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The CNDO/2-CI method has been used for full optimization of geometry of the H3O+ ion in all
its electronically excited singlet states and for calculation of electron distribution. The electronic
striscture shows that H30+ in almost all states exhibits lower tendency to split off the proton than
it does in the ground state. For the first excited state the geomestries and electron distributions
of the isoelectronic set H;O¥, NH;, CHJ have been calculated by the INDO-CI method in the
triplet state, too. The particles only have slightly different geometry and electronic distribution
from those of the first singlet state.

The significance of H;07 ion in both chemistry and physiology initiated studies of
its structure in the ground state by spectroscopic methods® ~* as well as by quantum-
chemical ab initio methods with high-quality bases and with involvement of the cor-
relation energy®~7. The H,O" ion is also supposed to exist in interstellar space®,
and it is believed to play an important role in the dynamic processes taking place
in cometary nuclei and trains®'°. The mechanism of formation of the excited
H,O" ions in gas phase was experimentally studied at laboratory conditions''. As
far as we know, however, no quantum-chemical studies of structure of H;O¥ ion
in electronically excited states have been carried out so far (except for electronic
vertical absorption spectra'?). Therefore, we have carried out calculations of the
equilibrium geometry and electron distribution of the H;O™ ion in all the excited
states which correspond to the levels involving all monoexcited configurations in the
configuration interaction. This was carried out with regard to the possible occurrence
of higher states of H;O" in the interstellar space and especially in the cometary
trains, because there the particles exist practically isolated, which prevents the energy
exchange with the environment. We applied the CNDO/2-CI method'? which has
proved useful in calculations of molecular geometries in electronically excited states.

RESULTS AND DISCUSSION

According to the calculations the H;O" ion in the S, ground state has the electron
configuration (1 a,)? (1 €)* (2 a,)? (3 a,)° (2 €)°. The optimum geometry is pyramidal
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(Fig. 3) with the HOH angle equal to 111-0°, which agrees well with the value 111-3°
obtained from the *’0O NMR spectral measurements? and with the values 111-6°,
113-1°, 111-6° obtained from the ab initio calculations with a large basis involving
the correlation energy (refs®~7, resp.). The O—H bond length 0-105 nm calculated
by us is somewhat greater than the ab initio values 0-097 and 0-098 nm (refs®", resp.).

From the character of orbitals of the H;O™ ion it follows that the energy needed
for excitation of an electron into one of the unoccupied levels will be comparatively
high. It can also be expected that the lowest transitions will also include the Rydberg
transitions to 3s and 3p orbitals of the central atom, as it is the case with ammonia!4,
The method used, however, does not make it possible to include the Rydberg states,
and the calculation is limited to the valence excited states only.

The dependences of the overall energies of the various states on the changes of HOH
angle in the pyramidal (Fig. 1) and planar geometry (Fig. 2) indicate clearly the pre-
ference of a certain geometry in the respective excited state. From the correlation dia-
gram (Fig. 1) it can be seen that the excited states S, S,, S3, and S;, have lower
energy in the planar geometry, whereas S¢, S, Sg, and S, have lower energy in the
pyramidal geometry.
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740 Ertl, Leskas

For S4, Ss, Si4, and S, the diagram shows small energy differences between the
planar and pyramidal geometries. The preference of a certain geometry in a given
state will be shown by the full optimization. The correlation diagrams in Fig. 2 are
much more complex. The potential curves representing simplified energy hypersur-
faces are mutually intersected and exhibit minima. As the natural sequence of levels
is controlled by increasing energy, in the intersection points the levels have their
maxima or minima (in the hypersurfaces they are mutually opposed cones touching
by their peaks'®). The crossing of hypersurfaces also causes a change in character
of the given state after the crossing point. The first, third, fifth, eighth, ninth, eleventh,
and twelfth curves show the minimum at «120°; the second, fourth, sixth, seventh,
and tenth ones at higher angles. This means that about these angles the H;O% ion
should have the planar geometry in the respective excited states. The equilibrium
planar forms of H,O" really exist in all these states. But according to Fig. 3 the
optimum geometry is pyramidal in the states S5, S¢, S5, Sg, Sy, and S, ;. The corres-
ponding planar forms possess somewhat higher energies in these states.

According to the given results we have chosen the starting geometries for the opti-
mization in the individual excited states. In the S;, S5, and S;, states H;O" has
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the optimum geometry (Fig. 3) of the D;, symmetry, which corresponds precisely
to the minima at the potential curves (Fig. 2) for these states at ¥ HOH 120°. Two
equilibrium geometries of C,, symmetry with various HOH angles are obtained for
the S, state. The geometry with &£ HOH 92° has a higher energy by 0-16 eV than the
optimum geometry with £ HOH 155-6”. Similarly two equilibrium geometries of
C,, symmetry are also obtained for S, (with ¥ HOH 86:6° it is higher by 0-15eV
than the optimum with ¥ HOH 165-2°) and S, (with ¥ HOH 97-1° it is higher by
0-26 eV than the optimum with < HOH 135-4°). In these states, too, the local minima
correspond to the course of the respective curves in Fig. 2. In the S5, S, S;, and S,
states there are also local minima with the geometry of C, symmetry and with encrgies
higher by 0-01, 1-16, 0-36, and 0-20 eV, resp. In the excited states S5 through Sy,
H,0" has the optimum pyramidal geometry of C, symmetry. In contrast to the first
four states (each of them has one predominant configuration), structure of these
states is determined by 2—3 configurations with equivalent weights. The S, state
Las the geometry of non-symmetrical pyramide (C,), the differences in bond lengths
and angles being but negligible and ascribable to the calculation inaccuracy. It is
noteworthy, however, that the form of C;, geometry with the bond angles and lengths
equal to the average of the little differing bond lengths and angles has its energy
higher by as much as about 1 eV. The structure of Sy state is determined by five
configurations of equal weights. The structure of S, state is noteworthy with respect
to extremely high length of one O-——H bond (about 0-150 nm). An only little un-
symmetrical geometry (C; very near to C,,) is also found with the S;, state. Its
structure is determined by a single configuration. Comparison of the optimum geo-
metries with prediction according to Fig. 2 shows that the crossing of hypersurfaces
of the S,, S35 S84, Ss: Sios Si1 at ¥ 120° leads to the optimum geometry of higher
symmetry (D;,) with a defined character of the state, whereas the crossing of Sj,
S, and S, S, states near ¥ 165° retains the C,, symmetry, but the character of the
statc is uncertain (Table I). The local minima of the states S5 and Sg having the geo-
metry of C,,symmetry and the S, S5, Sy, and S, states with D5, symmetry have the
energies higher by 0-57, 1-73, 1-46, 1-95, 1-75, and 0-17 eV than the optimum states.
The S, through S; states are pure n — ¢* transitions. The other transitions are of
o — ¢* type. The optimum geometries of H;O" ion in all the excited states considered
are given in Fig. 3. Characters of the states are given in Table I along with the adia-
batic, vertical emission and absorption transition energies.

The calculated net charges at the atoms (Table II) show that the excitation to all
the states is connected with electron shift from oxygen to hydrogens so that oxygen
carries positive charge in all the states, the positive charge being the highest in the
S, through S; states. On the contrary, positive charge of hydrogens is lower in the
majority of states compared with the ground state, in several states one of the hydro-
gens even being negatively charged. In the S5 and S, states the charge distribution
among the hydrogens is most unequal, two of the H atoms having a higher positive

Coliection Czechoslovak Chem. Commun. [Vol. 51] [1986]



742 Ertl, Leska:

TABLE 1

Data on structure and transition energies of the H,O% ion in electronically excited states
g 3

Character of state Transition energies, eV
State Symmetry —
adiabat. vert. abs. adiabat. vert. emis. vert. abs.

SO C3v Al

S, Dy 4 A, 9-75 9-26 11-41
S, Cyy B, E 11-34 9-98 12:76
S, Dy, E” E 11-89 11-34 12:78
S, Cyy a E 13-00 11-49 15-41
Ss C, A E 14:23 12:66 15-41
Se ct 4" A 14-90 13-69 16-47
R C, ° E 15-54 14-28 17-75
Sg C, A7 E 16:16 14-87 17-75
Sy c.’ (E)F A, 20-17 19-55 22:00
Sio sy A, E 3361 2813 3655
Si1 c,’ (EY E 3429 31-81 3657
Si2 Diy, f A, 3595 3423 3775

? The energy minimum is at the point of intersection of the levels and its character is indefinite;
b very close to Cy,; € character of the state in the C;, geometry.

TABLE 11

Net charges at individual atoms of the H30+ ion in the electronically excited states (the order
of the hydrogens H{H,Hj in Fig. 3 is from the left to the right anti-clockwise)

Net charge at the atom

State e
o) H, H, . H,

So —-118 373 373 373
S, -590 137 137 137
S, 514 —-139 312 312
S, 471 —-043 -289 282
S, 329 -549 -061 061
s 303 —--111 -404 -404
S, 326 192 241 241
S, 314 -108 -289 289
Sg 314 373 156 156
S, 378 210 -207 -204
Sio 297 —-143 -423 423
S 352 . —-003 -288 363
Sy, -360 213 213 213
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charge than in the ground state and the third H carrying a strong negative charge.

Comparison of the CNDO/2 vertical absorption energies (Table I) with the data
of ab initio calculations'? (with involvement of all mono- and biexcited configurations
of the reference configurations in CI) shows a very good agreement. So the CNDO/2
values (in eV) A, 11-41, 4, 16:47, A, 22-00 and six E states from 1276 to 17-75
correspond to the ab initio values 4, 12-00, A4, 17-12, A, 20-53, A, 23-11, E 14-64,
E 1724,

The H;O" ion is isoelectronic with NH; molecule and CH; ion. To compare
the structural changes due to electronic excitation in this isoelectronic set, we opti-
mized the geometry in both the first singlet and triplet states by the INDO-CI method.
For both H;O% and NH,; this method gives practically the same geometry in the
S, state (Table III) as compared with that of the CNDO-CI method. But for H;0*
in the S, state it gives a higher value of & HOH. The CHJ ion in the S; state has
the same symmetry (D;,) as H;O" and NHj; only different (somewhat longer)
is the bond length CH. In the T; state all three isoelectronic molecules have but
slightly different geometry from the S, state. The same is true for the net charges
at the atoms and of the transition energies.

The results given can serve as useful information for studies of photochemical
reactions of H;O" ion at cosmic conditions. The electron distribution shows that the
H,0" ion has a lower tendency to split off the proton in all the electronically excited
states than it does in the ground state; in some of the states the O—H bond is even
specially strenghtened by interaction of negative charge at hydrogen with positive
charge at oxygen. Therefore, even in the S,, state the extremely long OH bond
(about 0-150 nm) does not indicate weakness of this bond, because splitting off of
hydride anion from the positive H;O" ion is little probable. But in spite of that,
homolyses and heterolyses of O—H bonds are likely in higher electronically and,
at the same time, vibronically excited states. With respect to semiempirical character
of the calculations the results, especially the order of levels, must be accepted some-
what carefully.

Another aim of this paper consisted in further testing of the gradient optimization
method*3. In all the calculations the gradient procedure converged relatively rapidly.
Certain difficulties only were encountered near the minimum, especially so in the
higher states, which is obviously due to neglecting the terms (3E/dc) (9c[oq,).
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