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Introduction

In silico capture of noble gas atoms with a light
atom moleculef

Stefan Mebs (2 ** and Jens Beckmann
Noble gas atoms (Ng = He, Ne, Ar, and Kr) can be captured in silico with a light atom molecule containing
only C, H, Si, O, and B atoms. Extensive density functional theory (DFT) calculations on series of peri-
substituted scaffolds indicate that confined spaces (voids) capable to energy efficiently encapsulate and bind
Ng atoms are accessible by design of a tripodal peri-substituted ligand, namely, [(5-Ph,B-xan-4-)sSilH (xan =
xanthene) comprising (after hydride abstraction) four Lewis acidic sites within the cationic structure [(5-Ph,B-
xan-4-)sSil*. The host (ligand system) thereby provides an adoptive environment for the guest (Ng atom) to
accommodate for its particular size. Whereas considerable chemical interactions are detectable between the
ligand system and the heavier Ng atoms Kr and Ar in the host guest complex [(5-Ph,B-xan-4-)sSi-Ngl*, the
lighter Ng atoms Ne and He are rather tolerated by the ligand system instead of being chemically bound to it,
nicely highlighting the gradual onset of (weak) chemical bonding along the series He to Kr. A variety of real-
space bonding indicators (RSBIs) derived from the calculated electron and pair densities provides valuable
insight to the situation of an “isolated atom in a molecule” in case of He, uncovering its size and shape,
whereas minute charge rearrangements caused by polarization of the outer electron shell of the larger Ng
atoms results in formation of polarized interactions for Ar and Kr with non-negligible covalent bond
contributions for Kr. The present study shows that noble gas atoms can be trapped by small light-atom
molecules without the forceful conditions necessary using cage structures such as fullerenes, boranes and
related compounds or by using super-electrophilic sites like [B1o(CN)yl™ if the chelating effect of several Lewis
acidic sites within one molecule is employed.

complexes, such as [AuXe,]*".”'° At a supramolecular level, 7-
and o-hole bonding between Xe and electron rich atoms is

Noble gas (Ng) atoms resist chemical interactions due to
their closed electron shells." The large size of Kr and Xe,
however, allows polarization of the outer electron shell
and thus, chemical bonding under specific conditions. Pioneer-
ing work by Bartlett, Hoppe and others in the 1960th
revealed that “Xe'[PtFq] " (actually a mixture of [XeF][PtFs],
[XeF]TPt,F1,]", and [Xe,Fs][PtFe]”), XeF,, XeF,, XeFs, KrF,,
XeO; and XeO, comprise Xe and Kr compounds in higher
oxidation states.> Prior to these landmark discoveries, it was
well recognized that noble gases can undergo formation of host
guest complexes, such as clathrates (e.g. in ice structures)** or
inclusion complexes (e.g. in hydroquinone or cyclodextrine),”®
in which the noble gas in the oxidation state 0 fills a void in the
crystal lattice. Xenon(0) can also serve as ligand in the gold
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known to guide crystal packing,'"'* but the smaller Ar and Ne
are basically inert. Few complexes with actinides such as
CUO(Ng),"* ™™ and [UO,(Ng,)]™*® and transition metals’’ "
are known so far, as well as low-valent insertion compounds
such as HNg(Ng)X (Ng = Xe, Kr, Ar; X = F, Cl, Br, I, NC, CN,
CCCN).*>*” Recent studies showed that heavier Ng atoms can
be attached to super-electrophiles like [By,(CN)y;] .>%73* A
recent DFT study investigated the binding towards MCp (M =
Be-Ba) half-sandwich complexes.*® No bonding interaction was
ever observed involving a He atom, disregarding the heavily
debated and still hypothetical He@adamantane case.**™°
Besides the many attempts to actively bind Ng atoms, they
can alternatively be inserted into fullerenes, boron cages and
clathrates (confinement strategy), from which they don’t escape
due to kinetic stabilization,**™" trapped in ionic solid-state-
compounds or metals,””> > or adsorbed in metal organic frame-
works (MOFs).”*®” Numerous computational studies analyzed
the capability of other (mostly hypothetical) cage structures,
such as closo-borane derivatives, BN-clusters, etc., to carry one
or more Ng atom.’®*® The approach applied here combines
both strategies, confinement and bonding, in order to find a

This journal is © the Owner Societies 2022


https://orcid.org/0000-0003-2877-3577
https://orcid.org/0000-0002-8548-1821
http://crossmark.crossref.org/dialog/?doi=10.1039/d2cp02517e&domain=pdf&date_stamp=2022-09-01
https://doi.org/10.1039/d2cp02517e
https://doi.org/10.1039/d2cp02517e
https://rsc.li/pccp
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2cp02517e
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP024035

Open Access Article. Published on 15 August 2022. Downloaded on 3/20/2026 6:53:02 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

class of molecules or ideally a single molecule (denoted as the
ligand system in the following), which potentially captures
noble gas atoms. For the smaller Ng atoms, He and Ne, the
focus is set towards confinement, i.e. the ligand system is ought
to provide a void (a physical space) in which the Ng atom can
reside without exerting repulsive forces to its environment,
whereas for the larger Ng atoms, Ar and Kr, chemical interac-
tions between ligand system and Ng atom should come into
play to further stabilize the adduct. A prerequisite was that the
ligand system should in principle be assessable by means of
chemical synthesis. The conceptual design employs peri-
substituted ligand systems consisting of organic spacer-
fragments, which are typically used to enforce atom-atom
contacts.®*”* Linking three of such spacer fragments, e.g.
acenaphthalene, biphenylene, (thio)xanthene moieties together
by a central HSi group (tripodal ligand design) provides a
dynamically confined space, the size of which depends on the
spacer type and the substituent in the peri-position (‘‘starting
state”). After hydride abstraction the silyl cation serves as Lewis
acidic coordination site for the Ng atom (“active state’”). In
addition, we chose the group 13 elements B or Ga as additional
Lewis acidic coordination sites. Scheme 1 shows the systems
analyzed in this study.

Ligand systems included 5,6-acenaphthalene (ace) with DFT
calculated H---H peri-distance (d(H,H)) of 2.7 A in the non-
substituted species, 1,8-biphenylene (bip; d(H,H) = 3.9 A), 4,5-
xanthene (xan, d(H,H) = 4.9 A), and 4,5-thioxanthene (txn,
d(H,H) = 5.4 A) as spacer fragments covering a large range of
peri-distances and according void sizes, and phenyl or C¢F5 as
substituents attached to the atom E (B or Ga) in peri-position

Scheme 1 Design of neutral tripodal ligands employing different peri-
substituted spacer types, such as 5,6-acenaphthalene (ace; upper left),
1,8-biphenylene (bip; upper right), 4,5-(thio)xanthene (txn, xan; bottom).
Models employing Al showed inferior results and are not further
considered.
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Table 1 Relative molecular energies (AE in kJ mol™?) of [(RoE-spacer-)sSilH,
[(R2E-spacer-)sSil* and [(RoE-spacer-)sSi-Ngl*

L E R State AE L E R State AE
ace B CeFs  start —34.8 xan B CegF5s start —33.4
ace B CeFs He 521 xan B Ce¢F5 He 52.2
ace B CgHs start —214 xan B CeF5s Ne 48.6
ace B CeHs; He 31.8 xan B CeF5 Ar 27.1
ace Ga CgFs start 839 xan B CgFs Kr 1.6
ace Ga CgFs He 301 xan B Ce¢Hs start —37.5
bip B CeHs start —71 xan B CsHs He —0.4
bip B C¢Hs; He 13.2 xan B CsHs Ne -5.3
bip Ga CgFs start 53.2 xan B CeHs Ar —31.1
bip Ga CgFs He 25.2 xan B CsHs Kr —53.7
bip Ga CgHs start 33.9 xan Ga CgFs start —15.4
bip Ga CgHs; He 6.5 xan Ga CgF; He 105.3
txn B CeF5  start —7.0 xan Ga CgF; Ne 112.1
txn B C¢Fs He 104 xan Ga CgF5; Ar 89.6
txn B CeFs Kr 14.5 xan Ga GCgFs Kr 68.9
txn Ga CgFs start —-3.9
txn Ga CgFs He 22.8
txn Ga GCgFs; Kr 67.8

xan B CgH; start —37.3
xan B C¢Hs no He —0.3 xan B Ce¢Hs He —0.6
xan B Ce¢Hs no Ne —0.2 xan B CeHs Ne —5.2
xan B C¢Hs no Ar 0.3 xan B CeHs Ar —34.9
xan B C¢Hs no Kr 3.2 xan B CeHs Kr —58.1

Ng = noble gas atom, L = spacer fragment, E = B or Ga, R = Ph or C¢Fs.
The AE values listed next to state “start” refer to the difference between
the desired starting state (void-forming pre-configuration) and unfavor-
able orientation of the three ligand arms (dead-end state). The AE
values listed next to state “Ng” refer to the difference between the sum
of active state and Ng atom versus the Ng-adduct. All Ng-adduct energies
were corrected for basis-set superposition error (BSSE) using the
following routine: since BSSE-calculations could not be performed for
the large number of structures, it was calculated only for the most
promising ligand system, [(5-Ph,B-xan-4-);Si]H (2a), [(5-Ph,B-xan-4-);Si]"
(2¢) and [(5-Ph,B-xan-4-);Si-Ng]", applying the counterpoise correction with
Gaussian16, leading to add-on values of 4.5 k] mol " (He, 2d), 5.7 k] mol "
(Ne, 2e), 4.2 k] mol™* (Ar, 2f), and 60.2 k] mol " (Kr, 2g). The BSSE-
corrected 6-31+G* AE values are given in italic. AE estimation including BSSE-
correction was repeated using the 6-311+G(2df,p) basis-set on the 6-31+G*
relaxed geometry, resulting in similar values (lower right part of the table).
Consequently, the add-on numbers were then added to the AE values of all
other ligand systems, which should serve as suitable estimate for the BSSE.
For further details, see Tables S1 and S2 (ESI). The lower left part of the
table (state designated as “no Ng”) refer to single-point calculations on the
“empty” ligand systems after geometry optimization (Ng atom removed);
the corresponding AE values compare their energies to those of the freely
optimized ligand systems without Ng atom (2c).

aiming at optimized electronic effects, resulting in 16 potential
molecules; 11 of which have explicitly been calculated, see
Table 1 and Tables S1 and S2 (ESIf). By this screening
approach, computational chemistry can help to pinpoint most
promising candidates for subsequent synthesis in the labora-
tory, which is a relevant topic for sustainable science in general.

Limitations of the method: the neutral tripodal ligand is
prone to rotational isomerism because the three spacer frag-
ments are interconnected to the central Si atom by a single
bond. Since alternative isomers, which do not exhibit a
[{(CeFs),E-spacer-}5Si]" (spacer = ace, bip, xan, txn; E = B, Ga)
“active site” after hydride abstraction potentially capable of
adduct formation with Ng atoms (denoted as “dead-end state”
in the following), might be lower in energy than those with the
right configuration (denoted as “starting state” in the
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following), two different neutral states were calculated for each
ligand system in order to discriminate different ligand systems
for their potential use. It is of course a prerequisite for
successful ligand synthesis in the laboratory that the
{(C¢Fs) E-spacer-};SiH precursor has the correct orientation
prior to hydride abstraction in order to facilitate formation of
the charged active state. The molecular energy of the active
state and the isolated Ng atom ([{(C¢Fs),E-spacer-}5Si]” + Ng)
was compared to the different [{(CoFs),E-spacer-};Si-Ng]"
adducts. Since the computational costs were too large to
include all four Ng atoms for all ligand systems, only the He
(or He and Kr) case(s) was (were) considered in most cases.
Accordingly, a minimum of four states had to be calculated for
each ligand system. All in all, 55 DFT optimizations (each ligand
system with more than 120 atoms, see ESI} for further details)
were conducted, which prompted us to keep the DFT at the
b3pw91-D3/6-31+G* level. To compensate for that, single-point
calculations at the b3pw91-D3/6-311+G(2df,p) were performed for
the b3pw91-D3/6-31+G* optimized coordinates of the best ligand
systems in addition. Solvation effects were not taken into account.
Vibrational frequency calculations (normal mode analysis) neces-
sary to extract the Gibbs free energy (AG) could only be performed
for the most promising cases, vide infra.

To understand the different modes of bonding between the
ligand system and the Ng atom along the series, He-Kr, the
electronic characteristics of the most promising Ng adducts
were determined computationally employing a variation of real-
space bonding indicators (RSBIs) derived from the Atoms-In-
Molecules (AIM”?), Non-Covalent Interactions index (NCI’%),
and Electron Localizability Indicator (ELI-D’®) approaches.
Topological analysis of the electron density (ED, p(r)) is a more
and more commonly used method to characterize complex
bonding scenarios, e.g. cage structures and secondary interac-
tions, for which sole inspection of molecular orbitals might not be
clearly interpretable. The resulting AIM bond paths motif refers to
the chemical structure but transcends the conventional Lewis
picture as it also includes secondary contacts. In addition, AIM
provides atomic and fragmental charges, volumes and shapes.
The NCI, which employs the reduced ED gradient, provides
contact patches between non-covalently interacting atoms, even
if those interactions are very weak, e.g. too weak to give rise to the
formation of a bond critical point (bcp) within the AIM frame-
work. The analysis is complemented by the ELI-D, which provides
basins of paired electrons, and is thus closely related to covalent
bonding aspects. Notably, NCI and ELI-D show spatial comple-
mentary. Overlapping ELI-D basins with adjacent AIM atomic
basins is a measure for bond polarities (Raub-Jansen-Index, RJI"°).
The combined use of those RSBI facilitates a comprehensive
picture of the weak chemical interactions between the ligand
system and the Ng atoms, being rather of “physical nature” for He
and Ne, and of “chemical nature” for Ar and Kr.

DFT calculations

Structural optimizations were conducted for 55 compounds by
density functional theory (DFT) at the b3pw91-D3/6-31+G*”7""®
level of theory using Gaussian16’° at the curta super-computer
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system of the Freie Universitdt Berlin. London dispersion was
modelled using Grimme’s GD3B] parameters (b3pw91-D3).%°
Normal mode (or frequency) analysis was performed for the
best models to get AG values (at 298.15 K and 1 atm). The
wavefunction (wfn) files of the best models were used for a
topological analysis of the electron density and AIM basin
integrations according to the Atoms-In-Molecules (AIM”?)
space-partitioning scheme using AIM2000%' and AIMALL,??
whereas DGRID-5-1%% was used to generate and analyze the
Electron-Localizability-Indicator (ELI-D’®) related real-space
bonding descriptors applying a grid step size of 0.05 a.u. using
the formatted checkpoint files (fchk). For ELI-D figures, addi-
tional grids of 0.15 a.u. step size were computed. NCI’* grids
were generated with NCIplot® with a grid step-size of 0.12 a.u.
Analyses of the reduced density gradient, s(r) = [1/2(37%)"}
|Vpl|/p*?, according to the NCI method is used to visualize
non-covalent bonding aspects. An estimation of different non-
covalent contact types according to steric/repulsive (4, > 0, red-
colored), van der Waals-like (4, ~ 0, green-colored), and
attractive (1, < 0, blue-colored) is facilitated by mapping the
ED times the sign of the second eigenvalue of the Hessian
(sign(4,)p) on the iso-surfaces of s(r). Structures are displayed
with ChemCraft,® bond paths are displayed with AIM2000, NCI
figures are displayed with VMD,*® and ELI-D figures are dis-
played with Mollso.®”

Results and discussion
Structures and energies

The here applied screening approach to find a suitable ligand
system, which on the one hand is flexible enough to “open and
close” like a fly trap to give access to a Ng atom and encapsulate
or even bind it then, and to provide an intra-molecular void of
the right spatial extension to carry all atoms from He to Kr, but
on the other hand is not too flexible, so that unfavorable
rotational isomers (dead-end or quenched states) become
dominant, generated a vast number of potential structures. In
order to keep the discussion of the results as clear-cut as
possible, we will go one-by-one through the different classes
of compounds (based on the spacer fragment). All structures
are compiled as xyzfiles and figures in the ESI.f Relevant
examples will be presented here.

4,5-Acenaphthalene (ace)

Since ace is the smallest peri-spacer molecule, it provides the
smallest void, so only He was tested. With quite bulky -ER,
groups (E = B, Ga; R = C¢Fs, Ph) in peri-position, there is little
structural flexibility in general. Notably, if E = B the unfavorable
starting state is higher in energy by about 20-35 k] mol ™" (see
Table 1), than the favorable one, which is desired, although
it forms a short Si-H---B interaction (d(B,H) = 1.575 A) in
case of [{6-(C¢Fs),B-ace-5-}3SiJH (compare Fig. 1(a) and (b) for
1a and 1b). In contrast, due to the formation of two strong
R,Ga---C(ace) interactions in  [{5-(C¢F5),Ga-ace-6-};Si|H
(d(Ga,Cace) = 2.376 and 2.640 A) it is lower by 84 k] mol™* if

This journal is © the Owner Societies 2022
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Fig. 1 Relaxed gas-phase geometries of (a) Neutral starting state in the
preferred orientation {6-(CgFs),B-ace-5-}3SiH (1a). (b) Neutral starting
state 1b in the unfavorable orientation with a short Si—H---B interaction
(d(B,H) = 1.575 A). (c) Active state, [{6-(CgFs),B-ace-5-}3Sil* (1c) which is
quenched by a short C—F- - -Si interaction (d(Si,F) = 1.953 A). (d) He-adduct
[{6-(CsF5),B-ace-5-}3Si-He] (1d). Unfavorable Lewis acid Lewis base con-
tacts are highlighted by black arrows.

E = Ga, disqualifying the latter, because in chemical synthesis
only small amounts of the neutral starting material would then
be oriented in a way to form a proper void after hydride
abstraction. Fig. 1(c) displays the active state of [{6-(C¢F5),B-
ace-5-}3S1]" (1¢), unraveling another central problem of the
ligand design, that is, the ortho-F atoms of the -C4F5 rings tend
to stick with the Si cation in the center (d(Si,F) = 1.953 A). This
interaction is strong enough to push the He atom out of the
void in [{6-(CeF5),B-ace-5-}5Si-He]" (1d), resulting in a positive/
repulsive overall binding energy of 52 k] mol ™, see Fig. 1(d).
Energy efficient Ng binding is only possible if the Ng atom is in
close proximity to the silyl center as well as to all three group 13
elements (B or Ga), also resulting in complete encapsulation of
the guest atom by the host molecule, thereby (almost) exhibit-
ing Cs;-symmetry.

The problem may seemingly be solved by exchanging CcFs
with phenyl rings in the BR, fragments, however, the binding
energy, although less strongly, remains positive (32 k] mol ™),
which finally disqualifies all ace-containing structures. Appar-
ently, the void size is as crucial for effective adduct formation as
the electronic effect of the four Lewis acidic sites are.

1,8-Biphenylene (bip)

Like for the ace-series, the unfavorable starting state is higher
in energy if E = B, but lower in energy if E = Ga, and adduct
formation with He results in less positive numbers if phenyl
instead of C¢Fs is employed as R group in [(R,E-bip-);Si-He]",
see Table 1. Disregarding those conserved trends, it is
apparent that He binding in general becomes less repulsive
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in the bip-series compared to the ace-series, again highlighting
the central role of the void size. With 6.5 kJ mol " it is already
almost energy neutral for the [(1-R,Ga-bip-8-);Si-He]" case.
However, in the corresponding unfavorable starting (or dead-
end) state, next to the short Si-H---Ga interaction (d(H,Ga) =
2.030 A) the onset of R,Ga- - -C(bip) interactions (d(Cpip,Ga) =
2.680 and 2.777 A) is still detectable between the ligand arms,
although much less pronounced than in the ace-variants,
pushing the energy of the dead-end state below the level of
the preferred orientation. As a consequence, all bip-containing
structures are disqualified as well. The spacer fragments need
to be still larger to provide proper voids for the Ng atoms
(including the larger ones) and ideally prevent the formation of
unfavorable secondary Si-H- - -E, (spacer)C- - -E, and F- - -Si contacts.
See Fig. S2 (ESIY) for the [(8-R,B-bip-1-);SiH, [(8-R,B-bip-1-);Si]", and
[(8-R,B-bip-1-);Si-He]" case.

4,5-Thioxanthene (txn)

In contrast to ace and bip, txn is not only larger but brings
inherent structural flexibility as it can bend in a butterfly
motion along the central S---C axis. For this ligand system
He and Kr binding was tested accordingly. However, it turned
out that in case of txn the increased structural flexibility and the
fact that the spacer fragment contains a hetero-atom rather
generates new problems than serving old ones. In the active
state of [{5-(C¢F5),B-txn-4-}3Si]" short S---B (d(S,B) = 2.162 A)
and S---Si (d(S,Si) = 2.360 A) contacts are formed, whereas in
[{4-(CeFs5),Ga-txn-5-};Si]" short S---Ga (d(S,Ga) = 2.506 A) and
F---Ga (d(F,Ga) = 2.139 A) contacts are formed, see Fig. S3
(ESIT). Moreover, in three of the four tested Ng-adducts the Ng
atom moved far away from the center position, although all
optimizations were started with a Cz-symmetrical structure.
Consequently, txn-containing ligand systems are also not sui-
table for capturing Ng atoms.

4,5-Xanthene (xan)

Using xan as spacer fragment results in lower energies for
the preferred starting state for all tested variants (—37 to
—15 kJ mol '), which is desired, but for those variants includ-
ing the E(C¢Fs), group, Ng binding becomes strongly unfa-
vored, again due to the formation of a short and strong F- - -Si
contact in the active state (2.040 A in [{5-(CeFs5),B-xan-4-}3Si|"
and 1.923 A in [{4-(C¢F5),Ga-xan-5-};Si]", see Table 1. To
our own surprise, the quite simple and synthetically
potentially available ligand system [(5-Ph,B-xan-4-);Si]" (2c)
shows none of the above mentioned issues, but instead is
capable to form adducts (by means of AE values) with all Ng
atoms from He (—0.4 k] mol ™, 2d) to Ne (—5.3 k] mol %, 2e), Ar
(—31.1 k] mol™*, 2f), and Kr (-53.7 k] mol ', 2g), see Fig. 2.
Normal mode analysis was performed subsequently for those
models, providing corresponding thermodynamic properties,
e.g. differences in Gibbs free energy (AG), which (after BSSE
correction, see Table S3, ESIT) suggests that adduct formation
is slightly endergonic for He-Ar (24.5, 16,2, and 7.5 k] mol™ %),
but becomes exergonic for Kr (—13.4 mol ). Since the number
of moles is changing, Ng-adduct formation comes with another
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Fig. 2 Relaxed gas-phase geometries of (a) Neutral starting state in the
preferred orientation [(5-Ph,B-xan-4-)sSilH (2a). (b) Neutral starting state
in the unfavorable orientation (2b). (c) Active state [(5-Ph,B-xan-4-)sSil*
(2¢). (d) He-adduct [(5-Ph,B-xan-4-)sSi-Hel* (2d). No unfavorable Lewis
acid Lewis base contacts are present in starting and active states.

expense of 7.9 k] mol™" to correct for the conversion of the
1 atm standard state (AGZ,,,,) to the 1 M standard state (AGy,).*®
Comparable results were obtained in computational studies on
Cyo fullerenes®® as well as on star-shaped super-alkali clusters
(CsLi," and O,Lis")** or for series of dianionic [NgBeB;;(CN),, ][>~
and [NgB1,(X)11]*~ (X = F-1, CN) superelectrophiles.”** Whereas
on the one hand fullerenes rely solely on the confinement
approach, they have to overcome considerable Ng atom insertion
barriers. The proposed super-alkali clusters and superelectro-
philes on the other hand rely solely on direct bonding and can’t
benefit from stabilizing confinement effects. Our conceptual
design of an “open dynamic cage” with a direct bonding partner
inside the void attempts to overcome both limitations. An esti-
mate of the energy requirements for the distortion of the ligand
system (which also might be considered as “lattice distortions”)
necessary to accommodate for the size of the individual Ng atom
was obtained by single-point calculations on the optimized coor-
dinates of each adduct after removing the Ng atom (in other word
the free ligand system), see lower left part of Table 1. For He, Ne,
and Ar, the energy of the ligand system is within a 40.3 kJ mol "
range identical to the energy of the optimized structure of the
active state (2c), for Kr only 3.2 k] mol ™~ * had to be afforded, which
confirms that the ligand system is clearly able to fully encapsulate
all tested Ng atoms with little to no energy cost. However, this is
only the steady-state (permanent) energetic cost after adduct
formation, so in order to estimate the costs of the dynamic
process of adduct formation, a potential energy scan was per-
formed with fixed Si---Kr distances of 3, 4, 5, 7.5, and 10 A, see
Fig. 3. Kr (2g) was chosen, because it is the biggest Ng atom,
providing the maximum cost estimate. Starting from 3 A to larger
Si- - -Kr distances, the AE curve rises steeply and levels off at about
85 k] mol ™ for 7.5-10 A. On the one hand, this means, it will not
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AE / k) mol?

d(sikr) /A

Fig. 3 Si---Kr distance constrained relaxed gas-phase geometries of [(5-
Ph,B-xan-4-)3Si-Krl* (potential energy scan of 2g). The unconstrained
optimization is set to 0 kJ mol™. Color code: Si (light gray), O (red), B
(yellow), Kr (light blue). The black line is inserted to guide the eye.

be easy to get the Ng atoms into the void experimentally against
this kinetic barrier, on the other hand this means, once the Ng
atom is in the void, losing the Ng atom again is strongly hindered,
adding to the thermodynamic gain to the kinetic barrier. Disper-
sion plays a crucial role in molecules including large organic
groups. Accordingly, large contributions of the Grimme disper-
sion correction of more than 1250 k] mol * were obtained for all
xan-models, see Table S4 and Fig. S1 (ESIt), and the values rise
along the Ng series, as expected. The averaged value for all
calculations of the active ligand (active- and “no Ng”-states) was
subtracted from the respective Ng-adducts to get an estimate of
the effect of dispersion to the ligand-Ng interaction, revealing it to
be the dominant force of Ng binding (—6.3 to —84.3 kJ mol ),
compare italic-style values in Table 1 with Table S4 (ESIt). All in
all, the energetic considerations indicate that adduct formation is
potentially feasible also experimentally for most if not all of the
four Ng atoms. [(5-Ph,B-xan-4-);Si]" (2¢) can also trap gaseous N,
(AE = —82.1 k] mol ", see also Fig. S7, ESI{), so any experimental
attempt to trap Ng atoms should include the use of pure Ng gases.
With d(Si-N) = 1.988 A, d(B- - ‘N) > 3.3 A, and d(N=N) = 1.103 A,
N, is confined in the void but not activated. A crucial step is the
initial formation of the active state by hydride abstraction from
the preferred neutral state (2a + )CPh; — 2c + CPh;H). Hydride
abstractions from silanes are typically achieved using trityl salts of
weakly coordinating anions. In order to properly assign this, both
states were reoptimized applying the dielectric constant of
dichloromethane within the COSMO solvation model, resulting
in a slightly endergonic reaction (AG = 29.2 k] mol "), see Table S5
(ESTY).

In order to exploit the electronic effect of the C¢F5 residue
but not to suffer from quenching the Si* site by the ortho F-
atoms (F-Si bond formation), two variants of the [(5-Ph,B-xan-
4-);Si]" ligand system with R = C¢H3(m-CF;), or C¢H,F; were
also tested for He capturing, see Fig. S4 (ESIt). The impact,
however, was quite small, with AE = —1.1 k] mol * for the
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former and —0.3 k] mol~" for the latter. The impact may be
larger for the heavier congeners like Kr and Xe, but since this
gain comes along with significantly increased steric crowding,
the kinetic barrier for the Ng atom to enter the void of the host
molecule will also be much larger. Accordingly, this approach
was not followed further.

Relevant bond distances of the DFT optimized structures of
[(5-Ph,B-xan-4-);Si-Ng]" (2d-g) are compiled in Table 2 (see
Table S6, ESIT for more details). % (C,V) is the relative position
of the DFT atom-atom distance within the range spanned by
the difference between sum of covalent radii and sum of van
der Waals radii, i.e. a % (C,V) value larger than 100% indicates
no considerable interaction, a % (C,V) value between 50 and
100% a rather weak electrostatic or van der Waals like inter-
action, and a % (C,V) value below 50% a polarized interaction
with non-negligible covalent bond contributions. The DFT Ng-
Si and Ng-B distances are all shorter than the sum of the
respective van der Waals radii (% (C,V) < 100). Especially small
% (C,V) values below 50 are obtained for the Si-Ar and Si-Kr
interactions, strongly suggesting polar-covalent bonding
aspects, see next section. With about 40%, the Si-Ar interaction
is at the borderline between medium and weak contacts.
Notably, for [(5-Ph,B-xan-4-);Si-Kr|" also the Ng-O interactions
are within the regime of van der Waals contacts, increasing the
coordination number from four to seven. The average Si---B and
B---B distances are hardly affected by Ng-adduct formation
(compare with the active state, 2¢), especially for [(5-Ph,B-xan-4-);-
Si-He]" (2d) to [(5-Ph,B-xan-4-);Si-Ar]" (2f), confirming the ener-
getic considerations, vide supra. This underlines the idea that the
ligand system is capable to capture all noble gas atoms from He to
Kr, the smaller ones by physical confinement, the larger ones by
confinement and in addition by chemical bonding.

Real-space bonding indicators

Applying real-space bonding indicators (RSBIs) derived from
the Atoms-In-Molecules (AIM), Electron Localizability Indicator
(ELI-D), and Non-Covalent Interactions (NCI) index methods to
the series [(5-Ph,B-xan-4-);Si-Ng]" (2d-g, Ng = He, Ne, Ar, Kr)
nicely depicts the onset of weak permanent-polarized atom-
atom contacts or in other words the transformation from
physical to chemical interactions, with a focus on the Ng-Si
contacts. We will not step into the question whether or not the
formation of a bond-critical point (bcp) between a pair of atoms
within the AIM toolkit is a necessary and sufficient condition to
denote such an atom-atom contact as ‘“chemical bond”, as we
are aware that the NCI already shows contact patches in cases
of very weak H---H contacts, which do not form a bep,* and

Table 2 Relevant bond distances (in A) of [(5-Ph,B-xan-4-)sSi-Ngl*
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that DFT-results are dependent on the used level of theory.
Nevertheless, we think that trends are typically more reliable
than single numbers, and that the combined use of a variety of
RSBIs provide a comprehensive picture of chemical bonding,
even if it (seemingly) may contain contradictions in some
details. Fig. 4 and 5 and Fig. S8, S9 (ESIt) display the calculated
AIM bond topology (part a), the electron density (ED, p(r))
distribution mapped on the AIM atomic basin of the Ng atom
(part b), an iso-surface representation of the ELI-D (part c), the
ELI-D distribution mapped on the core (He) or valence (Ne-Kr)
basins of the Ng atoms (part d), the NCI-distribution (part e,
side view), and a NCI zoom-in around the Ng atom (part f, top
view). For He and Ne, four AIM bond paths are observed, one
Ng-Si and three Ng-C(B)/B paths (in three of the four cases, 2d-
g, the “Ng-B” bond path is bending towards the C atom, which
connects the B atom to the xan spacer group, so by means of
AIM topology, these contacts are rather Ng-C than Ng-B con-
tacts, but for convenience we discuss these sluggish Ng---B/C
contacts as Ng-B interactions in the following). The electronic
characteristics at the beps are listed in Table 3. We note, that all
adduct structures approach C; symmetry and might be opti-
mized also with fixed symmetry. Accordingly, averaged values
are given for the Ng-B and Ng-O contacts. The shortest and
strongest contacts are the Ng-Si interactions, as expected. The
distances decrease down the Ng-column from 3.15 A (He) to
2.71 A (Kr), despite increasing Ng atomic radii. The bond paths
are not curved, but straight, resulting in identical distances for
d1 +d2 (d1 and d2 are the distance of the respective atom to the
bep). In case of the small He and Ne atoms the bep is closer to
the Ng atom than to the Si atom, but closer to Si for Ar and Kr.
The ED at the Ng-Si bcp is close to zero for He and Ne,
suggesting weak electrostatic interactions, which is supported
by the large positive number of the kinetic energy density over
ED ratio (G/p(r) > 0.7), the fact that the total energy density
over ED ratio, which is typically negative and a sign for the
presence of covalent bonding aspects, is also considerably
positive (H/p(r) ~ 0.2) and delocalization index (DI) values
close to zero, the latter indicating the number of shared
electron pairs.

The situation changes gradually for Ar-Si, which shows the
bond characteristics of H---H contacts, that is an ED value
about 0.1 e A™*, G/p(r) still dominating over H/p(r), but the
latter being already slightly negative. ED values of about
0.2 e A~ for Kr-Si are reminiscent of conventional hydrogen
bonds, but in contrast to them, the modulus of H/p(r) is much
closer to G/p(r), indicating comparable non-covalent and cova-
lent contributions to the (still weak) Kr-Si contact.”® The Ng-B

State Ng-Si % (C,V) Ng-B % (C,V) Ng-O % (C,V) Q(Si-B) ?(B-B) A(Si-B) A(B-B)
act. (2¢) 4.883 5.661

He (Zd) 3.149 76 3.323 99 3.543 133 4.893 5.697 0.01 0.04
Ne (26) 3.119 66 3.332 92 3.535 126 4.893 5.705 0.01 0.04
Ar (Zf) 2.890 41 3.384 82 3.428 106 4.877 5.739 —0.01 0.08
Kr (2g) 2.707 18 3.379 63 3.340 79 4.819 5.674 —0.06 0.01
This journal is © the Owner Societies 2022 Phys. Chem. Chem. Phys., 2022, 24, 20968-20979 | 20973


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2cp02517e

Open Access Article. Published on 15 August 2022. Downloaded on 3/20/2026 6:53:02 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper

Fig. 4 RSBI analysis of [(5-Ph,B-xan-4-)sSi-Hel*(2d): (a) AIM bond paths
motif, (b) ED distribution (in a.u.) mapped on the AIM atomic basin of He,
(c) ELI-D localization domain representation at an iso-value of 1.35, (d) ELI-
D distribution mapped on the He ELI-D bonding basin, (e) NCI iso-surface
at s(r) = 0.5, (f) magnification of the binding site; top view.

and Ng-O contacts vary in the shallow range of 3.32-3.43 A with
ED values of 0.01-0.05 e A~ and positive H/p(r) values, and are
readily characterized as very weak electrostatic. Particularly the
Ng-B bond paths are considerably curved, resulting in up to
0.03 A longer d, + d, values (as reflected in Ad), as well as very
large bond ellipticities - ¢ is a measure for the deviation from
cylindrical symmetry or in other words “electron smearing”.
Although much weaker, the same trend towards increased
covalent bond contributions becomes apparent for the Ng-B
and Ng-O contacts along the Ng series. Notable, Ng-O bonding
is equally relevant as Ng-B bonding for Ar and Kr.

It falls in the same line of evidence that starting with Ar, an
explicit Ng-Si disynaptic bonding basin is formed within the
ELI-D framework, which, however, is very small (0.1-0.2 A®) and
contains only 0.8-1.0 e, see Table 4 and Fig. S14 (ESIY). For Ar-
Si, the Raub-Jansen-Index (RJI) is still 100%, i.e. 100% of the
electron population within the Ar-Si bonding basin is located
within the AIM atomic basin of Ar, suggesting negligible
electron sharing. This number drops to 93.7% for Kr-Si, a
value typically found for dative and ionic bonds. In contrast, the
RJI of the weaker Ng-B contacts remains basically 100% in all
considered cases. The trend is also visible in the AIM atomic
and fragmental charges, see Table 5. Whereas no considerable
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Fig. 5 RSBI analysis of [(5-Ph,B-xan-4-)sSi-Krl* (2g): (a) AIM bond paths
motif, (b) ED distribution (in a.u.) mapped on the AIM atomic basin of He,
(c) ELI-D localization domain representation at an iso-value of 1.35, (d) ELI-
D distribution mapped on the He ELI-D bonding basin, (e) NCI iso-surface
at s(r) = 0.5, (f) magnification of the binding site; top view.

charge transfer between Ng atom and ligand system is visible
for He-Ar (AQamm < £0.2 ) compared to the active state, which
carries no Ng atom, small amounts of charge are expelled from
the Kr (0.07 e) atom and transferred to the ligand system. Parts
b or d of Fig. 4 and 5 and Fig. S8, S9 (ESIt) show the full AIM
atomic or ELI-D-core/outer-valence basins of the Ng atoms. AIM
and ELI-D basin are almost identical in shape and size for each
Ng atom within the series He-Ar due to the lack of electron
sharing with other atoms. However, even for the small Ng
atoms, the basin shapes are considerably flattened towards
the Si* center, and the ED or ELI-D values are increased along
the Ng-Si axes, confirming the onset of electrostatic interac-
tions. In case of Kr a bulge is formed in the ELI-D (not in AIM)
along the Ng-Si axes, representing the onset of polarized-
covalent bonding interactions, as mentioned above. Parts e or
f of 4 and 5 and Fig. S8 and S9 (ESIt) show a total side view or
zoomed-in top view of the NCI, uncovering the formation of a
small disc-shaped and green colored Ng-Si NCI-basin already
in case of He, which becomes larger, thicker, and increasingly
bluish along the Ng column, confirming the increased rele-
vance of covalent (ELI-D) and non-covalent (NCI) bonding
aspects for Kr. NCI surrounds the Ng atoms with its pattern
of contact patches, giving another impression of the atomic size

This journal is © the Owner Societies 2022
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Table 3 Topological and integrated AIM properties of the Ng—Si, Ng-B, and Ng—O contacts in [(5-Ph,B-xan-4-)sSi-Ng]*

State  Contact d[A] di+d,[A] Ad[A] did  p)[eA’]  Vp(tpep [eAT] e Glp(Dbep [2-1]  H/p(t)pep [a.u.] DI

He He-Si 3.149 3.149 0.000 0.42 0.02 0.06 0.00 0.72 0.18 0.01
Ne Ne-Si 3.119 3.119 0.000 0.47 0.03 0.12 0.00 0.83 0.22 0.02
Ar Ar-Si 2.890 2.890 0.000 0.55 0.11 0.18 0.00 0.48 —0.03 0.10
Kr Kr-Si 2.707 2.707 0.000 0.59 0.21 0.13 0.00 0.39 —0.21 0.20
He He-B 3.323 3.349 0.026 0.43 0.01 0.04 2.64 0.77 0.29 0.01
Ne Ne-B 3.332 3.349 0.018 0.47 0.02 0.07 2.38 0.89 0.39 0.00
Ar Ar-B 3.384 3.406 0.022 0.52 0.03 0.10 1.70 0.67 0.19 0.02
Kr Kr-B 3.379 3.413 0.034 0.54 0.04 0.12 1.50 0.61 0.13 0.03
Ar Ar-O 3.428 3.439 0.011 0.52 0.03 0.12 1.40 0.81 0.20 0.02
Kr Kr-O 3.340 3.344 0.004 0.53 0.05 0.16 0.61 0.76 0.12 0.04

p(F)bep: ED at the bep, VZp(r)bep: Laplacian, & bond ellipticity, dy: distance atom(1)-bep, G/p(E)bep, H/p(E)bep: kinetic and total energy density over

p(r)bep ratios, DI: delocalization index.

Table 4 Topological and integrated ELI-D properties in [(5-Ph,B-xan-4-)s-
Si-Ngl*

State Contact Ngw [e] Ve [A°] VELL RJI [%]
Ar Ar-Si 0.78 0.12 1.58 100.0
Kr Kr-Si 0.98 0.15 1.46 93.7
Ar Ar-B 2.37 0.35 1.61 100.0
Kr Kr-B 2.40 0.36 1.53 100.0
Table 5 Atomic and fragmental AIM charges (in ) in [(5-Ph,B-xan-4-)sSi-
Ngl™*

Active He Ne Ar Kr
Ng —0.01 —0.02 0.02 0.07
Si 2.69 2.70 2.70 2.71 2.71
R1 —0.56 —0.56 —0.56 —0.57 —0.59
R2 —0.57 —0.56 —0.56 —0.57 —0.59
R3 —0.57 —0.56 —0.56 —0.58 —0.60

and shape. Whereas the small and blurry NCI basins in case of
He hardly indicate relevant He-atom contacts other than He-Si,
the picture changes also down the Ng column, as localized disc-
shaped basins point towards the B/C and O atoms for the
heavier Ng atoms. AIM atomic volumes (Vap) are given in
Table 6, and they vary considerably from 13-33 A. From Vjpy
corresponding radii (rap) were extracted, assuming the atomic
shape would be spherical. Also, d1, which in every AIM atomic

Table 6 Ng atomic radii (in A) and volumes (in A®) in [(5-Ph,B-xan-4-)sSi-
Ngl*

dlam 'amm Va1 Vamm Vai/Vam
He 1.436 1.458 12.4 13.0 0.95
Ne 1.566 1.645 16.1 18.6 0.86
Ar 1.781 1.923 23.7 29.8 0.79
Kr 1.840 1.989 26.1 33.0 0.79

d1,: distance Ng atom center to Ng-B/C bep, ran: radii extracted from
Vamv, assuming the latter to be a sphere, Vy;: Volume extracted from
d1am as radii, Vap: atomic volume resulting from basin integration
with AIM2000.

This journal is © the Owner Societies 2022

basin is the shortest distance between atom center and surface,
can be considered as a radius descriptor. We chose here the
Ng-B bcp values, because these interactions are the weakest.
The volumes derived from d1 as radius (Vy;) are of course
smaller than the volumes of the basins, and the ratio of both
(Va1/Vamm) gives an impression about deviation of the atomic
shape from globularity. As expected, the deviation from 1
(spherical) is smallest for He (0.95), followed by Ne (0.86) and
the others (0.79).

Conclusion

Single noble gas atoms can energy efficiently be trapped - at
least in silico - with simple organic light atom molecules, which
neither consist of closed cage structures or carry super-
electrophilic centers, by combing the confinement strategy with
attempts to establish direct chemical bonding for the heavier
congeners. Tripodal ligand design provides a flexible, but not
too flexible intra-molecular space (a void), to take up and
contain all Ng atoms from He to Kr. In addition, this confine-
ment space offers four Lewis acidic sites, one silyl cation and
three borane atoms, to involve the Ng atoms in weakly attractive
atom-atom interactions, which for He and Ne are almost weak
enough to consider them as negligible, but become increas-
ingly relevant for Ar and Kr. A variety of real-space bonding
indicators derived from the DFT calculated electron and
electron pair densities, following the AIM, NCI, and ELI-D
approaches, unraveled localized polarized(-covalent) Ng-Si
and non-localized purely electrostatic Ng-B or Ng-O interac-
tions, and provided atomic charges and volumes for the Ng
atoms within the organic ligand system. Considerable efforts
have been made to find a ligand system, for which the starting
state remains in the preferred orientation, for which the active
state will not be quenched by nucleophilic side groups, and for
which the intra-molecular void has the proper size. With [(5-
Ph,B-xan-4-);Si-Ng]" such a system was finally found. However,
with up to 85 kJ mol " (for Kr), the barrier to enter the void
is still quite high and it will be the task for experimental
chemistry to overcome this issue. Nevertheless, the current
study shows that with the aid of hypothetical chemistry
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(computational chemistry of so far unknown compounds)
fundamental tasks, like trapping single Ng atoms with a small
molecule, can be approached in a sustainable fashion.
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