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Recently, planar and neutral tricoordinated oxygen embedded in graphene has been imaged experimentally
(Nat. Commun., 2019, 10, 4570-4577). In this work, this unusual chemical species is studied utilizing
a variety of state-of-the-art methods and combining periodic calculations with a fragmental approach.
Several factors influencing the stability of trivalent oxygen are identified. A o-donation and a -
backdonation mechanism between graphite and oxygen is established. m-Local aromaticity, with

a delocalized 4c—2e bond involving the oxygen atom and the three nearest carbon atoms aids in the
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Accepted 25th March 2024 stabilization of this system. In addition, the framework in which the oxygen is embedded is crucial too to
the stabilization, helping to delocalize the "extra” electron pair in the virtual orbitals. Based on the

DOI-10.1039/d4sc00142g understanding gathered in this work, a set of organic molecules containing planar and neutral trivalent
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1. Introduction

Oxygen is one of the most abundant chemical elements on
Earth and it is essential for life. It forms a rich variety of func-
tional groups in organic compounds which are involved in
many biochemical processes, such as the Krebs cycle and
photosynthesis. As a general rule, oxygen behaves as a divalent
atom; either forming one double bond as in the case of O, and
carbonyls, or two single bonds as in H,O, hydroxyls and ethers.
Nonetheless, there are a number of remarkable exceptions to
this rule: molecules containing oxonium ions, ie., positively
charged trivalent oxygen. The best known and simplest case is
the hydronium molecule (H;0"), where oxygen is coordinated to
three hydrogen atoms. Oxonium ions are generally highly
unstable and reactive, being relevant as reaction intermediates
or synthetic reagents. Although these species can be isolated in
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oxygen is theoretically proposed for the first time.

the form of oxonium salts (Meerwein salts) using non-
nucleophilic counterions such as BF,  and PFs , they still
possess very high reactivity. However, Mascal et al. reported the
synthesis and characterization of a new type of oxonium ion,
i.e., oxatriquinane and oxatriquinacene, which are surprisingly
stable. In these molecules the O" ion is stabilized by fusing it
inside a tricyclic condensed ring.>* The lack of reactivity of
these species against nucleophilic attack is associated with the
ring strain, revealing the potential of embedding oxonium ions
in ring frameworks for their stability. Subsequently, an oxa-
triquinane with a hydroxyl group in the a-position to oxygen was
found to possess the longest C-O bond length reported to date
(1.658 A).* Steric repulsion and strong donation from oxygen
non-bonding orbitals to adjacent 6*(C-O") were argued to be
the reasons for such C-O bond lengthening. These findings
have encouraged the exploration of a plethora of new analogous
oxonium ions.*™*® However, it should be emphasized that, to the
best of our knowledge, in all the molecules containing trivalent
oxygen, O is positively charged and tetrahedral due to the sp®
hybridization. There are only three exceptions to this rule: Al;O,
T30 and Gaz0.*™® These three inorganic molecules were
theoretically hypothesized to adopt a T-shape configuration
with a planar tricoordinated oxygen (Al;O can also adopt a Y-
shape configuration).**

Oxygen functionalization in graphene has also been subject
of numerous studies, due to the relevance for the processing of
graphene oxide (GO) and its influence in the performance of
supercapacitors, batteries, and electrocatalysts.”~*® Functional-
ization of graphene with oxygen leads to an effective way of
binding cations, which can either be part of the electrochemical
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reactions or serve as anchors for metals.” Recently, Hofer et al.
explored the possible binding configurations of oxygen in GO.
Individual oxygen atoms were directly visualized using
aberration-corrected scanning transmission electron micros-
copy (STEM) and single-atom electron energy loss spectroscopy
(EELS)." In most cases oxygen was bound to two neighboring
carbon atoms, as usual. Unexpectedly, however, in some cases
oxygen was bonded to three carbons forming three equivalent
bonds, a finding of great importance due to the rarity of this
species. The electronic and transport properties of this system
were later investigated. It was found that the tricoordinated
oxygen acts as a n-type dopant, which is in contrast to the usual
p-type oxygen bonded to the basal plane of graphene.*

However, it is unclear how oxygen binds to graphene in this
configuration. Unlike molecular oxonium ions, the oxygen atom
is not positively charged; it displays planar or quasi-planar
coordination, and it is integrated into an extended system.
These features make the chemical arrangement of oxygen
unique. The present work aims at unveiling the chemical
bonding of this atypical species. We believe such understanding
will open the door to the development of new chemical species
that can be integrated into different extended systems, to
modulate at will their physico-chemical properties.

2. Methods

Periodic density functional theory (DFT) calculations were
carried out with the PBE exchange-correlation functional®-**
and projector augmented wave (PAW) pseudopotentials,® as
implemented in the VASP code.***” The planewave kinetic
energy cutoff was set to 450 eV, and the convergence criteria for
geometry (SCF) relaxation was set to 10> (10~ °) eV. The Bril-
louin zone was sampled with a 5 x 5 x 1 Monkhorst-Pack k-
grid. The DFT-D3 scheme was used to account for the disper-
sion interactions.*® The system was modeled using a 6 x 6
oxygen monodoped graphene supercell of 72 atoms. In this cell,
a single oxygen atom equates to a concentration of 1.4%. A
vacuum separation of at least 15 A was added in the z direction
to avoid self-interaction with repeating images. To study the
electronic structure in greater detail, projected crystal orbital
Hamilton population (pCOHP) analysis was performed by
means of the LOBSTER program.**-*> The pCOHP is a very useful
tool to discern the bonding/antibonding character of the
interaction between specific pairs of atoms. For these calcula-
tions, the sigma value was reduced to 0.05 eV and a finer k-grid
of 36 x 36 x 1 was used.

Considered molecules were modeled with the Gaussian 16
package*® using the CAM-B3LYP* functional. Geometry opti-
mizations were carried out with the 6-31G* basis set whereas
delocalization indices and Bader charges were computed using
the 6-311G(d,p) basis set.* The bonding analysis was done with
the Adaptive Natural Density Partitioning (AANDP) method.*”
AdNDP partitions the electron density matrix into n centers and
2 electrons (nc-2e) bonds. Furthermore, AANDP was shown to
be nearly basis-set independent, and hence the CAM-B3LYP
functional was used together with a smaller 6-31G basis set.
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The calculation of the delocalization indices (DIs) employs
the atomic partitions from the quantum theory of atoms in
molecules (QTAIM),*® as obatained with the AIMAIl software.*
The delocalization index (DI)***2 between two different atoms (A
and B) is defined as:

5(A,B) = ZJALdldszc(l )= 2cov(NaNy) (1)

where p,. is the exchange-correlation density and N, is the
atomic population of atom A. The delocalization index is related
to the covariance of these populations, and for this reason, the
DI is a measure of the number of electrons fluctuating
concurrently between these atoms.

NBO* and EDA-NOCV***® calculations were carried out at
the BP86-D3(BJ)/def2-TZ2P level of theory.””*®* This method
combines the energy decomposition analysis with the natural
orbitals for chemical valence and decomposes the interaction
energy (AEj,.) between two fragments into four energy compo-
nents, namely, the electrostatic interaction (AEcy.), Pauli
repulsion (AEp,y;), attractive orbital interactions (AE,,), and
the dispersion interaction (AEg;sp) :

AEj = AEqsiar + AEpaui + AEo + AEdisp [2)

3. Results

First, the tricoordinated oxygen embedded in graphene, the so-
called graphitic oxygen, was characterized using a slab model
and plane-waves DFT (PW-DFT). This configuration can be
considered as a substitutional doping of oxygen in pristine
graphene. As shown in Fig. 1, oxygen is located 0.20 A above the
plane, in agreement with the work by Hofer et al.* It forms three
symmetrical bonds with the nearest carbon atoms, with bond
lengths of 1.49 A. These bond lengths are larger than the C-O
bonds in ordinary ethers, ~1.43 A, a feature found in molecules
containing tricoordinated oxygen.* The lengthening of the bond
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Fig. 1 Optimized structure of graphitic oxygen along with the bond
lengths (in A) and Bader charges. Top view of the structure on top, and
side view on the bottom. Carbon and oxygen atoms are depicted in
green and red, respectively.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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has previously been ascribed to the filling of the ¢*(C-O) anti-
bonding molecular orbital (MO).* In addition, the carbon atoms
directly bonded to oxygen form a shrunken bond with their
adjacent carbon atoms of ca. 1.39 A, whereas the latter carbon
atoms form slightly larger C-C bonds (1.43 A vs. 1.42 A in
pristine graphene). The relaxed scan in Fig. S11 shows that the
out-of-plane structure is a minimum in the potential energy
surface of the system, whereas the completely planar structure
is not. The computed Bader charges show that oxygen with-
draws 1.06 |e|, mostly from the three closest carbon atoms. In
this line, local charge depletion areas can also be observed
between the C and O atoms and in the closest C atoms, as
indicated by the charge density distribution (CDD) in Fig. S2.1

The electronic structure is then studied in detail. The
calculations reveal a nonmagnetic structure for the ground
state. In order to analyze the chemical bonding in the graphitic
oxygen, first a pCOHP analysis was performed, which partitions
the band-structure in terms of orbital-pair contributions,
discerning between bonding/antibonding contributions. This
analysis suggests that the oxygen-graphene bonding can be
divided into three components. On the one hand, Fig. 2b shows
a ¢ contribution to the pCOHP between O and one of the closest
C arising from their s, p, and p, atomic orbitals (AOs). A
bonding overlap (-pCOHP > 0) was observed throughout the
—16 to —10 eV energy range, corresponding to this C-O ¢ bond.
This interaction, together with the quasi-planar geometry of the
system, pinpoints to a sp> hybridization on oxygen. Addition-
ally, the COHP was projected into the p, AOs to analyze the =
interactions. In Fig. 2c¢) the 7 contribution to the C-O; inter-
action is shown, along with the pCOHP between pairs of the C
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atoms in the O-containing ring (see Fig. 2a)). Two localized
peaks appear at around —8.9 and —0.02 eV, indicating the
presence of O p, and C p, AOs hybridization. The peak at
—8.9 eV corresponds to a 7 bonding state (-pCOHP > 0) with
contribution from O-C;, as well as C;-C, and C,-C; pairs.
Contrary to the previous case, in the m state at —0.02 eV the O
and C p, AOs overlap in an antibonding manner (-pCOHP < 0).
At the same energy, the pCOHP of C,-C, is bonding while that
of C,—C; becomes antibonding again. It can be concluded that
the latter state presents alternating nodal planes between O and
C; and C, and C; perpendicular to the basal plane. This anti-
bonding w state is filled leading to the n-type behavior of
oxygen, which is in agreement with previous work carried out on
the same system.*”

In order to gain a deeper understanding of the chemical
bonding of the graphitic oxygen, a fragmental approach was
used, which has been successfully applied in previous studies
on graphene and boron a-sheets.””® In our approach we
studied five molecules, with the tricoordinated oxygen located
in the center, adding one coordination sphere from the smallest
molecule containing O. The set of molecules studied were:
[OC12H9]7+, [OC36H15]13+) [OC72H21]19+, |:OC120Hz7]25+ and
[OCy150H35]*"". These molecules were built starting from the
optimized periodic graphitic oxygen and freezing their geom-
etry. As mentioned above, oxygen is slightly out of plane in
graphitic oxygen, and it remains in this position in the fragment
molecules (although as we will show, it has no effect on the
chemical bonding). Hydrogen atoms were added to saturate the
o bonds of the peripheral carbon atoms. In the infinite gra-
phene lattice, each carbon atom shares its w electrons with

a) 3 c)
2 0
[ 1 \ 2
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o -4
b) s
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— 0, -6
S .12
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[-Y-]LL -8
m 14
Antibonding Bonding
-16 - -10 Antibonding Bonding
-3 -2 0 2 3
Kl VR I I
-pCOHP

Fig. 2 Projected crystal orbital Hamilton population (b COHP) plot between the different pairs of atoms is indicated (a). In (b) the COHP is
projected onto the sum of s, p,, p, atomic orbitals of O and C while in (c) the total COHP is projected onto the atomic p, orbitals (a pCOHP plot
between C;—-C, p, AOs can be seen in Fig. S3t). Positive —pCOHP values correspond to bonding interactions, while negative —pCOHP to
antibonding interactions, respectively. The energy is given with respect to the Fermi energy (Ef).
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three adjacent hexagons, contributing with only 1/3 of its «
electrons to each hexagonal ring. Thus, in order to mimic the
infinite graphene lattice, positive charges were added so that
the number of m electrons in the periodic system were
preserved.

First of all, Bader charges and delocalization indexes were
computed in order to determine at which molecular size these
electronic properties converge around oxygen. As shown in Fig. S4-
S8,7 the DIs of the atoms in the first coordination sphere converge
at the intermediate [OC,,H,,]"*" size. In this molecule the Bader
charges also converged. Therefore, [OC72H21]19+ was chosen as
a model molecule to study how oxygen is bonded and stabilized in
graphitic oxygen. It should be mentioned that the Electron Local-
ization Function (ELF) was additionally plotted for both the
extended surface and the [OC,,H,;]"*" molecule and we concluded
that this property is also converged at this molecular size. Further
details can be found in the ESI (Section 5 and Fig. S9).t

The DI is a quantitative measure of the number of electron
pairs that are delocalized or shared between two atoms. A value
close to 1 is expected for an electron pair shared between two
atoms, a 2-center 2-electron bond (2c-2¢).** In benzene the DIs
between pairs of C atoms is 1.40. In Fig. 3 the DIs of
[OC,,H,,]"" are shown and compared with the analogous
molecule made of all carbon atoms, [C,3H,,]"" (see Fig. S4-S87
for further details). The most significant difference between the
two molecules was found at the DI between C-O vs. C-C (0.74 vs.
1.16). Such a low value in the C-O bond shows that the delo-
calization is lower in the hexagons containing oxygen. More-
over, a DI value smaller than 1.0 is indicative either of a strongly
polarized bond or the population of antibonding orbitals.

The computed Bader charges on [OC,,H,]"" are very
similar to those obtained for the periodic system: —0.93 |e| on
oxygen, 0.33 |e| on the three closest carbon atoms, and 0.14 |e]
on the second nearest carbon atoms. We then performed
a chemical bonding analysis on the [0C,,H,;]"*" model frag-
ment using the AANDP tool,*” which provides a description of
localized and delocalized bonds by localizing the valence elec-
trons in 1-center 2-electron bonds (1c-2e), 2-center 2-electron

O O O [ O O

DO b b o

O O O (%] (%]

[oc

+19
72H21]

View Article Online

Edge Article

bonds (2¢-2e), and n-center 2-electron bonds (nc-2e). As shown
in Fig. 4, in our model molecule AANDP localizes 96 2c-2e
bonds between each adjacent C-C atoms (occupation numbers,
ON = 1.99-1.97 |e|) and 21 2c-2e bonds between C and H atoms
at the edges (ON = 1.98-1.97 |e|). In addition, oxygen forms
three ¢ 2c-2e with the nearest carbon atoms (ON = 1.99 |e|). Due
to the difference in electronegativity between carbon and
oxygen (2.55 vs. 3.44), such C-O bonds will be polarized towards
oxygen, explaining the negative charge on oxygen gained from
these three closest carbon atoms.

Moreover, ANDP shows that the additional two electrons
contributed by oxygen are delocalized over a completely
bonding 4c-2e bond, that involves the oxygen atom and the
three nearest carbon atoms (ON = 1.99 |e|). With two delo-
calized electrons populating this bond, the system obeys the
Hiickel rule for aromaticity (4n + 2), with n = 0, making the
system locally 7 aromatic. Aromaticity confers an enhanced
stability on chemical systems and could explain, at least in part,
the reason why, unlike other species in which oxygen is tri-
coordinated, in this case O has a sp> hybridization being almost
planar. Indeed, this geometrical arrangement allows for the
orbital overlap between oxygen and the three closest carbon
atoms. We should highlight that the AANDP analysis was also
carried out on an analogous molecule, which is completely
planar, and the results are identical.

The remaining electrons are delocalized over the hexagonal
rings forming the m system. On the one hand, on each ring
composed of only carbon atoms there is a 6¢c-2e bond (ON =
1.87-1.83 |e|), in agreement with previous works.®® On the other
hand, a 6¢c-2e bond is located (ON = 1.86 |e|) on each of the
three hexagons containing oxygen. Note however, that unlike in
the all-C rings where the bond is clearly fully bonding, in the O-
containing rings the delocalized bond has an antibonding
character, since oxygen is in antiphase with the rest of the
electronic 7 cloud. This filling of the bonds with antibonding
character is consistent with the fact that the DI value for the
C-O bond is smaller than 1 as well as with the pCOHP analysis
near the Fermi energy.

Q 0

C
¢
C
c
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Fig. 3 Delocalization indexes on [OC,H,4]'°* and [C3H,.)*°*. Carbon, hydrogen, and oxygen atoms are depicted in green, white and red,

respectively.
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Fig. 4 AdNDP analysis on [OC,H.4]'*. Carbon, hydrogen, and oxygen atoms are depicted in green, white, and red, respectively.

Overall the bonding picture given by ADNDP on the fragment
molecules can be easily reconciled with the pCOHP results ob-
tained for the graphitic oxygen. According to both models,
oxygen is bonded to the three nearest carbon atoms through
C-0 o bonds, and 7 bonds with both bonding and antibonding
character.

In order to tackle the influence of the w-conjugated system in
the planarity of the trivalent oxygen, the previously built frag-
ment molecules were relaxed at the CAM-B3LYP/6-31G level of
theory, but in their neutral form (charge = 0). When they are
neutral, these molecules have a doublet ground spin state. The
smallest molecule, OC;,H,, is unstable when it is planar and
neutral. In other words, it is not a minimum on the potential
energy surface. However, the remaining molecules, OC;¢Hjs,
0OC,,H,;, OCy50H,;,, and OC,g,H;;, are stable in the Djy
symmetry. The vibrational analysis confirmed that the resulting
molecular geometries have no imaginary frequencies. The fact
that trivalent oxygen cannot be stabilized in the planar and
neutral form in OC;,H, suggests that a w-conjugated system is
required to accept the “extra” electron pair brought by the O
atom. According to our calculations OC3;¢H;s5 is the smallest
organic molecule, and the only molecule in which oxygen forms
three equivalent bonds reported so far, that could accommo-
date a planar neutral trivalent oxygen.

Finally, the energy decomposition analysis with the combi-
nation of natural orbital for chemical valence (EDA-NOCV)
calculations was carried out to complement the previous
investigation. This method provides the most appropriate
model to represent the bonding situation in the equilibrium
geometry. The [OC,,H,;]"" cationic molecule was first opti-
mized and it was found that the Cs and Cs, structures are nearly
degenerate, while the D}, form of the cation is 5.3 kcal mol™*
higher in energy. Nevertheless, as depicted in Tables S1 and S2
the EDA-NOCYV calculations are nearly unchanged regardless of
the symmetry of the molecule, as the bond lengths do not
change and the core of the molecule remains planar.

© 2024 The Author(s). Published by the Royal Society of Chemistry

EDA-NOCV results for the [OC,,H,;]"*" molecule are shown
in Table 1. The best bonding description emerges from the
interaction between neutral O and the charged ligand, both in
their triplet state. The energy decomposition analysis reveals
that approximately 25% of the contribution to the total inter-
action energy comes from electrostatic forces and ca. 75% from
the orbital interaction. Similarly, most of the orbital interaction
is contributed by stabilizing ¢ interactions (AEqp1, AEgp, and
AE,p3 in Table 1) between oxygen and the graphitic ligand. As
shown in Fig. 5, S10 and S11,f the two nearly degenerate
interactions, AE,,1 and AE,,, arise from the electron-sharing
o interaction of the singly occupied 2p AOs of O, while AE,,3
originates from a dative interaction of the doubly occupied 2s
AO of O. Moreover, the deformation density suggests that the
associated o charge-donation mainly goes from the three
directly bonded carbon atoms to the oxygen atom [C;,H,,]™° —
O, indicating that the highly charged ligand is a o donor and the

Table 1 EDA-NOCV results of [OCs,H,i1*°* (Dsp, S) at the BP86-
D3(BJ)/def2-TZ2P level of theory. Fragments are given in singlet (S) or
triplet (T) electronic states. Energy values are given in kcal mol™

Fragments O(T) + [C72Hz:]""(T) 0(8) + [C72H21]"*(S)
AEjn: —316.6 —954.5

AEpauii 475.0 286.5

AEelstat” —233.0 (29.4%) —348.0 (28.0%)
AEgisp” —2.8 (0.4%) —2.8 (0.2%)

AEqm" —555.9 (70.2%) —890.2 (71.7%)
AEorblb —188.7 (33.90/0)

AB o, —188.3 (33.9%)

AB g3 ~109.8 (19.8%)

AB s —27.2 (4.9%)

ABorp(rest) —41.9 (7.5%)

% The values in parentheses give the percentage contribution to the total
attractive interactions AEgsac + AEom + AEgisp. 5 The values in
parentheses give the percentage contribution to the total orbital
interactions AEqy.
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AE__ =-27.2 kcal/mol
orb4

AE_ =-109.8 kcal/mol
orb3

Fig. 5 Plot of deformation densities Ap of the orbital interactions
between the two fragments of O (T) and [C7oH(]*°*(T) in [OC/,H '+
together with the associated interaction energies AE,, (in kcal mol™).
The direction of the charge flow is from red to blue.

neutral oxygen atom is a ¢ acceptor. This scenario correlates
well with the previously proposed C-O ¢ bonds which are
polarized, leading to a negative charge on O. This seemingly
paradoxical charge migration becomes understandable when
one realizes that the positive charge on the ligand is localized at
the outermost atoms, revealing that the graphite ligand behaves
like a Faraday cage. In addition to such a strong ¢ bonding
associated with the ligand to oxygen donation, a comparatively
weak 7t interaction is found in the opposite direction, i.e., from
oxygen to the ligand. AE,ps comes from the 7 donation
[C;2H,1]"" < O. The shape of the deformation density indi-
cates that the 7w donation from O to C essentially only affects the
carbon atoms located in the three rings with a common oxygen
atom in the center, as observed in the AANDP analysis.

It is noteworthy that the [OC3;sH;5]™ molecule was addi-
tionally tested in both the cationic and anionic forms. The EDA-
NOCV results are shown in Fig. S12, S13, Tables S3 and S4.1 The
analysis reveals the same trends as in the larger molecule.
Moreover, the bonding between oxygen and the graphitic ligand
in the highly charged cation is very similar, in terms of total
interaction as well as the type of interaction, to the neutral
system. In fact, the interaction energies and the energy
components are very similar. These results suggest that the
effect of the charge is confined to the outer sphere, with a minor
effect on the bonding in the center of the molecule, supporting
the use of the fragmental approach to study the graphitic

oxygen.

4. Conclusions

Oxygen is usually divalent, forming two chemical bonds,
although there are a few exceptions to this rule among the
known organic compounds: the hydronium molecule, H;0,
and oxonium salts. However, in the recent experimental finding
by Hofer et al' the tricoordinated oxygen embedded in
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graphene is so striking because, unlike molecular oxonium
ions, the oxygen atom is not positively charged, it displays
planar or quasi-planar coordination and it is integrated into an
extended system. These features make the chemical arrange-
ment of oxygen unique. In this theoretical work, using a variety
of state-of-the-art methods and combining periodic calculations
with a fragmental approach we tried to unravel the factors
influencing the stability of this exotic species. A c-donation
from the graphitic ligand to oxygen and a m-backdonation in the
opposite direction are identified. Importantly, the electronic
structure indicates aromatic stabilization for at least part of the
regions of delocalized bonding. In fact, the system is found to
have local  aromaticity, with a delocalized 4c-2e bond that
involves the oxygen atom and the three nearest carbon atoms.
Finally, the framework in which oxygen is embedded plays
a pivotal role on the stabilization. In fact, the m-conjugated
system helps to delocalize the “extra” electron pair in the virtual
orbitals. In this way, a set of organic molecules containing
planar and neutral trivalent oxygen is theoretically proposed for
the first time.
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