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Some ab initio thoughts on the bonding in OsH

Apostolos Kalemos

Department of Chemistry, Laboratory of Physical Chemistry, National and Kapodistrian University of Athens, Athens, Hellas

ABSTRACT _ ARTICLE HISTORY
We study the ground X?A” state of OsH (= 0,0,0H) with single (RCCSD(T)) and multi (MRCI) ref- Received 6 July 2020
erence correlation methods in order to shed some light on its bonding mechanism in connection Accepted 24 July 2020
with its low dissociation energy and rather long bond distance (0,0, —OcH). For such a task all three

L . ; . KEYWORDS
dissociation/formation paths were considered (O, + OH, O + O,H, and O3 + H) and the associated 03H; nonadiabatic coupling
nonadiabatic coupling matrix elements were examined. It appears that the excited states of the elements

above asymptotic fragments participate in the equilibrium wavefunction of OsH in a way that results
in a symmetry broken structure.
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1. Introduction . . . .
experimental and theoretical attention due to its atmo-

The hydridotrioxygen (O3H=0,0,0H) radical is a  spheric importance and purely academic interest; see
fascinating molecular species that has received considerable e.g. Refs. [1-10] and references therein for a detailed
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historical account. From a purely academic point of
view the intricate features of its chemical bonding and
geometric equilibrium parameters nurtured a cease-
less quest to unravel these mysteries; see e.g. Ref.
[1]. In particular, the unexpectedly long OO, bond,
ro(exp) = 1.688 A[11] and the surprisingly low dissocia-
tion energy (O,Op—OcH), Dy(exp) =293+
0.07 kcal/mol [12] seek for rationalisation. The purpose
of this computational study is therefore to illuminate all
these interesting questions.

2. The OzHsaga

It is quite tempting and thought provoking to start think-
ing on this species by considering its equilibrium struc-
ture (for our purposes the most stable trans-isomer will
be considered throughout the current study, the analysis
provided holds true for the cis-isomer as well). We will
rely on the results suggested by Bartlett et al. [7] of semi
experimental character shown in Scheme 1.

These geometrical features trigger the following com-
ments and thoughts. The r(0,0p) = 1.215 A is practi-
cally identical to the equilibrium distance of O; in its first
excited a! Ay state (T,(exp) = 7918.1 cm™! = 0.982eV
and r.(exp) = 1.21563 A) [13] and this implies that the
0y (= 0,0y) moiety is in situ found in this par-
ticular excited state. This was only lately recognised
[8] on the basis of nonadiabatic coupling matrix ele-
ments (NACME) between the first two adiabatic poten-
tial energy profiles (PEP) of 2A” symmetry correlating
to O (X’ 2;) + OH(X?I) and O; (a' A) + OH(X*TI),
respectively (see Figure 1 for current results).

As strange as it may sound this is also the case in the
simpler but similar O,H species. Its ground X?A” state
relates diabatically to O, (alAg) although its adiabatic
end product is clearly O, (x3 Zg_ ) (see Figure 2). We can
certainly ask why O, gets excited to a' A, upon interac-
tion with either H (2S) or OH (X2I1) and does not remain
in its ground X° ¥ ¢ state?

A rationalisation may be given by the GVB results
of the ground O, (= 0,0) state [14] that pre-
dict one o bond (2p,(0,)-2p,(0Oy)), two 7 bonds
through the complete delocalisation of the 2p2(0,) and
2p§ (Op) electron pairs towards Op and O,, respec-
tively, and two one electron [15] = bonds through the

1.663 A
1.215;’\/0K H
. 96.1°
c

Scheme 1. Equilibrium molecular parameters of trans-OsH
(X2A") of semi experimental character; see Ref. [7] for details.
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Figure 1. NACMEs between the first four OsH (2A”) states along
the O, + OH dissociation path at the MRCl/cc—pVTZ computa-
tional level. The arrow in both curves point to the barrier’s height.
The geometry of the molecular fragments is at the equilibrium
structure of O3H.

complete delocalisation of the 2p}1,(0a) and ZP,IC(Ob)
electrons towards Oy, and O,, respectively. The delo-
calisation energy amounts to ~ 100 kcal/mol [16] or
even more [17] and it seems that this is the rea-
son for its chemical inertness. This stabilisation energy
is diminished by 0.982eV (= Te(alAg <—X32g’)) in
alAg whose A;(C;,) component share the same elec-
tronic distribution with the ground X3 T, state dis-
regarding their different spin symmetry. The addition
of H to O, in order to form O,H (X%A”) localises
its w(a’) electrons and reduces rather significantly the
delocalisation of its 7 (a”) electrons [18]. As a conse-
quence of this electronic rearrangement the OO bond is
now 7,(O — OH) = 1.335 A (RCCSD(T)/cc-pVTZ, see
Table 1 and experimental value [19]) versus 1.21563 A
(= re(alAg)) [13] while the O-O bond strength is
D,(O-OH) = 63.2kcal/mol (RCCSD(T)/cc-pVTZ) as
compared to the experimental value of D.(O, in
alAg) = De(X3Zg’) - Te(alAg) = 117.96 kcal/mol -

22.65 kcal/mol = 95.33 kcal/mol [13]. The addition of a
second H atom to form HOOH (X'A’) further enhances
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Figure 2. NACME between the first two O,H (2A”) states along
the O, + Hdissociation path at the MRCl/cc—pVTZ computational
level.

this electronic rearrangement, the OO bond length
is r,=1.458 A (RCCSD(T)/cc-pVTZ; see Table 1)
and its binding energy is D.,(HO-OH) = 52.4 kcal/mol
(RCCSD(T)/cc-pVTZ). The upshot of the above discus-
sion is that the stabilisation energy in O, X3z < ) is too
high to be ‘spoiled’ by addition reactions that proceed
rather easier through its first excited a' A, state.

MOLECULAR PHYSICS e 3

If we now consider that O3H(X?A”) results from
the reaction O3(a°A”(?A,)) +H (3S), then the in situ
O3 species is greatly distorted with respect to the Cy,
structure of the free O3 molecule in its @2 A” (?A,) state
(re = 1341 A, 6, = 98.8° at MRCI/cc-pVQZ, [20] see
also the current results in Table 1). And this is highly
unexpected and counterintuitive. It appears that the
approach of an H atom triggers such an electronic rear-
rangement that results in a symmetry broken struc-
ture (SB) which is not the case for instance in Oj,
a system isoelectronic to O3H (see Table 1). The evi-
dent question is why this happens. Most interestingly,
the addition of a second H atom to form HO3;H (<«
HO3 + H or < H+ O3 + H) retains the C,, skeleton of
03 (roo = 1.425 A at CCSD(T)—F12/cc-pVTZ — F12)
[21]. This strange behaviour vis d vis the addition of one
or two H atoms is certainly a puzzling question.

The last way to form OzH is through the O 4+ OH
formation path. As already discussed, OH (X2A")
correlates diabatically to O, (alAg). The OO distance
along the O, — O;H — HO,H sequence varies as fol-
lows 1.21563 A (a' Ag; see Ref. [13]) — 1.335A (X*A”,
see Table 1) — 1.458 A (X'A, see Table 1). Upon addi-
tion of an O, atom to O,O.H the OO, distance gets
significantly longer (1.695A at MRCl/cc—pVTZ; see
Table 1) that was once classified as a non-true covalent
bond [1]. Certainly, this is strange since the addition of
OH to OH (to form HO3H=HO—-0O—0OH) does not
lead to such spectacular bonding extravaganzas.

In this present work we shall try to illuminate all of
the above ‘unusual’ chemical facts concerning the ground
O3H state. To this end single (RCCSD(T)) and multi
(MRCI) reference correlation methods, based on full
valence (SA)CASSCEF reference wavefunctions, coupled
with the cc-pVTZ and (aug)—cc-pV5Z basis set [22]
were employed as implemented in MOLPRO [23].

Table 1. Energies E (hartree) and molecular parameters (bond distances in A and bond angles in degrees) of

the different species studied in the present work.

Species —E Molecular parameters

OH (X217) 75.637557° 0.971204

0,H (X2A) 150.7119062 1.335%00 0.971204 103.92* L 00H
150.682471° 134159 09710y 103.54° , oo

HO,H (X" A) 151.3586112 1.458%00 0.964% 0y 99.55% , oon 113.84* ,HooH

03H(X?A) 225.767698%  1.23220,0p 1.584%p0c 0.969%0cH 109.70 ,0,0,0.  96:87* 0,01
225710029  1.220°0,0p 1.695° 0p0c 0.96820cH 11049° /0,000,  95.03° ,0,0.H
225.865647¢ 1.225%0a0b 1.581%0b0c 0.9690cH 109.65 £ 0,0,,0. 97.50° ,0,0.H

03(X"A'("A7)) 225.229589¢ 1.267%00 117.19° L 000
225.1657034 1.270%0 116.89¢ . 000

03(@A(Ay))  225.180945¢ 1.330%0 97.93° ,000

} 225116219 1340990 98.79% 2000

03~ (X?B4) 225.306154¢ 1.345%00 115.05° L 000

225.2160134 1350990 115.344 500

3RCCSD(T)/cc—pVTZ; bMRCI/ccfpVTZ; €RCCSD(T)/aug—cc—pV5Z; dMRCI/augfccfpVSZ.



4 (& AKALEMOS

3. Results and discussion

One way to understand the formation of the chemical
bonds is to dissociate the molecule along its different
chemical routes and conclude based on the form of the
PEPs and their associated NACMEs. In our case there are
three such formation paths which, in ascending energy
order, are O, + OH, O + O,H, and O3 + H. Adiabati-
cally trans-O3H (X2A") correlates to O, (X3 D )+ OH
(X21I1), O (°P) + O,H (X2A”), and O3 (*°A”(PA,)) + H
(2S) but the excited states of the fragments play a major
role in the bonding mechanism as we shall see below. It
is clear enough though that its electronic wavefunction
should be such that it describes all formation/dissociation
routes evenly at all points of the pertinent configurational
space and for this to happen all ‘necessary’ ingredients
should be present.

The lowest adiabatic end asymptote of O3H(X?A") is
0,(X? Eg_ )+OH(X?I1) that gives rise to only one sur-
face of 2A” symmetry. A cut along the O, + OH path that
retains the equilibrium molecular parameters of O3H is
shown in Figure 1. A closer look of this PEP (see Figure 3)
reveals two minima of comparable strength at 2.6 and
1.7 bohr. At the longest one the wavefunction retains the
characteristics of infinity with no genuine bond formed
but at 1.7 bohr and after an energy barrier peaked at 2.0
bohr a new bond is formed between the spin defining
electron of the OH (X?I1) radical and the 7*(a’) elec-
tron of O, (alAg). This is clearly seen in the evolution
of the NACMEs between the two lowest adiabatic 2A”
energy profiles correlating to 0,(X3 Eg_ ) 4+ OH(X?IT)
and Oz(alAg) + OH(X21), respectively; see Figure 1.
This new bond is visualised in the valence bond Lewis
(vbL) diagram of Scheme 2.

When OH (X?IT) approaches O, its 2p, (a”) elec-
tron pair interacts unfavourably with the a” density of
O, [10,14]. This ‘congested’ electronic density may be
an explanation for the rather long O,O. (= 1.695 A; see
Table 1) bond distance. The adiabatic dissociation energy
is found experimentally to be Dy(exp) = 2.93£0.07
kcal/mol [12] but the intrinsic (diabatic) binding energy
is Dy(exp) + T, (alAg X3 Eg’) [13] = 25.6 kcal/mol.
It is worth mentioning the fact that within O3H both
0,0, and O,O. moieties are found in situ in their
excited alAg state while 0,0,0O. is found in a SB
structure. The presence of an H atom breaks the sym-
metric environment of O3 and it spoils the delocal-
isation of both in plane and out of plane electrons
(see e.g. the form of some valence orbitals in Table 2).
In a VB language this means that not all symmetry
related resonant forms are present in the wavefunc-
tion that consequently leads to a SB structure; see e.g.
Ref. [20].

-225.7074 — ——

O,(X°E )+OH(X 'TI)
-225.7076 i

-225.7078

2257080 ] |

-225.7082

-225.7084

-225.7086 = O,H (X*A")

2 3 4 s e
fo on(A)

0,-0H

Figure 3. PEP of the ground 2A” surface of OsH along the
0, + OH dissociation path at the MRCl/cc—pVTZ computational
level. The geometry of the molecular fragments is at the equilib-
rium structure of OsH.

O,H(X>A")

Scheme 2. vbL diagram depicting the ground 0,0,0H state.

Based on the vbL diagram of Scheme 2 it is tempt-
ing to consider the O+ O,H formation path. The
lowest adiabatic asymptote along this chemical route
is O’P) +0,H (X2A”) but as shown in Figure 4 it
is initially repulsive due to its asymptotic electronic
arrangement; see the vbL diagram of Scheme 3.

Instead, its diabatic end channel is O (°P)+ O,H
(12A’) with an infinity electronic configuration as the one
shown in Scheme 2. But as one can see in Figure 4 the PEP
arising from O (!D) + O,H (X?>A”) plummets vigorously
affecting the lower PEPs. This is also corroborated by the
large (~ 0.5) value of the NACME of the associated PEPs.
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Table 2. CASSCF molecular orbitals of O3 (@3A” (3A,)), of the distorted O3 (3A”; r = 1.220 and 1.695 A, 6 = 110.49° ) moieties, and
finally of O3H (X?A”). The O atoms are represented by black spheres and the H atom by a white sphere.

#MO O3 (a*a”) distorted O3('A ")

distorted O3(*A ") OsH(xA")

:)‘

9

Ioa, - ---

=

"
la

”
2a

"
3a

This means that the electronic arrangement reflecting the
above end asymptote should be present in the wavefunc-
tion of the ground O3 H state, and this is shown in the vbL
diagram of Scheme 4.

Scheme 4 features a dative bond between O, (~ D)
and OpO.H (X2A”) with an overall electronic distribu-
tion similar to the one in the vbL diagram of Scheme 2.

Last but not least the O3 4+ H path, perhaps the most
intriguing one since it leads to a dramatic structural
reorganisation leading to a highly distorted SB struc-
ture of the in situ O3 moiety. Adiabatically O3H (X?A")
relates to O3 (@°A”(PA;)) that is the first excited A”
state of Osz. As already mentioned in Section 2 it is

highly surprising the fact that the addition of an H
atom severely damages the symmetric nuclear frame-
work of O3z while this is not the case in the isoelectronic
O3 species or even in HO3H. The latter species fea-
tures the two H atoms above and below the 0,00,
plane at dihedral angles of ~ 100° with an 0,00,
angle of 107.0° and OO distance of 1.425 A [21]. This
implies two singly occupied Oz a” orbitals. The Os
state with such characteristics is the first A’ one with
an OO distance and OOO angle of 1.354 (1.355) A
and 108.55 (108.47)°, respectively, and separation energy
of T,CA'(B,y) < X'A'(*A})) = 11,063 (10,793) cm™!
at the MRCI(4-Q)/cc — pVQZ computational level [20].
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Figure 4. PEPs of 2A” symmetry along the O 4+ O,H dissociation
path at the MRCl/cc—pVTZ computational level. The geometry of
the molecular fragments is at the equilibrium structure of OsH.

0,0 H(X?A")

Scheme 3. vbL diagram depicting the repulsive O, (3P) 4 0p0cH
(X2A”) interaction at infinity.

0,0(d'A)-H

Scheme 4. vblL diagram depicting the attractive O, (~ D) +
0,0cH (X2A” ) interaction.

-224.98 |-
0,('Z)+OCP)

-225.00 =
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225.02 | 0 -

0,(X "2 )+O(P) |

225,04 | OCA"'A"; 0-0= 1.348/1.220 A.0=98.61/110.48 )

0,(Z)+0(’P)

2 3 4 s
fi XA)

0,-0

Figure 5. PEPs of 3A” symmetry along the 0, + O dissociation
path at the MRCl/cc—pVTZ computational level. In solid black
curves r(00) = 1.348 Aand 6 = 98.61°and in dashed red curves
r(00) = 1.220Aand 6 = 110.48".

The addition of the two H atoms preserves the OOO
angle and elongates the OO distance by roughly 0.075 A
due to the localisation of the two triplet coupled elec-
trons. Interestingly, HOsH=(HO)—O—(OH) can be
viewed as an OH substituted water (HOH) molecule.

In order to understand the SB structure emerging
upon interaction with an H atom we should take a
look at the electronic structure of O3 (a*A”(Aj)),
of the distorted O3 (PA”; r = 1.220 and 1.695 A,
6 = 110.49°) moiety, and finally of O3H (X2A"). Their
CASSCF equilibrium wavefunctions are |a°A”(A,)) =
0.89](1 — 8)a’*94'*10a" 1a"*2a"*3a"") + 0.34|(1 — 8)
a9a''10a1a"%2a" 3a"%),PA") = |(1 — 8)a’*94" (0.88
x 104> — 0.31 x 11a’*)1a"*24"*3a""), and |X2A") =
I(1 — 9)a’%(0.91 x 10a’> — 0.29 x 11a'*)1a"%*24"*34""),
respectively, while the pertinent orbitals are shown in
Table 2. The electronic character of the distorted O3
(*A”) moiety and the ground O3 H species are practically
the same. In the former species the 94’ orbital is localised
on the incoming O atom while the 104" and 114’ orbitals
describe mainly the O,Op-O, bond in a GVB way. The
same prevails in O3H in which case the 94’ orbital is now
the O,0pO.-H bond. In order to understand the highly



I
-22492
-224.96
)
m
0-0=1.353/1.220 A 9=99.35/110.48 °)
-225.00 .
0,(X’%)+O(P)
225.04 | y .
%, 0,(’L)+O(’P)
1 1 1 1

Figure 6. PEPs of 'A” symmetry along the 0, + O dissociation
path at the MRCl/cc—pVTZ computational level. In solid black
curves r(00) = 1.353 Aand 9 = 99.35°and in dashed red curves
r(00) = 1.220Aand & = 110.48".

distorted O3 moiety inside OzH we should examine the
0,0y + O interaction of both *A” and 'A” symmetry.
This is shown in Figures 5 and 6 where several PEPs
are contrasted for 0,0y distances of 1.348 A (OO dis-
tance in O3 (@*A”(?A,)) at MRCl/cc — pVTZ) / 1.220 A
(0,04, distance in O3H (X2A”)) and 1.353 A (OO dis-
tance in O3 (A”('A;)) at MRCI/cc — pVTZ) / 1.220A
(0,0, distance in O3H (X2A")), respectively. As one can
see, the topology of the PEPs changes dramatically when
H approaches diabatically the distorted O3 fragment in
its 'A” symmetry (see the inset of Figure 7), a fact rather
unexpectedly. It is interesting to examine the evolution of
the PEPs along the O, 4+ O(H) interaction route depicted
in Figures 5-7 since this will address the puzzle of the dis-
torted geometry in O3H. As one can see in Figure 5 the
03 @>A” (®A;) minimum lays on the lowest (lowest solid
black curve) adiabatic energy surface dissociating to O,
0/6)> . )+ O (*P) after an energy barrier is surpassed. At
the distorted O3 geometry (when the O,Oy, distance is
1.220 A) this >A” minimum does not exist (see the lowest
red dashed curve in Figure 5). The same situation pre-
vails in the ' A” symmetry (see Figure 6). At the distorted
O3 geometry, i.e. 0,0 = 1.220 A and OO, = 1.695 A,

MOLECULAR PHYSICS 7

-225.45

-225.50
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O,('A"+H(S) _

-225.60
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-225.65
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-225.70

I‘0‘-H(

Figure 7. PEPs of 2A” symmetry along the O3 + H dissociation
path at the MRCl/cc—pVTZ computational level. The geometry of
the molecular fragments is at the equilibrium structure of OzH.

the 'A” symmetry is slightly lower than the *A” one
(E(*A”) = —225.034 42 Ej, and ECA”) = —225.033 68
Ej; at the MRCl/cc-pVTZ level) and that means that
both 'A” and >A” symmetries interact strongly with the
approaching H atom (see the inset of Figure 7). Itis worth
saying at this point that the ' A” minimum correlates to
0O, (a! Ag)+0O (D) (see Figure 6). The rather long O, O,
(= 1.695A) distance can be rationalised based on the
topology of the PEPs. The potential minima of both 1> 3A”
symmetries appear at ~ 1.4 A, thus an H atom binds to an
O3 moiety at no less than this bond distance. Addition-
ally, as long as the O H bond is formed, the O,Oy, one is
weakened and consequently it becomes longer.

A final comment concerning the similarity of the pro-
files of the O, 4+ O and O, + OH interactions is in order
(see Figure 8). An O atom, due to its spherical symmetry,
offers three ways of attack CPM; = 0(xy), % 1(xz, yz))
while the OH radical, due to its cylindrical symmetry,
(X?TI, A= +1) only two. This explains the reduced
number of the PEPs of >A” symmetry connected adia-
batically with the three lowest asymptotic channels, i.e.
02 ((X)’Z,, (0)' Ay, ()'E) + O (P) (or OH (X*IN)).
Moreover, it is interesting to consider the change of the
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Figure 8. PEPs along the O, + O (red curves) and O, + OH (solid
black curve) dissociation paths at the MRCI/cc—pVTZ computa-
tional level. The zero of energy is at the respective ground state
fragments.

03 (a*A”(3A)) and OsH (X?A”) PEPs. The rather high
potential barrier that gives rise to a bound O3 species
(lowest solid red curve in Figure 8) is smoothened to a
‘calm’ O3H curve (solid black curve) that qualitatively
shares the same features (see also Figure 3) and all that
through the intermediate of a repulsive curve (dashed red

curve) that implies the participation of excited states via
avoided crossings.

4. Conclusions

We have studied the ground X2A” O3H state through
both single (RCCSD(T)) and multi (MRCI) reference
methods along its three dissociation/formation paths that
in ascending energy order are O, 4+ OH, O 4+ O,H, and
O3+ H. The purpose of such a comparative study is to
shed some light on the peculiar features of the species,
namely its low dissociation binding energy (0,0, —O.H)
and the rather long bond length between the two middle
oxygen atoms. The presence of the H atom, i.e. the fact
that an in plane O3 electron localises to a particular O
(= Oc) atom in order to get coupled with H, results in
a SB structure since the delocalisation of the in and out

of plane O3 electrons is hindered. This is not the case in
HO-0-0OH (HO3H) since the H atoms bind quasi per-
pendicularly to two triplet coupled a” O3 electrons. The
low dissociation energy is rationalised through the par-
ticipation of excited fragment states (see e.g. Figure 8)
while the long OpO. distance can be explained with
the help of the topology of the O, + O interaction (see
Figures 5 and 6).
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