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INTERACTION OF QUINTET OXYGEN O2(°Ilg) WITH BENZENE IN THE
RAREFIED GAS PHASE

The oxygen molecule plays an important role in the biosphere. It participates in the
respiratory aerobic processes of life, protects living organisms from harsh solar radiation
and is responsible for the processes of combustion and slow oxidation. The details of many
chemical and physical phenomena involving the O2 molecule are associated with the presence
of low-energy singlet excited states, a nonzero magnetic moment in the ground triplet state
and the metastable quintet state of the oxygen molecule. Electronic transitions between these
states in the electric dipole approximation are strictly forbidden by spin, by orbital angular
momentum projection, and by parity. Delocalization of the spin density, change of the &
electronic structure due to O2(°1y) collision with aromatic molecule has not been studied so
far. Such studies may help to understand the mechanism of energy transfer upon interaction
between aromatic molecules and metastable O,=. Therefore, we study here the properties of
the O.(71j) + CeHs complex because benzene is an aromatic molecule with a high
polarizability. In our paper we present study of the O,(°ITy) interaction with benzene molecule
using the powerful UB3LYP/6-311++G(d,p) approach of DFT method. We have started from
the very big collision distance of 3 A and performed geometry optimization until we get a
tightly bound addition product. This leads us to the formation of two new C-O" bonds in the
associate of O2(°I75) molecule and benzene without barrier. By using such a simple approach,
we were able to purify the configuration state function, which is a complicated multi-electron
problem that occurs at the first-principles computational level. Collected results are very

55


mailto:alexander.gokhman@gmail.com
mailto:alexander.gokhman@gmail.com

Cepis «Di3zuko-MaTeMaTH9HI HayKn», 2021

important in estimating the effect of oxygen on the aromaticity and reactivity of benzene and
other organic unsaturated substances.

Keywords: quintet oxygen, nightglow, density functional theory, spin density, electric
polarization.

1. Introduction

The lowest quintet excited state of the oxygen molecule O2(°I1g) is a highly metastable
product of the O(3P) + O(3P) recombination reaction, which occur in the upper atmosphere.
At the height of about 80-110 km concentration of the ground state O(*P) oxygen atoms is
comparable with the Oz concentration, because of efficient photo-dissociation in the
Schuman-Rung continuum B3, « X334~ under the strong UV solar radiation in the Earth’s
upper mesosphere and lower thermosphere (MLT) region [1-5]. Thus, the permanent atomic
recombination in the MLT part of our atmosphere leads to production of all possible O>
excited states lying below the dissociation limit 5.1 eV. These are well-know A3%,*, A’ 3Au,
¢y, biEgt, a®Aq excited states; the ground X%, state also can be produced [1, 2]. These
states are generated upon tree-body recombination O(P) + O(P) +M = O2* + M with equal
probability according to their statistical weight; here M is N2 or O2 molecules from the low-
pressure atmospheric environment. The physically stable O2(°I1y) state, which energy lies just
below the dissociation limit (at about 5 eV), was discovered quite recently [3-5] and have
been included into the kinetics model called “multiple airglow chemistry” (MAC) scheme [1].
In the rarefied gas of MLT region all the excited O2* molecules can survive during short
radiative lifetime, but this is enough to produce energy transfer to the nearby oxygen atom
exciting it to the metastable O(*S) state, which can emit green line at 557 nm in the spin-
forbidden O(*S — °P) tranision. This green light was observed by Angstrém in the nightglow
of atmosphere for the first time one hundred fifty years ago [4]. The notion that nightglow
comes to us from the altitude 80-110 km of MLT region and includes also emission of singlet
oxygen was realized much later [1-6]. But the role of the O,(°II,) state in these processes is
still unknown.

2. Results and discussion

In order to explain the nightglow the MAC scheme comprises a big number of radiative
and non-radiative transition rates for various O>* states and collisions [1,4], but the
knowledge about physico-chemical properties of the O(°Tlg) quintet molecule are rather
limited. The O2(°ITg) molecule cannot relax to the low-lying A®X,*, A’ 3Au, c'Z, -, b'Xq* states
since there is no spin-orbit coupling (SOC) between these state. The quintet-singlet and “g-u”
mixing by SOC is forbidden [7-9]. The only allowed way for relaxation is the O2(°Ilg) —
02(X3%4") non-radiative channel through interaction by SOC at long intermolecular distance
(r). This region is characterized by fast passing upon recombination and such relaxation rout
is not efficient. Potential energy curves of these two states show a crossing around
internuclear distance r=2.2 A, which is much larger than the quintet O2(°Ilg) state equilibrium
(Fig. 1) (r=1.913 A) [4]. Thus, the lowest zero vibrational level of the O(°I1g) quintet state
has no effective rout of electronic relaxation in free oxygen molecule. Thus, the state O,(°I1g)
is expected to be metastable; its lifetime is measured to be longer than 2 s at pressure of 4—9
Torr [4]. Upon collision the spin-selection rules can be violated, but the intramolecular
interactions still dominate. In our work [4] we have studied recently the chemical reactivity of
the quintet O2(°I1g) molecule in terms of density functional theory (DFT) [7]. Chemical
reactions with Noble gases, N2, CO2, H20O molecules have been calculated with the spin-
unrestricted B3LYP functional and stable complex formation predicted. The most tightly
bound H20...02 (°T1y) system exhibits binding energy of 19.6 kJ/mol being twice as much
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comparing the strongest Noble complex Xe...O, (°Ilg) [4]. The tight chemical product was
predicted for O2(°Ily) reaction with the Mg(!S) atom, which is abandon in the meteoritic
clouds in the mesopause MLT range at about 90 km altitude. Huge dissociation energy (Do =
266 kJ/mol) of the >A; quintet state was obtained for excited MgO2 molecule [4]. The quintet
°A; state of this product is much more stable than the ground 3A; state of magnesium peroxide
(Do =61 kJ/mol) [4].

About 50 tons of interplanetary meteoritic dust fly into the upper atmosphere of our
planet every day. Meteor ablation is responsible for the growth of Mg, Ca metal atoms layers
1-2 km thick, which spread globally at the MLT altitudes. Interaction of quintet O2(°Ilg)
species with Mg atom produces tightly bound MgO2(°A1) molecule, which can survive during
0.6-2.4 ps before relaxation to the ground state. This lifetime is estimated by SOC account
(36 cm™) between °A; and 3A; states with energy gap of 2.83 eV; vibrational modes are
calculated at the quintet state optimized geometry. Intersysten crossing rate is rather slow and
the lifetime is long enough in order produce important kinetic sequencies in the framework of
MAC scheme.

These predictions can be tested also in laboratory. Vaporization of solid MgO:
accompanied by laser (440 nm) excitation with flash photolysis can provide information on
the ®A; state. Our SOC calculation predicts oscillator strength 3.2 x 1078 for the SA; « 3A;
transition, which could be observed also in emission with radiative lifetime 0.09 s. The strong
interaction of O2(°Ilg) species with Mg encouraged as to calculate the quintet dioxygen
collisions with aromatic organic molecules, which possess high polarizability and interesting
photo-physical properties. DFT method permits to calculate quintet state, which corresponds
to O2(°Ig) interaction with ground state aromatic molecule.
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Fig. 1. Potential energy curves of low-lying O2 quintet states.
Puc. 1. KpuBi noTeHmiagboi eHeprii HU3bKO JIe)kaunx KBIHTETHUX cTaHiB O.

Here we present our study of the O2(°Ilg) interaction with benzene molecule using the
same UB3LYP/6-311++G(d,p) approach of DFT method [7]. Starting with collision distance
of 3 A we performed geometry optimization and obtained a tightly bound addition product
shown in Fig. 2. The O2(°I1g) molecule is attracted by benzene without barrier and dissociates
providing two new C-O’ bonds. Each oxygen atom bears non-paired electron spin and two
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non-paired electrons are delocalized in the benzene ring (Fig. 2b). The adduct shows strong
electric polarization especially in the low part of the ring (Fig. 2a). This is very unusual
species, which release big energy upon O2(°I1g) + CsHg addition reaction (Do = 59 kJ/mol).
The benzene ring remains to be almost planar (deviation from planarity is 4,4°). The upper
part of the ring has shorter C—C bond lengths (1.384 A), but the middle and lower C-C links
(1.502 and 1.496 A, respectively) are longer than those in the free benzene molecule (1.395
A). The valence angle H-C-O is equal 99.98° being far from the tetrahedral one (109.45°).
Spin density shows quait strong alternation in the benzene ring (Fig. 2). The calculated dipole
moment is equal 3.42 D being oriented perpendicular to the ring.
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(a) (b)
Fig. 2. Atomic charges (a) and atomic spin density (b) in the quintet state of the
product of the CsHs + O, (°I1g) addition reaction.
Puc. 2. AtomHi 3apsiiu (a) Ta aTOMHA CIiHOBA I'ycTHHA (0) y KBIHTETHOMY CTaHi MPOAYKTY
peaxuii npueananns CsHe + Oz (°I1g).
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Fig. 3. The most weakly bound collision complex between benzene and the quintet
oxygen O(°IT) molecule.
Puc. 3. Hait6inbim cadbKko 3B's13aHUNA KOMITIEKC 3ITKHEHb MIXK OE€H30JI0M 1 KBIHTETHOIO
Monekyoro kucHio O2(°I1)
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We also optimized a weak collision complex (Fig. 3) with bonding energy of 5.2
kJ/mol. Dioxygen molecule in this case does not dissociate, but only slightly deformed upon
rather weak intermolecular interaction. The distance between nearest C and O atoms is equal
2.35 A. The terminal O atom has negative charge (—0.15 e), while the “bound” oxygen atom is
almost neutral (0.03 e). Electric polarization in benzene ring is rather moderate.

Spin density distribution shows a small spin transfer from dioxygen; only 3.705 instead
of 4 non-paired spins resides on O, moiety. Aromatic benzene ring withdrows a large part of
dioxygen spin density inspite of the weak collision. The largest spin density (0.114) is
concentrated on orto-carbons of benzene. The O—O bond is longer (1.93 A) than in free O2
(°Ig); this means that aromatic ring produces rather strong perturbation in the highly sensitive
02 (°Ig) species. All optimized structures show only real vibration frequencies. Calculations
are performed with the Gaussian-09 code [7]. The weak complex (Fig. 3) and stable quintet
product (Fig. 2) exhibit peculiar properties, which differe from all stidued associates between
triplet O, (X3%y") molecule and various organic and inorganic species, including transition
metal compounds with high electronic spin [8-22].

3. Conclusions

This study is a preliminary approach to establish the problem of O (°I1g) chemistry at
the classical adiabatic level. A spin-unrestricted DFT method was applied for geometric
optimization of the lowest singlet state in reaction with CsHe. By using such a simple spin
fixation, we were able to purify the configuration state function, which is a complicated multi-
electron problem that occurs at the first-principles computational level. It was revealed, that
the CsHs—O2 (°I1g) complex exhibits both weak stability and strong stability (5.9 kJ/mole and
52 kJ/mole, respectively) by oxygen fixation in different potential wells. This result is very
important in estimating the effect of oxygen on the aromaticity and reactivity of benzene and
other organic unsaturated substances. In the future, it will be necessary to perform similar
calculations for other solvent molecules with account of correlation and relativistic effects.
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B3AEMOJIA KBIHTETHOI'O KUCHIO O2(°Ilg) 3 BEH30JIOM Y ®A3I
PO3SPIIKEHHOI'O I'A3Y

Monekyna xuchio gidiepae sadicaugy poas y 6iocgepi. Oz bepe yuacmo y pecnipamopho-
AepoOHUX NPoYecax HCUMms, 3aXUWAE IHCUBT OP2aHI3MU 610 IHCOPCMKOIL COHAUHOI padiayi,
8i0nosidac 3a npoyecu 2OpiHHA Ma NOBLILHO20 OKUCAEHHA. [lemani 6azamvox XiMIiUHUX i
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Qisuunux aeuw 3a yuacmio monexkyiu Oz noe’sa3ani 3 HAAGHICMIO HU3bKO-EHEP2emUuYHUX
CUHCTIEMHUX 30Y0CeHUX CMAHIB, BIOMIHHO20 B8I0 HYIs1 MACHIMHO20 MOMEHMY 8 OCHOBHOM)
MPUNIEMHOMY CMAHI Ma MemacmadilbHo20 KEIHMEMHO20 CMAHY MOLeKYIU KUCHIO.
Enexmpounni nepexoou migc yumu cmanamu 8 HAOIUICEHHI eleKMPUUHO20 OUNOJISL CY80PO
3a00poHeHi CRIHOM, NPOEKYIEI0 OpOIMaAIbHO20 KYmMOo8o2o Momenmy i napricmio. Takooic 0oci
He 8UBYEHA 0eNlOKANI3aYis 3MIHU 2YCMUHU TT-eJleKMPOHI8 BHACIIOOK 3IMKHEHHS APOMAMUYHUX
monexyn 3 memacmabinenum O2* Taxi OocniddceHnss MoOiCymb O00NOMOSMU 3PO3YMIMU
MexXaHism nepeHocy eHepeii npu 83aEmMoOii Midc apoOMAMUYHUMU MOJLEKYAAMU Md 02(5179).
Tomy mu eueuaemo enacmueocmi komnnexcy On(°Ily) + CeHe, ockinvku 6enzon e
ApoOMAamu4HoOI0 MOJIEKYI010 3 GUCOKOI NONApuU3yemMicmio. Y Hawili pobomi npedcmasieHo
docnioxcenns e3aemooii O2(°Iy) 3 Monexynoo 6en301y 3a 00NOMO2010 NOMYIUCHO20 NIOXOOY
UB3LYP/6-311++G(d,p) 3a memooom DFT. Mu nouanu 3 oyaice senuroi 6i0cmani 3imKHeHHs.
6 3 A i nposoounu onmumizayito 2eomempii, nNoKu He OMPUMANU WITLHO 36 A3aHUTL NPOOYKIM
npueonants. Lle npuzeooums 0o ymeopenns 06ox Hosux 36 ’a3kie C-O° 6 acoyiami monexyiu
02(°I1y) i 6ensony 6ez 6bap’epy. Buxopucmosylouu maxuii npocmutl nioxio, Mu 3mo2uu
oyucmumu  QynKyito cmamy KoHQicypayii, AKka € CKIAOHOKW 0a2amoeneKmpoHHo
npoonemMoro, W0 GUHUKAE HA OOYUCTIOBANLHOMY DI6HI nepuio2o npunyuny. 3i6pani
pe3yibmamu oyxce 8adcIugi OJisl OYIHKU BNIUBY KUCHIO HA aApOMAMUYHY Mda peaxkyinHy
30amHicms 6€H301y Ma IHUUX OPSAHIYHUX HEHACUYEHUX PEYOBUH.

K11040Bi cj10Ba: KBIHTETHUI KUCEHb, HIYHE CBITIHHI atMocdepH, Teopis PyHKIIOHATY
T'YCTHHHU, CIIIHOBA T'YCTHHA, CJICKTPUYHA MOJISPU3AILiL.
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