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Abstract: The carbon suboxide anion C;0, is generated in
solid neon matrix. It is characterized by infrared absorption
spectroscopy as well as quantum chemical calculations to have
a planar C; structure where two CO groups with significantly
different bond lengths and angles are attached in a zigzag
fashion to the central carbon atom. Bonding analysis indicates
that it is best described by the bonding interactions between
a neutral CO in a triplet excited state and a doublet excited state
of CCO™.

Carbon suboxide with a chemical formula C;0, is a long
known stable dioxide of carbon.!!l Early spectroscopic and
electron diffraction investigations suggest that the molecule
has a symmetrical linear structure.’® The bonding was
conventionally described in common textbooks as linear
cumulene valence structure O=C=C=C=O involving four
double bonds.™ Later high resolution infrared spectroscopic
investigations indicate that the molecule is bent with an angle
of 156° at the central carbon atom in the gas phase.” This is in
excellent agreement with high level ab initio calculations at
the CCSD(T)/cc-pVQZ level, which predicted a bond angle
of 155.9°.1! The bending potential is very flat (< 0.5 kcal
mol™), and the molecule becomes linear in the solid state.”
The deviation from linearity and the very shallow bending
potential of carbon suboxide are difficult to explain with the
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standard electron-sharing bonding model of a cumulene,
while it becomes plausible when the donor-acceptor model is
employed.®! The ground-state of bent C;0, molecule can be
classified as a dicarbonyl complex of carbon in its 'D excited
state with an electron configuration (2s)° (2p,)* (2ps)°
(2p, )% Thus, C;0, is a divalent carbon (0) complex
termed as carbones.”

The positively charged C;0," complex has also been
generated in the gas phase, which was characterized to have
a bent C,, structure with a more acute bending angle than in
neutral C;0,.'"! The smaller bending angle of the cation
relative to the neutral comes from the weaker OC—C—CO
ni-back donation interaction than that in the neutral complex.
In view of this, one would expect that the negatively charged
C;0,” anion should have linear or near linear structure.
Previous thermal electron attachment experiment in the gas
phase showed that C;0, can capture thermal electrons,'? but
the formation of a stable negative ion is not achieved in the
form of C;0,” as C;0, was predicted to have a negative
electron affinity.™® The negative ions were suggested to be
stabilized in the form of a dimer or other complex negative
ions." Tt is known that the anions of species with a negative
electron affinity such as CO, ™ can be trapped and stabilized in
low temperature solid noble gas matrices.'¥ Here we show
that the isolated carbon suboxide anion C;O,  can be
prepared in solid neon matrix. Infrared spectroscopy in
conjunction with state-of-the-art quantum chemical calcula-
tions confirm that the anion has an unexpected non-linear
structure where two CO groups with significantly different
bond lengths and angles are attached in a zigzag fashion to the
central carbon atom, which can be regarded as bonding
between a neutral CO fragment in a triplet excited state and
a doublet excited state of CCO™ fragment.

The C;0,™ anion was produced by concurrent codeposi-
tion of pulsed laser-ablated metal atoms and electrons with
C,0,/Ne mixtures at 4 K as described in detail previously."
The product species are detected by infrared absorption
spectroscopy employing a Bruker Vertex 80 V spectrometer
at 0.5 cm™! resolution using a liquid-nitrogen cooled mercury
cadmium telluride (MCT) detector. Carbon suboxide was
prepared by heating a mixture of malonic acid and excessive
P,Os at 140°C in a glass vessel that is connected to the
dynamic vacuum line.”® The sample was purified via several
freeze-pump-thaw cycles before use. Experiments were
performed using over 10 different metal targets. A group of
product absorptions at 2075.7, 1738.1, 1403.0 and 811.5 cm™
are observed after sample deposition at 4 K, which get
decreased together upon red light (625 nm) irradiation, and
almost disappear under blue light (440 420 nm) irradiation.
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Their intensity cannot be recovered on subsequent sample
annealing to high temperatures. The difference spectrum
shown in Figure 1 clearly demonstrates that along with the
elimination of this group of product absorptions, the absorp-
tions of neutral C;0, increase in concert. This group of
product absorptions is observed in all the experiments with
different metal targets, indicating that the absorber is metal
independent and is due to a reaction product involving the
common reagent, namely the electrons produced in the
pulsed laser ablation process. All the four absorptions are red-
shifted when a “C(**CO), sample is used (See Table 1). The
experiment with equal molar mixture of C;0, and “*C(**CO),
confirms that only one C;0, unit is involved in the absorber
(Figures S1 and S2). An additional experiment was performed
by adding CCl, to serve as an electron trap to verify that the
observed species is an anion.'""! As shown in Figure S3, this
group of product absorptions is almost absent from the
spectrum with 0.025% CCl, added to the neon matrix gas.
These experimental observations indicate that the observed
absorptions can clearly be assigned to the C;0,  anion.

We calculated the equilibrium geometry and the vibra-
tional spectrum of the C;O, anion at the CCSD(T)-Full/
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def2-TZVPPD level of theory in order to verify the exper-
imental assignment. Figure 2 shows the computed geometry,
and the bond lengths and angles. The C;O,  anion has
a planar but otherwise highly asymmetric structure where two
CO groups with significantly different bond lengths and
angles are attached in a zigzag fashion to the central carbon
atom with a bending angle of 144.4°. One CO group has
a rather short C-CO bond length of 1.274 A, which is even
shorter than in neutral C(CO), (1.284 A)! whereas the other
CO group has a much longer C-CO bond with an interatomic
distance of 1.381 A. The latter carbonyl ligand has a bending
angle of 137.1° and a longer C-O distance of 1.217 A whereas
the former CO group is nearly linearly bonded with a bending
angle of 172.8° and a C—O bond length of 1.206 A. The
electronic ground state of the C;O,  anion is *A’. The
molecule is thermodynamically stable at 298 K for loss of
one CO by AG*® =30.8 kcalmol . The total binding energy
of two CO ligands is AG*®* =100.6 kcalmol~". Table 1 shows
also the calculated vibrational frequencies and isotopic
frequency shifts of the four observed vibrations of C;0, .
The calculated wavenumbers of the harmonic vibrations
are as usual slightly higher than the experimental inharmonic
modes. The otherwise
excellent agreement
between the experimental
and calculated vibrational
frequencies and particu-
larly the frequency shifts
of the BC(**CO),” isomer
leave no doubt that the
observed species is the
C,0,” anion in the 2A’
J electronic ground state.
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tronic structure and bond-
ing situation of the C;0,~
anion with various charge-
and energy decomposition
methods. Figure2 gives
also the atomic partial
charges using the NBO 6.0
method.'"”!  The central
divalent carbon atom

\ We analysed the elec-
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Figure 1. IR difference spectrum in the 2400-500 cm ™

spectrum taken after 30 min of sample deposition at 4 K.

T
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region from co-deposition of laser-ablated boron atoms
and electrons with 0.05% C;0, in neon. Spectrum taken after 10 min of blue light irradiation minus the

carries a large negative
charge of —0.75 e, which is
the same as for the much
more electronegative
oxygen atoms. The spin
density distribution of the
unpaired electrons is also

I I
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Table 1: Experimentally observed (in Ne) and calculated vibrational frequencies and the isotopic frequency shifts A (cm™) of C;0,.

Exptl. Calcd.
12C,0, uc(wzco)[ A 2C.0,” ”C(HCO)[ A
2075.7 2058.3 —-17.4 2126.2 2106.2 —20.0
1738.1 1732.6 —5.5 1761.1 1755.8 —53
1403.0 1376.7 —26.3 1429.1 1402.0 —27.1
811.5 806.5 —5.0 8423 835.8 —6.5
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Figure 2. Calculated equilibrium geometry (left) and spin density distribution (right) of C;O,™ at the CCSD(T)-Full/def2-TZVPPD level. Bond
lengths are in [A] and bond angles are in [°]. The bond dissociation energies are in kcalmol™". The partial natural charges on each atomic centre
are given in square brackets. The value of natural spin density on each atomic centre is given in e unit. The isovalue is 0.02 au.

shown in Figure 2. It is apparent that the CO group, which has
a longer C-CO bond, carries most of the spin density. Since
the energetically most accessible dissociation pathway is the
loss of one CO group (Figure 2), we envisaged the C;0,~
anion as the product of CO addition to the CCO™ anion.
Calculations using the EDA (Energy decomposition analy-
sis)"®! method in conjunction with the NOCV (Natural
Orbitals for Chemical Valence)™ approach are performed.
The results using the fragments CCO™ and the distant CO
group in different electronic states as interacting moieties are
given in Table S1 of Supporting Information. The results

cO

showed that the bonding situation is best described using CO
in the °IT excited triplet state and the CCO™~ anion in the
excited °Z state. This comes from the lowest orbital relaxation
energy AE,, of the EDA-NOCV™) calculations when the
triplet state of CO and the excited % state of CCO™ rather
than the other electronic states are employed, which has been
proven as useful measure for finding the best fragments for
the orbital interactions.”!! Figure 3 shows the orbital correla-
tion diagram for the orbital interactions between triplet (°IT)
CO and doublet (°) CCO™. The unpaired electrons in the
o MOs of CO (50) and CCO~ (70) form a strong electron-

CCO-

Figure 3. The bonding scheme of the C;O,™ anion, qualitatively illustrating the bonding interactions between CO and CCO™. The canonical Kohn—
Sham frontier valence MOs of CO, CCO™ and C;0, are plotted with isosurfaces =0.03 au.

www.angewandte.org © 2020 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

Angew. Chem. Int. Ed. 2021, 6o, 4518 —4523


http://www.angewandte.org

Angewandte

GDvCh Communications e RO Chemic

sharing bond whereas the unpaired electron in the 2mr MO of = becomes obvious by inspecting the associated deformation
CO interacts with the electrons in the fully occupied 2m MOs  density Ap;, and the connected fragment orbitals, which are
of CCO™. But the two fragments approach each other in  displayed in Figure 4. The second strongest orbital term
a non-linear fashion,

which makes it possible

that the in-plane o and Ap [COT (D) [CCOT (D)

. MOs mix. The
unpaired electron in

the 2t MO of CO can

also couple with the

unpaired electron of 4 SOMO-1

CCO". A more :

detailed and quantita-

tive analysis of the SOMO
orbital interactions is AEoy= -201.3; jvi| = 0.96

provided by EDA-
NOCYV calculations. Apay SOMO

Table 2 shows the
numerical EDA-
NOCV  results of
C;0,” using CCO™ in
the 22 doublet state and
the more distant CO
(I) ligand as interact-
ing fragments. The

e

results show that the AEob)= -40.9; |[v2] = 0.56 LUMO AOROS
attractive interactions A

have a slightly more Q)

covalent character

(AE,,=59%)  than

electrostatic origin
(AEelslal =41% ) The

breakdown of AE,, in e
pairwise orbital inter-

actions suggests that

the dominant contribu-

tion AE,,; comes AEoo(3p)= -19.7; |vsg| = 0.24 SOMO
from the electron-shar- Ape)

ing interaction between
the unpaired electrons HOMO
of (’II) CO and the
unpaired electron of

SOMO

Figure 4. Plot of the deformation densities Ap and the connected most important fragment orbitals at the M06-2X/
) B . TZ2P//CCSD(T)-Full/def2-TZVPPD level, which are associated to the orbital interactions AE, ;) —AE,ws) in GO,
(*Z) CCO™, which pro-  petween the fragments (*I1) CO and (*X) CCO™ as interacting moieties (Table 2). The orbital energy values are
vides 69 % of the cova-  given in kcalmol™. The charge flow of the deformation densities is red —blue. The isosurface value is 0.001 au.
lent bonding. This Charge eigenvalues |v| show the total electron movement.

Table 2: EDA-NOCYV results at the M06-2X/TZ2P//CCSD(T)-Full/def2-TZVPPD level of C;0, using the fragments (’IT) CO and (°Z) CCO™ as
interacting moieties. Energy values are given in kcalmol ™.

Energy Orbital Interaction (II) CO + (=) CCO™
AE,, -230.7

Au 258.6

AEetahybria 6.1

AE g —204.1 (41.2%)
AE,," ~291.3 (58.8%)

AE )" [OCJ-[CCOJ electron-sharing o bond —201.3 (69.1%)
AEqp)"” [OC]«[CCO]™ m-backdonation —40.9 (14.0%)

AEq " Polarization and [OC]«[CCO]" o bonding ~19.7 (6.8%)
Ao ~29.4 (10.2%)

[a] The values in parentheses give the percentage contribution to the total attractive interactions AE .. + AE,y. [b] The values in parentheses give the
percentage contribution to the total orbital interactions AE,,.
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AE ;) comes from the [OC]—[CCO]" m backdonation
whereas AE ) is due to a mixing of the 2 HOMO and
the 70 SOMO of CCO™ and coupling with the 2x* SOMO of
CO. The remaining stabilizing orbital interactions come
mainly from the polarization of the fragments. We want to
point out that the deformation densities Ap;, and Ap,) shown
in Figure 4 come from adding the deformation densities of the
o and f electrons, which opposite directions. The individual
one-electron components of Ap,y, and Apg are shown in
Figure S5 of Supporting Information. The electron flows of
the o and f3 electrons explain the negative value of the spin
density at the central carbon atom of the C;O,™ anion.

The information about the bonding situation in the C;0,"
anion gained by the EDA-NOCYV analysis may be expressed
in the Lewis type picture shown in Figure 5, which qualita-
tively depicts the nature of the interatomic interaction. There
is an electron-sharing o bond and a one electron dative & bond
between the [CCO] moiety and the left CO group, which has
three lone-pairs at oxygen and one lone-pair at the carbon
atom. There are further mesomeric forms, which can be
depicted for the C;0,™ anion. But one must be aware that the
very useful Lewis structures are only a qualitative and rather
crude description of the actual electronic structure of
a molecule. Chemical binding theory has evolved greatly in
recent decades, and methods such as EDA-NOCYV are now
available to provide more detailed information about the
nature of interatomic interactions.

_6
10-C

Figure 5. Sketch of a possible Lewis structure of the C;O,™ anion.

;?c=c=6|

We have also calculated the geometries and bond
dissociation energies (BDEs) of the isoelectronic species
N(CO), and O(CO),", which have not been observed so far.
Figure S4 of Supporting Information shows that both mole-
cules have a similar C, equilibrium geometry and a A’
electronic ground state. The difference between the bond
lengths of the two CO ligands to the central atom in the
E%(CO), molecules increases with the order of C- < N < O,
The calculated BDE for CO loss indicates that N(CO),
(AG*®=135kcalmol™") and O(CO)," (AG*®=21.0kcal
mol™") may be observable under appropriate experimental
conditions.

In summary, we report the generation and spectroscopic
characterization of the C;0,  anion, which according to
quantum chemical calculations has a planar C, symmetry
where two CO groups with significantly different bond
lengths and angles are attached in a zigzag fashion to the
central carbon atom. Bonding analysis indicates that it is best
described by the bonding interactions between a neutral CO
in a triplet excited state and a doublet excited state of CCO ™,
in contrast to the neutral and cation, both of which have
symmetric structures that can be classified as dicarbonyl
complexes of carbon atom or cation.
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