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Protonated Ozone: Structure, Energetics, and Nonadiabatic Effects
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Fully correlated calculations using a multiconfiguration-self-consistent-field (MCSCF) treatment have been
carried out to find the most stable structures ofHi)" and to improve on earlier calculations on the same
system. The results are used to evaluate proton affinity (PA) and gas-phase basicity of the ozone molecule,
quantities which can be compared with experimental data. The existence of regions of nonadiabatic coupling
and of charge-exchange effects is evidenced and analyzed, with avoided crossings specifically located for
one of the four most stable protonated adducts of ozone. The present study extends the level of accuracy
achieved in earlier calculations on the possible structures for protonated ozone and gives specific suggestions
on the microscopic processes for the formation ofHD in the gas phase.

1. Introduction most likely geometries that can be associated with protonated
ozone in its ground electronic state. Furthermore, the energy

The existence of protonated ozonesfd*, has for many ; L .
years attracted the interest of experimental and theoretical studie§d ifference between the4Jonization potential (12.53 eV) and

because of its relevance both in gas-phase organic reactions anJ1 at of H suggests that the protonated adduct can dissociate

in photophysically initiated processes in the interstellar medium €ither via a charge-transfer (CT) channel or via an electron-
P phy y o p ; ..~ transfer (ET) channel, the latter being more favorable by 1.07

For example, the possible existence of neutral and ionic eV:

intermediates, eH and QH™, has been postulated for the )

nightime production of @*Ag) in the upper atmosphere, while +_ +

photodissociated ozone is considered the initiator of the daytime (O:H) O; +H(CT)

production of that excited oxygen stéte. . 03+ + H(ET) 1)

The QH* ion has been assumed to be an active species when

ozone is used for the oxygenation of alkenes in an acid thereby indicating that nonadiabatic effects are bound to be

medium?~> while the QH~ ion has been postulatedis a . :
S S . X present between the relevant, multidimensional, B@ppen-
possible intermediate in the reaction of @ith BUO,H. - - : .
oL ) . _heimer (BO) potential energy surfaces and that their location
In general, the positive ionic species has been the most studie

of the above complexes since several experiments indicate its ithin the molecular geometry phase space constitutes both an
existence as a rl?aactive intermediate ir? the acid-catal Zedinteresting aspect of the theoretical analysis and a physical

: ) YZ€Q hechanism likely to be involved in forming the protonated
ozonolysis of alkandsand the protonated species can be

considered the conjugate acid of one of the least basic simplemOIeCUIe' One should keep in mind, in fact, that regions of

molecules. There have been various attempts to isolate and avoided crossings in one dimension can give rise to conical
: P intersections in many dimensions and have been found to occur

characterize such an elusive and important species: Cacace anguring the dynamics of molecular protonation in the gas
Speranz&? for instance, have detected the ion via a mass phasd/1516 y

spectrometric experiment that used the Fourier transform ion
cyclotron resonance technique and suggested a proton affinity
(PA) value of 148+ 3 kcal mol! at 298 K in the gas phase.
These authors have also further analyzed the relative basicity
order of Q with respect to CO and CO8,and found [QH] "

to be more stable than COtbut less stable than COSHan
interesting ordering in the gas phase that is at odds with other
experiments in the condensed phés#here that order was
reversed. From a computational point of view the protonated
energetics have been the subject of several studies and th
calculated PA values range from 124 to 157 kcal Thol
depending on the level of sophistication employed in the .
calculationst?~14 which varied from the HF level to correlated en_le_zrr]ge?c"s. . ion briefly d ibes th ional
Cl studies and to DFT models. No consensus seems to have e following section briefly describes the computationa

methods, while section 3 reports our search for the optimal
been reached, however, on the actual energy values nor on thestructures of the bound protonated ozone species and the

- L - different electronuclear contributions to their binding energies.
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* The University of Rome. Sections 4 and 5 describe the detailed evaluation of the gas-
*Warwick University. phase basicity and the location of the nonadiabatic coupling
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In the present study we are therefore revisiting the structures
of the [O;H]* species by carrying out calculations at a more
advanced level of correlation corrections than done before and
by further analyzing the following aspects of the problem: (i)
accurate determination of PA and gas-phase basicity by full
optimization of the structures and by analysis of the basis set
consistency problems; (ii) discussion of the asymptotic states,
location of the regions of nonadiabatic effects, and assessment
of their importance during protonation dynamics; (iii) a more
Sealistic comparison with experimental data by explicit inclusion
of temperature effects and entropic corrections for the final
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region along either the proton approach or the dissociative
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Approaching Directions

pathways. The conclusions of the present study are summarized

in section 6.

2. The Theoretical Method

As mentioned before, the first ab initio calculations for the
[OsH] ™ species were doigat the SCF level and attempted to
approach the Hartreg~ock (HF) limit by using first an STO-

3G basis set and then a slightly larger 4-31G basis set. Later

calculation$® on the same system used first the SCF level of
computation by employing a (DEP) Gaussian basis set and
then improved it by performing coupled-cluster (CC) correlation
calculations which included all single and double substitutions,
the CCSD formalism® By further using analytic gradient
methods via simple harmonic frequencies from SCF second
derivatives, Schaefer et al. obtaid®dnore precise locations
for the four lowest stable structures of the adduct.

In the present analysis we decided to extend the above studies

one step further by generating larger regions of the relevant
potential energy surfaces (PES) and by analyzing in greater
detail the effects of both basis set consistency and correlation
corrections.

We started with a doublé-plus-polarization (DZ-P) basis
set of GTOs and the relevant molecular orbitals were obtained
using the second-order direct multiconfiguration method of
Werner and Knowle3®2! as available in the MOLPRO suite
of programs.

The orbital space was therefore divided into an internal space
(IS) with 10 orbitals. The IS subspace was further partitioned
into three different regions: (i) the core orbitals (COs) which
are doubly occupied but kept frozen and uncorrelated during
the CI process; (ii) the closed-shell orbitals (CSOs) which are
also doubly occupied but included in the correlation process,
and (iii) the active orbitals (AOs) which are employed to define
the active space for the CI procedure. As is well-known, such
partitioning improves the speed of computational performance
and brings its level of correlation corrections to that of a

complete-active-space SCF (CASSCF) using an active space

equal to our entire 182 We therefore carried out calculations
at two different levels: we first kept the three oxygen (1s)
orbitals frozen and defined them as our COs during the
multiconfigurational calculations (this will be called the MC-
SCF-core type of calculation) and then we relaxed this constraint
by promoting the (1s) orbitals to the level of correlation of our
CSO subspace with the AO subspace. We shall call such
calculations the MCSCF-close type of calculation.

We further extended our (D#P) results by carrying out
exactly the same types of calculations at the valence-plus-triple-
(VTZ) level and further up to very large (VQZ and V52)
expansiong2 The convergence achieved by our final PA values
will then be examined in the last section of the present paper.

3. Optimized Protonated Adducts
As briefly mentioned above, several computational studies
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Figure 1. Geometrical configurations of the four cuts of the full
potential energy surface examined in the present work. The numbering
from A to D is the one followed in the main text. Distance in A and
angles in degrees.

medium (doubl€Z) basis sets and larger basis sets as described
in their work3 That study attempted to determine the structure
of (OsH)™ as well as address the question of whether the
protonation might preferentially stabilize cyclic ozone enough
to make it competitive with the open forms, while reference 5
tried to obtain relative stability data by using (at the SCF level)
increasingly larger basis set expansions. Their findings were
largely consistent with those of Kausch and Schiéyer.

Additional calculations on the possible structures of the
protonated adduct were carried out more recently by Meredith,
Quelch, and Schaefétwho specifically wanted to investigate
the relative probabilities of obtaining protonation of the open-
chain C,) and cyclic Psn) forms since their earlier calcula-
tions® indicated that the electron correlation contributions are
more important for theC,, isomer than for theDs, form of
isolated ozone. They applied methods more sophisticated than
before to handle the correlation corrections by using coupled-
cluster theory with single and double substitutions (CCSD) and
an extended basis set to the doublplus-polarization (DZ-P)
type that reproduced very well the experimental equilibrium
geometry and the harmonic vibrational frequencies of the
isolated molecule. They performed geometry optimization by
using SCF and CCSD analytic gradient methods and isolated
four specific structures as the most stable. We shall call such
structures the A, B, C, and D forms: they are pictorially
summarized in Figure 1. The structure labeled as the D form
corresponds to the Hpartner coming onto the central oxygen
atom from above the plane of the ozone molecule, at the angle
with that plane reported in the figure (69)13

It is well-known that ozone is difficult to discuss theoretically
due to its diradical character, shown fairly clearly by the spatial

have been carried out in the past on the possible structures forshape of its 1a molecular orbital (MO) which is nearly
the protonated ozone molecule in its ground electronic state andexclusively located on the two wing atoms, and by the existence
in the gas phase. The earliest calculations were by Kausch andof an equally important configuration when the; Idrbital is

Schleyert?2 who optimized the geometric structures of four

occupied instedd (see below). The correlation contributions

possible arrangements by using a minimal STO-3G basis andby the different dominant configurations, therefore, greatly affect
then reoptimized the final geometries using a 4-31G basis setthe relative stability and sequential energetics of the various
with second-order Miter—Plesset perturbation (MP2) at both  protonated species. The results of ref 13 indicated that proto-
the 4-31G and the 6-31G levels of expansion. The above nation preferentially stabilizes the open-chain form (configu-
calculations were followed shortly after by the SCF study of ration A) with respect to the ring form (configuration D) and
Mathisen, Gropen, Skancke, and Wahlgfemho used both found aAE (chain-ring) energy difference of 23.2 kcal/mél
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TABLE 1: Geometry of Isolated Ozone Molecule (XA;)

optimized geometries from present work calculations using MRD-CI geometries (from ref 24)
SCF MCSCF (core) MCSCF (close) SCF MCSCF (core) MCSCF (close)
R: (A) 1.207 1.262 1.264 1.286 1.286 1.286
R: (A) 1.207 1.262 1.264 1.286 1.286 1.286
0 (deg) 118.9 117.1 117.0 116.0 116.0 116.0
Eror (au) —224.32090 —224.473 83 —224.47578 —224.304 03 —224.472 62 —224.474 85
TABLE 2: Optimized Geometries of the Protonated Moiety (see Figure 1)
protonated ozone at geometry A protonated ozone at geometry B
SCF MCSCF (core) MCSCEF (close) SCF MCSCF (core) MCSCF (close)

R: (A) 1.144 1.182 1.196 1.147 1.188 1.206
R. (A) 1.343 1.611 1.466 1.331 1.609 1.437
01 (deg) 112.9 112.9 113.5 118.1 118.4 117.6
0, (deg) 103.0 97.7 99.8 107.3 103.0 104.4
Ro,—n* (R) 0.975 1.003 1.007 0.978 1.006 1.012
Eror (au) —224.580 387 —224.779 26 —224.812 07 —224.57301 —224.773 45 —224.807 27
PEap (au) —0.2594 87 —0.3054 37 —0.3362 89 —-0.252 11 —0.299 62 —0.33149
PExp (kcal/mol) —162.83 —191.66 —211.02 —158.20 —188.01 —208.01

protonated ozone at geometry C protonated ozone at geometry D

SCF MCSCF (core) MCSCF (close) SCF MCSCF (core) MCSCF (close)

Ri (A) 1.212 1.332 1.315 1.391 1.508 1.485
R. (A) 1.212 1.332 1.315 1.391 1.508 1.485
01 (deg) 127.0 1235 124.3 58.4 60.3 60.2
0, (deg) 116.5 118.25 117.9 69.4 77.5 74.8
Ros-n* (A) 1.015 0.990 0.996 0.989 1.003 1.019
Eror (au) —224.451 743 —224.689 023 —224.717 739 —224.509 164 —224.703 415 —224.737 777
PEap (au) —0.130 843 —0.215 193 —0.241 959 —0.188 264 —0.229 315 —0.261 997
PExp (kcal/mol) —-82.11 —135.04 —151.83 —118.14 —143.90 —164.41

This behavior is chiefly due to the partial destruction of the O analyze the approaching pathways of the proton along the
diradical character by protonation on the terminal oxygen of orientations suggested by the earlier widrand selected in
the C,, geometry, whereby the addition of the ldn a terminal, Figure 1. We carried out the evaluation of the selective “cuts”
negatively charged atom tends to localize the charge on thatof the lowest potential energy surface (PES) in the region of
end of the molecule so that the entire electronic structure is the protonated adduct by using first the @eometry given by
frozen into one of the two nearly degenerate dominant structuresref 24. Since the ozone ionization potential, as mentioned before,
of the isolated ozon& is slightly lower than the H ionization energy by about 1 eV,
A more empirical approach was employed in a further set of the protonated moiety can adiabatically dissociate into tiie O
calculation* where the authors used a linear combination of + H channel as its lowest energetic channel but can also
Gaussian orbitals with density functional models (LCGTO-DF) undergo, on its way to full dissociation, nonadiabatic coupling
and employed local and nonlocal exchange-correlation func- with the next asymptotic channel associated to thetOH™
tionals. Their results were essentially in agreement with those system: our present study has focused on the two lowest PES
of Meredith et all® although the differences in the method and on their minimum energy regions along the four pathways
employed yielded energy spacings which were only in qualita- suggested by the geometries of Figure 1. The presence of the
tive agreement with the previous findings. Os™ + H asymptotic channel has been controlled during
Our results shown in Table 1, where the various levels of dissociation by evaluating the ozone charge obtained from the
optimization for the isolated molecules@re presented, allow  wave function associated to that energy root: it was always

us to draw the following conclusions: found to be given as-1.
(i) As expected, the SCF results give shorter bonds and show  The marked effect of correlation energy, and of correlation
greater repulsion between wing atom charges. energy changes in going fromy@ its protonated species could

(i) The increased correlation afforded by the MCSCF-close be seen from the results reported in Table 2. The approach of
results is seen by the marked energy lowering since the the proton is carried out by keeping the @ozen at its best
geometries change very little from those of the MCSCF-core optimized geometry as given in the last two columns of Table
calculations. 1. That this is a realistic choice could be concluded from our

(iii) When we employed the geometries produced by the further calculations, where all the protonated forms were studied
earlier MRD-CI calculations which expanded the wave function around their equilibrium minima by carrying out two different
on a larger basis set, we obtained a total energy slightly higher computations: we first evaluated the total energies of the lowest
than their value (which was-225.026 64 au) but also found electronic states around the minima position of Rg-u*
that the present optimization procedure with our higher level coordinate with the @geometry “frozen” to its isolated optimal
of correlation can cause variations in the final structure, in both value (as given by ref 24). We then repeated the calculations
bond length and bond angle values. by optimizing the geometry of the ozone partner within each

Since the above results indicate that the level of correlation adduct at each relative configuration. We clearly saw that the
we included when treating thes@arget ground electronic state  minimum energy positions of the added atom is not significantly
is capable of describing that molecule very closely to the results altered by the global optimization, while the total energy values
from the best available calculations on‘4twe proceeded to  can still change by several millietectronvolts. This point will
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TABLE 3: Counterpoise Corrections for Two of the Protonated Structures (A and B Configurations from Figure 1; All
Quantities in mhartrees)

calculations done at geometry A calculations done at geometry B
Ros—n* (A) SCF MCSCF (core) MCSCEF (close) SCF MCSCF (core) MCSCF (close)
0.4 2.78 35.17 68.25 3.14 35.55 68.63
0.7 2.06 34.50 67.57 2.56 35.03 68.12
1.0 1.51 33.94 67.00 2.06 34.52 67.60
1.3 1.07 33.49 66.53 157 34.04 67.11
1.6 0.82 33.28 66.31 1.27 33.75 66.80
1.9 0.64 33.11 66.15 0.99 33.49 66.53
2.2 0.44 32.93 65.95 0.72 33.23 66.25
25 0.29 32.79 65.81 0.52 33.04 66.06
2.8 0.21 32.71 65.72 0.38 32.90 65.92
31 0.14 32.65 65.66 0.26 32.79 65.80
34 0.09 32.61 65.61 0.17 32.68 65.69
3.7 0.05 32.58 65.57 0.09 32.62 65.61
4.0 0.03 32.55 65.54 0.05 32.58 65.57

therefore be important when we will later evaluate the gas-phaseequation that for large separatioBga reduces to the sum of
basicity of the species but tells us that, as expected, the Ey + Ea and the latter contributions are assumed to be evaluated
optimized structures are reached with negligible intermolecular using the M basis set for the former and the A basis set for the
correlation effects for the protonated process. latter. However, it is now well-recognizétthat the results one

In Table 2 we report the final, fully optimized, geometries may obtain forAE in this way are too negative because Ras
of the four stable forms of the protonated species. In agreementdecreases, not only is the interaction switched on but also the
with what was shown by the best of the previous computational monomers present in MA can start using the one-electron basis
estimates? our results indicate that the protonation of ozone set of each partner in the complex, thereby providing an
can occur both in the open-chain and in other configurations, additional stabilization which has nothing to do with the correct
whereby the approaching™binds either to one of the wing  energy difference.
oxygens or to the central one. However, its most stable formis  This type of error can be avoided by calculating the
provided by the open chain of configuration A of Figure 1. It interaction energy via the counterpoise (CP) function correction

is also interesting to note the following: introduced by Boys and Bernaf8i
(i) The inclusion of inner-electron correlation afforded by the
MCSCF-close calculations is clearly an important correction AES(R) = E,,(R) — EM(R) — EMY(R) (3)

for a better estimate of correlation effects.

(i) Bond distances are markedly shortened by the presencewhere Ey(MA) and Ea(MA) are now the partner energies
of the additional charge as intramolecular polarization and obtained by using the full adduct basis at the particiiar
charge-transfer effects reduce nuclear shielding within the O geometry one is considering. The matching error, usually termed

partner. the BSSE error, can be obtained as
(iif) The same effect of above is also seen in the reduction of
the bond angle within ozone in the A, D, and C forms and in BSSE= EWA)(R) + E,(AMA)(R) —Ey—E, (4)

anincreaseof that angle for the B form.
(iv) The bound proton is located nearer the wing oxygen atom,  The same quantity is also often termed the orbital basis
at distances which are shorter than bBg.o bonds. inconsistency (OBI) errot® One should keep in mind that, for
As a preliminary indicator, we also show in Table 2 the values yery |arge interpartner separations, the BSSE error has to go to
of the adiabatic protonation energy (PE) obtained by simple zero put the CP correction does not. This is because the latter
energy differences between the optimized configurationsfO  procedure also corrects for size consistency errors (SCE) in the
and that of isolated §)i.e., by allowing the @ geometry 10 pasis set choice. Thus, what is shown by the CP results combines
relax into the minimum configuration of the adduct when poth corrections. Furthermore, for very extended basis set
coming from the isolated § The values of the protonation  choices the basis saturation effects cause the BSSE correction
energies given by this approach are larger than those producedqo phecome rather negligible, as we shall further see from our
when including the further corrections that we will be discussing results below.
in the following section. However, we already see from the  oyr calculations are reported in Table 3 for two of the open-
analysis of the four most stable structures that the correspondingzhain forms of the protonated adducts which we have discussed
PE values vary markedly from each other, spanning a fairly pefore. To match the definition implicit in eq 3, we have kept
broad band of energies. the Q; geometry at its “frozen” value already obtained from
First the effects of the basis set superposition errors (BSSE)the full CI results for the gH* given by Table 2.
in the evaluation of the energy differences between protonated  The results of the table indicate the energy corrections to the
species and asymptotic fragments should be considered. Briefly,0, ground state electronic energy when the full basis set of the
Fhe supgrmolecular picture we are emplpying here dgfines theo,H+ species is employed for the proton approach along the
interaction energy of a complex MA as given by the difference coordinates of the A (third and fourth columns) and the B (sixth
and seventh column) forms, respectively. One clearly sees that
AE(R) =Eya(R) — Ey — Ex 2) for both forms the CP correction is exactly of the same value
and that it is fairly constant along. On the other hand, we
whereR is the reaction coordinate and the internal geometry of also see that at the MC level the correlation corrections play a
M, for the time being, is not supposed to change during the rather evident role: the results show the CP correction both
separation between partners. One usually assumes in the aboverhen the MC procedure was carried out at the MCSCF-core
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TABLE 4: Calculated Contributions to the O 3H™* Proton Affinity (PA) for the Open-Chain Form A of Figure 1

fixed nuclei adiabatic
SCF MCSCF (core) MCSCEF (close) SCF MCSCF (core) MCSCEF (close)
Eror(Os) (au) —224.304 035 —224.472623 —224.47485%1 —224.32090 —224.47388  —224.47578
CP correction (au, kcal/mdl) 0.001 502 4, 0.0339389, 0.066 996 8, 0.0015024, 0.0339389, 0.066 996 8,
+0.94 +21.30 +42.04 +0.94 +21.30 +42.04

Ros-++ (A) 0.9776 0.9983 1.0078 0.975 1.003 1.007
Eror(OsH™) (au) —224.549 066 —224.758 857 —224.799736 —224.58039 —224.779 26 —224.812 07
CP corrected protonation —0.2435286, —0.2522951, -0.2578882, —0.2579846, —0.2714981, —0.269 2922,

energy (PE) (au, kcal/mol) —152.82 —158.31 —161.83 —161.88 —170.37 —168.98
(5/2)RT¢ (kcal/mol) +1.48 +1.48 +1.48 +1.48 +1.48 +1.48
0°E/0Ro,-++2 © (hartree/bol®) 1.863 287 1.457 404 1.507 481 2.314 705 2.207 273 2.186 970
[Evib(OsHT) — Eiin(O3)] (kcal/mol)  +1.61 +1.43 +1.45 +1.80 +1.76 +1.75
—AH (kcal/mol)= PA 149.73 155.40 158.90 158.61 167.13 165.75

20zone partner at the full Cl geometry of Table®Dptimized ozone partner geometries as obtained in present W&R)RT = A(PV) +
(3/2)RT. 4 From the PES cuts of Figure 2From the Hessian of the PES (see main text).

level and also when the core electrons were included in the scheme for the initial and final internal structures of ozone of
MCSCF-close calculations. In the latter case, therefore, to eq 6 or by relaxing the molecular structure within the final
employ a more extended one-electron basis within the MC adduct (AD results).

procedure yields a OBI error, hence a CP correction, whichis  The second contribution shown on the right-hand side of eq
nearly twice as big as in the previous case. The values varyg and given within square brackets, describes the difference in
between 20 and 42 kcal/mol and clearly suggest that the previousinternal energy content between the isolated partner and its
estimates of the PE values shown in Table 2 constituted only protonated adduct at the temperature for which process 5 is
preliminary data, as we shall discuss with more detail in the 5ried out. This is obviously a more difficult quantity to
following section. The final CP correction used below for the oyajuate as several degrees of freedom are involved. If we
protonated adducts was that obtained at tid Qdistance of 1 qonsider the changes due to electronic contributions as being
A One. should note th_qt, in the case of a supermolecular already taken into account by tiéE value of eqs 7 and 8 (both
calculation near the equilibrium structure of the adduct, the CP gnecies remain in their ground electronic states) and we further
correction is really chiefly giving us the BSSE correction as jigregard the difference due to rotational contributions (the O
the OBI contribution plays there a minor role. asymmetric rotor is only slightly deformed by the presence of
the light H" bound to it), then we are left with the evaluation
of the vibrational energy changesE,i,(T), that contribute to

To be able to compare computed values with existing, or the term in square brackets of eq 6. The latter quantity can be
future, experimental data, one has to clearly and carefully define further simplified by merely considering both species as chiefly
the various quantities which, both experimentally and theoreti- populating their ground vibrational states and therefore by
cally, can play a role in the protonation process. estimating a temperature-independent variation between the zero

In terms of macroscopic quantities which relate to the point energies (ZPEs) of the two species. Hence, one can obtain
equilibrium situation in the gas phase, one evaluates the gasfrom the Hessian of the PES in each of the forms of Figure 1

4. Evaluation of Gas-Phase Basicity

basicity (GB) of the process an estimate of the energy second derivative that can give us
N N the corresponding force constant within the harmonic ap-
O4(gas)+ H'(gas)— O;H (gas) (5) proximation. This last quantity will therefore be our calculated

AEzpg for process 5.

and defines it as the negative of the standard Gibbs energy  ginally, we further need to evaluate the entropy variation as
variationAG = AH — TAS Hence one can obtain the proton

affinity (PA) as the negative of the enthalpy chatge _TAS= —T[S(O3H+) —g0) - S(H*)] )
PA=—-AH=—-AU— A(PV) =

—AE — [E,(O H+) — E, (Oy)] — (5/2)RT (6) which we decided to evaluate explicitly by considering all the

ne=s nt entropy contributions for each of the four possible structures

where (5/2RT is the sum ofA(PV) and the difference in the  Of the adducts?
proton translational contributions to the internal energy, in the ~ We show in Tables 47 the results associated with the four
gas phase, at the temperatiiref process 6. In the present case, most stable conformations of the protonated moieties from A
however, this difference is chiefly due to the proton translation to D. All the contributions discussed before have been included,
energy when free from the adduct. The crucial quantity is and the origins of their values are briefly indicated in the
therefore the computed protonation energy (PE) given as thefootnotes of the tables. We also report there for comparison

first term on the right-hand side of eq 6: the results obtained using both the FN and the AD approaches.
One clearly sees there the following points:
PEyp =AE= EADO3H+ - EADO3 () (i) The correlation correction, as already seen in Table 2,
hardly changes the value of the proton position at the energy
PE.y=AE= Eg’;‘H+ - Eg': (8) minimum, and the same occurs when fulp @laxation of
geometry is included.
where B+ and B, indicate ab initio calculations obtained (i) The adiabatic PE values obtained now are markedly

within the BO approximation, either within the fixed-nuclei (FN) smaller than the ones qualitatively discussed for our calculations
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TABLE 5: Calculated Contributions to the O 3H™* Proton Affinity (PA) for the Open-Chain Form B of Figure 1

fixed nuclei adiabatic
SCF MCSCF (core) MCSCEF (close) SCF MCSCF (core) MCSCEF (close)
Eror(0s) (au) —224.304 035 —224.472 623 —224.47485% —224.32098 —224.473 88 —224.47578
CP correction (au, kcal/mdl) 0.002 059 6, 0.034 522 2, 0.067 600 9, 0.002 059 6, 0.034522 2, 0.067 600 9,
+1.29 +21.66 +42.42 +1.29 +21.66 +42.42

Ros-++ (A) 0.9792 1.0021 1.0139 0.9782 1.0065 1.0017
Eror(OsH™) (au) —224.544 453 —224.757 589 —224.798 023 —224.573007 —224.773455 —224.807 269
CP corrected protonation —0.2383584, —0.2504438, -—0.2555711, -—0.25009474, -0.2651028, —0.2638881,

energy (PE) (au, kcal/mol) —159.57 —-157.16 —160.37 —-156.91 —166.35 —165.59
(5/2)RT¢ (kcal/mol) +1.48 +1.48 +1.48 +1.48 +1.48 +1.48
0°E/0Ro,-1+2 © (hartree/bolt) 1.833461 1.419 506 1.407 833 2.358 983 1.738 800 2.174 168
[Evin(OsHT) — Eiin(O3)] (kcal/mol)  +1.60 +1.41 +1.40 +1.82 +1.56 +1.74
—AH (kcal/mol)= PA 146.49 154.27 157.49 153.61 163.32 162.37

20zone partner at full Cl geometryOptimized ozone partner geometries as obtained in present W&R)RT = A(PV) + (3/2)RT. ¢ From
the PES cuts of Figure 2.From the Hessian of the full PES (see main text).

TABLE 6: Calculated Contributions to the O 3H* Proton Affinity (PA) for the Open-Chain Form C of Figure 1

fixed nuclei adiabatic
SCF MCSCF (core) MCSCEF (close) SCF MCSCF (core) MCSCEF (close)

Erot(Os) (au) —224.304 035 —224.472628 —224.474851 —224.32090 —224.47388 —224.47578
CP correction (au, kcal/mol) —0.2408231, 0.022 7485, 0.059 8321, —0.2408231, 0.0227485, 0.059 8321,

—151.12 +14.27 +37.54 —151.12 +14.27 +37.54
Ros-++ (A) 1.0130 0.9999 0.9999 1.0155 0.9898 0.9958
Eror(OsH™) (au) —224.433259 —224.648 355 —224.650598 —224.451743 —224.689023 —224.717 739
CP corrected protonation —0.3700471, -0.1529835, -—0.1159149, -0.3716661, -—0.1924445, —0.18212609,

energy (PE) (au, kcal/mol) —232.21 —96.00 —72.74 —233.22 —120.76 —114.29

(5/2)RT¢ (kcal/mol) +1.48 +1.48 +1.48 +1.48 +1.48 +1.48
0°E/0Ro,-1+2 ¢ (hartree/bot?) 1.392 855 1.541 155 1.538 823 2.225 809 2.828 323 2.311612
[Evin(OsH') — Eyip(O5)] (kcal/mol)  +1.39 +1.47 +1.47 +1.76 +1.99 +1.80
—AH (kcal/mol)= PA 229.34 92.54 69.79 229.99 117.30 111.01

aQzone partner at full Cl geometry Optimized ozone partner geometries as obtained in present M@&@R)RT = A(PV) + (3/2)RT. ¢ From
the Hessian of the full PES (see main text).

TABLE 7: Calculated Contributions to the O 3H* Proton Affinity (PA) for the Open-Chain Form D of Figure 1

fixed nuclei adiabatic
SCF MCSCF (core) MCSCEF (close) SCF MCSCF (core) MCSCF (close)

Eror(Os) (au) —224.304 035 —224.472628 —224.474851 —224.32090  —224.473 88 —224.47578
CP correction (au, kcal/mol) —0.194 6068, 0.0320821, 0.067 344 6, —0.194 606 8, 0.0320821, 0.067 344 6,

—122.12 +20.13 +42.26 —122.12 +20.13 +42.26
Ros-n* (A) 1.0354 1.0004 1.0321 0.9891 1.0034 1.0191
Eror(OsH™) (au) —224.387 166 —224.606213 —224.691260 —224.509164 —224.703145 —224.737777
CP corrected protonation —0.277 7378, —0.1015079, —0.1490644, -0.3828708, —0.1972329, —0.1946524,

energy (PE) (au, kcal/mol) —174.28 —63.70 —93.54 —240.25 —123.77 —122.15

(5/2)RT* (kcal/mol) +1.48 +1.48 +1.48 +1.48 +1.48 +1.48
0°E/9Ro,-1+2 © (hartree/bol®) 1.211 984 1.551 966 1.283 026 2.370573 2.274 964 2.281 362
[Evib(OsH) — Eyin(O3)] (kcal/mol)  +1.30 +1.47 +1.34 +1.82 +1.78 +1.79
—AH (kcal/mol)= PA 171.50 60.75 90.72 236.96 120.51 118.88

of Table 2. Hence the CP correction is an essential ingredient The comparison with the experimental value of ref 8 indicates
when MCSCF calculations for the supermolecule are carried that the two A and B configurations are possibly the more likely
out. candidates for the description of the most stakje Ogeometry
(iii) The AEzpe estimates using the full Hessian of the relevant as they show larger GB values. Furthermore, all FN computed
PES add a significant correction and help to obtain proton values, i.e., the ones obtained with the unchanggdegdmetry
affinity (PA) values which can be more directly compared with in the adduct (GBy) are smaller than those given by the
what has been experimentally measured: they are seen to beptimized geometries (GI) which remain, however, still larger
here smaller than our previous PE values. than the experimental valué3he difference which still appears
The quantity that our calculations can also produce is the between the latter and the available experiment will be further
full, observableAG value as a measure of the gas basicity (GB) discussed below.
of the molecular target To make the present comparison more quantitative, we have
N N _ first extended our analysis to the basis set effects on protonation
AG=GB=PA—TAS (10) energy values and report in Tables®2 the convergence study
which we report in Table 8 for the four configurations discussed for the four different protonated adducts of the present work.
in the present work, using our rigorously calculated entropy We can make the following considerations from a perusal of
contributions for each of the four protonated add&ew/e used the results:
the vibrational frequency values from ref 13 and followed the (i) The PE value rapidly converges when the basis set is
equipartition theorem. extended beyond the VTZ level and shows very little change
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TABLE 8: Computed and Experimental Values for the Gas Basicity (GB) of the Ozone Molecufe
protonated species

A B C D
FN AD FN AD FN AD FN AD
PA (kcal/mol) 158.90 162.12 157.49 162.37 69.79 111.01 90.72 118.88
TAS (kcal/mol) 7.78 6.95 7.76 6.95 7.76 7.22 7.76 7.23
AG (kcal/mol) 151.14 155.17 149.73 155.42 62.03 103.79 82.96 111.65
AGexp (kcal/mol)= GBeyp 140+ 3

a As estimated with the formulAS = R In[o(O3)/o(O3H™)]. ® Theoretical estimates of this workFrom ref 8.4 FN = fixed nuclei calculations;
AD = adiabatic calculations.

TABLE 9: Basis Set Optimization Geometry Test and PE for Isolated Ozone and for the Protonated Adduct in Geometry A

DzpP VTZc VTZ VQZc VQZ V57
Ro-o (A) 1.264 1.282 1.282 1.279 1.279 1.283
0 (deg) 117.0 116.8 116.8 116.9 116.9 116.8
Eo, (au) —224.475780 —224.569 003 37 —224.569 692 86 —224.585929 01 —224.586 085 88 —224.584 096 68
Eost (au) —224.812 07 —224.846 21489 —224.846 91415 —224.86341071 —224.863578 10 —224.86157172
PEao (kcal/mol) —211.02 —173.95 —173.96 —174.12 —174.13 —174.12
CP correction (kcal/mol) +42.04 +0.47 +0.42 +0.16 +0.16 +0.12
PE°P (kcal/mol) —168.98 —173.48 —173.583 —173.96 —173.97 —174.00
TABLE 10: Basis Set Optimization Geometry Test and PE for Isolated Ozone and for the Protonated Adduct in Geometry B
DzP VTZc VTZ VQZc vVQzZ V5Z
Eo, (au) —224.475780 —224.569 003 37 —224.569 692 86 —224.585929 01 —224.586 085 88 —224.584 096 68
Eo+ (au) —224.807 270 —224.841 38947 —224.842158 42 —224.858 708 44 —224.858 877 23 —224.856 759 99
PEap (kcal/mol) —208.01 —170.92 —170.97 —-171.17 —171.18 —171.10
CP correction (kcal/mol) +42.42 +0.78 +0.68 +0.29 +0.29 +0.24
PECP (kcal/mol) —165.59 —170.14 —170.29 170.88 170.89 170.86

TABLE 11: Basis Set Test at Fixed Optimized Geometry and PE for Isolated Ozone and for the Protonated Adduct in
Geometry C

DzP VTZc VTZ VQZc VQZ V5Z
Eo, (au) —224.475780 —224.56900337 —224.56969286 —224.58592901 —224.586 08588 —224.584 096 68
Eoqt (au) —224.717 739 —224.73643104 —224.73700826 —224.75390951 —224.75414236 —224.750 64067
PEap? (kcal/mol)  —151.83 —105.06 —104.99 —105.41 —105.46 —104.51

a Protonation energy (PE) without CP correction.

TABLE 12: Basis Set Test at Fixed Optimized Geometry and PE for Isolated Ozone and for the Protonated Adduct in
Geometry D

DzP VTZc VTZ VQZc VQzZ V57
Eo, (au) —224.475780 —224.56900337 —224.56969286 —224.58592901 —224.58608588 —224.584 096 68
Eos+ (au) —224.737 777 —224.77068271 —224.77166224 —224.78737477 —224.787 46485 —224.78472878
PEap? (kcal/mol)  —164.41 —126.56 —126.74 —126.41 —126.37 —125.90

a Protonation energy (PE) without CP correction.

when the basis set is further enlarged. Furthermore, the final further analyzed by us elsewhere in greater détajl comparing
changes from the values with the DZP basis shown in Tables our findings with experimental measurements. Suffice it to say
4—7 are only about 3%. here that the effect of complex formation with a competing base
(i) The CP corrections, as expected, become increasingly as occurring in the experimefitis seen from the present
smaller and reveal clearly the basis saturation effects mentionedcalculations to be one in which dehydrogenation effects are
in the previous discussion. possibly introduced by the nonadiabatic contributions from the
(iii) All geometries have been optimized within each chosen region of conical intersection that leads to the electron-transfer
basis set, for both the adduct and the isolated ozone particle.process with H formation that we shall discuss ion the next
We therefore see again that protonation changes only negligibly section. In other words, the possible increase in the density of
the molecular partner geometry within the adduct. _ states of the collision complex between the protonated adduct
We als_o see now that, when the value of the asymptotic g, the competing base molecule B, §(@1)™—B], is likely
energy difference between thed@ H') and the (@" + H) to produce an increased lifetime of the latter whereby the
channel (23.3 kcal/mol) is SUbtiaC_ted from the upper fragmenta- o ossing of the conical region can occur as the proton stretches
tion pathwa_ly (leading to O+ H ) in order to obtain th_e lower out and therefore temporarily leads the “stretched” protonated
fragmentation pathway (leading t;O+ H), the experimental o4yt to an intermediate, H-bound species with B still present

value of the PA becomes remarkably well reproduced by the . '
computed, ZPE-corrected, PE value for the most stable adductlrr;f?rir?gén E;eggfollowed by fast decay of the final protonated

given in Table 9: the computed PA becomes in fact (see also
Table 4) 147.5 kcal/mol, to be compared with the experimental N N N
estimaté of 148 4= 3 kcal/mol. This remarkable result will be [(O3—H)"++*B] =[O 3**H—B] — [Ogz-+(H-B)"] (11)
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Figure 2. CP corrections for the asymptotic channels discussed in the main text. All calculations were done at the MCSCF-core level. The upper
panel refers to the ©+ H* asymptote and the lower panel to thg"O+ H asymptote. Both molecules are kept at their asymptotic optimal
geometries. All four protonated forms of Figure 1 are considered.

That the kinetics of protonation may not be the one-step adiabatic transitions at potential curve (or surface) crossings (or
mechanism usually assumed in the earlier calculations andavoided crossings): even organic chemical reactions are often
experiments, but rather that the energetics of it may be guidedclassified in terms of simpler curve crossing schefes.
instead by electronically nonadiabatic effects has also been |n the case of a polyatomic structure like{d]* the initial
suggested in rather general terms by a recent computationaktep already appears computationally quite demanding. How-
study? It seems, however, that the role of such conical ever, we shall show below that, at least within the selected cuts
intersections is for the first time specifically suggested by the of the PES which are suggested by the four structures of Figure
present calculations in what we shall show below to be the 1, it is possible to find the locations of the curve crossings and
effects from marked, nonadiabatic regions within the nuclear therefore the most likely paths for the occurrence of CT

phase space relevant to reaction transition compl&xes. processes in the dynamics of proton collisions with ozone
o molecules. It is also well-known that the isolated i@olecule
5. Nonadiabatic Effects presents &A,—!B; conical intersection, which involves elec-

When dealing with the basic interaction, in the gas phase, tronic states that are of singly excited character with respect to
between a free proton and a molecule, several aspects of thdhe ground state of ozoriéWe shall show in a following study
possible outcomes are rooted in the features of the intermediatethat its protonated adduct also exhibits electronically induced
metastable complex, often described as a highly excited stateconical intersections involving the ground electronic states and
of the bound protonated add#étWe have discussed in the that the present avoided crossings are the one-dimensional
previous sections the structural properties and the relative Signatures of such nonadiabatic effects.
energetics of the lowest electronic state of the adducts and their To assess more quantitatively the relative energetics of the
geometries from the BO configurations of the bound electrons. two final exit channels (@+ H* and Q* + H), we started
We now wish to analyze a bit further the existence of different Wwith the calculation of the @ionization potential by optimizing
asymptotic states of the interacting partners, as briefly sketchedthe geometry of the & ion to its ground electronic state. We
in the Introduction. therefore found for the adiabatic ionization potential a value of

From the experimental side, we know already that low-energy 11.07 eV from calculations without any ZPE or temperature
collisions between protons and neutral molecules lead to corrections. The experimentabalue is 12.53 eV, i.e., a
significant rotovibrational energy transfétg2 and that such ~ discrepancy of 1.46 eV. This result therefore brings the
excitations can occur within two different asymptotic exit asymptotic energy difference between channdlg., to be
channels of the dynamics, i.e., within the collisionally direct —2.533 eV, a value which, in comparison with the experimental
channel, where Henergy losses are measured, or the collision value of —1.07 eV, is only qualitatively correct.
charge-transfer (CT) channel, where H is formed and the To improve such data, the results shown in Figure 2 report
corresponding molecular ion also detecté#’ calculations for the four different cuts of the ground-state PES

Nonadiabatic transitions at potential curve crossings representfor the protonated adduct. The upper panel shows the CP
a very basic and significant mechanism for state or phase calculations for the ozone molecule in the presence of the
changes in a broad variety of dynamical proces3d&edless additional basis centered on the “dummy* lHucleus over a
to say, there are several spectroscopic as well as collisionbroad range of relative distances. The total energy shown is
processes in chemical reactions which are governed by non-that of the isolated neutral{OOne sees that the CP corrections
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Figure 3. Behavior of the computed lowest two roots of thefp" system along the dissociative pathways for the two open-chain adducts, A and
B (upper panels), and for C, D adducts (lower panels). The insets show enlarged views of all four avoided crossing regions. The dashed lines
gualitatively indicate the diabatic curve behavior for each of the four crossings.

are fairly large, and comparable with each other, for three of interactions as a function of nuclear positions but direct results
the directions of approach but are much smaller for the case offrom the MCSCF-close calculations. Hence, due to the fact that
the ring structure irCy, geometry (C form in Figure 1). The the two states have the same symmetry, the two BO curves avoid
lower panel shows CP-corrected calculations for the ozone ion each other and thefore two avoided crossings (shown by the
and for the removal of a “dummy” H atom. Here again, only dashed curves in the insets) can be found in the two open-chain
the total energy of the isolated molecular ion is shown. The CP protonated forms: they both occur at relatively large distances
corrections are now smaller as the H polarization effects are of the proton from the wing oxygen atom to which it is attached,
obviously reduced when compared with those from the receding hence the difficulty of seeing them with the naked eye.

proton: the largest correction now comes from the nonplanar  the same type of calculation is shown on the lower part of
ring structure (D form) while the A form shows now the smallest Figure 3, where the two ring configurations 6§, symmetry
correction. From such findings, therefore, we can now get the ;e shown: the planar C form (left side) and the nonplanar D
corrected energy se_paration in the asymptotic region for the most; ., (right side). The calculations show that the asymptotic
stable A form as given by separations including the CP corrections are now largérZ

eV) while the avoided crossings appear at shorter proton
distances from the wing atom (at lessnhaA in both cases).

As mentioned at the beginning of this section, when the
electronic energy (BO calculations) of the separatédHM
system lies above the energy level of the separatetl M*
system, then the electronic state of the former asymptote in
general correlates adiabatically with an excited electronic state
of the adduct, (MH)*, while there is also likely to exist some

AES"=Eo — (Eo. +Ep)=—1.98eV  (12)

which is now closer to the experimental results (1.07 eV). Itis
worth remembering at this point that we are now required to
use in full the AECP expression of eq 3 while eq 12 implies
that we are disregarding the effect of thg"asis on the H
total energy. Although we do not expect this correction to be

very large (due to the small polarizability of H), it partly explains - ) s .
therydisc?re;()ancy of about 0?88 eV, v ). it partly exp special reaction path along which it is possible to smoothly pass

To analyze more in detail the location of the crossings for from the electronic state Whic_h correlates asymptotically with
each of the forms, we present on the upper side of Figure 3 theH T M to the ground electronic state of the protonated adduct,
two lower roots for the paths of approach that follow the A and (MH)o™. This special passage, which can continuously lead from
B configurations and we show them separated asymptotically the excited electronic state of the fragments to the ground
by the experimental energy value of 1.07 eV. In the upper-left _electromc state of the combined system, can be called a_dlabat|c
part we report the curve behavior for the open-chain A form, in the sense of a smooth dependence of the electronic wave
and in the upper-right part of the same figure we show the two function on the nuclear coordinates along this path. On the other
curves for the B form. In the two insets we also show the two hand, it can also be called diabatic in the sense that it brings
crossings on an enlarged energy scale. We should remindthe system from an upper potential surface to a lower®ne.
ourselves at this point that the BO curves reported there are The results which we have shown in Figure 3 indicate the
neither adiabatic nor diabatic representations of the electronicshape of just such a path which indeed brings smoothly the
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Figure 4. Behavior of the squares of the two largest CI coefficients for the lowest two roots of the open-chain structures. Top panels: coefficients
for the A configurations. Lower panels: behavior for the B configurations. The “charge-transfer” root is marked by a solid line while the “electron-
transfer” root is marked by a dashed line.

excited state that breaks up as"M- H into the region of the hand, the second root for the same A form behaves in just the
lower well associated with all four forms of the protonated opposite way: the system starts as an electronically excited
adduct. At the same time, such smooth passages recovered fronrmoiety (QsH)™* where the polar bond is formed with contribu-
the avoided crossings of the BO curves are also diabatic in thetions from ionic states of ©and a highly polarized H atom
sense that they should “bring down” the system from the excited (see right upper panel in Figure 4). As the proton moves away
state into the lowest bound electronic state of the protonatedfrom the complex, it leaves the electron “behind” while going
adduct. This is most clearly demonstrated by the plots of the toward the region of the crossing.

squares of the largest CI coefficients associated with the two  (jjj) At the crossing point the two coefficients behave

lowest roots that we are considering here. Such plots are reportedsymmetrically in both roots: a stretched (W)™ bond appears
in Figure 4 for the two open-chain forms that were shown 10t pe equally well described as either an'(ivH) system with
be the most stable in the previous calculations, but similar plots glectron-transfer features or an €W*) system, with the

can also be made for the ring structures C and D. electron being located on the molecular moiety.

The left part of the figure contains the largest coefficients . . . .
associated F3/vith the firstgroots from the MCSgF-cIose calcula- (v} Beyond the (avoided) crossing point one sees clearly from
the coefficient behavior the nonadiabatic nature of the two

tions for the A form (top) and the B form (bottom) in the region Jdiabatic” curves: the first root, which comes from the ground

across the avoided crossings, while the corresponding second . . .
: ) . State of the protonated moiety, is now dominated by the electron-
roots (excited states) are shown at the right-side part of the sam oy . S S
ransfer coefficient, which was absent in it around the equilib-

figure. Furthermore, we show the coefficients that correspond rium geometry, and moves out to the more energetie M+

o the charge-transfer process O.f eq 1 (|..e.,. when the IDOSItIVeasymptotic products. On the other hand, the second root that
charge is kept on the proton) with a solid line for both roots L - L X -
was describing, at its equilibrium configuration, the (Vi)

while the coefficients that lead to the ET process (and which excited moiety is now being dominated by the coefficient
asymptotically yield @" + H) are those given by the dashed associated with the adduct moving along the CT channel that

lines. The following observations could be made: S ) .
(i) if we follow the coefficient behavior in the first root of leads to the ionic molecule plus the H-atom configuration of
the lower asymptotic channel.

the A form, we see that the removal of the plartner dominates o ; )
at the beginning, with little electron migration from the; O A similar analysis of the B form also shown in the lower
moiety since the weight of the electron-transfer root (dashed Panels of Figure 4 follows essentially the same qualitative
line) changes little at the outstart and is initially negligible. Up Pattern as the previous example and exhibits even more abruptly
to about 2.5 A the solid line reaches a maximum while the dotted the nonadiabatic feature of the avoided crossing: the sudden
line has not changed value; the Hs therefore moving away switching of the relative weights of the coefficients as the system
and the Q fragment is left “behind” in the adduct. goes through the region of the electronically nonadiabatic
(i) When the system is further separated and is getting closer “electron jump”.
to the crossing, however, the solid line rapidly drops and the The actual values of the energy gaps at the geometry of the
dashed line increases: the electron is being transferred to theminimum energy separations between BO curves are reported
proton while the @ is becoming a positive ion. On the other in Table 13.
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TABLE 13: Energy Spacings between BO Cruves at the ozone, and in other systems where nonadiabatic crossings have
F;%}IE'VG EfOtOﬂ AspproaCh of Minimum Energy Gap between been found, will be the subject of our further, more detailed
the Two Lowest States analysis of protonation kinetics.
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