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ABSTRACT

Ab initio  molecular orbital calculations have been performed on potential energy

surfaces associated with products of dissociative recombination (DR) of H3O
+ + e-

experiments carried out in the ASTRID heavy-ion storage ring.  Gradient geometry

optimizations and frequency calculations on critical points on the H3O 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 H3O

excited states were studied using CIS single-point calculations on SCF-level optimized

geometries along ground-state H3O dissociation pathways, and no barriers to fragmentation

were observed.  The most exothermic ground-state dissociation pathway connects H3O to

H2O (X1A1) + H; however, OH(X2Π) + H2 and OH(X2Π) + 2H also are energetically

accessible products.  Dissociation of the two valence-to-Rydberg electronically-excited

H3O species lead to these same products but also lead to products (OH(A2Σ) + H2,

OH(A2Σ) + 2H) which are energetically inaccessible from ground-state H3O.  These

computational results provide a detailed understanding of the intricacies of the observed

experimental processes, and suggest future experimental investigations on the subject.
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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 1940s.1  The general form of DR, a reaction involving a

molecular cation YZ+  producing atomic or molecular products Y and Z, can be expressed

as follows,

                                        YZ+ + e-  →  Y +  Z  . (1)

Depending on the manner in which the attaching electron enters an unfilled orbital

of the YZ+ cation, 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 separate to a distance (r > rcrit) such that autoionization is endothermic, becomes

unstable to dissociation into Y and Z.

ii) “indirect”, 3 in which electron capture by YZ+ occurs into a high-energy Rydberg

state (YZ)R lying below YZ+ in electronic energy, but with excess vibrational and/or

rotational energy.  The resulting excited neutral molecule may autoionize or predissociate

into a repulsive YZ state prior to dissociation into Y + Z, as is observed for the direct

mechanism.  (Both the direct and indirect cases are summarized in Figure 1.)  The

particular DR event considered in this paper, that involving H3O
+ + e-  → H3O, is believed

to proceed through the indirect mechanism for reasons that are made clear later.
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A.  Dissociative Recombination of H3O
+

Dissociative recombination of H3O
+ is believed to be important in the production of

atoms, molecules, and radicals such as H, OH, and H2O in diffuse and dense interstellar

clouds.4  The interstellar production of H2O is of particular interest as it is an important

coolant in interstellar space and contributes significantly to star formation.5

Gas-phase studies of H2O and H3O
+ have been of considerable experimental interest

during the preceding four decades, both from the perspective of proton-transfer reactions6

as well as that of dissociative recombinations.6s,7  Techniques employed to study such

proton-transfer reactions include flowing afterglow6a,7c,10d,e and SIFT6q,7c,10a-c,f-g methods, as

well as flame-ionization  mass spectrometry,6g,m-p,r-u  while DR reactions have been studied

using the same methods,7c,8,10a-c as well as by laser-induced fluorescence,7b,8,10c vacuum uv

absorption,7b,8,9,10c ion traps,7d  merged ion-beam techniques,7e-f,h-i emission spectroscopy,10c

flame-mass-spectrometry,6s,7j-l  shock-tube techniques,7m,n , flame-Langmuir probe

techniques,7v,10c plasma-afterglow methods,7w glow-discharge methods,7x  and heavy-ion

storage rings.11   The latter experimental technique represents  a relatively recent innovation

in the study of DR reactions; during the past decade, a plethora of experimental information

regarding products and branching ratios of DR reactions has been obtained for ions which

include H2
+,12a-h HD+,12b,i D2

+,12j H3
+,12k,l H2D

+,12l,m 3HeH+,12n N2
+,12o O2

+,12o NO+,12o

CH5
+,12p H2O

+,12q CH3
+,12q and H3O

+,12q,r  the last of which is the subject of the present

paper.  In recent years, theoretical studies of dissociation pathways of H3O
+,13  as well as of

predicted branching ratios of H3O
+ + e-  DR have been performed,14  but there remain

substantial discrepancies among the theoretical predictions (especially for branching ratios

of various products) and experimental findings.

B.  Overview of Heavy-Ion Storage Ring Experiments

In recent years, the experimental technique of using heavy-ion storage rings to

study DR reactions has gained popularity.7y,11a-b There are four such ion-storage rings at
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which DR is studied:7y,11a  ASTRID in Denmark,11c CRYRING in Sweden,11d TARN II in

Japan,11e and TSR in Germany.11f  With minor differences, each of these storage rings

operates on a similar premise:  Ions are produced from a parent neutral compound in an ion

source; the resulting ion beam is accelerated to a desired translational energy, and injected

into a ring assembly under low-pressure conditions (on the order of 10-11 Torr).  Such low

pressures are required to allow the storage of the produced ion beam for time periods of the

order of tens of seconds, and, thus, allow for radiative vibrational relaxation of the ions, as

well as to prevent them from being dissociated by collisions with rest-gas molecules.  Once

inside the ring, the ion beam is manipulated by a series of radio-frequency accelerators and

bending and focusing magnets, in order 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 corresponding to the masses of

each product particle is recorded.  The resulting data is typically plotted in a log-log graph

of reaction cross-section vs. relative beam energy, from which rate coefficients (k) for the

reaction(s) under analysis can be obtained as follows.  An example of such a plot of the

cross-section for the formation of H3O from H3O
+ is shown in Figure 2.

                                      k =  <vσ>  =  (Nsignal vi)/(Nion ne L ε)           Ref. 12q                      (2)

In equation (2),  Nsignal  is the number of particles detected per second for a given

reaction channel (e. g.; for H3O formation in Figure 2), vi  is the heavy ion velocity,

Nion is the number of reactant ions which pass through the electron cooler per second, ne is
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the electron density, L  is the length of the electron cooler region, and ε is the detector

efficiency.

However, because the neutral products of the DR of a specific cation strike the

detector within nanoseconds of each other (e. g.; H2 and OH formed from H3O
+ + e- strike

the detector together), this type of analysis by itself does not provide insight regarding the

molecular structure of the products, because only one peak, corresponding to the mass and

hence, the kinetic energy, of the undissociated molecule (H3O in our case) can be expected

to be seen.  The installation of a grid with a known transmission (T) in front of the

detector,15  by contrast, allows such a peak to be separated into a series of peaks dependent

upon the probability of product fragments (or combinations of fragments, such as H2O,

OH, OH + H + H, etc.) of given masses to go through (or to be stopped by) the grid.  This

separation is caused by the fact that, for example, H2 + OH products pass through the grid

with different probabilities than do H3O or 2 H + OH products.

The number of “events” corresponding to products of a given mass striking the

detector can be related to the branching ratio of the observed products through the matrix

equation12q  in which the probabilities of molecular passage through the grid relate the

“known” raw data (the number of “hits” on the detector) to the “unknown” branching

ratios.  In this manner, the experimentalist gains valuable insight regarding the nature and

the amount of products associated with DR of a given ionic species under analysis.

C.  DR of H3O
+

The storage ring method has been applied to study DR of H3O
+.  The primary

results of the studies are the cross-sections for the total rate of production of neutral

fragments from H3O
+ (i. e.; the total rate of loss of H3O

+ through DR) and the branching

ratios for production of various neutral products.  Shown below in Figure 2 is the H3O

formation cross-section, as a function of the relative kinetic energy of the two beams, for

the H3O
+ case.12q  By determining, using the techniques discussed briefly above, how
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many H, OH, H2O and H3O species reach the detector, these same experimental data have

been used to determine the following branching ratios for H3O decomposing in four

reaction paths:12q,r

H3O
+ + e-  →       H2O + H             (0.33  ±   0.08)                   (3a)

                OH + H2             (0.18  ±   0.07)                   (3b)

               OH + H + H       (0.48  ±   0.08)                   (3c)

                           O + H2 + H         (0.01  ±   0.04)                   (3d)

These branching ratios were obtained in collisions of low-energy electrons with H3O
+ and

hence they relate to the fate of H3O produced at low energies.

The reaction cross-section vs. relative beam energy plot reveals 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 no doubt that the

experimental information yields valuable insight regarding the products and branching

ratios of the DR process, experimental limitations preclude a more detailed analysis of

reaction mechanisms and determination of the electronic states in which products are

formed.  It is our belief that by examining the ground- and energetically-accessible excited-

state potential energy surfaces connecting H3O to its various decay products, we can gain a

more profound understanding of the nature of the reaction(s) being studied, both from the

perspective of reactants and from that of products.  Our strategy, therefore, is to provide

additional insight, via ab initio  MO investigations, into the intricacies of the potential

energy surfaces and the reaction mechanisms associated with the experimental

observations, and, if possible, to provide suggestions regarding further experimental

studies of this reaction.

II.   METHODS and COMPUTATIONAL STRATEGY

A. Atomic Orbital Basis Sets

Our ab initio  MO calculations were performed using the GAUSSIAN 94 series of

programs,16  on an IBM RISC System/6000 computer at the University of Utah.  In all
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calculations, we have employed a standard Gaussian triple split-valence 6-311G(d,p)17

basis set, augmented by a group of four extra sets of “s”-type functions, two extra sets of

“p”-type functions, and one extra set of “d” -type functions on the oxygen atom.  Many of

these extra functions are diffuse, and assist in providing an accurate description of electrons

which inhabit Rydberg orbitals.  This extra group of basis functions was formed by

modifying the set developed by Gutowski and Simons18  for Rydberg neutral and anionic

species by (1) retaining the basis functions necessary for a proper description of electrons

in the low-energy Rydberg orbitals of interest (associated with electronic configurations of

the ground- and two excited states of H3O that relate to the features in Figure 2 near 10 eV

noted above),  yet (2) removing those functions which primarily describe higher-energy

Rydberg orbitals.  The final set of augmented primitive basis functions is detailed in Table

1.

In order to provide a pictorial representation of the occupied bonding σOH, non-

bonding πy, and Rydberg orbitals of the H3O molecule, we have drawn these orbitals using

the MOLDEN program.19

B. Geometry Optimization and Electron Correlation Issues

The ground electronic states of most species have been geometry optimized using

gradient techniques20  with this augmented basis set at levels of theory from Hartree-Fock

(spin-restricted or RHF21  for closed-shell species; spin-unrestricted or UHF22  for open-

shell species) and with inclusion of electron correlation  to second-order Møller-Plesset

perturbation theory23,24 (RMP2(full) or UMP2(full), as appropriate), wherever possible.

Transition structures have been located by gradient optimizations with the eigenvector-

following (EF)25  algorithm or the CALCALL16  technique, and intrinsic reaction coordinate

(IRC)26 analyses was performed to verify the identities of the structures at the two ends

(minima) of the associated reaction profiles.  The total electronic energies given in Table 2

list MP2 energies for open-shell species without (UMP2) and with (PMP2) spin
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projection.27   In addition, single-point calculations at the optimized MP2-level geometries

have been performed at third-order (MP3(full))23,28 and fourth-order (MP4(full))23,29

Møller-Plesset theory (the latter energies are reported in Table 2 with inclusion of single,

double, triple, and quadruple excitations (SDTQ)29a,c), as well as with coupled-cluster

theory30  with inclusion of single and double excitations, and perturbative inclusion of triple

excitations (CCSD(T)(full) 30l-n). All MP3 and MP4 energies of open-shell species are

reported with inclusion of spin projection (PMP3, PMP4).  Harmonic frequency

calculations for species at critical points were performed on the respective UMP2 optimized

geometries; from these calculations, zero-point vibrational energies (ZPE) also were

obtained.  ZPE values are reported in Table 2, scaled by a factor of 0.95.31

Energies of valence-to-Rydberg electronically-excited states of H3O, both pyramidal

and planar (the significance of which will be explained shortly), have been obtained at the

optimized ground-state HF-level geometries by single-point configuration interaction

calculations which involve single electronic excitations (CIS).32

C. Characterization of Reaction Paths

     1.  Ground-State Paths

Our general strategy in studying how the ground and various valence-to-Rydberg

excited states of H3O connect to corresponding electronic states of H + H2O, OH + H2 ,

and OH + 2H products has been to first carry out searches on the ground electronic surface

for reaction paths that pass through true transition states (i.e., minimum-energy cols where

the gradient vanishes and where all but one eigenvalue of the curvature matrix are positive).

This allows us to properly characterize the decomposition of ground-state H3O in terms of

reaction path energy profiles and corresponding transition-state energies and structures.

These searches were performed at the SCF level of theory, with the basis set

described earlier.  In the case of the reaction path which connects ground-state H3O to OH

(X2Π) + 2H directly, the emergence of severe spin contamination along this path compelled

us to examine this route at a higher (CCSD(full))30k,v,w level of theory, from which we also
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obtained PMP3 energies.  The endothermicities for the reaction H3O → OH(X2Π) + 2H

calculated at the CCSD and PMP3 levels of theory were in agreement to within 2 kcal

mol-1.  As the energies at the latter level of theory had spin contaminants (s + 1) to (s + 4)

removed and were reported at a pure doublet spin state (<S2> = 0.75), we are confident in

the reliability of these results at both levels of theory.

     2.  Excited-State Paths

For the valence-to-Rydberg excited states, we have had to take an alternative

strategy in characterizing how the states of H3O connect to those of H + H2O, OH + H2 ,

and OH + 2H because the states of interest are not the lowest states of a given symmetry,

so the quantum chemical tools available to us (e.g., analytical gradient and Hessians that

are used to trace out reaction paths) are not able to generate true reaction paths on these

excited states. To illustrate the difficulty, consider the situation at the starting geometry of

the H3O species, where the ground state is one in which the highest occupied orbital is the

lowest-energy Rydberg orbital (R). The lowest excited states of this species involve

promotion of the electron occupying R to other higher-energy Rydberg orbitals (R’). Even

within our finite basis, there are fifteen such states lying below the H3O
+  + e-  threshold.

These are not the states that are relevant to the undulations near 10 eV in Figure 2.   Such

R-to-R’ electronic promotions retain the monocationic character of the underlying cores

and, in this manner, are not fundamentally different from that of ground-state H3O.  In

contrast, excited states in which an electron is promoted from a valence orbital (e.g., from

the non-bonding lone pair orbital on oxygen or from one of the OH σ bonding orbitals) into

a Rydberg orbital while retaining another electron in R are the states that relate to the

features in Figure 2. These excitations result in the creation of dicationic (H3O
++) cores

(surrounded by two Rydberg electrons) in which the resulting Coulomb repulsions provide

the driving forces toward subsequent prompt dissociation.33 We believe that the undulations

observed in Figure 2 are caused by the decomposition of such excited-state molecules, and
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the energies we obtain for such states support this postulate.   By carrying out single-

excitation configuration interaction (CIS) calculations with the ground-state of H3O as the

reference state from which excitations occur and examining the orbital excitation nature of

many eigenvectors of the CIS secular problem, we were able to identify the valence-to-

Rydberg states of interest. Within our basis, at the geometry of ground-state H3O, the two

lowest such states were the 16th and 25th CIS states.

As mentioned earlier, the computational tools available to us do not allow us to

compute true reaction paths for such states (i. e., the 16th and 25th roots). In particular, we

have used the following strategy to characterize how these states and associated reaction

paths evolve into H + H2O, OH + H2, and OH + 2H products:

(a) Along each of the reaction paths that we found for connecting ground-state H3O to H +

H2O, OH + H2 , and OH + 2H, we carried out CIS calculations from which we were able

to identify, as detailed above, the valence-to-Rydberg states of interest.

(b) At each point along such paths, adding the CIS excitation energy of each such state to

the energy of the ground-state species, we obtained an energy for the excited-state species.

(c) It is these excited-state energies that we depict in Figure 3, where we show how the

electronic states of H3O connect to those of H + H2O, OH + H2 , and OH + 2H.

Although the resulting excited-state energy profiles do not represent how the state

energies vary along the intrinsic reaction coordinates of the excited state, they still allow us

to show how the ground and excited states of the H3O reactants connect to those of the

products. Moreover, because no barriers lying higher than the energies of the valence-to-

Rydberg excited states at the H3O geometry have been found along these profiles, we can

be certain that no such barriers exist on the true intrinsic reaction paths of these excited

states (because our CIS-computed excited-state energies must lie above the minimum-

energy-path energies for these states).

Finally, when examining the ground-state reaction path (as well as the CIS excited-

state profiles derived from it) for decomposition of H3O to H2 + OH, we employed an
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additional computational device. The ground-state hydronium radical, which we denote

(H3O)R to emphasize its outer Rydberg orbital, is pyramidal (C3v), but possesses such a

small inversion energy barrier (approximately 2.6 kcal mol-1) that it is nearly planar.  This

feature of (H3O)R allows us to investigate dissociation pathways of ground- and excited-

state H3O to produce H2 + OH by starting with the planar D3h  species which we denote

[(H3O)R]‡, and using both the plane of symmetry coincident with the molecular plane (σ‘),

as well as the symmetry plane which bisects the molecule through an O-H bond (σ), to

label the symmetries of the orbitals and states.  We thus first computed the energy of the

state connecting OH(2Σ+) + H2 with H3O along a path that preserves both such symmetry

planes; at each point along that path, the energies of the two states correlating to OH(2Π) +

H2 were then obtained using CIS energy differences from this OH(2Σ+) + H2 state. This

procedure produced the data shown in Figure 3 as connections between OH + H2  and H3O

that display crossings (near -62 kcal mol-1) among these three diabatic states. If, as is

almost certain under experimental conditions, the σ and σ’ planes of symmetry are not

operative, these three diabatic electronic states will undergo avoided crossings at this

conical intersection region to yield the true adiabatic electronic states (i.e., the lowest curve

shown in Figure 3 adiabatically connects ground state H3O to OH(2Π) + H2, the second

curve connects the first valence-to-Rydberg state of H3O to OH(2Π) + H2, and the third

curve connects the second valence-to-Rydberg state of H3O to OH(2Σ+) + H2).

III.  RESULTS AND DISCUSSION

A.  Structures and Relative Energies of Reactants and Products

Table 2 displays the total electronic energies (in hartrees) and zero-point vibrational

energies (in kcal mol-1) associated with the hydronium ion H3O
+ (in essence, the initial
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“reactant” of the storage-ring experiments), with recombined H3O, and with the various

dissociation products H2O, OH, H2, and H, in various ground- and electronically-excited

states.  Pictorial representations of the optimized minimum-energy structures and transition

structures are given in Figure 4, which we now briefly summarize.

Species 1  represents ground-state (H3O)R,  a pyramidal C3v  structure which is

believed to to the initial product of H3O
+ + e- DR under ASTRID conditions at low relative

beam energies (i. e.; for energies below ca. 1 eV),34  and is a species which has been the

subject of previous theoretical35  and experimental36  research.  The highest-filled (singly-

occupied) molecular orbital of this species is the diffuse Rydberg orbital shown in Figure

5e.

Molecules 2  and 3  represent the electronically-excited states of H3O, which we

believe relate to the feature(s) seen near 2 - 10 eV in Figure 2.  Molecule 2  differs from 1

in its electronic configuration by a single electronic excitation from the non-bonding lone

pair (πy in Figure 5c) to the aforementioned Rydberg orbital R. Molecule 3  differs from 1

by a single excitation from one of the doubly-degenerate O-H bonding orbital pair (σOH(1) or

σOH(2) in Figures 5a and 5b, respectively) to the R orbital.  As species 2  and 3  represent

electronically-excited states of 1 obtained by CIS single-point calculations at the optimized

geometry of 1 , the excited species are not depicted in Figure 4, although their (vertical)

energies are shown in Figure 3, which summarizes the energetics of all species studied

here.

Species 4  is the planar (D3h) version of molecule 1 , which we denote [(H3O)R]‡.

As mentioned earlier, the low inversion barrier associated with the interconversion of

equivalent forms of 1 , through 4 , allows us to use 4  in the study of the H2-dissociation

pathways of ground- and excited-state H3O species. Analogous to species 2  and 3 ,

molecules 5  and 6  represent electronically-excited states of 4  obtained by CIS single-point

(i.e.; vertical) calculations on 4 .
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Species 7  represents ground-state cation H3O
+, the initial reactant in the ASTRID

DR experiments.12q,r  This species has been studied extensively in many

contexts.6,7,12q,r,18,33a,37  Its structure is pyramidal with C3v  symmetry, and differs in

electronic configuration from that of 1  only by the absence of an electron in a diffuse

Rydberg orbital R.

Species 8  is the ground-state of the water molecule (X1A1).  Together with atomic

hydrogen (species 9), it represents one of the major products of H3O
+ + e- DR as observed

experimentally (see Eq. (3a)).12q,r

Structures 10  and 11 represent OH radicals, in the ground-(X2Π) and lowest

electronically-excited (A2Σ) states, respectively.   The degenerate ground state of OH

corresponds to an electron configuration in which an unpaired electron occupies an in-plane

π-orbital (πx) or an out-of-plane  π-orbital (πy); the excited  2Σ state has the unpaired

electron occupying a σ-orbital (σz).

The products OH + H2 (species 12) and OH + 2 H, corresponding to (3b) and

(3c), represent nearly two-thirds of the observed H3O
+ + e- DR products under ASTRID

conditions.12q,r Structures 13  to 18 , which represent transition structures and reaction

intermediates along the studied reaction pathways, will be discussed in the following

section.

B.  Structures and Relative Energies of Transiton States and Intermediates

Structure 13  is a loose van der Waals complex between OH(X2Π) (species 10) and

H2 (12) in which the two constituent molecules are oriented perpendicularly with the H

atom of OH directed toward H2.  This complex occurs in a shallow minimum along the

well-studied H-abstraction reaction path between  OH (X2Π) (10) + H2 (12) and

H2O(X1A1) (8) + H (9),38,39 and lies 0.43 kcal mol-1 below OH + H2 (optimized at UMP2



13

without zero-point vibrational energy (ZPE)).  On inclusion of ZPE (without the energy

contribution of the OH....H2 symmetric stretching frequency) at the same level of theory, 13

lies 0.41 kcal mol-1 above OH + H2 (at our highest level of theory (CCSD(T)//UMP2 with

the basis set described in section II), 13  lies 0.36 kcal mol-1 above OH + H2 with ZPE

included). However, as 13  has been isolated experimentally40 and has been the subject of

previous theoretical studies,40a,c,41 our results suggest that even our highest level of theory

is inadequate to provide a proper description of this very weakly bound complex.

Nevertheless, it is highly unlikely that 13  will be formed in the  H3O
+ + e- DR process

under ASTRID conditions.

Species 14  is the transition state for the dissociation of ground-state (H3O)R (1) into

ground-state H2O (X1A1) (8) and a hydrogen atom (9), as shown in the blue curve in

Figure 3.  The barrier to this dissociation is small (5.33 kcal mol-1 at CCSD(T)//UMP2)

and, as 14  is closer to the reactant neutral than to the products in energy, it is not surprising

that 14 resembles 1  more closely in structure, as suggested by the Hammond postulate42

(in particular, the separation between the oxygen atom and the departing H atom is only

0.198 Å longer in transition structure 14  than in minimum structure 1 as optimized at

UMP2).

Our investigations of the dissociation pathways of 2  and 3  indicate the occurrence

of single hydrogen atom ejections, without barrier, to form products of stoichiometric

formulae H2O + H, with an electron occupying a diffuse Rydberg orbital in each H2O

species (15  and 16).  These ejections are followed by additional single H losses from each

species to produce OH (X2Π)  + 2H and OH(A2Σ) + 2H, respectively.  In attempting to

study the H2O 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

computational device, we have been able to study species with the electron occupancies of

15  and 16 , and, thus, gain insight into details of the dissociation pathways connecting

electronically-excited states of H3O with H2O + H and OH + 2H.
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Species 15  and 16  represent electronically-excited states of H2O (8), and occur

along paths connecting excited states of H3O (species 2  and 3 , respectively) to H + H2O,

and subsequently to 2 H + OH.   If we constrain 15  and 16  to be linear and use Cs point

group notation, we can designate the unpaired valence electron in 16  to lie in an “in-plane”

(a’) non-bonding orbital, and designate that of 15  in an “out-of-plane” (a”) non-bonding

orbital; thus 15  has (1A”) symmetry, and 16 has (1A’) symmetry.

At non-linear geometries, species 15  differs from ground-state 8  by the excitation

of an electron from the non-bonding lone pair in an out-of-plane π-orbital (of b1 symmetry)

in 8  to a diffuse Rydberg orbital and 16  differs from 8  by the excitation of an electron from

the in-plane (a1-symmetry) non-bonding orbital to a diffuse Rydberg orbital.  If linearity is

imposed, however, the electronic occupancies of 15  and 16  become equivalent and thus

these two states are degenerate.  Moreover, under the constraint of linearity, these two

degenerate species dissociate to the same (OH(X2Π) + H) products, whereas the closed-

shell    linear    H2O species (linear 8) correlates with OH(A2Σ) + H.  However, on attempting

to locate a linear local minimum structure with an electron occupancy as described for the

degenerate pair, we first obtained a Dooh structure (r(OH)1 = r(OH)2 = 1.237 Å) for which

instability associated with the lone imaginary asymmetric stretch vibrational frequency

(3178 cm-1) led to decomposition into OH(X2Π) + H. Along such an enforced collinear

dissociation path, however, the doubly-degenerate pair and the linear closed-shell species

experience a crossing near r(OH)1 = 1.197 Å,  r(OH)2 = 1.237 Å where the closed-shell state

falls below the degenerate pair; another energy crossing occurs near r(OH)1 = 0.952 Å,  r(OH)2

= 1.937 Å, where the closed-shell state moves above the other two states and evolves to

OH(A2Σ) + H.  That is, as r(OH)2 is lengthened beyond 1.937 Å, the degenerate pair
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correlates with OH(X2Π) + H, and the linear closed-shell species correlates with OH(A2Σ)

+ H.

While the symmetry label distinction between 15  and 16 is not essential at linear

geometries, it becomes important on bending the H-O-H angle from 180°.  Species 15  and

16  become non-degenerate, and 16  undergoes an avoided crossing with 8 near r(OH)1 =

0.952 Å, r(OH)2 = 1.937 Å where both have A’ symmetry. Thus, 8  correlates  adiabatically

with OH(X2Π) + H, whereas 16  correlates with OH(A2Σ) + H, as shown in Figure 3.

Species 15 , being of A” symmetry, correlates with OH(X2Π) + H, as noted earlier, and is

unaffected in this regard.

Species 17  is a second-order saddle point on the ground-state H3O surface that was

obtained in our attempt to locate a transition structure along a path leading to symmetric

dissociation of two H atoms from species 1; this species also has been the subject of

previous theoretical research.35    The structure of 17  consists of an intact OH moiety, with

the oxygen atom participating  in a loose three-membered ring complex with the two

“leaving” hydrogen atoms; the optimized geometry (O-H 1.293 Å; H-H 0.980 Å 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 cm-1 and 1150i cm-1)

correspond to, respectively, an asymmetric O-H stretch and a symmetric O-H stretch-

scissor motion, both of which involve motions of the “departing” hydrogen atoms.

The significance of 17  in the present context is only peripheral because it is neither a stable

structure nor a first-order saddle point.

We also studied the path for the hydrogen abstraction reaction OH(X2Π) + H2 →

H2O (X1A1) + H (see the solid magenta line in Figure 3) and found the transition state 18

along this path. As this abstraction reaction has been the subject of previous

experimental38and theoretical38a,39 study, it is not surprising that 18  has been identified
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previously.38a Subsequent experimental40  and theoretical40a,c,41 studies resulted in

identifying the loose van der Waals complex (13) in a very shallow minimum near the

OH(X2Π) + H2 end of the pathway. We attempted to characterize the full IRC that connects

H2O + H, through 18 , further to 13 , and onward to OH(2Π) + H2. We succeeded in

generating this IRC from 18 to H2O + H, but our attempts to reach species 13 were not

entirely successful. In particular, our IRC reached an energy very close to that of 13  and

produced a structure having O-H and H-H bond lengths nearly identical to those found in

13 . However, the precise T-shaped orientation of the O-H and H-H bonds found in 13

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 state (H3O)R 4 directly to ground state OH + H2 (10) by following the

lower-energy sheet of the avoided crossing (see Sec. II. C. 2) shown at the left extreme of

Figure 3. All attempts along these lines failed. We therefore, decided to explore whether the

reaction path discussed above connecting H2O + H to OH + H2 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 + H2, we were able to identify a region within which one

of the eigenvalues of the mass weighted Hessian matrix (which gives the curvature of the

energy surface) transverse to the reaction path evolved from positve, to negative, 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 OH (X2Π) and H2  moieties, with

the closest H atom in H2 2.0 Å from the O atom; the energy at this geometry was closer to

that of OH + H2  than to that of 18 , and thus (see Figure 3) below the energy of H3O.

Unfortunately, our attempts to “walk” uphill along this new streambed were not successful

(although we show in Figure 3, as a dashed magenta line, an abbreviated path

corresponding to this second streambed).
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Nevertheless, we believe we have been able to relate H3O  to OH + H2 via  a lower

energy route than that discussed in Section II. C. 2.  By starting at a point (X) having

planar geometry along the reaction path which diabatically connects 4  with OH(2Σ) + H2

(dashed green line;  see Figure 3) near the conical intersection with the path connecting 5

with OH(2Π) + H2 (dashed blue line) and distorting the molecule slightly to remove the σ

and σ’ planes, we have been able to perform subsequent geometry optimizations which

lead either to 1  or toward OH(2Π) + H2.  Although we have been unable to locate an

intrinsic reaction coordinate path between these two sets of minima, and thus, cannot state

the barrier height of this process with certainty, we estimate an upper bound to be

approximately 34 kcal mol-1 (the energy of a point obtained by applying an out-of-σ’-plane

distortion to the point X and seeking a minimum along such a distortion).  The route we

arrived at connecting 1 toward OH(2Π) + H2  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 of H3O
+ , this failure to fully characterize this particular branch of the

ground-state surface is unfortunate but not limiting.

C.  Energetic Accessibilities of Ground- and Excited-State Reactants

The reaction cross-section for H3O
+ + e- recombination as studied by Andersen and

co-workers12q reveals a diminishing cross-section with increasing relative beam energy up

to approximately 2 - 10 eV, where one or two undulations are observed.  Such features

may suggest the formation, at higher energies, of electronically-excited H3O.  In particular,

we suggest later that these features relate to our species 2  and 3 , which are valence-to-

Rydberg excited states of (H3O)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 products34  (e.
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g., (H3O)R) prior to dissociation.  This, in turn, suggests that molecule 1  is of principal

importance as the starting point in the examination of subsequent dissociations at low

collision energy.  Nevertheless, 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-state H3O

diminishes in favor of the production of valence-to-Rydberg electronically-excited H3O,

which, in turn, results in possible access to higher-energy dissociation products. Figure 3

shows one such electronically excited state of H3O (πy → R) (species 2) to lie 281 kcal

mol-1 above that of ground-state (H3O)R, and a second such excited state (σOH(1) → R or

σOH(2) → R) (3) to lie 369 kcal mol-1 above ground-state H3O.  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 performed at sufficiently high relative beam

energies may result in the production of such excited-state recombination products, and

may account for the observed undulations in the experimental cross-sectional curve.  Our

ab initio studies of the associated potential energy surfaces provide an opportunity to

suggest the fates of these “recombined” H3O species, as will be presented in the next

section of this paper.

D.  Theoretical Interpretation of Experimental Results

      1.  Low-Energy Collisions Producing Ground-State H3O

As can be seen in Figure 3, dissociative recombination of H3O
+  can lead to a

variety of final products, such as those observed in the ASTRID experiments.12q,r  Clearly,

the experimental results provide valuable information regarding the branching ratios of the

DR reactions under investigation; however, they are limited in their specificity of

information regarding product electronic states,  product molecular structures and reaction
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pathways.  The results of our computational investigation lend greater insight into these

issues, a discussion of which follows forthwith.

Figure 3 illustrates the various accessible reaction pathways associated with DR of

H3O
+.  At low (electron-beam to ion-beam) relative energies, it is suggested that DR of

H3O
+  results in the formation34  of a neutral H3O radical (denoted (H3O)R).  This species

possesses an unpaired electron in its highest-filled (Rydberg) orbital, which is depicted in

Figure 5e,  and is pyramidal (C3v) in geometry, but has a low barrier (2.61 kcal mol-1; see

Table 2) to planarity.  The presence of 127 kcal mol-1 excess internal energy from the

exothermic electron capture allows (H3O)R to dissociate via  several reaction pathways.

The most exothermic route involves loss of a hydrogen atom to form ground-state H2O

(X1A1) (∆E =  -17.84 kcal mol-1 ), as shown on the solid blue path in Figure 3.  Only a

small barrier associated with O-H dissociation (5.33 kcal mol-1) is encountered on this path;

the existing 127 kcal mol-1 of excess energy from the initial electron-ion recombination

reaction renders such a barrier insignificant.

Although the (H3O)R → H2O  (X1A1) + H reaction pathway is the most exothermic

of all ground-state routes currently under study, it does not account for the largest fraction

of products in the low-energy branching ratio analysis of the associated heavy-ion storage

ring experiment (0.33 ± 0.08).12q,r  The largest product channel in this regard (0.48 ± 0.08)

corresponds to H3O dissociation into OH + 2H.12q,r  Therefore, it seems likely that both (a)

enough energy remains in any H2O (1A1) formed to permit subsequent fragmentation to OH

(X2Π) + H, and (b) direct fragmentation of H3O to  2H + OH (X2Π) (the solid green path

in Figure 3) is significant.  The use of theory in this regard thus allows the identification of

the OH product electronic state in a manner which was not possible (or not considered)

under experimental conditions.
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Our theoretical studies also allow us to determine how (H3O)R can decompose to

OH + H2.  An examination of Figure 3 at first suggests a path connecting planar [(H3O)R]‡

(4) to OH(A2Σ) (11) + H2 (12). However, as noted in Sec. II C.2, the presence of an

avoided crossing of the 2Σ and 2Π diabatic curves lying 65 kcal mol-1 above (H3O)R ( thus

still energetically accessible) predicts that the observed experimental product for ground

state (H3O)R should be OH(X2Π) + H2. Although the precise reaction path connecting

(H3O)R to OH (X2Π) + H2 was, as noted in Sec. III. B, not fully characterized, it is shown

in Figure 3 as a dashed magenta line.

In summary, our energy surface shows that  ground-state (H3O)R can dissociate

a) to produce H2O(1A1) + H with enough internal energy to allow a fraction of the

H2O(1A1) + H to undergo further decay to produce OH(2Π) + 2H;

b) to produce OH(2Π) + H2 some fraction of which may fragment further to generate

additional OH(2Π) + 2H;

c) to produce OH(2Π) + 2H directly.

As the ASTRID experimental studies did not result in the observation of H2 + O +

H in significant quantities (branching ratio 0.01 ± 0.04),12q,r 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 the (H3O)R dissociates to H2 + OH (2Π) and 81% dissociates

to H + H2O (1A1) or directly to 2H + OH (X2Π).  Denoting as X the fraction of H3O that

follows the blue path to H2O + H, and Y the fraction following the green path to OH + 2H,

we have XF = 0.33 and Y + X(1 - F) = 0.48. Here F is the fraction of H2O (X1A1)
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remaining intact, and thus (1 - F) is the fraction that proceeds on to OH + 2H.  Clearly, the

sum of the two branching ratios, 0.48 + 0.33 = 0.81 = X + Y depends on X and Y while

each branching ratio also depends on F.

The findings discussed above relate to the    low-energy     DR because they derive from

ground-state (H3O)R and use branching ratios obtained at low energies.

     2.  Higher-Energy Collisions Forming Excited States of H3O

The lowest-energy valence-to-Rydberg electronically-excited state of H3O (2) lying

6.7 eV above the H3O
+  cation can be regarded as an H3O

++ core surrounded by a doubly-

occupied diffuse Rydberg orbital, in which electronic excitation of ground state H3O from

the non-bonding valence πy orbital to a Rydberg orbital has occurred.  At higher relative

beam energies in the ASTRID apparatus, it is thought that this molecule may be formed as a

recombination product rather than ground-state (H3O)R (1).  At still higher relative beam

energies, it is thought that a higher-energy electronically-excited H3O species (a result of

σOH(1)  → Rydberg or σOH(2) → Rydberg excitation)  (species 3) may be formed on initial

recombination prior to dissociation.  In these states, one again has an H3O
++ core

surrounded by two Rydberg electrons.  It therefore should come as no surprise that these

energetic species undergo spontaneous dissociation, analogous to what occurs in doubly

charged cations.33

a.  The First Valence-to-Rydberg Excited State

As shown in Figure 3, species 2  lies approximately 281 kcal mol-1 above that of

ground-state (H3O)R (1) on the basis of our CIS calculations.  The production of this ion in

the initial electron-ion recombination process allows access to dissociation pathways which

result in the formation of OH (X2Π), either directly by H2 loss (dashed blue line in Figure

3) or by sequential H atom losses (solid black line in Figure 3). (These results suggest that
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no intact H2O should be formed in this case.)  To the best of our knowledge, the branching

ratios for OH + H2 and OH + 2H have not been measured for this higher energy case.  In

the case of the direct H2 loss mechanism, an initial examination of Figure 3 suggests a

straightforward correlation between the (planar) lowest-energy valence-to-Rydberg excited

H3O (5) and OH (X2Π) + H2 via the dashed blue line. However, as was discussed earlier,

the absence of molecular symmetry under experimental conditions and the associated

avoided crossings result in the formation of OH (X2Π) + H2 via a slightly different route.

In the absence of symmetry, the path follows the dashed-blue line from 5  to the crossing

with the dashed-green line, then follows the dashed-green line to its crossing with the

dashed-black line, and then follows the dashed-black line to products OH (X2Π) + H2.

b.  The Second Valence-to-Rydberg Excited State

In a manner similar to that described above for the dissociations from species 4  and

5  to form H2 + OH(X2Π), the dissociation pathway for species 6  undergoes an avoided

crossing (the dashed black line evolves into the dashed green line) in the absence of

symmetry to produce OH(A2Σ) + H2.  This result represents a product which is not

accessible from lower-energy H3O states, 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.

In addition, OH (A2Σ)  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 of H3O

should dissociate to produce OH (A2Σ) in all cases, should generate no intact H2O, and can

produce both H2 and 2H.  It must be emphasized, however, that species 15  and 16  in
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Figure 3 do not exist at minima on the H2O singlet potential energy hypersurface and

should not be regarded as reaction intermediates along the dissociation pathways leading to

sequential losses of H atoms from 2  and 3 .   Thus, the trajectories of these paths should be

viewed as leading directly to OH(X2Π) + 2H and OH(A2Σ) + 2H respectively.

The preceding discussions have concentrated primarily on the elucidation of

energetically accessible dissociation pathways of ground- and electronically-excited H3O.

However, this type of analysis does not address the question of which pathways are

preferred immediately upon electron-ion recombination.  In an attempt to gain insight into

this issue, particularly in the cases of the two lowest-energy valence-to-Rydberg H3O

excited states 2  and 3 , obtained by vertical CIS excitations at the geometry of ground-state

H3O(1), we have calculated the forces and nuclear displacements associated with these two

molecules as the first steps in their gradient geometric optimizations.  While the forces on 2

thus obtained do not provide any useful information in this regard, those on 3  suggest a

symmetric dissociation of two H atoms (possibly as H2) and the retention of an intact O-H

moiety, rather than an ejection of a single H atom and retention of H2O.  Thus, the initial

forces on 3  appear to favor a symmetric dissociation to OH + H2 (or to OH + 2 H) via the

dashed black line in Figure 3.

The possibility of bond dissociations beyond those observed experimentally (and

those studied computationally here) on thermodynamic grounds (as shown in Figure 3)

leads us to speculate about the possibility of the formation of other H3O
+  + e- DR products,

particularly in the presence of a significant amount of excess kinetic energy on initial

electron-ion recombination.  As was mentioned earlier, the solid blue curve in Figure 3

denotes a sequential loss of H atoms from ground-state (H3O)R; first to H2O (X1A1) + H,

then to OH(X2Π) + H + H.  In addition to this path, as well as the other routes to these

products shown in Figure 3, it is also conceivable that, as OH(X2Π) + H + H lies 36 kcal
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mol-1 below H3O
+, these products could be formed from OH(X2Π) + H2 by H-H bond

rupture under appropriate experimental conditions.

IV.  SUMMARY

We have performed ab initio MO calculations on potential energy surfaces which

connect ground-electronic state H3O and the two lowest valence-to-Rydberg excited-state

H3O species with their respective dissociation products, in order to gain insight into the

intricacies of the formation of experimentally-observed products of H3O
+ + e- DR.  Our

investigation has yielded the following results:

(1)  Ground-electronic state H3O, produced by DR of H3O
+ + e- at low relative beam

energies, can dissociate via  several pathways to form H2O(X1A1) + H, OH(X2Π) + H2, or

OH(X2Π) + 2H.  Although the reaction leading to the first products is the most exothermic,

it does not constitute the product channel of largest branching ratio as observed

experimentally.  We believe that the presence of sufficient excess internal energy in the

nascent H2O(X1A1) causes a large fraction of this species to undergo further dissociation to

OH (X2Π) + H, thereby enhancing the branching ratio of the latter product.

(2)  The undulations observed in the experimental reaction cross-section plot at higher

relative beam energies may be attributable to the formation of electronically-excited valence-

to-Rydberg H3O species on initial recombination.  The dissociation pathways (and, in some

cases, the products) associated with these states are energetically inaccessible from ground-

state H3O (e. g., OH(A2Σ)).  In this context, then, further investigations of H3O
+ + e- DR,

with an emphasis on the processes associated with excited states of H3O, may be of interest
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to experimentalists, both from the perspective of the nature of the product molecules

formed as well as that of their branching ratios.

(3)  The ground-electronic-state H3O dissociates to produce OH(X2Π) as does the first-

excited valence-to-Rydberg H3O, but the second-excited valence-to-Rydberg H3O

dissociates to produce OH(A2Σ).  Therefore, it may be possible to choose the electronic

state of product OH molecules formed under ASTRID conditions by carefully controlling

the relative electron-beam to ion-beam energy.
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CAPTIONS FOR FIGURES

1.  Direct and indirect dissociative recombination mechanisms.

2.  Log-log plot of reaction cross-section vs. relative beam energy for H3O
+ + e-       

     dissociative recombination as performed in the heavy-ion storage ring ASTRID (figure
     from Ref. 12(q)).

3.  Dissociation pathways and energies of H3O and dissociation products (H2, OH)
     and (H2O, H) relative to H3O

+ in kcal mol-1.  Energies for all species are reported at
     CCSD(T)//UMP2 with the basis set described in Section II. A., except for 2 , 3 , 5 , and
     6  (CIS//SCF), and 15  and 16  (CCSD(T)//SCF).  Dissociation paths involving species
    2 , 3 , 5 , 6 , 15 , and 16  were obtained from CIS single-point calculations along SCF
     ground-state reaction paths; the remaining paths were obtained as discussed in Sections
     II.B and II. C.

4.  Structural parametersa,b of H3O
+, H3O, and dissociation products.

5.  MOLDEN pictorial representations of occupied (a) σOH(1)-orbital, (b) σOH(2)-orbital,  (c)

     πy-orbital, (d) core ( oxygen 1s) orbital, (e) Rydberg orbital in (H3O)R.  Figure 5(d) is
     magnified by a factor of 2 relative to Figures 5(a-c,e).
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                                                         TABLE 1:
      EXPONENTS OF AUGMENTED BASIS FUNCTIONS ON OXYGEN

                     s-functions                     p-functions                    d-functions

                      1.0                                 0.07983                         0.084192
                      0.24474                       0.024684
                        0.059899
                        0.014660


