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Dissociative Recombination of HO™

I. Introduction

The realm of gas-phase ion chemistry contains numerous
classes of reactions responsible for the production of neutral
molecular species. One widely studied reaction type has been
dissociative recombination (DR), a process whose theory was
treated by Bates and Massey in the 1940&e general form
of DR, a reaction involving a molecular cation Y#roducing
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Ab initio molecular orbital calculations have been performed on potential energy surfaces associated with
products of dissociative recombination (DR) of®t + e~ experiments carried out in the ASTRID heavy-

ion storage ring. Gradient geometry optimizations and frequency calculations on critical points ogOthe H
ground-electronic-state surface and its dissociation paths were performed at levels of theory up to and including
MP2(full)/6-311G(d,p) with extra diffuse functions added to the oxygen atom; single-point calculations
subsequently were performed at levels up to CCSD(T) with the same basis set. Dissociation pathways of the
two lowest-energy valence-to-Rydberg®excited states were studied using CIS single-point calculations

on SCF-level optimized geometries along ground-stat® Hissociation pathways, and no barriers to
fragmentation were observed. The most exothermic ground-state dissociation pathway cogDeots{d

(X*A;) + H; however, OH(XIT) + H, and OH(XII) + 2H also are energetically accessible products.
Dissociation of the two valence-to-Rydberg electronically excitg® ldpecies lead to these same products

but also lead to products (OHE) + H,, OH(A%Z) + 2H) which are energetically inaccessible from ground-
state HO. These computational results provide a detailed understanding of the intricacies of the observed
experimental processes, and suggest future experimental investigations on the subject.

atomic or molecular products Y and Z, can be expressed as YZ**

follows

Depending on the manner in which the attaching electron
enters an unfilled orbital of the YZcation, the DR processes
are characterized in one of two classes:

(i) “direct,”2 in which the cation YZ captures an electron
into an antibonding orbital, and the kinetic energy of the
incoming electron provides sufficient energy to also excite
electronically the initial cation electronic configuration. The
resulting molecule, YZ**, is doubly electronically excited and
is unstable with respect to autoionization, or, if the nuclei Y
and Z separated to a distance>(rr¢it) such that autoionization
is endothermic, the molecule becomes unstable to dissociation
into Y and Z.

(i) “indirect,” 2 in which electron capture by YZoccurs
and the molecule goes into a high-energy Rydberg stateg(YZ)

YZF+e —Y+2Z 1) YZ*

A

indirect
DR DR

>

lying below YZ* in electronic energy, but with excess vibra- erit r

tional and/or rotational energy. The resulting excited neutral

molecule may autoionize or predissociate into a repulsive YZ Figure 1. Direct and indirect dissociative recombination mechanisms.
state prior to dissociation into ¥ Z, as is observed for the

direct mechanism. (Both the direct and indirect cases are A. Dissociative Recombination of HO®. Dissociative
summarized in Figure 1.) The particular DR event considered recombination of HO" is believed to be important in the
in this paper, that involving k0" + e~ — H30, is believed to production of atoms, molecules, and radicals such as H, OH,
proceed through the indirect mechanism for reasons that areand HO in diffuse and dense interstellar cloddBhe interstellar
made clear later. production of HO is of particular interest as it is an important
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magnets, to attain an ion beam of an appropriate energy such
that the desired DR experiments can be performed.

The cold vibrational ion beam, then, is merged with a beam
of electrons travelling in the same direction as the heavy ions
with controlled relative kinetic energy in an “electron cooler.”
The beam relative energies can be controlled experimentally
(and can, as will be discussed later, result in the formation of
different products depending upon the relative beam energies).
This type of “merged-beam” technique serves to provide a
translational cooling mechanism for the stored ion beam, as well
as to provide a venue for the DR reactions of interest to occur.
The neutral products exit the storage ring in the direction of an
energy-sensitive detector, at which a number of counts corre-
sponding to the masses of each product particle is recorded.
The resulting data is typically plotted in a le¢pg graph of
reaction cross-section vs relative beam energy, from which
rate coefficientsK) for the reaction or reactions under analysis
can be obtained as follows. An example of such a plot of the
cross-section for the formation of;B from H;O* is shown in
Figure 2.

Dissociative recombination
of H,0*
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Figure 2. log—log plot of reaction cross-section vs relative beam
energy for HO' + e~ dissociative recombination as performed in the
heavy-ion storage ring ASTRID (figure from ref 12q).

coolant in interstellar space and contributes significantly to star
formation?®

Gas-phase studies of,& and HO* have been of consider-
able experimental interest during the preceding four decades,
both from the perspective of proton-transfer reactiaswell
as dissociative recombinatioffs Techniques employed to study
such proton-transfer reactions include flowing afterdio10d.e
and SIFPa.7c.10ac -9 methods, as well as flame-ionization mass
spectrometry$d™pP.~u while DR reactions have been studied
using the same methods?1%x¢ as well as by laser-induced
fluorescence?810cvacuum UV absorptior?89.1¢gn traps’d
merged ion-beam techniqué&s!h— emission spectroscop{s
flame-mass-spectrometf§’! shock-tube techniqué®;”, flame-

k = o= (Nygno) (N, N

on” ‘e

Le) 2

In eq 2,Nsignaris the number of particles detected per second
for a given reaction channel (e.g., fog®l formation in Figure
2), v is the heavy ion velocitylNio, is the number of reactant
ions which pass through the electron cooler per second
the electron density, is the length of the electron cooler region,
ande is the detector efficienci?

However, because the neutral products of the DR of a specific
cation strike the detector within nanoseconds of each other (e.g.,
H, and OH formed from BO™ + e~ strike the detector
together), this type of analysis by itself does not provide insight
Langmuir probe techniqué¥lo¢ plasma-afterglow methody, regarding the molecular structure of the products, because only
glow-discharge method%,and heavy-ion storage ring5sThe one peak, corresponding to the mass, and hence the kinetic
latter experimental technique represents a relatively recentenergy, of the undissociated molecule@Hn our case) can be
innovation in the study of DR reactions; during the past decade, expected to be seen. The installation of a grid with a known
a plethora of experimental information regarding products and transmissionT) in front of the detectot® by contrast, allows
branching ratios of DR reactions has been obtained for ions such a peak to be separated into a series of peaks dependent
which include HT,12ah HD* 12bi D, 12) Hgt 12kl H,DT 12lm upon the probability of product fragments (or combinations of
SHeH™,12"N,T,120 O, 120 NO+ 120 CHsT,12P H,0™,12d CHg+ 124 fragments, such as &, OH, OH+ H + H, etc.) of given
and HO™ 124" the last of which is the subject of the present masses to go through (or to be stopped by) the grid. This
paper. In recent years, theoretical studies of dissociation separation is caused by the fact that, for examplke;HHOH
pathways of HO',12 as well as of predicted branching ratios products pass through the grid with different probabilities than
of H3O" + e~ DR have been performéd,but there remain do H;O or 2 H+ OH products.
substantial discrepancies among the theoretical predictions The number of “events” corresponding to products of a given
(especially for branching ratios of various products) and mass striking the detector can be related to the branching ratio

signaIUi

experimental findings.
B. Overview of Heavy-lon Storage Ring Experimentsin

of the observed products through the matrix equégion which
the probabilities of molecular passage through the grid relate

recent years, the experimental technique of using heavy-ionthe “known” raw data (the number of “hits” on the detector) to

storage rings to study DR reactions has gained popularify.?

the “unknown” branching ratios. In this manner, the experi-

There are four such ion-storage rings at which DR is studied: mentalist gains valuable insight regarding the nature and the
Y 1aASTRID in Denmarki®CRYRING in Swederd TARN amount of products associated with DR of a given ionic species
Ilin Japantl®eand TSR in German¥f With minor differences, under analysis.

each of these storage rings operates on a similar premise: lons C. DR of H;O™. The storage ring method has been applied
are produced from a parent neutral compound in an ion source;to study DR of HO*. The primary results of the studies are
the resulting ion beam is accelerated to a desired translationalthe cross-sections for the total rate of production of neutral
energy and injected into a ring assembly under low-pressure fragments from HO™ (i.e., the total rate of loss of @™ through
conditions (on the order of 1@ Torr). Such low pressures are  DR) and the branching ratios for production of various neutral
required to allow the storage of the produced ion beam for time products. Shown in Figure 2 is the® formation cross-section,
periods of the order of tens of seconds, and, thus, allow for as a function of the relative kinetic energy of the two beams,
radiative vibrational relaxation of the ions, as well as to prevent for the HO™ case!?d By determining, using the techniques
them from being dissociated by collisions with rest-gas mol- discussed briefly above, how many H, OH,® and HO
ecules. Once inside the ring, the ion beam is manipulated by aspecies reach the detector, these same experimental data have
series of radio frequency accelerators and bending and focusingoeen used to determine the following branching ratios fgo H
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TABLE 1: Exponents of Augmented Basis Functions on B. Geometry Optimization and Electron Correlation
Oxygen Issues.The ground electronic states of most species have been
s-functions p-functions d-functions geometry optimized using gradient technicgiiewith this
1.0 0.07983 0.084192 augmente(_j basis set at levels of theory from H_amlécex:k_

0.24474 0.024684 (spin-restricted or RHP for closed-shell species; spin-
0.059899 unrestricted or UHP for open-shell species) and with inclusion
0.014660 of electron correlation to second-order Mglié€tlesset perturba-
tion theory324 (RMP2(full) or UMP2(full), as appropriate),
decomposing in four reaction patfs" wherever possible. Transition structures have been located by
gradient optimizations with the eigenvector-following (EF)
HSO+ +e —H,0+ H(0.33+ 0.08) (3a) algorithm or the CALCALL® technique, and intrinsic reaction
coordinate (IRCY¥ analysis was performed to verify the identi-
OH + H, (0.18+ 0.07) (38b) ties of the structures at the two ends (minima) of the associated

reaction profiles. The total electronic energies given in Table 2
OH+H+H(0.48+0.08) (3c) list MP2 energies for open-shell species without (UMP2) and
O+H,+H(0.01+£0.04) (3d) with (PMP2) spin projectiof’ In addition, single-point calcula-
tions at the optimized MP2-level geometries have been per-
formed at third-order (MP3(fullf#28 and fourth-order (MP4-
(full)) 232°Mgller—Plesset theory (the latter energies are reported
in Table 2 with inclusion of single, double, triple, and quadruple
Excitations (SDTQ¥F29, as well as with coupled-cluster theéfty
with inclusion of single and double excitations, and perturbative
inclusion of triple excitations (CCSD(T)(fufi§-"). All MP3

These branching ratios were obtained in collisions of low-energy
electrons with HO' and hence they relate to the fate ofCH
produced at low energies.

The reaction cross-section vs relative beam energy plot reveal
the presence of a smooth decay curve, characteristic of an
endothermic reaction, punctuated by one or more undulations - \ )
at high (ca. 2-10 eV) relative beam energies. While there is and MP4 energies of open-shell species are reported with
no doubt that the experimental information yields valuable Nclusion of spin projection (PMP3, PMP4). Harmonic frequency
insight regarding the products and branching ratios of the DR calculat_lons for species at critical points were performed on the
process, experimental limitations preclude a more detailed "eSPective UMP2 optimized geometries; from these calculations,
analysis of reaction mechanisms and determination of the zero-point V|brat|ona! energies (ZPE) also were obtained. ZPE
electronic states in which products are formed. It is our belief Values are reported in Table 2, scaled by a factor of &.95.
that by examining the ground- and energetically-accessible ~Energies of valence-to-Rydberg electronically excited states
excited-state potential energy surfaces connectig@ b its of HzO, both pyramidal and planar (the significance of which
various decay products, we can gain a more profound under-Will be explained shortly), have been obtained at the optimized
standing of the nature of the reaction(s) being studied, both from ground-state HF-level geometries by single-point configuration
the perspective of reactants and of products. Our strategy,interaction calculations which involve single electronic excita-
therefore, is to provide additional insight, via ab initio MO tions (CIS)*
investigations, into the intricacies of the potential energy surfaces C. Characterization of Reaction Paths.1. Ground-State
and the reaction mechanisms associated with the experimentaPaths. Our general strategy in studying how the ground and
observations, and, if possible, to provide suggestions regardingvarious valence-to-Rydberg excited states @OHonnect to

further experimental studies of this reaction. corresponding electronic states of HH,O, OH + H,, and
. OH + 2H products has been to first carry out searches on the
II. Methods and Computational Strategy ground electronic surface for reaction paths that pass through

A. Atomic Orbital Basis Sets.Our ab initio MO calculations true .transitio.n states (i.e., minimum-energy.cols where the
were performed using the GAUSSIAN 94 series of progréfms, gradient vamshes and whfsre all bUt one eigenvalue of the
on an IBM RISC System/6000 computer at the University of curvature matrix are positive). This allows us to properly

Utah. In all calculations, we have employed a standard Gaussiarcharacterize the decomposition of ground-stag® fih terms

triple split-valence 6-311G(d,f) basis set, augmented by a of reaction path energy profiles and corresponding transition-
group of four extra sets of “s™-type functions, two extra sets of Stat€ energies and structures.

“p"-type functions, and one extra set of “d” -type functions on These searches were performed at the SCF level of theory,
the oxygen atom. Many of these extra functions are diffuse’ with the basis set described earlier. In the case of the reaction
and assist in providing an accurate description of electrons whichPath which connects ground-state@ito OH (XIT) + 2H
inhabit Rydberg orbitals. This extra group of basis functions directly, the emergence of severe spin contamination along this
was formed by modifying the set developed by Gutowski and Path compelled us to examine this route at a higher (QCISD-
Simong28 for Rydberg neutral and anionic Species by (]_) (fU”))16 level of theory, from which we also obtained PMP3
retaining the basis functions necessary for a proper descriptione€nergies. The endothermicities for the reactiogOH~ OH-

of electrons in the low-energy Rydberg orbitals of interest (X?IT) + 2H calculated at the QCISD and PMP3 levels of theory
(associated with electronic configurations of the ground state Were in agreement to within 2 kcal mdl As the energies at
and two excited states of;B that relate to the features in Figure the latter level of theory had spin contaminants-(4) to (s+

2 near 10 eV noted above); yet (2) removing those functions 4) removed and were reported at a pure doublet spin s (
which primarily describe higher-energy Rydberg orbitals. The = 0.75), we are confident in the reliability of these results at
final set of augmented primitive basis functions is detailed in both levels of theory.

Table 1. 2. Excited-State Pathor the valence-to-Rydberg excited
To provide a pictorial representation of the occupied bonding states, we have had to take an alternative strategy in character-
oon, Nonbondingzy, and Rydberg orbitals of thed® molecule, izing how the states of ¥ connect to those of H- H,O, OH

we have drawn these orbitals using the MOLDEN progt&m. + H,, and OH+ 2H because the states of interest are not the
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TABLE 2: Total 2 and Relative® Energies of HO*, H30, and Dissociation Products
E (hartrees)?

species UHFE [P[HF/MP2 UMP2 PMPZ PMP3 PMP4 SDTQ CCSD(T) scaled ZPE
1 —76.50716 0.752).752 —76.76875 —76.76906  —76.77280 —76.78423 —76.78415 15.77
4h —76.50163 0.752.752 —76.77692  —76.76222  —76.76595 —76.77709 —76.77692 13.84
7 —76.33363 —76.57550 —76.58153 —76.58983 —76.58971 20.84
8 —76.05511 —76.30147  —76.30441 —76.31520 —76.30818 12.89
9 —0.49981 0.750
10 —75.41631 0.75@.756 —75.60634 —75.60803 —75.61768 —75.62356 —75.62334 5.20
11 —75.26086 0.760.761 —75.45369  —75.45618  —75.46406 —75.47074 —75.47035 4.53
12 —1.13249 —1.16027 —1.16624 —1.16773 —1.16832 6.09
13 —76.54910 0.75@.756 —76.76730 —76.76898  —76.78465 —76.79205 —76.79242 12.33
140 —76.50042 0.754).755 —76.76399 —76.76469 —76.76743 —76.77977 —76.77222 13.61
17 —76.45643 0.758.762 —76.72819  —76.73062  —76.73322 —76.74859 —76.74744 11.46
18 —76.51054 0.798.781 —76.75223  —76.75724  —76.76825 —76.77753 —76.77979 11.85

a|n hartrees; ZPE not includeflin kcal mofl™. ¢ Spin-unrestricted formalisms are used for open-shell species; spin-restricted formalisms are
used for closed-shell specie¢sAll energies are reported using a 6-311G(d,p) basis set augmented by four extra sets of “s” functions, two extra sets
of “p” functions, and one extra set of “d” functions on oxygen unless otherwise stated. See text for €pilmized at this levelf At optimized
UMP2 geometries? In kcal mol* at UMP2 optimized geometries unless otherwise stated; scaled by"Oednsition structure.6-311G(d,p)
basis set (no extra diffuse functions) was udéd.kcal moi* at UMP2(full)/6-311G(d,p)-optimized geometry; scaled by G94Second-order
saddle point.

lowest states of a given symmetry, so the quantum chemical (b) At each point along such paths, adding the CIS excitation
tools available to us (e.g., analytical gradient and Hessians thatenergy of each such state to the energy of the ground-state
are used to trace out reaction paths) are not able to generatespecies, we obtained an energy for the excited-state species.
true reaction paths on these excited states. To illustrate the (c) It is these excited-state energies that we depict in Figure
difficulty, consider the situation at the starting geometry of the 3, where we show how the electronic states gdHonnect to
H3O species, where the ground state is one in which the highestthose of H+ H,O, OH+ H», , and OH+ 2H.
occupied orbital is the lowest-energy Rydberg orbital (R). The  Although the resulting excited-state energy profiles do not
lowest excited states of this species involve promotion of the represent how the state energies vary along the intrinsic reaction
electron occupying R to other higher-energy Rydberg orbitals coordinates of the excited state, they still allow us to show how
(R"). Even within our finite basis, there are fifteen such states the ground and excited states of thgCHreactants connect to
lying below the HO* + e~ threshold. These are not the states those of the products. Moreover, because no barriers lying higher
that are relevant to the undulations near 10 eV in Figure 2. Suchthan the energies of the valence-to-Rydberg excited states at
R-to-R electronic promotions retain the monocationic character the HsO geometry have been found along these profiles, we
of the underlying cores and, in this manner, are not fundamen- can be certain that no such barriers exist on the true intrinsic
tally different from that of ground-statez8. In contrast, excited  reaction paths of these excited states (because our CIS-computed
states in which an electron is promoted from a valence orbital excited-state energies must lie above the minimum-energy-path
(e.g., from the nonbonding lone pair orbital on oxygen or from energies for these states).
one of the OHv bonding orbitals) into a Rydberg orbital while Finally, when examining the ground-state reaction path (as
retaining another electron in R are the states that relate to thewell as the CIS excited-state profiles derived from it) for
features in Figure 2. These excitations result in the creation of decomposition of KO to H, + OH, we employed an additional
dicationic (HO**) cores (surrounded by two Rydberg electrons) computational device. The ground-state hydronium radical,
in which the resulting Coulomb repulsions provide the driving which we denote (kD)r to emphasize its outer Rydberg orbital,
forces toward subsequent prompt dissociatfdive believe that s pyramidal Cs,), but possesses such a small inversion energy
the undulations observed in Figure 2 are caused by the parrier (approximately 2.6 kcal mdl) that it is nearly planar.
decomposition of such excited-state molecules, and the energiesThis feature of (HO)r allows us to investigate dissociation
we obtain for such states support this postulate. By carrying pathways of ground- and excited-stateCHto produce H +
out single-excitation configuration interaction (CIS) calculations OH by starting with the planabs, species which we denote
with the ground state of D as the reference state from which [(H3O)R]*, (where* denotes transition structure) and using both
excitations occur and examining the orbital excitation nature the plane of symmetry coincident with the molecular plast (
of many eigenvectors of the CIS secular problem, we were ableas well as the symmetry plane which bisects the molecule
to identify the valence-to-Rydberg states of interest. Within our through an G-H bond ), to label the symmetries of the orbitals
basis, at the geometry of ground-statgithe two lowest such  and states. We thus first computed the energy of the state
states were the 16th and 25th CIS states. connecting OHE") + H, with H3O along a path that preserves
As mentioned earlier, the computational tools available to both such symmetry planes; at each point along that path, the
us do not allow us to compute true reaction paths for such statesenergies of the two states correlating to @H)Y + H, were
(i.e., the 16th and 25th roots). In particular, we have used the then obtained using CIS energy differences from this £IHY
following strategy to characterize how these states and associatee H, state. This procedure produced the data shown in Figure
reaction paths evolve into H H,O, OH+ Hp, and OH+ 2H 3 as connections between OH H, and HO that display
products. crossings (near-62 kcal motl) among these three diabatic
(@) Along each of the reaction paths that we found for states. If, as is almost certain under experimental conditions,
connecting ground-statesB to H + H,O, OH+ H,, and OH theo ando’ planes of symmetry are not operative, these three
+ 2H, we carried out CIS calculations from which we were diabatic electronic states will undergo avoided crossings at this
able to identify, as detailed above, the valence-to-Rydberg statesconical intersection region to yield the true adiabatic electronic
of interest. states (i.e., the lowest curve shown in Figure 3 adiabatically
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i 6 [+252 e H20 + H

+32 [H013+ H

(Rydoerg)
15,16
-410H(AZZ) + Hj
11
-136OH(X2TI) + H -145
(wlT) & H20 (X'A1) + H
8 (valence)

Figure 3. Dissociation pathways and energies aftHand dissociation products §HOH) and (HO, H) relative to HO" in kcal mol L. Energies

for all species are reported at CCSD(T)//UMP2 with the basis set described in Section Il. A., exc&8,Brand6 (CIS//SCF), andl5 and16
(CCSD(T)/ISCF). Dissociation paths involving spec2$8, 5, 6, 15, and16 were obtained from CIS single-point calculations along SCF ground-
state reaction paths; the remaining paths were obtained as discussed in Sections 11.B and II.C.

connects ground-states8 to OHEIT) + H,, the second curve  hartrees) and zero-point vibrational energies (in kcal ol

connects the first valence-to-Rydberg state gdHo OHEII) associated with the hydronium ions®&* (in essence, the initial
+ Hg, and the third curve connects the second valence-to- “reactant” of the storage-ring experiments), with recombined
Rydberg state of kD to OHEE™) + Hy). H30, and with the various dissociation productsCH OH, H,

and H, in various ground state, and electronically excited states.
Pictorial representations of the optimized minimum-energy

A. Structures and Relative Energies of Reactants and  structures and transition structures are given in Figure 4, which
Products. Table 2 displays the total electronic energies (in we now briefly summarize.

Ill. Results and Discussion
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Figure 4. Structural parameters ofs3", H;O, and dissociation products. Bond lengths are nmy#trans; bond angles are in degrees. Where one

set of geometric parameters is listed, it denotes an optimized structure at the HF/6-311G(d,p) level of theory. Where two sets of geometric parameter
are listed, the upper value denotes optimization at the HF/6-311G(d,p) level of theory; the lower value denotes optimization at the MP2(full)/
6-311G(d,p) level of theory. In each case, these basis sets have been augmented by four sets of extra “s” functions, two sets of extra “p” functions,
and one set of extra “d” functions on oxygen.

Speciesl represents ground-state {B)r, a pyramidalCs, in Figure 4, although their (vertical) energies are shown in
structure which is believed to to the initial product of®f + Figure 3, which summarizes the energetics of all species studied
e DR under ASTRID conditions at low relative beam energies here.

(i.e., for energies below ca. 1 e¥),and is a species which Species4 is the planar Ds;) version of moleculel, which
has been the subject of previous theoretcaind experi-  we denote [(HO)R]*. As mentioned earlier, the low inversion

mentaf® research. The highest filled (singly occupied) molecular barrier associated with the interconversion of equivalent forms
orbital of this species is the diffuse Rydberg orbital shown in of 1, through 4, allows us to use4 in the study of the
Figure 5e. H,-dissociation pathways of ground- and excited-stag®© H
Molecules2 and3 represent the electronically excited states Species. Analogous to speci@sand 3, molecules5 and 6
of Hz0, which we believe relate to the features seen nedi®® represent electronically excited stategtabtained by CIS single
eV in Figure 2. Molecule2 differs from 1 in its electronic ~ Point (i.e., vertical) calculations of
configuration by a single electronic excitation from the non-  Species? represents ground state catiogQH, the initial
bonding lone pair s, in Figure 5c) to the aforementioned reactant in the ASTRID DR experimeniS.' This species has
Rydberg orbital R. Molecule3 differs from 1 by a single been studied extensively in many contektg2ar18:33a37tg
excitation from one of the doubly degenerate-® bonding structure is pyramidal withCs, symmetry, and differs in
orbital pair @on() OF domz) in Figure 5a,b, respectively) to the  electronic configuration from that df only by the absence of
R orbital. As specie® and 3 represent electronically excited —an electron in a diffuse Rydberg orbital R.
states ofl obtained by CIS single-point calculations at the Species8 is the ground state of the water molecule'4X).
optimized geometry ol, the excited species are not depicted Together with atomic hydrogen (speci@k it represents one
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than to the products in energy, it is not surprising thét
resemblesl more closely in structure, as suggested by the
Hammond postulafé (in particular, the separation between the
oxygen atom and the departing H atom is only 0.198 A longer
in transition structurel4 than in minimum structurel as
optimized at UMP2).

Our investigations of the dissociation pathways2céind 3
indicate the occurrence of single hydrogen atom ejections,
without barrier, to form products of stoichiometric formulagH
+ H, with an electron occupying a diffuse Rydberg orbital in
each HO species15and16). These ejections are followed by
additional single H losses from each species to produce OH
(X2II) + 2H and OH(&Z) + 2H, respectively. In attempting
to study the HO species resulting from the initial H ejections,
we were unable to locate any at local minima on the respective
energy surfaces. However, on enforcing linearity, as a compu-
tational device, we have been able to study species with the
electron occupancies db and 16, and, thus, gain insight into

. o ) . details of the dissociation pathways connecting electronically
Figure 5. MOLDEN pictorial representations of occupied - - .
or%ital, () ooH(z)-orbitF;I, ©) ny-orr)bital, (d) core (oxygeel 1s)€ag>':gfta|, excited states of 0 with H,O + H and OH+ 2H.
(e) Rydberg orbital in (HD)r. Figure 5d is magnified by a factor of 2 Speciesl5 and 16 represent electronically excited states of
relative to Figures 5ac,e. H,O (8), and occur along paths connecting excited states of

H3O (species2 and 3, respectively) to H+ H,O, and

of the major products of 0" + e~ DR as observed  supsequently to 2 H- OH. If we constrainl5 and 16 to be
experimentally (see eq 3&) linear and useCs point group notation, we can designate the

StructureslO and 11 represent OH radicals, in the grOUnd- unpaired valence electron ih6 to lie in an “in_p|ane” (a)
(X?IT) and lowest electronically excited {B) states, respec-  nonbonding orbital, and designate thatl&fin an “out-of-plane”

tively. The degenerate ground state of OH corresponds to an(z’) nonbonding orbital; thu5 has tA") symmetry, andL6
electron configuration in which an unpaired electron occupies has {A’) symmetry.

an in-planer-orbital (,) or an out-of-planer-orbital (zy); the
excited?S state has the unpaired electron occupyingarbital

At nonlinear geometries, specigs differs from ground-state
(@) 8 by the excitation of an electron from the nonbonding lone
2)- 7 . )

. pair in an out-of-planer-orbital (of by symmetry) in8 to a

The prod_ucts OH+ Ha (speciesld) and OH + 2 H diffuse Rydberg orbital andl6 differs from8 by the excitation
corresponding to (3b) and (3c), represent nearly two-thirds of of an electron from the in-plane &ymmetry) nonbonding

+ - -
:ji?teioﬁgf;'ryset?uggjreﬁs_meto ?gﬁg%%ugsrgggﬁtrtgﬁ;ﬁé? S?[(r)l.?c- orbital to a diffuse Rydberg orbital. If linearity is imposed,
: ' P however, the electronic occupancies ¥ and 16 become

tu;t(?]s\,/\l:ns \;ﬁﬁ (t:)t:aogislgfjirsrgzdil:ttise ?cl)ﬁg\?vi;hesesgtjgfd IreaCtlonequivalent and thus these two states are degenerate. Moreover,
P yS, ) . g section. under the constraint of linearity, these two degenerate species
B. Structures and Relative Energies of Transiton States dissociate to the same (OH{R) + H) products, whereas the

and Intermediates. Structure13 is a loose van der Waals . : : :
. : . closed-shellinear H,O species (linea8) correlates with OH-
complex between OH(A1) (speciesl0) and i (12) in which (A%Z) + H. However, on attempting to locate a linear local

the two constituent molecules are oriented perpendicularly with * . = . .
. . ' minimum structure with an electron occupancy as described for
the H atom of OH directed toward,HThis complex occurs in the degenerate pair, we first obtained atructure ( _
a shallow minimum along the well-studied H-abstraction reac- ) —gl 237 Apfor, hich instabilit a& ociated 'tg]otHrlle_lone
tion path between OH (XT) (10) + H, (12) and HO(X!A;)  forz = 1.237 A) for which instability associated wi
38.39 . : imaginary asymmetric stretch vibrational frequency (3178%m
(8) + H (9),83%and lies 0.43 kcal molt below OH+ H, (opti- led o d o into OH + U Al h
mized at UMP2 without zero-point vibrational energy (ZPE)). ed 1o decomposition (nto &) - Along such - an
enforced collinear dissociation path, however, the doubly

On inclusion of ZPE (without the energy contribution of the q ir and the i losed-shell : .
OH-+-H, symmetric stretching frequency) at the same level of d€9enerate pairand the linear closed-shell species experience a

theory,13 lies 0.41 kcal mol® above OH+ H (at our highest ~ CroSSINg néar @y = 1.197 A, fonp = 1.237 A where the
level of theory (CCSD(T)//UMP2 with the basis set described closegl-shell state falls below the degenerate pair; another energy
in section 1), 13 lies 0.36 kcal mot! above OH+ H, with crossing occurs neajoky = 0.952 A, ton2 = 1.937 A, where

ZPE included). However, ak3 has been isolated experimen- the closed-shell state moves gbove the.other two states and
tally“° and has been the subject of previous theoretical stu- €VoIves to OH(AZ) + H. That is, as @w)2 is lengthened be-
dies#ac4Loyr results suggest that even our highest level of Yond 1.937 A, the degenerate pair correlates with OHIX+
theory is inadequate to provide a proper description of this very H. and the linear closed-shell species correlates with GE(A
weakly bound complex. Nevertheless, it is highly unlikely that + H-

13will be formed in the HO™ + e DR process under ASTRID While the symmetry label distinction betweé&s and 16 is

conditions. not essential at linear geometries, it becomes important on
Species14 is the transition state for the dissociation of bending the HO—H angle from 180. Speciesl5 and 16
ground-state (kD)r (1) into ground-state kD (X*A;) (8) and become nondegenerate, atlundergoes an avoided crossing

a hydrogen atom9), as shown in the blue curve in Figure 3. with 8 near fon: = 0.952 A, tony2 = 1.937 A where both have
The barrier to this dissociation is small (5.33 kcal moht A’ symmetry. Thus8 correlates adiabatically with OHEXI)
CCSD(T)//UMP2) and, ad4 is closer to the reactant neutral + H, whereasl6 correlates with OH(AZ) + H, as shown in
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Figure 3. Specied5, being of A" symmetry, correlates with
OH(X2I) + H, as noted earlier, and is unaffected in this regard.

Speciesl?7 is a second-order saddle point on the ground-

J. Phys. Chem. A, Vol. 103, No. 33, 1998659

the reaction path which diabatically conneétaith OH(ZZ) +
H, (dashed green line; see Figure 3) near the conical intersection
with the path connecting with OH(II) + H, (dashed blue

state HO surface that was obtained in our attempt to locate a line) and distorting the molecule slightly to remove thend
transition structure along a path leading to symmetric dissocia- ¢’ planes, we have been able to perform subsequent geometry

tion of two H atoms from speciek this species also has been
the subject of previous theoretical reseaitiihe structure of
17 consists of an intact OH moiety, with the oxygen atom

optimizations which lead either td or to OHEIT) + H,.
Although we have been unable to locate an intrinsic reaction
coordinate path between these two sets of minima, and thus,

participating in a loose three-membered ring complex with the cannot state the barrier height of this process with certainty,

two “leaving” hydrogen atoms; the optimized geometryH(d
1.293 A; H-H 0.980 A at UMP2) suggests that no strong OH
or HH bonds exist in this ring structure. The two imaginary
vibrational frequencies calculated at the UMP2 level of theory
(2110i cntt and 1150i cm?) correspond to, respectively, an
asymmetric G-H stretch and a symmetric-€H stretch-scissor
motion, both of which involve motions of the “departing”
hydrogen atoms.

The significance 017 in the present context is only peripheral

we estimate an upper bound to be approximately 34 kcafnol
(the energy of a point obtained by applying an ousbplane
distortion to the point X and seeking a minimum along such a
distortion). The route we arrived at connectihtp OHEIT) +

Hz is shown as the full dashed magenta line in Figure 3. Because
the focus of the present effort is on interpreting data that occurs
at energies above that og8™ , the failure to fully characterize
this particular branch of the ground-state surface is unfortunate
but not limiting.

because it is neither a stable structure nor a first-order saddle C. Energetic Accessibilities of Ground- and Excited-State

point.

Reactants.The reaction cross-section for@&" + e~ recom-

We also studied the path for the hydrogen abstraction reactionPination as studied by Andersen and co-workirseveals a

OH(X2II) + Hy — H,O (X!A;) + H (see the solid magenta
line in Figure 3) and found the transition st&t8 along this

diminishing cross-section with increasing relative beam energy
up to approximately 210 eV, where one or two undulations

path. As this abstraction reaction has been the subject of previousre observed. Such features may suggest the formation, at higher

experimentaPfand theoreticdf-3°study, it is not surprising that
18 has been identified previoust2Subsequent experimerfal
and theoreticdf2c4studies resulted in identifying the loose
van der Waals complex.@) in a very shallow minimum near
the OH(XII) + H, end of the pathway. We attempted to
characterize the full IRC that connects®+ H, through18,
further t013, and onward to OH{I) + H,. We succeeded in
generating this IRC frond8 to H,O + H, but our attempts to
reach specie$3 were not entirely successful. In particular, our
IRC reached an energy very close to thai8fand produced a
structure having ©H and H-H bond lengths nearly identical
to those found il 3. However, the precise T-shaped orientation
of the O—H and H-H bonds found irL3 could not be reached
using Gaussian’s IRC algorithm.

Finally, we attempted to find and characterize a transition
state and a reaction path connecting ground stat®©)¢l4
directly to ground-state OH- H, (10) by following the lower-

energies, of electronically excitecs®. In particular, we suggest
later that these features relate to our spe2iasd3, which are
valence-to-Rydberg excited states ob@)r.

It is believed that when the relative energy of the reactant
ion beam and the electron beam is low, one obtains (primarily)
electronic ground-state recombination prod#fofs.g., (HO)Rr)
prior to dissociation. This, in turn, suggests that moleduie
of principal importance as the starting point in the examination
of subsequent dissociations at low collision energy. Neverthe-
less, it must be remembered that even for low-energy DR, any
products lying below the cation energy can be formed and thus
must be considered.

If the relative electron-beam to ion-beam energy lies in the
region where the undulations appear in Figure 2, it is thought
that the production of ground-statg®l diminishes in favor of
the production of valence-to-Rydberg electronically excitg®H
which, in turn, results in possible access to higher-energy

energy sheet of the avoided crossing (see section I1.C.2) showndissociation products. Figure 3 shows one such electronically
at the left extreme of Figure 3. All attempts along these lines excited state of kD (7y — R) (specie®) to lie 281 kcal mot?
failed. We therefore decided to explore whether the reaction above that of ground-state {8)r, and a second such excited

path discussed above connectingdH+- H to OH + H, through

TS 18 undergoes a bifurcation that could offer a connection to
(H3O)r. By carefully following the intrinsic reaction path from
18 toward OH+ Hj, we were able to identify a region within

state gor1)— R oroon) — R) (3) to lie 369 kcal mot? above
ground-state gD. These two states lie 6.7 and 10.4 eV above
the energy of the cation, respectively, and hence fall in the region
where the undulations are seen in Figure 2. Experiments

which one of the eigenvalues of the mass weighted Hessianperformed at sufficiently high relative beam energies may result
matrix (which gives the curvature of the energy surface) inthe production of such excited-state recombination products,
transverse to the reaction path evolved from positive, to negative,and may account for the observed undulations in the experi-

and back to positive. This behavior is indicative of a bifurcation
of one “streambed” into two. The geometry in this region
corresponded to essentially intact OH4[X) and H moieties,
with the closest H atom in 2.0 A from the O atom; the energy
at this geometry was closer to that of OHH; than to that of
18, and thus (see Figure 3) below the energy ofOH
Unfortunately, our attempts to “walk” uphill along this new

mental cross-sectional curve. Our ab initio studies of the
associated potential energy surfaces provide an opportunity to
suggest the fates of these “recombinedCHspecies, as will
be presented in the next section of this paper.

D. Theoretical Interpretation of Experimental Results. 1.
Low-Energy Collisions Producing Ground-Statg@® As can
be seen in Figure 3, dissociative recombination @OH can

streambed were not successful (although we show in Figure 3,lead to a variety of final products, such as those observed in
as a dashed magenta line, an abbreviated path correspondinghe ASTRID experiment®d' Clearly, the experimental results

to this second streambed).
Nevertheless, we believe we have been able to relgdetbl

provide valuable information regarding the branching ratios of
the DR reactions under investigation; however, they are limited

OH + H, via a lower energy route than that discussed in section in their specificity of information regarding product electronic

I1.C.2. By starting at a point (X) having planar geometry along

states, product molecular structures, and reaction pathways. The
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results of our computational investigation lend greater insight
into these issues, a discussion of which follows forthwith.

Ketvirtis and Simons

(X*A;) remaining intact, and thus (& F) is the fraction that
proceeds on to OH 2H. Clearly, the sum of the two branching

Figure 3 illustrates the various accessible reaction pathwaysratios, 0.48+ 0.33= 0.81 = X + Y depends on X and Y

associated with DR of $0*. At low (electron-beam to ion-
beam) relative energies, it is suggested that DR i Hresults
in the formatios* of a neutral HO radical (denoted (4D)g).

while each branching ratio also depends on F.

The findings discussed above relate to tbe-energyDR
because they derive from ground-statg@k and use branching

This species possesses an unpaired electron in its highest-filled-atios obtained at low energies.

(Rydberg) orbital, which is depicted in Figure 5e, and is
pyramidal Cg,) in geometry, but has a low barrier (2.61 kcal
mol~1; see Table 2) to planarity. The presence of 127 kcal ol

2. Higher-Energy Collisions Forming Excited States @O
The lowest-energy valence-to-Rydberg electronically excited
state of HO (2) lying 6.7 eV above the kD" cation can be

excess internal energy from the exothermic electron capture jegarded as an 402+ core surrounded by a doubly occupied

allows (H;O)r to dissociate via several reaction pathways. The

diffuse Rydberg orbital, in which electronic excitation of ground-

most exothermic route involves the loss of a hydrogen atom to state HO from the nonbonding valencs orbital to a Rydberg

form ground-state kD (X'A;) (AE = —17.84 kcal mot?), as

orbital has occurred. At higher relative beam energies in the

shown on the solid blue path in Figure 3. Only a small barrier ASTRID apparatus, it is thought that this molecule may be

associated with ©H dissociation (5.33 kcal mot) is encoun-
tered on this path; the existing 127 kcal mbbf excess energy
from the initial electror-ion recombination reaction renders
such a barrier insignificant.

Although the (HO)r — HO (X'A;) + H reaction pathway

formed as a recombination product rather than ground-state

(H3O)r (2). At still higher relative beam energies, it is thought

that a higher-energy electronically excitegspecies (a result

of oony — Rydberg oroon) — Rydberg excitation) (species
3) may be formed on initial recombination prior to dissociation.

is the most exothermic of all ground-state routes currently under |n these states, one again has aOF core surrounded by
study, it does not account for the largest fraction of products in two Rydberg electrons. It therefore should come as no surprise
the low-energy branching ratio analysis of the associated heavy-that these energetic species undergo spontaneous dissociation,

ion storage ring experiment (0.3% 0.08)!24' The largest
product channel in this regard (0.480.08) corresponds to40
dissociation into OH+- 2H.124" Therefore, it seems likely that
both (a) enough energy remains in anyCH(*A;) formed to
permit subsequent fragmentation to OH2[¥ + H, and (b)
direct fragmentation of gD to 2H+ OH (X2I1) (the solid green
path in Figure 3) is significant. The use of theory in this regard

analogous to what occurs in doubly charged catfdns.

a. The firstvalence-to-Rydberg excited sta#s shown in
Figure 3, specie? lies approximately 281 kcal mol above
that of ground-state ((0)z (1) on the basis of our CIS
calculations. The production of this ion in the initial electron
ion recombination process allows access to dissociation path-
ways which result in the formation of OH gKI), either directly

thus allows the identification of the OH product electronic state by H; loss (dashed blue line in Figure 3) or by sequential H

in a manner which was not possible (or not considered) under

experimental conditions.

Our theoretical studies also allow us to determine hoyO)R
can decompose to OH H,. An examination of Figure 3 at
first suggests a path connecting planar f0hk]* (4) to OH-
(AZ%X) (11) + H (12). However, as noted in section II.C.2, the
presence of an avoided crossing of #2eand?[1 diabatic curves
lying 65 kcal mof! above (HO)r (thus still energetically

atom losses (solid black line in Figure 3). (These results suggest
that no intact HO should be formed in this case.) To the best
of our knowledge, the branching ratios for OHH, and OH

+ 2H have not been measured for this higher energy case. In
the case of the direct Hoss mechanism, an initial examination

of Figure 3 suggests a straightforward correlation between the
(planar) lowest-energy valence-to-Rydberg excitg® b) and

OH (X2II) + H, via the dashed blue line. However, as was

accessible) predicts that the observed experimental product forgiscussed earlier, the absence of molecular symmetry under

ground state (kD)r should be OH(XII) + H,. Although the
precise reaction path connectings(®r to OH (X2I1) + H,
was, as noted in Sec. Ill. B, not fully characterized, it is shown
in Figure 3 as a dashed magenta line. Of course 20H§ H»

experimental conditions and the associated avoided crossings
result in the formation of OH (X1) + H, via a slightly different
route. In the absence of symmetry, the path follows the dashed
blue line from5 to the crossing with the dashed green line,

also can dissociate further, given the excess internal energythen follows the dashed green line to its crossing with the dashed

present, to produce OHA() + 2H.

black line, and then follows the dashed black line to products

In summary, our energy surface shows that ground-state OH (X2I1) + H,.

(H30)r can dissociate (a) to produce®(*A;) + H with enough
internal energy to allow a fraction of the,8(*A;) + H to
undergo further decay to produce GHJ + 2H; (b) to produce
OH(II) + H, some fraction of which may fragment further to
generate additional OHA(I) + 2H; and (c) to produce OHRII)

+ 2H directly.

As the ASTRID experimental studies did not result in the
observation of H+ O + H in significant quantities (branching
ratio 0.014 0.04)!29" this reaction path was not considered in
the present computational investigation.

The most straightforward use of these findings to interpret
the branching ratios of eq 3 suggests that 18% of th#{kl
dissociates to b+ OH (?IT) and 81% dissociates to H H,O
(*A) or directly to 2H+ OH (X2I1). Denoting as X the fraction
of H3O that follows the blue path to 40 + H, and Y the
fraction following the green path to OHt 2H, we have XF=
0.33 and Y+ X(1 — F) = 0.48. Here F is the fraction of 4

b. The secondalence-to-Rydberg excited state.a manner
similar to that described above for the dissociations from species
4 and5 to form H, + OH(X?II), the dissociation pathway for
species undergoes an avoided crossing (the dashed black line
evolves into the dashed green line) in the absence of symmetry
to produce OH(AZ) + H,. This result represents a product
which is not accessible from lower-energy®istates, and is
significant in an experimental context. Under carefully controlled
relative beam energies in a heavy-ion storage ring apparatus, it
should be possible to select the formation of OH product
molecules of a given electronic state. This possibility has not
been discussed in the context of the experimental results of
H3O"™ + e~ DR, but is one which should be of considerable
interest to experimentalists. Very recent studies by Coe and co-
workers of glancing charge transfer reactions gdDwith H,O
suggest the formation of electronically-exciteg@and sub-
sequent dissociation to @ D, + D.*3
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In addition, OH (&%) can be produced by sequential losses
of two H atoms as illustrated by the solid red curve in Figure
3. Hence, this second excited state @fHshould dissociate to
produce OH (&) in all cases, should generate no intagO+
and can produce bothHand 2H. It must be emphasized,
however, that specie$5 and 16 in Figure 3 do not exist at
minima on the HO singlet potential energy hypersurface and

J. Phys. Chem. A, Vol. 103, No. 33, 1998661

attributable to the formation of electronically excited valence-
to-Rydberg HO species on initial recombination. The dissocia-
tion pathways (and, in some cases, the products) associated with
these states are energetically inaccessible from ground-si@te H
(e.g., OH(AY)). In this context, then, further investigations of
H3;O" + e~ DR, with an emphasis on the processes associated
with excited states of 0, may be of interest to experimental-

should not be regarded as reaction intermediates along theists, both from the perspective of the nature of the product
dissociation pathways leading to sequential losses of H atomsmolecules formed as well as the nature of their branching ratios.

from 2 and 3. Thus, the trajectories of these paths should be
viewed as leading directly to OHEXI) + 2H and OH(&XX) +
2H, respectively.

(3) The ground electronic states@ dissociates to produce
OH(X2II) as does the first-excited valence-to-Rydbeg®Hout
the second-excited valence-to-RydbergOHdissociates to

The preceding discussions have concentrated primarily on produce OH(AS). Therefore, it may be possible to choose the
the elucidation of energetically accessible dissociation pathwayselectronic state of product OH molecules formed under ASTRID

of ground state and electronically exciteg® However, this

conditions by carefully controlling the relative electron-beam

type of analysis does not address the question of which pathwaygo ion-beam energy.

are preferred immediately upon electréion recombination.

In an attempt to gain insight into this issue, particularly in the
cases of the two lowest-energy valence-to-RydbesQ eicited
states2 and 3, obtained by vertical CIS excitations at the
geometry of ground-states8 (1), we have calculated the forces

Acknowledgment. This work was supported by NSF Grant
No. CHE9618904. We also thank the Utah Center for High
Performance Computing for staff resources, as well as an
anonymous referee for bringing the research of Ref. 40(c) to

and nuclear displacements associated with these two moleculesur attention.

as the first steps in their gradient geometric optimizations. While

the forces on2 thus obtained do not provide any useful
information in this regard, those 0B suggest a symmetric
dissociation of two H atoms (possibly as)Hnd the retention
of an intact O-H moiety, rather than an ejection of a single H
atom and retention of #0. Thus, the initial forces o8 appear
to favor a symmetric dissociation to OH H, (or to OH+ 2

H) via the dashed black line in Figure 3.
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