second-order perturbation theory. The NBO 3.1 program, as
implemented in Gaussian-16 program (Frisch et al., 2016) was
used for the calculations.

RESULTS AND DISCUSSION

X9F2

X-ray Crystal Structure

The ICSD has been inspected manually to investigate the ability
of xenon difluoride to participate in NgBs. The sum of van
der Waal radii of Xe and F is TRyqy = 3.63 A and the

Frontiers in Chemistry | www.frontiersin.org

17

May 2020 | Volume 8 | Article 395


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Gomila and Frontera Non-covalent Noble Gas Bonding

sum of their covalent radii is TReoy = 1.97 A. Figure 1 (top) The XeF, molecule has been also used as a ligand for
shows several assemblies retrieved from the X-ray structure  synthesizing a great variety of coordination compounds. The first
of XeF, (Templeton et al., 1963) and three of its cocrystals, compound was isolated in 1991 and it was a silver complex of
i.e, [XeF,]-[IF5] (Jones et al, 1970), [XeF,]-[XeF4O] (Hughes  formula [Ag(XeF,);](AsFg) (Hagiwara et al., 1991). In the last
et al, 2011) and [XeF,]-[XeF4] (Burns et al., 1965). It can be  decade, many coordination complexes have been synthesized
observed that all X-ray structures present Xe:--F contacts with  using alkaline, alkaline-earth, divalent transition metals, trivalent
distances that are clearly longer than ¥R, and shorter than  lanthanides and Pb as the unique element of the p-block (Tavcar
> Rygy thus suggesting the non-covalent nature of these NgBs.  and Tramsek, 2015). Several reviews describing coordination
Another geometrical aspect that it is worthy to comment is  compounds with XeF, as a ligand to metal cations of the type
that the F-Xe---F angle is smaller than 90° thus evidencing  [M(XeF,),] are available in the literature (Tavcar et al., 2004;
that the directionality of the NgBs interaction is not strictly =~ Tramsek and Zemva, 2006).

perpendicular. This is likely due to the presence of three lone Figure 1 (bottom) shows two examples of XeF, coordination
pairs at Xe located perpendicular to the F-Xe-F axis. In the case =~ compounds where the Xe participates in NgBs. The X-ray
of [XeF;]-[XeF4], the Xe establishes four NgBs, two with the  represented in Figure 1E corresponds to a silver compound (Ag
XeF4 and two with the XeF, (see Figure 1C). The assemblies of ~ ions not shown for clarity) where four symmetrically equivalent
[XeF,]-[IF5], [XeF;]-[XeF4O0], are very similar and both the [IF5] ~ Xe---F contacts are formed (Hagiwara et al., 1991). It is expected
and [XeF4O] moieties exhibit a square pyramid geometry with  that the coordination of XeF, to the metal center enhances the
one fluorine atom pointing to the Xe (see Figures 1A,B). Finally,  ability of Xe to act as Lewis acid. The coordination compound
the XeF, crystal structure forms self-assembled supramolecular ~ with Pb(II) is shown in Figure 1F, where each XeF, molecule
polymers where two symmetrically equivalent Xe---F contacts are ~ bridges two Pb metal centers, thus generating a 3D coordination
established (see Figure 1D). polymer (Tramsek et al., 2002). Two Xe---F NgBs are formed

o Xe
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|
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l .

|
\ | / | l
\ | / | I
‘ v - |
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) \
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FIGURE 1 | Partial views of the X-ray structures ICSD-26059 (A), ICSD-422962 (B), ICSD-18128 (C), ICSD-26626 (D), ICSD-71119 (E), and ICSD-391093 (F),
Distances in A. NgBs represented as dashed lines.
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with the AsF¢ counterions with Xe---F distances that are slightly
shorter than X Rygy.

Theoretical Study

The molecular electrostatic potential (MEP) surface analysis is
used herein to rationalize the ability of XeF, to establish NgBs,
as illustrated above in Figure 1. The MEP plotted onto the van
der Waals surface is useful to know the most electrophilic and
nucleophilic parts of the molecule and to rationalize donor-
acceptor non-covalent interactions. Figure2 shows the MEP
surface of XeF, and it reveals the existence of a positive belt
around the Xe atom and two negative regions at both ends
of the molecule (F-atoms). A close examination of the positive
belt indicates that the maximum value of MEP is not located
strictly perpendicular to the molecular axis at the position of
the Ng-atom. Instead they are located in two symmetric belts
that are slightly displaced toward the F-atoms (see Figure 2,
right). The MEP analysis suggests that Xe(II) molecules should
have a strong tendency to establish Ng-bonding interactions
with electron rich atoms with some deviation from the
perpendicular trajectory.

Scheme 1A shows the electron donor molecules and
complexes of XeF, that have been optimized at the PBE1PBE-
D3/def2TZVP. A variety of Lewis bases and anions have been
selected to analyze the influence of the basicity and neutral/anion
nature of the donor on the interaction energies. We also
represent the expected directionality assuming the stereo-active
character of the lone pairs and their location is proposed
based on the well-known valence-shell electron-pair repulsion
(VSEPR) theory, that has been recently revisited (Munarriz et al.,
2019).

The interaction energies and distances for complexes 1-6
are gathered in Table 1, showing that the interaction energies
are favorable in all cases. The energetic results indicate that the
CO complex 1 is the weakest one and the Br~ the strongest

one. In fact, the equilibrium distance of the CO complex is
very close to the sum of van der Waals radii whilst the R
values for the rest of complexes is much shorter than XRyqy. As
expected, the interaction energies involving the anionic donors
are stronger than those with neutral donors, being more favorable
for bromide. The interaction energy of complex 4 is moderately
strong, in agreement with the stronger basicity of NH3 molecule.
Finally, it is interesting to highlight that the Xe---F distance
computed for the HF complex in in the range of experimental
distances observed in the X-ray structures commented above (see
Figure 1).

The geometries of the XeF, complexes are given in Figure 3
(left panel), where it can be observed that the directionality of
their NgB interaction agrees well with the expectation derived
from the VSEPR theory and also the MEP surface represented
in Figure 3. The X:---Xe-F angle varies from 60 to 75°. In the
stronger anionic complexes 5 and 6, the XeF, molecule bents as
a consequence of the formation of strong NgBs. In complexes 2
and 3, where an acidic proton is present in the electron donor
molecule, the optimization of the complexes using Cs symmetry
yields either a H-bonded complex in case of HF (see Figure 3E)
or a combination of HB and NgB interactions in case of HCN
(see Figure 3F). In order to estimate the energies associated to
the NgBs in these complexes without the contribution of the HBs,
optimizations imposing Cy, symmetry (Figures 3B,C) have been
performed and only the interaction energies corresponding to the
C,y geometries are given in Table 1.

The NgB interaction in complexes 1-6 has been characterized
using the quantum theory of “atoms-in-molecules” (QTAIM)
(Bader, 1985). For all complexes the NgB is characterized by a
bond critical point (CP) and bond path connecting the electron
rich atom to the Xe (see Figure 3, right panel). The values
of electron charge density p(r) at the bond CPs are tabulated
in Table 1. Interestingly, the values of p(r) at the bond CPs
that characterize the NgB correlate well with the interaction

zoom in

points are indicated in kcal/mol.

20

FIGURE 2 | MEP surfaces (0.001 a.u.) of XeF, (left) and a “zoom-in” representation at the PBE1PBE-D3/def2-TZVP level of theory. The MEP energies at selected
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SCHEME 1 | (A) Electron donors, expected directionality, location of the stereoactive lone pairs in XeF, and complexes 1-6. (B) Expected directionality, location of
the stereoactive lone pairs in XeFz and complexes 7-12. (C) Expected directionality, location of the stereoactive lone pairs in XeF4 and complexes 13-18.
(D) Expected directionality, location of the stereo-active lone pair in XeFs and complexes 19-24. (E) fluxionality of the lone pair in XeFs and complexes 25-30.

energies by using a logarithmic fitting (regression coefficient,
r = 0.972, see Supplementary Material) as previously described
in the literature (Bader, 1990). Therefore, the value of p(r) at the
bond CP can be used as a measure of the strength of the NgB
interaction. The values of the total energy density [H(r)] at the
bond CPs are also summarized in Table 1 since they are adequate
to differentiate covalent and non-covalent interactions. Positive
values of H(r) indicate non-covalent bonding, negative and small
values of H(r) are indicative of partial covalent character, and
large and negative values of H(r) along with large values of p(r)
designate covalent bonding (Bader et al., 1987; Bader, 1990).
The examination of the values of H(r) in Table 1 evidences the
non-covalent nature of the interaction in all complexes.

As exemplifying system, we have selected the complex with
NHj to perform the NBO analysis. This type of study is adequate
to analyse the importance of orbital donor-acceptor interactions.
In the XeF,---NHj3 system, we have found a modest donor-
acceptor interaction from the lone pair orbital of N to the Xe-
F antibonding orbital [LP(n)— o*(Xe-F)] with a concomitant
stabilization energy of E® = 1.02 kcal/mol. Although the orbital

contribution is small, it is not negligible compared to the total
interaction energy (~25%).

XeF3

X-ray Crystal Structures

At the beginning of the development of noble gas chemistry,
several adducts of XeF, and XeFs with strong fluoride ion
acceptor molecules were synthesized (Holloway, 1968; Sladky
et al.,, 1969). Moreover, several works (Edwards et al., 1963;
Cohen and Peacock, 1966; Bartlett and Sladky, 1968) tried to
synthesize XeF, adducts in combination to fluoride acceptors like
SbFs, TaFs, AsFs etc. without success. In fact, instead to forming
the adducts, the [XeF3]™ cation is generated, for instance by
simply dissolving XeF4 or XeF,/XeFy in SbFs.

The cationic nature of xenon trifluoride, anticipates a strong
binding with electron rich atoms due to the strong contribution
of electrostatic forces (charge-charge or charge-dipole). In
Figure 4 (top panel), several X-ray structures are represented to
illustrate the characteristics of the Xe---F bonds in [XeF3]™ salts.
The X-ray structure of the [XeF3]T[SbyFy;]~ salt (Figure 4A)
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TABLE 1 | Interaction energies (AE in kcal/mol), F,Xe X equilibrium distances (R,

A), sum of van der Waals and covalent radii of interacting atoms (XRyqw and
> Recov, A), electron charge density and total energy density at the bond critical
point [p(r) and H(r), respectively, in a.u.] at the PBE1PBE-D3/def2-TZVP level of

theory for complexes 1 to 30.

Complex AE R YRvaw  XRcov p(r) H(r)

1 (XeF,--CO) —-1.14  3.831 3.86 2.16 0.0044 0.0009
2 (XeFp--FH) —1.83 3.342 3.63 1.97 0.0064 0.0018
3 (XeF5--NCH) —2.36 3.547 3.71 2.11 0.0067 0.0012
4 (XeF5--NH3) —4.43  3.361 3.71 2.1 0.0105 0.0009
5 (XeF,--Br) — —11.59  3.442 4.01 2.60 0.0163 0.0004
6 (XeFo-l) ~ -9.10 3.758 4.14 2.79 0.0121 0.0005
7 (XeFs3--CO)* —-17.44 2.704 3.86 2.16 0.0403 —0.0033
8 (XeF3--FH)*™ —-18.26  2.545 3.63 1.97 0.0333 0.0018
9 (XeF3--NCH)* —35.67 2.438 3.71 2.1 0.0586 —0.0096
10 (XeF3--NHg)*™ —54.66  2.337 3.71 2.1 0.0813 —0.0230
11 (XeF3--Br) —198.55 2.563 4.01 2.60 0.0831 —0.0248
12 (XeFs--l) —193.96 2.776 4.14 2.79 0.0682 —0.0230
13 (XeF4--CO) —2.50 3.539 3.86 2.16 0.0073 0.0010
14 (XeF4--FH) —-4.18 3.159 3.63 1.97 0.0105 0.0020
15 (XeF4--NCH) —4.29 3.330 3.71 2.1 0.0108 0.0015
16 (XeF4--NHg) —-7.02 3141 3.71 2.11 0.0168 0.0008
17 (XeF4--Br) — —-19.80 3.238 4.01 2.60 0.0240 —0.0004
18 (XeF,-l) — —-156.81  3.530 414 2.79 0.0183 0.0001
19 (XeFs--CO)* —-10.83  3.010 3.86 2.16 0.0228 0.0004
20 (XeFs--FH)™ —-16.04 2.675 3.63 1.97 0.0257 0.0032
21 (XeFs--NCH)* —-26.73 2.685 3.71 2.1 0.0366 —0.0013
22 (XeFs--NHg)* —-36.73 2.610 3.71 2.1 0.0508 —0.0070
23 (XeFs--Br) —-179.14  2.585 4.01 2.60 0.0816  —0.0233
24 (XeFs-I) —174.20 2.798 4.14 2.79 0.0673 —0.0172
25 (XeFg--CO) —-3.47 3.162 3.86 2.16 0.0149 0.0012
26 (XeFg--FH) —3.47 2964 3.63 1.97 0.0116 0.0029
27 (XeFg--NCH) —-6.92 2.870 3.71 2.1 0.0231 0.0012
28 (XeFg-NH3) —-18.36  2.586 3.71 2.1 0.0502 —0.0069
29 (XeFg--Br) ~ —43.29 2.807 4.01 2.60 0.0556 —0.0098
30 (XeFg-l) ~ —-36.75  3.050 4.14 2.79 0.0449 —0.0066

(McKee et al., 1973) shows a short contact between one F-
atom of the anion and the Xe-atom that exhibits the typical
T-shaped geometry. It is worth mentioning that the F-atom
of the anion that makes the short contact is in the same
plane defined by the four atoms of the XeF; cation. Although
the contact is significantly shorter than XR,4y, (indicating
some degree of covalency), the two lone pairs located at
the Xe(IV) atom are not involved in the bonding since they
are not located in the molecular plane. It is interesting to
comment the structure ICSD-193743 that has the following
formula [HsF4][SbFe]-2[XeF3-HF][SbyFy;], thus including HF
units in the structure (Brock et al., 2013). In Figure 4B only the
[XeF3-HF][SbyF;;] fragment is represented, where the H-atom
has been added in an arbitrary position. Again the interacting F-
atom of the HF is located in the molecular plane and establishes a
very short NgBs with the Xe-atom. It is also remarkable the solid
state structure of the [XeF3]1T[SbFs] ™ salt that forms tetrameric

assemblies in the solid state where two different Xe---F NgB
contacts are established (Brock et al., 2013). A common feature
of all X-ray structures presented in Figures 4A-C is that the
electron rich atom is not located exactly opposite to the F-Xe
bond, in fact the Fox-Xe---F angle varies from 154 to 160° in these
salts. Interestingly, if [BiF¢] ™ is used as anion instead of [SbFs] ™
(see Figure 4D) (Gillespie et al., 1977), the Xe----F bond becomes
very short (close to £Rcoy) and the F-Xe---F is close to linearity,
thus suggesting the formation of a partial covalent bond. The
approximation of the fluoride lone-pair to the middle of the edge
of the trigonal bipyramid containing the two stereo-active lone
pairs, forces the geometry around the Xe to be approximately
square-planar. Thus the overall stereochemistry changes from a
T-shaped AX3E; in the [XeF3]*[BiFg]™ salt to a square-planar
AX4E; structure in the [XeF3] T [SbFs] ™~ salt. This behavior agrees
well with the low acidity of BiF5; molecule compared to SbFs
(Gillespie and Pez, 1969).

In 2014 the synthesis and X-ray characterization of several
[C¢FsXeF,]T salts were published (Koppe et al., 2014). The
ligand arrangement around xenon in the three salts shown in
Figure 4 (bottom panel) is T-shaped, in accordance with the
expected arrangement of three bonding electron pairs and two
additional electron lone pairs in the xenon valence shell. The
electron lone pairs cause the F-Xe(I)-F angles to bend toward the
CgFs5 group producing nonlinear F-Xe(I)-F angles (~170°). The
distances of the NgB contacts are longer in these salts compared
to the [XeF3]™ salts because the C4Fs group (Xe-C bond) is less
electron withdrawing than fluorine atom (Xe-F bond). Again
the electron donor atom is not located exactly opposite to the
Xe-C bond, as further commented below (DFT study). It is
interesting to highlight the QOYRIH structure (see Figure 4F)
where two HF molecules connect the anion and cation by
establishing two Xe---F NgBs with the Xe atom and two F-H---F
H-bonds with the [BF4]~ anion. In the [C4F5XeF,]T [BF4] ™~ salt
(Figure 4G), the anion establishes two NgBs with the counter-
cation. In spite the NgB contacts in [CgFsXeF,]T salts are
longer than those in [XeF3]™ salts, the distances are significantly
shorter than X Rygy, due to the electrostatic attraction between
the counterions.

DFT Calculations
The molecular electrostatic potential (MEP) surface analysis of
[XeF3]* cation has been computed to rationalize its ability to
establish charge assisted NgBs, as shown in the X-ray structures
represented Figure4. Figure5 shows the MEP surfaces of
[XeFs;]* using two different orientations and it reveals the
existence of a positive region at the Xe atom and opposite to the
equatorial F-atom (see Scheme 1B). A close examination of the
positive o-hole shows that the maximum value of MEP is not
located strictly along the extension of the Xe-F bond. Instead
there are two symmetric o-holes that are slightly displaced toward
the axial F-atoms (see Figure 5, bottom-right). The MEP analysis
agrees well with the directionality of the NgBs observed in the
aforementioned X-ray structures.

The same electron donors used above for XeF, complexes (see
Scheme 1A) have been also used for the theoretical study of the
[XeF3]* cation. The structure of [XeF3]*t is T-shaped with Cyy
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symmetry and it is derived from a trigonal bipyramid with two
stereo-active lone pairs occupying the equatorial positions with
a Xe in the +4 oxidation state (see Scheme 1B). Taking into
consideration the location of the lone pairs the most favorable
approximation of an electron rich atom should avoid the spatial
region of these lone pairs. Thus, the expected directionality of the
NgB interaction is indicated by the red dashed lines in Scheme 1
and agrees well with and the position of the o-holes revealed by
the MEP surface.

The interaction energies and distances for complexes 7-
12 are gathered in Tablel. It can be observed that the
interaction energies are very large in all cases, as expected
taking into consideration the cationic nature of the electron
acceptor. Complexes 7 and 8 are the weakest ones and present
equilibrium distances that are ~0.5 A longer than the sum of
their covalent radii (also tabulated in Table 1). The equilibrium
distances of complexes 9 and 10 are slightly longer (0.2-0.3
A) than Z Ry thus indicative of partial covalency, especially
in the NHj3 complex 10. Finally, the equilibrium distance
of anionic complexes 11 and 12 is very similar to their
YReov thus suggesting the formation of a covalent bond. In
fact, the binding energies computed for these complexes are
very large (<-193 kcal/mol) due to the covalent nature of
the bond.

The geometries of the [XeFs;]™ complexes are given in
Figure 6 (left panel), where it can be observed that for most of the
complexes the electron rich atom is located along the extension
of the Xe-F bond, yielding to the typical square planar geometry
of XeX4E, compounds with the stereo-active lone pairs pointing

to the axial positions (Haner and Schrobilgen, 2015). This fact
confirms the great degree of covalency in [XeF3]* complexes.
Only the complex with HF follows the expected orientation, also
in good agreement with the X-ray structures involving HF as
electron donor (see Figures 4B,F). It is surprising the location of
the CO in complex 7, exactly opposite to the Xe-Feq bond, due
to the apparent non-covalent nature of the NgB interaction in
this complex.

The NgB covalent/non-covalent nature of the interaction in
complexes 7-12 has been unveiled by using the quantum theory
of “atoms-in-molecules” (QTAIM) (Bader, 1985). Similarly to
XeF, complexes, the NgB in [XeF3]™ complexes are characterized
by a bond critical point (CP) and bond path interconnecting
the electron rich and Xe atoms (see Figure 6, right panel). The
values of electron charge density p(r) at the bond CPs are listed
in Table 1. They are significantly larger than those observed in
complexes 1-6, in line with the stronger interaction. For this
set of complexes, the logarithmic fitting [p(r) vs AE] shows a
modest relationship with a regression coefficient of r = 0.818, see
Supplementary Material. The values of the total energy density
[H(r)] at the bond CPs summarized in Table 1 are indicative of
partial covalent character in all complexes apart from complex 8,
in good agreement with the geometric features of the complexes.
Surprisingly, the CO complex also exhibits a covalent character
[H(r) = —0.0033 a.u.], which is probably due to the fact that the
equilibrium distance (2.704 A) is more than 1 A shorted than
S Rygw (3.86 A).

The covalent character of these complexes is also confirmed
by the NBO analysis. Again, using the (XeF3--NH3)*" as model
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complex, the NBO treats the N-Xe bond as covalent since the
energetic contribution of the orbital [LP(n)— o*(Xe-F)] donor-
acceptor interaction is —73.14 kcal/mol, significantly stronger
that the interaction energy (see Table 1).

XeF4

X-ray Crystal Structures

In spite of XeF4 was the first fluoride of xenon to be discovered,
it is the most difficult to synthesize among the series of
binary xenon fluorides (XeF,, XeF,, and XeFg). There is a few

number of X-ray structures including the XeF4 moiety and they
are represented in Figure7. One of them is the XeF,-XeF,
adduct (Burns et al.,, 1965) already described above from the
perspective of XeF, as NgB donor. In this section, the X-ray
structure is analyzed from the opposite point of view, that is
considering XeF; as electron acceptor and XeF, as electron
donor. The XeF, participates in two short Xe---F contacts with
the adjacent XeF, molecules, establishing two symmetrically
equivalent NgBs (see Figure7A). A similar arrangement is
observed in the X-ray structure of XeF, (Ibers and Hamilton,
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1963), where the central Xe atom participates in two NgBs above  at the Xe-atom above and below the molecular plane. A close
and below the molecular plane (see Figure7B). In contrast  examination of the positive region reveals the existence of four
to the behavior of XeF;, coordination compounds involving  symmetric wt-holes that are displaced toward the bisectrix of the
XeF4 acts ligand are scarce in the literature due to lower  F-Xe-F angle (see Figure 8, right). The MEP analysis strongly
fluorobasicity of XeF4. One example is given in Figure7C  agrees with the directionality of the NgBs observed in the X-
(Tavear and Zemva, 2009), where it is coordinated to Mg(IT) and,  ray structures represented in Figure 5. The MEP maximum in
simultaneously, establishes a NgB interaction with the adjacent =~ XeF, is significantly larger than that in XeF,, thus stronger NgB
(also coordinated) AsFg anion. A partial view of the X-ray interactions are expected.

structure ([XeFs][CrFs])s-XeFs adduct is shown in Figure 7D Using the same set of electron donors the energetic and
(Lutar et al., 1992), where the XeFs units have been omitted for ~ geometric features of XeF; complexes have been studied, as
clarity. The distorted CrFs-octahedra are connected to each other  indicated in Scheme 1C. The structure of XeF, is square planar
via Xe---F bridging NgBs. The stereo-active electron lone pairslie ~ with Dy, symmetry and it is derived from an octahedral geometry
above and below the XeF,-plane, preventing the approximation  with two stereo-active lone pairs occupying the axial positions
of the electron rich atom along the Cj axis. Therefore, in  with a Xe in the 44 oxidation state (see Scheme 1C). Taking into
all X-ray structures gathered in Figure 7, the approach occurs  consideration the location of the lone pairs the most favorable
between the lone pairs and the molecular plane to minimize  approximation of an electron rich atom should avoid the spatial
the repulsions between the lone pairs of Xe and the electron  region of these lone pairs, as aforementioned. Thus, the expected

rich atom. directionality of the NgB interaction is indicated by the red
dashed lines in Scheme 1C and agrees well with and the position

DFT Calculations of the four mt-holes revealed by the MEP surface.

The molecular electrostatic potential (MEP) surface of [XeF4] is The interaction energies and equilibrium distances of NgB

represented in Figure 8. The minimum MEP is located at the ~ complexes 13-18 are summarized in Table 1. It can be observed
F-atoms and, remarkably, the value (—10 kcal/mol) is half the  that the NgB interaction energies are stronger in XeF4 complexes
one of XeF,, confirming the less fluorobasicity of this molecule  than those in XeF, complexes, as predicted by the MEP analysis.
and explaining the weak ability of this molecule as coordination ~ Similarly, to the behavior of XeF,, complexes 13 (X = CO),
ligand. The MEP surface plot also shows a large m-hole located 14 (X = HF) and 15 (X = HCN) are the weakest ones. All
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complexes exhibit equilibrium distances that are shorter than
¥ Ryqw and significantly longer than XR.oy thus suggesting the
non-covalent nature of the interaction. As expected, the most
favorable neutral complex corresponds to the ammonia (16)
and the anionic complexes 17 and 18 present the stronger
interactions of this series.

The optimized geometries of the XeF4 complexes are given in
Figure 9, left panel, where it can be observed that the electron
rich atom in complexes 13-16 is located over the bisector of
the F-Xe-F bond at distances that range from 3.1 to 3.6 A (see
Table 1), in good agreement with the X-ray structures and MEP
surface. It should be mentioned that the optimization of anionic
complexes has been performed imposing Cs symmetry and
locating the anion over one Xe-F bond. In case it is located over
the bisector, the optimization yields to the nucleophilic attack of
the anion to the Xe-atom, yielding a planar and pentacoordinated
[XeF4X] ™ anion (X = Br, I). This result agrees well with the X-ray
structure of the [XeFs]™ anion that is planar (~Ds},-geometry)
(Christe et al., 1991).

The NgB interaction in complexes 13-18 has been further
characterized using the QTAIM analysis. In agreement with
previous observations, the NgB is characterized by a bond critical
point (CP) and bond path that connects the electron rich atom
to the Xe (see Figure9, right panel). The values of electron
charge density p(r) at the bond CPs are tabulated in Table 1
and analogously to XeF, complexes the values of p(r) at the
bond CPs that characterize the NgB correlate remarkably well
with the interaction energies by using a logarithmic fitting
(regression coefficient, r = 0.965, see Supplementary Material),

thus confirming that the value of p(r) at the bond CP can be
used as a measure of the strength of the NgB interaction. The
values of the total energy density [H(r)] at the bond CPs are
also summarized in Table 1, which corroborate the non-covalent
nature of the interaction in all complexes. Only the Br~ complex
exhibit some covalent character as deduced by its negative and
small H(r) value and strong binding energy.

The NBO analysis has been carried out for the XeF,---NHj3
complex and the orbital interaction is similar to the XeF,--NHj3
complex with a LP(N)— o¢*(Xe-F) interaction of E? = 1.12
kcal/mol, however it is smaller compared to the total interaction
energy (~14%). Therefore the interaction is clearly dominated by
electrostatic effects.

XeFZ

X-ray Crystal Structures

The mixture of XeFs and RuFs yields the [XeFs]T[RuF]™ salt,
as represented in Figure 10A (Christe et al., 1991). The structural
analysis shows that each xenon atom is bonded to five fluorine
atoms in an approximately square-pyramidal arrangement. Each
ruthenium atom is surrounded by six fluorine atoms in an
octahedral coordination mode. The xenon atom in [XeFs]™
cation retains an stereo-active lone pair, therefore it can be
assumed that it is pseudooctahedrally coordinated with five
F atoms and the sterically active valence-electron pair that is
located along the fourfold axis. Therefore, the approximation of
any electron rich atom is expected to be below the basal plane
of the [XeF5]™ cation and off axis, as observed in the crystal
structures represented in Figure 10. In the particular case of
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[XeF5] T [RuFs] ™ salt, the Xe atom establishes two NgB contacts
with two F-atoms of the counterions that are located below the
F-Xe-F bisector.

When XeFg is crystallized from anhydrous HE an interesting
compound is obtained that corresponds to the formulae
([XeFs]™)2-([HF,]7)2-HF (Hoyer et al, 2006). The most
interesting feature observed in the solid state of this structure is
the existence of dimeric units of [XeFs]™[F]~ (see Figure 10B)
that are stabilized by the formation of four Xe---F contacts.

The [XeF5]1[F]~ dimer also interacts with two HF molecules
by H-bonding interactions. The same type of dimers has been
also obtained without the co-crystalized solvent molecules upon
recrystallization using CF,Cl,. It is also interesting to highlight
the product (see Figure 10C) that is obtained by recrystallization
from inert solvents at low temperature. It is a regular tetrameric
unit ([XeFs]*-F~); formed by four square pyramidal [XeFs]*-
that are connected by four Xe---F---Xe bridges with similar
distances and angles (118-121°). Figure 10D shows a partial view
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of the X-ray structure of [XeF5]§~[PdF6]2* salt (Lutar et al.,
1998). It can be observed that each [XeF5]T-cation establishes
three charge assisted NgBs with the surrounding [PdFs]?~ units.
In general the Xe---F distances in the four X-ray structures
shown in Figure 10 are shorter than those preciously described
for the [XeF3]™ cation, thus suggesting stronger binding and
higher covalency.

DFT Calculations

The molecular electrostatic potential (MEP) surface analysis of
[XeFs5]™ cation has been computed to rationalize its ability to
establish charge assisted NgBs. Figure 11 shows the MEP surfaces
of [XeFs]™ using two different orientations and it reveals the
existence of a large and positive region at the Xe atom and
opposite to the axial F-atom. A close examination of the positive
o-hole shows that the maximum value of MEP is not located
strictly along the extension of the Xe-F bond. Instead there are
four symmetric o-holes that are slightly displaced toward the
bisectors of the F-Xe-F (F atoms in cis, see Figure 11, bottom-
right), similarly to the behavior described above for the neutral
XeF4. The MEP analysis strongly agrees with directionality of the
NgBs observed in the X-ray structures shown in Figure 10.

The computed [XeFs]t complexes are shown in Scheme 1D
where the geometry of [XeFs5]™ is square-pyramidal with Cyy
symmetry that derives from a pseudooctahedral with the stereo-
active lone pair occupying the remaining axial position with
a Xe in the +6 oxidation state (see Scheme 1D). Taking into
consideration the location of this lone pair the most favorable
approximation of an electron rich atom should avoid the

spatial region occupied by this lone pair, as depicted using red
dashed lines.

The interaction energies and distances for complexes 19-24
are gathered in Table 1. It can be observed that the interaction
energies are larger than those of XeF, in all cases, as expected
taking into consideration the cationic nature of the electron
acceptor. Complexes 19 and 20 are the weakest ones and present
equilibrium distances that are longer than the sum of their
covalent radii (also tabulated in Table 1). Complexes 21 and
22 exhibit moderately strong binding energies and equilibrium
distances that are 0.5 A longer than T Rcy. Taken together,
these results suggest a partial covalency of the NgB in these
complexes. Interestingly, Figure 12 (left panel) shows that in
all complexes with neutral electron donors the electron rich
atom points to one of the four o-holes described in Figure 11.
This behavior is opposite to the previously described for the
[XeF3]* complexes, where all electron rich atoms were located
opposite to the Xe-Feq bond apart from the HF complex. Finally,
the equilibrium distance of anionic complexes 23 and 24 is
very similar to their XR¢oy thus suggesting the formation of a
pure covalent bond. In fact, the interaction energies for these
complexes are very large and the geometry around the Xe atom
is octahedral.

The NgB covalent/ non-covalent nature of the interaction
in complexes 19-24 has been analyzed by using the quantum
theory of “atoms-in-molecules” (QTAIM). Similarly to the rest of
NgB complexes of XeF,, [XeF3]™ and XeFy, the NgB in [XeFs]*
complexes is characterized by a bond critical point (CP) and
bond path interconnecting the electron rich and Xe atoms (see
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FIGURE 10 | Partial views of the X-ray structures ICSD-9304 (A), ICSD-416318 (B), ICSD-416319 (C) and ICSD-165612 (D). Distances in A. NgBs represented as
dashed lines.

FIGURE 11 | MEP surfaces (0.001 a.u.) of Xng (top and bottom-left) and a “zoom-in” representation at the PBE1PBE-D3/def2-TZVP level of theory. The MEP
energies at selected points are indicated in kcal/mol.

Figure 12, right panel). The values of electron charge density p(r) =~ The H(r) values also confirm the covalent nature of the NgBs
at the bond CPs are listed in Table 1 and they are significantly ~ in complexes 23 and 24, in line with the covalent distances and
larger than those observed in complexes 13-18, and similar to  strong binding energies.

those of complexes 7-12. For this set of complexes, the value The NBO analysis of complex 22 (X = NHj) shows a
of p(r) at the bond CP also correlates well with the interaction =~ moderately strong orbital donor acceptor interaction [LP(N)-
energy, since the logarithmic fitting gives a regression coefficient  o*(Xe-F)] with an associated stabilization energy of E? = —11.5

of r = 0.973, see Supplementary Material. The values of the total ~ kcal/mol. This result agrees well with the QTAIM analysis that
energy density [H(r)] at the bond CPs summarized in Table 1 are  anticipated partial covalent character [small and negative H(r)].
indicative of partial covalent character in complexes 21 and 22,in  In fact, the orbital contribution accounts for the 31% of the total
good agreement with the energetic features of these complexes.  interaction energy.
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XeFg

X-ray Crystal Structures

It has been recently reported (Matsumoto et al., 2015)
the syntheses and X-ray characterization of two adducts of

XeF¢ with acetonitrile of composition F¢Xe(NCCH3) and
FsXe(NCCH3),-CH3CN. They are good examples of o-hole NgB
interactions and are the first X-ray structures where the electron
donor is a nitrogen atom. In the FsXe(NCCH3), the XeFg unit
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FIGURE 12 | Left panel: PBE1PBE-D3/def2-TZVP Optimized geometries of complexes 19 (A), 20 (B), 21 (C), 22 (D), 23 (E) and 24 (F). See Table 1 for distances.
Right panel: QTAIM distribution of bond critical points (green spheres) and bond paths for complexes 19 (G), 20 (H), 21 (1), 22 (J), 23 (K), and 24 (L) at the
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FIGURE 13 | Left panel: Partial views of the X-ray structures ICSD-416317 (A) and ICSD-416315 (B). Distances in A NgBs represented as dashed lines. Right panel:
MEP surfaces (0.001 a.u.) of octahedral (C) and Cg, (D) XeFg at the PBE1PBE-D3/def2-TZVP level of theory. The MEP energies at selected points are indicated in
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presented a C3, symmetry similar to that proposed for the gas-
phase XeFs. Other studies have shown that the NgBs in these
systems are predominantly electrostatic in nature (Haner et al.,
2016).

According to several experimental techniques including
crystal X-ray diffraction and neutron powder diffraction, among
others, XeF¢ exists in at least six different modifications,
depending on the temperature (Hoyer et al, 2006). At
high temperature XeFs forms a tetramer, better described as
(XeF+ F~)3-XeFs assembly. A partial view of this tetramer is
represented in Figure 13A where only two fluoride anions, one
[XeFs]t cation and the XeFs unit have been represented for
clarity. It can be observed that the fluoride anions bridge the
[XeF5]™ cation and the XeFg units by means of four NgBs. Those
involving the cation are shorter than those involving the neutral
XeFg that maintains a pseudoctahedral geometry. Figure 13B
shows the other form of XeFs that is stable at high temperature
(obtained by sublimation of the other one). The structure is also
tetrameric and better described as (XeF;"F_)yXeFé assembly.
In this case the fluoride anion is stabilized by three NgBs, one
with the XeFg unit and two with the [XeFs]™ cation. Again, the
NgB distances involving the XeF¢ unit are longer than those with
[XeF5]™T cation. In this X-ray structure the geometry of the XeFg
unit is approximately Csy.

DFT Calculations

The molecular electrostatic potential (MEP) surface of [XeF¢]
is represented in Figures 13 (right panel) using the octahedral
(C) and Csy (D) symmetries. The MEP value at the F-atoms
is —2.5 kcal/mol in the octahedral form and —7.5 kcal/mol

in the Cs, form, thus revealing a very low fluorobasicity. For
the octahedral XeFgs, the MEP surface plot also shows six
symmetrically equivalent o-holes (24.4 kcal/mol) located in the
middle of the six octahedral faces. In contrast, for the Cs, form
of XeFg, the maximum value of MEP is more than twice the
value obtained for the octahedral form (449.6 kcal/mol) and it
is located at one face of the polyhedron.

The minimum structure of XeFg is still under discussion
(Kaupp et al., 1996; Seppelt, 2015; Gawrilow et al., 2018; Zhao
et al,, 2019), since most of the theoretical methods suggests
that the Op-form is more stable than the C;, one, which
is the one observed experimentally (see Scheme 1E). State
of the art calculations suggest that both forms are basically
isoenergetic (Dixon et al., 2005). The fact that the energies of
both structures of XeFs are very close in energy suggests that
this molecule is highly fluxional. Therefore, the factors governing
the stereoactivity of the lone pair in XeFg are very subtle and,
consequently, the lone pair has a highly fluxional character
(Dixon et al., 2005).

The interaction energies and equilibrium distances of NgB
complexes 25-30 are summarized in Table 1. It can be observed
that the NgB interaction energies are stronger in XeFs complexes
than those in XeF, and XeF; complexes, as predicted by the
MEP analysis. Table 1 shows that complexes 25 (X = CO),
26 (X = HF) and 27 (X = HCN) are the weakest ones and
exhibit equilibrium distances that are significantly longer than
¥ Rcov and shorter than X Ryqy, thus suggesting the non-covalent
nature of the interaction. However, the rest of complexes (28-30)
present quite short equilibrium distances, thus anticipating some
covalent character in agreement with the strong binding energies.
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FIGURE 14 | Left panel: PBE1PBE-D3/def2-TZVP Optimized geometries of complexes 25 (A), 26 (B), 27 (C), 28 (D), 29 (E) and 30 (F). Distances in Table 1. Right
panel: QTAIM distribution of bond critical points (green spheres) and bond paths for complexes 25 (G), 26 (H), 27 (1), 28 (J), 28 (K), and 30 (L) at the
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The optimized geometries of the XeFs complexes are included
in Figure 14 (left panel), where electron rich atom is located
along the C; axis. The symmetry of the XeFs unit in the
complexes is C3, and the Lewis base is located exactly at the
position of the o-hole represented in Figure 13D. The Cs,-
geometry presents a more intense o-hole thus reinforcing the
interaction and compensating the slight deformation energy
needed to change from Oy to Csy that is only 0.33 kcal/mol
at the level of theory used herein (PBE1PBE-D3/def2-TZVP).
The equilibrium distances range from 2.5 to 3.2 A (see Table 1),
which are shorter compared to the XeF, and XeF4 complexes,
due to the large o-hole observed in the XeF¢ (Csy-geometry).
This behavior is also observed experimentally, since the X-ray
structures involving XeF, and XeF, units exhibit significantly
longer distances than those of XeFe.

The NgB interaction in complexes 25-30 has been further
characterized using the QTAIM analysis. In agreement with
previous observations, the NgB is exclusively characterized by
a bond critical point (CP) and bond path that connects the
electron rich atom to the Xe atom (see Figure 14, right panel).
The values of electron charge density p(r) at the bond CPs are
tabulated in Table1 and in line with the rest of complexes,
there is good correlation between the values of p(r) at the bond
CPs that characterize the NgB and the interaction energies by
using a logarithmic fitting (regression coeflicient, r = 0.958, see
Supplementary Material). It is interesting to highlight that if
all complexes 1-30 are used in the same representation, a good
relationship is also obtained with a r = 0.928 (see ESI). It is
worthy to emphasize such relationship, since it allows dealing
with all complexes in the same plot. The values of the total energy
density [H(r)] at the bond CPs are also summarized in Table 1,
which corroborate the non-covalent nature of the interaction in
complexes 25-27 and partial covalency in complexes 28-30.

The NBO of the XeFs---NHj3; complex has been computed
and it shows the typical LP(N)-c*(Xe-F) orbital donor
acceptor interaction with an associated stabilization energy of
E® = —13.8 kcal/mol, thus revealing a quite strong orbital
contribution. significantly stronger than the other two neutral
complexes XeF,---NHj; and XeF4---NHj. This contribution
is even larger than that in the cationic (XeFs---NHj)"
complex commented above. This result likely explains the short
equilibrium distance and large value of charge density at the bond
CP in this complex (larger than the iodide complex). It is also
worthy to comment that the three NH bonds of the Lewis base
are aligned the Xe-F bonds (see Figure 14D), likely contributing
to a perfect match between the XeFs and NH3 molecules and a
shortening of the Xe---N distance.

CONCLUSIONS

From the results reported in this manuscript, the following
conclusions arise:

1. There are numerous examples of X-ray structures of XeF,
(n = 2-6) in the ICSD where non-covalent NgBs play an

important role directing the crystal packing and generating
interesting supramolecular assemblies, which have been
described in detail.

2. The DFT analysis combined with the MEP surfaces show that
NgBs are directional and the position of the electron rich atom
is determined by the location of the stereo-active lone pair,
though the region where the electron pair is located is large
and positive.

3. The NgBs in XeF, (n = 2, 4, 6) are moderately strong
with neutral electron donors and quite strong with anions
(and NHj in some cases). Charge assisted NgBs in [XeF3]*
and [XeFs]™ cations are very strong and present high
covalent character.

4. The NgBs involving xenon fluorides are characterized by a
bond CP and bond path interconnecting the xenon to the
electron rich atom. The electron charge density at the bond
CP can be used as a measure of the strength of the interaction
in the whole set of complexes.

5. Orbital donor acceptor charge transfer effects are important
contributors to the NgB interactions in the cationic XeFy,
XeF; and also the neutral XeFs molecule, as exemplified by
their complexes with NH3.
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While the field of noble gas reactivity essentially belongs to chemistry, Earth and planetary
sciences have brought a different perspective to the field. Indeed, planetary interiors
are natural high pressure (P) and high temperature (T) laboratories, where conditions
exist where bonding of the heaviest noble gases may be induced thermodynamically
through volume reduction (Le Chételier’s principle). Earth and planetary sciences besides
generate numerous and precise observations such as the depletion of the terrestrial
and martian atmospheres in xenon, pointing to the potential for Xe to be sequestered
at depth, potentially induced by its reactivity. More generally, this paper will review the
advances on noble gas reactivity at the extreme P-T conditions found within planetary
interiors from experiments and theoretical investigations. This review will cover the
synthesis of cage compounds, stoichiometric oxides and metals, and non-stoichiometric
compounds where noble gases are only minor or trace elements but could be essential in
solving some Earth and planetary puzzles. An apparent trend in noble gas reactivity with P
emerges. In the case of Xe which is the most documented, metals are synthesized above
150 GPa, i.e., at terrestrial core conditions, stoichiometric Xe-oxides between 50 and 100
GPa, i.e., in the P-T range of the Earth’s lower mantle, but Xe-O high energy bonds may
also form under the modest pressures of the Earth’s crust (<1 GPa) in non-stoichiometric
compounds. Most planetary relevant noble gas compounds found are with xenon, with
only a few predicted helium compounds, the latter having no or very little charge transfer
between helium and neighboring atoms.

Keywords: xenon, krypton, argon, neon, helium, planetary interiors, high pressure

1. INTRODUCTION

The inertness of noble gases is the cornerstone of noble gas geochemistry. Helium (He), neon
(Ne), argon (Ar), krypton (Kr), and xenon (Xe) are all important markers of a variety of planetary
processes, ranging from Earth’s accretion, degassing of the atmosphere, vigor of mantle convection,
to tracking underground nuclear tests. Noble gas abundances and isotopic ratios have thus been
measured in a large variety of samples (atmosphere, fluids, rocks) and from different geological
contexts, from Archean rocks over 2.5 Gy old [1, 2] to Martian meteorites [3] and comets [4].
Besides the Earth and Mars, the only other planetary atmosphere probed so far is that of Jupiter
[5]. Future missions are targeted at measuring noble gases in other atmospheres with pre-selected
NASA DAVINCI+ mission to Venus and SPRITE mission to Saturn, noble gases being presented
as critical to understanding the formation and evolution of giant planets.
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From these measurements, planetary accretion reservoirs
and processes may be traced. Only Ne has preserved a solar
signature in some terrestrial samples, a signature interpreted as
a proof for the existence of a deep magma ocean (i.e., partially
or fully molten Earth in equilibrium with a primary solar-
like atmosphere) within the first hundred My of the Earth’s
formation [6, 7]. Heavier Kr and Xe noble gases overall have
a chondritic signature in terrestrial and martian samples, with
a minor cometary contribution [4, 8]. Jupiter is the only other
planet who’s atmosphere has been studied in detail. It is slightly
depleted in He, strongly in Ne [5], and enriched by a factor
of 2.5-2.7 in heavy noble gases (Ar, Kr, Xe) compared to solar
abundances [9], as expected from trapping in amorphous ice and
pointing to a major cometary contribution to Jupiter.

Noble gases are also widely used to trace planetary processes.
For instance, the iodine-plutonium-xenon system is used to date
the formation of the atmosphere [10, 11] due to the very short
half-lifes of %I (17 My) and ?**Pu (82 My). Helium and Ar
isotopes constrain mantle degassing and convection over much
longer time scales [12-14] owing to the longer half-life of their
parent isotopes (for instance 1.25 Ga for “°K). None of Kr stable
isotopes is purely radiogenic, preventing its use to constrain
chronology of the atmosphere evolution. It was pointed out as
early as 1970 that Xe is under abundant in the atmospheres of
the Earth and Mars relative to the chondritic abundance pattern
[15], a depletion of up to 90% [10] and known as the “missing
Xe” problem. Atmospheric Xe is furthermore strongly depleted
in light isotopes [16], and this depletion in light Xe isotopes
was progressive throughout the Archean [17]. The case is more
debated for Ar, but the classical double-layered convection model
[12] precisely required two separated layers in the mantle on
the basis that an unsampled reservoir, such as the lower mantle,
must be enriched in Ar to satisfy radiogenic “*Ar mass balance.
Seismic tomography later showed that there is a mass flow from
the upper to the lower mantle, but the need for an Ar-rich
reservoir remains.

The most striking fact emerging from the current data set of
noble gas analyses in natural samples remains the “missing Xe.”
This paradox has launched a search for either ways to lose Xe to
space [17-20] or to trap Xe at depth. The interiors of the Earth
are indeed characterized by extreme P-T conditions, with a six-
order magnitude increase in P and 3-order magnitude increase
in T between the surface (10° Pa-287 K) and the core of the
planet (365 GPa-5,000 K). Such conditions may induce chemical
reactivity as negative reaction volume change under increased P
may overcome enthalpic effects of otherwise prohibited reactions
at ambient P. Natural samples do indicate higher Xe retention in
particular contexts. Xe concentrations in near surface rocks are
~0.05 ppt (part per trillion) in basalts [21] and up to 0.2 ppb (part
per billion) in deep sea siliceous fossils [22]. The latter samples
have !32Xe/*®Ar ratios of up to 0.05, i.e., about thirty times
higher than in mid-ocean ridge basalts [23, 24]. Xe enrichment
over other noble gases is also reported in high P contexts such
as mantle xenoliths exhumed by volcanism [25-28] and impact
craters [29] by two orders of magnitude with the highest excess
(132Xe/*®Ar = 0.170) being reported in excavated lunar crustal
rocks [30].

The initiation of high P solid-state chemistry of Xe was
triggered by the discovery of its metallization at 135 GPa [31],
yet the potential link to the missing Xe paradox took a decade to
be established. Since then, there has been a continuous feedback
between high P mineral physics and condensed matter physics in
the search for new noble gas compounds. Foreseen as promising
by Grochala [32] but then still experimentally unexplored, the
high P chemistry of noble gases now extends to several atoms,
an effort largely led by the perspective to understand noble gas
reactivity at deep Earth’s conditions. Interestingly, noble gases
are archetypical pressure-transmitting media used in laser heated
diamond-anvil cell experiments to reproduce hydrostatic deep
Earth’s conditions in an otherwise rather uniaxial compression
apparatus, and thermally insulate the sample from the diamond
anvils. This technical aspect has doubtless been a positive factor
in elucidating some of the high P noble gas reactivity reviewed
here, and that covers first retention of noble gases in rings,
channels and cage structures, second noble gas oxides, third
noble gas compounds with metals, and finally other types of high
P noble gas compounds relevant of planetary interiors.

2. RETENTION OF NOBLE GASES IN RING,
CHANNEL, AND CAGE STRUCTURES

2.1. Clathrates and Other Cage

Compounds

Water ice is one of the most prevalent substances in the Solar
System, with the majority of it existing at high P and T conditions
in the interiors of giant planets. While clathrates hydrates have
long been considered as carriers of nobles gases to the giant
planets, a consensus emerges now for simple adsorption on
amorphous ice [9]. On Earth, clathrate hydrates are found in
pergelisols and oceanic margins. Noble gases are among the gases
that stabilize clathrate hydrate structures through van der Waals
interactions. Arg-H,O was actually the first compound of a noble
gas discovered in Villard [33]. All noble gases form clathrates by
combination with water, with P-T stability field extending from
He to Xe [34]. However, even Xe hydrates are stable only up to
2.5 GPa [35].

Cyclo-silicates can host large amount of noble gases in
the channels and ring sites of their crystal structures. These
minerals are not occurrences of noble gas reactivity at depth,
but are essential carriers of noble gas recycling via subduction
of lithospheric plates [36, 37], from the surface reservoirs
(atmosphere, oceans) to the deep Earth where reactions may
take place. Natural occurrences of He and Ar in cyclo-silicates
are abnormally high [38]. He, Ne and Ar occupy ring sites in
amphibole [37], a mineral formed in the altered oceanic crust,
and experimentally measured solubilities are up to four orders of
magnitude higher than for other silicates at similar run P (0.17
GPa). Ring sites are formed by a pair of opposing six-membered
(Si,Al)Of; tetrahedra rings, with a ring inner diameter circa
5 A. Noble gases sitting in these sites are thus surrounded by
12 neighboring oxygens at approximately 2.5 A. Kr and Xe
solubilities have not been investigated in amphibole, but are
even higher than Ar solubility in serpentine (x2 for Kr, x10
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for Xe), another important mineral from the altered oceanic
crust [39].

The very first attempts at testing Xe reactivity with silica [40]
were guided by the fact that SiO, high T phase cristobalite has
large cages that could trap Xe atoms and favor chemical reactivity.
However, when SiO, was loaded as cristobalite, it systematically
transformed to quartz, with the latter efficiently trapping Xe
(cf. section 3). Xenon, far form stabilizing cristobalite, in fact
destabilizes it. Instead, He proved much more interesting in this
respect as cristobalite loaded in He as a diamond-anvil cell P-
transmitting medium was shown to convert to He-cristobalite at
8 GPa instead of transforming to cristobalite-II at 1.6 GPa [41],
its structure and stoichiometry (SiO,He) were solved (Figure 2).

2.2. Stuffed Amorphous Silicates

Noble gas solubility in molten silicates depend on their
composition. In fact, noble gas solubility in vitreous silica has
been used to characterize glass network geometry [44]. Noble gas
retention in silicate melts has long been postulated as occurring
by insertion in the interstitial voids [45], with the abundance
depending on the melt’s polymerization, itself constrained by the
SiO; content as SiOj ~ tetrahedra polymerize as rings (see below).
Silicate melts may accommodate larger amounts of dissolved
noble gases under increased P until solubility reaches a plateau
circa 5 GPa with for instance a maximum of 3 mol% Ar in silica-
rich melts [46, 47]. Note that solubility drops at higher P were
reported [48, 49] but these results were not reproduced [50],
possibly due to incomplete melting of the samples at higher P in
the first studies.

Noble gases affect the behavior of non-crystalline silicates
under pressure. Up to 1-2 mol% He may dissolve into the
interstitial voids in SiO; glass under pressure [51, 52], resulting
in a much less compressible glass [52], with a spatial scale of
the medium-range order almost independent on P compared to
SiO, glass compressed in solid P-medium or compressed in Hj.
Similarly to He in compressed SiO, glass, Xe was also found
to affect the medium-range order with a sharpening of the first
sharp diffraction peak on x-ray diffraction data, indicative of
a stronger medium-range order [53]. More importantly, Xe-O
bonds with a bond length of 2.05-2.10 A and a coordination
number of 12 were reported, indicative of the Xe insertion in
six-membered rings (i.e., rings formed of six SiOi_ tetrahedra)
rather than in interstitial voids. This ring structure of molten
and glassy silicates is similar to that of cyclo-silicates, except
that there is a statistical distribution of ring sizes, mostly from
4 to 10 tetrahedra depending on melt composition [54]. This
distribution has been recently quantified in vitreous silica by
neutron diffraction [55], the six-membered ring being the most
prominent and having an inner diameter of 4.30 A, consistent
with the Xe-O bond length reported above. Krypton local
environment in compressed melts, as investigated using x-ray
absorption spectroscopy [56], is a shell of oxygen atoms located
at 2.49 A. This relatively short distance indicates some degree of
covalency albeit less than for Xe-O bonds. It is however difficult
to reach further conclusions, as the coordination number could
not be calculated due to the lack of Kr oxide references that are
necessary to process x-ray absorption spectroscopy data.

3. NOBLE GAS OXIDES

The mineralogical constituents of the crust and mantle
of terrestrial planets are silicates, with a predominance of
framework silicates in the continental crust such as quartz
and feldspars, and a predominance of olivine in the mantle
that undergo phase transitions at depth, and decomposes into
bridgmanite and magnesiowustite below 660 km. First steps
toward establishing noble gas reactivity in planetary crust and
mantle have been the synthesis of noble gas oxides, keeping in
mind that it can only be firmly established between silicates
and noble gases as trace elements for realistic implications to
planetary interiors.

3.1. Stoichiometric Oxides

Xenon oxides have been known since the sixties with the
synthesis of tetrahedral forms (XeO3 by Templeton et al. [57],
XeO4 by Huston et al. [58]) by hydrolysis of xenon fluorides
at cryogenic T, and more recently with the synthesis of XeO,
that has a different geometry with local square planar oxygen
environment [59]. Although the local structure of XeO is square
planar, Xe being bonded to four oxygens, its full crystallographic
structure has not yet been resolved.

The first Xe oxide experimentally synthesized by use of
high P was Xe,O¢Hg (Figure 1), obtained by reaction between
superionic ice and Xe above 50 GPa and 1,500 K upon laser
heating in diamond-anvil cells [60], with platinum used as a laser
coupler. Superionic ice is a high P-T phase forming at 50 GPa
and characterized by a full mobility of the hydrogen atoms [62],
while the oxygen lattice is identical to that of lower T phase X.
Xe,OgHg is metallic due to the Xe and O atoms, however the
diffusivity of hydrogen atoms is similar to that of superionic ice.
Pure Xe oxides were predicted to be stable against decomposition
above 83 GPa by ab initio calculations: XeO, XeO,, and XeO3
[63], followed by Xe, O3 and more Xe-rich phases at even higher
P [64]. Only Xe,O3 was observed experimentally albeit at slightly
higher P (87 GPa instead of the predicted 75 GPa), along with
XeyOs5 at 83 GPa [61]. Interesting fact: Xe may exist at different
oxidation states in the same structure. That Xe oxidation is
induced at significantly lower P with superionic ice compared to
pure oxygen could be due to the reactivity of the very diffusive
hydrogen with platinum, the formation of platinum hydride
contributing to a larger volume reduction of the global reaction.
In addition, the oxygen and xenon sublattices in Xe;OgHg bears
remarkable resemblance to those of n-O, [65] and pure Xe, both
having hexagonal closed-packed structures and the 1-O; being
characterized by a high degree of charge transfer.

For krypton, only KrO has been predicted to be stable against
decomposition above 300 GPa [66], and no Kr-compound has
been synthesized experimentally. No argon oxide nor neon
oxide have yet been documented to form at the conditions of
planetary interiors, despite the visionary editorial by Abelson
[67] citing ArH, and ArOg as examples of P-induced chemistry.
But surprisingly, one helium oxide has been reported. On the
basis of ab initio calculations, FeO,He, is predicted to be stable
at core-mantle boundary conditions [68]. Unlike Xe-oxides
and KrO discussed above, there is almost no charge transfer
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FIGURE 1 | Experimentally observed and theoretically predicted xenon oxides. From left to right: XeoOgHg [60], Xe20s, XeoOg [61]. Color code for atoms: xenon
(yellow), oxygen (red), hydrogen atoms (light pink).

FIGURE 2 | Experimentally synthesized noble gas-silicates. From left to right: Xe-doped olivine Mg»SiO, [42], Xe-doped B-quartz [43], (Xe,Si)O, phase for which Xe
site occupancy is unknown [43], cristobalite-He [41]. Color code for atoms: magnesium (orange), xenon (yellow), oxygen (red), silicon (dark blue), helium (white).

from He to surrounding atoms. Excess primordial He (i.e.,  stoichiometric compounds but those where Xe retention occurs
3He, while “He has been produced throughout Earth’s history  asa trace or minor element. This aspect considerably changes the
by radioactive decay) are found in some basalts which rock  energetics of the reaction, and consequently the P-T conditions at
source is identified as originating from very deep in the mantle =~ which they may occur. Xe trapping in the deep crust and mantle
[69]. Thermochemical piles are domes of both thermal and  could solve the Xe paradox, and this occurs by Xe substitution
chemical origin in the deep mantle, rooted above the core-mantle  to Si (cf. Figure 2) whereby Xe gets oxidized such as in hot
boundary below central Pacific and south Atlantic-Africa [70],  compressed SiO, quartz [74] or (Mg,Fe),SiOy4 olivine [75]. Xe-O
with locally partially molten zones (ultra-low velocity zones) at ~ bonds are best evidenced by new Raman and infra-red vibrational
their very base. These piles might have been preserved during  modes (cf. Figure 3) that appear under P upon heating above
a large part if not all of Earth’s history and could indeed  the melting curve of Xe, the reaction being thermodynamically
by He-rich, providing a reasonable context for the formation  favored by the volume reduction between reactants (i.e., liquid
of FeO,He. Besides, hydrogen bearing iron peroxide FeO,H  Xe and quartz or olivine) and products (i.e., Xe-doped quartz
[71] is also stable at the corresponding P-T conditions, or as  or Xe-doped olivine). Theoretical calculations have confirmed
partially dehydrogenated FeOOH, postulated as an important  this mechanism for quartz [43, 76, 77] and olivine [42], and
component of the ultra-low velocity zones [72]. Both FeO,He  helped refine the crystal-chemistry of Xe in these minerals.
and FeO,H have a cubic structure with identical cell parameter =~ Volume and cell-parameters vs. P relationships as well as Raman
of, respectively 4.32 A at 135 GPa [68] and 4.33 A at 133.5 GPa  signature of Xe-doped silicates could be theoretically reproduced

[73], but with different symmetries, Fm-3m vs. Pa-3. by substituting Xe to Si albeit in different geometries depending
. . on the mineral: quasi-planar three-fold in olivine vs. linear two-

3.2. Xenon as a Minor/Trace Element in fold (2 nearest O atoms at 1.99 A) with 2 next nearest O neighbors

Oxides in orthogonal plan at 2.27 A in quartz [43]. Theoretically-derived

That Xe reacts with oxides at the conditions of the deep crust  solubility is up to 0.4 at% Xe in both phases [42, 43].

and mantle is a strong indication that it can be stored at depth. Xe-doped quartz transforms into a new (Xe,Si)O, phase

However, Xe is a trace element in planetary interiors (cf. section ~ upon increased heating above 1,700 K at 1 GPa [43]. (Xe,S1)O;
1), therefore the relevant reactions are not those producing  structure bears similarities to the predicted XeO; structure [64]
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FIGURE 3 | Infrared spectra on Xe-doped silicates under high P-T conditions generated using resistive-heating diamond-anvil cells. Left: olivine, right: quartz [43]. The
asterisk sign designs new vibrational mode observed only upon heating and assigned to Xe-O bond.

35 T T T I T l T
Quartz - 1 GPa|

300 K |

L I B
800 1000 1200 1400

-1
wavenumber (cm )

1600

that is not stable at any of the P investigated but admittedly the
best candidate for the ambient P XeO, phase [59] as characterized
by Raman spectroscopy. Both phases are orthorhombic with cell
parameters within 10% difference, and have a square planar Xe
local environment.

Xe reactivity with lower mantle minerals such as bridgmanite
and ferropericlase has not been tested yet. At lower mantle
conditions, silicon bonds to six nearest oxygen atoms in a
octahedral geometry. It is therefore a promising area of research
as Xe substitution to six-fold Si could lead to structures similar
to ambient P Xe perovskites whereby Xe bonds to oxygens in
octahedral sites [78].

4. OTHER HIGH P NOBLE GAS
COMPOUNDS RELEVANT OF PLANETARY
INTERIORS

4.1. Noble Gas Compounds Relevant to

Planetary Fe Cores

The search for Xe reactivity with metals was initiated by the
report of Xe metallization at 135 GPa [31], later refined to 155
GPa by means of electrical resistivity measurements [79]. Iron-
xenon reactivity received most attention since the first paper
by Caldwell et al. [80], showing no tendency from Xe to form
a metal with Fe up to 150 GPa. Xe-metals reactivity was later
shown to occur at higher P with Fe and Ni, first by alloying with
Fe with up to 0.8 mol% Xe at the conditions of the terrestrial
inner core [81]. Later, Xe-metal compounds were predicted from
theoretical predictions [82] and observed in experiments with

XeFej stable above 200 GPa and 2,000 K [83], conditions that are
significantly reduced for XeNiz to 150 GPa and 1,500 K [83, 84].
In these compounds, Fe and Ni act as oxidants, gaining electrons,
and forming anions. This is yet another illustration of pressure-
induced noble gas chemistry. Implications for Xe sequestration at
depth within planetary cores are less convincing however, as Xe
is missing from both martian and terrestrial atmospheres while
the martian core extends to <40 GPa [85], i.e., far below the
P-threshold required to induce Xe-Fe chemistry.

The latest development in this direction is the ArNi
compound synthesized above 140 GPa upon laser heating
(T>1,500 K) [86]. If such reaction extends to Fe, the Earth’s core
could be a deep Ar reservoir. ArNi is an intermetallic Laves phase,
so there is no bonding but significant electron transfer between
Ar and Ni atoms.

4.2. Noble Gas Compounds Relevant to

Giant Planets Interiors

The range of applications in this subsection covers giant planets,
which main constituents are H and He for Jupiter and Saturn, and
planetary ices for Uranus and Neptune [87]. P-T conditions reach
up to 4,000 GPa-20,000 K inside Jupiter [87], and 510 GPa-5,800
K inside smaller Uranus [88].

Helium is depleted from the atmosphere of Jupiter, and more
importantly from that of Saturn, a depletion due to heavier
He sedimenting inside the planets at P-T conditions where
H, and He are immiscible. Helium sedimentation may have
sequestered Ne, which dissolves preferentially in He rather than
in Hy [89]. Going beyond simple noble gas solubility in giant
planets materials, other processes might sequester noble gases
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FIGURE 4 | Noble gas compounds potentially relevant for giant planets interiors. From left to right: He,HoO [94], NHzHe [95], and FeOOHe [68]. Color code for
atoms: helium (white), oxygen (red), nitrogen (light blue), iron (gold), hydrogen (light pink).

at depth. Van der Waals noble gas compounds with hydrogen
have been synthesized: Ar(H;), [90] at 4.3 GPa and stable to at
least 358 GPa [91], Kr(H;)4 at 5.3 GPa and stable to at least 50
GPa [92], and Xe(H;)s at 4.8 GPa and stable to at least 255 GPa
[93]. Raman and/or infra-red spectroscopies have shown that
hydrogen is molecular (H;) in these compounds, freely rotating,
with no indication of H-noble gas bonding.

Potential planetary He-compounds were predicted (Figure 4):
NH3He above 45 GPa [95], HeH,O, and He,H,O [94] stable
against decomposition at 2-8 and 8-92 GPa, respectively, and
(H,0O),He above 296 GPa [96]. In none of these compounds
does He form bond with other atoms. The propension of He
to from compounds under high P without forming chemical
bonds is explained by its insertion with ionic compounds and
consequent stabilization of Coulomb interactions [94], besides
the volume reduction associated with the reaction. Interestingly,
like Xe;OgHg, He, H, O is superionic at high T above 40 GPa [94],
with free mobility of He and protons. However, this occurs at 40
GPa only, 10 GPa lower than for pure ice. The presence of He
therefore lowers the P at which superionicity occurs compared to
pure water. This effect should be considered in modeling Uranus
and Neptune interiors, superionic ices being the most likely
candidates as the carriers of the internal planetary magnetic field.

5. LIMITATIONS AND FUTURE
DIRECTIONS IN INVESTIGATING NOBLE
GAS REACTIVITY IN PLANETARY
PROCESSES

5.1. Current Limitations

Two important limitations of the study of noble gas
retention mechanisms in minerals are conceptual. First,
most measurements are carried out on samples synthesized at
high P-T conditions but quenched to ambient conditions, i.e.,
far from thermodynamic equilibrium, potentially causing noble
gases to exsolve. Second, solubility studies still assume neutral
speciation and propose retention in defects with similar size
as zero charge noble gas radii [97] such as oxygen vacancies
[98, 99]. This is however unrealistic for noble gas solubilities
above 1 at% as reported at lower mantle conditions for Ar in
bridgmanite [98] and Kr in ferropericlase [99], oxygen defects

concentrations being at least two orders of magnitude smaller
[100, 101].

Even if these conceptual biases are lifted, technical limitations
remain. For a chondritic Earth including 1.5% of volatile-rich late
veneer [102], 90% of missing Xe [10] represents roughly 7.1013
kg of Xe. This translates into concentrations of 10 ppb if all
that Xe is stored in the lower continental crust, and 0.05 ppb if
stored in the upper mantle. These values are much smaller than
the 0.4 at% Xe solubility in olivine and quartz [42, 43], which
means that the missing Xe problem is easily solved by storage in
silicates at depth. But these values are also much smaller than the
detection limit of 0.1 at% for both x-ray diffraction and Raman
spectroscopy [42], which is also the minimum concentration
that can be handled by theoretical ab initio calculations. Neither
experimental nor theoretical approaches can therefore be applied
to natural levels of concentrations. Henry’s law might nonetheless
still be obeyed as ab initio study on Xe incorporation mechanisms
in olivine [42] shows no change in the configuration of Xe with
dilution ranging from 0.9 at% down to 0.1 at%; the presence of Xe
is only felt locally as expected for a diluted defect and Xe atoms do
not interact with each other. This argument justifies the relevance
of theoretical calculations and experiments done with 0.1-1 wt%
noble gas content to natural abundances.

5.2. Future Directions
Much more efforts have been devoted to understand Xe retention
at depth than for lighter noble gases. However, the “missing Xe
problem” requires a solution that only applies to Xe. Kr retention
mechanism as a minor element has so far only been elucidated
in compressed silicate melts [56], with the detection of Kr-O
bonds having a lower degree of covalency than Xe-O bonds. Ar
and Ne retention mechanisms will be very challenging to solve
experimentally due to their lighter mass and consequent weak
contribution to x-ray based signals. This could explain why these
topics were so far never covered despite Ar and Ne being widely
used P-transmitting media for x-ray diffraction measurements
using laser-heated diamond anvil cells. Spectroscopic methods
might be more straightforward to probe any noble gas induced
vibration, although their use at combined high P and high T is
still difficult.

Major x-ray synchrotron facilities are undergoing upgrades
in this decade in order to build extremely brilliant sources
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FIGURE 5 | Cartoon of Earth’s interiors and potential occurrence of noble
gas-compounds at depth. Note that the Earth’s crust (black crust) is too thin
to be represented at scale.

with improved coherence by a factor of hundred. That should
prove highly beneficial to the study of noble gas reactivity with
planetary materials at more realistic conditions. This will for
instance open the prospect of x-ray absorption spectroscopy
measurements at below 0.1 at% concentrations. Increased photon
flux will furthermore considerably shorten data collection times,
allowing count-limited measurements (e.g., local structure by
x-ray absorption or pdf analyses) on these diluted systems for
smaller samples at lower mantle conditions using laser heated
diamond-anvil cell experiments.

Last but not least, it will be crucial to evaluate the
consequences of noble gas chemical reactivity at depth on
isotopic fractionation during planetary differentiation processes
in order to properly interpret the wealth of high precision
isotopic data on natural samples.

6. CONCLUSION

A variety of noble gas compounds may form inside planets,
and those potentially found in the Earth are summarized in
Figure 5. If most of them are with Xe, even the most inert
element of the periodic table, He, reacts at the extreme P-T
conditions found in planetary interiors. While He-compounds
do not involve He bonding to other atoms, different types of
bonding are found in Xe-compounds, from covalent with Xe as
an oxidizing agent (i.e., electron donner), to metallic with Xe as a
reducing agent (i.e., electron taker). The main take-away message
of this review is therefore that noble gas abundances measured in
planetary atmospheres and rocks are certainly a very rich source

of information, but they reflect not only planetary formation
processes, origins and dynamics, but also P-induced noble gas
chemistry at depth.

As detailed in section 3, Xe trapping in the deep crust and
upper mantle could solve the “missing Xe” problem in the
atmospheres of the Earth and Mars, and this occurs by Xe
substitution to Si whereby Xe gets oxidized such as in compressed
SiO; quartz [74]. This report stimulated further work in noble gas
chemistry including the synthesis of the Graal compound XeO,
[59]. Earth sciences have thus brought a different perspective
to the field, as Xe-O high energy bonds can be formed under
the modest pressures of the Earth’s crust in natural minerals.
Reciprocally, the synthesis of Xe-water compounds by UV
radiation [103] has motivated the investigation of Xe reactivity
with water at extreme conditions [60], and the discovery of the
Xe,OgHg oxide stable at the conditions of the interiors of Uranus
and Neptune. The search for new noble-gases compounds at high
P-T conditions has also been fueled by the search for high energy
compounds in condensed matter physics. The synergy between
Earth and planetary sciences, high P condensed matter physics,
and chemistry has been fruitful and should be pursued, in the
perspective to discover new synthesis pathways and new types
of noble gas compounds, with the wealth of potential societal
benefits that follow such as storage of energy or better anesthetics
in medicine [104]. A main effort will be to find ways to preserve
the newly found compounds metastably back to room conditions,
as none of these high P compounds is yet recoverable.

Future research perspectives could be directed at pursuing the
synthesis of noble gas-doped phases instead of stoichiometric
compounds, which proved to considerably lower the P-threshold
of Xe bonding to O from 83 GPa in pure Xe-O system
[61] down to 1 GPa in more complex silicate systems [43,
74]. Not only is this the mandatory way to adequately
reproduce the chemistry of naturally very weakly abundant
noble gases in terrestrial planets, but this is also a potential
solution to recover metastable phases back to room P. In
the opposite direction, the discovery of very large exoplanets
(super Earths, super Neptunes, super Jupiters) opens the
perspective to expand the exploratory P-range for noble gas
chemistry at depth, as illustrated by the FeHe compound
stable above 4,000 GPa, i.e., P greater than at the center of
Jupiter [105].
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Cationic species with noble gas (Ng)-hydrogen bonds play a major role in the gas-phase
ion chemistry of the group 18 elements. These species first emerged more than 90 years
ago, when the simplest HeH* and HeHér were detected from ionized He/Ho mixtures.
Over the years, the family has considerably expanded and currently includes various
bonding motifs that are investigated with intense experimental and theoretical interest.
Quite recently, the results of these studies acquired new and fascinating implications. The
diatomic ArHT and HeH™ were, in fact, detected in various galactic and extragalactic
regions, and this stimulates intriguing questions concerning the actual role in the outer
space of the Ng-H cations observed in the laboratory. The aim of this review is to briefly
summarize the most relevant information currently available on the structure, stability,
and routes of formation of these fascinating systems.

Keywords: noble-gas ions, noble-gas chemistry, interstellar chemistry, gas-phase chemistry, mass spectrometry,
theoretical calculations

About 130 years after the discovery of argon (Rayleigh, 1895), the chemistry of the noble gases
currently appears as a fascinating “saga” (Grandinetti, 2018), where combative scientists never tire
of using different chemical and physical weapons to challenge and defeat the proverbial inertness
of the elements. Exemplary in this regard is the unceasing interest focused on gaseous ionic species.
The story began in 1925, when Hogness and Lunn (1925) first detected the simplest HeH™ and
HeHJ from ionized He/H, mixtures. With the upsurge of interest in gas-phase ion-molecule
reactions (Stevenson, 1957; Giese et al., 1961), it soon emerged that, under ionizing conditions, all
the noble gas atoms (Ng) were “forgetting” to be inert, and capable of combining with a huge variety
of atoms and molecules. The subsequent studies actually confirmed an exciting ion chemistry
of both fundamental and applied interest (Grandinetti, 2011). None could, however, surmise the
amazing implications that emerged quite recently, when ArH™ and HeH™ were detected in various
galactic and extragalactic regions (Barlow et al., 2013; Schilke et al., 2014; Miiller et al., 2015;
Giisten et al., 2019). This unexpected projection from the ion sources to outer space rejuvenates
particular interest in cationic noble-gas hydrides Ng,,H,™ (m, n > 1), a well-established family of
noble gas ions. The pertinent literature is already vast, and the contributions chosen here wish to
illustrate issues of current interest that are also of relevance for the naturally-occurring chemistry.
The systems are described so as to give an overview, useful also as a guide for future studies.

NgH™*

The chemistry of the gaseous Ng,,H,,* plays around four major bonding motifs, namely the NgH*,
the linear centro-symmetric Ng-H-Ng™, and their Ng-solvated complexes (NgHNg™)(Ng),,, the
(H2+)(Ng)n, and the (H;)(Ng)n (n > 1). Their formations also benefit from ion sources operated
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at ultra-cold temperatures (Jasik et al.,, 2013), or from ionized
helium nanodroplets doped with suitable precursors (Farnik and
Toennies, 2005). The connectivities of some exemplary species
are shown in Figure 1, and some quantitative data are reported
in Table 1.

The diatomic NgH™' (Ng = He-Xe), still elusive in any other
environment, are quite stable in the gas phase. Their simplest
ionic routes of formation given by the equations

Ng+H' — NgH™ @
Ng© +H — NgH™ )
Ng+HS — NgH" + H (3)
Ngt +H, — NgH" + H (4)

are, invariably, exothermic (National Institute of Standards and
Technology, 2020), with the only exception of He and Ne
reacting with ground-state H;‘ (see Table 1). The galactic and
extragalactic ArH™ is, in particular, ascribed to reactions (3) and
(4) (Barlow et al., 2013; Theis et al., 2015), whereas the HeH™
observed in the planetary nebulae (Giisten et al., 2019) mainly
arises from reaction (2) (Roberge and Dalgarno, 1982; Cecchi-
Pestellini and Dalgarno, 1993; Fortenberry, 2019). In keeping
with any type of bonding analysis (Borocci et al., 2015), the short
bond distances, and high vibrational frequencies of the NgH*
point to typical covalent species. The experimental values (Rogers
etal., 1987, and references cited therein; Coxon and Hajigeorgiou,
1999; Perry et al., 2014; Gruet and Pirali, 2019) (see Table 1)
range between 0.774 and 1.603 A, and 2,911 and 2,270 cm™},
respectively, and follow the expected periodic increase/decrease
of R/v when going from HeH" to XeH™.

Ng-H-Ng* AND (NgHNg*)(Ng), (n > 1)

The addition of another Ng to NgH™ produces the linear centro-
symmetric Ng-H-Ng™. Their thermochemistry is experimentally
unknown, but theoretical calculations (Kim and Lee, 1999;
Tan and Kuo, 2019) predict Ng additions that are exothermic
by ca. 13-17 kcal mol~!. The alternative conceivable Ng-Ng-
HT are instead only marginally stable (Bop et al, 2017a,b),
and do not play a role in the chemistry and the dynamics
of the gaseous H'(Ng,) (Ritschel et al., 2004, 2005, 2007).
The structural assignment of the Ng-H-Ng™ is based first on
matrix infrared (IR) spectroscopy. Definitive evidence in this
regard was obtained, in particular, by Kunttu and his coworkers
(Kunttu et al.,, 1992; Kunttu and Seetula, 1994), who identified
the symmetric (v;) and anti-symmetric (v3) stretching that
appear in the IR spectra of the Ng-H-Ngt (Ng = Ar, Kr,
Xe) as a progression of (nv; + v3), with n up to 4 for Xe-
H-Xe'. The vy and (v; + v3) absorptions of Kr-H-Kr™ and
Xe-H-Xet were subsequently measured in different matrices

@

FIGURE 1 | Connectivities of the Ng-H-Ng*, (Ng-H-Ng*)(Ng), (n = 1-5), and
H3+(N9)5-

(Lundell et al., 1999; Tsuge et al., 2015), and found to be sensitive
to the environment. As shown in Table 1, the comparison with
very recent theoretical estimates (Tan and Kuo, 2019) clearly
unravels that the “cold” bands are red-shifted by up to 100 cm™!
with respect to those of the naked Ng-H-Ng*. Consistently, the
theoretical IR absorptions of Ar-H-Ar" are instead quite close
to the corresponding gas-phase values obtained by Duncan and
his coworkers (McDonald et al., 2016). They produced the entire
family of the smallest (Ar-H-ArT)Ar, (n = 1-5), and measured
the IR photodissociation spectrum (loss of one Ar atom) of each
mass-selected complex. In general, the (Ng-H-Ng™)Ng, consist
(Giju et al., 2002; Ritschel et al., 2005, 2007; Csaszar et al., 2019) of
Ng atoms weakly bound to a covalent centro-symmetric Ng;H T,
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TABLE 1 | Energetics (kcal mol~") of reactions involving the gaseous Ngn,H,*, and bond distances (R, A) and vibrational frequencies (v, cm~") of the NgH* and

Ng-H-Ng*.
Reaction? He Ne Ar Kr Xe
Ng + H* — NgH* —42.5 —47.5 —88.2 —-101.5 —-119.4
Ng* + H— NgH* —295.9 —231.2 —138.0 —-110.7 —85.5
Ng + H;’ — NgH" +H 19.6 14.6 —26.1 —-39.4 —-57.3
Ngt + Hy — NgH'T + H —-191.7 —-127.0 —33.8 —6.5 18.7
Ng + NgH* — Ng-H-Ng*+ —13.2° —15.6° —14.8° —14.6° —13.9°
Ng + Hjf — Ng-H-H* —7.89 —12.9¢ —42.48
ONg + H} — Ng-H-H-Ng*' —-55 —13.1 —50.0 —66.4 —-89.9
Ng + H§ — Ng(H;r) —0.22 +~ —0.419 —2.5"/-2.6 —6.7/-8.7"/-9.0 —13.9" —22.8"
Ng|.|+k
R 0.774! 0.991™m 1.280M 1.421m 1.603™
v 29117 2904M 2711m 2495M 2270™
Ng-H-Ng*
R 0.926 1.144P 1.502P 1.661P 1.862°
vg 1290 (gas) 14328 10008 9278 8428
989 (gas)! 853 (Kr) 731 (Xe)!
903 (A 885 (Ar)” 828 (Ar)”
871 (p-Ha)" 782 (Kn)"
871 (n-Ho)™ 847 (p-Ha)"
845 (n-Hy)"
vl +vg 18148 1253°% 10923 964°
1237 (gas)! 1008 (K 843 (Xe)
1140 (A 974 (p-Ho) 953 (AnY
985 (n-Ho)" 900 (Kr)"
972 (p-Ha)"
965 (n-Ho)"
2v1 + v3 21828 1500° 12578 1085°
1485 (gas)! 1160 (K 953 (Xe)
1361 (An¢
3vi + va 2541% 17508 1428° 1213°
1726 (gas) 1309 (Kn) 1062 (Xe)
4vq +v3 2401 (gas)! 1168 (Xe)!

aUnless stated otherwise, experimental enthalpy changes (AH) from National Institute of Standards and Technology (2020). ®CCSD(T)/CBS electronic energy change (AEg) from Kim
and Lee (1999). €CCSD(T)/aug-cc-pVQZ//MP2/aug-cc-pVQZ energy change at 0 K [AE(0)] from Tan and Kuo (2019). YFCl/aug-cc-pV/5Z AEy from Koner et al. (2019). ¢CCSD(T)/aug-
cc-pVTZ AE from Theis et al. (2015). "CCSD(T)/def2-TZVPP AE(0) from Krapp et al. (2008). 9Range of theoretical values quoted by Savic et al. (2015). "CCSD(T)/aug-cc-pVQZ AEg
from Pauzat et al. (2016). 'CCSD(T)/aug-cc-pV/5Z AE from Theis and Fortenberry (2015). 1 AH from Hiraoka and Mori (1989). kGas-phase. 'Coxon and Hajigeorgiou (1999). ™Rogers
etal. (1987). "Perry et al. (2014). “CCSD(T)/aug-cc-pVTZ value from Kim and Lee (1999). PMP2/aug-cc-pVQZ value from Tan and Kuo (2019). 9Anti-symmetric stretching. "Gas-phase
value from Asvany et al. (2019). SDiscrete variable representation (DVR) theoretical value based on a CCSD(T)/aug-cc-pVQZ//MP2/aug-cc-pVQZ potential from Tan and Kuo (2019).
{Gas-phase value from McDonald et al. (2016). YValue in Ar, Kr, or Xe matrix from Kunttu and Seetula (1994). “Value in Ar or Kr matrix from Lundell et al. (1999). WValue in Ho matrix
from Tsuge et al. (2015). *Symmetric stretching.

cm~! (n = 4). As for the larger (Ng-H-Ng")Ng, (n > 5), the
available experimental results (Kojima et al., 1992; Bartl et al,,
2013; Gatchell et al., 2018, 2019; Lundberg et al., 2020) unravel
intriguing differences between the heaviest (Ng-H-Ng*)Ng, (Ng
= Ne, Ar, Kr), and the He congeners. For the former species,
the mass-spectrometric abundancies (Gatchell et al., 2018, 2019)
indicate the “magic” role of three structures, namely the (Ng-
H-Ngt)Ngs, the (Ng-H-Ng*)Ngj;, and the (Ng-H-Ng™)Ng;;.
Based also on theoretical calculations, these species are identified
as the most stable intermediates along a icosahedral growth.
Starting from the (Ng-H-Ng*)Ngs, five Ng atoms progressively
bind to one of the two equivalent ends of the Ng-H-Ng* core,
and the ensuing ring is eventually “capped” by a further Ng. A
second specular capped ring of six Ng atoms is then obtained

the (Ng-H-Ng")Ngs growing by the step-by-step addition of
five Ng in the plane perpendicular to the Ng-H-Ng™ axis (see
Figure 1). The IR patterns of the gaseous (Ar-H-Ar")Ar, were
assigned (McDonald et al, 2016) as the vz and (nv; + v3)
progression, with n arriving up to 4 for (Ar-H-Ar")Ar. As shown
in Table1, the vz (989 cm™!), (vi + v3) (1,237 cm™!), and
(2v; + v3) (1,485 cm™!) absorptions of the latter species are,
invariably, blue-shifted with respect to the corresponding values
measured in argon matrix. Consistently, when going from (Ar-
H-ArT)Ar to (Ar-H-Ar")Ars, the vs and (v; + v3) resulted
progressively red-shifted up to 965 and 1,207 cm™!, respectively.
A strictly similar trend was quite recently noticed by Asvany
et al. (2019), who measured the v; of the gaseous (He-H-
He™)He, (n = 1-4) ranging between 1,290 (n = 1) and 1,273
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around the other Ng of the core, and the cluster eventually
looks like a “roller” made up of an axel with three wheels, the
two outside ones having hubcaps (Ritschel et al., 2005). On the
other hand, consistent with previous results (Kojima et al., 1992;
Bartl et al., 2013), recent experiments (Lundberg et al., 2020)
showed that, in the mass spectra of protonated helium clusters,
the only observed magic structure associated with the icosahedral
motif is the (Ng-H-Ng*)Ngj;. The (Ng-H-Ng™)Ngs and (Ng-
H-Ng*)Ng;7 are missing, but there is evidence for peculiarly
stable (Ng-H-Ng™)Ngy and (Ng-H-Ng*)Ngo, the latter being
the strongest abundance anomaly. Recent theoretical calculations
(Csaszar et al., 2019) actually suggest the stability of the (Ng-H-
Ng")Ng4, and the (Ng-H-Ng™)Ng;;, but do not provide evidence
for peculiarly stable (Ng-H-Ng™)Ngo. Clearly, there is still room
for further investigation.

The Ng-H distances of the Ng-H-Ng* are experimentally
unknown, and Table1 quotes accurate available theoretical
predictions (Kim and Lee, 1999; Tan and Kuo, 2019). Likewise,
the NgH™, the values increase from He-H-He™ to Xe-H-Xe™, but
are comparatively longer than those of the diatomic ions. In fact,
in the Ng-H-Ng™, the proton is “shared” between two equivalent
Ng atoms. In any case, the bonding analysis (Borocci et al., 2011)
is again suggestive of covalent bonds.

Mixed ions Ng-H-Ng'* are still elusive in the gas phase,
and the only experimentally-detected species is the Xe-H-Kr™
identified in solid hydrogen by a v; absorption at 1,284 cm™!
(Tsuge et al., 2015). Compared with the v3 of Kr-H-Krt and
Xe-H-Xe™ measured in the same environment (see Table 1), this
value is blue-shifted, and this is in line with previous theoretical
predictions (Lundell, 1995) showing that in the Xe-H-Kr™, the
proton is more tightly bound to the Xe atom and the ion is best
described as a (Xe-H'-Kr) complex with a v3 nearer to, but
smaller than, the stretching frequency of XeHt (2270 cm™!).
Indeed, an asymmetric structure is a common feature of the
mixed Ng-H-Ng'* (Fridgen and Parnis, 1998a,b; Lundell et al.,
1999). The (formal) H" is more tightly bound to the heaviest Ng,
and the resonance structure (Ng-H'-Ng’) becomes progressively
prevailing by increasing the difference between the proton affinity
(PA) of Ngand Ng’' (Ng > Ng’). Simplest illustrative examples are
the Ne-H-He™, Ar-H-He™, and Ar-H-Ne™ reported by Koner
etal. (2012). The Ne-H (1.108 A) and He-H (0.959 A) distances
of Ne-H-He™ are shorter and longer, respectively, than the bond
distances of Ne-H-NeT (1.139 A) and He-H-He™ (0.926 A),
and the loss of Ne from Ne-H-He™ resulted more endothermic
than that of He (18.2 vs. 12.0 kcal mol™!). In addition, the
v3 absorption of Ne-H-He™, 1,644 cm™!, falls in between the
value predicted for He-H-Het (1,717 cm™!) and Ne-H-Ne*t
(1,437 cm™1). In the Ar-H-He' and Ar-H-Ne™, the structural
asymmetries are so pronounced to support their description as
complexes of ArH™ weakly bound to He and Ne (by ca. 2.0 and
4.1 kcal mol 1, respectively).

Are there prospects to detect the Ng-H-Ng™ and Ng-H-Ng'*
in outer space (Fortenberry, 2017; Stephan and Fortenberry,
2017)? Assuming that the extreme conditions of some dense
regions of the interstellar medium and planetary atmospheres
may be sufficient to produce not only ArH™ but also NeH™,
Fortenberry (2017) suggested the conceivable formation of

Ar-H-Ar", Ne-H-Net, and Ar-H-Net from the exothermic
reaction of NgH™ with the H;‘(Ng) (Ng = Ne, Ar) (vide
infra) or with Ne or Ar atoms absorbed on polycyclic aromatic
hydrocarbons (PAHs) (Rodriguez-Cantano et al., 2017). While
the former process is probably hampered by the high barriers
arising from the positive charges of the colliding partners,
the PAHs route seems more plausible, especially in view of
the predicted exothermic character of model reactions between
NeH™ and C;9Hg-Ng or C3;H;4-Ng (Ng = Ne, Ar) (Fortenberry,
2017). Other suggestions for conceivable formation routes come
from studies performed in cold matrices (Feldman et al., 2016;
Saenko and Feldman, 2016), showing that ionized molecules such
as H,O and CH3OH (quite abundant in the outer space) might
protonate Ng atoms so to eventually form the Ng-H-Ng™.

(H2)(Ng)s (n > 1)

The NgH;, particularly the lightest HeH, NeH;, and ArHj,
have received sustained experimental and theoretical interest,
also in connection with their role in reactions (3) and (4).
Mlustrative in this regard are, for example, the extensive studies
on the reaction between Hj and He performed so far by
Herman, Ziilicke, and their coworkers (Schneider et al., 1976;
Havemann et al., 1978, and references cited therein) with crossed-
beam experiments and quasi-classical trajectory calculations.
The NgHJ possess linear Ng-H-HT connectivities, and their
potential wells (see Table1) are deep enough (Theis et al,
2015; Koner et al., 2019) to sustain numerous vibrational
and rovibrational states. The latter were accurately estimated
even recently (Theis et al, 2015; Papp et al, 2017, 2018;
Szidarovszky and Yamanouchi, 2017), also in the intriguing
prospect of actual detection of natural NgH. Some general
warnings in this regard come, however, from the information
already available, in particular on the gas-phase ion chemistry
of Ar/H,; mixtures (Bedford and Smith, 1990; Hvistendahl et al.,
1990; Koyanagi et al., 2000). The ArH; was actually detected
(Bedford and Smith, 1990) from the ligand-switching between
Arf and Hj, exothermic by ca. 17 kcal mol~!. However,
dynamics calculations on the reaction between Ar and Hj
(Liu et al,, 2011; Hu et al, 2013) point to a direct reactive
mechanism, and the experiments also showed (Bedford and
Smith, 1990) that, at least down to 80K, ArT reacts with
H, to directly from ArHT, with no evidence for ArH; But
even assuming stabilization at the lowest temperatures, ArH;
could exothermically react with H, (by ca. 8 kcal mol™1)
to form ArHJ. The latter is stable enough to conceivably
exist at the lowest temperatures of the interstellar medium
(vide infra).

The NgH; are the simplest members of the H;’ (Ng),, family (n
> 1). The H; (Ng), were, in particular, theoretically investigated
by Krapp et al. (2008), who obtained evidence for linear
symmetric complexes (Ng-H-H-Ng)™, thermochemically bound
with respect to H;‘ and two Ng (see Table 1). However, this
stability must contend with the rearrangement into Ng—NgH;"
that resulted exothermic for Ng = Xe, and very fast for Ng
= He and Ne. Therefore, the experiments were oriented to
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search the argon and krypton congeners; however, no Ar,H;
or KryH were detected from ionized Ng/H, mixtures (Krapp
et al, 2008). Somewhat unexpectedly, the lightest H;(He)z
was instead observed by electron ionization of Hj-doped
helium droplets soon afterward (Jaksch et al., 2009). Besides
the expected dissociation into HeH; and He, featuring a
low kinetic energy release (KER) of 15 £+ 4 meV, the mass-
analyzed kinetic energy experiments unraveled a not-surmised
dissociation into HeH™ and HeH (or He + H), occurring with
a higher probability, and a KER four times larger than that
of the loss of He. This behavior was ascribed to a metastable,
electronically excited HJ (He),, whose excess energy arising from
the ionization event allows the rupture of the stronger H-HT
bond, the weaker He-H™ remaining intact. Larger H;(He)n (n
< 30) were subsequently detected from ionized helium droplets
doped with H, (Bartl et al., 2013), but their structure is only
little explored.

(HI)(Ng)» (n = 1)

The H;‘(Ng)n generally consist of a H;‘ covalent ionic core
weakly bound to one or more Ng atoms. According to the
calculations (Beyer et al., 1999; Kaczorowska et al., 2000), the
first three Ng add to the vertices of the equilateral HY, and the
fourth and the fifth ones complete the bi-pyramidal structure
shown in Figure 1. The vertex-coordination of H3+(Ar) is also
supported by spectroscopic measurements (Bogey et al., 1987,
1988; Bailleux et al., 1998; McCarthy and Thaddeus, 2010). As
shown in Table 1, the addition of one Ng to H is, invariably,
exothermic, the stability increasing when going from HJ (He)
to H;"(Xe) (Savi¢ et al., 2015; Pauzat et al,, 2016). Interestingly,
as shown by the calculations (Beyer et al., 1999; Mousis et al.,
2008), this trend mirrors a structure of the H} (Ng) that gradually
changes from nearly pure H;r(He) and H;(Ne) to a description
close to XeH™ (H;). This parallels a PA of H,, 100.9 kcal mol ™!,
that is lower than the PA of Xe (119.4 kcal mol™1). In essence,
the periodic increase of the stabilities of the H;L(Ng) reflects not
only the increase of the polarizability of Ng (with consequent
increase of the ensuing charge transfer to Hy), but also the onset
of covalency in the Kr-H and especially the Xe-H bonds. The
calculations indicate also (Pauzat and Ellinger, 2005; Pauzat et al.,
2009; Chakraborty et al., 2010) that, when going to the larger
H;(Ng)n (n > 2), the energy change of the reaction H;‘(Ng)ﬂ —
H; (Ng),—1 + Ng tends to decrease by increasing n, appreciable
jumps in particular being predicted between n = 1 and n = 2,
and between n = 3 and n = 4. These trends are well-consistent
with the experimental binding energies of H;"(Ar)n (n =1-7),
measured (Hiraoka and Mori, 1989) as 6.7 (n = 1), 4.6 (n =
2),43 (n=3),25 (n=4),23 (n=25),22 (n==6),and 1.6
kcal mol™! (n = 7), and clearly mirror the growing mode of
the cluster.

The vibrational and rotational patterns of the H;(Ar) and
Hi (Ne) were more recently refined by theoretical calculations
(Theis and Fortenberry, 2015), performed also to best guide
the conceivable detection of these ions in the outer space. The

natural role of the Hj (Ng), was first suggested by Pauzat,
Ellinger, and their coworkers, who proposed that the deficit
of noble gases observed in planetary objects could be due
to the sequestration by Hj during the early stages of the
solar nebula (Pauzat and Ellinger, 2005, 2007; Mousis et al.,
2008; Pauzat et al., 2009, 2013). According to their recent
quantum-dynamics calculations (Pauzat et al., 2016), especially
for the heaviest Kr and Xe, the rate constants of the radiative
association are indeed large enough to support the sequestration
by Hf. The helium complexes H7 (He), are also of potential
astrochemical interest. Theoretical calculations (Chakraborty
et al., 2010) confirm the planar structure of the H;‘(He)3,
the three He bound to the vertices of Hi featuring nearly
constant complexation energies of ca. 1 kcal mol~!. On the
experimental side, Gerlich and his coworkers (Savi¢ et al.,
2015) recently produced H;’(He)n (n up to 9) in an ion trap
cooled down to 3.7K. Particularly for the simplest Hy (He),
laser-induced dissociation experiments unraveled almost 100
lines between 2,700 and 2,765 cm ™!, whose detailed assignment
was, however, hampered by the lack of a sufficiently accurate
potential energy surface. Species with higher »n are also
detected in different ion sources (Kojima et al, 1992; Bartl
et al, 2013), the experiments suggesting, in particular, the
peculiar stability of the H;‘(He)lz, and the “magic” role of
n = 9 and 10. Further structural assay awaits more detailed
theoretical investigations.

Finally, it is worth mentioning a group of complexes of
the NgH™ with simple molecules such as N,, CO, SiO, CS,
BE N, and H;O investigated by Ghanty and his coworkers
(Jayasekharan and Ghanty, 2008, 2012; Ghosh et al, 2013,
2014; Sirohiwal et al., 2013; Sekhar et al., 2015). The HNgNH;
were as well-reported (Gao and Sheng, 2015). The most
stable complex between NgHT and a ligand L is the Ng-
H-L*, the proton being typically more tightly bound to L
(the PA of most molecules is, in fact, higher than that
of the Ng atoms). In any case, the thermochemically less
stable H-Ng-LT, best described by the limiting resonance
structure (HNgt)L, is bound with respect to NgH™ + L,
and kinetically protected toward the fast decomposition into
Ng + LHT. Whether these conditions are sufficient for their
formation in the outer space is another intriguing question
related to the fascinating gas-phase chemistry of cationic noble-
gas hydrides.
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Noble gas can be no noble in certain situations from the perspective of structure,
bonding, and reactivity. These situations could be extreme experimental conditions
or others. In this contribution, we systematically investigate the impact of fullerene
encapsulation on molecular structure and chemical reactivity of noble gas dimers (Ng»)
in a few fullerene molecules. To that end, we consider Hes, Neo, and Arp dimers
encapsulated in Csp, Cgp, and Cyq fullerenes. We unveil that bond distances of Ng» inside
fullerene become substantially smaller and noble gas atoms become more electrophilic.
In return, these noble gas dimers make fullerene molecules more nucleophilic. Using
analytical tools from density functional theory, conceptual density functional theory, and
information-theoretic approach, we appreciate the nature and origin of these structure
and reactivity changes. The results and conclusions from this work should provide more
new insights from the viewpoint of changing the perspectives of noble gas reactivity.

Keywords: noble gas dimer, fullerene, density functional theory, information-theoretic approach, encapsulation

INTRODUCTION

Regarded as the most unreactive elements in the periodic table, noble gas atoms could indeed be
reactive and no noble at all under certain circumstances, [e.g., high temperature, high pressure,
special conditions (e.g., confinement, etc.)]. The first successful experimental realization was the
synthesis of xenon hexafluoro platinate XePtFg in 1962 (Bartlett, 1962; Graham et al., 2000). Since
then many more compounds with noble gas elements included have been reported (Turner and
Pimentel, 1963; Nelson and Pimentel, 1967; Bondybey, 1971; Stein, 1973; Holloway and Hope,
1999) and a brand new discipline of noble gas chemistry has emerged thereafter.

In this contribution, we explore the possibility of fullerene encapsulation as another feasible
way to make noble gas elements no longer noble. In specific, we consider the impact of the
encapsulation by fullerene molecules on geometrical structure and chemical reactivity for noble
gas species. Previously, by heating fullerenes at 650°C under 3,000 atmosphere, helium (Saunders
etal., 1993), neon (Saunders et al., 1993), argon (DiCamillo et al., 1996), krypton (Yamamoto et al.,
1999), and xenon (Syamala et al., 2002) noble gas atoms were experimentally introduced into the
fullerene cage. This experimental realization of fullerene encapsulation demonstrates the feasibility,
and there were reports of experimental realization of noble gas dimers encapsulation in fulerenes
(Saunders et al., 1996; Laskin et al., 1998; Peres et al., 2001; Popov et al., 2013; Saha et al., 2019).
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Also, earlier, Krapp and Frenking performed a computational
study on Ng,@Cgp (Ng = He, Ne, Ar, Kr, and Xe) systems
from the bonding perspective and concluded that He;@Cgg and
Ne,@Cgp were weakly bonded van der Waals complexes (Krapp
and Frenking, 2007). On the other hand, Sola et al. explored the
same systems from the reactivity perspective and they attributed
the changes in reactivity to the stabilized LUMO, increased
fullerene strain energy, and compressed Ng, unit (Osuna et al.,
2009). There are other theoretical and computational studies on
the encapsulation of either noble gas or other species in the
literature (Osuna et al., 2011; Cheng and Sheng, 2013; Dolgonos
and Peslherbe, 2014; Khatua et al., 2014; Bickelhaupt et al.,
2015; Kryachko et al.,, 2015; Nikolaienko and Kryachko, 2015;
Jalife et al., 2016; Srivastava et al., 2016; Nikolaienko et al.,
2017; Foroutan-Nejad et al., 2018; Jaros et al., 2018; Gomez and
Restrepo, 2019; Das et al., 2020).

In this work, we reconsider the likelihood of these species
from the computational perspective using a few newly developed
theoretical tools. To that end, we examine noble gas dimers,
He;, Nej, and Arp inside a few fullerene systems, Cso,
Ceo, and Cyg, as illustrative examples in this work. In
addition, to pinpoint the nature and origin of these structure
and reactivity changes, we make use of a few analytical
tools available in the literature, including density functional
theory, conceptual density functional theory, information-
theoretic approach, energy decomposition analysis, bonding
energy analysis, natural population analysis, and noncovalent
interaction analysis. In information theory, Shannon introduced
a measure of information content or a lack of it as an entropy
through an analogy with the statistical mechanical variant of
thermodynamic entropy as proposed by Boltzmann. Hence the
stability of a system and spontaneous evolution toward an
equilibrium state can be understood by following the variation of
the entropy during the thermodynamic process. These analyses
should provide better understanding from the viewpoint of
changing the perspectives of noble gas reactivity.

COMPUTATIONAL DETAILS
Models

Nine model systems were built to examine the impact of fullerene
encapsulation on structure and reactivity properties for noble
gas dimers (Ng,) using three fullerenes Csp, Cgo, and Czp and
three Ng, species, He,, Ney, and Ar. They are represented by
following notations: He, @Csy, He, @Cgp, He, @Cr, Ne, @Cs,
Ne,@Cgp, Ne; @Crg, Ar,@Csg, Aro@Cg, and Ary@Cyg. Also, as
the reference, the structural and reactivity properties of these
three fullerene molecules and three Ng, dimers in vacuum were
also simulated and compared.

Analyses

Structure, bonding and reactivity properties for these species
were analyzed through a number of well-established analytical
tools available in the literature. They include analyses of the
total energy decomposition (Parr and Yang, 1989; Liu, 2007),
interaction energy decomposition (Bickelhaupt and Baerends,
2000), natural population (Glendening et al., 2012), non-covalent

interactions (Johnson et al., 2010), conceptual density functional
theory (Geerlings et al,, 2003, 2020; Liu, 2009, 2013), and
informational-theoretic approach (Liu, 2016; Rong et al., 2019).
These analyses enable in-depth understanding about the origin
and nature of the changes in structure, bonding, and reactivity.
Formulations as well as the details of how to perform these
analyses are available elsewhere.

Methodologies

Structure optimizations and natural population analyses were
performed with the Gaussian 16 (Frisch et al., 2016) package
(versionA03), with ultrafine integration grids and tight self-
consistent field (SCF) convergence. To obtain the most stable
orientation of Ng, dimer in a fullerene cage, quantum molecular
dynamics simulations were performed for each species at the
DFT B3LYP/3-21G (Lee et al., 1988; Becke, 1993) level of theory
at 3,000 K for 300 ps with a step size of 1 fs. A total of 20 structures
with the lowest total energy were selected as the possible structure
candidates from the trajectory and then optimized at the DFT
M06-2X/6-311G(d) (Zhao and Truhlar, 2008) level of theory. The
structure with the lowest total energy from these 20 candidates
was selected as the global minimum for the species. The full
structure optimization was followed by a single-point frequency
calculation to ensure that the final optimized structure has
no imaginary frequency. As a measure of quality control, we
conducted a benchmark test on the impact of different choices
of basis sets and approximate DFT functionals (Ma et al., 2014).
The Multiwfn 3.6.1 program (Lu and Chen, 2012) was utilized
to calculate the information-theoretic quantities by using the
checkpoint file from the Gaussian calculations as the input file.
The total energy components were obtained from Gaussian
calculations with the keyword of iop(5/33 = 1). The ADF
(Amsterdam Density Functional) (Lee et al., 1988) package was
employed to perform the bond energy decomposition (BED)
analysis. The BED analysis was conducted using the previously
optimized structure and the DFT BP86 approximate functional
with the double zeta basis set, zero order regular approximation
for relativistic correction, and Grimme4 dispersion correction
(Te Velde et al., 2001).

RESULTS AND DISCUSSION

Table 1 is the benchmark results using Ar,@Cgp as an example
with 14 basis sets and 14 DFT functionals as well as HF and MP2
methods to examine their impact on the Ar-Ar bond distance.
It is compared with Ar-Ar length in vacuum. As can be seen
from the table, the bond length in Ar2@Cs is not significantly
dependent on the choice of basis sets and functionals, which
is unsurprising because the Ng, molecule is confined. As a
reference, the experimental Ar-Ar length in vacuum is 3.758 A
(Computational Chemistry Comparison Benchmark DataBase,
2019). There are a handful of computational results for the Ar-
Ar length (Colburn and Douglas, 1976). In all analyses below, we
chose M06-2X/6-311G(d).

Figure 1 shows the final structure obtained for Ng,@Cso,
Ng>@Cgp, and Ng,@Cy with both top and side views. With
a given fullerene, the binding mode is the same for different
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Ng, dimers, but for different fullerenes, as shown in Figure 1,
the same Ng, dimer prefers to bind differently. This is not
surprising either. This is because, for instance, Cyg is elongated
so the dimer aligns with the long axis, as one would expect
from a simple steric argument. These similarity and difference
illustrate the fact that the size and nature of fullerene molecules
play more important role during the encapsulation process of
Ng, dimers.

Table 2 exhibits a few selected structural and electronic
properties of these species. As can be seen from the table, the

TABLE 1 | Benchmark tests for Aro@Cgp with 14 basis sets and 14
functionals/methods to examine the impact of the methodology dependence on
the Ar-Ar bond distance in both vacuum and Cgg fullerene.

Basis set Vacuum Ceo Functional Vacuum Cso

STO-3G 3.619 2.381 Isda 3.383 2.356
3-21G 3.395 2.388 blyp 5.709 2.376
6-31G(d) 3.971 2.353 b3lyp 6.481 2.359
6-311G(d) 4.039 2.353 pw91pwI1 3.835 2.370
6-311G(d,p) 4.039 2.353 cAM-b3lyp 3.823 2.351
6-311+G(d) 4174 2.352 b3pw91 6.198 2.357
6-311++G(d,p) 4174 2.352 pbepbe 3.878 2.372
Def2SVPP 3.360 2.352 hsehipbe 3.905 2.355
Def2TZVP 4.015 2.347 hcth 3.838 2.354
DGDZVP 4.031 2.355 tpsstpss 4.083 2.374
cc-pVDZ 3.741 2.355 ®b97xd 4.147 2.344
cc-pVTZ 4.029 2.349 mO06-2x 3.971 2.353
aug-cc-pVTZ 4.041 2.352 hf 4.525 2.338
cBsB7 4.034 2.350 mp2 4173 2.352

When basis sets were tested, M06-2X functional was employed. When functionals were
tested, 6-31G(d) basis set was employed. Units in A.

bond length of Ng, dimers becomes smaller when encapsulated
in fullerenes, and the smaller the fullerene cage the shorter the
Ng-Ng distance. This latter trend was resulted from the fact that

TABLE 2 | A few selected structure and electronic properties at the DFT
MO06-2X/6-311G(d) level of theory for Ngz (Ng = He, Ne, and Ar) dimers
encapsulated in Csg, Ceo, and Cro fullerenes?.

Ng-Ng  Property Vacuum Cso Ceo Cno
He-He R @A) 2.862 1.835 1.984 2.559
Point group Cay Dsdg Dsn
EBSSE (kcal/mol) -147  —436  -6.73
Eint (kcal/mol) —2.42 -5.13 —7.39
Hirshfeld charge on Ng 0.073 0.056 0.047
NPA charge on Ng 0.002 0.002 0.002
Ne-Ne Distance (A) 2.685 1.971 2.090 2.557
Point group Coy Dag Dsn
EBSSE (keal/mol) 156.12 1.31 -8.13
Eint (kcal/mol) 4.71 —-7.15 —15.36
Hirshfeld charge on Ng 0.127 0.091 0.067
NPA charge on Ng 0.010 0.009 0.008
Ar-Ar Distance (A) 4.041 2.235 2.352 2.667
Point group Coy Dag Dsn
EBSSE (kcal/mol) 131.41 53.81 —7.06
Eint (kcal/mol) 126.52 49.91 —-10.17
Hirshfeld charge on Ng 0.180 0.168 0.161
NPA charge on Ng —-0.047  —0.007 0.003

4R is the bond distance between Ng atoms; EiﬁtSSE and Ejt are the interaction energy
between Ngo dimer and the fullerene molecule with and without the BSSE (basis set
superposition error) correction considered, respectively; Hirshfeld is the Hirshfeld charge
based on the stockholder partition of atoms in molecules; and NPA charge is the electron

charged based on the natural population analysis.

Side View

FIGURE 1 | Optimized structures of noble gas dimers encapsulated in fullerene cages with Ng = Ar as an illustrative example. The point group for these three

encapsulated systems are Coy, Dag, and Dsp, respectively.

Side View
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Side View
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a smaller fullerene has a smaller cage inside so Ng, dimers are
forced to have shorter bond distance. Energetically, both BSSE
(basis set superposition error; Boys and Bernardi, 1970; Simon
et al.,, 1996)-corrected and uncorrected interaction energy results
show that for He,, all three fullerene molecules yield negative
(favorable) interaction energies, whereas for larger Ng, dimers,
(e.g., Ney and Ar, it appears that only larger-sized fullerenes
such as Cyg are able to yield attractive interactions between
Ng, and fullerene, albeit with the limitations of the method
of computation used). This is because larger Ng, dimers tend
to occupy more space within the fullerene molecule, making it
harder for smaller-sized fullerenes to compensate the energetic
cost from electrostatic and other repulsions. We are, however,
interested in analyzing the qualitative trends only.

Shown in Table2 are two charge results for Ng atoms
encapsulated in fullerene molecules. The first one is the NPA

FIGURE 2 | HOMO and LUMO contour surfaces of Ar,@C7o molecule.

TABLE 3 | Global descriptors from Conceptual DFT, including HOMO, LUMO,
chemical potential i, chemical hardness 7, and electrophilicity index w for the
systems studied in this work.

Ng» Fullerene HOMO LUMO I n 3]

Cso —0.263 —0.150 —0.206 0.114 0.375
Heo Cso —0.251 -0.135 —0.193 0.115 0.324
Ney Cso —0.252 —0.136 —0.194 0.116 0.324
Arp Cso —0.256 —0.140 —0.198 0.116 0.337

Ceo —0.280 -0.114 -0.197 0.166 0.234
Heo Ceo —0.266 —0.100 -0.183 0.166 0.201
Nex Ceo —0.265 —0.101 —0.183 0.165 0.203
Arp Ceo —0.263 —0.105 -0.184 0.158 0.215

Cro -0.275 -0.116 —0.195 0.158 0.241
Heo Cro —0.261 —0.102 -0.182 0.159 0.207
Neo Cro —0.261 —0.102 —0.182 0.159 0.207
Arp Cro —0.262 —0.104 —-0.183 0.159 0.211
Atomic units.

(natural population analysis) charge from NBO (natural bond
orbital) analysis (Glendening et al., 2012), and the other is
the Hirshfeld charge based on the shareholder partition of
atoms in molecules (Hirshfeld, 1977). NPA charges for Ng
atoms could be either positive or negative, but the Hirshfeld
charge value is always positive for Ng atoms. According to
the reference literature on the Hirshfeld charge (Liu et al,
2014), which is a good descriptor of electrophilicity and
nucleophilicity, a positive Hirshfeld charge is an indication that
the atom is electrophilic. The larger value of a positive Hirshfeld
charge indicates that it is more electrophilic, able to accept
more electrons from a nucleophile. Hirshfeld charge results
in Table 2 displays that Ng, in smaller fullerenes tend to be
more electrophilic.

Shown in Figure 2 are frontier molecular orbitals from both
top and side views for Ar,@Cy as an illustrative example,

FIGURE 3 | The mapped contour surface of the molecular electrostatic
potential onto the van der Waals surface for Ne, and Ar, dimers encapsulated
in Cgo fullerene.

5000es [N

FIGURE 4 | Electrophilic (A,B) and nucleophilic (C,D) Fukui functions for Aro
dimer encapsulated in Cgo fullerene.
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from which one can see that they are both delocalized over
the entire molecule. Notice that in both orbitals, we do not
see discernible contributions from the Ng, dimer overlapping
with any of the atomic orbitals from the fullerene, suggesting
that atomic orbitals from Ng atoms are not involved in the
frontier molecular orbital delocalization. In Table 3, using the
information from these frontier orbitals, we calculated a few
global reactivity descriptors from conceptual DFT, including
chemical potential o (Parr et al., 1978), chemical hardness 7
(Parr and Pearson, 1983), and electrophilicity index w (Parr et al.,
1999) for the nine systems studied in this work. A larger value
in hardness is usually an indication of being more stable, while
a larger value in electrophilicity index suggests that the species
is more reactive. From the results in Table 2, we can see that
numerical values of these reactivity indices are slightly changed
after Ng, encapsulation. This should be mainly due to the charge
transfer between Ng, and fullerene. Ng, in smaller fullerenes are
more reactive with a larger w value, whereas in larger fullerenes
it becomes often more stable with a larger 7 value. These results
agree well with the conventional chemical wisdom.

Figure 3 shows the contour surface of the molecular
electrostatic potential mapped onto the van der Waals surface
for Ne, and Ar, dimers encapsulated in Cgp fullerene. It
shows that the carbon atoms perpendicular to the Ng-Ng
bond is more electronegative. This result is consistent with
our Hirshfeld charge result, showing that Ng atoms become
more positive and the neighboring carbon atoms in fullerene
become more negative. Since Hirshfeld charges are reliable
descriptors of electrophilicity and nucleophilicity, Figure 3 also
shows that carbon atoms of the fullerene molecule become
more nucleophilic, capable of donating more electrons to
an electrophile.

In conceptual DFT, Fukui functions (Yang et al., 1984) can
also be employed as local descriptors to predict nucleophilic and
electrophilic attacks. Shown in Figure 4 are these local functions,
where both electrophilic (Figures 4A,B) and nucleophilic
(Figures 4C,D) Fukui functions for Ar, dimer encapsulated in
Cgo fullerene are exhibited. From the figure, we found that (i)
carbon atoms in fullerene can be both electrophilic (dark blue
areas in Figures 4A,B) and nucleophilic (dark blue regions in

A He2@050

Reduced Density Gradient

B He,@C,,

C He,@C,,

Reduced Density Gradient

1

Reduced Density Gradient

0.02

004 002 000
sign(2,)p(r) (a.u.)

0.04

-0.04 -0.02 000 0.02 0.04

sign(4,)e(r) (a.u.)

-0.04 -0.02 0.00 002 0.04

sign(4,)p(r) (a.u.)

FIGURE 5 | Diagrams of the reduced density gradient (RDG) vs. sign(x2)p(r) for nine endohedral fullerenes: (A) He,@C50; (B) He,@C60; (C) He,@C70; (D)
Ne,@C50; (E) Ne,@C60; (F) Ne,@C70; (G) Aro@C50; (H) AroC60; and (1) Ar.@C70.
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Figures 4C,D), and (ii) nucleophilic regions in Figures 4C,D are
drastically different from those of Figure 3 (red areas), suggesting
that using Hirshfeld charge and Fukui charge, we obtain different
results. According our recent findings, this discrepancy is not
unusual. As our recent study demonstrated (Wang et al., 2019),
results from the Hirshfeld charge should be more robust and
reliable. Notice that Krapp and Frenking (2007) also observed
that Ng, molecules were oxidized inside fullerenes, implying
that Ng, became more electrophilic in return as electrons
were transferred to Cgo, and this also made fullerenes more
nucleophilic. This result was confirmed by Sola et al. (Osuna
et al., 2009, 2011), also who unveiled that the combination of
the LUMO stabilization, increased fullerene strain energy, and
greater compression of the encapsulated Ng, contributed to the
reactivity change.

To qualitatively identify and distinguish weak interactions
between Ng, and fullerene molecules, noncovalent interaction
(NCI) analysis (Johnson et al., 2010) was employed, whose results
are shown in Figure 5. The reduced density gradient is large and
positive in the regions far from the molecule, but it becomes small
in the vicinity of both covalent and non-covalent interactions.
To identify different types of interactions, the sign of Laplacian
of the density is utilized and compared. Plotting low-gradient
isosurfaces subject to a further low-density constraint enables
real-space visualization of non-covalent interactions. Results in
Figure 5 show that when He, encapsulated from Csy to Cyg,
a “spike” area becomes more apparent from —0.02 to Oa.u.,
indicating that there existed more attractive interactions within
the complexes as the fullerene cage becomes larger. The same
trend is also observed for Ne, and Ar,. These results are also in
qualitative agreement with the total energy difference result as
shown in Table 2.

Table 4 is the results from the two schemes (Parr and Yang,
1989; Liu, 2007) of the total energy partition for the nine
Ng,-fullerene systems studied in this work. Different from
the traditional binding energy or interaction energy partition,
the total energy partition decomposes the total energy E of
a molecular system in terms of a few components that are

TABLE 4 | Numerical results of the two total energy partition schemes using Ng»
and fullerene in vacuum as the references for the nine Ngz-fullerene systems
studied in this work.

Ng, Fullerene AE AT, AExc AEe AEg AEq

Heo Cso 0.44 —-7319 —-11.90 8557 —-357.76 272.66
Hep Ceo -3.66 -56.13 —7.91 60.37 —270.58 206.54
Heo Cro —7.33 —4792 554 46.09 —205.288 151.82
Neo Cso 14.04 —184.08 -15.31 213.37 —-709.51 510.17
Neo Cso —2.50 —125.76 —12.07 135.38 -531.19 393.36
Nes Cro —-1528 —-62.23 —1140 5832 —-379.22 305.59
Arp Cso 202.08 —-356.45 -—11.79 570.33 —1018.14 649.90
Arp Ceo 97.83 —241.92 -27.79 367.51 —916.08 646.36
Arp Cro 0.77 —142.95 —-43.29 187.01 —838.78 652.54

Units in kcal/mol.

physiochemically meaningful. In DFT (Parr and Yang, 1989),
we have E = Ts + Exc + Ee, where Ts, Ey., and E. are
the non-interacting kinetic energy, exchange-correlation energy,
and electrostatic interaction energy, respectively. An alternative
scheme was proposed by one of us (Liu, 2007), where E = Eg +
Ee + Eg, where Eg, Ee, and E stand for the energetic contribution
from three physiochemical effects, steric, electrostatic, and
quantum (due to the exchange-correlation effects). There is
a common component in these two partition schemes, the
electrostatic energy E.. Considering the energy difference AE
between two chemical processes sharing the same molecular
fragments, we have AE = ATs + AEy. + AE, and AE =
AEs + AE. + AEgy. Table4 shows the values of these five
components from the above two partition schemes using Ng,
and fullerene in vacuum as the reference. From the table, we
found that in the first scheme (Parr and Yang, 1989; Liu, 2007),
both AT, and AEy. contribute positively to AE < 0, and it
is the electrostatic contribution AE, that contributes negatively
to their stability, in order to make AE < 0. Since E. itself is
negative in value (Liu, 2007), this result suggests that to put
Ng, dimer in the fullerene cage, one has to overcome the large
electrostatic repulsion between Ng, and fullerene. This result
is further verified by the second total energy partition scheme
(Liu, 2007), where we found that in this case both electrostatic
and quantum (due to exchange-correlation effects) contribute
negatively to AE < 0 but the steric contribution AEg is positive.
This result shows that after Ng, dimer is put into the cage, smaller
space is occupied, but to do so, large electrostatic and Fermionic
quantum repulsions have to be overcome. Notice that this total
energy difference is different from the BSSE corrected interaction
energy in Table 2 and our present results are consistent with what
we observed elsewhere for other systems.

Figure 6 illustrates the total energy partition analysis to
elucidate which energy component is dominant over others
in contributing to the total energy difference. A strong linear
correlation of the total energy difference AE with the electrostatic

TABLE 5 | The chemical bonding analysis results using the ADF package to
analyze the bond energy between the Ngodimer and fullerene fragments.

Ng Fullerene AEPauli AEsteri(: AEurb AEdisp AEeIstat AEbcmd
Hes Cso 29.65 16.71 —6.10 —-5.99 —29.65 4.62

Hes Ceo 16.40 8.87 —4.30 —5.55 —16.40 —0.98
Hes Cro 8.25 4.24 -3.08 —5.24 —8.25 —4.08
Nes Cso 95.01 43.64 —-7.62 —-11.36 —95.01 24.66
Nep Ceo 50.91 21.36 —4.72 —-10.98 -50.91 5.66

Nes Cro 22.02 7.41 —-2.94 —-10.60 —22.02 —6.13
Arp Cso 43160 197.82 —-31.52 —-33.92 —-431.49 132.39
Arp Ceo 24449 103.07 —19.37 —-34.79 24450 48.90
Arp Cro 103.18 3317 —-11.53 -34.85 -103.18 —-13.21

Units in kecal/mol.

The energy decomposition analysis (EDA) in ADF dissects the interactions that constitute
a chemical bond between fragments in a molecule. The total bonding energy AEpond
consists of contributions from the Pauli repulsion AEpay;, Steric interaction AEgteric,
electrostatic attraction AEgstat, Orbital interactions AEqyp, and dispersion Pauli repulsion
AEqisp, AEpond = AEpauii + AEsteric + AEory + AEgisp + AEeistat-
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energy difference AE. is shown in Figure 6A, suggesting that
it is the electrostatic repulsion that dominates the energetic
contribution, which agrees well with the numerical results in
Table 4. If the strategy of two-variable fitting is employed, shown
in Figures 6B,C, we found that AE. combining with either
AEy and AEg yields even stronger correlations, indicating that
contributions from the exchange-correlation and steric effects are
minor yet indispensable.

To confirm the results in Tables4, 5 shows the total
bonding energy AEpq,q analysis (Bickelhaupt and Baerends,
2000) results using the ADF package. In this analysis, AEpqnq
consists of contributions from the Pauli repulsion AEp,y;,
steric interaction AEgric, electrostatic attraction AEgj, orbital
interactions AEy,, and dispersion Pauli repulsion AEgjp,

ABpond = AEpauli + AEsteric + AEop + AEdisp + AEestat
From the results in Table5, it can be seen that the steric
effect (even though its definition is substantially different)
contributes favorably and the major opposite contribution is
from the electrostatic interaction, agreeing well with our results
in Table 4.

Lastly, we examine the results of eight quantities from the
information-theoretic approach, which are shown in Table 6,
including Shannon entropy (Shannon, 1948), Fisher information
(Fisher, 1925), Ghosh-Berkowitz-Parr entropy (Ghosh et al.,
1984), information gain (Kullback and Leibler, 1951), 2nd and
3rd orders of absolute Rényi and relative Rényi entropy (Rényi,
1970; Nagy and Romera, 2015). These quantities each have their
own physio-chemical meaning and thus representing different
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FIGURE 6 | Strong linear correlations of the total energy difference AE with (A) the electrostatic energy difference AE,, (B) two-variable fitting with AEs and AEye,
and (C) two-variable fitting with AE, and AEs.

TABLE 6 | Numerical results of eight ITA quantities.

Ng Fullerene ASs Alg ASgpp Alg ARy AR3 A"R2 A'R3
Hep Cso —-0.674 —4.561 —0.658 —0.035 0.183 0.096 0.596 0.597
Hep Ceo —-0.470 —3.450 —0.509 —0.027 0.183 0.096 0.597 0.598
Heo Cro —0.293 —2.617 —0.390 —0.024 0.183 0.096 0.598 0.598
Neo Cso —-0.773 —9.045 —1.003 —0.067 2.448 2.227 1.274 1.275
Neo Cso —0.596 —6.772 —-0.774 —0.053 2.461 2.246 1.278 1.279
Nez Cro —0.456 —4.835 —0.573 —0.043 2.470 2.261 1.281 1.282
Arp Cso —1.777 —12.980 —1.943 —-0.118 2.979 2.370 1.508 1.510
Arp Ceo —1.891 —11.679 —1.864 —0.099 3.025 2.408 1.516 1.517
Arp Cro —1.991 —10.694 —1.848 —0.084 3.062 2.441 1.6521 1.623
Atomic units.

Frontiers in Chemistry | www.frontiersin.org

58

July 2020 | Volume 8 | Article 566


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Lietal

Structure and Reactivity of Ng,@Fullerenes

TABLE 7 | Correlation coefficients R? values between AE and eight ITA quantities for three Ng, dimers with different fullerene systems (first three rows) and for three
fullerenes with different Ng» dimers (last three rows).

R? ASs Alg AScep Alg AR; AR; A'Rp AR
He, 1.000 0.998 0.999 0.964 0.999 0.874 0.996 0.997
Ne, 1.000 0.999 0.999 0.999 1.000 1.000 1.000 1.000
Ary 0.998 0.997 0.890 0.999 0.998 0.999 0.995 0.995
Cso 1.000 0.769 0.960 0.896 0.479 0.357 0.549 0.549
Ceo 0.995 0.846 0.970 0.888 0.437 0.316 0.500 0.501
Cro 0.676 0.498 0.649 0.443 0.040 0.006 0.065 0.066
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yet intrinsic properties of molecular systems. For example,
Shannon entropy is a measure of the electron density distribution
uniformity, Fisher information gauges the heterogeneity of the
same electron density distribution, and information gain is
a robust measurement of regioselectivity, electrophilicity, and
nucleophilicity, with its first-order approximation yielding the
Hirshfeld charge (Liu et al., 2014). To make sense of these ITA
results, Table 7 lists the correlation coefficient of these quantities
with respect to either Ng, or fullerene types, and Figure 7
displays illustrative example of strong linear relationships of
the total energy difference AE with Shannon entropy, Fisher
information, and information gain for He;, Ne;, and Ar,
encapsulated in three fullerenes. Strong correlations are seen

in most cases, as shown in the figure, but as highlighted in
Table 7, these strong correlations are true only for Ng, dimers
cross different fullerenes. If one fits a fullerene with three Ng,
dimers, no such strong correlation is often observed. Also, we
tried to put all data points in one plot, and no significant
correlation was observed either. Strong correlations in Figure 7
show that ITA quantities could be good descriptors of change
trends for Ng, dimers encapsulated in fullerene cages. For
instance, for He, encapsulated in from Csy to Cyp, binding
energy increases, so does the Shannon entropy, due to the
more delocalization of the electron density distribution. Another
example is the information gain, which is a direct measure of
the Hirshfeld charge. Again, for He, dimer, from Csy to Cyo,
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the difference in information gain decreases, leading to the
decrease in Hirshfeld charge, which is in good agreement with
the result in Table 2. We noticed the abnormality of Shannon
entropy for Ar, dimer in Figure 7, whose trend is opposite to
that of He, and Ne,. The reason is unknown. More studies are
in need.

CONCLUSIONS

To summarize, in this work, we investigated the possibility
of making noble gas reactive through the means of fullerene
encapsulation. To that end, we built a total of nine model systems,
with three Ng, dimers (He;, Ne,, and Ary) encapsulated in
three fullerene (Csp, Cgp, and Cyg) cages. Quantum molecular
dynamics simulations were employed to explore the potential
energy surface of Ng, inside the fullerene molecule. To obtain
the lowest energy structure it was further examined through a
few well-established analytical tools such as conceptual density
functional theory, information-theoretic approach, total energy
decomposition, bonding energy decomposition, and others.
Our results show that bond distances of Ng, inside fullerene
become substantially smaller and noble gas atoms become more
electrophilic. In return, these noble gas dimers make fullerene
molecules more nucleophilic. Using these analytical tools, we
appreciate the nature and origin of these structure and reactivity
changes. Our results and conclusions drawn from the present
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Noble Gas Binding Ability of an Au(l)
Cation Stabilized by a Frustrated
Lewis Pair: A DFT Study

Manas Ghara' and Pratim Kumar Chattaraj "

" Department of Chemistry and Center for Theoretical Studies, Indian Institute of Technology, Kharagpur, India,  Department
of Chemistry, Indian Institute of Technology Bombay, Mumbai, India

The noble gas (Ng) binding ability of a monocationic [(FLP)Au]™ species has been
investigated by a computational study. Here, the monocationic [(FLP)Au]™ species is
formed by coordination of Au(l) cation with the phosphorous (Lewis base) and the boron
(Lewis acid) centers of a frustrated Lewis pair (FLP). The bonds involving Au and P, and
Au and B atoms in [(FLP)AuU]™ are partially covalent in nature as revealed by Wiberg bond
index (WBI) values, electron density analysis and energy decomposition analysis (EDA).
The zero point energy corrected bond dissociation energy (Do), enthalpy and free energy
changes are computed for the dissociation of Au-Ng bonds to assess the Ng binding
ability of [(FLP)Au]™ species. The Dg ranges from 6.0 to 13.3 kcal/mol, which increases
from Ar to Rn. Moreover, the dissociation of Au-Ng bonds is endothermic as well as
endergonic for Ng = Kr-Rn, whereas the same for Ng = Ar is endothermic but exergonic
at room temperature. The partial covalent character of the bonds between Au and Ng
atoms is demonstrated by their WBI values and electron density analysis. The Ng atoms
get slight positive charges of 0.11-0.23 |e|, which indicates some amount of charge
transfer takes place from it. EDA demonstrates that electrostatic and orbital interactions
have equal contributions to stabilize the Ng-Au bonds in the [(FLP)AUNg]™ complex.

Keywords: frustrated lewis pair, noble gas binding, noble gas-noble metal bond, bond dissociation energy, energy
decomposition analysis

INTRODUCTION

The noble gas (Ng) elements (He, Ne, Ar, Kr, Xe, and Rn) were have been supposed to
be non-reactive in forming chemical bonds with other elements in the periodic table. Their
inertness arises because the s and p orbitals are totally occupied. However, Pauling (1933),
predicted the possibility of bond formation by the heavier Ng elements. Since the core electrons
will exhibit larger screening effect for the valence electrons on moving down the group, the
valence electrons would be in a relatively loosely bound state and hence they can be easily
ionized. However, it took long time to convert it into reality when xenon hexafluoro platinate
[Xet(PtFg)~] was synthesized by Bartlett (1962). This discovery opened a new chapter in
the Ng chemistry refuting the prejudice regarding the chemical inertness of Ngs. After this
finding, a vast series of Ng compounds were either characterized experimentally or predicted
to be viable in silico (Thompson and Andrews, 1994; Pettersson et al., 1995, 1997, 1998a,b;
Evans and Gerry, 2000a,b; Evans et al., 2000a,b; Khriachtchev et al., 2000, 2001, 2003a,b; Li
et al., 2002; Feldman et al, 2003; Tanskanen et al.,, 2003; Cooke and Gerry, 2004a,b; Wang
et al, 2004, 2012; Smith et al., 2007; Chakraborty et al., 2010; Pan et al., 2013a,b, 2014;
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Debackere et al., 2014; Khatua et al., 2014; Mondal and Chattaraj,
2014; Chakraborty and Chattaraj, 2015a,b; Pan et al., 2015a,b,c,d,
2016a,b, 2018a,b; Saha et al., 2015, 2016, 2017, 2019; Jana et al.,
2018a). Similarly, the noble metals (M = Cu, Ag, Au) are known
to be comparatively less reactive that allows their use in day-to-
day life. Following the successful synthesis of different types of
compounds containing Ng atoms, the possible union of noble
metal and Ng atoms acquired appreciable attention. In Pyykko
(1995) showed the possibility of NgAu™ and NgAuNg™ through
coupled-cluster based technique and in a subsequent study these
species were characterized employing mass spectroscopic study
(Schroder et al., 1998). Thereafter, a series of Ng complexes
with Ng-Au bonds have been studied both experimentally and
theoretically (Pan et al, 2015e, 2016¢,d; Ghara et al, 2016;
Jana et al, 2016, 2018b,c). The experimental and theoretical
advancement in the complexes having Ng-Au bond has been
summarized in a recent review paper (Pan et al., 2019).

In recent times, frustrated Lewis pairs (FLP) (Stephan, 2008)
have seen an upsurge of interest since they can be used as metal-
free catalysts, which can also activate some small molecules. The
FLP skeleton is constructed by a pair of Lewis acid and base.
These acidic and basic centers may be located in two separate
molecules or in one particular molecule. Due to steric hindrance
those centers are not allowed to form the usual dative bonds.
Accordingly, further reactivity is exhibited by the unquenched
Lewis acid and base centers. Welch et al. (2006) and Welch and
Stephan (2007) reported the reversible activation of molecular
hydrogen by an intramolecular boron/phosphorous FLP for the
first time in 2006. After that several theoretical (Rokob et al.,
2008, 2009; Hamza et al., 2009; Mueck-Lichtenfeld and Grimme,
2012; Ghara et al., 2019) studies were performed to understand
the function of FLP in the cleavage of H-H bond in H, molecule.
Two different models of H; activation by FLPs are proposed viz.,
electron transfer (ET) model as given by Rokob et al. (2008)
and electric field (EF) model as given by Mueck-Lichtenfeld
and Grimme (2012). Various imines, nitriles, enamens, alkenes,
ketone, CO,, etc., have been catalytically hydrogenated by
exploiting the hydrogen activating ability of FLPs (Chase et al.,
2007, 2008; Spies et al., 2008; Sumerin et al., 2008; Ashley et al.,
2009; Mahdi and Stephan, 2014, 2015; Stephan and Erker, 2015;
Ghara and Chattaraj, 2019; Ghara et al., 2019). FLPs may also
activate other molecules such as NO, SO,, CO,, N,O, CO,
C,Hy, CH; etc. (Mc Cahill et al, 2007; Moemming et al.,
2009; Dureen and Stephan, 2010; Appelt et al., 2011; Cardenas
et al., 2011; Kolychev et al., 2012; Sajid et al., 2014; Stephan and
Erker, 2014; Ghara and Chattaraj, 2018a,b). FLP assisted small
molecule activation thereby offers new synthetic opportunities.
This performance of FLPs has rendered it as a highly attractive
species being inexpensive and environment friendly. Recently,
Erker et al. have shown that an intramolecular vicinal P/B FLP
stabilized AuCl and AuNTf, may surve as catalysts for the
hydroamination of alkynes (Ueno et al., 2019). An active catalytic
species [(FLP)Au]™ is generated in the reaction medium. As the
Lewis acidic boron center interacts with the Au center it enhances
the electrophilicity of the Au center, which in turn improves the
catalytic activity of [(FLP)Au]™ species as suggested by Erker.

In the present study, the Ng (Ng = Ar-Rn) binding ability
at the Au center of [(FLP)Au]™ is computationally investigated.

Bond dissociation energy (Do), enthalpy (AH) and Gibbs
free energy changes (AG) are calculated to evaluate how the
[(FLP)Au]™ species can bind the Ng atoms. Topology of the
electron density (Bader, 1990), natural bond orbital (NBO)
(Reed and Weinhold, 1983), and energy decomposition (EDA)
are analyzed and natural orbital for chemical valence (NOCV)
(Morokuma, 1977; Mitoraj and Michalak, 2007; Mitoraj et al.,
2009; Hopffgarten and Frenking, 2012) theory is to analyze the
type of the bond formed connecting the Ng and the Au centers.

COMPUTATIONAL DETAILS

Geometries of all the molecules have been optimized in the gas
phase at the M06-2X-D3 (Zhao and Truhlar, 2008; Grimme
et al., 2010)/def2-TZVP level and not applying any symmetry
constraint. The functional M06-2X performs well in describing
the FLP chemistry as reported previously (Huang et al., 2014).
Effective core potential (Peterson et al., 2003) was used in order
to take care of the relativistic effect in Au, Xe and Rn. It may
be noted that the presence of the dispersion term is just adding
a semi-empirical correction to the total Kohn-Sham energy
and is important when the long-range interactions are strong
(Grimme et al., 2010). It is expected to increase the contribution
of the dispersion term and hence the overall interaction energy.
Effectiveness of the MO6-2X-D3 in certain cases has been shown
earlier albeit with the presence of some amount of medium
range interaction in MO6-2X (Burns et al., 2011) Vibrational
frequencies are calculated to confirm whether the stationary
points belong to a minimum on the potential energy surface
(PES) or a higher order saddle point. This techniques also
provides the zero point energy (ZPE) and the thermodynamic
corrections at 298.15 K temperature. Natural bond orbitals(NBO)
were analyzed to obtain the partial natural charges on each
atomic site and the Wiberg bond index (WBI) (Wiberg, 1968)
value. All the calculations were done using Gaussian 16 suit of
program (Frisch et al., 2016). Quantum theory of atoms in a
molecule (QTAIM) is used to analyze the distribution of the
electron density by using a Multiwfn software (Lu and Chen,
2012). An all electron basis set WTBS was made use of for Au,
Xe and Rn for this computation.

The bonding situations were further analyzed by means of
the EDA-NOCV method as provided in the (ADF, 2018).105
program package. The EDA-NOCV calculations have been
carried out at the BP86-D3(BJ)/TZ2P-ZORA level with the
M06-2X-D3/def2-TZVP optimized geometries. BP86 functional
is selected since D3 or D3(BJ) is not compatible with
M06-2X functional as used in ADF to get the dispersion
contribution. In this analysis, the interaction energy (AEiy)
within two fragments may be decomposed into different energy
components like:

AEint = AEejstat + AEpauii + AEorb + AEdisp (1)

Since we have used D3(BJ), it provides extra dispersion
contribution between two interacting fragments. The term AE,
comes from orbital mixing. It may be devided into individual

Frontiers in Chemistry | www.frontiersin.org

July 2020 | Volume 8 | Article 616


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Ghara and Chattaraj

FLP Assisted Noble-Noble Bonding

components belonging to separate irreducible representations

AEyp = Z AE,

r

2)

An analysis containing the EDA and the NOCV allows one
to partition the net orbital interactions into the corresponding
pairwise contributions. The deformation in charge density
Api(r), with orbital pairs Apy(r) and ¥_(r) get mixed up
provides the amount and the direction of the charge flow
(Equation 3), and the related energy term AE;, gives the amount
of stabilization in orbital energy (Equation 4).

N/2

Apors(r) =Y Api(r) = > vkl — 2 (N+9p(M] ()
k=1

N/2
ABp, =Y AE" =) "wl-F5, (+F51 @
k=1

k

RESULTS AND DISCUSSION

The optimized geometries of the bare [(FLP)Au]™ complex
and the Ng bound [(FLP)AuNg]t complexes are displayed in
Figure 1. The bare [(FLP)Au]™ complex corresponds to the C;
point group with A electronic state. The computed Au-P and
Au-B bond distances are 2.29 and 2.38 A respectively, whereas
the experimental bond distances of these bonds are 2.27 and 2.35
A respectively when a chloride ion is attached to the Au center of
the complex (Ueno et al., 2019). The Au center posseses a natural
charge 0f 0.42 |e|, and the P and B centers possess the NBO charge
of 1.17 |e| and 0.60 |e|, respectively in this complex. Low positive
charge on Au center is a consequence of P— Au donation and
B— Auand P— Au backdonation (vide infra). The WBI values
of Au-P and Au-B bonds are 0.69 and 0.32, respectively, implying
partial covalent character of these bonds. The Au-P and Au-B
bonds are further examined by electron density and EDA-NOCV
analyses (vide infra).

Green for Ngs atoms respectively.

FIGURE 1 | Optimized geometries of [([FLP)Au]™ (above) and [(FLP)AuNg]* (below) complexes. Here, r1, o, and r3 stands for Au-P, Au-B, and Au-Ng bond distances
(in A unit) calculated at M062X-D3/def2TZVP level of theory. Color code: Yellow for P, Pink for B, Merun for Au, Gray for C, White for H, Violet for F, Olive for Si and

r; 2.28 ry; 2.75
r; 2.28 r; 2.82
r; 2.29 r; 2.92
r; 229 r; 297
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Thus, any anionic/neutral ligand near the Au center may
be polarized fascilitated by Au and can form chemical bond
with Au. Accordingly, the [(FLP)Au]™ complex is enable to
bind Ng atoms (Kr-Rn) effectively as discussed in this study.
The [(FLP)AuNg]* (Ng = Ar-Rn) complexes do not change
the same electronic state and point group as that of the bare
[(FLP)Au]™ complex. The Ng-Au bond dissociation energy (ZPE
corrected, Dy) values become 6.0-13.3 kcal/mol (see Table 1).
Note that, the Dy values are gradually increasing down the
group from Ar to Rn and it was expected as the polarizabilities
of the Ng atoms are increasing down the group which help
the Au center to deform the electron cloud of Ngs. Further,
the thermochemical stabilities of the Ng bound [(FLP)Au]™
complexes are explored by calculating AH and AG associated
with the dissociation of [(FLP)AuNg]™ into [(FLP)Au]™ and
the respective Ng atoms at 298 K. The computed AH of all the
dissociation processes is positive implying all these dissociation
processes are endothermic and it also increases gradually down
the group. The computed AG of dissociation is also positive for
Kr-Rn bound cases implying endergonic dissociation of these Ng
atoms from [(FLP)AuNg]™ (Ng = Kr-Rn) systems except the
dissociation of Ar from [(FLP)AuAr]™ which is exergonic. Note
that, all the dissociation processes are entropy driven and this is
the reason for the observed exergonicity in the dissociation of
[(FLP)AuAr]* into [(FLP)Au]* and the Ar atom. However, this

TABLE 1 | ZPE corrected dissociation energy (Do, kcal/mol), enthalpy (AH,
kcal/mol) and free energy (AG, kcal/mol) changes at 298 K for the dissociation
process [(FLP)AUNg]™ — Ng + [(FLP)Au]™ (Ng = Ar-Rn), HOMO-LUMO energy
differences (AEn_(, eV), NPA charges at Au and Ng centers (q, au), WBI of Au-P
(WBIau—p) and Au-Ng (WBIau—ng) bonds calculated at MO62X-D3/def2TZVP level.

Complex Do AH AG AEu.L q(Au) q(Ng) WBIa,.p WBIlau.ng
[(FLP)Aul* 521 042 0.692

[FLP)AuAT* 60 61 —16 558 025 0.1 0.752 0.187
[FLP)Aukrl* 88 89 12 559 021 0.16 0.735 0.256
[FLP)AuXe]* 11.9 120 42 558 017 0.22 0.710 0.348
[FLP)AuRn* 13.3 133 58 558 0.16 0.23 0.705 0.366

dissociation could be frozen by slightly lowering the temperature.
The HOMO-LUMO energy difference where HOMO and LUMO
are the highest occupied and lowest unoccupied molecular
orbitals respectively, is related to the global hardness (Parr and
Chattaraj, 1991) can also be used to describe the stability of
a molecular system. If the HOMO-LUMO gap (AEg_1) of a
molecule is high, then it will not like to give or take electron.
It means the system is relatively more stable. Since, the AEy_1,
of [(FLP)Au]™ was 5.21 eV and after the Ng binding it increases
to 5.45-5.59 eV which shows that the stability of the complex is
increased upon Ng binding.

The NPA charges of the atoms in the complexes as provided
by the NBO analysis are also listed in Table 1. In [(FLP)AuNg]*
complexes the Ng centers gain some positive NPA charges and
at the same time the positive charge of the Au center decreases
from 0.42 |e|] to 0.25-0.16 |e| as a result of Ng binding. This
shows that some charge transfer takes place from Ng to the Au
center and also to the complex and the amount of charge transfer
gets increased as the size of the Ng atoms. The WBI value of a
chemical bond gives the idea about the degree of covalency of that
bond. A smaller value of WBI of a chemical bond implies non-
covalent type of interaction like electrostatic or van der Waals
interaction. Conversely, a higher value of WBI of a chemical
bond implies dominant covalent character of that bond. In our
case, the WBI values of the Au-Ng bonds are gradually increasing
from 0.187 (of Ar) to 0.366 (of Rn) implying a partial covalent
character of the bonds. However, the WBI value of the Au-P bond
increases slightly after Ng binding to the Au center, whereas it is
not found between the Au and B centers of the FLP and these
are evident from the Au-P and Au-B bond distances. Since, the
Au-P bond distances remain almost same and the Au-B distance
increase ~0.54-0.63 A after the Ng binding.

The type of Au-P and Au-B bonds in the [(FLP)Au]*
complexes and the Au-P and Au-Ng bonds in the [(FLP)AuNg] ™
complexes is understood through a topological electron density
analysis and the results are given in Table 2. If the Laplacian
of electron density [V2p(rc)] is negative at the bond critical
point (BCP) of a chemical bond it implies that the electron
density is accumulated in between the two bonded atoms and
thus a covalent bond is present between them. Conversely,

TABLE 2 | Electron density descriptors at the bond critical points (BCP) of P-Au and B-Au bonds in [(FLP)Au]* and of P-Au and Ng-Au bonds in [(FLP)AuNg]™ complexes

(Ng = Ar-Rn) obtained at the M062X-D3/def2TZVP/WTBS level.

Complex BCP plre) V2p(rc) G(re) V(re) H(rc) =G(rc)/ V(re)
[(FLP)AU]* P-Au 0.107 0.135 0.081 ~0.129 ~0.048 0.630
B-Au 0.050 0.049 0.028 ~0.045 ~0.016 0.638
[(FLP)AUAM* P-Au 0.111 0.137 0.085 ~0.136 ~0.051 0.626
Ar-Au 0.027 0.136 0.032 ~0.030 0.002 1.067
[(FLP)AUKI* P-Au 0.110 0.140 0.085 ~0.135 ~0.050 0.629
Kr-Au 0.032 0.128 0.033 ~0.033 ~0.001 0.983
[(FLP)AuXel* P-Au 0.109 0.141 0.084 ~0.133 ~0.049 0.633
Xe-Au 0.031 0.117 0.030 ~0.030 ~0.001 0.981
[(FLP)AURN]* P-Au 0.109 0.142 0.084 -0.133 —0.049 0.634
Rn-Au 0.032 0.111 0.029 —0.031 ~0.001 0.954
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a positive V2p(r.) value at the BCP of a bond implies non-
covalent interaction between the two bonded atoms. Although,
this hypothesis can provide an explanation of the nature of
bonding in most of the cases, it cannot properly interpret the
bond involving heavier transition metals (Macchi et al., 1998) It
also fails to interprit the bond in some typical covalent molecules
like CO and F, (Cremer and Kraka, 1984). In that case, if the
total electron energy density [H(r.)] is negative at the BCP of a
chemical bond, then the bond may contain some short of shaired
interaction as suggested by Cramer. Here, H(r) is the sum of the
local kinetic energy density [G(rc)] and the local potential energy
density [V(rc)].

In the bare [(FLP)Au]' complex, although the V2p(re) is
positive at the BCPs of P-Au and B-Au bonds, the negative
H(r.) values of the same indicate the partially shared bonding
interactions. Furthermore, the value of -G(r.)/V(r.) is also a
usefull quantity to describe the nature of a chemical bond. If
the value of -G(r.)/V(r.) at the BCP of a chemical bond ranges
in between 0.5 and 1 then it contains some degree of shared
interaction (Ziolkowski et al., 2006). Conversely, for a purely
non-covalent interaction the value of ~G(r.)/V(r.) will be >1.
Since, the value of -G(r.)/V(r.) lies within 0.5 and 1 for both
the P-Au and B-Au bonds, some degree of shared interactions
is present in these bonds. Now, in [(FLP)AuAr]™ complex, both
the V2p(r.) and H(r.) are positive at the BCP of Au-Ar bond and
so it may be classicified as non-covalent. Moreover, the value of
-G(rc)/V(re) is >1 at the BCP implying a purely non-covalent
interaction between them. On the other hand, in [(FLP)AuNg] "
complexes (Ng = Kr-Rn) at the BCPs of Au-Kr, Au-Xe and
Au-Rn bonds although V2p(r.) is positive, the negative H(r.)
values indicate the partially shared bonding interactions. In
addition, the value of -G(r.)/V(r.) lies in between 0.5 and 1
which also implies some degree of shared interactions in these
bonds. Moreover, the values of V2p(r.), H(rc) and -G(r.)/V(rc)
of the P-Au bond remain as in the bare complex after Ng binding
exhibiting a partially covalent nature of the bond. Although, the
V2o(re), H(re) and -G(r.)/V(r.) values of the B-Au bond in the
bare complex indicate a partial covalent character of this bond,
no BCP was found in between the Au and B centers in the
[(FLP)AuNg]* complexes.

The contour plots of VZp(r) of P-Au and B-Au bonds in the
bare complex [(FLP)Au]* and P-Au and Au-Ng bonds in the
Ng bound complexes are provided in Figure 2. In these figures
solid pink lines depict the portion with positive V2p(r), the dotted
green lines depict the region with negative V2p(r) and the blue
solid lines represent the interbasin paths between the two atomic
basins. It is apparent from all these plots that there is no green
region which belongs to the interbasin path. Only, the valence
orbitals are slightly deformed in shape.

The nature of the Au-P and Au-B bonds present in the
[(FLP)Au]™ complex is further analyzed by EDA and the results
are depicted in Table S1 in the Supportion information (SI). The
contributions of AEg.: and AE,, toward the total attractive
interaction between the FLP and the Au™ cation become 53.1
and 41.5% respectively, whereas the AEg, has a very less
contribution (5.4%). Hence, the complex is mostly stabilized
by electrostatic interaction followed by the orbital interactions

between the FLP and the Au™ cation. Decomposition of AE.y,
into pair-wise orbital interactions shows that there exist two
major contributing orbital interactions AEq) and AEqpa),
and four minor contributing orbital interactions AEyy3) to
AEy6)- The deformation densities associated with these orbital
interaction channels are also depicted in Figure S1 in the SI
to understand the origin of these orbital interactions. The
deformation density Ap(1) (associated with AEyq1)) refers to
the amount of electron density donated from the Lewis basic
P center to the AuT cation, whereas Ap(2) (associated with
AEqp(2)) refers to the amount of electron density donated
backward from the Au™ cation to both the LA and LB centers
of the FLP. The remaining four deformation densities Ap(3) to
Ap(6) also refer to the backward donation of electron density
from the Au™ cation to the FLP and these are very small.

The nature of Au-Ng bonds present in the [(FLP)AuNg]*t
complexes is also analyzed by EDA and the results are given
in Table3. In these Au-Ng bonds, the contribution of the
AEsat and AE,y are almost equal (~40%) to the total
attractive interaction between the Ng and the [(FLP)Au]™
complex, and the contribution from the AL, is less but not
negligible (18-19%). However, the total attractive interaction
made by these three interactions is sufficient to overcome the
repulsive Pauli interaction and therefore the AEj, becomes
negative. Further, decomposing AE,; into pair-wise orbital
interactions by NOCV method we get four different orbital
interaction channels AEqp) to AEgm4). Among them, the
AEy) has the maximum contribution (68-73%) to the total
AEyy, of all the Au-Ng bonds. The deformation densities viz.,
Ap(1), Ap(2), Ap(3), and Ap(4) associated with the AEqpn)
(n = 1-4) of the [(FLP)AuXe]™ complex are also depicted
in Figure 3. Here, the Ap(1l) (corresponding to the major
contributing AE1)) refers to the donation of o-electron
density from the Xe atom to the Au center. Conversly, the
Ap(2) refers to the back donation of o-electron density from
the Au center to the Xe atom. Moreover, the Ap(3) and Ap(4)
refer to the back donation of m-electron density from the
Ng to the Au center. However, the donation of o-electron
density from the Xe atom to the Au center is not fully
compensated by the sum of the back donations of electron
density from the Au center to the Xe atom which leads to
the observed positive NPA charge on the Xe center in the
[(FLP)AuXe]* complex.

CONCLUSION

The noble gas (Ng) binding ability of a monocationic [(FLP)Au]™*
species has been assessed. Here, the monocationic [(FLP)Au]™
species is formed by coordinating Au(I) cation with the LA and
LB centers of a FLP. The Au-P and Au-B bonds in [(FLP)Au]™
are partially covalent in nature as revealed by electron density and
energy decomposition analyses. The Au center possesses an NPA
charge of 0.42 |e| as obtained from NBO analysis.

The bond dissociation energy values (ZPE corrected, Dy) for
the dissociation of Au-Ng bonds (Ng = Ar-Rn) get increased and
range between 6.0 and 13.3 kcal/mol from Ar to Rn. It is apparent
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FIGURE 2 | Contour plots of Laplacian of electron density [V2p(r)] of (i) Au-P and Au-B bonds in [(FLP)AU]*, (i) Au-Ar and (jii) Au-P bonds in [(FLP)AUAr*, (iv) Au-Kr
and (v) Au-P bonds in [(FLP)AUKr]*, (vi) Au-Xe and (vii) Au-P bonds in [(FLP)AuXe] ™, (viii) Au-Rn and (ix) Au-P bonds in [(FLP)AuRN]* at the
MOB-2X-D3/def2-TZVP/WTBS level. [Pink solid lines stand for V2p(r) > 0 and the green dotted lines stand for V2p(r) < 0].

that the dissociation of Au-Ng bonds is endothermic as well as
endergonic for Ng = Kr-Rn, whereas the same for Ng = Ar is
endothermic but exergonic at room temperature.

The stability of the complex is increased upon Ng
binding as highlighted through an increase in the HOMO-
LUMO gap (AEp-_1) of [(FLP)Au]', as a result of Ng
binding. The partial covalent character of the Au-Ng bonds
is indicated by the WBI values as well as through an
electron density analysis at the BCP of these bonds. The

Ng atoms get a slightly positive charge of 0.11-0.23 |e|, which
indicates some amount of charge transfer from it. EDA
demonstrates that both electrostatic and orbital interactions
contribute almost equally to the total interaction energy
between the Ng and the [(FLP)Au]™ complex, and the
dispersion interaction has a very less contribution. Further,
decomposing the orbital interaction (AE,y), we obtained
four different interaction channels (AEqun), n = 1-4), which
are the results of donation and back donation of electron
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TABLE 3 | Energy decomposition analysis (EDA) results for the [([FLP)AuNg]* complexes by taking Ng as one fragment and [(FLP)Au]* as another, studied at the
BP86-D3(BJ)/TZ2P//M06-2X-D3/ def2TZVP level. All energy values are given in kcal/mol.

Energy [(FLP)AuAr]* [(FLP)AuKr]* [(FLP)AuXe]* [(FLP)AuRNn]*
AEint —6.0 -11.3 —-16.7 —19.4
AEpayi 18.9 24.8 32.5 36.1
AEd‘Sp[a] —4.9 (19.8%) —6.6(18.2%) —8.9 (18.0%) —10.1 (18.2%)
AE il —10.0 (40.3%) —14.4 (40.0%) —20.3 (41.3%) —23.3 (41.9%)
AE, —9.9 (39.8%) —15.1 (41.7%) —20.1 (40.7%) —22.2 (39.9%)
AE oo —6.8 (68.7%) —0.7 (64.2%) —13.9 (69.3%) —16.2 (73.0%)
AE —1.0 (10.4%) —1.4 (9.3%) 1.8 (9.1%) —1.8 (7.9%)
AE —0.8 (8.2%) 1.2 (7.6%) —1.5 (7.6%) ~1.6 (7.0%)
AE oo —0.8 (7.9%) —1.1(7.5%) —1.5(7.7%) —1.6(7.1%)

[ The values inside parentheses refer to the percentage contributions toward the total attractive interactions AEejstat + Ao + AEgisp.
[l The values inside parentheses correspond to the percentage contributions toward the total orbital interactions, AEqp.

Ap(1), [-13.9]

Ap(2), [-1.5]

on [(FLP)AuXe]*. The color code of charge flow is red — blue.

FIGURE 3 | The plots of deformation densities (A p) of the pair-wise orbital interactions and the associated AEqy, energies obtained from the EDA-NOCV calculation

Ap(2), [-1.8]

Ap(2), [-1.5]

densities between Ng and Au centers as obtained from the
EDA-NOCYV calculation.
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A detailed density functional theory investigation of He,-encapsulated fullerene Csg and
Cao has been presented here. When confinement takes place, He-He bond length
shortens and a non-covalent type of interaction exists between two He atoms. Energy
decomposition analysis shows that though an attractive interaction exists in free Heo,
when it is confined inside the fullerenes, repulsive interaction is observed due to the
presence of dominant repulsive energy term. Fullerene C4q, with greater size, makes the
incorporation of Heo much easier than Cgg as confirmed from the study of boundary
crossing barrier. In addition, we have studied the possibility of using Hes-incorporated
fullerene as acceptor material in dye-sensitized solar cell (DSSC). Based on the highest
energy gap, Hex@Cyo and bare Cyg fullerenes are chosen for this purpose. Dye
constructed with Heo@C40 as an acceptor has the highest light-harvesting efficiency
and correspondingly will possess the maximum short circuit current as compared to
pure Cy4o acceptor.

Keywords: noble gas dimer, fullerene, encapsulation, DFT, solar cell

INTRODUCTION

Ever since the discovery of fullerene (Kroto et al., 1985), it has been studied extensively due to
its fascinating properties, leading to versatile applications in various fields of nano and opto-
electronics (Bhusal et al., 2016; Paul et al,, 2017, 2018a,b; Qu et al., 2019), besides being used as
sensors (Jaros et al., 2019; Parey et al., 2019) and hydrogen storage devices (Chandrakumar and
Ghosh, 2008; Srinivasu and Ghosh, 2012). Fullerenes are also known to exist in different isomeric
forms (Malolepsza et al., 2007; Zhao et al., 2018). Insertion of various atoms and molecules into
the fullerene cage has attracted a lot of interest in the scientific community and is designated as the
endohedral fullerenes. It is believed that the endohedrally trapped species can manipulate different
properties and affect the reactivities of the fullerene cage as well (Ravinder and Subramanian, 2011,
2012). Thus, this class of fullerenes is studied both theoretically and experimentally, having their
extensive use in the field of electronics, medicine, and nanotechnology (Guha and Nakamoto,
2005; Martin, 2006; Yamada et al., 2010). They can also serve the purpose of being an acceptor
in photovoltaic devices (Osuna et al., 2011). Reactivity pattern of a system (atoms and molecules)
significantly changes due to confinement (Chattaraj and Sarkar, 2003; Sarkar et al., 2009, 2012;
Khatua et al., 2014c¢; Deb et al., 2016a,b); as a result, stability increases and reduces the activation
barrier. The encapsulated atoms or molecules can be either metal, non-metal, or noble gas (Ng).
Noble gases, due to their closed electronic shell configuration, are generally reluctant of forming
any chemical compound. However, it is possible to successfully encapsulate them inside fullerenes
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using techniques, such as ion bombardment (Weiske et al., 1991),
molecular surgery (Saunders et al.,, 1994), and involving high
pressure and high-temperature methods. Synthesis of the first
xenon-containing molecule opened a way and interest for the
researchers that noble gases are eligible to take part in chemical
reactions (Bartlett, 1962). Ng-containing compound HNgY (Ng
= Ar, K, Xe; Y electron-withdrawing group) has been
successfully synthesized by Pettersson et al. (1998). Literature
survey also reveals that Feldman et al. has prepared hydrides
and other Ng-related compounds (Feldman and Sukhov, 1996;
Feldman et al., 1997). A number of theoretical studies on Ng
have also been done apart from experimental investigations
(Pan et al., 2013a,b,c, 2014a,b,c, 2015a,b,c; Saha et al., 2015;
Ghara et al.,, 2016; Ayub, 2017). Inclusion and exclusion of Ng
inside fullerene cages have been reported (Saunders et al., 1993;
Hummelen et al., 1995), where an intermediate is formed by the
rupture of one or more bonds, thus making an open window
for the encapsulation of these noble gas atoms, although some
disagreement is also set forth (Haaland et al., 2004). Experimental
studies show that noble gases put inside the hollow cavity of Cep
acquire an activation barrier energy as high as 90 kcal/mol~!
during its dissociation (Becker et al., 1996). Ng atoms are not
only encapsulated inside larger fullerene cages (Cgo, Cyp), but
they can also be successfully trapped inside much smaller cages
such as CjgHjg, Ca0Hag, Csz, etc. (Darzynkiewicz and Scuseria,
1997; Jiménez-Vazquez et al., 2001; Zou et al., 2010; Chakraborty
et al., 2016; Sekhar et al., 2017). Further studies on trapping two
Ng atoms forming an Ng dimer (Ng,) inside fullerene have been
first theoretically predicted by Giblin et al. (1997) and just after
a year, He and Ne dimers are experimentally spotted into Cyg
fullerene (Khong et al., 1998; Laskin et al., 1998). Confinement
of Ng dimers in Cg fullerene starting from He to Xe atoms
have been studied theoretically by some groups (Krapp and
Frenking, 2007; Ferndndez et al,, 2014; Khatua et al., 2014b),
where it was found that the Ng-Ng bond distances relatively get
smaller when the Ng, molecule is trapped inside the cage as
compared to the bond distances of the isolated dimer (Krapp
and Frenking, 2007). However, as a whole, these systems are
thermodynamically not stable owing to the exclusion of the Ng
atoms. In a study as reported by Krapp and Frenking (2007) a
genuine chemical bond is found to exist between the two Xe
atoms when its dimer is confined inside the Cgg cage, while for
its lighter analogs, i.e., He and Ne, the presence of weak van der
Waals interaction is detected. Cerpa et al. (2009) have studied
the effect of confinement on the electronic interaction between
He-He bond in the host CygH,o and their results followed that a
shorter He-He bond does not always indicate a chemical bond.
Not only are the carbon related compounds considered as the
hosts for entrapping the Ng atoms and their dimers, but hosts
constituted with other elements such as Byg cage (Pan et al,
2018), B1aNy,2 (Khatua et al.,, 2014a; Paul et al.,, 2019), B1gNig
(Khatua et al., 2014a), Sn%;, and Pb%g (Sekhar et al., 2017)
are also reported. Encapsulation of Ng and Ng; in Bj;Nj; and
BiNj¢ fullerenes show that the dimer He, undergoes not only
vibration and translation, but also rotation inside the cage. These
investigations on noble gases encourage further comprehensive
study on their confinement with different host materials.

Fullerenes possessed with electron-deficient characteristics are
used as electron acceptors in a solar cell device (Liu and Troisi,
2011; Eom et al.,, 2014; Leng et al., 2014; Shimata et al., 2016).
Dye-sensitized solar cell (DSSC) (O’Regan and Gritzel, 1991) is
one of the widely used organic solar cells because it offers the
possibility to convert light photons to electrical energy at a low
cost. A dye in a DSSC consists of three parts: an electron-rich
donor, a spacer, and an electron-deficient acceptor. Among the
acceptors, [6,6]-phenyl-Cg;-butyric acid methyl ester (PCBM)
has been widely investigated (Liu and Troisi, 2011). Apart from
fullerene Cgp in PCBM, Cyg cage is also used (Leng et al,
2014). Endohedral fullerenes can be used in designing solar cells
(Ross et al.,, 2009) where the confined atoms are supposedly
contributing to the efficiencies of the carrier transport (Yamada
et al., 2010).

Inspired by all these works on noble gas, herein, we have
investigated the influence of He; molecule when trapped inside
Csz6 and Cyo fullerenes by calculating the energetic stability,
bonding analysis, energy decomposition analysis, distortion
energy, and boundary-crossing barrier energy of He;@Cx (X
= 36, 40). A glimpse of the UV-visible absorption spectra of
He,@Cx is presented. Finally, considering the energetically most
stable fullerene among the two (He;@Cyp), various parameters
associated with the study of a dye-sensitized solar cell have been
investigated. To make a comparison, pristine Cy4 fullerene is
considered for this particular case study.

COMPUTATIONAL DETAILS

All the structures have been optimized using density functional
theory (DFT) methodology as implemented in Gaussian 09
program package (Frisch et al., 2009), using M05-2X functional
(Hohenstein et al., 2008). We have used 6-314g(d,p) basis set for
the C atoms and def2-TZVP basis set for the He atoms.

Dissociation energy (D.) and distortion energy (E;) are
calculated using the relations:

1
2)

De = [(ECX + EHEz) - EHEz@Cx]
Eq = Ecy(expanded) — Ecy

where Ec, is the total energy of pristine Cx fullerenes, Ex,,@cy is
the total energy of the He, encapsulated fullerenes (i.e., He,@Csg
and He;@Cyo), Ecy (expanded) 18 the energy calculated by removing
the He, dimer and evaluating single point energy of the expanded
Cx fullerenes, and Epy, is the energy of He, dimer.

The boundary-crossing barrier of the He, dimer through
one hexagonal face of the fullerenes has been obtained by
scanning the potential energy surface at different distances from
the center of the fullerene cages. GAMESS software (Schmidt
et al, 1993) has been implemented in calculation of energy
decomposition analysis. Multiwfn software (Lu and Chen, 2011)
is used to perform the topological analysis of electron density.
Time-dependent density functional theory (TDDFT) has been
employed to check the absorption spectra for the first 40
excited state transitions of the fullerenes and GaussSum software
(O’Boyle et al., 2008) has been used for plotting. For calculating

Frontiers in Chemistry | www.frontiersin.org

I

August 2020 | Volume 8 | Article 621


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Paul et al.

Confinement Effects of Noble Gas

solar cell parameters, we have considered B3LYP functional and
6-31 g basis set for all the atoms.

RESULTS AND DISCUSSION

The optimized structure of He, dimer encapsulated fullerenes are
shown in Figure 1 below.

Upon optimization, He, dimer orients itself in the middle of
the fullerene cage in such a way that it can move through the
midpoint of a six-membered ring easily when put inside Csg
and Cyo cages. In the beginning, empty Csg and Cyg fullerenes
(Figure S1) possess D,; and D, symmetry, respectively. On
enclosing He; inside them, the symmetry of Cs¢ (i.e., He;@Csg)
changes to C, but Cy (i.e., He;@Cyg) successfully retains its
original symmetry D;. The highest dissociation energy is found
when He; is encapsulated inside C3g cage (—53.1 kcal/mol) and
naturally, the least is found for Cy fullerene, having a value of
—45.6 kcal/mol. Negative values of dissociation energy reveal
that He, encapsulation in them is not favorable. It should be
noted that cage distortion and Pauli repulsion plays an important
role in destabilization. However, with the increase in the size of
the fullerene cage (C3s < Cap), destabilization decreases due to
enlargement of space inside the cavity. Hence, it may be inferred
that larger cages may lead toward favoring He, encapsulation in
them. This result is also supported by the values of energy gap
of Hes-incorporated Csg and Cy fullerenes. The larger fullerene
Cyp records a value of 3.980 eV, whereas Csg has 3.028 eV energy
gap when they both hold the He, dimer inside them, indicating
that He,@Cyo is more stable than He,@C3¢ owing to its greater
energy gap in comparison.

Distortion Energy

The encapsulation of the He, dimer inside the fullerene cages
expands the surface area of the fullerene cage and this expansion
may increase the binding energy of the system. The calculated
distortion energy for He;@Csg is 1.6 kcal/mol and for He,@Cyg
is 1.7 kcal/mol. Thus, He, dimer has to expend this amount of
energy barriers to get encapsulated inside the fullerene cages, as
can be seen from the distortion energy values.

Structural Properties and Bonding Analysis
In order to get an idea about how the confinement of He; affects
itself as well as the fullerene encaging it, we have calculated the
bond lengths of the He, dimer both in unconfined and confined
state. We have also performed electron density analysis, which
will further strengthen the results. The equilibrium bond length
for an isolated He, is calculated to be 2.666 A, which is exactly
same as that of Khatua et al. (2014a). As expected, confinement
reduces the bond length of He, dimer, which is found from the
investigation. More specifically, when He; is entrapped inside
Css, its bond length diminishes to 1.520 A, while with the larger
Cyp cage, it has a value of 1.546 A.

To understand the nature of interaction between the two
He atoms both inside and outside fullerene C3g and Cy9 and
surrounding C atoms when He; is placed inside the cages, the
electron density analysis at the bond critical point (BCP) was

performed (Deb et al., 2018) by employing the Bader’s atoms-in-
molecules theory (Bader, 1990). The corresponding topological
descriptors are tabulated in Table1 and the contour plot of
the Laplacian of electron densities at the BCPs are shown in
Figure 2. At the BCP, depletion and accumulation of electron
density [p (r.)] can be well understood from the positive and
negative values of the Laplacian of electron density (V2 PBCP)>
respectively. Thus, when the magnitude of VZipgep < 0, a
covalent or shared bond is formed between two atoms while a
non-covalent bond is expected when V2ppcp > 0. This criterion
is helpful in explaining the bonding nature in many systems,
but for the systems involving heavier atoms or with 3d orbitals,
considering only [V2p ()] is not adequate to describe the
nature of bonding connecting the heavier atoms. Therefore, some
more topological descriptors like the local kinetic energy density
[G (rc)], local potential energy density [V ()], and local electron
energy density [H (r.)], including two ratios —G () /V (r.) and
G (rc) /p(rc), become essential to knowing the bonding nature.
Based on these parameters, Cremer and Kraka (1984) proposed
that if VZp(r.) > 0 and H(r.) < 0, then the nature of bonding is
partially covalent. It is also stated that if the ratio —G (r.) /V (rc)
falls in the range 0.5-1, then there exists some degree of covalent
character (partial covalent type) and if —G (r.) /V (r;) > 1, a
purely non-covalent type of interaction is formed. Further, the
magnitude of G (r) /p(rc) < 1 is also indicative of the presence
of covalency in any bond.

Present case deals with two types of bonds, i.e., one between
He-He (in He, and He,@Cj36, He,@Cy9) and another between
He-C (in He;@Csg and He;@Cyg); corresponding labeled figure
is provided in Figure S2. From Table 1, it is seen that both
V2p(r.) and H(r.) have values > 0, which means that a non-
covalent type of bonding exists between them. The ratios
-G (ro)/V (ro) and G (r;) /p(r;) both have a value >1,
which again emphasizes the finding that a non-covalent type
of interaction is present between both He-He and He-C bonds.
It should be mentioned here that along with positive V2p(rc),
the magnitude of p(r;) at the BCP is also lower than 0.1au,
which is the threshold value for p(r.) considered here, and again
confirms that the studied bonds are not of covalent type. Now
examining the He-He bonds in the two host fullerenes C3¢ and
Cy0, one can find that the p(r.) value of He-He bond present
in Cs¢ is the highest between the two hosts, recording a value
of 0.045 au. However, it may be noted that for unconfined He,,
the values of p(r.), VZp(r), G (o), V (r¢), and H (r;) are very
small and almost close to zero, but when it gets confined inside
the cages, the values are considerably increased. This indicates
that confinement of He, inside fullerene C3¢ and Cyg has affected
its various parameters.

Energy Decomposition Analysis

To examine the interdependence of He, inside Cz¢ and
Cyo fullerene cages, we studied the interaction energy and
the different contributing energy terms in connection with
the total interaction obtained from all-electron calculations
using localized molecular orbital energy decomposition analysis
(LMO-EDA). To make a comparison, we also checked the
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FIGURE 1 | Optimized geometry of (A) He,@Cgs and (B) Heo@Cap.

TABLE 1 | Electron density descriptors (in au) at the bond critical points (BCPs) in between some selected bonds of He,, Heo@Cx (X = 36, 40).

System BCP olre) V2plre) Glrc) Virc) Hi(rc) —Glre)/V(rc) G(re)/p(re)
He, He(1)-He(2) 0.002 0.012 0.002 —0.001 0.001 —2.000 1.000
He>@Cgg He(37)-He(38) 0.045 0.276 0.066 —0.062 0.003 —1.065 1.467
He(37)-C(6) 0.026 0.142 0.031 —0.026 0.005 —-1.192 1.192
He>@Cuo He(41)-He(42) 0.042 0.257 0.060 —0.055 0.005 —1.091 1.429
He(41)-C(20) 0.025 0.133 0.029 -0.024 0.005 —1.208 1.160

interaction energy for an unconfined He, dimer. The interaction
energy (Ej,;) can be decomposed into five energy components:
electrostatic (E,.), exchange (E.xc), repulsion (Eyp), polarization
(Epor), and dispersion (Egsp). This particular study will shed
light into the attractive (negative Ej,;) or repulsive (positive
E;,+) nature of interaction between the He, molecule and the
concerned fullerene cages. For the He;-entrapped C3s and Cyo
fullerenes, He, molecule is considered as one fragment and the
associated fullerene as the other. Here, the electrostatic energy
represents the classical Coulomb interaction, the exchange
energy includes the Pauli repulsion. The repulsion energy
deals with the contribution coming from the exchange of
parallel spin electrons between the two fragments. The energy
gained due to the orbital relaxation of one fragment because
of the existence of other fragment having undistorted charge
distribution in the former fragment’s proximity is accounted
for the polarization energy. Lastly, the dispersion energy comes
from the instantaneous correlation of fluctuating electron density
distribution between the two fragments. From Table 2, we may
find that attractive nature of interaction is found when two
He atoms form a He, dimer, which is clear from its negative
interaction energy. However, the situation is changed as soon
as the dimer gets confined inside the two fullerene cages and
records a positive value of interaction energy. In case of free He;
dimer, all the energy components are less in magnitude, with
zero contribution coming from the polarization energy. Now,

coming to the confined He, inside the cages, it can be seen
that Eejec, Eexc, Epoi» and Eyjgp energies are attractive in nature.
Of all the attractive terms, E,y. contributes the most toward
the total attraction energy, the second leading contributor being
Egigp for both the systems. The electrostatic energy makes the
third-highest attractive contribution and the polarization term
with a smaller value (as compared to other attractive terms)
is put in the last of all. However, the Pauli repulsion energy
component, Erp, is so repulsive with the highest magnitude
(positive) among all other energy terms that it makes the
net interaction energy term positive and thus overall repulsive
interaction energy is found for He, incorporated fullerenes.
The highest repulsive energy is found for He,@Css (149.05
kcal/mol), whereas He, @Cyg records much less repulsive energy
than He,@Csg, with a value 120.18 kcal/mol. It may be noted
here that the steep rise in the destabilizing Pauli repulsive
energy term in the case of He;-entrapped Csg and Cyg fullerene
and a positive interaction energy is due to the compression
of bond distance in He, dimer confined inside the cages in
comparison to the isolated He, dimer. One important finding
is that when compared to He, entrapped in B;,Nj;, and B1gNig
cages (Khatua et al., 2014a), the total interaction energy is much
lowered in the present study owing to the increase in the size
of the fullerene cages. This may indicate that larger cages can
accommodate He, dimer easily and may at some point stabilize
the whole system.
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having V2 p(rc) > 0 and green region depicts the area having V2 p(r;) < O.

FIGURE 2 | Contour plot representation of Laplacian of electron density at a particular plane of (A) Hez, (B) Heo@Cgs, and (C) He,@Cao. Red region depicts the area

TABLE 2 | Energy decomposition analysis of He, and He,@Cy (X = 36, 40).

SYSte m Eint Eelec Eexc E, rep Epal E, disp
Heo —0.02 —0.02 -0.07 0.20 —0.00 -0.12
Cas@Hep 28.98 —25.02 —48.98 149.05 —7.54 —38.52
Ca0@Hey 21.29 —19.74 —38.21 120.18 —5.89 —35.06
All the values are in kcal/mol.
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FIGURE 3 | Boundary-crossing barrier of He,@Cx (X = 36, 40).

Barrier Crossing Energy

The barrier crossing energy of He;@Csg and He,@Cyg fullerenes
have been depicted in Figure 3. The potential of an atom or a
molecule to enter/exit into/from a fullerene cage is measured by
speculating the boundary-crossing barriers. The corresponding
energies provide information about the permeability and kinetic
barrier of the atom or the molecule for crossing the boundary
of the fullerene cage. Thus, to observe the movement of He,
through Csg and Cyp fullerenes, the boundary-crossing barrier
has been studied. Also, five pictures of He; encapsulation in
fullerenes are shown in Figure 4. Now, since an easy translation

of the dimer into the cage can be done through a six-membered
ring (instead of five-membered ring), the scanning process for
its barrier crossing is calculated through a hexagon only. From
Figure 3, we may observe that there are two peaks for each of
the curves, with the second one (2nd maxima) from left much
steeper than the first one (1st maxima). The barrier crossing
energy is calculated in such a way that at the beginning the
He, dimer is put at a distance of 7 A from the center and
then it is moved toward the cage to finally get placed in the
center of the fullerene cage. The energy along this path is noted
and the resulting curve is shown in Figure 3. The presence of
two peaks is due to the two He atoms, which enter through
the cage. The first peak from right (2nd maxima) corresponds
to the energy when the first He atom passes through the cage,
then the energy comes down slightly corresponding to the valley
between two peaks, where the two He atoms are equally placed,
one inside and another outside the surface of the cage. After
that, when the second He atom just reaches the surface of
the fullerene cage, the corresponding energy again rises (1st
maxima), but with a relatively lower magnitude than that of
the former peak value. Thereafter the energy value gradually
decreases as the He, dimer reaches the center of the cage,
where it takes the minimum energy position. Among the two
cages, namely fullerene C3s and Cy, it is clear from Figure 3
that He, dimer possesses lower barrier crossing energy when
it enters the Cyo fullerene as compared to Csg. Thus, it is
obvious that with increase in the size of the cage, it becomes
comparatively easier for the He, dimer to be encapsulated inside
it. Moreover, high energy barrier for the encapsulation process
of any atom/molecule to be confined inside any closed complex
suggests their kinetic stability, and once these encapsulated
clusters are formed, they cannot dissociate into fragments owing
to higher kinetic barrier (Sekhar et al., 2017). Here in this
study, both the He, encapsulated fullerenes, He,@Css (327. 3
kcal/mol at 1st maxima and 342.2 kcal/mol at 2nd maxima) and
He,@Cyg (305.4 kcal/mol at 1st maxima and 320.4 kcal/mol at
2nd maxima), have a much higher energy barrier when the two
He atoms of the constituting He, dimer cross the surface of
the fullerene cages. Thus, they may be considered as kinetically
stable systems.
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FIGURE 4 | Different pictures during the encapsulation of He, inside fullerene Cgs and Cag.

—

£ 30000

c

=

o)

T

< 20000- o o T T o mwg T w

(4}

() 34000 0.140 5600

= Z32000 0.120 5500 s
= 40 1005, E 3 0,020
< 10000 - e H C T um:‘.‘ 2 - H
[ - # eZ@ 40 < 28000 Cc oos0: £ sa00- c o1
o S_zo{m & 0.050 :f £ 5200 “« §
.8 g:-mo umog E 5100 - o.nmg
< 22000 0.020 = 3000 0.005

|- 20 285 290 295 300 05 e TN DT
0 2;0 3 T 0 v-—sq 0 " T Wavelength (am) e iy G 184
0 3
Wavelength (nm)
FIGURE 5 | UV-visible absorption spectra of Cx and Heo@Cx (X = 36, 40).
Absorption Spectra of He; confined Czg cage (0.1521) is much higher than that of Cyg

Table S1 provides the maximum absorption wavelength (Amax),  cage (0.0324). In addition, the corresponding Amax of He;@Cse is
corresponding transition energy (Eo), highest oscillator strength ~ red-shifted toward a higher wavelength compared to He;@Cyo.
(fmax)> and the major electronic transitions of the He,  Again, from the absorption spectra, it should be pointed out
encapsulated Czs and Cyo fullerenes along with their empty  that the maximum absorption of the empty fullerenes, i.e., C3s
counterparts. The associated absorption spectra are provided in ~ (282.572 nm) and Cy (280.669 nm), also occur in the UV region,
Figure 5. Also, to get a clear view of the highest absorption  having slight displacement of the peaks with respect to their
peak and highest oscillator strength of both bare and He;-  Hes-confined analogs. Cszs, He,@Cse has higher intensity of
encapsulated fullerenes, a zoom plot is provided. We may see  absorption compared to Cy9, He,@Cyg. This is because the
that both the He,-encaged fullerenes possess absorption maxima  former set (C36 and He;@Cs6) has recorded a much higher value
in the ultraviolet (UV) region of the spectra with their Amax  of oscillator strength, which significantly increased its absorption
values of 283.652 and 277.090 nm for He,@Cs¢ and He,@Cyy,  maxima with respect to the later set (C49 and He;@Cyp). In
respectively. One may observe that the highest oscillator strength ~ addition, the increment in the oscillator strength of Cszs and

Frontiers in Chemistry | www.frontiersin.org n August 2020 | Volume 8 | Article 621


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Paul et al.

Confinement Effects of Noble Gas

FIGURE 6 | Optimized geometry of dyes (A) D1 and (B) D1@He,.

He,@Cs6 occurs may be due to higher value of transition dipole
moment, which ultimately puts an impact on the intensity of the
highest electronic transition (Wang et al., 2015).

The shift in the absorption maxima (either blue or red)
depends on various factors; for example, the electronic structure
(Yanagisawa et al., 2013; Giri et al, 2014), implementation
of gas or solvent phase (Giri et al, 2014), orientation of
embedded molecule inside any closed cage (Wang et al., 2018),
substitution of donor or acceptors (Ma et al, 2019), and
sometimes dependency on the method of calculation is also
observed (Cdrdenas-Jiron et al., 2017). Here, in this case, may
be the electronic structure (symmetry, orientation of He; inside
the fullerenes) plays an important role in this shift. In addition,
red shift of the absorption spectra is also associated with a
smaller energy gap (HOMO-LUMO gap) (Giri et al., 2014). Thus,
He,@Cs6 (3.028 V) with comparatively lower value of energy
gap than He;@Cyo (3.980€V), has its absorption maxima red
shifted toward the greater wavelength region. These systems with
their maximum absorption peak falling in the UV region are
usable in designing UV light protection devices.

Solar Cell Parameters
The most stable He, encapsulated fullerene (He,@Cyp) among
the two hosts is chosen as the acceptor for designing a solar cell

device. To make a comparison, its free counterpart, pristine Cyo,
is also taken as another acceptor. For the study, anthracene as
donor and benzene as spacer are being used. For simplicity, we
name the dye with acceptor as pristine Cy49 as D1 and that with
He,@Cyo as D1@He;. The optimized dyes are shown in Figure 6.

The energy levels of a dye molecule, which primarily indicates
itst: HOMO and LUMO, play a very important role in its
performance as a solar cell and the corresponding energy level
diagram of the dyes is shown in Figure 7 (HOMO level of
the dyes is zoomed). Eventually, the HOMO level of the dye
must lie below the redox potential of I /I~ couple (firedox =
—4.80eV), while the LUMO level must be placed above the
conduction band (CB) edge of TiO, semiconductor (Ecp =
—4.00eV) (Qin et al., 2007). We found that the HOMO level of
both the dyes lie just below the redox potential of I3 /I~ couple,
with a magnitude of —4.821eV (for D1) and —4.816eV (for
Dl@He,), which confirms that charge regeneration of the dyes
is possible. The LUMO value of dye, D1, is calculated to be
—3.736 €V, while that of D1@He, is —3.795 V. This means the
LUMO levels of both the dyes lie above the conduction band
of TiOy, and thus electron injection from the excited dyes to
the conduction band of the semiconductor (TiO,) will become
easier. However, on comparing the HOMO and LUMO values of
both the dyes, one may observe that the LUMO of D1 acquires
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FIGURE 7 | Energy level diagram of dyes D1 and D1@Hes. Wavelength (nm)
FIGURE 8 | UV-visible absorption spectra of dyes D1 and D1@Hes.

some appreciable changes when He, dimer is inserted in the
acceptor (i.e., D1@He; dye), but there is very less change in
the HOMO energy. Therefore, it can be inferred that changing
the acceptor can only affect the LUMO energy level of the dye.
Moreover, dye D1 with comparatively higher LUMO value than
D1@He; will help to increase the open-circuit voltage, opening a
path to improve the efficiency of the dye-sensitized solar cell. The
energy gap of dyes D1 and D1@He, are calculated to be 1.085
and 1.021 eV, respectively. Thus, dye D1@He, with a relatively
smaller energy gap and a comparatively higher light-harvesting
efficiency will show a better result.

Absorption Properties

Here we have calculated the UV-visible absorption spectra of
both the dyes (Figure 8) considering the lowest 40 transitions
and results are provided in Table $2. One may observe that the
maximum absorption wavelength corresponding to the highest
oscillator strength (0.1456) of D1 dye falls at 547.126 nm with
major transitions from HOMO — LUMO+3 (55%), HOMO
— LUMO+5 (20%). For dye D1@He;, the highest oscillator
strength increases to 0.1570 and there is a blue shift of the
maximum absorption peak as compared to dye D1, located at
545.897 nm. There are two major transitions found for D1@He;
dye that take place from HOMO — LUMO+3 (53%) and
HOMO — LUMO+5 (20%). Both the dyes show absorption in
the visible region occurring at around 550 nm. From this study,
we can infer that He, dimer incorporation inside Cy4p increases
the oscillator strength of dye D1. Thus, based on the study
of absorption spectra, it is found that dye D1@He, possesses
a comparatively higher light-harvesting efficiency resulting a
greater photocurrent response.

Short-Circuit Current and Open-Circuit

Voltage
The short circuit current (Js¢) (Zhang et al., 2012) is given by
the relation

It greatly depends on the light-harvesting efficiency (LHE) and

electron injection efficiency (@inject). For the systems differing

only in the choice of dyes, 7¢,jj; can be assumed constant.

LHE may be determined using LHE =1 — 10 /max (4)

On the other hand, @;pject is related to the free energy of electron

injection from the excited states of dye to the semiconductor

surface (A Gipject), which can be expressed as

(pinject O(f (AGinject) (5)

AGipject can be estimated using the following equation (Katoh
et al., 2004),

dyex

d
AGiject = Egx+ — Ecs = Egx + Eo — Ecp (6)

d . sy .
where Ey;" represents the excited state oxidation potential of

the dye, Eg%e represents the ground state oxidation potential of
the dye, Ej is the vertical transition energy corresponding to the
maximum absorption wavelength of the dye, and Ecp refers to
the conduction band edge of the semiconductor (TiO3).

The computed results of various quantities involved in the
calculation of Jsc are provided in Table 3 for both the dyes. With

the increase in the magnitude of EZ’,{E*, AGipject increases, which
ultimately increases the @;pje.s. Out of the two dyes, dye with the
He, dimer records the highest LHE value and thus will have a
tendency to absorb more photons, which will lead to a higher
magnitude of the short circuit current in comparison to dye
D1. Also, according to a study (Islam et al., 2003), the electron
injection efliciency of a dye is approximately equal to 1 when
|AG,-njm| > 0.2. Here, we can see that both the dyes have a
value of AGipjec, which are much higher than 0.2. Thus, both of
them possess sufficient driving force for electron injection to the
semiconductor TiO,.

Th -circui 1 f lecul
Jsc = / LHEQ) Ginject Neolect A 3) e open-circuit vo tage (Voc) of a dye molecule can
A be evaluated approximately by finding the difference in
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TABLE 3 | Calculated solar cell parameters of dyes D1 and D1@Hes.

Dye EY° (eV) Eo (eV) EX (eV) AGinject (eV) (fmax) LHE eVoc (eV)
D1 —4.821 2.266 —2.555 1.445 0.1456 0.2848 0.264
Di1@He, —4.816 2.271 —2.545 1.455 0.1570 0.3034 0.205

energy between the LUMO energy level of the dye and the in the fullerenes, the interaction becomes repulsive. The presence
conduction band edge Ecp of the semiconductor substrate, of larger repulsive energy compared to the other attractive
which may be represented by the mathematical relation energy terms may be responsible for this change in the case of

(Sang-aroon et al., 2012), He,@Cs and He,@Cyp. Fullerene Cyg bearing a larger cavity
makes He, incorporation energetically much easier than that
eVoc = Erumo — Ecs (7) of C3 as observed from the investigation of barrier crossing

energy. Absorption spectra analysis of both the He;@Cx shows
The eVoc values of the dyes are given in Table 3. The equation  that they can be potentially used as UV light protectors since
indicates that higher the magnitude of the LUMO level of  they possess absorption maxima in the UV region. Next, we
the dye, the higher open-circuit voltage (Voc) it will generate.  designed a DSSC with free C49 and He, confined Cyg as acceptors.
From Table 3 we can see that dye DI records greater value of ~ Charge regeneration and electron injection, which are the two
eVoc than its He, dimer encapsulated counterpart, which hasa  most important qualities, are being fulfilled here by the dyes.
comparatively higher value of AGjyjec. This may be due to the  In addition, both the dyes show an absorption peak in the
fact that too high value of AGjyjet leads to energy redundancy,  visible region, which is another criterion for a DSSC. He,@Caj,
making a fall in the value of Voc (Li et al,, 2017). Hence though  when used as acceptor, records the highest LHE value and thus
the dye D1@He; has a higher AGiyjecr, but it possesses a smaller  will have a higher magnitude of Jsc. NLO properties of the
value of V¢ than dye D1. dyes are also calculated, and we found that the dye with He,-
confined Cyg acceptor has greater polarizability and thus will have
higher possibility to perforate into the dye adsorption layer. This
indicates that He; incorporation inside fullerene really has a good
effect on different properties.

Non-linear Optical Properties

To explore the relationship between the efficiency of the dye
molecules and their non-linear optical (NLO) properties, the
isotropic polarizability of the dyes has been calculated. The
response of any system when it is subjected to an external

electric field is characterized by the study of NLO properties of DATA AVAILABILITY STATEMENT
that system (Deb et al., 2020). In case of dye D1, the isotropic
polarizability is found to be 574.045 au, while for the dye D1@He;
the value increases to 577.945 au. This means that inclusion of a
He, dimer inside Cy9 acceptor improves the dye’s polarizability.
In addition, dyes having higher magnitudes of polarizability
possibly will create strong interaction with its surroundings and
will increase the local concentration of acceptor. Thus, the local
concentration of the acceptor of the dye D1@He, i.e., C4o@He;
is increased on the semiconductor surface, which in turn will
increase the possibility of this acceptor to perforate into the dye
adsorption layer.
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Noble Gases in Solid Compounds
Show a Rich Display of Chemistry
With Enough Pressure

Maosheng Miao*

Department of Chemistry and Biochemistry, California State University Northridge, Northridge, CA, United States

In this review, we summarize the rapid progress that has been made in the study of
noble gas chemistry in solid compounds under high pressure. Thanks to the recent
development of first-principles crystal structure search methods, many new noble gas
compounds have been predicted and some have been synthesized. Strikingly, almost all
types of chemical roles and interactions are found or predicted in these high-pressure
noble gas compounds, ranging from cationic and anionic noble gases to covalent bonds
between noble gas atoms, and to hydrogen bond-like noble gas bonds. Besides, the
recently discovered He insertion reactions reveal a unique chemical force that displays
no local chemical bonding, providing evidence that research into noble gas reactions can
advance the frontier of chemistry at the very basic level.

Keywords: noble gas anions, NG-NG bonds, noble gas bond, chemistry without chemical bond, DFT—density
functional theory, high pressure

INTRODUCTION

For many years after their discovery, noble gases (NG) were known as elements that do not have any
chemistry. This idea was consolidated by the atomic shell structure and the corresponding theory
that all elements are destined to a complete shell while forming compounds. Therefore, the noble
gases would remain chemically inert (noble) since their valence orbitals are already completely
filled. This doctrine was first challenged in 1933 by Pauling who predicted the formation of KrFg
and XeFs compounds (Pauling, 1933). It took almost another 30 years before the first noble gas
compound, XePtFg was synthesized by Bartlett (1962). Soon after, many Xenon binary compounds
such as XeFy, XeF, etc. were obtained (Chernick et al., 1962). By now, there are already a few
hundred known noble gas compounds and the list continues to grow (Grochala, 2007). The most
recent advancements include the first truly bonded Argon compound, HArF (Khriachtchev et al.,
2000), and a striking compound AuXey (SbyF11) (Seidel and Seppelt, 2000) in which Xenon, a noble
gas element, bonds with Au, a noble metal, as a weak reducing and coordinating agent.

A scenario of rich chemistry for NG elements has been rolled out gradually over the past
decades, especially while locking them in an extreme chemical environment. For example, many
NG elements can be coerced to form charged or strongly polarized species, such as HHe™
(Hogness and Lunn, 1925), HNGO™ (Li et al., 2005), and HeOLi,F,, etc. (Grochala, 2012).
In contrast, a similar chemical environment is difficult to achieve in solid compounds since
the charge neutrality needs to be preserved globally and locally. As a result, the chemical
roles that NG elements can play in solid compounds are more limited. Lots of noble gas
compounds are not formed by local chemical bonds featuring electron sharing or transfer.
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In many of these compounds, noble gases are either bonded to
other atoms by weak interactions such as van der Waals force or
inserted into the voids preexisting in some solid compounds such
as clathrates, Cgg, etc. (Saunders et al., 1994; Gunka et al., 2015).
While forming true chemical bonds in compounds, such as XeF,,
XeOs, etc., noble gases act like reductants (electron donors).

On the other hand, we can drive chemical interactions to an
extreme in solid compounds by applying mechanical pressures so
that new chemistry can emerge. Due to both the development of
first-principles computer simulations (Zhang et al., 2017; Oganov
et al., 2019; Miao et al., 2020) and the diamond anvil cell (DAC)
experiments (Mao et al., 2018), numerous novel compounds
have been predicted and some have been synthesized. These new
compounds under pressure, such as Nay Cl, (Zhang et al., 2013),
H3S (Drozdov et al., 2015), LaH,, (Pickard et al., 2020), CsF,
(Miao, 2013), etc., show a distinct trend of having a large range of
compositions, with very different stoichiometries to the ambient
condition. Although many unconventional stoichiometries are
caused by the formation of homonuclear bonds or species, such
as Cl-Cl in NaClsz, some compounds with atypical compositions
are formed due to the change of oxidation states of their
constituent elements (Miao et al., 2020). In some extreme cases,
the core electrons, such as the 5p electrons of Cs, can be coerced
to form chemical bonds, leading to the formation of atypical
compounds, such as CsF3 and CsF5 (Miao, 2013).

For the same reason, pressure can greatly enrich noble gas
chemistry. It goes far beyond the known NG compounds formed
by sharing their closed-shell electrons with strong oxidants such
as F. In contrast to molecular and ionic species, most of the solid
NG compounds under pressure are thermodynamically stable.
In this review, we will show that NG elements, under high-
pressure, can (1) be oxidized by elements such as Fe that usually
are not considered as oxidants, (2) become an oxidant themselves
and behave like anions in compounds, (3) form strong NG-
NG covalent bonds, (4) form intermolecular NG bonds that are
similar to hydrogen bonds, and (5) form stable compounds that
are not bound by any local chemical bonds.

METHODS AND THE PROGRESS OF
HIGH-PRESSURE CHEMISTRY

The progresses of high-pressure chemistry strongly depend on
the development of experimental methods. The first leap of
this field is triggered by the development of diamond anvil
cell (DAC) and the corresponding heating and measurement
techniques. However, high-pressure experiments are usually very
difficult, expensive, and time-consuming. Recently, the density
functional theory (DFT) calculations have been widely used in
predicting phase diagrams of binary compounds under pressure,
which gave rise to the second leap of high-pressure chemistry.
These “complete ab initio” studies neither use any empirical
parameters for electronic structure nor take any crystal structures
and chemical bonding information as input. Instead, crystal
structures are generated and the globally stable structures are
searched, using various algorithms, such as random search
(RS) (Pickard and Needs, 2011), genetic algorithm (GA) (Glass

et al., 2006; Avery et al., 2019) and particle swarm optimization
(PSO) (Wang et al.,, 2012). In the last decade, numerous new
compounds have been predicted by this method without any
experimental input and many of them have been confirmed by
DAC experiments. Many of these compounds assume atypical
compositions, such as NaCls, CsF3, H3S, LaH, etc. The change
of the chemistry and the formation of a plethora of atypical
compounds can be roughly grouped into two kinds: those caused
by the formation of homonuclear bonds and those caused by
the change of oxidation states, both of which can be found in
high-pressure noble gas compounds (Miao et al., 2020).

NOBLE GAS CHEMISTRY UNDER HIGH
PRESSURE

Oxidation of NG Under Pressure

Although most of noble gas chemistry is about the sharing of their
closed-shell electrons, oxidizing NG is not an easy task and most
of the stable NG compounds contain F, the strongest oxidant
element. Several Xenon oxides exist but they are not stable (Brock
and Schrobilgen, 2011; Goettel et al., 2016). Pressure can greatly
extend the chemistry of NG as a reductant because the energies
of their valence orbitals increase rapidly under pressure and
become significantly higher than those of the valence orbitals
of oxidant elements. For example, DFT/GA simulations showed
that XeO, XeO;, and XeO3; become stable at pressures above
83, 102, and 114 GPa (Zhu et al., 2013). A study that combined
the DAC experiment and DFT simulation work added two new
compositions, Xe3O;, and Xe;Os, in which Xe adopted mixed
oxidation states (Dewaele et al., 2016). Similarly, Kr-O (Zaleski-
Ejgierd and Lata, 2016), Xe-N (Peng et al., 2015), and Xe-
C (Bovornratanaraks et al, 2019) compounds are predicted
by DFT/GA, DFT/PSO, and DFT/GA methods respectively.
Probably the most striking prediction is the formation of stable
Xe-Fe and Xe-Ni compounds under high pressure (Zhu et al,,
2014), which has been confirmed by DAC experiments (Dewaele
et al., 2017; Stavrou et al, 2018). Especially, the DFT/PSO
calculations showed that XeFe; and XeNi; become stable at the
pressures and temperatures found in the Earth’s core, indicating
that the iron core of the Earth might be a chemical reservoir of
the missing Xe (Zhu et al., 2014). From the chemistry point of
view, it is significant that Xe can be oxidized by Fe or Ni under
high pressure, as shown by the large calculated charge transfer
from Xe to Fe/Ni in these compounds. The alloying of Xe with
transition metals such as Hg has been predicted before, but DFT
calculations showed only a slight charge transfer from Xe to Hg
(Grochala, 2007).

Anionic Noble Gases Under Pressure

Besides extending the range of reductant chemistry, pressure can
endow a new role for NG elements. They might oxidize metals
such as Li and Mg and become anions in the corresponding
compounds (Li et al., 2015; Miao et al., 2015; Liu et al., 2017).
The first example was predicted by the DFT/PSO method, which
showed that Mg forms stable compounds with Xe, Kr, and Ar
under pressures higher than 125, 250, and 250 GPa, respectively
(Miao et al, 2015). Among all the calculated compositions,
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MgNG and Mg;NG are stable under high pressure. These
compounds adopt very simple structures. For Xe and Kr,
MgNG adopts a Pm3m (CsCl) structure, whereas Mg,NG
adopts a P4/nmm structure. In contrast, both MgAr and Mg, Ar
compounds adopt hexagonal P63/mcm structures. The most
important chemical feature of these compounds is the charge
transfer. As calculated by Bader’s Quantum Theory of Atoms
in Molecules method (Bader, 1990), there are large charges
transferred from Mg to NG, which also strongly depend on the
pressure (Miao et al., 2015). For example, the charge transfer
from Mg to Xe in MgXe under 100 GPa is 1.5 ¢/Mg, which is
comparable to that in MgO under ambient conditions. From
the band structures, these compounds are clearly metallic. The
projected density of states (PDOS) reveals that the transferred
electrons occupy the Xe 5d orbitals (Miao et al., 2015). Therefore,
under high pressure, Xe behaves like a 5d transition metal.
The electron localization function (ELF) (Silvi and Savin, 1994)
calculations also show large values between Mg and NG, which
is also the characteristic of intermetallic compounds. A similar
phenomenon has not been found or predicted in any case without
compression. The closest sign of anionic NG is a theoretical
study that shows a positive electron affinity for Oganesson
(Gaston et al., 2002), a synthetic element that has a half-life of
about 1 ms.

The Mg-rich compounds show another unique feature in their
electronic structures. The charges on Mg and NG do not add
up to 0. For example, at 50 GPa, the charges on Xe and Mg are
—1.03e/Xe and 1.29¢/Mg. There are about 1.54e which are not
located on either Mg or Xe (Miao et al., 2015). Both the charge
distribution and the ELF plots show that these charges locate at
the interstitial sites between Mg and NG atoms (Figures 1A,B).
Therefore, Mg, NG is a high-pressure electride (HPE). Electrides
are compounds in which some electrons detach from all the
atoms and locate at the interstitial sites, playing the role of anions
(Dawes et al., 1986). The formation of electrides under high
pressure can be explained by the energy change of a local orbital
constrained at an interstitial site by the surrounding atoms (Miao
and Hoffmann, 2014). Although its energy increases due to the
reduced volume under increasing pressure, it may change less
significantly than the energies of many atomic orbitals. A series
of calculations of these orbital energy changes using a He-matrix
model showed that the local orbital energy of the interstitial
quasi-atoms (ISQ) decreases relative to that of s and p orbitals
with a rate that strongly depends on the atom and the orbital
(Miao and Hoffmann, 2014). HPE can form while the energy
of ISQ becomes significantly lower than the energy of valence
orbitals of the atom, for example, Li and Na. Mg metal has been
predicted to become an HPE under pressures higher than 800
GPa (Li et al., 2010). The insertion of NG atoms into the Mg
lattice while forming Mg-Xe compounds significantly lowers the
pressure of forming HPE.

NG-NG Covalent Bonds in Simple

Compounds
The examples of chemical bonds between NG atoms are rare. In
principle, they do not form bonds because their valence orbitals

are completely filled. However, while one or both NG atoms lose
electrons, they may form bonds. Examples of this kind include
the Xe-Xe bonds in molecules HXeXeR and RXeXeR’ (R,R" =F,
Cl, Br, I) (Ferndndez and Frenking, 2012), and the Xe?t cations
that occur in Xe;'(Sb4F21)’. (Drews and Seppelt, 1997) More
recently, an example of the Xe-Xe bond was found unexpectedly
in novel Xe-F compounds under pressure (Peng et al., 2016). An
experimental study of XeF, under compression showed that the
XeF, molecular crystal transformed into 2D and 3D extended
solids and become metallic (Kim et al., 2010). However, the later
DFT study did not agree with the proposed structure evolution of
XeF; under pressure, and therefore cannot explain the observed
metallization of the compound (Kurzydlowski et al., 2011). This
discrepancy was alleviated by a full-scale computation study of
the Xe-F compounds with various compositions (Peng et al,
2016). The PSO based structure search revealed that XeF,
becomes unstable and decomposes to XeyF and XeF, at 81
GPa (Peng et al., 2016). DFT calculations using HSE functional
show that XeF, maintains its energy gap at least up to 100
GPa, whereas XeF is metallic. The observed insulator-metal
transition of XeF, at 70 GPa might be caused by the partial
decomposition of the sample. The metallic transition was not
observed in a later experiment where pressure is applied up to 80
GPa without heating the sample (Wu et al., 2017). Throughout
its stable pressure range (60-200 GPa), Xe,F adopts an I4/mcm
structure (Figure 1C) consisting of intercalated Xe graphitic
(graphene-like) layers (Figure 1D) (Peng et al., 2016). At 200
GPa, the Xe-Xe distances are 2.573 and 2.636 A (Figure 1D),
which is close to the summation of the covalent radius of two
Xe atoms. The calculated COHP and ELF prove that the two
neighboring Xe atoms form covalent bonds (Peng et al., 2016).
The appearance of Xe-Xe bonds in a simple binary compound is
due to the enhancement of the homonuclear bond strength under
pressure (Miao et al., 2020). It causes the instability of XeF;, a
stoichiometric compound consisting of Xe in its typical oxidation
state of +2.

Noble Gas Bonds

Another type of chemical interaction that has been missing
in noble gas chemistry is the donor-acceptor weak interaction
between molecules, which is similar to hydrogen bonds (Pauling,
1960) Although this type of bond is the strongest for hydrogen,
especially while H atoms are bonded with strong oxidant
elements such as F and O and become very electrophilic, it
has been found for other elements. It was extended to halogens
where they are named halogen bonds (Cavallo et al., 2016),
and then to chalcogens, pnictogens, etc. (Cavallo et al., 2016).
Up till recently, almost all groups of elements in the periodic
table have been found to form this type of bond, except noble
gases. Recently, Bauza and Frontera (2015) studied the molecular
electrostatic potential surface of XeO3 and showed that there was
an unexpectedly positive potential at the position of the lone pair
of Xe*, indicating that Xe are very electrophilic while in a high
oxidation state and can form a noble gas bond. Similar bonding
features are also found in XeOs3 and alkylnitrile adducts (Goettel
et al., 2016).
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in (C-E).

FIGURE 1 | Electronic structure and geometry of compounds containing anionic noble gases, NG-NG covalent bonds and NG bonds. (A) Electron localization
function (ELF) of Mg Kr at 200 GPa; (B) ELF of Mg, Ar at 200 GPa; (C) Structure of XeoF at 200 GPa; (D) The view of one set of Xe atoms in a graphene-like lattice in
XexF. The bond lengths are slightly different due to the distortion. (E) The low pressure (S.) and the high pressure (Sn) structures of XeOg and the O path for the
transition from S| to Sy or vice versa. Brown, purple and green balls represent Mg, Xe and Ar atoms in (A) and (B). Blue and red balls represent Xe and F (or O) atoms

Under increasing pressure, molecular crystals bound by
hydrogen bonds behave very differently to molecular crystals
without it. In the latter case, the lengths of the covalent
intramolecular bonds, such as C-H bonds in CHy, decrease
while the intermolecular distances are reduced by pressure. In
contrast, the lengths of some intramolecular bonds, such as H-O

in H,O, increases under compression, if the hydrogen bonds
dominate the intermolecular interactions. In accordance with
this change, some vibration modes are softened by the external
pressure, opposing our chemical intuition that all vibration
frequencies should increase while the material is compressed.
Therefore, the change of bond lengths and vibration modes
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under pressure can be used to demonstrate the presence of
hydrogen bonds. The same idea can be applied to noble gas
bonds. As shown by a recent computational work of Hou et al.
(2017), under increasing pressure, the Xe-O bond lengths of
both Sy and Sy increase, and the vibration frequencies of Sy
decrease. Furthermore, the strong noble gas bonds between XeO3
molecules under pressure might provide transition paths for O
atoms from one Xe to a neighboring Xe, a process that is essential
for the structural transitions between S; and Sy (Figure 1E)
(Hou et al., 2015).

Forming Compounds While Keeping
Nobility

Being the second most abundant element in the universe, Helium
has the highest ionization energy of 24.59eV and a negative
electron affinity. Thus, He shows much less chemistry than
most other elements in the periodic table. Yet, several chemical
species have been predicted or synthesized by locking He in an
unusual chemical environment by exquisitely designed molecular
scaffolding (Hogness and Lunn, 1925; Hotokka et al., 1984;
Li et al, 2005; Rzepa, 2010; Grochala, 2012). In contrast, the
chemistry of He in solid compounds is almost a blank slate except
the insertion of He into solid compounds with clathrate or cage
structures (Saunders et al., 1994; Gunka et al.,, 2015). Up till
very recently, there is no known reaction of He that can form
a stable solid compound. The first example of such is proposed
by a thorough structure search study of elements in the periodic
table reacting with He under pressure and confirmed by a DAC
experiment. Most of the elements were found not to react with
He except Na that will form a stable Na,He compound under
pressure higher than 113 GPa (Dong et al., 2017) The enthalpy
of formation is as large as a 0.35 eV/atom at a pressure of
350 GPa. Such a large energy gain during the reaction excluded
the possibility that Na;He is bound by weak interactions such
as vdW. On the other hand, electronic structure analysis did
not show any evidence that He formed chemical bonds with
neighboring Na atoms, which immediately give rise to a question:
how can He form a stable compound without forming chemical
bonds (Miao, 2017)?

The answer to this paradox lies in the unusual behavior of
electrons in Na under pressure. At pressures higher than 200 GPa,
Na undergoes a structural transition and becomes transparent
due to the presence of a large band-gap (Ma et al., 2009). In this
double-hexagonal closed-packed structure, the valence electrons
of Na detach from all the Na atoms and locate at the interstitial
sites and play the role of anions. Electron analysis showed that
Na,He is also an HPE (Dong et al., 2017), although Na atoms
form a simple cubic lattice in Na,He. Therefore, the reaction can
be viewed as the insertion of He into the Na,E ionic compound.
Indeed, soon after the discovery of NayHe, the reaction of He
with several other ionic compounds such as Na,O (Dong et al.,
2017), NapS (Gao et al., 2019), H,O (Liu et al., 2015), etc.,
have been predicted by DFT calculations. Similar to Na,He,
He does not form chemical bonds with neighboring atoms in
these compounds.

The driving force of He insertion reactions is electrostatic
(Liu et al, 2018; Bai et al, 2019). The key point is that all
the above ionic compounds involved in He insertion possess
unequal numbers of cations and anions, although the overall
charge is neutral. The mechanism can be explained more easily
by a one-dimensional model (Figure2A) (Liu et al, 2018).
While reacting with the AB type of ionic compounds, He
needs to be inserted in between two ions with opposite charges
and therefore increase the electrostatic (Madelung) energy. In
contrast, if the ionic compound is an A;B (or AB;) type,
He atoms can choose to stay in between two ions (such as
A™) with the same charge and therefore lower the Madelung
energy. The two A" ions repel each other, but are forced to
stay close by external pressure. The insertion of the He in
between two A+ ions alleviates this pressure effect, therefore
the insertion of He in this type of ionic compounds becomes
favored under increasing pressure. Thus, the reaction does not
involve the formation of any local chemical bond, ie., He
can react with ionic compounds while keeping its chemical
inertness (nobility). This mechanism has been demonstrated by
rigorous energy analysis for He insertion into MgO (AB type)
and MgF, (AB; type) compounds (Figures 2B-G) (Liu et al.,
2018).

CONCLUSIONS AND PERSPECTIVES

Many recent simulations and experiments showed that noble
gases could have very rich chemistry under high pressure. The
types of chemical roles and interactions include electron donors
(being oxidizing), electron acceptors (being reduced), NG-NG
covalent bonds, noble gas bonds, and reliever of repulsive
electrostatic interactions. A major effect of pressure is the change
of the energies of the atomic orbitals. Although the energies
of all local orbitals increase under higher pressure, the effect is
more significant to those orbitals with lower principal quantum
numbers and higher angular momenta, especially to those having
no corresponding core orbitals such as 2p and 3d. As a result
of this orbital energy reordering, the electrons are redistributed
in different quantum orbitals under pressure. If the energy of
the valence np orbital of a noble gas (5p for Xe, 4p for Kr) is
close to or higher than the energies of the valence orbitals of
an oxidant element such as E O, or Fe, the noble gas will be
oxidized. Conversely, if the unoccupied orbitals of the noble gases
such as 5d for Xe become lower in energy than the orbitals of
reductants such as Li or Mg, the noble gases will be reduced and
become anionic.

The future of the exotic chemistry of noble gases as well
as the high-pressure study rely on three signs of progress, the
experimental methods that allow us to study the chemistry
of materials under higher pressure (>200 GPa), the computer
power and the simulation algorithms that can enable us to
explore the structures and stability of more complicated materials
such as ternary and quaternary compounds, the conceptual
framework that can help us in understanding and predicting
the change of chemistry under pressure without full-scale
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FIGURE 2 | Mechanism of He insertion reaction with ionic compounds. (A) The schematics of He insertions into AB and AB» types of ionic compounds. The Madelung
energy increases in the former case whereas decreases in the latter case; (B) The rocksalt structure of MgO under high pressure; (C) The lowest energy structure of
conceived compound MgOHe; (D) The view from (001) direction of MgOHe structure, showing that He chains are inserted between Mg and O atoms; (E) The PbCls
structure of MgF2 under pressure; (F) The structure of stable MgF2He compound; (G) The (110) plane of MgF.He structure. The He atoms are inserted in between the
neighboring F atoms, which further demonstrated the proposed mechanism. The blue, yellow and grey balls represent Mg, O (or F) and He atoms in (B=G).
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calculations. Although the recent high-pressure studies have
greatly advanced noble gas chemistry, many important questions
still remain unanswered. What are the oxidation and reduction
limits of noble gases? Can He or Ne be oxidized or reduced
under pressure? Can high-pressure noble gas compounds
become superconducting or topological? Can high-pressure
noble gas bonding be recovered after releasing the pressure?
The developments of theoretical, simulation, and experimental
methods might help to answer these questions and extend the
noble gas chemistry to an unexpected territory.
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Binding of noble gases (NGs) is commonly considered to be the realm of highly reactive
electophiles with cationic or at least non-charged character. Herein, we summarize
our latest results evidencing that the incorporation of a strongly electrophilic site within
a rigid cage-like anionic structure offers several advantages that facilitate the binding
of noble gases and stabilize the formed NG adducts. The anionic superelectrophiles
investigated by us are based on the closo-dodecaborate dianion scaffold. The record
holder [B12(CN)11]~ binds spontaneously almost all members of the NG family, including
the very inert argon at room temperature and neon at 50K in the gas phase of mass
spectrometers. In this perspective, we summarize the argumentation for the advantages
of anionic electrophiles in binding of noble gases and explain them in detail using
several examples. Then we discuss the next steps necessary to obtain a comprehensive
understanding of the binding properties of electrophilic anions with NGs. Finally, we
discuss the perspective to prepare bulk ionic materials containing NG derivatives of
the anionic superelectophiles. In particular, we explore the role of counterions using
computational methods and discuss the methodology, which may be used for the actual
preparation of such salts.

Keywords: noble gas compounds, closo-dodecaborates, anionic electrophiles, mass spectrometry, collision
induced dissociation, weakly coordinating cations, soft landing, DFT calculations

INTRODUCTION

The spontaneous binding of a noble gas (NG) at room temperature remains the privilege of
the strongest electrophiles (Brock et al., 2013; Pan et al., 2019). Due to the closed electron shell
of NGs, their electron affinities are negative and a NG atom cannot be chemically attacked by
any type of nucleophile. Therefore, the only possibility to form a bond is to abstract electron
density from the NG. A number of NG adducts with electrophiles have been characterized in
cryogenic matrices (Khriachtchev et al., 2000; Wang and Wang, 2013; Wang X. et al., 2013) where
even very weak bonds can hold these compounds together. Under these reaction conditions,
it was even possible to observe the first neutral argon compound (Khriachtchev et al., 2000;
Bochenkova et al., 2009). In contrast, room temperature NG chemistry is mainly limited to the
heavier NGs, mainly xenon (Malm et al., 1965; Haner and Schrobilgen, 2015) and, on a much
more limited basis, krypton (Lehmann et al., 2002). The majority of NG compounds contains
fluorine or oxygen (Liebman and Deakyne, 2003; Samanta, 2014) since these elements have very
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Rohdenburg et al.

Noble Gas Binding Electrophilic Anions

high electronegativities and are strongly electron withdrawing.
Also, compounds with vacant boron and beryllium atoms were
often proposed as suitable NG binders due to their exceptional
electron deficiency (Pan et al., 2014; Saha et al., 2016, 2019).
It is also well understandable that strong NG bonds have
been frequently reported for highly reactive isolated cations
(Grandinetti, 2011), which satisfy their demand for electrons with
almost everything that comes into reach—even a NG. However,
other molecules or atoms, which are more nucleophilic, tend
to substitute the NG and bind the electrophilic cations. Using
cationic NG derivatives for the generation of a condensed phase
compound is therefore hindered by a fundamental problem:
a cation needs to be paired with a counteranion. Anions are
typically much stronger nucleophiles than the NG itself and,
therefore, immediately substitute the NG by forming a bond
with the electrophilic binding site. Experimental access to most
reported molecular NG cations, which are stable at room
temperature, remains limited to the low-pressure gas phase of a
mass spectrometer.

Recently, we discovered that the electrophilic anion
[B12Cly1] ™ is able to bind spontaneously xenon and krypton at
room temperature in the gas phase (Rohdenburg et al., 2017).
Later, aiming at further increase of reactivity, we prepared and
investigated the cyanated derivative [B12(CN)1;1]~, which was
found to be much more electrophilic than its predecessor. It
is able to bind argon at room temperature (Mayer et al., 2019)
and can even form a stable adduct with extremely unreactive
neon (Mayer et al, 2020) at temperatures up to 50K. High
level computational studies and investigations of the weak
complexes in the cold matrix have shown that the binding
energies for Ne are often even smaller than for He in similar
adducts and, therefore, Ne was discussed to be the most
inert NG (Frenking et al., 1990; Grandinetti, 2013; Grochala,
2018). These electrophilic anions are generated by collision
induced dissociation (CID) of their gaseous precursors closo-
dodecaborate dianions [B12X;2]%>~ (X=halogen, CN), which
constitute a class of very stable and inert weakly coordinating
anions (WCAs) (Knapp, 2013). The discussed experimental
results inspired further theoretical investigations on the NG
binding properties of similar compounds, even with higher
negative charge (Joshi and Ghanty, 2019, 2020).

In the first section of this perspective, we summarize and
explain the binding concepts of electrophilic anions with NGs
and their advantages when compared with “common” cationic
electrophiles. Then, we discuss open questions that still need
to be clarified to obtain a comprehensive and quantitative
understanding of the binding between electrophilic anions and
NGs. Finally, we deepen the insights on the effect of counterions
on the NG bond with electrophilic anions and discuss the
possibilities and limitations for the preparation of salts using
[B12X11NG] ™ anions as precursors.

RESULTS AND DISCUSSION

Remark: If not stated otherwise, calculations were performed
using the B3LYP DFT functional and, in most cases, results

have not been confirmed using high-level correlated methods.
Reported numbers are given for the purpose of qualitative
comparison of reactions and should not be interpreted as
quantitative thermochemistry values. More details can be found
in the methods section and in the Supplementary Material.

Fundamental Concepts of Electrophilic

Anions and Their Reactivity

Several fundamental concepts underline the formation and
binding traits of electrophilic anions. We will discuss them
below on the example of closo-dodecaborate dianions
[B12X12]>~, which have been the objects of our detailed
investigations. However, related molecular systems, for example
so called anionic “super atomic clusters” (Jena and Sun,
2018) or other closo-borate anions may show similar features
(Rohdenburg et al., 2020).

(i) Breaking the Most Stable Generates the

Most Reactive

An exceptionally reactive electrophilic site within an ion is
required to bind a NG atom. In our search for very reactive
molecular ions we were following a simple idea: breaking bonds
in very stable molecular ions should result in the most reactive
fragments. A large driving force should be present in the
fragment to recover the original highly stable structural and
electronic configuration of the precursor. The closo-dodecaborate
dianions [B12X12]%~ (Figure 1A) possess very high icosahedral
(In) molecular symmetry, a 3D-aromatic o-electron system and
exceptional electronic stability (Warneke et al., 2017). As first
predicted theoretically (Zhao et al., 2016) and later confirmed
experimentally (Mayer et al., 2019), the [B;2(CN)»]>~ dianion
has the highest second electron binding energy (the energy
necessary to detach an electron from the doubly charged
anion) known for small multiply charged anions synthesized
so far (>5eV). The [B;2Cl;2]>~ dianion has been used to
stabilize extremely reactive countercations in the condensed
phase, including methyl (Bolli et al., 2010) and silyl (Kessler
et al.,, 2010) cations, thus evidencing its exceptional chemical
inertness. These facts demonstrate the outstanding electronic,
structural, and chemical stability of closo-dodecaborate dianions
and make them ideal precursors for the generation of highly
reactive fragments by breaking a B-X bond.

(i) Positive, Strong Electrophilic Site Within an Anion

Since only strong electrophiles, but not nucleophiles, are able
to bind a NG by forming a bond with significant covalent
character, anions have raised limited attention as potential
strong NG binders. However, the fragment [B1,X;;]™ possess a
special charge distribution: although the ion is overall negatively
charged, the vacant boron atom exhibits a strong positive partial
charge (Figure 1B), very electrophilic in nature and, therefore,
can bind a NG atom. Experimentally, the positive site was probed
by infrared photodissociation spectroscopy [for details on the
used instrument and method, see Heine and Asmis (2015)] of its
CO adduct (Gruene et al., 2008). The CO stretching frequency
is a sensitive probe for the charge state of a binding site. Thus, a
CO molecule was allowed to bind to the anion and IR spectra
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FIGURE 1 | Visualization of the discussed binding concept. (A) Structure of the closo-dodecaborate dianions. (B) Simplified scheme to show the charge distribution
in the fragment [B12X1+4]~ after abstraction of a negatively charged substituent X~ from the doubly charged precursor. (C) Schematic visualization of the electric field
near the ion. Close to the binding site the field changes its direction, leading to the change of the preferred orientation for a polar reaction partner. (D) Schematic
visualization of the ion-NG interaction. Next to the dative bond to the boron (gray), interactions with the surrounding substituents (electrostatics, dispersion) are shown
in blue. (E) Sn2 substitution by another nucleophile is blocked from the back; a nucleophile must attack from the side, as shown on an example of the substitution
reaction of Xe with Nz in [B12(CN);1Xe]~ adduct. The molecular surface is plotted semitransparent to show the steric demand of the reaction partners. The start and
end structures are true minima. For detailed discussion, see Concept (vi). (F) Schematic explaining the different effect of counterions on NG binding in an electrophilic
cation and an electrophilic anion. While the case of an electrophilic cation NG and counterion compete for one binding site, they target different binding sites in the
case of the electrophilic anion. The countercation increases the strength of the formed B-NG bond, see discussion in Concept (vii). Images are partially based on our
previous illustrations (Rohdenburg et al., 2017; Mayer et al., 2019, 2020).

F

of [B12X;;CO]~ were measured in the gas phase. A strong  calculated charge distributions of [B;3X;;] ™ suggests that, from a
blue shift of the CO stretching frequency, typically observed for  qualitative point of view, this anion could better be described as
very electrophilic cations (Saha et al., 2017) like, for example,  a reactive cation embedded into an inert dianionic framework.
the phenyl cation (Winkler and Sander, 2006), was measured  The leaving X~, which is disconnected from the [B1;X;2]*~
for the [B1,X;;CO]~ ions. Computationally, the picture of a  precursor, takes the electron density almost exclusively from the
positive vacant boron atom was confirmed by calculated atomic ~ boron atom to which it was bound and very limited charge
charges, the electrostatic potential and the electric field. The  redistribution occurs in the formed fragment ion. The analysis
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of the electron localizability indicator (ELI-D) evidenced that the
vacant boron site of [B12X;;] 7 is electronically separated from
the delocalized o-electron system, which gives an explanation to
the strong electrophilic and cationic nature of this vacant boron
site (Figure 1B) (Rohdenburg et al., 2017).

(iii) Preserving the Reactive Site Within a Large
Molecular Framework

Large ion sizes are an advantage for the observation of weakly
bound adducts in the gas phase. Upon collision of the ion with a
NG, a “hot collision complex” is formed. If the collisional energy
can be efficiently redistributed into many vibrational degrees
of freedom, the complex can survive until further collisions
with background gases cool the adduct. Collision complexes of
smaller ions have much less chances to survive long enough
for experimental observation, even if the NG bond may have a
similar strength. However, most highly reactive isolated cations
which exhibit NG binding at room temperature are small
(<10 atoms). Often, a highly reactive positively charged site
embedded into a large molecular framework results in structural
rearrangement of the molecular ion. For example, electrophilicity
of the phenyl cation can be increased by the substitution of
all five hydrogens by fluorine, raising its binding energy with
Xe theoretically from around 70 to 150 kJ/mol. However, it
has been experimentally and theoretically shown that, unlike
the phenyl cation [C¢Hs]™, the pentafluorinated phenyl cation
[C6F5]™ is unstable in the gas phase and spontaneously fragments
by expulsion of difluorocarbene. This rearrangement results
in a more stable cationic species containing an aromatic
cyclopropenium moiety (Wang H.-Y. et al,, 2013), which has
only a small Xe binding enthalpy of around 15 kJ/mol. Though
pentafluorinated phenyl cations cannot be generated in a gas
phase reaction, the preparation of its xenon derivative, the
[CsF5Xe]™ cation, was possible in a reaction between XeF, and
B(C¢Fs), proceeding via a concerted substitution mechanism, at
low temperature in an inert organic solvent, such as CH,Cl,
or MeCN (Frohn and Jakobs, 1989; Naumann and Tyrra,
1989). In our case, the rigid B, framework does not allow
for any intramolecular rearrangements of the [B1,X;;]™ anion,
independent on the nature of the substituent X, and can be
used as a non-solvated, isolated ion for binding of NG atoms.
Comprising 23 atoms, [B1»X;;]™ is large in comparison to
most experimentally observed NG binding ions, thus affording
efficient stabilization of collisional complexes.

(iv) Preference for Binding of Non-polar Nucleophiles
A cationic binding site within an anion results in a special
distribution of the electric field near this site. Reaction partners
located far away from the ions are only affected by the anionic
negative charge, while close to the positive binding site, the
electric field changes its direction. Polar molecules such as
water, which are usually stronger nucleophiles than NGs, change
their preferred orientation upon approach to the binding site
(Figure 1C). This situation may result in substantial centrifugal
barriers. In contrast, a NG atom can just repolarize and may have
an advantage in the competition with polar nucleophiles for the

binding site. Thus, such electrophilic anions should show relative
selectivity in binding to non-polar nucleophilic species.

(v) Large Interaction Surface Between lon and NG
The binding site of an electrophilic anion [B13X;;]™ is located
within a “crater” of five substituents X. Therefore, beside the
dative bond formed by the shift of electron density from the
NG to the electrophilic boron, a large surface for additional
electrostatic forces and dispersion interactions between the anion
and a NG atom strengthens the total interaction (Figure 1D).
Upon formation of the dative bond with [B2X;;]™, the
NG atom becomes partially positively charged, which affords
additional attractive electrostatic interaction with the negatively
charged [B1,X;;] ™ residue. Dispersion interactions (Wagner and
Schreiner, 2015) are in particular strong for the heavier and more
polarizable NGs, but they also make a significant contribution in
the case of Ar and Ne binding (Mayer et al., 2019, 2020).

(vi) Protection of the Adducts Against Substitution
The cage structure of the borate anion protects the B-Ng bond
against a typical back-side nucleophilic attack following the
Sn2 mechanism. Therefore, only a side attack of the B-NG
bond by a nucleophile is possible. A significant elongation of
the B-NG bond is required before such a nucleophile will be
able to interact with the vacant boron atom. Therefore, we
expect the energy of the transition state (TS) for substitution
to be strongly correlated with the B-NG dissociation enthalpy
(DE). As an example, we have computationally investigated
the substitution of Xe in [B12(CN);1Xe]™ by the stronger
nucleophile N;. Xe is bound to [B13(CN);;]~ with a 0K DE of
114 kJ/mol. We started with a {[B12(CN);;Xe] ™ ---N3} complex,
in which N, is only weakly bound to the ion (Figure 1E).
Then, we simulated the attack by systematically reducing the
B-N distance. The optimized TS was found to be 90 kJ/mol
higher in enthalpy than the initial minimum with a B-Xe bond
significantly elongated by 1.3 A. The product of the favorable
substitution was found at AHyg —52 kJ/mol. For direct
comparison, we choose the adduct between Xe and CHY, which
binds Xe even stronger (see details in Supplementary Material,
section Substitution of Xe by Ny in [H3CXe]™). Although the
substitution of Xe in [H3CXe]t with N, is less exothermic
(AHgk = —20 kJ/mol), the TS was calculated to be considerably
lower in enthalpy with AHox = 17 kJ/mol and a C-Xe bond
length elongation by 0.5 A was found. This demonstrates
that the TS for substitution reactions in [B12(CN);1NG] ™ is
comparatively high. We note that the same argumentation
qualitatively holds when repeating the calculations on the
BMK-GD3BJ/aug-cc-pVTZ (SDD) level of theory (see details
in Supplementary Material, section Substitution of Xe by N,
on BMK-GD3BJ/aug-cc-pVTZ (SDD) Level of Theory). It has
been reported that the BMK functional yields better quantitative
thermochemistry values for NG compounds compared to our
standard approach relying on the dispersion-corrected B3LYP
DFT functional (Grandinetti, 2018). The dispersion-corrected
B3LYP functional showed sufficient accord with high-level post-
Hartree Fock methods like SCS-MPS or CCSD(T) in our former
studies (Rohdenburg et al., 2017; Mayer et al., 2019, 2020) of
similar Ng compounds as discussed herein.
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(vii) Stabilization of Adducts With Counterions

There exists an intrinsic thermodynamic problem for highly
reactive cations to form stable NG adducts in the condensed
phase, since they demand the presence of counterions. These
counterions are anions that have commonly nucleophilic nature.
Usually, anionic counterions will be by far stronger competitors
for the positive electrophilic binding site of a reactive cation than
NGs and a substitution of the NG by the anion’s nucleophilic
site will be energetically preferred. The existence of a salt
consisting of a NG binding cation and a counteranion is
only possible if strong kinetic barriers hinder this substitution
reaction. In contrast, [B;2X;;NG]™ requires a countercation.
Simple counterions like alkali cations do not show any tendency
to bind to the electrophilic boron site. Instead, the most preferred
position of a cation is the backside of the [B12X;;NG]™ ion,
which constitutes its most negative region (Figure 1F). In order
to demonstrate this concept on an example, we compare the
[B5sO7Xe]™ cation (Jin et al., 2017), and the [B12(CN);1Xe]™
anion (see Figures2A,B, respectively) using computational
methods. [BsO7]% belongs to the strongest singly charged
cationic NG binders observed experimentally, and its binding
strength toward NGs is comparable with [Bi2(CN)j;]~. The
0K DE for Xe is calculated to be around 115 kJ/mol for the
[BsO;Xe]™ cation. If a chloride, a “simple” atomic anion, is
placed close to the [BsO;Xe]t cation, geometry optimization
of the ion pair results in the substitution of the Xe atom from
the adduct, and no other minimum can be found. Previously,
the stabilization of highly labile cations has been performed
using extremely weakly coordinating anions (Strauss, 1993;
Krossing and Raabe, 2004; Riddlestone et al., 2018). One of
the most prominent and successful examples of them is the
carba-closo-dodecaborate anion [HCB11Cly1]~ (Juhasz et al,
2004). However, placing even this very inert anion next to
the [BsO7Xe]™ cation also resulted in elimination of Xe upon
geometry optimization (Figure 2A). The electrophilic boron in
[BsO7]" attaches to a halogen substituent and the resulting
neutral unit [BsO7-HCB;;Cl;;] has no vacant site and, thus,
a small Xe binding strength. Therefore, it appears extremely
difficult to stabilize cationic NG adducts like [B50;Xe]™ in
the condensed phase, even using the most weakly coordinating
anions known today. If instead a simple monoatomic Li* cation
is combined with [B2(CN);;Xe] ™, ion pairing does not result in
the elimination of the Xe from its adduct. On the contrary, the
B-NG bond is additionally stabilized against dissociation by 25
kJ/mol in comparison to the isolated [B;2(CN);;Xe] ™ anion (see
Figure 2B). The Coulomb attraction of the cation on the electron
cloud of the anion results in further polarization and strengthens
the cationic character of the vacant boron site that binds to
the NG atom. The calculated NPA charge of Xe increases from
40.70 e in [B12(CN)11Xe]™ to +0.74 e in Li[B12(CN);1Xe] 7,
showing the enhanced electrophilic character of the anion upon
ion pairing.

The stabilization of the B-NG bond upon ion pairing with a
cation is based on the electron withdrawing effect of a cation.
Therefore, it may be suggested that an even more electrophilic
cation should have a stronger stabilizing effect on the B-NG bond.
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FIGURE 2 | Effect of ion pairing on the 0K dissociation enthalpy (DE) of Xe (A)
Combinations of the WCA [HCB11Cly4]- with [BsO7Xe]*. (B) Combination of
Li* with [B12(CN)11Xe]~. (C) Combination of [BsO7]* with [B12(CN)11Xe]~: a
rearrangement is thermochemically preferred and results in the loss of the
vacant boron site which binds the NG.

In our computational investigations, we studied the [B;O;]"
ion as a counterion for [Bj2(CN);;Xe]”. The exceptionally
positive boron atom (NPA charge +1.5 e) should have an even
stronger electron withdrawing effect. However, in contrast to Li™,
[BsO7]™ interacts only with one CN substituent at the backside of
[B12(CN)11Xe] ™ and the stabilizing effect for the B-Xe bond is in
both cases comparable (Figures 2B,C). Also, binding of [BsO;]™
to the backside of [B12(CN);;Xe] ™ is not the global minimum of
this ion pair. It is much more favorable to bind the vacant boron
atom of the anion [B1,CNy;]™ to an oxygen of [BsO7] " while the
vacant boron atom of the cation binds to a nitrogen atom of a CN
substituent of the anion, (Figure 2C). This releases the Xe atom
and demonstrates a potential problem for the use of molecular
cations with nucleophilic binding sites. This problem is avoided
when atomic cations like Li* and Na™ are used.

To sum wup, the unique combination of multiple
factors discussed above render halogenated/cyanated closo-
dodecaborate fragment ions [B1,X;1]” special properties that
allow them to selectively bind NGs and other weakly nucleophilic
substances and additionally stabilize these adducts kinetically. In
principle, applicability of these concepts can be extended to other
compounds with similar structural and electronic properties,
such as diverse anionic cage borates or metal clusters. However,
synthetic accessibility, high chemical stability, and exceptionally
high reactivity of the vacant boron site make [B1,X;;] ™ fragment
ions the most promising superelectrophilic anions for our
further studies.
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Next Steps Toward a Comprehensive
Understanding of NG Binding by

Electrophilic Anions

Several parameters influence the properties of the reactive
site and therefore the bond between an electrophilic anion
and a NG atom. The positive partial charge of the vacant
boron atom in [B1,X;;]” (concept ii) appears to be of critical
importance. We expect a correlation between the reactivity of
[B12X11]™ and the electronic stability of the dianionic precursor
[B12X12]?": the more stable the dianion, the more electrophilic
its monoanionic fragment [B;»X;;]” should become. This
assumption is supported by the so far limited data on different
electrophilic anions that is available. However, the energetics
of NG binding is not solely affected by the vacant positive
boron atom, but also by the interactions of NG with the
five substituents X surrounding the binding site. Their partial
charge, steric demand, and polarizability (critical for dispersion
forces) are expected to have a significant influence on the NG
binding. We aim for a better understanding how strongly these
interactions influence the NG binding in electrophilic anions.
A comparative experimental and theoretical study probing the
binding of different electrophilic anions [B;2X;;]~ (X = E Cl,
Br, I, CN) toward different NGs (Ne, Ar, Kr, Xe) is currently in
progress and the results are expected to be published soon.

A quantitative understanding of the kinetic parameters
influencing NG binding may be even more challenging. Water
is a competing and much stronger nucleophile, which is usually
present in significant amounts in the background of mass
spectrometers at room temperature. Highly reactive cations (e.g.,
the phenyl cation), which are calculated to form bonds to NGs
with enthalpies similar to [B;3X;;]”, did not bind the NGs
under the same experimental conditions at room temperature.
Instead, only the water adduct of the phenyl cation was detected
(Rohdenburg et al., 2017). The better redistribution of collisional
energy (see concept iii), a reduced cross section for a reactive
collision of the polar water with [B1,X71]™ (concept iv) or a better
protection of the B-Ng bond against substitution with water
(concept vi) may all contribute to the relative stabilization of
[B12X11NG] ™ in comparison with [CsHsNG] ™. An evaluation,
which of these points is most important is currently difficult
for us. In particular, an estimation of the centrifugal barrier for
binding of polar molecules with a cationic site within an anion
cannot be performed using common models for ion-molecule
collision theory. Complex, much more sophisticated models,
which take the special electric field and steric demand of the
substituents X into account, will be required.

The observation of a strong NG bond in the gas phase always
leads to the question if this bond may hold together the same
compound or ion in a condensed phase. The thermodynamic
stabilization of the B-NG bond in [B13X;;NG]~ by addition
of a countercation (vii) underlines one of the most important
features, which distinguishes electrophilic anions from NG-
binding cations: a thermodynamically stable, neutral ion pair
can be formed. This is certainly very promising for the attempt
of generating condensed phase material. However, additional
challenges arise in this case, which have not been discussed in

our previous publications. The goal of the last section of this
perspective is to discuss further challenges on the molecular
level, which may arise from building condensed phase materials
from [B1,X;1NG] ™ adducts and to suggest feasible approaches to
overcome these challenges.

On the Way to Bulk Salts of the Anionic NG

Derivatives

Experimentally, we consider electrospray-coupled high ion-
current deposition methods, so called ion soft landing (Franchetti
etal., 1977; Laskin et al., 2018), to be the most promising tool for
the bulk preparation of possible salts with [B1,X;;NG]~ anions
generated in the gas phase. The precursor [B12X12]?>~ can be
transferred via electrospray ionization into the gas phase, where
fragmentation by CID yields [B12X;;]~. After reaction with NG,
the [B12X;;NG] ™ can be mass selected and guided to a surface
to be deposited with low kinetic energy in order to preserve
the relatively weak B-NG bond from decomposition. Recently
introduced sequential soft-landing of anions and cations (Su
et al, 2019) may be used to combine sub-monolayers of
[B12X11NG]~ with sub-monolayers of selected cations to form
bulk layers of condensed material in a stepwise manner. This
approach has already been shown to be useful for the buildup
of multilayer materials on surfaces with mass selected anions
and cations. To ensure the success of corresponding experiments
it is imperative to determine which cations should be most
effective for the stabilization of the [B;2X;;NG]~ adducts in
the condensed phase. We continue to use [Bj2(CN)j;Xe] ™ as a
concrete example in the following discussion.

In a condensed material, the [B;2(CN);;Xe]™ ion will not
only be paired with one counterion like Lit, but will be
closely surrounded by multiple {[B;2(CN);;Xe] Lit} units.
Thus, negatively charged CN substituents of a neighboring anion
will be located in spatial proximity to the electrophilic site of
[B12X11NG] . When considering two gaseous [B;2(CN);;Xe] ™
ions in a mass spectrometer, substitution of Xe by formation
of a B-NC bond is thermochemically favored by —86 kJ/mol.
In the gas phase, this reaction has never been observed because
a large Coulomb barrier kinetically hinders two [B12X;;NG]™
anions from approaching each other. In the bulk of a salt
with closely spaced {[B12X11NG] " Li"} ion pairs, the long-range
repulsive separation force between two [B12X;;NG] ™ anions can
be almost neglected due to the presence of charge compensating
Lit cations. We used a simplified model consisting of two
{[B12(CN);1Xe] "Lit} units to estimate the TS and energetics
of the Xe-substitution by a CN substituent of two neighboring
anions (Figure 3). The calculated TS is located +45 kJ/mol above
the minimum in which both Xe are bound by the electrophilic
boron sites. The total reaction enthalpy is exothermic by
—237kJ/mol. Therefore, we can conclude that there will be
always a thermochemical driving force for the elimination of
an NG in a bulk solid upon its substitution with one of the
substituents of the neighboring anion. Small alkali cations allow
very close contact of neighboring anions in a solid. Additionally,
alkali cations like LiT and Na% readily form complexes with
water (alkali hydrates) and may, therefore, bind background
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water molecules, which could then attack [B;,X;;NG] ™ adducts.
Therefore, we conclude that alkali cations may be not the ideal
choice to form a stable compound in the condensed phase.

Thus, the only possibility to isolate the desired NG-containing
salt is the “installation” of strong kinetic barriers that should
hinder the substitution of the NG, at least at sufficiently low
temperatures. We consider that bulky, inert and non-hydrophilic
cations should be much better suited than alkali cations since
they may push the individual anions further apart from each
other, which should affect substantial kinetic barriers for direct
reactions between [B1,X;1NG] ™ ions in the condensed phase.

The above considerations raise the question how large these
barriers have to be and how effectively they can stabilize
a B-NG bond. We consider the answer to this question
in our case neither general nor straightforward. The well-
characterized [F5C6Xe]+AsF6_ salt (Frohn et al, 1998) can
serve as an example of a NG compound, which is, though
instable thermodynamically, very inert kinetically. The gas phase
decomposition of this ion pair with the release of Xe and
formation of C¢Fg and AsFs as reaction products is exothermic
by —198 kJ/mol and we calculated a TS of +73 kJ/mol. In the
bulk phase, this salt decomposes in the melt only above 120°C
and is stable in a solvent like MeCN for 12 h without traces of
decomposition (Frohn et al., 1998). However, these numbers may
not be directly comparable to the enthalpy and TS calculated
for our system because a variety of complex factors determine
probabilities for reactive collisions between the reagents in the
condensed phase. Reaction pathways, as calculated for the gas
phase, are often not feasible in the solid state. Therefore, we
cannot directly predict, based on calculated transition states, that
the proposed [B12(CN);;Xe]™ salts may be stable at a certain
temperature. Still, we would like to discuss our ideas regarding
the stabilization of [B12(CN);;Xe] ™ in the bulk phase, which may
help to increase the temperature at which such salts may be stable.

It has been shown that different types of WCAs are optimally
suited for the stabilization of [F5C¢Xe]t cation (Frohn and
Bardin, 2001). Several WCAs, such as AsF; (Frohn et al,
1998) and [BY4]™ (Y = CF3, C¢Fs5, CN, OTeFs) (Koppe et al.,
2007, 2008), have been successfully tested affording compounds
stable at temperatures up to 120°C ([FsCgXe] T AsF, salt). Even
less F-substituted arylxenon derivatives (Aryl = 2,6-F,CsH3,
2-FCgHa, 4-FCcHy) were found to be stable at temperatures
slightly below 0°C, when inert tetrafluoroborate [BF4]~ was
used as a counterion (Naumann et al., 1993). In our case, we
should look for bulky weakly coordinating cations [“weakly
coordinating cations” is a rather recent concept complementary
to the much older concept of “weakly coordinating anions;
see, for example (Price et al., 2009; Fischer et al., 2014; Moritz
et al., 2015; Mann et al, 2018)], which do not contain any
nucleophilic site that can attack the B-NG bond. Preferentially,
we need to find a chemically inert, symmetric, bulky, and rigid
cationic species that will be able to reliably separate [B12X ;1 NG] ™~
anions from each other in the solid phase. The most suitable
and easily accessible candidates would be either tetrahedral
tetraphenylphosphonium derivatives (Fischer et al., 2014; Moritz
et al, 2015) or stable metal complexes with a permanent
positive charge. One of such candidates is the cobaltocenium

cation [Cp,Co]™, a sandwich 18 e organometallic compound
of high structural and chemical stability (Zhu et al., 2020).
Cobaltocenium and its permethylated derivative [Cp3Co]* (Cp*
denotes a permethylated cyclopentadienyl ligand) have been used
as inert counterions for stabilization of labile anionic species,
such as reactive radical anions (Morgan et al, 2011), in the
solid state. Thus, [Cp5Co]™ seems to be a promising candidate
also in our case: it is chemically inert, does not contain any
nucleophilic site, and due to its large size it should keep the
reactive anions much better separated from each other in a
solid lattice than small alkali cations. Additionally, it possesses
relatively high symmetry with a five-fold rotational axis, similar
to the [B12(CN)11NG]~ adducts.

A simple model based on two anions and two cations
(see the optimized geometry in Figure 4) indeed demonstrates
that [B12(CN);1Xe] ™ anions are spatially better separated from
each other than in the case of (Li[B12(CN);;Xe] ),. The
distance between the anions increases by roughly 1 A in the
optimized geometry of Figure4 compared to Figure 3A. We
expect that this “anion distancing” substantially increases the
barrier for their intermolecular reaction with NG elimination.
In addition, the outer surface of the cations represents
rather chemically inert methyl groups, which have very low
nucleophilicity. We calculated a barrier of 131 kJ/mol for the
nucleophilic substitution of the Xe by the methyl group (see
section Supplementary Material, section Substitution of Xe via
Insertion of [B;;CNy;]” into a C-H Bond of CoCpj). The
cyclopentadienyl w-systems binds to a positive metal and is
not nucleophilic.

This molecular system between a [Bj,X;;NG]™ anionic
adducts and a weakly coordinating cation may constitute the first
approach to the new generation of ionic noble gas compounds
prepared by molecular ion deposition methods. It has been
demonstrated that the soft-landing technique is well-suited
for the preparation of thin layer materials based on closo-
dodecaborate anions (Warneke et al., 2018) and can be also
used for the isolation of the products of reactive fragment ions
generated in the gas phase (Warneke et al., 2020). We plan to
exploit the possibilities of these method for preparation of the
bulk phases of the (Conﬁ)*-[BlquXe]’} salts, which may be
classified as supersalts following the recently suggested definition
(Giri et al., 2014).

CONCLUSIONS

Recently developed anionic electrophiles based on closo-
dodecaborate anions have opened up new possibilities for the
formation and investigation of room temperature stable anionic
NG derivatives and may allow the preparation of a new class of
condensed phase NG compounds. Using explanations, which
are intuitively understandable to chemist, we have summarized
the concepts that explain how the vacant site of rigid anionic
electrophiles possesses a unique chemical nature that facilitates
binding of noble gases. Computational investigations indicate
that the cyanated closo-dodecaborate derivative should form
a xenon adduct likely isolable at ambient conditions. Since
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+45 kJ/mol

—_—

-282 kJ/mol

—_

assignment, please see Figure 2.

FIGURE 3 | lllustration of the Xe substitution by a CN substituent of a neighboring anion within a Li[B12(CN)11Xe] dimer. (A) Starting geometry (true minimum), (B)
transition state, (C) Product of final substitution. Extracts of the molecular structure of the dimer are shown to ensure better visibility of the reactive region. For atom

FIGURE 4 | Optimized geometry of a fragment of the
{(Con;)-[sz(CN)ﬁXe]*} salt comprising an assembly of two anions and two
cations. Calculation was performed on B3LYP-GD3BJ/6-311G (SDD) level of
theory. We note that we optimized the structure of (COCp;)Q[B12(CN)11XG]2
also on B3LYP-GD3BJ/6-311++G(2d,2p) (SDD) level of theory resulting in a
highly similar geometry to the one shown here (see Supplementary Material,
section Substitution of Xe via insertion of [B12CN11]~ into a C-H bond of
Con‘2 for coordinates), but no frequency analysis was performed. Co is
shown in pale blue. For other atom assignments see Figure 2.

these NG adducts with anionic electrophiles can be generated
only in the gas phase of a mass spectrometer, soft molecular
ion deposition methods should be used for their isolation on

a solid substrate. For the stabilization of the soft-landed ionic
NG species we suggest using a weakly coordinating cation
that should be co-deposited with it and serve as a counterion.
Using computational methods, we have demonstrated that
permethylated cobaltocenium cation may be a suitable candidate
for the preparation of the bulk phase NG derivatives of anionic
electrophiles. Currently, experimental soft-landing setups
capable of performing these experiments are designed and may
be used in future to prepare ionic NG-containing material layers
that cannot be prepared using the “common” condensed phase
synthetic methods.

METHODS

All calculations were performed with the Gaussianl6 software,
revision C.01 (Frisch et al., 2016), using hybrid functionals, which
deliver reliable and consistent results in modeling of different
types of closo-borate anions. If not stated otherwise, we employed
DFT  calculations on  B3LYP-GD3BJ/6-3114++4G(2d,2p)
(Krishnan et al., 1980; McLean and Chandler, 1980; Clark
et al., 1983; Frisch et al., 1984; Lee et al., 1988; Miehlich et al.,
1989; Becke, 1993) level of theory with SDD basis and pseudo
potentials for Xe (Nicklass et al., 1995). All calculations included
empirical dispersion corrections according to Grimmes D3
method (Grimme et al., 2010) with Becke-Johnson damping
(GD3BJ) (Grimme et al., 2011). Subsequent frequency analyses
were used to confirm that minima on the potential energy surface
were obtained after optimization due to the absence of imaginary
frequencies. Zero Kelvin reaction enthalpies were calculated by
subtracting the Zero-Point Vibrational Energy (ZPVE) corrected
electronic energies of the reaction educts from that of the
reaction products. In case of attachment reactions, the Basis
Set Superposition Error (BSSE) was corrected by performing a
Counterpoise calculation (Boys and Bernardi, 1970; Simon et al.,
1996) at the optimized geometry of the adduct. Only singlet
states were considered due to the large singlet-triplet gap for
[B12(CN)q1]~ electrophilic anions (around 180 kJ/mol) and
their adducts. All calculated energies are relative (most values
herein have not been confirmed using high-level correlated
methods); however, DFT values for NG adduct to electrophilic
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anion for the case of [B;2(CN);;]~ and Ar have been shown
to be sufficiently similar to CCSD(T) values (deviations <10%)
and perfectly reproduce the general trends (Mayer et al., 2019).
We additionally performed calculations on BMK-GD3B]J/aug-
cc-pVTZ (SDD) level of theory (Dunning, 1989; Boese and
Martin, 2004) on two example reaction discussed in this
perspective to confirm the observed trends in thermochemistry
as obtained from the standard B3LYP approach. Cartesian
coordinates of all relevant structures are given in
Supplementary Material, section Cartesian Coordinates of
Relevant Species.
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