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ABSTRACT 

Diffuse intermolecular electronic systems, such as the 

hydrated electron or the aimmonia and water dimers, present 

both a theoretical and a practical computational challenge. 

The hydrated electron was discovered more than 25 

years ago, yet there is still no consensus on an 

explanation of this phenomenon. A novel model is presented 

here whereby the hydrated electron consists in an itinerant 

dihydronium radical structure. Although electrostatically 

neutral, the itinerant radical is shown to behave as a 

negative charge carrier under the influence of an electric 

field. Within this perspective, the hydrated electron may 

be considered a quasiparticle. Contrary of the absence of 

agreement between many experiments and the old but still 

popular cavity model description, the energetics in the new 

model, are shown to be consistent with photophysical 

experimental data. In order to understand negatively 

charged water clusters, it is also proposed that a 

metastable bifurcated water dimer structure is able to bind 

an extra electron. 

Prior to our studies, no ab initio computations had 

been able to reproduce the experimental geometry of the 

ammonia dimer nor to predict a water dimer anion with 

Franck-Conden factors agreeing with those recently found in 

molecular beam experiments. In both cases the potential 

energy surface is determined by attractors corresponding to 

nonlinear and linear hydrogen bonded geometries, 

respectively. One attracter receives an unfair advantage 

in the computational procedure mainly because of the basis 

set superposition error (ESSE). There is still no 

agreement on a scheme for correcting the ESSE. A widely 

employed error estimation method is the counterpoise 

correction. A completely different new method is proposed 
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using reerthonermalizatien of purified localized molecular 

orbitals. In terms of a ESSE corrected potential energy 

surface of the water dimer, a multi-attractor model of 

water is very briefly discussed. For further water 

molecular dynamics studies, we offer a new algorithm which 

we have developed specifically for a massively parallel 

computer. 
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CHAPTER I 

INTRODUCTION 

The first observation of the absorption spectrum of a 

"solvated electron" was reported in 1864 by Weyl [1864] in 

metal ammonia solutions [Thompson 1976]. The existence of a 

similar species termed the "hydrated electron" was 

postulated in the 1950s by Stein [1952] and Platzman 

[1953]. In 1960, Keene [1960] observed a transient spectrum 

related to the hydrated electron but did not make any 

identification. Matheson [1962] suggested that this 

transient spectrum belonged to the hydrated electron. In 

1962, Hart and Boag [1962] definitively were able to 

identify the absorption spectrum of the hydrated electron, 

with a bound peak around 715 nm. For this discovery, there 

were rumors of a Nobel prize which was finally not awarded. 

Possibly because it was not possible to attribute a 

specific merit to a specific researcher. 

A book by Hart and Anbar [1970] reviews exhaustively 

these early developments. Hydrated electrons are created 

whenever an aqueous solution is exposed to radiation. 

Hydrated electrons are produced in the water cooling 

systems of nuclear power stations, one reason for their 

great technological importance. Hydrated electrons are 

also generated in the great majority of the numerous 

practical applications [Silverman 1981] of radiation 

chemistry such as preservation of food [Taub 1981], and 

cancer ionization therapy [Greenstock 1981; Biaglow 1981]. 

Solar radiation of higher energy than 200 nm is 

absorbed by oxygen molecules O-, while radiation between 

200 and 300 nm is absorbed by ozone. Since hydrated 

electrons are created by photolysis in water, with a 

threshold energy of 6.05eV or 206 nm, it is quite possible 

that the destruction of the ozone layer by an unconscious 
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humanity would result in the generation of hydrated 

electrons all over the earth, including our own bodies. 

More than a century after the discovery of the 

ammoniated electron, and more than 25 years after the 

identification of the hydrated electron, the phenomena 

remain basically unexplained. Since there is no consensus 

and since old models have failed and no new model has 

prevailed so far, there is a climate of controversy which 

is normal and which is inherent to scientific life cycles 

or "revolutions" [Kuhn 1970]. Since the problem of the 

hydration electron is so old, positions have become 

fossilized. For a newcomer in the field, this is a very 

painful personal experience, which is more than 

counterbalanced by the dimension of the intellectual 

challenge. 

Another point to stress is that any new successful 

model is going to explain less but explain better [Kuhn 

1970]. The proponents of the old models have had all the 

time to find ad hoc explanations. 

When a field is fresh and alive with new ideas, if an 

experiment proves that the currently accepted model is 

wrong beyond any doubt, then a new model can be proposed 

which explains successfully the experiments. Then come yet 

another batch of experimental data, which at first sight, 

contradicts the new model. Later, it happens that these 

new data are satisfactorily explained within the new model, 

provided that secondary effects are taken in account. 

These secondary effects may require subtle and not so 

obvious analyses. 

When a field has been fossilized for a long period of 

time, when there is an overwhelming accumulation of 

experimental data, the task of building a new model becomes 

more and more difficult. Even if the old model is 

bankrupted, the old guard will take pretext of every 

possible disagreement between experimental data and the 



straightforward predictions of a new model to reject this 

new model, in toto, without appeal. this is how a field 

slowly dies away. This is scientific decadence in action. 

In 1986, a molecular model of the hydrated electron 

was proposed by Robinson [1986; Hameka 1987]. This original 

model was put forward in order to interpret picosecond 

laser spectroscopy experiments [Lee 85] performed in the 

Picosecond and Quantum Radiation laboratory (PQRL), now 

called SubPicosecond and Quantum Radiation (SPQR) 

laboratory, in the chemistry department of Texas Tech 

University, under the direction of Dr. Robinson. 

According to Robinson's model, the hydrated electron 

consists of the solvated semi-ionic pair (H-̂ O* - O H ) where 

the extra electron is located in a diffuse orbital. This 

electronic system is somewhat different from usual valence 

structures found in chemistry. 

The next natural step for investigating such a model 

was to study the semi-ionic pair structure by applying ab 

initio computational methods. The idea was that the semi-

ionic pair should be stable or metastable when solvated in 

liquid water. The first two-and-a-half years of our 

research effort were spent trying to find a solvation shell 

which could stabilize such a semi-ionic pair. 

Unfortunately, it did not appear there was much 

computational support for this model at the ab initio level 

of theory. Furthermore, there was open criticism of the 

model by M.C.R Symons [1988]. A reply [Muguet 1988] to 

these comments was written. Interestingly, although this 

semi-ionic pair does not appear to be geometrically stable, 

it is stable electronically; i.e., it is able to retain an 

extra electron. 

The main flow of criticisms against the Robinson model 

originates from a coterie defending the oldest and still 

surviving model of the hydrated electron: the cavity 

model. Therefore, it was felt that we also had to 



investigate the cavity model, which happens to be the main 

challenger to the semi-ionic pair model. Our ab initio 

computations demonstrate that there is no ab initio support 

for the cavity model. 

At that time, it did not seem propitious to publish 

our ab initio studies on the hydronium Rydberg radical or 

the semi-ionic pair since it could have been misinterpreted 

as a condemnation of Robinson's model of the hydrated 

electron. We found it difficult to criticize the cavity 

model without proposing a viable alternative model. 

The efforts spent on investigating the semi-ionic pair 

were not fruitless. The hydronium radical is a component of 

the semi-ionic pair. We thus became interested in the 

investigation of the isolated hydronium Rydberg radical. 

The application of ab initio methods to this problem was 

found to be delicate and challenging. Preliminary results 

concerning the hydronium radical were displayed in a poster 

at the Gordon Research Conference on Radiation Chemistry 

(Newport, RI July 1988). 

During the last two years, it appears more and more 

certain that the cavity model is no longer a consistent 

model for the hydrated electron, thanks to the femtosecond 

experiments of Gauduel and coworkers [1990, Migus 1987]; 

and to electron attachment experiments to water clusters by 

Bowen and coworkers [Coe 1990a]. The energetics and the 

ultrafast kinetics of the formation of the entity known as 

the hydrated electron provide contradictory evidence 

against the cavity model. 

Recently, we presented a talk [Muguet 1991] concerning 

a new model, whereby it was postulated that the hydrated 

electron is the itinerant dihydronium radical ^^02* or 

strongly solvated H-.0' . Thanks to a polarized mechanism of 

deRydbergisation/Rydbergisation, we are able to demonstrate 

that this itinerant species effectively moves under the 

influence of an electric field like a negative charge 



carrier. This new model is consistent with the 

photophysics and calls for a reinterpretation of reaction 

kinetic and thermodynamic data. The dynamical essence of 

the itinerant radical may also be described by a 

quasiparticle formalism. The new model can be easily 

extended to alcohols and possibly to ammonia and amines. 

In experiments by Bowen and coworkers [Coe 1990a] 

concerning electron attachment to water clusters, a water 

dimer anion was detected. Therefore, our attention turned 

to the related problem of this water dimer anion. The 

Franck-Condon factors [Coe 1990b] are consistent with our 

two hypotheses: (1) that a neutral bifurcated water dimer 

constitutes a local minimum on the water dimer potential 

energy surface and (2) that a bifurcated geometry is able 

to attract an extra electron in a very diffuse orbit. 

Preliminary results concerning the bifurcated water dimer 

anion and the hexamer anions were presented in two posters 

at the "Solvated electron. 25 years after" conference held 

in July 1990 at Argonne National Laboratory. 

A later paper on the intermolecular modes of the 

neutral bifurcated structure [Muguet 1991a] caught the 

immediate attention of a number of researchers, 

specifically Marsden and coworkers [1991] who first praised 

our work but later criticized our conclusions. 

However, Marsden concurs with us that inclusion of 

diffuse Gaussians in the basis sets is critically 

important, and that a closely related problem is the 

determination of the ammonia dimer global equilibrium 

geometry. This question was originally envisaged as a 

benchmark for our computations and developed later as a 

full problem on its own. In a very recent paper, Marsden 

and coworkers [Hasset 1991] were neither able to reproduce 

the experimental ammonia dimer geometry [Nelson 1987], nor 

to find theoretical or computational reasons for the 

discrepancy. Instead, they prefer to cast doubt on the 



experimental results. With extended basis sets, we found 

geometries with near-zero gradient very near the 

experimental geometry and with a dipole moment in agreement 

with the experimental value. More importantly, if these 

nonlinear geometries have higher energies than the 

apparent global minimum, we propose a number of concrete 

explanations, the most important being the basis set 

superposition error. 

The potential energy surface is determined by the 

competition between two dissimilar attractors corresponding 

respectively to nonlinear and linear hydrogen bonded 

geometries. The basis set superposition error (ESSE), an 

artefact of the computational procedure, gives an unfair 

advantage to the linear hydrogen bridge attractor. A 

widely employed recipe for assessing the ESSE, is the 

counterpoise correction [Boys 1970, Chap XI]. However, the 

requirement of an improved description of the outer regions 

of the combined molecular wavefunction is intrinsically 

contradictory. A completely different new method is 

proposed here using reorthonormalization of purified 

localized molecular orbitals. 

The knowledge of a new water dimer potential energy 

surface may allow us to bring a new understanding of the 

still unsolved problem of the structure of liquid water. 

We sketch the main features of a multi-attractor model of 

water. 

There is no need to stress the importance of an 

understanding of liquid water, the mater and matrix of life 

processes. The investigation of the structure of liquid 

water is at a somewhat similar stage of its epistemological 

life cycle as the hydrated electron. The old and current 

models are not satisfactory and no new model has prevailed. 

However, controversies about liquid water are now less 

personal and somewhat subdued, in contrast to the situation 

in the late 1960's. To the contrary, there is now a 



dangerous tendency in most textbooks either to ignore the 

problem or to pretend that this fundamental question is 

resolved. A textbook [Atkins 1986] of international 

reputation even includes a figure of "a" structure of 

liquid water. 

In order to prepare a test of a new two-body water 

potential, the standard computational approach is the 

molecular dynamics method [Allen 1987]. Texas Tech 

University is a member of Digital's Data Parallel Research 

Initiative and possesses a massively parallel MASPAR 

computer. Because of our computer science background, we 

were somewhat fascinated by this machine and therefore we 

conceived a new algorithm to implement a MD simulation on 

the MASPAR machine. 

We wrote in the C language a Postscript driver for 

plotting on a laser printer molecular structures and 

molecular orbitals like those enclosed in the dissertation. 

This driver has been incorporated within the GAMESS program 

[Schmidt 1990] and is currently distributed with it. 

The account of our research activities would not be 

complete if we did not mention our ab initio computations 

[Muguet 1990] of two hydrogens atoms in the palladium 

tetrahedral site in order to determine if, in this cramped 

site, there was enough electron screening to promote cold 

fusion. No closer proton or deuteron encounter seems 

favored. These results were first presented at the 

workshop on cold fusion phenomena held at Santa Fe in May 

1989. 

Overview of the Chapters 

After the current introduction, we present in CHAPTER 

II the principles of molecular modelization we employed. 

We then devote the first part of our dissertation to the 

hydrated electron. We review previous models in CHAPTER 

III. In CHAPTERS IV and V we study the hydronium and 
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CHAPTER II 

BRIEF INTRODUCTION TO AB INITIO METHODS 

In order to model a quantum system, one has to solve 

the Schrodinger equation. We use the Born-Oppenheimer 

approximation to separate out the nuclear motion from the 

electronic motion. In other words, nuclear coordinates are 

simply treated as parameters. We are then considering the 

Schrodinger equation relative only to the electrons. Since 

we are treating only stationary electronic states, we write 

the time-independent Schrodinger equation: 

H^ = E^ (1) 

where H is the Hamiltonian 

One way to solve approximately the Schrodinger 

equation is to use the variational theorem. 

E = < H > = - t ^ ^ i W (2) 
X^^dT 

Another approximation is the independent particle 

model. We are going to write the global wavefunction as a 

linear combination of independent one-electron 

wavefunctions, which do not contain any explicit inter-

electron distances. Furthermore, in order to satisfy the 

Pauli exclusion principle for a closed shell, we are 

writing the global wavefunction as an antisymmetric 

multilinear combination or a Slater determinant: 

^^^^1' ' ̂ N^ "̂  /N! 

0.(1) 0.(1) 0^(1) 
0^(2) 02^2) 0jJ(2) 

0*(N) 02(N) 0^(N) 

(3) 
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With this formulation, except for the Fermi hole, no 

correlation between electrons is taken into account. 

The next step is the algebraic approximation. Each 

one-electron wavefunction is expressed as a linear 

combination of Gaussian functions, alone or contracted in 

fixed linear combinations. These Gaussian functions are 

called primitives. The set of possibly contracted 

primitives constitutes the basis set. The algebraic 

approximation allows us to express the computational 

procedure in terms of matrix operations. 

Gaussian functions are used for practical reasons, and 

are not exact solutions of the hydrogen atom. This 

introduces some inaccuracies in the final result. 

Another step is to take as basis functions the atomic 

orbitals, which are the Gaussian functions optimized for 

the atoms alone. This scheme is called LCAO or linear 

combination of atomic orbitals. This can be expressed in 

matrix form as: 

0 = XC (4) 

where C is the matrix of the molecular orbitals 

coefficients. 

The application of the variation principle to the 

multilinear global wavefunction (3) leads to the Hartree-

Fock equation [Roothan 1951]: 

F C = S C E (5) 

where the matrix E, the Lagrangian multiplier matrix is 

diagonal. 

The derivation of this equation is cumbersome and 

lengthy [Roothan 1951], but can be well understood in 

relation to the application of the variational principles 
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to a simple linear combination of basis functions. The 

minimum condition implies that all partial derivatives to 

the unknowns must be equal to zero. This is expressed as a 

series of linear equations, known as secular equations. 

These secular equations can be expressed in matrix form as: 

H. C=S. C. E . (6) 

In (5) we have: 

C S C = 1 The orthonormality condition 

S = S »̂('')X̂ ('')<i'̂ -l The AO overlap matrix (7) 

V ^ V "̂  ^ D^^[(//v|pa) - §(//p|va)] (8) 
P, o 

The Fock matrix 

D^v = I! 2 C^^C^^ The density matrix (9) 

So the expressions (5) and (6) are very similar, except 

that in (4), by reasons of the self consistency, F is a 

function of C. Thus, an iteration procedure must be 

followed. 

An initial guess of C is made, and at each step the 

matrix can be determined in the following way: If we 

consider a matrix Q=S~^ we have [Dupuis 1990]: 

Using the transformation Q which verifies 

Q"*" S Q = I 

the Hartree Fock equation becomes 

F C = C f 

where 

F = Q' F Q 

where 
-1 C = Q ' C 
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or 

C = Q C . (10) 

Therefore we have derived the matrix C for this step. 

Another choice for Q might have been the matrix C, 

determined in a previous step. 

Further improvements can be made [Dupuis 1990; 

element! 1990] by writing the wavefunction as a sum of 

determinants (3). If only the coefficients in the sum are 

optimized, the procedure is called configuration 

interaction (CI). If both the coefficients in the sum as 

well as the MO coefficients, the procedure is called 

multiconfiguration self consistent field (MCSCF) method. 



16 

Literature Cited 

[Clementi 1990] E.Clementi Ed. Modern techniques in 
computational chemistry. MOTECC-90, ESCOM(Leiden) 
(1990). 

[Dupuis 1990] M. Dupuis, A. Farazdel, p. 277-342 in MOTECC-
90, E.Clementi Ed. ESCOM (Leiden) 1990. HONDO: A general 
atomic and molecular electronic structure system. 

[Roothan 1951] C.C.J. Roothaan, Rev. Mod. Physics 23(2), 
69-89 (1951). New developments in molecular orbital 
theory. 



PART ONE 

THE HYDRATED ELECTRON 



CHAPTER III 

PREVIOUS MODELS OF THE HYDRATED ELECTRON 

The Traditional Cavity Model and 

the F-Center Inspiration 

The main inspiration for the cavity model is the F-

center [Schulman 1962; Fowler 1968] in an alkali-halide 

crystal. The elementary picture of the alkali-halide 

structure is a lattice of alternating positive and negative 

(fixed) charges. If there is a missing negative charge, 

i.e., an anion vacancy, and if we consider an electron as a 

classical point charge, and if we drop an electron near 

this vacancy, then one would expect that this "electron" is 

going to fill the vacancy, basically as a very light anion. 

An extension to this basic electrostatic approach is to 

consider the quantum mechanical model of a particle in a 

box, or more exactly in a spherical non rigid trap. The 

solution to this model yields hydrogenoid wavefunctions 

centered at the center of the vacancy or the cavity. It is 

quite clear that the region of highest density and highest 

momentum is at the center of the vacancy or trap or cavity 

(cf. Fig. 3.1). This model gives spectral predictions 

which have been interpreted as a confirmation of this 

model. The cavity model is, we should stress, an old model 

[Jortner 1962]. At that time, no resolved hyperfine 

structure of F-centers was known. It is also quite 

interesting to know that Lars Onsager [1964] appeared not 

to see any specific reason for the formation of a cavity. 

Resolved hyperfine structure tells us that in fact the 

F-center electron is very delocalized and is present up to 

the second vacancy layer [Fowler 1968]. If one starts from 

scratch and reconsiders the whole problem from a quantum 

chemical perspective, one would expect that most people 

would suggest that the extra electron is going to be bound 

18 
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to the most positive ions. Therefore the extra electron is 

going to be bound preferentially to the ions located within 

the walls of the vacancy, and possibly to the positive ions 

of the second vacancy layer. Of course the extra electron 

would be fairly delocalized over all these positive ions. 

This is what the ESR and ENDOR tend to indicate. We would 

tend to agree with this physical perspective, which we 

would call the "sponge model" of the F-center. 

Needless to say, the "particle in the box" proponents 

did present some adjustable computations whereby it was 

demonstrated that, indeed, the electron located in the 

vacancy was penetrating deep inside the walls. Our 

question is: what if the vacancy is filled with a neutral 

molecule, and why not water? According to the cavity 

model, there will be no more cavity, so there should be no 

more F-center! The high density, high momentum central 

region is completely "kicked away." On the contrary, 

according to the "sponge model," the center of the vacancy 

is populated with low momentum electrons which may be 

gently pushed aside, and this would not alter the basic 

energy balance of the F-center which depends on the high 

momentum regions located near the positive ions. 

Within the zoo of the various color centers, the H_0 

center [Rusch 1974] fits exactly our purpose. It is 

basically (cf. Fig. 3.2) a F-center in KCl, of which the 

vacancy is filled with a water molecule. As the title of 

the paper tells us [Rusch 1974], the F-center is barely 

perturbed. Therefore it follows that the physical basis 

for a vacancy anion model or a "cavity model" even for a F-

center is rather uncertain. The F-center inspiration is 

rather weak. 

Ab Initio Computations and the Cavity Model 

Within the cavity model, in its most orthodox form, 

the lone electron is going to form, on its own, the trap. 
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pushing apart like Samson the walls of the temple. In that 

case, one should see a continuous shift of the spectrum 

upon its formation. On the contrary, femtosecond 

experiments [Migus 1987] show that the hydrated electron 

spectrum appears already formed at 240 fs in water. So 

this formation mechanism must be eliminated. With an ad 

hoc alternative mechanism, which lacks the intellectual 

coherence of the orthodox model, the electron is said to be 

located in pre-existing traps. So one must consider pre

existing traps. 

According to model-dependent interpretations of ENDOR 

experiments by Kevan and coworkers [1980], ab initio 

computations [Clark 1987] and path integral computations 

[Rossky 1988, Wallqvist 1988], the trap comprises water 

molecules with their 0-H bond oriented towards the center 

of the cavity. There are severe technical problems while 

performing ab initio computations on such a cavity system. 

First, in these ab initio computations, the "solvated 

electron" density is described by hydrogen type Gaussians 

centered in the center of cavity, a center which is called 

a "ghost atom." In fact the variational procedure is 

going to affect the extra electron density only where it 

can, i.e., on the ghost atom. This problem is specifically 

acute if the water molecules are described with minimal 

basis sets. So the ghost atom density buildup may be a 

computational artefact. A second but related effect is the 

celebrated Basis Set Superposition Error (ESSE), which is 

going to stabilize the cluster artificially. 

Despite the artificial electron localization and the 

ESSE contribution, NO recent ab initio computations [Clark 

1987] on these systems has ever predicted an equilibrium 

water geometry able to bind an extra electron. To be more 

precise, a bound electron is related to a negative Hartree 

Fock eigenvalue at the HF level. The only supposedly "ab 

initio" computation which reported a bound electron was 
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made a long time ago [Newton 1975]. These computations 

were not truly ab initio since they incorporated an 

adjustable parameter included in the description of the 

"continuum." In passing, these computations [Newton 1975] 

suggest a dipole oriented cavity. 

Furthermore, all reported ab initio computations, old 

and new ones alike, predict a negative spin density on the 

hydrogen atoms, in contradiction to experimental data. 

Preexisting 0-H oriented traps or cavities are located 

on a repulsive and high energy region of the water dimer 

hypersurface. The probability of the existence of such 

pre-existing traps is small, even smaller when the pre

existing traps include more and more water molecules with 

their 0-H facing each other. 

In order to understand further the problem, we 

performed ab initio computations on the "minimal" 0-H 

oriented trap, the bridge structure (H-0-H--H-0-H) (cf. 

Fig. 3.3). The results are rather dramatic. Without 

diffuse Gaussians, i.e., with an insufficient basis set, 

the anionic bridge structure is geometrically stable. One 

has to stress the artefactual character of such a 

"structure" since the extra electron is unbound. The 

unbound electron is located mostly between the opposing 

hydrogen atoms. The molecular orbital of the unbound 

electron is plotted in Fig. 3.4. With a more complete 

basis set comprising diffuse Gaussians, the bridge 

structure simply explodes. 

Therefore, we may safely confirm that there is no ab 

initio support for the cavity model. 

There have been many unsuccessful and unpublished 

attempts to model the cavity model with ab initio methods. 

The Path Integral Model and 

its Underlying Philosophy 
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Although the majority of the authors engaged in 

research within the framework of path integral methods 

claim a connection with the cavity model or a F-like 

center, the very application of the path integral method 

has more analogy with the description of a conduction 

electron in a disordered semi-conductor. This is a monte-

carlo method with the help of a pseudo-potential. The 

pseudo-potential [Schnitker 1986, Barnett 1988] describes 

the interaction between the valence electrons and an extra 

electron. Since we have an extra electron, but only one, 

this describes fairly well the very onset of (intrinsic) 

conductivity, in which the excited electron has escaped the 

attraction of its hole (exciton). So this perspective 

applies mainly to threshold conduction electrons, which may 

be considered at the bottom of the conduction band. 

The gap between the edges of the conduction band and 

the valence band of course varies with the spatial 

location. In fact for a liquid or an amorphous solid 

[Zallen 1983], one must consider instead mobility edges. 

Within the path integral method, one must assume that 

there are continuous spatial rearrangements in the liquid, 

so that the conduction band is distorted so much that 

fluctuating local potential wells are created, in which the 

electron becomes localized. Yet, in contrast to the 

traditional cavity model, the extra electron is also, to a 

fair extent, delocalized in regions of the conduction band. 

The polarization of the liquid contributing to the 

local well is purely an orientational polarization. No 

electronic polarization is included which may have led to 

polaron states. The pseudopotential approach also does not 

allow the description of intramolecular rearrangements. 

The spectrum is related to the size of the well [Rossky 

1988, Wallqvist 1988]. 

We suggest that the localization of the conduction 

electron, within the path integral approach, is related to 
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The energy photoformation threshold (6.5eV, cf. Chap. IX) 

is in contradiction to the model-dependent free energy of 

hydration (-1.7eV/Vacuum). From this energy level 

(-1.7 eV/Vacuum), one can clearly see (cf. Fig. 3.5) that 

most of the absorption spectrum lies in the vacuum. This 

energy level (-1.7 eV/Vacuum) is lower than the ionization 

potential (2 eV) of a negatively charged 69-water-molecule-

cluster, and lower than the photoconductivity threshold 

(2.3 eV) . There is no bound electron at the ab initio 

level, and the spin densities on the proton are negative. 

The cavity/path-integral model did not predict the 

ultrafast formation of the hydrated electron, but rather 

predicted a transition between surface and internal states 

which has never been observed in cluster experiments. 

Therefore, it follows that there are so many severe 

inconsistencies in explaining experimental data, that this 

model seems beyond remedy. 

The Chemical Nature of the Solvated Electron 

Are the trees not hiding the forest? By examining the 

values of the maxima in the absorption spectrum in various 

solvents [Eelloni 1989], it is impossible not to notice 

(cf. Table 3.1) that the spectra might be regrouped within 

chemical families: water, alcohols, amines, and amides. 

Although this is not a proof, a correlation with the 

chemical group seems to exist. A correlation with other 

physical properties seems much less obvious. Since, in the 

cavity model and path integral model, the spectrum depends 

on the size of the cavity, we really have some difficulties 

in understanding how the size of the cavity can ever be the 

same in methanol and decanol. In fact, we challenge 

"cavity model" advocates to do a path integral computation 

with decanol, using the same kind of pseudopotentials as in 

methanol. Although, it would probably be a waste of Cray 

time because of the size of the decanol molecules, the 
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results of such path integral simulations should be quite 

instructive. 

Localized Models 

Feng and Kevan [1980] reviewed in detail old molecular 

models. Robinson [1986, Intro.] presented a structural 

model which consists of a hydronium radical, hydroxide 

anion pair. This is the first model of the hydrated 

electron which takes into account the protic character of 

the solvent. Its most remarkable contributions are related 

to explanations of the solvated electron mobility in water 

and in alcohols, as well as chemical reactions. 

Unfortunately, the semi-ionic pair, even hydrated in every 

imaginable way, is structurally unstable. The proton 

always comes back to the hydroxide group. The (unstable) 

semi-ionic structure is able to bind an extra electron, but 

the ionization potential is too low. 

Tuttle and Golden [1991] have presented a localized 

physical model, but they avoid any description of its 

structure. However, their work is priceless as an acute 

and persistent criticism of the cavity model. 



Table 3.1 Absorption Maxima of 
Solvated Electrons 

Solvent Maximum (nm) 

Water 715 

Methanol 630 
Ethanol 700 
2-Methoxyethanol 715 
1-Eutanol 680 
1-Propanol 740 
2-Propanol 820 
1-Pentanol 630 
1-Octanol 625 
Decanol 650 
Glycerol 525 
Ethylene Glycol 580 

Ammonia (293K) 1850 

Methylamine 1900 
Ethylamine 1920 
Isopropylamine 1950 
n-Propylamine 1900 

N,N-Dimethylacetamide 1800 
N,N-Diethylacetamide 1700 
N,N-Dimethylformamide 1680 
N,N-Diethylformamide 1775 

Source: [Eelloni 1989] 
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F i g u r e 3.1 
Cavity IVIodel Geometry 

Source : [Clark 87] 
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Figure 3.2 
The H^O" Center in KCl 

Source : [Rusch 74] 
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Negatively Charged Water Dimer Bridged Structure 
Chair Geometry, No Diffuse Gaussian in Basis Set 

Figure 3.3 
Anionic Bridge Geometry 
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Figu re 3.4 
Anionic Bridge IVIO Plot 
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CHAPTER IV 

THE HYDRONIUM RADICAL 

Introduction 

In 1985, Robinson [1986; Hameka 1987, Chap. I] 

proposed a molecular model of the hydrated electron 

composed of the semi-ionic pair (H_,0' -- 0H~) . The H_,0' 
3 aq 3 

radical has retained our attention, at first as a component 

of the semi-ionic pair, and then in its own right. 

The H-0* radical has a long and tumultuous career. It 

has been found, lost, and found again quite a number of 

times. This species was first hypothesized to exist in 

1907 [Goldschmidt 1907]. In several experiments in the 

thirties, H-.0' was claimed to have been found. In 1964, 

Magee [1964] suggested that the H-.0* radical should be an 

important transient species in radiation chemistry, formed 

in the recapture process of a quasifree electron by H-.0 . 

Also Sworski [1964] from kinetics data suggested that, in 

the Gamma-radiolysis of water, H-.0* should be the main 

precursor of H.̂ . After an 85 eV or 100 eV electron 

radiolysis of water vapor in the gas-phase. Melton and 

coworkers [1966, 1967] claimed to find evidence for H.;.0-. 

However in these experiments, it was H.,0 which was 

detected by mass spectrometry. Their method supposed that 

the main source of U^O is the ionization of H^O*, which is 

questionable since Ĥ O"*" may be a direct product of 

radiolysis. Nevertheless, Melton and coworkers [1967] were 

able to detect 030" directly. 

Kongshaun and coworkers [1971] irradiated acidic 

solutions with X-rays, Gamma-Rays, H- and Ar atoms 

generated by an electric discharge. They concluded that 

H-.0* must have been formed. 

34 
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Martin and Swift [1971] claimed to have isolated H.,0-

and D-̂ O* radicals in UV-irradiated aqueous basic matrices, 

and presented an ESR quartet spectrum. However, their 

experiment was not reproducible [Wargon 1972], and was 

later explained in terms of CH^• impurities [Noda 1972]. 

At last, in 1984, Gellene and Porter [1984] brought 

solid experimental evidence for the metastability of D_.0-

using a neutralized ion beam spectroscopic technique. They 

found D20(D20) and H20(H20) as well,"but found no trace of 

H-O*. They reported an ionization potential (IP) of 4.3 eV 

for D-0-, and suggest a lower limit for the IP of 3.4 eV 

for H-.0(H20), the hydronium hydrate radical. For 

comparison, the IP for a sodium atom is 5.1 eV. Later, 

Raksit and Porter observed an intriguing oxygen atom 

isotope effect [Raksit 1987]. With it most naturally 
1 f\ 

abundant isotope 0 , T>Jd' is metastable. When substituted 
IP "̂  

with the heavier 0 isotope, D.̂ 0* is no longer detectable 
while D^O^* can still be detected. 

3 Z 

In 1987, Griffith, Harris and Beynon [1987], using 

neutralization-reionization spectroscopy, claimed that the 

metastability of H,.-, NH.-, H.,0- was established. In 

particular, the lifetime of H.̂ 0* was claimed to extend up 

to 1 microsecond. However, after reinterpretation of their 

data, these authors soon retracted their claims. 

The hydronium radical has also been the object of 

numerous theoretical investigations. Conway, Bockris and 

Linton [1955] theorized that the radical H^O- as a 

transient species must exist in order to explain proton 

conductance. Bernstein [1963] tried to show that HA 

radicals might be thermodynamically stable, where A is a 

saturated proton acceptor. He suggested reactions with H-

atoms, for forming such radicals. With a one-center STO 

basis set. Bishop [1966] computed H^O- to be 

thermodynamically unstable. Melton and Joy [1967], also 

with a one-center STO expansion, found an equilateral 
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triangle geometry for H^O-, which was unstable against 

dissociation. At the C^ ROHF level, Gangi and Bader 

[1971] found a pyramidal C3v geometry with a small 

inversion barrier of 2 kcal/mol, and an IP of 4.6eV. Their 

basis set was complemented by a single diffuse s-type 

Gaussian centered on the oxygen atom. They predict that 

the H^O* radical might be marginally metastable at low 

temperature with a dissociation barrier of only 6.6 

kcal/mol. At the INDO level [Efskind 1972], a planar 

geometry was obtained, and the IP was found to be 7.45 eV. 

Furthermore, the H-.0' radical was found to be stable 

against dissociation (-40 kcal/mol). ESR parameters were 

computed at the INDO and CNDO levels [Chuvylkin 1972]. At 

the UHF level, M.C.R. Symons and coworkers [Claxton 1973] 

found a pyramidal geometry and also found large positive 

hyperfine coupling constants on the protons. Magee [1964, 

Chap. VI] proposed a pathway for the formation of the 

hydrated electron involving the formation of H^O* through 

the capture of a quasifree electron by H_.0 . Webster 

[1975] investigated the ability of the H-.0 cation to 

capture an extra electron. The resulting radical was 

computed to be slightly nonplanar. The suggestion of Magee 

[1964, Chap. VI] also stimulated an ab initio study by 

Maurice Schwartz [1976] who found that the transition to 

the lowest excited state corresponded to an energy of 1.87 

eV. The IP is 4.75 eV. His basis set is supplemented by 

two s and two p diffuse Gaussians on the oxygen atom, and 

extra diffuse s-type and p-type Gaussians on each hydrogen 

atom. This interesting paper has been very seldom quoted 

in the literature. 

Niblaeus, Roos and Siegbahn [1977] performed 

computations both at the SCF/UHF and CI levels. Their 

largest basis set comprises a valence Gaussian set with 

polarization functions, supplemented by only two s diffuse 

Gaussians centered on the oxygen atom. ^3^* ^^s 
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determined to be thermodynamically unstable, the 

dissociation products being H2O + H-. The H.,0- radical 

corresponds to a local minimum, one pathway to the 

formation of H^O being the electron attachment to H.,0"*". 

Their best energies for H^O- were at the UHF level 

-76.499,800 Hartrees and with a direct CI (10,074 CSFs) 

method -76.715,324 Hartrees. These authors computed a 

dissociation barrier of 4.6 kcal/mol at the UHF level and a 

dissociation barrier of only 3.4 kcal/mol at the CI level. 

They concluded that the existence of a metastable state 

with a measurable lifetime was unlikely. 

Raynor and Herschbach [1982] computed the transition 

energies as well as the transition dipole moments of 

electronic transitions between the ground state and excited 

states as well as between excited states for various 

radicals. Each electronic state was calculated with 

respect to a frozen cationic core. Their cation basis set 

is supplemented by five s, five p, five d diffuse STO's 

centered on the oxygen atom. For H.^0*, they predicted 

transitions at 550 nm (2.25 eV) and 661 nm (1.8 eV) with 
7 -1 

large Einstein emission coefficients, 6.48 10 s and 5.64 
7 -1 10 s , respectively, to the ground state. 

Talbi and Saxon [1989] performed a thorough study of 

the PES of the ground state and the first four doublet 

excited states. Their basis set is supplemented by two s 

and two p diffuse Gaussians centered only on the oxygen 

atom. In all their MCSCF and CI computations, the 

reference configuration carries the most important weight 

(0.94-0.95). Their ground state geometry is pyramidal, 

with an energy of -76.556,186 Hartrees at the MCSCF level, 

comprising up to 17000 configuration state functions 

(CSFs), and of -76.727,647 Hartrees at the MRSDCI level (up 
7 -1 to 118,000 CSFs). An Einstein coefficient of 5.46 10 s 

was calculated for the 3s --> 3p transition. The radiative 

lifetime of the 3p excited state was estimated to be around 



38 

18 ns. The ionization potential (IP) of the 3s ground 

state is 5.27 eV, while the IP of the 3p excited state is 

2.92 eV. The dissociation barrier for HO- > H^O + H-

was found to be 3.58 kcal/mol. Taking into account the 

zero-point energies at the local minimum and at the 

transition point, the barrier is reduced to 0.40 kcal/mol 

(D-O* 1.32 kcal/mol). Talbi and Saxon could not explain 

why D_0' was metastable, contrary to H.̂ 0- . Another 

unanswered question is why D-.0* with a heavier oxygen 
18 

isotope O and therefore a lower zero-point energy does 

not exist. After establishing a correlation diagram, Talbi 

and Saxon concluded that the dissociation barrier does not 

arise from configuration mixing or avoided crossing, but 

originates from a Rydbergization process [Mulliken 1977]. 

Simons and Gutowski [1991, Chap. X] proposed that the 

dissociation barrier in isoelectronic NeH • could be 

explained in terms of an avoided crossing. 

McLoughin and Gellene [1992] computed the energy of 

H-.0* at more than 300 different geometries at the MP3 

level, in order to establish a pointwise harmonic fit of 

the potential energy surface (PES) in the vicinity of the 

dissociation pathway. Their valence basis set is 

supplemented by three s and two p diffuse Gaussians on the 

oxygen atom, and three s-type Gaussians and one p-type 

diffuse Gaussian on each hydrogen atom. The metastability 

of D-jO* could not be explained in terms of a difference of 

zero-point energies with H.̂ 0- . Furthermore, estimated 
- 1 3 - 1 2 

tunneling lifetimes on the order of 10 , 10 are 

inconsistent with the measured lifetime ( 1 microsecond) of 

Polyatomic molecules such as H^•, H2F-, H^O-, NH^-, 

CH • have been called Rydberg molecules by G. Herzberg 
5 

[1987]. These molecules are viewed by Herzberg to possess, 
in their ground state, a lone electron which orbits around 

a positive core, in a low-lying Rydberg orbital. We feel. 
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however, that this description brings in itself the seed of 

possible misconceptions. 

(1) Rydberg excited states are hydrogen-like states 

[Robin 1974, Chap. VII] which feature atomic-like sharp 

spectra. 

(2) Highly excited Rydberg states have a quasi-

classical character, and the extra electron may be 

conceived as circling around the positive core as in a 

planetary orbit. 

It appears that, as Talbi and Saxon concluded, there 

are still "substantial gaps in our understanding of the 

H-0* system." Several questions are of a more specific 

concern to us. What is the exact nature of the so called 

low lying Rydberg orbital? Can we intuitively understand 

and visualize the deRydbergization process involved in the 

dissociation process? Why does correlation decrease the 

dissociation barrier? Why are there such dramatic and 

bizarre isotope effects? What would be the behavior of an 

isolated radical in a condensed phase, such as a matrix? 

In the next chapter, we will study specifically the 

structure of the strongly hydrated hydronium radical Ĥ -Ô -, 

also called the dihydronium radical. 

Computational Methods 

All computations were performed, over a period of 

several years, with various ab initio programs such as 

Gaussian 86 [Frisch 1986], Gaussian 88 [Frisch 1988], and 

GAMESS [Schmidt 90 intro.] at the following levels: UHF, 

ROHF, CI and MCSCF. A first series of UHF computations 

were done using four small basis sets. 

A small basis set, denoted 4-31G/R1, was constructed 

as follows: a Gaussian 86 built-in 4-31G split-valence 

basis set [Poirier 1985] was supplemented with diffuse 

orbitals. On the oxygen atom, we added three sets of 

s-type Gaussian functions with respective exponents 0.10, 
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0.050 and 0.025, and one set of p-type functions with 

exponent 0.025. On each of the three hydrogen atoms, we 

added one set of s functions with exponent 0.025. The 

exponent 0.10 is used to represent the overlap of the 

Rydberg orbital with the valence region, and the exponents 

0.050 and 0.025 of s-type describe the diffuse 3s character 

of the Rydberg electron around the oxygen atom. In order 

to account for the perturbation on the 3s symmetry of the 

Rydberg orbital, due to the hydrogen atoms, we added one p-

type orbital on the oxygen and one s-type on the hydrogens. 

A second basis set, denoted 4-31G/R2, was derived from 

the first by replacing the exponents 0.050 and 0.025 by 

0.061 and 0.024, respectively. 

The third basis set used, denoted D95**/R3, is 

constructed as follows: We took Gaussian 86 built-in 

Dunning-Huzinaga full double-zeta basis set [Poirier 85] 

supplemented by the built-in Gaussian 86 polarization 

functions [Frisch 86]. We then added on the oxygen atom 

two sets of s-type Gaussian functions with exponents 0.061 

and 0.024, two sets of p-functions with exponents 0.059 and 

0.028, and one set of d-functions with exponent 0.015. On 

the hydrogen atoms, we added one set of s functions with 

exponent 0.08 as well as a set of p functions with exponent 

0.08. The exponents 0.061 and 0.024 are derived from the 

Dunning exponents [1977] describing the 3s Rydberg orbital 

on the oxygen, with the recommended splitting factors 0.75 

and 1.9. The exponent 0.028 is the 3p Rydberg oxygen 

exponent of Dunning, and 0.059 is a Dunning intermediate 

exponent describing possible ionic character. 

A fourth more extended basis set is denoted 

D95-)irVf+ + /R4. In order to construct the D95** + + /R4 basis 

set, we add to the D95**/R3 basis, the built-in Gaussian 86 

[Frisch 1986] diffuse functions: one sp Gaussian function 

of exponent 0.0845 on the oxygen, and one s Gaussian 

function of exponent 0.036 on the hydrogen atoms. We then 
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added two sets of s-type Gaussian functions with exponents 

0.10 and 0.0066 on the oxygen atom, and one set of s-type 

functions with exponent 0.025 on each of the hydrogen 

atoms. The s-type orbital with exponent 0.10 describes the 

penetration of the Rydberg electron into the valence region 

and the very diffuse orbital with exponent 0.0066 is used 

to check if the Rydberg electron has a further diffuse 

character. The latter exponent is the Dunning exponent 

[1977] for the 4s orbital around the oxygen atom. 

Table 4.1 summarizes the diffuse exponents related to 

the different basis sets: 4-31G/R1, 4-31G/R2, D95**/R3 and 

D95**++/R4. 

It is difficult to know when the quality of a basis 

set is approaching the Hartree-Fock limit. It is a rather 

elusive notion. Many basis sets thought earlier of 

Hartree-Fock limit quality, even in the case of a simple 

triatomic molecule such as H^O, are in reality far from 

this limit. Bawagan and Feller [1987, Chap. VII], in order 

to compare electron momentum spectroscopy (EMS) results 

with ab initio predictions, were obliged to employ basis 

sets comprising up to 99 Gaussian functions. Since the 

discrepancy found between EMS experimental results and 

earlier computational results was mainly found in an 

inaccurate description of the low-momentum outer valence 

electrons, there is little doubt that for a still slower 

Rydberg electron, an accurate description would be even 

more difficult to achieve. 

The total electronic energy is not a very sensitive 

indicator of the accuracy of the description of a diffuse 

orbital. In order to describe as well as possible the 

outer "Rydberg" orbital, we inspect the MO coefficients 

produced by the variational procedure. When the 

variational procedure gives a large value (e.g., 0.5) for 

the smallest exponent, we know that the diffuse space has 

not been sufficiently described. We must keep adding more 
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diffuse exponents until the value of the corresponding MO 

coefficient goes below the 0.01 threshold value. In the 

heroic days of quantum chemistry, it was customary to 

discuss the MO coefficients. The not so tedious but 

worthwhile inspection of MO coefficients is very seldom 

reported now, possibly because of the predominance of a 

"black box" approach. 

A second series of larger UHF computations employs an 

even-tempered expansion of diffuse functions, either with a 

GAMESS built-in Dunning-Hay valence basis set [Schmidt 

1990, Poirier 1985], or a Van Duijneveldt [Poirier 85] 

valence basis set. Table 4.2 summarizes the diffuse 

exponents related to the different basis sets: DH/R5, 

DH/R6, VD/R7, VD/R8. 

A third series of computations has been done at the CI 

and MCSCF level using the D95*^/R3 basis set. 

The H-0' Radical: Geometry and Energy 

The ground state equilibrium geometry pertains to the 

C-. group, and is pyramidal. The ground state reference 
2 2 2 2 electronic configuration is, (1A1) , (2A1) , (IE) , (2E) , 

(3A1)^, (4A1)\ The (IE) and (2E) molecular orbitals (MO) 

are doubly degenerate. 

Table 4.1 indicates the optimized geometries and the 

UHF energies of H-.0*, calculated with three small and one 

medium-sized basis set: 4-31G/R1, 4-31G/R2, D95**/R3 and 

D95**++/R4. Table 4.2 indicates the optimized geometries 

and the UHF energies of H^O-, calculated with the four 

larger basis sets: VD/R5, VD/R6, VD/R7, DH/R8. Spin 
2 

contamination was found to be small, for example <S >=0.752 

for D95**/R3, DH/R8 and VD/R7. From these tables, it is 

possible to ascertain the influence of the basis set 

quality. Polarization functions are absolutely necessary 

for obtaining a pyramidal geometry. When considering 

pyramidal geometries from the D95++** and D95**/R3 basis 
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sets, the dipole moment varies from 0.4709 Debye to 0.857 

Debye. Extra diffuse functions are thus seen to have a 

dramatic effect on the dipole moment value, while the total 

energy and geometry varies little. The ionization 

potentials (IP) were obtained via Koopmams' theorem and 

correspond within a good approximation to the vertical 

detachment energy (VDE) of the outer electron. The 

adiabatic detachment energy (ADE) was also computed, taking 

into account the fully relaxed Ĥ O"̂  cation geometry, and, 

as expected, is lower than the VDE. Gellene and Porter 

[1984] estimated that the electron affinity (EA) of H.̂0"*" 

should be equal to the IP of H^O-. We can see, however, 

that there is a difference of 0.278 eV between the computed 

IP and the computed EA. One part of the difference may due 

to geometric changes. Another part may be related to 

electronic relaxation which is not taken into account in 

Koopmans' theorem. Using a better basis set (VD/R6 versus 

VD/R7) the IP is not necessarily higher. Even the more 

economical DH/R8 basis set gives an IP value very similar 

to the IP value of 4.88 eV obtained with our most expensive 

basis set. 

The inversion barrier, corresponding to the umbrella 

motion, was estimated to be around 3.43 kcal/mol by 

optimizing the H-0* geometry under a D-., symmetry 

constraint. It appears therefore that this molecule is 

more floppy than ammonia (inversion barrier 5.8 kcal/mol). 

In relation to a Fermi contact point ESR analysis, we 

list the atomic spin densities in Table 4.3. The spin 

densities on hydrogen atoms belonging to the H^O- radical 

are small but positive. It is interesting to notice that 

these spin densities seem to be quite sensitive to the 

geometry. In D-, planar or almost planar geometries, the 

spin density value nearly triples. 

It is crucial to examine the MO graphics of the outer 

electron in order to grasp its physical nature. In our 
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specific case the symmetry-adapted (4A1) HF MO (Fig. 4.1) 

or the corresponding natural orbital (NO) [Davidson 72] 

(Fig. 4.2) are similar, so we may consider the plot of 

either one. 

The NO wavefunction (see Fig. 4.2) features two 

clearly distinguishable nodal surfaces (-•-•-) which 

separate out regions of alternate phase. Thus it is 

possible to assimilate grossly this NO and HF MO to a 3s-

type supermolecular orbital. However the supermolecular 

perspective, though well adapted to spectroscopy, does not 

give any insight if the outer MO is a non-bonding MO or an 

antibonding MO. We can see that the outer nodal surface is 

passes between the oxygen atom and the hydrogen atom, 

therefore the outer MO is an antibonding orbital and as 

such cannot be assimilated to a pure Rydberg orbital. On 

the other hand, the outer orbital is somewhat special, by 

comparison with other valence bonding or antibonding 

orbitals, because it is so diffuse. One way to assess this 

diffuse character is to compare this outer orbital with 

orbitals of isolated atoms. The electron density is 

pictured in Fig. 4.3. The H-.0* radical is isoelectronic 

with sodium, which contains a lone electron in a 3s orbital 

(cf. Fig. 4.4). Remarkably enough, the 3s electron of the 

sodium atom is the most diffuse outer electron of ALL 

neutral atoms in their ground state. One can easily check 

that the various Na basis sets feature the smallest 

Gaussian exponents by consulting a handbook [Poirier 85] of 

Gaussian basis sets. For convenience, we are going to 

designate, when we want to stress the diffuse character, 

the outer MO as the low-lying Rydberg orbital, or the outer 

electron as the Rydberg electron, although we must keep in 

mind its antibonding character. 

An antibonding character does not contribute to the 

molecular binding, but it is yet another question to 

determine if this antibonding character is going to 
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undermine the electronic glue built by inner bonding MOs. 

We suggest that an easy and intuitive way to judge between 

the dissociative or the non-dissociative character of an 

antibonding molecular orbital is to inspect MO graphics 

having a sufficient contour resolution. A totally 

nondissociative antibonding MO occurs when the nuclear 

position coincides with an electronic distribution 

barycenter. However, in the present case, we can measure 

on the graphics plot that the maximum of the electronic 

density created in the third phase region of the NO or the 

4A1 wavefunction, is situated approximately 0.14 8 exterior 

of the hydrogen atom or 1.12 8 from the central oxygen 

atom. (cf. Fig. 4.2 and Fig. 4.3). In order to lower its 

energy within the specific outer wavefunction, the hydrogen 

atom will tend to be propelled outside towards this 

electron density maximum. As we shall see later, it is 

quite interesting to see that this distance of 1.12 A 

corresponds precisely to the O-H* distance in the 

transition state geometry towards dissociation. 

Considering now a hydronium radical in the condensed 

phase, we might expect that, because of electronic 

repulsion caused by the surrounding electrons from 

neighboring molecules, the barycenter in the third phase 

region in the 4A1 MO might be displaced towards the proton, 

therefore reducing the dissociative character of the 4A1 

orbital. This would contribute to an increase in the 

dissociation barrier of this radical in the condensed 

phase. 

The Dissociation Mechanism 

In order to understand the origin of a dissociation 

barrier, most analyses rely on configuration diagrams and 

on so-called avoided crossings. There is no doubt that 

configuration diagrams prove valuable. However, to rely on 

them exclusively will probably result in missing important 
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physical features. As shown by Evleth and coworkers 

[1981], in a related situation, these configuration 

diagrams are very schematic and lose more and more 

significance with better basis sets. We think it is more 

revealing to continue the analysis through MO graphics. 

The H-.0 cation is thermodynamically stable (cf. Table 

4.4), and the cationic core is very strongly bound. In 

agreement with previous ab initio computations, we find 

that H-.0' is thermodynamically unstable (cf. Table 4.4) and 

that the dissociation products are H^O and H* . In the 

local minimum geometry, the Rydberg electron resides in a 

region of space as extended as in a 3s Na-type atomic 

orbital. As revealed by a series of ab initio computations 

along the dissociation pathway (cf. Table 4.5), within a 

proton displacement of 0.20 A, the MO contracts onto the 

outgoing proton to become a Is atomic atomic orbital in a 

hydrogen atom. This is a fantastic contraction, 

representing a jump by 2 principal quantum numbers! The MO 

collapse at the transition state geometry can clearly be 

seen in Figures 4.5 and 4.6. In Table 4.6 we list the 

energy of the transition state, which features a 

dissociating 0-H- stretch around 1.2 8. The electronic 

dissociation barrier is quite small around 0.2 eV, in 

agreement with previous ab initio computations. Thus, we 

can see that the 4A1 "Rydberg" orbital is strongly 

dissociative and has almost prevailed over the bonding 

contributions of the inner MOs. The H^O- radical has 

retained little of the cohesion of its parent cation Ĥ O"̂  

(cf. Table 4.4). 

In order to assess more realistically the dissociation 

barrier, one must take into account the zero-point energies 

(ZPE) at the local minimum and at the transition state. 

Normal mode vibrational analyses at the local minimum 

geometry and at the transition state geometry are reported 

respectively in Tables 4.7 and 4.8. At the transition 
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state, the hessian matrix has been projected so that the 

real normal modes are orthogonal to the gradient [Miller 

80]. The specific effect of oxygen isotopic substitution 

is reported in Table 4.9. The barriers calculated by 

taking into account the ZPE are listed in Table 4.10. The 

computed dissociation barriers are negative, which means 

that H^O* and its isotopomers are not metastable. Our 

barrier values contrast to some extent with the values 

given by Talbi and Saxon [Talbi 89]. The electronic 

dissociation barrier (our 3.59 vs their 4.294 kcal/mol), 

the ZPE at equilibrium (19.52 vs 18.08 kcal/mol), the 

transition states geometries (0-•-H-=1.168 vs 1.174 8) are 

somewhat similar, but the ZPE at the transition state are 

rather different (14.90 vs 10.38 kcal/mol). It is possible 

that our transition geometry was not optimized with a 

sufficiently low gradient threshold. If we computed the 

Hessian with a numeric method, it is possible that analytic 

second derivatives would yield another more precise value. 

In our ZPE, the imaginary frequency has been excluded. In 

older versions of GAMESS, there was a bug: the imaginary 

frequency was not included and was taken as a real value, 

yielding an increase of the ZPE of the transition state. 

We plan to find the transition state and compute the 

frequencies with yet another method or program in order to 

crosscheck the different results. It must be stressed also 

that we are nevertheless within the accuracy limits of ab 

initio methods and the harmonic approximation. 

In any case, the physical pictures given by both 

calculations are similar. Neither our dissociation 

barriers nor those of Talbi and Saxon [Talbi 89] are able 

to explain the stability of H^O- or any of its isotopomers. 

Thus, the usual accepted methods of computational chemistry 

are simply unable to explain the experimental facts. 

If we wished to understand the nuclear motion, not 

only for dissociation, but for vibrations and the inversion 
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motion, it would be very wrong to envision the H.̂ 0- radical 
+ 

as an H^O surrounded by a planetary electron. Not only is 

the inversion barrier (3.43 kcal/mol) smaller than in NH 

(inversion barrier 5.8 kcal/mol), but there is one diffuse 

electron to take into consideration. In H..o"̂ , the O"*" atom 

tunnels through the hydrogens' triangle [Pozdnyakov 1989]. 

To obtain good agreement with the experimental data for 

H-̂ O , a nonrigid inverter Hamiltonian formalism is needed 

[Spirko 1989]. In the H^O- radical, the O"*" nucleus tunnels 

back and forth through the hydrogen's plane. The high 

momentum valence electrons of the inner orbitals would have 

time to adjust to the tunneling motion, which involves only 

a small angular reorientation for these MOs. On the 

contrary, for the low momentum Rydberg electron, the 

spatial reorganization of its density is not going to 

proceed instantaneously. The vibrations are deeply 

anharmonic, and we must go beyond the coupled collective 

motions of normal mode analysis. Therefore, we must not 

forget that each hydrogen atom, within a local mode 

analysis, may tunnel through a plane passing through the 

heavy atom. The Rydberg electron is also going to have 

some difficulty in following such a tunnelling motion. We 

predict that a complex vibronic effect should take place 

both for understanding the vibrations and the dissociation. 

However, the theoretical tools for dealing with such a 

type of molecular vibronic effect does not yet exist. 

Intuitively, it quite simple to understand the nature of 

this vibronic effect. When an electron is in a high-

momentum valence MO, the electron moves so fast that it has 

enough time to adjust "instantaneously" to nuclear motion. 

On the contrary, when an electron is in a highly-excited 

true Rydberg orbital, the electron does not have the time 

to respond to any nuclear motion at all. So there must be 

a twilight zone of vibronic interactions which can only be 

understood within a Schrodinger equation in the momentum 
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space [Muguet 1989]. There is something fundamentally 

missing within the Eorn-Oppenheimer approximation because 

it has been derived within the framework of the Schrodinger 

equation in space coordinates to treat a dynamical problem! 

On the contrary, vibronic interactions are the bread and 

butter of the condensed state physicist. In the condensed 

phase, low-momentum conduction band electrons have numerous 

types of diabatic or vibronic interactions with the 

lattice, but they are treated within the framework of a 

quasiparticle formalism: electron-phonon, electron-vibron, 

polarons. This formalism has not yet pervaded molecular 

quantum chemistry, but it will prove valuable for 

understanding our hydrated electron model. 

Thus, the effect of isotopic substitutions should 

affect dissociation in two ways: 

1) The zero-point vibronic energies are modified at 

the equilibrium geometry and at the transition state. This 

is related both to oxygen and hydrogen isotopic 

substitution. 

2) Vibronic effects are associated with the MO 

collapse process on the outgoing proton. This is related 

only to hydrogen isotopic substitution. 

We must add that these two vibronic components may be 

coupled in the umbrella motion, where the heavier atom may 

have a large anharmonic amplitude motion of its own. In 

contrast to McLoughlin and Gellene [Gellene 1992], we don't 

expect that a vibrationally adiabatic treatment can be 

successful. 

Although it further complicates the problem, one must 

take into account electron correlation. The 4A1 MO 

wavefunction features a diffuse outer phase. When in the 

diffuse outer phase, the Rydberg electron is going to play 

a game of hide-and-seek with the valence electrons in order 

to see the cationic core. In other word, the low-momentum 
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Rydberg electron will be driven by the motion of the inner 

electrons. 

This physical picture helps us to understand why 

electronic correlation lowers the dissociation barrier. It 

is simply because the Rydberg electron would collapse onto 

the outgoing proton when the valence sp electrons are not 

in the vicinity of the proton. The Rydberg electron is 

going to collapse onto a hydrogen atom which is going to 

resemble as much as possible a bare H"*" . If we do not 

describe electronic correlation, we cannot describe this 

increased ease of the collapse process. 

The effect of correlation on the IP is not however 

predictable in a simple fashion, because correlation within 

the inner MOs may modify the inner electron density to 

which the outer phase Rydberg electron responds. From this 

physical analysis, it follows that dynamical correlation 

between the 4A1 and the next virtual orbitals should be 

significant. Dynamical correlation cannot be adequately 

represented by perturbation methods, such as Moller-

Plesset, or by configuration interaction (CI), and we must 

rely on MCSCF computations. 

The analysis of UHF natural orbitals (UHF NOs) shows a 

non negligible population in the lower 3 "virtual" NO 

orbitals and indicates an important correlation 

contribution. With the DH/R4 basis set, our MCSCF energy 

is -76.628 Hartrees which is the lowest published MCSCF 

energy for H-.0-. A subsequent larger expansion CI based on 

NO MCSCF or MCHF orbitals would yield a lower value than 

the original MCSCF energy and still describe the dynamical 

correlation. 

The Rydberg electron controls completely the 

dissociation process. It must be realized that the low 

momentum, diffuse Rydberg electronic cloud is going to be 

very easily polarizable. The electronic cloud is 

distorted, polarization will create regions of higher 
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electron density, while depleting the density in other 

parts. The dissociation process will not occur in the 

region of a decreased electron density, but is very likely 

to happen where the electron density had increased. This 

fact is going to be of a crucial importance in the 

following chapters. 
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Table 4.1 Small and Medium Size Basis Sets 

and UHF Optimized Geometries. 

4-31G/R1 4-31G 0 S 0.10 0.050 0.025 P 0.025 

^3v HOH=118.9 OH=0.995 -76.375 IP = 4.84 eV DIP=0.249 

4-31G/R2 4-31 G 0 S 0.10 0.061 0.024 P 0.0845 H 0.040 

Planar HOH=120 OH=0.997 -76.3778 IP= 4.86 eV DIP=0.009 

D95++** 

C^^ HOH=108.6 OH=0.986 -76.504 IP = 4.89 eV DIP= 0.4709 

D95**/R3 D95 ** O S 0.061,0.024 P 0.059,0.028 D 0.015 

H S 0.08 P 0.08 

C^^ HOH= 108.67 OH=0.986 -76.505 IP= 4.89 eV DIP=0.8057 

D95**++/R4 D95 ** 0 S 0.10 0.061,0.024,0.0066 

P 0.059,0.028 D 0.015 

H S 0.08 P 0.08 S 0.025 

C^^ HOH=108.64 OH=0.987 -76.506,07 IP=4.915 eV DIP=0.7947 

D95**+ + /R4 Ĥ O"*" 

C3^ HOH=113.66 OH=0.963 -76.331,15 EA=4.637eV DIP=1.7292 

ADE = E(H30) - E(H30+) = -76.506 + 76.331 = 0.175 Hart = 4.76 eV 
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Table 4.2 Large Basis Sets and UHF Optimized Geometries. 

VD/R5 [0 13s/8p —> 8s/4p] + 4 s and 4 p even-temp ; 

+ 4d ( 2.0 ;0.6;0.15;0.007) 

[H 8s —> 5s] + 2 s even-temp; 2 p 1.4 ;0.25 

^3v HOH=108.19 OH=0.983 -76.519,071 IP=4.89 eV DIP=0.837 

VD/R6 [0 13s/8p —> 8s/4p] + 4 s and 4 p even-temp ; 

+ 4 d ( 2.0 ;0.6;0.15;0.007) 

[H 8s —> 5s] + 2 s even-temp; 

4 p (4.15;1 -06;0.27;0.07) 

^3v HOH=108.17 OH=0.9825 -76.5193 IP=4.99 eV DIP=0.857 

VD/R7 [0 13s/8p --> 8s/4p] + 4 s and 4 p even-temp ; 

+ 4 d ( 2.0 ;0.6;0.15;0.007) 

[H8s-->5s] + 2 s even-temp; 

+ 4 p (4.15;1.06;0.27;0.07) 

+ 2d ( 2.27;0.56 ) 

C^^ HOH=108.56 OH=0.9821 -76.52106 IP=4.88 eV DIP=0.8476 

DH/R8 DH [0 10s/5p --> 3s/2p] + 4 s and 3 p even-temp ; 

+ 2d ( 2.0 ;0.33) 

[H 8s --> 2s] + 2 s even-temp + 2 p (1.4;0.25) 

C3^ HOH=108.58 OH=0.984 -76.506,763 IP=4.89 eV DIP=0.783 

D3H Constrained optimization 

HOH=120. OH=0.981 -76.501,290 IP=4.77 eV DIP=0.0 
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Table 4.3 Atomic Spin Density (Atomic units) 

^-31G/R1 0 0.768,743 H 0.016,144 

4-31G/R2 0 0.798,683 H 0.018,048 

^55++** 0 0.847,881 H 0.005,578 

D95++**/R4 0 0.836,714 H 0.005,714 

VD/R60 0.806,720 H 0.005,895 

VD/R70 0.809,725 H 0.005,919 

DH/R8 C3^ 0 0.760,561 H 0.005,561 

D3h 0 0.926,705 H 0.012,653 

Dissociation o 0.807,207 H 0.001,048 

transition state H' 0.071,696 

Table 4.4 Unimolecular Dissociation. 

D95** + + /R4 H^O- > H2O + H-

-76.506 -76.049 -0.50 

H^O* Electronic dissociation energy = 0.043 Hartree 

= 1.17 eV = 26.98 kcal/mol 

D95**+ + /R4 H2O + H"̂  > Ĥ O"*" 

-76.049 -76.330 

•mation energy 

= 7.64 eV = 176.32 kcal/mol 

H^O* Electronic formation energy = 0.281 Hartree 
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Table 4.5 Dissociation Pathway. (D95**++/R4 basis set). 

0--H- = 1.05 -76.504 IP=0.18 Hart = 4.89 eV 

spin dens.>0 on all H 

0--H- = 1.10 -76.5018 IP=0.19 Hart = 5.17 eV 

spin dens.>0 on all H 

0--H- = 1.15 -76.4988 IP=0.20 Hart. = 5.44 eV 

spin dens.>0 on all H 

0--H- = 1.20 -76.4981 IP=0.21 Hart. = 5.71 eV 

spin dens.>0 on all H 

0--H- = 1.25 -76.499 IP=0.231 Hart. =6.28 eV 

spin dens.>0 on all H 

partial opt. -76.501 IP=0.232 Hart. =6.31 eV 

0--H- = 1.30 -76.501 IP=0.249 Hart. =6.77 eV 

spin dens>0 on H* 

<0 on other 2 H 

partial opt. -76.503 IP=0.250 Hart. =6.80 eV 

0--H- = 1.35 -76.505 IP=0.267 Hart. =7.26 eV 

spin dens>0 on H-

<0 on other 2 H 

partial opt. -76.507 IP=0.268 Hart. =7.29 eV 
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Table 4.6 Electronic Energy Dissociation Barrier. 

DH/R8 Saddle point. 

Cs 0--H- =1.174 

0-H =0.960 H-O-H-=107.96 H-O-H=108.37 

E = -76.499,920 IP=5.65 eV DIP=3.00 

Barrier = 0.186 eV = 4.294 kcal/mol 

A point on the PES 

0-H-=1.21 

0-H=1.14 H-O-H-=108.73 H-O-H=108.90 

E = -76.458 
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Table 4.7 Normal Mode Vibrational Analysis. 

VD/R6 H3O. 

_1 
Freq cm 

996.89 

1613.85 

1614.16 

3011.56 

3015.08 

3342.30 

Intens. 

3.35 

8.91 

8.72 

152.03 

141.69 

11 .27 

ZPE = 0.031 Hartree/Molecule 

H = 21.83 kcal/mol 

S = 46.14 kcal/mol 

= 0.84 eV = 19.43 kcal/mol 

DH/R8 H3O 

Frequency cm 

976.15 

1614.7 

1614.9 

3047 

3050.6 

3353.7 

-1 Intens. 

2.62 

6.34 

6.18 

148.8724 

148.4942 

11.089 

% H2-O 

% H2-O 

energy distribution 

Symmetric bend 1/3 each H-O-H bend 

24 % 

56 % 

H^-G-H^ 65 % H^-0-H2 

H2-O-H3 42 % H^-O-H^ 

66 % H3-O 

56 % H^-0 

Symmetric strech 1/3 each H-0 

Intrinsic frequencies 

H-O-H bend 

0-H stretch 

1434 cm 

3154.2 cm -1 

ZPE = 0.031 Hart/Molecule = 0.84 eV = 19-52 kcal/mol 

H = 21.92 kcal/mol 

S = 46.15 kcal/mol 



Table 4.7 continued. 
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DH/R8 D3O 

-1 Frequency cm 

735.9 

1168.3 

1168.4 

223924 % H2-O 

2241.9 

2396.1 

energy distribution Intensity IR 

Symmetric bend 1/3 each H-O-H bend 

24 

56 

82.75 

H^-G-H^ 65 

H2-G-H3 42 

% H^-G-H2 

% H3-G-H 

10 % H2-G-H3 

2.58 

1 .52 

2.63 

66 % H3-G 

42 % H^-G 56 % H4-G 82.73 

Symmetric strech 1/3 each H-0 5.32 

Intrinsic frequencies 

D-O-D bend 1048 cm 

G-D stretch 
-1 

2290 cm -1 

ZPE = 0-0226 Hartree/Mol = 0.621 eV = 14.22 kcal/mol 

H = 16.68 kcal/mol 

S = 48.85 kcal/mol 
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Table 4.8 Normal Mode Vibrational Analysis at the Transition Point 

H 30- DH/R8 G--H-=1.17 8 E= - 76.4989 IP = -0.2079 

Freq cm 

2561 im. 

887.69 

1133.68 

1723 

3516.12 

-1 Intens energy distribution 

0.90 44% H--G-H 10% H-O-H 44 % H-O-H 

5.56 50% H--0-H 50% H-O-H-

0.41 89% H-O-H 

0.944 50% G-H 50 % 0-H 

intrinsic frequencies 

0-H 

H--G-H 

H-O-H 

0-H- at 1.178 2487.5 Im 

3432 

1082 

1651 . 

Imaginary freq. excluded 

ZPE = 0.0165 Hartree = 0.435 eV = 10.38 kcal/mol 

D3G- DH/R8 G--D-=1.17 8 E= - 76.4989 IP = -0.2079 

Freq cm 

1864 im 

667.21 

816.98 

1256.8 

2587.2 

-1 Intens energy distribution 

0.428 44% H--0-H ; 10% H-O-H ; 44 % H-O-H 

2.90 50% H--0-H 50% H-O-H-

0.25 89% H-O-H 

0.682 50% G-H 50 % 0-H 

intrinsic frequencies 

0-D 

D--G-D 

D-G-D 

G-D- at 1.17 8 1818.3 Imaginary 

2495. 

798. 

1208.9 

Imaginary freq. excluded 

ZPE = 0.0121 Hartree = 0.329 eV = 7.62 kcal/mol 

Caution: These data have no spectroscopic meaning 
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Equilibrium geometry DH/R8 

Intrinsic frequency 

D-G-D bend 1041 

G-D stretch 

cm" 

2290 cm -1 

Frequency cm 

726.2 

1163.0 

163.1 

2220 

2223 

2390.8 

energy distribution 

Symmetric bend 1/3 each H-O-H 

24 % H3-G-H^ 65 % H^-G-H2 10 % 

56 % H2-O-H3 42 % H3-G-H^ 

24 % H2-G 66 % H3-G 

42 % H2-G 56 % H^-G 

Symmetric strech 1/3 each H-G 

bend 

; H<̂  — 0 —H.J 

Intensity IR 

1 .47 

2.74 

2.67 

81 .06 

80.84 

5.39 

ZPE = 0.0225 Hartree/Mol = 0.613 eV =14.13 kcal/mol 

H = 16.59 kcal/mol 

S = 49.131 kcal/mol 

Saddle point DH/R8 (Caution: these data have no spectroscopic meaning) 

D3G- G-D-=l.178 

intrinsic frequencies G-D- at 1.17 8 1805.7 Imaginary 

G-D 2480. 

D--G-D 792 

D-G-D 1196.8 

-1 

IR 

Freq cm 

1853. 1 im. 

654.29 

812.56 

1259-4 

2595.0 

Inten 

0.334 

2.93 

0.32 

0.716 

energy distribution 

97 % 0-D-

44% D--G-D 11% D-G-D 44 % D-G-D 

50% D--0-D 50% D-G-D-

89% D-O-D 

50% G-D 50 % G-D 

ZPE = 0.0120 Hartree = 0.328 eV = 7.56 kcal/mol 

H = 10.07 kcal/mol 

S = 51.93 kcal/mol 
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Table 4.10 Dissociation Barrier with Various Isotopomers. 

H3G- 016 4.30 + 10.38 - 19.52 = -4.84 kcal/mol 

[Talbi 1989] 3.59 + 14.90 - 18.08 = +0.40 kcal/mol 

D3G- 016 4.30 + 7.62 - 14.22 = -2.30 kcal/mol 

[Talbi 1989] +1.32 kcal/mol 

D3G- 018 4.30 + 7.56 - 14.13 = -2.27 kcal/mol 
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Figure 4.1 
Hydronium Radical 4A1 HF IMO plot 
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Figure 4.2 
Hydronium Radical NO plot 
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Figure 4.4 
Sodium 3s Orbital 
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CHAPTER V 

THE DIHYDRONIUM RADICAL 

Introduction 

A number of ab initio computations have been performed 

on the dihydronium cation. In 1970 Kollman and Allen 

[1970], using a double-zeta quality (10s, 5p) on the 

oxygens and (5s) on the hydrogens, examined three different 

geometries at the SCF 'level, and found through a limited 

geometry search that the staggered conformation with a 

symmetric single well hydrogen bond was the most stable. 

The binding energy was 36.9 kcal/mol. They noticed that 

the proton is located within a very shallow single 

potential well. In 1970 Kraemer and Diercksen [1970] 

utilized a large (lis, 7p, 1d/5s, 4p, Id) basis set on the 

oxygens and a (6s, 1p/3s, 1p) basis set on the hydrogens, 

and studied two geometries. One geometry involved a frozen 

planar hydronium cation approached by a water molecule. 

The other geometry involved a proton fixed midway between 

two water molecules. They interpreted their SCF results in 

favor of the symmetric (single well) hydrogen bond 

structure with an oxygen-oxygen distance of 2.39 A, 

although slightly asymmetric (single well) hydrogen bond 

geometries possessed negligibly lower energies. Using the 

4-31G basis set [Poirier 85, Chap. IV], which comprises a 

(8s, 4p/3s, 2p) base on the oxygens and a (4s/2s) base on 

the hydrogens, Newton and Ehrenson [Newton 71] examined at 

the SCF level a wide variety of structures under symmetry 

constraints, and found the D^^ geometry with a symmetric 

(single well) hydrogen bond to be energetically favored. 

Zundel and coworkers [Janoschek 1972; Zundel 1976] called 

attention to the high polarizability of the strong 

symmetric double well hydrogen bond which occurs when the 

inter-oxygen distance is frozen at a higher value than the 

76 
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optimized one. No details were given on the basis set. At 

the end, these authors add that a symmetric single well 

potential should exhibit a lower but still relatively large 

polarizability. In a series of CEPA computations at fixed 

inter-oxygen distances, Meyer, Jakubetz and Schuster [1973] 

pointed out the importance of correlation. They used a 

(9s, 5p, 1d/5s, 3p, Id) basis set on the oxygens atoms, a 

(4s, 1p, 1d/3s, 1p, Id) basis set on the bonded hydrogen 

center, and a (4s/3s) basis set on the remaining hydrogen 

atoms. No geometry optimization at all was performed. In 

1977 Busch and De la Vega [1977], using a scaled 4-31G 

basis set obtained a slightly asymmetric single well 

structure under a trans geometry constraint. Scheiner 

[1981a] employed also a 4-31G basis set, and adopted the 

^2d geometry of Newton and Ehrenson [Newton 71 J as the 

optimized geometry. Scheiner [1981a] also concluded, by 

comparing proton transfer potentials at various fixed 

inter-oxygen distances from previous work [Zundel 1976, 

Kollman 1970, Kraemer 1970, Meyer 1973], and from his own 

work, that a 4-31G basis set at the HF level should provide 

cheap but reliable results. Scheiner and Harding [1981b; 

1983a] conducted an informative study on the related system 

(H-.NH0H2)^. In addition to a 4-31G basis set, a Dunning-

Huzinaga (9s, 5p, 1d/4s, 2p, Id) basis set on the oxygen 

and nitrogen atom was also used, as well as a (5s, 1p/3s, 

1p) on the bonded hydrogen and a scaled (1.2) (4s/2) basis 

set for the remaining hydrogens. Their computations were 

performed at the HF level within the GVB formalism, and 

finally with a restricted CI. All calculations [Scheiner 

1981b; 1983a] predicted a single potential for the proton 

transfer. Interestingly, their computations performed at a 

fixed intermolecular distance revealed the crucial 

importance of inter-pair correlation which was not 

represented at the GVB level. Scheiner and coworkers 

[1983b] performed a series of computations on the 
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didhydronium cation at a fixed inter-oxygen distance, using 

a 4-31G and a 6-311G*(*) basis set, at the HF level and at 

the MP2 and MP3 levels. They found that a better basis set 

increases the proton transfer barrier, while adding 

correlation corrections decreases it. By virtue of a 

compensation between these two opposing trends, Scheiner 

and coworkers [1985a], reiterated their conclusion that the 

HF/4-31G level provides reliable quantitative predictions. 

Kochanski [1984], using a (9s, 5p/4s, 2p) basis set on the 

oxygen atoms, and a (4s/2s) basis set on the hydrogen 

atoms, found the symmetric single well D-, geometry most 

stable with an inter-oxygen distance of 2.39 A, and with a 

difference of only 1 milliHartree (0.6 kcal/mol) over a 

double well geometry which exhibits an inter-oxygen 

distance of 2.47 A. Counterpoise corrections to the BSSE 

were performed. According to a perturbation scheme, the 

dispersion energy was estimated to represent about 6-7% of 

the stabilization energy. Cao et al. [1985] found a D2^ 

optimized geometry with the 4-31G and 4-31G+ basis sets, 

but a Cp, staggered geometry with the 6-31G* basis set. 

Scheiner and Bigham [1985b] compared the dihydronium cation 

with its second-row analog (S2Hc) and found at the 

optimized geometry that the proton transfer potential of 

the sulfur compound possessed two wells in contrast to the 

single symmetric potential well for the oxygen compound. 

Del Bene, Frisch and Pople [1985] at the HF level using a 

6-31C^ basis set, found a C structure energetically 

favored with an asymmetric hydrogen bond, while at the MP4-

SDQ level using a 6-31G+** basis set, a C2 structure with a 

symmetric central hydrogen bond was computed to be most 

stable by 1.0 kcal/mol. These authors concluded that large 

basis sets with polarization favor asymmetric structures at 

the SCF level. Treatment of correlation counterbalances 

this tendency. Williams [1986], using a 4-31G basis set, 

achieved an ab initio vibrational study at the ^2ci ^^^Y 
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optimized geometry. A subsequent study by Frisch and 

coworkers [1986], at the three different levels HF/6-31+G*, 

MP2/6-31G+G*, MP2/6-311++G(2d,2p) confirmed that the C2 

geometry was the minimum energy structure. The harmonic 

vibrational frequencies were also computed at each of these 

respective levels. These authors refer also to a seemingly 

still unpublished CI study by Remington and Schaefer which 

confirms their Moller-Plesset perturbation results. 

Peeters and Leroy [1988], using a 4-31G basis set at 

the HF level and a 4-31G** basis set at the MP3 level 

studied proton migration in water. They concluded that 

proton migration can only be accomplished through the 

dihydronium single well cation. By systematically 

following each normal mode, they did not find any 

transition structure which involves a breakdown of the 

central hydrogen bond symmetry. Interestingly they also 

found that protonated water clusters pertain to two 

distinct classes of complexes. The first class comprises 

hydronium cation solvation structures, while the second one 

comprises dihydronium cation hydration shells. For (HQO.) 

the most stable structure is a symmetrically hydrated 

hydronium ion, which represents the well-known model of 

Eigen [1963] for the solvation of the hydronium ion. But 

for (H-^Ot-)^ and ^^13^6) ' ^^^ energy advantage for 

hydronium ion solvation structure disappears, suggesting a 

hydrated dihydronium cation shell. Unpublished ab initio 

computation by Remington, Colvin, Raine and Schaefer III, 

performed with the DZ (Dunning-Huzinaga [Poirier 1985 Chap. 

IV]) basis set at the SCF and CI level are reported in a 

recent 1990 experimental paper [Okumura 1990]. A CISD 

study preprint by Scuseria, Scheiner, Lee and Schaefer III 

is also mentioned [Okumura 1990]. Both these latter ab 

initio studies yield as optimized geometry a C2 central 

bond structure, stable over asymmetric bond structures by 

only 0.2 kcal/mol. This C2 geometry contains a slight 
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alteration of colinearity in the central bond. Recent 

studies [Lee 1990] suggest an optimized symmetric H 0 "" 

geometry at the MP2 level. In larger clusters comprising 

up to 5 water molecules, a hydrated hydronium structure 

seems favored. Interestingly, the magnitude of the basis 

set superposition error (BSSE) indicated by a counterpoise 

estimation, was not negligible. 

By analyzing the infrared spectra of acid solutions, 

Librovich amd coworkers [Librovich 1975, 79; Maiorov 1989] 

came to the conclusion that the proton is hydrated not in 

the form of Ĥ O"̂  but as Ĥ 02"*". In a similar fashion, these 

authors proposed that OH" is really hydrated in the form of 

the symmetric bihydroxide anion H^02~. Interestingly, in 

order to explain the broad "continuum" band from 1000 cm~^ 

to 3400 cm , Librovich and coworkers [1979] suggest a 

strong proton-phonon coupling. 

The issue of how the proton is hydrated in water is 

still a matter of debate [Giguere 1979]. We tend to concur 

with the picture suggested by the ab initio computation of 

Peeters and Leroy [1988] and by the spectral analysis of 

Librovich and coworkers [1975, 1979; Maiorov 1989]. When 

singly hydrated, the most favorable structure is the 

dihydronium cation. Up to a first solvation layer the 

hydronium cation is favored. But when one adds a second 

solvation layer to the hydronium cation, the dihydronium 

cation again becomes more favored, as it can accommodate 

the new water molecule in its first solvation layer. It is 

only in highly symmetrical clusters like the pentagonal 

dodecahedron shell H30'^(H20)2Q [Wei 1991, Dagani 1991] that 

H_0 might be favored at a higher degree of hydration. Of 

course, we expect that there will be dynamic equilibrium 

between the hydronium and the dihydronium solvation shells 

in bulk water at various pH levels. 

There is also clear crystallographic evidence of 

symmetric Hc02 geometries in hydrogen chloride dihydrate 
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(cf. Fig. 5.1) and trihydrate [Lundgren 1967a, 1967b]. The 

centrosymmetric ^5^2^ structure subsists even at 

temperatures below 20 K [Pressman 1988]. 

We would like to mention an effect, namely the Kroon-

Kanters-McAdam (KKM) effect [Kroon 1972, Currie 1975, 

McDonald 1972]. The effect is little known outside 

crystallography circles. The KKM effect can be found in 

potassium hydrogen meso-tartrate [Kroon 1972, Currie 1975] 

as well as other compounds [McDonald 1972]. The local 

maxima of the electron density difference map, as revealed 

by X-ray diffraction, comprises two peaks separated by a 

maximum distance of 0.45 8. In contrast, the highest 

probability of the proton position, as revealed by neutron 

diffraction (cf. Fig. 5.2), is situated in a central 

location. Therefore, the two distinct X-ray peaks cannot 

be assigned to proton disorder. The X-ray electron 

difference Fourier map shows a temperature dependence in a 

tetrahydrate compound [Fernandes 1988]. In our view, this 

effect illustrates a breakdown of the Born-Oppenheimer 

approximation, and is a vibronic effect. We suggest 

tentatively that the symmetric hydrogen bond structures, 

which exhibit the KKM effect, might not correspond to a 

cationic symmetric H bond (0 -- H -- 0) but to a more 

neutral type ( O — H — 0) as in the dihydronium radical. 

To our knowledge, there has been no theoretical 

investigation of the intriguing KKM effect. 

There is not much doubt that the dihydronium radical 

exists in molecular beams. Gellene and Porter [1984] 

detected D20(D20) and H-0(H20) with lifetimes over 700 and 

200 ns respectively. In the case of H^O-, hydration 

results in a dramatic stabilization, since unhydrated H^O* 

could not be detected. Further experiments [Porter 1990] 

on H-jO(H.jO) , n=0,3, suggest a significant increase of 

stability in higher clusters. Unfortunately, no more 
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papers were published because of the untimely death of 

Professor Richard Porter. 

Computational Methods 

The computations reported below were performed, over a 

period of several years, using the ab initio programs 

GAMESS [Schmidt 1990, Chap- I] at the RHF, UHF levels and 

Gaussian 86 [Frisch 1986, Chap. IV] or Gaussian 88 [Frisch 

1988 Chap. IV] at the MP2 level. A first series of RHF and 

UHF computations of the hydronium cation and radical 

employed three small basis sets. 

For computations on H^O^ , a small basis set, denoted, 

4-31G/R1, was constructed as follows. We start from a 

4-31G split-valence basis set [Poirier 1985], to which we 

add, on the oxygen atom, three sets of s-type Gaussian 

functions with respective exponents 0.10, 0.061 and 0.025, 

one polarization p-type Gaussian with exponent 0.0845, one 

polarization d-type Gaussian with exponent 0.80. On all 

the hydrogen atoms, we add two s-type Gaussians with 

exponent 0.040 and 0.010. On the central hydrogen atom we 

add one more p-type Gaussian with exponent 0.80 in order to 

describe polarization. 

A second basis set used, denoted 4-31G/R2, was derived 

from from the first by adding one s-type diffuse Gaussian 

of exponent 0.010 on all the hydrogen atoms. The third 

basis set used, denoted 4-31G/R3, consisted of the 4-31G/R2 

basis set deprived of polarization functions. 

A larger basis set denoted TZV/R4 is built upon a 

better than triple-zeta valence set. On the oxygen atom, 

the valence set comprises ten s-type and six p-type 

primitives contracted to five s-type and four p-type 

Gaussians functions [Dunning 71 ] . On the hydrogen atoms 

five s-type primitives are contracted into three s-type 

Gaussians [Dunning 71]. Then we add on the oxygen atom two 

s-type Gaussian functions with exponents 0.168 and 0.084, 
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one p-function with exponent 0.064 and one d-function with 

exponent 0.85. On all the hydrogen atoms, we add one s-

Gaussian with exponent 0.072 as well as a p-function with 

exponent 1.20. On the central hydrogen atom, we further 

add one diffuse s-Gaussian with exponent 0.028 and one d-

Gaussian with 0.85 to improve the description of 

polarization and angular correlation. Tables 5.1 and 5.2 

summarizes the composition of our basis sets. 

Results and Discussion 

With the smaller basis set 4-31G/RI (cf. Table 5.1) we 

found the dihydronium cation have C- symmetry and a short 

interoxygen distance of 2.36 8. (C2 symmetry cf. Fig. 5.3 

and 5.4). In contrast we found at the MP2 level (cf. Table 

5.3), with one of the larger basis sets employed so far in 

Hj-Op ab initio computations, that the dihydronium cation 

might be very slightly asymmetric by less than 0.0015 A. 

It was impossible to obtain an extremely tight optimization 
— 6 — 1 6 

(gradient thresholds max 1.5 10 rms 1.0 10 ), because 

we found small oscillations within the MP2 gradient values. 

It is not certain whether these MP2 gradient oscillations 

are caused by the presence of diffuse Gaussians in the 

basis set, or by an inherent deficiency within the MP2 

correlation scheme. We encountered the same difficulty 

with the dihydronium radical. 

We found that at the SCF level with the 4-31G/R2 basis 

set, the optimized geometry of the dihydronium radical is 

asymmetric. At the MP2 level with the TZV/R4 basis set 

(cf. Table 5.3, full optimization), the asymmetric geometry 

seems favored by 0.065 eV over the symmetric geometry. 

However it is interesting to notice that correlation energy 

is larger in the symmetric geometry (0.515 Hartree or 14 

eV) than in the asymmetric structure (0.511 Hartree or 13.9 

eV) . 



84 

Since it has been found empirically [Scheiner 85a] 

that the HF/4-31G level provides a good description of 

H5O2 because of error cancellations, we tried the 4-31G/R3 

basis set which yields an optimized symmetric H^O--
5 2 

structure (C2 symmetry Figs. 5.3 and 5.4). At this 

juncture, it cannot be reliably predicted whether the real 

geometry of the equilibrium structure of H^O-* is symmetric 
5 z 

or asymmetric. 

In the previous chapter, we discussed in detail the 

structure of the outer MO containing the "Rydberg 

electron." In the MO graphics corresponding to a symmetric 

geometry (cf. Figures 5.5 and 5.6), there is a close 

similarity witht he hydronium radical: there are two 

dissociative H-O* type Rydberg MO on each oxygen. However, 

we notice a significant electron density buildup on the 

central hydrogen. The Rydberg MO features a less spherical 

symmetry than in H-.0* . The Rydberg electron is more 

delocalized therefore has less momentum. Therefore, we 

should expect a lower ionization potential (IP) than in 

H-0-. At the SCF level (cf. Table 5.1), we found, via 

Koopmans' theorem, an IP around 3.4 eV for symmetric 

geometries and 4.1 eV for the asymmetric structure. At the 

MP2 level (cf. Table 5.3), we found an IP or vertical 

detachment energy (VDE) around 4.2 eV for the asymmetric 

structure, while the adiabatic detachment energy (ADE) is 

somewhat lower by 0.6 eV. 

In the previous chapter, we discussed at length the 

physical mechanism underlying the dissociation of the H^O-

radical. The physical mechanism of dehydregenation is 

similar in Hc02 • ̂  except that we expect that the 

dissociation barrier would be much higher. The Rydberg 

electron is delocalized over two heavy nuclei (cf. Figures 

5.5 and 5.6), and therefore the cost of electron 

localization prior to a collapse onto an outgoing proton is 

much larger. To assess the energy barrier corresponding to 
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the dehydrogenation of a symmetric radical, we compute with 

the 4-31G/R3 the energies at various 0-H- stretch distances 

(cf. Table 5.4). The sudden approximation energies 

correspond to a fixed 0-H- distance frozen with the other 

equilibrium geometrical parameters. From the partially or 

relaxed geometries, we may crudely and conservatively 

estimate a dehydrogenation electronic barrier of 0.4 eV 

which contrasts with our barrier estimate of 0.18 eV for 

the isolated H-O- radical. Therefore, in agreement with 

molecular beam experiments [Gellene 1984], we logically 

expect H 02* to be metastable. 

We may notice in Table 5.5, that the atomic spin 

densities on the hydrogen atoms, for an asymmetric and a 

symmetric geometry, are quite different. ESR experiments 

might prove helpful in assigning a specific geometry. In 

an unsymmetric structure, the Rydberg electron has an 

hyperfine coupling mainly with two protons. 

In order to put our ab initio results within an 

overall perspective, we must realize that a normal hydrogen 

bond or bridge as we prefer to name it, is an 

intermolecular interaction which is much weaker that the 

intramolecular 0-H chemical bond. On the other hand, the 

symmetric hydrogen bond is in the twilight zone between 

intermolecular and intramolecular interactions. We must 

also distinguish the present situation from true 

intramolecular chemical symmetric hydrogen bond occurring 

in boron compounds as well as in metal hydrides. 

A symmetric hydrogen bond may be considered roughly as 

the combination of two normal 0-H bonds stretched to the 

breaking point. It is notorious that SCF and MPn 

methodology are unable to describe correctly the rupture of 

a chemical bond. Configuration interaction (CI) based on 

HF or UHF NO orbitals mostly describes static correlation. 

It has been stressed [Lee 91] that dispersion interactions 

should be important in the hydrated hydronium cationic 
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systems, but one must realized that dispersion interactions 

may only be properly treated at the MCSCF level. Within 

the dihydronium cation, we should expect that dynamic 

correlations, more specifically angular correlations around 

the central hydrogen atom between the electrons involved in 

the symmetric hydrogen bond, to be quite significant. 

Intuitively, in their carrousel around the central hydrogen 

atom, the electrons coming from the water molecules will 

tend to avoid each other. No MCSCF study of the 

dihydronium cation has ever been published. One must then 

consider with a grain of salt, the predictions of published 

ab initio computations on protonated water clusters. 

Within the dihydronium radical, in addition to dynamic 

correlations, we should expect static correlations between 

the following configuration (H-O - H- - H2O) and (H2O -

H-.0- ) and (H-0- -H-0) . Therefore, we are fully aware of 

the inherent deficiencies of SCF and MPn computations, and 

only at the MCSCF is there a good chance to compute a 

meaningful adiabatic potential energy surface (PES). 

However, the knowledge of an accurate adiabatic PES is only 

a first step, since vibronic coupling certainly occurs at 

the very least in the dihydronium radical and possibly in 

the cation. Therefore, the study of the dihydronium 

radical constitutes a real challenge. 

Our present computations do not escape these 

criticisms. However, our situation is less critical, since 

the question of the very existence of the H^02 * is not at 

stake as in H-0-. The crucial experiments of Gellene and 

Porter [1984] demonstrated that Hg02* and its higher 

hydrate are metastable, and they provide a firm 

experimental basis. The purpose of our ab initio 

computations is to assess the possible role of the 

dihydronium radical as a candidate structure for the 

hydrated electron entity. 
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A MCSCF study of the dihydronium radical is now 

feasible, since we may now access to a VAXvector 6510 with 

128 Mbytes of memory, in contrast to our 32 Mbytes memory 

Stardent 1500 vector workstation. 
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Table 5.1 

"5O2 

0-H 
1.185 

Basis Sets, Energies, and Optimized Geometries 

4-31G/R1 ~ 
0 

central H 
other H 

0-H 0--0 
1.185 2.369 

4-31G s 0.10 0.061 0.024 
p 0.0845 d 0.8 

4-31G s 0.040 p 0.80 
4-31G s 0.040 

energy EA 
-152.2281 -0.1257 = 3.42 eV 

V2 

G-H 
1 .185 

0.994 

4-31G/R2 
4-31G s 0.10 0.061 0.024 

p 0.0845 d 0.8 
4-31G s 0.040 0.010 p 0.80 
4-31G s 0.040 0.010 

energy IP 

central H 
H 

G--H G--G 
1.185 2.369 -152.3556 0.1283 = 3.49 eV 

geometry 
1.643 2.637 -152.3656 0.1509 = 4.10 eV 

geometry 

"5°2 

«5°2 

opt 

opt 

V2-

G-H 
1 .184 

4-31G/R3 
0 

central H 
H 

0—H 0—0 
1.884 2.368 

4-31G s 0.10 0.061 0.024 
4-31G s 0.040 0-010 
4-31G s 0.040 0.010 

energy IP 
-152.310,604 0.1255 = 3.41 eV opt. geometry 

Table 5.2. Basis Set TZV/R4 

0 [10s6p/5s4p] s 0.168 0.084 p 0-064 d 0.85 
central H [5s/3s] s 0.072;0.028 p 1.2 d 0.85 
other H [5s/3s] s 0.072; p 1.2 
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Table 5.3 Energies and Optimized Geometries (TZV/R4). 

Hc02-symmetry constrained optimization 
0-H 0--H 0--0 
1 .20 1.20 2.40 

MP2 energy 
-153.086,662 

SCF energy 
-152.571,674 

HcG-* full optimization, 
0-H G--H 0--0 
1.03 1.50 2.53 

MP2 energy 
-153.088,248 

SCF energy 
-152.576,681 

G-H ̂  
1 .20 
1 .18 

symmetry constrained optimization 
0—H 0—0 MP2 energy 
1.20 2.40 -152.931,918 H502' 
1.18 2.37 -152.940,373 H5G2+ 

==> VDE = 0.154 = 4.211 eV 
==> ADE = 0.146 = 3.981 eV 

symm. geometry 
symm. geometry 

1 .188 

full optimization 
0--H 0—0 
1.185 2.37 

MP2 energy 
-152.940,407 

SCF energy 
-152.444,671 

Table 5.4. Dehydrogenation Pathway. 

"5°2* 4-31G/R3 

fixed 0-

0.961 
geometry 

1 .057 
1 .153 
1 .249 
1.346 
1 .442 

-H-

approximation dehydrogenation 

energies 
sudden approx. relaxed 

-152.310,604 

-152.304,000 -152.304,266 
-152.291,045 -152.293,107 
-152.281,072 -152.306,365 
-152.277,928 -152.310,883 
-152.278,794 -152.316,150 

barrier = 0.015 Hartree = 0.4 eV 

opt, 
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Table 5.5 Atomic Spin Densities (atomic units) 

4-31G/R2 H^O--
0 0.228 0.228; 

4-31G/R2 H^O-
0 0.431 0.0697 

4-31G/R3 H(.G-
0 0.231 0.231T 

TZV/R5 Ht-0--
0 0.567 0.T30; 

at HcGp opt. geom. 
central H 0-0018; H 

• opt. geom. unsymm. 
central H 0.0004; H 

• opt. geom. symm. 
central H 0.0025; H 

opt. geom. unsymm. 
central H 0.0001; H 

0. 

0. 

0, 

0, 

.0014 

.0039 

.0019 

.0047 

0. 

0, 

0, 

0. 

.0014 

.0035 

.0019 

.0047 

0. 

0. 

0, 

0, 

.0009 

.0001 

.0019 

.0004 

0. 

-0. 

0. 

-0. 

.0009 

.0001 

.0019 

.0002 
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F i g u r e 5.1 
The Crystal Structure of Hydrogen Chloride Dihydrate 

Source : [Lundgren 67] 
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(a) The KKM effect: an electron-density difference 
map in the region of O • • • H • - • O l>ond 0. (Contour scale: 
0.20/0.06/0.36 eA"«). (b) Neutron-scattering density in the 
same region. (Zero contourB, dotted; negative contours, 
brokenlines: scales - 10 /2 / -4 ; 4/4/20 fermi A"'), (c) Corre-
Bponding difference map. (Contour scale —3/—1/ —8 fcrmi 
A"*). [In (b) and (c) the positions corresponding to the peaks 
in (a) are marked with crosses] 

F i g u r e 5.2 
The KKM Effect 

Source : [Currie 75] 
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DIHYDRONIUIVl RADICAL 
C2 Symmetry 

Figure 5.3 
Dihydronium Radical Geometry 
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DIHYDRONIUM RADICAL 
C2 Symmetry 

F igu re 5.4 
Dihydronium Radical Other View^ 
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Figure 5.5 
Dihydronium Radical Rydberg Electrom MO plot 



96 

e/5 

O 

Figure 5.6 
Dihydronium radical Rydberg Electron MO Density 
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CHAPTER VI 

AN ITINERANT MODEL FOR THE HYDRATED ELECTRON 

He (the author) was fully aware that learned 
and able men maintained opinions upon the subject 
of Logic directly opposed to the views upon which 
the entire argument and procedure of his work 
rested. While he believed those opinions to be 
erroneous, he was conscious that his own views 
might insensibly be warped by an influence of 
another kind. He felt in an especial manner the 
danger of that intellectual bias which long 
attention to a particular aspect of truth tends 
to produce. But he trusts that out of this 
conflict of opinions the same truth will but 
emerge the more free from any personal admixture; 
that its different parts will be seen in their 
just proportion; and that none of them will 
eventually be too highly valued or too lightly 
regarded because of the prejudices which may 
attach to the mere form of its exposition. 

George Boole 

We postulate that the hydrated electron structure is 

represented by an itinerant dihydronium radical whether 

symmetric (cf. Figures 5.3 and 5.6) or asymmetric. We are 

going to discuss the characteristic traits of the new model 

in this chapter. Some features will be studied in further 

detail in following chapters. 

As we have seen in past chapters, we performed an 

extensive ab initio study of the hydronium radical with 

very large basis sets, up to Van Duijneveldt bases, 

extended with diffuse functions (see chapter II). The 

conclusions did not vary much with the different 

computational levels, and are quantitatively in agreement 

with the latest published ab initio study [Talbi 1989, 

Chap. II]. These latter computations were performed in 

parallel to our own study. The results indicate that the 

hydronium radical in the gas-phase is not metastable. The 
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barrier is much too low. It is possible that the 

deuterated hydronium radical is barely metastable. These 

results seem to be confirmed by measured dissociative 

lifetimes in molecular beams [Gellene 1984, Chap. II]. 

The ab initio ionization potential (IP) of the 

hydronium radical is about 4.8 eV, a value much higher than 

the 3.3 eV vertical detachment energy (VDE) extrapolated 

from cluster experiments [Coe 1090, Chap- VI]. 

The dihydronium cation geometry appears to be the most 

energetically favored structure of a singly hydrated 

hydronium cation. This geometry can be found in crystals 

(cf. Chap- V). Up to the first solvation layer, the 

hydronium cation is favored. But when one adds a second 

solvation layer to the hydronium cation, the dihydronium 

cation becomes again more favored, as it can accommodate 

the new water molecule in its first solvation layer. Our 

conclusions are based on ab initio results from various 

authors, as well as strong spectroscopic evidence from a 

Russian group [Librovich 1979]. Of course, we expect that 

there will be a dynamic equilibrium between the hydronium 

and the dihydronium geometries in bulk water, at various pH 

levels. Modeling the symmetric hydrogen bond presents a 

unique challenge, since a good description of correlation 

is an absolute necessity. 

We are able, however, to estimate that the IP is 

lower, about 3.5 eV, but the dissociation barrier is much 

higher, around 0.4 eV, in agreement with the experimental 

findings of Gellene and Porter [1984, Chap. III]. One can 

also understand why the dihydronium radical possesses a 

higher dissociation barrier. The Rydberg electron is more 

distributed all around the nuclei of the molecule, so there 

is a higher cost involved for localizing the Rydberg 

electron onto an outgoing proton. 



105 

ESR Properties 

ESR properties are good indicators of electronic 

environments around nuclei. Interestingly, experimentally 

determined spin densities of the hydrated electron at the 

proton nuclei are small, yet positive [Narayana 1975]. For 

the H-0 and Hj.02* radicals, we have indeed found a positive 

spin density at the hydrogen nuclei [cf. Chapter IV, V], 

while the spin density around the heavy nuclei seems quite 

sufficient to account for the measured g-value [Shiraishi 

1987] associated with the hydrated electron entity. This 

is to be expected, since the extra electron is basically a 

3s electron which has a non negligible density near the 

oxygen nuclei. So the ESR and ENDOR experimental data are 

consistent with our model. Electron density near heavy 

atoms is quite difficult to explain with the cavity model. 

Furthermore no ab initio computations of the cavity model 

of the hydrated electron has ever reproduced a positive 

spin density. 

The Absorption Spectrum 

We have discussed in Chapter IV, the lower absorption 

spectrum of an isolated H^O- which corresponds to a 

3s --> 3p transition. 

To fully understand the absorption spectrum of a 

hydrated species, we must examine first the band structure 

of water, which we are going to do in Chapter VIII. After 

this we will be able to deal in more detail with the 

absorption spectrum of the hydrated electron entity in 

chapter IX. 

We may nevertheless now assess an important point: the 

temperature dependence of the absorption spectrum of the 

hydrated dihydronium radical. When the temperature 

increases, the solvent is fluctuating more rapidly inducing 

more instantaneous polarization into the Rydberg cloud. 

Therefore the Rydberg MO cloud, with mainly a 3s MO 
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component, would include more 2p, 3p AO components to 

describe polarization. On the other hand, the first 

excited state with a main 3p MO component would have its 

angular momentum more and more quenched as temperature 

increases. Therefore the excited state MO would have to 

include 3s, 4s AO components. We can see that, as the 

temperature increases, the ground state and the excited 

state outer MOs become less and less dissimilar. As a 

result, their energy difference, which relates directly to 

the peak of the absorption spectrum, is going to diminish. 

So we expect a red shift, as observed. The path integral 

computations, inspired by the cavity model, predict, on the 

contrary, a blue shift [Wallqvist 1988, Chap. I]. 

The Dissociation Mechanism and the Mobility 

The most crucial point, in understanding an itinerant 

species, is to determine the machamos, of its mobility. 

The outer lone electron in the dihydronium and hydronium 

radicals, belongs to a 3s type, low-lying Rydberg orbital. 

The collapse of the Rydberg orbital onto the out-going 

proton determines the dissociation of the isolated 

dihydronium and hydronium radicals (cf. Figures 6.1, 6.2 

and 6.3). This is a Rydbergisation/deRydbergisation 

process. The concept of this type of process was first 

proposed by Mulliken [Mulliken 1977a, 1977b, Chap. 11] 

among his last scientific works. 

When the hydronium and dihydronium radicals are 

hydrated, the Rydberg electron would tend to collapse on a 

proton involved in a hydrogen bridge with a solvent water 

molecule, simply because the proton motion is less rigid, 

and more anharmonic and with a larger amplitude. 

Furthermore, our ab initio computations indicate that the 

hydrogen bridge is shorter than usual, paving a natural way 

for the formation of a new symmetric hydrogen bond. 
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Henceforth the mechanism for the mobility becomes 

physically understandable (cf. Fig. 6.4). 

(1 ) The extra electron collapses onto an outgoing 

proton engaged in a strong hydrogen bond, thus further 

creating a a* repulsion which further accelerates the 

outgoing proton. 

(2) The outgoing proton moves towards the solvent 

water molecule, forming a new symmetric hydrogen bond, and 

simultaneously the extra electron is Rydbergized again, but 

on yet another site. So yet another dihydronium radical 

has been reconstituted, comprising different nuclei. Thus, 

the dihydronium radical is not a classical radical. It is 

like a phoenix dying and renascent again from site to site. 

There is a profound similarity between the hydroxide anions 

and the hydronium or dihydronium cations, which are 

fundamental species in the chemistry of aqueous solutions, 

and which are also itinerant species. So it comes as no 

surprise that the mobility of the "hydrated electron" 

entity is bracketed, as observed by Bartels and coworkers 

[Schmidt 1992], by the mobility of the hydrated proton and 

that of the hydroxide anion. If we analyze the physical 

motions involved with the itinerant radical mobility, we 

find only the local motion of one proton and the transport 

of a negative charge. The motion of the proton is purely 

local. The proton travels along the oxygen-oxygen axis and 

within the intermolecular interval. 

Along the same lines, one may envision the possibility 

of fluctuating itinerant trihydronium H^O- radicals. These 

later species also belong to our model. They correspond to 

the same dynamical phenomenon. The interpretation of ENDOR 

experiments in alkaline ices [Kevan 1981] in terms of a 

cavity model have been criticized [Golden 1988]. Recently, 

Astashkin and coworkers [Astashkin 1988] have shown that 

these previous interpretations of the hyperfine structure 

were invalid. Their new analysis points out that hydrated 
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electrons interact mainly with with two deuterons, which 

would be consistent with an asymmetric dihydronium radical. 

Without the intervention of extrinsic ions, or 

external fields, the itinerant radical is going to move, 

like the hydrated proton and the hydroxide ions, under the 

influence of the fluctuating electric fields created by 

neighboring water molecules. The outer Rydberg electron is 

going to jump from site to site, along with its positive 

supporting structure in order to lower its energy. Thus, 

each motion corresponds to an energy gain to a better 

location within the solvent field. This energy gain allows 

the following processes of deRydbergisation, proton motion 

and again Rydbergisation of the outer electron. The 

determination of the direction, against or along the 

electric field, of the motion of the itinerant radical, is 

related to the "charge" determination of the hydrated 

electron entity. 

Mobility Under an Electric Field, 
Charge Determination 

The sign of the electric charge of the hydrated 

electron entity was first determined by Czapski and Schwarz 

[Czapski 1962] and by Dainton and coworkers [Collinson 

1962] from kinetics experiments. They studied reaction 

rates of the hydrated electron entity with neutral, 

positively and negatively charged species. The charge sign 

was later confirmed by drift experiments, under an external 

electric field. From the analysis of the mobility, we are 

going to show that the dihydronium radical, while 

electrostatically neutral in a frozen position, as an 

itinerant species moves like a negative electric charge. 

Under the action of an external electric field, the 3s 

Rydberg electron of the dihydronium radical is polarized 

along the field, and naturally the Rydberg electron is 

going to collapse preferentially against the electric field 
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direction (cf. Fig. 6.1), therefore determining where the 

phoenix-like radical is to be born again. The itinerant 

radical is moving like a pseudo-particle of negative unit 

charge. 

In the kinetics experiments [Collinson 1962, Czapski 

1962], analyzed within the framework of the Br^nsted model 

of ionic reactions the electric field is provided by the 

reactant ions. The situation is similar and a kinetic 

negative charge is deduced. 

Generation of the Long Lived 
Dihydronium Radical 

We have to distinguish two threshold cases: whether an 

extra electron is brought into the medium which becomes 

negatively charged, or whether the medium remains neutral. 

The first situation occurs in molecular beam experiments. 

Within a pulse radiolysis experiment, 3 MeV electrons 

generated by a Van Der Graaf accelerator, or 20 MeV 

electrons generated by a LINAC [ANL 1991] are the means of 

excitation. 

In the most frequent case of a neutral medium, it can 

be seen that the minimal condition for generating a 

dihydronium radical is a simple hydrogen atom transfer from 

one dissociating water molecule towards another water 

molecule (cf. Fig. 6.3). A dihydronium radical is created 

at the same time as a hydroxide radical. The hydroxide 

radical is almost an unreactive species on a femtosecond 

time scale, so if upon formation the dihydronium radical 

and the hydroxide radical are separated by one or two water 

molecules, ultrafast geminate recombination would not 

occur. Later, of course, the two species may recombine if 

they meet each other. Transient species are also formed 

(cf. Fig. 6.4). The most fascinating consequence of the 

itinerant radical model, is that the hydrated electron 

should be created in the first absorption band, since only 
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dissociation in the first excited state is required. This 

is indeed observed experimentally [Anbar 1972, Nikogosyan 

1983]. We must add that the radical formation is ultrafast 

since it is accomplished within the time of a proton 

translation. Experiments also show an ultrafast formation 

time within 240 fs [Migus 1987]. 

In the cavity model, an electron must be photoionized 

or at least be sent in the conduction band. Then the 

quasifree electron forms a trap by angular reorientation of 

water molecules. Both the energetics and the ultrafast 

kinetics are in severe disagreement with the cavity model 

predictions. 

The new model is consistent with the photophysics of 

the formation of the hydrated electron entity. In 

relationship to a study of the band structure of liquid 

water (see Chapter VIII), we are going to be able to 

further elucidate the photophysics of the hydrated electron 

formation in the next chapter (see Chapter IX). 

It is also possible to generate a "hydrated electron 

entity" by a local ionization process (cf. Fig. 6.5). 

In molecular beam experiments, we suggest that the 

incoming electron polarizes the neutral water cluster (cf. 

Fig. 6.6), forming one positive region on the cluster 

surface, with a nascent hydronium cation. It generates at 

the same time a negative region around a nascent hydroxide 

anion, at the farthest opposite side. The free electron 

collapses onto the positive region, and, immediately after 

attachment, the water cluster contains a more or less 

hydrated hydronium radical as well as a hydroxide anion on 

the opposite side. As an immediate consequence of the 

mobility analysis, the dihydronium radical would have a 

tendency to avoid negatively charged ions, in particular 

the hydroxide anion, due to the long range Coulombic 

repulsion. If, upon formation, the dihydronium radical and 

the bihydroxide are not too close together, the 
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radical/anion separated pair becomes stabilized. Although 

the coupled dihydronium radical/hydroxide ion would be 

metastable, the geminate recombination of the dihydronium 

radical with the hydroxide anion would be prevented. The 

threshold vertical detachment energy (VDE) in these 

clusters corresponds to the electron detachment from a 

dihydronium radical surface region of the cluster. The 

adiabatic detachment energy (ADE), which is equal to the 

energy of the negatively charged species minus the energy 

of the global minimum neutral geometry, may be almost zero 

or even negative. 

The dihydronium radical is perturbed by the presence 

of the bihydroxide anion. It would more closely resemble 

the liquid phase solitary radical, although it is located 

far away from the hydroxide ion. The dependence will scale 

with the linear dimension of the cluster or the cube root 

of the number of cluster molecules. 

We presented a poster in July 1990 [Muguet 1990], 

where we proposed as a structure for the negatively charged 

water hexamer, a dihydronium radical/bihydroxide ion 

separated pair. It quite reassuring that, within our new 

itinerant radical model, it is the same separated pair 

geometry that we are expecting logically. In 1990, 

however, it was not so obvious to relate this separated 

pair hexamer structure with the hydrated electron entity. 

It is rather obvious that the hydrated electron entity 

may also be formed by attachment of a quasifree electron 

previously photoejected from another water molecule. This 

process, which involves a "real" ionization, requires a 

much higher energy and closely resembles electron 

attachment to clusters. This high energy channel (cf. Fig. 

6.7) certainly plays a significant role in radiolysis. 

Yet another class of physical means to generate a 

hydrated electron entity is to employ excited dyes such as 

indole [Robinson 1984; Lee 1983, 1984] or 8,1 ANS, 
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abbreviation for 8-(phenylamino)-l-naphtalenesulfonate [Lee 

1985] or another dye like 6,2 TNS, abbreviation for 6-p-

toluido-2-naphtalenesulfonate [Moore 1985]. In the PQRL 

laboratory, at Texas Tech University, Dr. Robinson and his 

group performed picosecond spectroscopy [Robinson 1984; Lee 

1985, 1984, 1983, 1985, Moore 1985], in a mixed 

water/alcohol solvent, in order to determine the minimal 

water structure required for the formation of the hydrated 

electron entity. They found that a cluster of at least 4±1 

water molecules was required in order to achieve picosecond 

rates. According to our itinerant radical model, two cases 

are possible. In a first case, the dye is effectively 

"ionized," that is an electron is either sent into the 

vacuum or in the conduction band of the solvent water. The 

formation of the hydrated electron would then closely 

resemble the electron attachment to clusters. The other 

case is that the dye is not ionized but is partly 

dissociated and releases a H- which binds to a group of 

water molecules to forms an HpO-.- radical. So there are 

two channels: the ionization channel which requires high 

energy, and is less specific, and a low energy channel 

which is extremely dependent on the organization of the 

water solvent molecules. The similarity of the processes 

involved with photo-initiated acids and with the low-energy 

dissociative channel, becomes quite understandable: the 

solvation process of a proton coming from a photo-initiated 

acid effectively creates H^02^, while the low-energy 

channel forms l^c^o' ^^ ^ similar fashion. 

The formation of the hydrated electron entity appears 

to be achieved with indole within the low energy 

dissociative channel corresponding to one-photon excitation 

at 265 nm. It is quite remarkable indeed that the 

formation of the hydrated electron entity occurs, while 

indole is only in its first singlet excited state. There 

is much confusion in the theoretical literature as to what 
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kind of electronic structure and geometry pertains to the 

first excited singlet state. This is not unexpected if one 

want to find forcefully an "ionization" when there is none. 

On the other hand, gas-phase experiments [Glasser 1981] 

show that the first excited state induces an N-H bond 

fission, therefore promoting the liberation of a H-, which 

is in complete agreement with our model. 

With ANS and TNS, the situation is more complex. The 

ANS experiments in Robinson's group have been criticized, 

because supposedly no hydrated electron is ever formed 

using one-photon excitation [Nakamura 1981, Chap. IX]. We 

suggest that in most solvents employed, such as alcohols, 

only the higher energy two-photon ionization channel 

exists. However, the solvent specific low energy one-

photon dissociative channel may exist in water in 

concurrence with the higher energy channel. As a result, 

if we measure the yield dependence upon the light 

intensity, we would find approximately a quadratic 

dependence. If the one-photon dissociative channel has a 

lower yield, the experimental plot of the hydrated electron 

yield would reveal only the main channel. One should add 

that the two-photon channel yield at low energy may be 

slightly nonlinear. Therefore it would be premature to 

conclude [Nakamura 1981, Chap. IX] that solely the two-

photon ionization channel exists. Our interpretation, 

which reconciles two different sets of experiments, was not 

possible within the cavity model which requires 

"ionization" as the sole and only formation pathway. 

Therefore our model casts a new light on the experiments 

previously performed at the PQRL laboratory. 

A Resolved Logical Dilemma 

In 1964, Magee [1964] suggested that the H-O- radical 

should play a significant role in radiation chemistry. If 

we accept, for a moment, the view [Magee 1964] that the 
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entity absorbing at 715 nm, corresponds really to a 

hydrated electron, then the following reactions would take 

place upon radiolysis or photolysis: 

ionization to form a quasifree electron 

H2O > H2O + (e~) (1 ) 

possible geminate recombination 

H2O + (e~) > H2O (2) 

ultrafast ion-molecule reaction 

H20"^ + H2O > Ĥ O"̂  + OH- (3) 

then a recapture process may occur 

"3°' " <«"'qsf —' «3°- ''' 

followed either by a dissociation 

H3O- > H2O + H- (5) 

or by an "autoionization" 

H3O- — > H30'' + (e")ĝ q . (6) 

The concept of a recapture process is very logical, and if 

the (e~) does not combine with the H3O product of 

reaction (3) from its parent molecule, it may be captured 

by H O"*̂  products from ionized neighbor molecules. 

According to Magee, all the hydrated electrons are formed 

through reaction (6), which should be as fast as (5) in 

order that any hydrated electron be produced. We are going 
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to correct and develop the suggestion of Magee [1964] to 

its logical conclusions. 

The reaction (6) is unlikely to occur, because, as we 

know (cf. chapter IV), the ionization potential of HO- is 

around 4.8 eV. Millions of water molecules are ionized 

side by side in the spur, while global electrical 

neutrality must be preserved. Following reaction (3) the 

spur medium becomes very acidic indeed. The recombination 

(2) and recapture (4) processes compete with an escape 

process. It is possible that electrons at the border of 

the spur or the excited zone might escape the massive 

Coulomb attraction of these millions of H.,0'̂  to become 

solvated in the bulk: 

Anyhow, it seems intuitively clear that the spur escape 

followed by a bulk solvation (7), should be a much rarer 

event than the recombination (2) or the recapture (3). It 

follows that the population of transient H^O- radicals, and 

thereafter the production of H-, should be orders of 

magnitude higher than the production of (e ) . This is 

not observed experimentally [Anbar 1972]. We cannot see, 

within the hypotheses of the cavity model, how it is 

possible to avoid the formation of a massive quantity of 

hydrated H^O- radicals. Strangely enough, this primary 

species, the solvated H_0- does not exist within the 

pantheon of the cavity model deities. This is a profound 

logical contradiction of the cavity model or any current 

model of the hydrated electron. Within the cavity model, 

if we accept the existence of H^O-, we can no longer 

explain the experimental facts because we have one species 

which is superfluous, either (e~) or the solvated H-jO-. 
aq -J 

Our model solves this dilemma, because these two species 

are, in reality, the same thing. 
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Yet the story does not end there. The suggestion of 

Magee stimulated an ab initio study by Maurice Schwartz 

[1976, Chap. IV]. He found that the transition to the 

lowest excited state corresponded to an energy of 1.87 eV 

and nearly coincided with the hydrated electron spectrum 

near 1.72 eV. He concluded that the 715 nm absorption 

spectrum could not be assigned solely to the hydrated 

electron species, but could also be caused by the H-.0-

radical. In retrospect, the conclusion of this study is 

startling. It is very unfortunate for radiation chemistry 

that Magee did not correct his suggestion or that Maurice 

Schwartz did not proceed further, and not realize the true 

nature of the hydrated H_0-, as a negative charge carrier. 

To our knowledge the Maurice Schwartz paper has never been 

cited since it was first published, and consequently has 

fallen into complete oblivion. We found this paper, in 

fact, by luck, and unfortunately the Schwartz paper did not 

contribute significantly to our inquiry. As for Magee's 

remark, we only read it at the final stage of writing this 

dissertation, but were happy to find yet another support 

for our new model. 

The Physical/Chemical Duality. The 

Ouasi-Particle Point of View 

On the "chemical" side, we can view the "hydrated 

electron" as an itinerant radical, with a 3s Rydberg 

electron. 

On the "physical" side, only an electronic density is 

really moving. There is no real proton motion. There is 

just a local proton transfer associated with a soliton. 

The soliton is of a vibrational nature, and involves the 

formation of a symmetric or nearly symmetric hydrogen bond. 

So we consider, very tentatively, a new quasi-particle, an 

electron coupled to a soliton. The fact that, in contrast 

to collective modes (phonons, vibrons, etc.), a local mode. 
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like a soliton, survives in disordered media, is not really 

surprising. 

It is also possible to present the model in the 

parlance of semiconductor physics. H-O"*" and HcO-"*̂  are 
J D Z 

intrinsic positive native defects and the H^O-- radical is 
b z 

also a native defect. The extra electron around the 

positive defect ^c^2 possess a high atomic parentage. The 

notion of itineracy, which is so foreign to classical 

chemistry, comes along very naturally with the notion of a 

defect. We want also to mention that our concept of an 

electrostatically neutral, but an easily polarizable, 

radical that may act as an effective charge carrier, may be 

extended to other types of quasiparticles. 

The Reactions and the Thermodynamics 

All that is known about the thermodynamics of the 

formation of the hydrated electron entity relies on the 

kinetics of the assumed reaction: 

H- + OH" ^ (e~)^„ + H-0 
•̂  aq z 

By measuring the rate of the forward reaction, and by using 

a thermodynamic cycle, a free energy value of -1.7 eV is 

computed for the hydration of a free electron, or 

supposedly the formation of the "hydrated electron entity" 

[Baxendale 1964, Jortner 1966, Han 1990]. A similar value 

was obtained for the free energy of hydration using yet 

another reaction [Schwarz 1991]. However, there is 

considerable disagreement on the values of the enthalpy and 

entropy of hydration obtained from these cycles [Han 1990, 

Robinson 1991]. This hydration free energy is not in 

agreement with the photothreshold energy of formation, the 

photobleaching threshold. Furthermore, the high tail of 

the absorption spectrum would correspond to photoemission 
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into the vacuum. Thus, there is something deeply wrong 

with these thermodynamics. 

Until now, it has always been assumed that these 

reactions, as written, were bare "facts." However, only 

the disappearance of one reactant H-, and the appearance of 

one product (e ) are experimentally measured. It happens 

that in the very writing of the reaction, it is implicitly 

hypothesized that the hydrated electron is an 

electrostatically negatively charged entity like a 

classical ion. This is a model-dependent assumption, and 

since thermodynamics derived from this assumption are 

inconsistent with the photophysics, this is a proof, in the 

epistemological sense, that all previous models which are 

based on an electrostatically negatively charged entity are 

to be rejected. 

On the contrary, our itinerant radical model is 

consistent with the photophysics and calls for a 

reinterpretation of all the chemical kinetics data being 

accumulated for now more than 25 years. It is our 

inescapable conclusion that the whole field has been a 

masquerade. 

For example, the previous reaction must be rewritten 

as 

H- + OH + 2 H2O ^ ^^^2' •*" ̂ " 

Furthermore, our model shed some light on the unexplained 

low reaction rate of the assumed reaction: 

<^'>aq " "3°^ - "2° ̂  «• 

which must now be rewritten as: 

"5°2- * «5°2^ " «5°2^ * 2H2O ^ H-



120 

but they depend also on reactions with "scavengers," which 

are supposed to selectively suppress some species. 

Radiolysis, the technique employed in the overwhelming 

majority of experiments, really creates a witch's cauldron. 

There are reactions in the spur between high energy 

species, at the boundaries of the spur, outside the spur, 

and then after the spur disappearance. One must add that 

except in few photolyses [Anbar 1972], the scavengers 

themselves may be decomposed by radiation. Impurities may 

also play a major role. It is a real mess. We do not 

contest that it is very important to know what is happening 

in condensed media subject to radiation, but radiolysis is 

really a poor tool for investigating the structure of the 

hydrated electron entity. When and if the main radical 

species are fully understood, then radiolysis experiments 

would stand a chance of being correctly interpreted. In 

conclusion, these chemical kinetics experiments are far 

from "clean" and unambiguous. We prefer to rely on 

photophysical and photochemical data, for now. 

Generalization of the Model 

In alcohols, of general formulae ROH, the itinerant 

radical is conceived as ROH2•. This model is consistent 

with mobilities measured in various alcohols. 

In liquid ammonia, we suggest that the solvated 

electron entity is associated with the NH^- radical. This 

would explain the thermodynamical stability of the solvated 

electron in liquid ammonia and in ammonia solutions. The 

spectral characteristics and the mobility of the ammoniated 

electron entity is strongly influenced by the presence of a 

low energy conduction band. 

We may further extend our model to other liquids, 

within our physical framework of a polarizable native 

defect. The mechanism responsible for the generation of 

the native defect is specific to each chemical family. 
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Figure 6.1 
Rydberg Electron Collapse under the Influence of an Electric Field 
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propelled outside. A totally nondissociative antibonding 

MO occurs when the nucleus position coincides with an 

electronic distribution barycenter. We shall discuss 

further these points in general terms at the end of this 

chapter. The stronger the dissociative character is, the 

farther the electronic barycenter will be located from the 

atom position. Therefore, upon examination of the 4A1 MO 

graphics (cf. Fig. 7.1), the claimed non-bonding feature of 

the 4A1 MO and its assimilation to a 3s atomic orbital must 

be rejected. It is quite clear that the 4A1 MO is strongly 

dissociative and that the 4A1 MO electronic density maximum 

will tend to stretch the 0-H bond toward direct 

dissociation. 

Some authors [Theodo 1982] have assigned a Rydberg 

nature to the 4A1 and 2B1 MOs as the sole reason that the 

observed oscillator strength (0.04-0.06) of the transition 

A -> X and B -• X is quite low and is typical of Rydberg 

transitions. In addition to the flawed logic of this 

analogy-based reasoning, the low oscillator strength value 

indicates only a small overlap between the ground state and 

the excited state wavefunctions coupled by the dipole 

operator. The oscillator strength is small possibly 

because the ground state wavefunction is much less diffuse 

than the excited wavefunction, but in any case it does not 

authorize any conclusion on the dissociative character of 

the excited state. 

Of course, upon excitation to the 4A1 MO, the 

dissociation will occur only if the dissociative 

antibonding character of the 4A1 prevails over the bonding 

character of the framework constituted by the inner MOs. 

Before examining each transition, it is quite 

instructive to examine also the MO graphics of the other 

virtual orbitals. The 2B2 MO is an antisymmetric 

combination of a* 0-H localized bond orbitals. It seems to 

be even more strongly dissociative than the 4A1 MO, since 
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the electron barycenter is located 0.53 A away in front of 

the proton. The 3B2.5A1,6A1 MOs appear to be antibonding 

non-dissociative. The 2B1 MO is non-bonding. The 4B2 MO 

is rather interesting since the displacement of the protons 

towards the electronic barycenters, will bend the structure 

and will generate a linear geometry. The 7A1 appears to be 

antibonding very slightly dissociative. 

The configuration of the first singlet excited state A 

(Bl) is (1A1)2, (2A1)2, (1B2)2, (3A1)2, (1B1), (4A1). An 

ab initio PES for this state has been computed [Staemmler 

1985]. The dynamics of this state is now very well 

understood thanks to quantum mechanical calculations [Engel 

1988], performed within the framework of a model developed 

by Balint-Kurti and coworkers [1981]. The agreement with 

experiments is remarkable. The undulatory structures 

superimposed on the absorption band are reproduced and are 

not created by selective excitations of the bending mode. 

The state A is fully dissociative. There are no 

nonadiabatic effects and the A state is uncoupled with 

other excited states which simplifies computations and 

analysis. 

IR laser excitation was employed [Hausler 1987] to 

prepare water molecules in a specific rotational state to 

study the distribution of states of OH. This distribution 

is satisfactorily simulated within the Franck-Condon 

approximation. Dissociation dynamics experiments 

[Schriever 1990] of isolated water monomers in argon and 

krypton matrices indicate a dissociation threshold of 6.8 

eV quite near from the 5.118 eV threshold in gas-phase. 

The most part of the excitation energy (90%) above the 

threshold is transformed into translational energy of the 

outgoing hydrogen fragment. It is now even possible to 
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perform bond-selected photodissociation of water [Crim 
1990] . 

The configuration of the second singlet excited state 

B (Al) is (1A1)2, (2A1)2, (1B2)2, (3A1)2, (1B1), ..., 

(2B2). Dissociation within the B may generate an OH 

fragment either in the ground state (X) or in an excited 

state (A) [Guo 1989; Weide 1988, 1987]. An ab initio PES 

has been computed [Heumann 1990; Weide 1988]. Observed 

diffuse vibrational-like structures superimposed on the 

second absorption band have been interpreted traditionally 

as belonging to a non dissociative Rydberg state [Herzberg 

1966, Robin 1974]. On the contrary, Weide and Schinke 

[1989] have shown that these diffuse structures correspond 

to quasiperiodic (40fs) boomerang-type dissociative orbits 

of the outgoing hydrogen atom. Photodissociation in the B 

state may also be reached by two-photon excitation at 266 

nm [Atkins 1989, 1988]. 

The A and B states are purely dissociative states with 

one unquantized degree of freedom which determines the 

diffuse character of the band. The C (Bl ) state is a 

predissociating Rydberg state [Ashfold 1985]. Some 

rotational structure is resolved in its spectrum, thus 

indicating a lifetime of the order of a few picoseconds. 

It is possible to observe C to A radiative transitions 

[Zhang 1991, Engel 1987]. Because it is coupled rather 

strongly to the B state, the C state is subject to fast 

predissociatien. There is quite a confusion in the 

literature in the assignment and with the configurations of 

still higher electronics states. 

In photolysis, the singlet states are the only states 

reached by a direct optical transition from the singlet 

ground state. Triplet levels are directly populated upon 

non-photonic excitation like in radiolysis. The first five 

triplet states [Kaldor 1987], with slightly lower energies 

are the companions of the first five singlet states. 
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Isolated Water Molecule in Matrices 

Considering now a single water molecule in the 

condensed phase, we might expect that, because of 

electronic repulsion due to surrounding electrons from 

neighbor molecules, the barycenter of the outer phase of 

the 4A1 MO density might be shifted inward toward to the 

proton, therefore reducing the antibonding character of the 

4A1 orbital. To our knowledge, no theoretical 

investigation so far has been achieved which helps to give 

an a priori answer, but we think that the distance of 0.45 

A between the electronic density barycenter and the 

hydrogen atom is far too great to be drastically reduced to 

promote a non-dissociative state. 

Experimentally, it is possible to appraise this 

compression effect by considering an isolated water 

molecule in argon and krypton matrices [Schriever 1990]. 

Being more compressed, the 4A1 MO will have a higher 

energy, and therefore the photolysis threshold will be 

higher than in gas phase. Nevertheless, the shape of the 

spectrum is very similar to the gas-phase spectrum, and 

reveals only a purely dissociative state with no apparent 

new transitions to a nondissociative Rydberg states. It is 

quite interesting to notice that the threshold for 

photolysis in liquid water is rather near the photolysis 

threshold of a single water molecules in rare-gas matrices. 

As we shall see, this compression effect will 

certainly reduce the slightly antibonding character of the 

4A1 MO of the H-O* radical and will contribute to reinforce 

the stability of this radical in condensed phase. 

A New Look at Antibonding 
Molecular Orbitals 

In our analysis of the excited states of water, we 

were obliged to put forward a new notion in the analysis of 

MOs. Traditionally MOs are cast into three categories: 
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bonding, antibonding, and non bonding orbitals. In bonding 

orbitals, because of a constructive interference of atomic 

orbitals, there is an electron density buildup in the 

region between the nuclei, or London region. In 

antibonding orbitals, due to a destructive interference, 

there is no increase of electron density in the London 

region. Per se we cannot tell a priori if an antibonding 

orbital would promote dissociation. We propose to further 

distinguish between dissociative and non-dissociative 

antibonding orbitals. Evidently there would be MOs more or 

less dissociative. It is a somewhat relative notion. A 

nondissociative antibonding orbital occurs when local 

electronic barycenters of the MO coincide with nuclei 

positions in the ground state. Therefore there is no extra 

force exerted on the nuclei which may displace them toward 

dissociation. A nondissociative antibonding MO, stricto 

sensu, may possibly tend to displace neighbor nuclei 

towards each other. 

Antibonding MOs are more and more dissociative as the 

neighbor electronic barycenter is farther away from a 

nucleus, showing that a greater geometric distortion is 

required. The geometric distortion might be so great that 

the molecule breaks. 

To be clear, the transition from a bonding to an 

antibonding MO would weaken the molecule, but we don't know 

if it will dissociate. It is rather fascinating that the 

confusion of Herzberg is due to poorly resolved MO 

graphics. Figures 7.1 and 7.2 illustrate the point. At a 

poor contour resolution, it does not appear that the 

barycenter of the outer phase of the wavefunction would be 

located very far from the hydrogen nucleus. 

The inclusion of MO graphics is not common in most 

papers, at least for water. The final resolution in the 

published material is quite poor [Wadt 1976]. It is quite 

surprising that a recent book about a pictorial approach to 
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molecular bonding [Verkade 1986] does not contain any 

wavefunction plots except for a few atomic orbitals. 

Our MO graphics were printed on a Postscript laser 

printer with a Postscript driver program we wrote. It is 

rather obvious that it would have been technically 

difficult and time consuming to produce with a pen plotter 

such highly resolved MO graphics. 
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CHAPTER VIII 

THE BAND STRUCTURE OF LIQUID WATER 

In order to understand the electronic structure of 

water in the condensed phase, one must take into account 

the formation of the "conduction band." The formation of 

the conduction band results from the overlap of the 

wavefunctions of each individual water molecule. The 

physical meaning is that new electronic states specific to 

the condensed state are allowed because, through the 

creation of smooth delocalized states, the electron may 

obtain a lowering of it kinetic energy [Zallen 1983]. 

Order, periodicity or symmetry are not required, although 

it does simplify computations. 

If we consider a perfect crystal, the conduction band 

constitutes a specific set of delocalized electronic states 

which pertain to the whole sample. If we consider a 

liquid, the overlap between individual water wavefunctions-

is going to fluctuate, and instead of the whole sample, we 

must consider regions or "flickering clusters" of water 

molecules, the wavefunctions of which are more strongly 

overlapping, depending on their spatial separation. The 

gap between various allowed energy levels depends on the 

spatial location, and the band structure diagram displays 

energy intervals which are in reality (averaged) spatial 

minima of these gaps. 

Band theory is one-electron theory and as such 

neglects electron correlation. One must pay attention to 

the fact [Zallen 1983] that the correlation cost (Fermi 

hole. Coulomb hole) associated with the probability of two 

delocalized electrons being seated in close proximity may 

exceed the kinetic energy gain associated with 

delocalization, and therefore induces a localization (Mott 

insulator). In most theoretical treatments, the extra 
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electron is assumed to be alone, but this does not 

correspond to most experimental conditions (radiolysis, 

two-photon pump/probe), where a swarm of extra electrons 

are produced altogether. 

It is also quite important also to establish a clear 

distinction between the continuum or the set of unbound 

states and the conduction band or a set of delocalized 

bound states. The number of states of the continuum is 

always infinite. The number of states in the conduction 

band is N, the number of individual particles that 

constitute the sample. In a liquid, the number of states 

of the conduction "band" is going to scale with the amount 

of disorder, i.e., the average size of the above mentioned 

"flickering clusters," and thus would depend on 

temperature, pressure and phase, and would naturally vanish 

in rarefied gases. Of course, in supersonic expansion 

clusters, the emergence of a conduction "band" depends on 

the cluster size. 

The competition between localization and 

delocalization has been analyzed by Anderson [Zallen 1983] 

who introduced a disorder parameter. When the medium is 

disordered enough, no delocalized set of states may exist 

anymore. 

There is a controversy as to whether the absorption 

spectrum of the hydrated electron corresponds to a bound-

to-bound or a bound-to-continuum transition. The 

alternative seems simplistic. The very existence of the 

conduction band has been largely ignored in this debate. 

If one admits that the "hydrated electron" is not in the 

conduction band but in a localized state, one must examine 

various possibilities such as localized-to-conduction-band 

transitions as well as localized-to-localized (excited) 

transitions and localized-to-continuum (unbound state) 

transitions. 
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Hameka 1987, Chap. Ill] focus on protic native defects and 

their related structures. 

It is quite important to distinguish between vertical 

and adiabatic energies, and also to underline the 

difference between threshold and average quantities. The 

vertical energies are in fact optical data. 

(1) The energy deposition is fast. The nuclear 

geometries have no time to adapt. The electronic clouds, 

however, may have time to relax (electronic polarization). 

(2) The energy deposition is unilateral. The liquid 

cannot give back energy to the optical source. It is more 

like an excitation energy or a transition barrier but it is 

different however, because the TST theory assumes 

equilibrium with the solvent, along the reaction pathway, 

which is not the case. 

As a consequence, the amount of optical energy 

deposited must overcome the energy of hydration of the 

reactants, but cannot be reduced by the energy of hydration 

(except electronic polarization energy) of the products. 

Thermodynamic quantities are balances of average 

adiabatic energies. Threshold energies are constituted of 

the intramolecular energy required plus the threshold 

hydration energy which is a fluctuating quantity, depending 

on the liquid local geometries. According to the direction 

of the threshold, the threshold hydration energy would be 

the maximum or the minimum available. Therefore, one must 

be extremely careful not to add quantities of a different 

nature. 

To our knowledge, few theoretical computations 

concerning the band structure of water or ice have been 

achieved, and they are somewhat aged. Because of its 

symmetry, cubic ice is readily amenable to calculations. 

While the amount of orbital overlap which creates the band 

structure might be different in water and in various forms 

of ice, it allows one to separate out the intrinsic 



147 

structure from the "extrinsic" structure caused by native 

defects. A first ab initio computation was performed in 

1973 [Parravicini 1973] within the tight-binding 

approximation. The water basis set comprises Slater-Type 

Orbitals (STOs). The interactions of an excited electron 

with its hole is taken into account, so we must consider 

more exactly the excited band (EB) which comprises the 

conduction band (CB) and the adjacent Mott exciton band. 

The valence band (VB) is constituted from the 1B1 and 1B2 

MOs of the single molecule. Within a more localized MO 

picture, the lone-pair MOs contribute mostly to this band, 

we expect therefore that the value of this electronic level 

should be quite sensitive to an adequate description of the 

hydrogen bridges. The VB is quite narrow and lies at -10.6 

eV/Vacuum. This latter value seems to be in good agreement 

with UPS values for cubic ice [Shibaguchi 1977]. The next 

inner VB is constituted with 2A1 MOs and its upper edge 

lies around -12 eV/Vacuum. The lower excited band extends 

between -2.76 and -0.84 eV. An upper quite narrow EB is 

around 0 eV. In another ab initio computation in 1977 

[Resca 1977], with the same minimal STO basis set, but with 

a different procedure found the VB to be located -10.83 

eV/Vacuum. Surprisingly the CB does not appear to 

correspond to bound states, but Resca and Resta [1977] 

emphasize that the procedure employed is not reliable for 

estimating the CB parameters. More recently [Choe 1988], 

within a MNDO tight-binding approach, the band structure of 

an infinite one-dimensional chain was investigated. The VB 

lies around 11.7 eV, while the chain was found to be an 

insulator. The MNDO method is of course not well suited to 

treat excited states. 

There is a definitive need for more sophisticated 

computations on the band structure of water, with an ab 
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initio HF program such as CRYSTAL [Pisani 1988] which might 

be able in its future versions to treat defects. 

We are now going to try to establish the intrinsic 

band structure of liquid water with experimental data. 

Valence Band 

The top of the valence band can be determined by 

photoelectron emission spectroscopy [Delahay 1982; Delahay 

1970; Baron 1969]. In this technique, the photocurrent is 

recorded while varying the wavelength of the UV source. In 

a careful experiment by Delahay and Von Burg [1981], the 

threshold photoemission energy was determined to be 10.06 

eV/Vacuum. Remarkably enough there is no Urbach tail. 

This tends to indicate that the recorded photoejection 

process does not take place via the ionization of 

impurities or hydrated electrons. The yield of hydrated 

electrons is probably too low, anyway, because of the lack 

of sufficient intensity of the light source [Hart 1970, p. 

10]. With a different photoelectron technique [Ghosh 

1983], the UV (UPS) or X-ray (XPS or ESCA) source is 

maintained at a fixed frequency, but the energies of 

ejected photoelectrons are analyzed yielding an energy 

distribution curve (EDC). With proper calibration and 

taking account work functions, it is possible to relate the 

recorded electron kinetic energies with ionization 

potentials and, to a good approximation, with the molecular 

orbital or band energies [Ghosh 1983]. Using UPS data 

[Pache 1989], Michaud, Sanche, and coworkers [1991] 

computed a value of 10 eV for the photoelectric threshold. 

From the EDCs of UPS spectroscopy, at eight different 

wavelengths from 13.5 to 19.2 eV, of heavy ice deposited on 

a gold substrate, Shibaguchi and coworkers derived a value 

of 10.5 ± 0.5 eV from the top of the valence band to the 

vacuum. Although the threshold was determined as an onset 

point [Shibaguchi 1977], therefore taking into account the 
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energy loss during the emission process. Baron and 

coworkers [1978] argued that the value of 10.5 eV should 

be lowered to approximately 8.5 eV by a correction for work 

functions [Baron 1976] in order to be in agreement with 

their own UPS results [Baron 1978]. Although the 

photoelectron threshold is related to the outer valence 

band, this latter UPS work [Shibaguchi 1977] has also been 

criticized [Abbati 1979] because the presence of background 

electron scattering prevents the discernment of inner 

valence structures. 

Extreme purification of water appears indeed to be 

required. In a previous photoelectron emission experiment 

by Watanabe, Flanagan and Delahay [1980], a value of 9.3 eV 

was found, which appeared like an Urbach tail threshold. 

The error in this earlier experiment was probably due to 

water contamination by organic or inorganic impurities 

[Delahay 1981]. As a matter of fact, it is their very own 

results related to the photoemission spectroscopy of 

inorganic anions in aqueous solutions [Von Burg 1981] which 

forced Delahay and Von Burg to redo their experiments. In 

passing, this series of experiments shows that, in that 

case, the Urbach tail was caused simply by impurities and 

not by sideband phonons or excitons. 

In a paper containing an interesting discussion, 

Watanabe and Gerischer [1981b] conducted photo-

electrochemical experiments of photohole injection [Sass 

1978b, 1978a] into the water solvent at a gold electrode 

interface. By exploiting the linear relationship between 

the photon energy and the electrode potential, and 

extrapolating to a zero value electrode potential, a value 

of 9.3 eV/Vacuum was estimated. 

Besides contamination issues, depending on the 

wavelength of the monoenergetic source, UPS and XPS 

spectroscopy techniques may involve the formation of native 

defects and therefore are possibly not well suited for 
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estimating the the top of the intrinsic valence band as 

well as the band gap. In UPS experiments [120 to 200nm] 

by Baron and coworkers [1978] estimated the photoelectric 

threshold was estimated to be 8.7 eV. It is possible that 

the large photocurrent coming from the gold substrate and 

the smaller photocurrent from the thin ice layer have not 

been well separated out in the data analysis. More likely, 

as in their XPS experiments [Baron 1976], gold impurities 

and native defects may have been promoted at the gold/ice 

interface or the water was contaminated. Assuming a band 

gap of around 7.8 eV determined from optical absorption. 

Baron estimated the CB width as 0.9 eV. This dubious CB 

width value has been employed by Bowen and coworkers [Lee 

1991; Coe 1990] in a comparison with the extrapolated VDE 

(Vertical Detachment Energy) of their cluster water anions. 

UPS experiments by Abbati [1979] do not allow a 

quantitative estimation of the photoelectric threshold. 

XPS experiments have been conducted by Siegbahn and 

coworkers [1969] both on water vapor and on ice. The 

valence band edge of ice apparently has been lowered by 

approximately 6 eV to 5 eV by comparison to a free 

molecule. However, since the experiments [Siegbahn 1969] 

were made with different instruments. Baron and Williams 

[1976] warned that a zero binding energy reference level 

must be consistently defined. XPS experiments of ice 

[Shibaguchi 1977] indicate an internal valence structure 

which correlates qualitatively with vapor XPS experiments. 

Although it appears hazardous to extract quantitative 

values from their reported EDC figure [Shibaguchi 1977], it 

seems that the edge of the 1B1 band has been lowered by 

approximately 2 eV upon condensation. Baron and Williams 

[1976] performed a XPS of both water vapor and amorphous 

ice deposited on gold films and found that the peak of the 

valence band is only 0.7 eV lower than the 1B1 gas phase 

peak. It is difficult to interpret this value of "change 
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of binding energy upon condensation," since we notice the 

lack of resolution of the 1B2, 3A1 and 1B1 bands, which may 

be clearly discerned in other XPS spectra [Shibaguchi 1977; 

Siegbahn 1969]. Baron and Williams estimated the edge of 

the valence band to be around 9 eV/Vacuum. We suggest that 

impurities may have been promoted at the gold/water 

interface or some contamination took place, since an 

apparent Urbach tail is discernible on their EDCs. 

Auger spectroscopy might be another useful source of 

information [Thomson 1985]. The interpretation is not 

straightforward however, because one has to take into 

account electronic relaxation of the core-hole excited 

states. To our knowledge, only Auger spectra of gas-phase 

water molecules [Agren 1980] have been published. 

Band Gap 

The band gap is the minimum energy difference between 

respective band (mobility) edges of the upper valence band 

and the conduction band [Zallen 1983]. It is possible to 

relate the mean interband energy difference [Grevendonk 

1984] with the dispersion of the refractive index of water 

[Wemple 1973]. Dividing by an empirical factor of 1.5, the 

mean energy difference, Grevendonk and coworkers [1984] 

obtain a band gap value of 8.28 eV. 

By measuring the magnetic field required to rotate the 

plane of polarization of incoming polarized light (Faraday 

rotation effect), it is possible to determine the Verdet 

constant of water [Balbin 1979; Grevendonk 1984]. The 

Verdet constant can also be related to the optical 

dispersion [Balbin 1979]. From the Verdet constant, it is 

possible with the KLN equation [Kolodziejczak 1962] to 

compute a band gap of 8.33 eV. For an amorphous material, 

yet another equation [Mort 1971] which takes into account 

some degree of disorder, yields a value of 8.55 for the 

band gap. The Faraday rotation effect is mostly caused 
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[Kireev 1975] either by intrinsic absorption (interband 

rotation) or by exciton absorption (excitonic rotation). 

Experimentally it has been difficult [Kireev 1975] to find 

any evidence of Faraday rotation caused by impurity 

absorption. This may be intuitively be understood, since 

magneto-optical effects are related to collective 

oscillations, while impurities, defects or localized 

excitations represent a random superposition of 

oscillators. 

It is therefore interesting to determine if the 

computed Faraday rotation band gap is related to interband 

transitions or to exciton transitions. It is possible to 

distinguish [Painter 1968] in the real, and more easily in 

the imaginary, part of the dielectric constant two bands 

with respective peaks at 8.3 eV and 9.6 eV. The band 

centered around 9.6 eV, with an extrapolated threshold 

around 8.7 eV, is assigned [Painter 1968] to an interband 

transition. The band centered around 8.3 eV, with an 

extrapolated threshold around 7 eV is interpreted 

tentatively to be an exciton band. If this latter band 

were to correspond to excitons, then it would have induced 

excitonic Faraday rotation which is not observed. 

Therefore the band centered at 8.3 eV should correspond to 

impurities or local excitations. On the other hand, the 

interband assignment seems to be coherent with the band gap 

value computed from the Verdet constant. In UPS 

experiments [Shibaguchi 1977], from the quantum efficiency 

decrease, a band gap is estimated around 8.7 eV. 

Intrinsic Conduction Band 

If we retain a value of 10.05 ± 0.05 eV as the 

intrinsic conduction band gap edge and a value of 8.6 ± 0.2 

eV as the intrinsic band gap, we obtain indirectly an 

intrinsic conduction band width of 1.45 ± 0.25 eV. 
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tentatively an ab initio calculation of a neutral water 

molecule with a very diffuse basis set and try to estimate 

the energy increase brought by a diffuse electron. The 

magnitude of the smallest positive Hartree-Fock eigenvalue 

corresponding therefore to an unbound MO is about 0.03 

Hartree or 0.8 eV. This value would be a wild 

overestimation since our procedure does not reproduce the 

CB electronic state. We observe a difference around 0.2 

and 0.1 eV between the injection level and the intrinsic CB 

edge. This value seems quite reasonable. In summary, the 

experimental values of the photoelectrochemical threshold 

appears to be quite coherent with our estimated value from 

the value of the band gap and the valence edge. 

In an electrochemical experiment [Szklarczyk 1989], 

the dielectric breakdown of water under high electric field 

was related to the passage of electrons in the conduction 

band. The bottom of the conduction band was estimated to 

lie at -1.3 eV 

Besides photoelectrochemical and electrochemical 

experiments, there have been some attempts to estimate the 

CB band edge by other means. By considering the 

photothreshold for the formation of the hydrated electron 

in an aqueous solution of potassium ferrocyanide, Ballard 

[1972] computed a value of -1.31 ± 0.31 eV/Vacuum for CB 

edge through a cycle using a mixture of thermodynamical and 

photophysical quantities. By detecting the formation of 

hydrated electrons from excited indole, and through model 

dependent computations. Grand and coworkers [1979], 

estimated a CB edge at -1.2 ± 0.1 eV. 

Excitons 

The concept of excitons present an hybrid character 

which must be clarified in a wide-gap semiconductor like 

water. Mott excitons present a character linked to 

interband transition from the VB to the EB, where the 
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The optical absorption of liquid water displays a 

minor absorption band, shaped like an Urbach tail, starting 

around 6.2 eV [Quickendem 1980]. Another larger absorption 

band starts around 7.5 eV [Heller 1977, 1974]. 

In VUV experiments [Shibaguchi 1977], an absorption 

band was found in thin films of heavy ice on LiF substrates 

with a peak around 8.75 eV. The peak and the shape were 

almost independent of temperature. This absorption was 

assigned to intramolecular transitions. 

A general band structure of water has been established 

and is summarized in a diagram (cf. Fig. 8.1). 
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CHAPTER IX 

THE PHOTOPHYSICS OF THE HYDRATED ELECTRON 

Photogeneration of the Hvdrated Electron 

Dainton [1967] in a 1966 conference discussed a 

possible way to generate a hydrated electron (cavity model 

type) by photoionization. He concluded correctly that the 

radiation should lie in the vacuum UV region, since he did 

not expect that the ionization potential of the water 

molecule (12.56 eV) should be substantially lowered in the 

liquid phase. Moreover, the solvation energy of a proton 

and the electron can not be disposed by a photon absorption 

process. 

However, Sokolov and Stein [1966] found that hydrated 

electrons were formed upon irradiation of water by a 

mercury lamp, at 6.8 eV (184.9 nm), while it was already 

known [Barrett 1960] that the mercury lamp radiation was 

also generating hydrogen. The (e ) yield is less than 

10% of that for hydrogen atoms. Boyle and coworkers [1969] 

observed, after flash photolysis, the formation of the 

hydrated electron entity in the first absorption band of 

water and determined a photoformation threshold of 6.5 eV 

(192 nm). Extreme purification was required. 

In a fascinating photolysis experiment Anbar and 

coworkers [1972], demonstrated that the formation of the 

hydrated electron was achieved through a single-photon 

process. In order to detect the hydrated electron entity, 

a very sensible scavenger SF^ was employed. SF^ is 

transparent up to 142 nm, and, for each (e ) destruction, 

produces 6 F~. As measured by this SF^ scavenger 

technique, the quantum yield (0.077) is much higher than in 

previous experiments. It is possible that SF^ reacted with 

barely formed hydrated electron entities before 

recombination. The threshold energy for the formation of 
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F or (e )_̂g was estimated to be 6.05 eV (206 nm) . From 

the plot of the yields of F" and H2, it is also possible to 

extrapolate the energy threshold for the formation of H2 or 

water dissociation at 202 nm (6.14 eV). It is interesting 

to notice that, since it was determined through a set of 

chemical scavenging reactions, this threshold is a 

thermodynamical threshold. In D2O, the shift for the 

production of F~ follows the spectral shift of the first 

absorption band of heavy water. It was logically concluded 

by Anbar and coworkers [1972] that the supposed 

"photoionization," but more exactly the photoproduction, of 

hydrated electron entities and photodissociation of water 

both proceed from the same electronic excited state. 

Nishigosyan and coworkers [1983], using two-photon 

picosecond excitation, found a correlation between 

photoconductivity pulses and the absorption band of the 

hydrated electron at a fixed wavelength. Then from 

photoconductivity experiments at various wavelengths they 

extrapolated the energy threshold formation of the hydrated 

electron to be around 6.5 eV. Nishigosyan and 

collaborators have also interpreted their experiment as 2-

photon "photoionization," but this supposed "photo

ionization" was detected in fact by the appearance of the 

characteristic spectrum of the hydrated electron, and the 

transient photoconductivity pulse. 

These threshold values interpreted as "ionization 

potentials" within the framework of traditional models, 

create a double contradiction: 

(1) In the gas phase, the lower photodissociation band 

and the photoionization band of an isolated water molecule 

correspond to two distinct energy threshold levels, 

respectively 5.118 eV [Dutuit 1985] and 13.87 eV. The 

energy difference between the two processes is about 8.75 

eV. Upon dimerization, the lower photoionization 

absorption band becomes very broad with a threshold around 
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11.1 eV, interpreted as an adiabatic detachment energy 

(ADE), and a peak around 12.1 eV, interpreted as a vertical 

detachment energy (VDE). From the standpoint of molecular 

orbital theory, it is very difficult if not impossible to 

see how these widely separated levels may ever become 

degenerate. In fact, as we shall see later, "ionization" 

is a ill-defined concept in the condensed phase. 

(2) A free energy level of -1.7eV/Vacuum is predicted 

by the kinetics according to the cavity models. If we 

assume that the valence band (VB) lies about -10.06 

eV/Vacuum, this gives for (e~-) an energy level around 
aq 

8.9 eV/VB which is 2.4 eV higher than the 6.5 eV formation 

threshold starting from liquid water in its ground 

electronic state. 

Thus, it is not surprising that Anbar and coworkers 

[1972] and Han and Bartels [1991] wrote respectively that 

the threshold energy was "rather unexpected" or 

"startling." Various stopgap explanations have been put 

forward. Sokolov and Stein [1965] proposed that the energy 

of the fast hydration reaction of ionized H2O: 

"2°^ + H2O -> H30"̂  + OH* +7.8 eV 

may be used in an "indirect" ionization process. Boyle and 

coworkers proposed explicitly the following cycle: 

(H-0) -̂  (H-O)g 0.4 eV 
2 aq z 

(H20)g -^ H2O"' + (e")g 12.6 eV 

(H20'')g -> (H"')g + (OH*)g 6.1 eV 

(H^)g + (H20)^q - ^»3°^^aq "^^'^ ^^ 

(OH*)g -> (Ô '̂ aq "°*^ ^^ 



166 

Electron hydration: (e")g -> (e") -1.8 eV 
aq 

giving : 

^"20)aq ^ ^«20)aq " ^"s^^Jaq ^ ^^"'^aq ^ ^^"^aq 5-8 eV 

In the same vein, Han and Bartels [1990] proposed the 

following thermodynamic cycle, similar to Boyle's cycle, 

but written in a more concise fashion. According to Han 

and Bartels, it involves "superexcited states": 

(OH )̂ g -* (OH*)^g + (e )g +6.47 eV 

Electron hydration: (e~)g -> (e~) -1.63 eV 
aq 

giving: 

'«2°>aq ^ <«20>aq " <»3°^)aq ^ <0»'>aq ^ <^"'aq 5.78 eV. 

On the other hand, Anbar and coworkers [1972] criticized 

the cycle proposed by Boyle et al. [1969] because it 

violates the Franck-Condon principle. Anbar and coworkers 

[1972] estimated, that because of a higher dielectric 

constant, the ionization potential might drop, at most, 

down to 9.5 eV, in comparison to the gas phase value of 

12.6 eV. Anbar and coworkers suggest an original 

mechanism. Upon excitation, first a proton is transferred 

without any geometrical changes in the solvation shell: 

(H2O)* + (H2O) -^ (OH")** + H3O"' 

where (OH ) is produced, in an autoionizing highly 

excited state, which releases immediately a free electron. 
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This free electron, left on is own, solvates in a later 
stage. 

_ -^-^ 

(OH ) -> OH* + (e") ^ 
qsf 

qsf 'aq 

This ingenious mechanism, however, does not work because 

the dissociation products of H2O are never 0H~ + H"̂  but OH' 

+ H- or more rarely O + H2 [Dutuit 1985]. Furthermore, 

according to this scheme, the formation of the hydrated 

electron entity would require much more time than the 

observed 240 fs [Migus 1987], which corresponds to an 0-H 

stretch vibration period. 

As for the explanations based on thermodynamic cycles, 

we cannot see how the reorganization energy coming from 

chemical reactions that involve geometrical changes may be 

given back to the quantum field produced by the light 

source. We do fully concur with Dainton [1967] as well as 

with Anbar and coworkers [1972]. Because the timescale of 

an electronic transition is so fast, no reaction energy 

involving nuclear motion may be taken into account, 

probably even if there is a weak vibronic coupling. All 

these invoked reactions are model dependent and illustrate 

the fundamental inability of all previous models of the 

hydrated electron to explain the energetics of its 

formation. 

To be completely rigorous, however, the problem should 

be approached within the framework of quantum field theory. 

The electronic polarization energy, which constitutes only 

a component of the total solvation polarization energy, may 

be partly available to the quantum field. The transition 

occurs between two global physical states. The first state 

comprises the quantum field with a certain photon 

statistics, one molecule and the solvent. The other state 
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of the global physical set comprises the field with one 

photon less, the photon-absorbing excited molecule and the 

perturbed electronic cloud of the solvent molecules. It is 

the electronic properties of the solvent molecules which 

determine local macroscopic constants. The water medium, 

in the interpretation of spectroscopic data, is treated as 

an homogeneous, continuous medium characterized by 

macroscopic constants such as the dielectric constant, 

permitivity, and the refractive index. In reality, the 

medium is discrete and the absorption process modifies 

these local "constants." There is no off-the-shelf 

computational means to assess these rather complex 

questions. The correction is probably small but we do not 

know, for sure, how much the accuracy of the experimental 

data interpretation, might be affected. 

In a condensed medium, it is not at all certain that 

an excitation of the required energy to promote a local 

dissociation will effectively result in such a 

dissociation. Magee and coworkers [1960, Lorquet 1962] 

studied the excitation process in a linear chain of 

hydrogen molecule cations. Despite the approximations, 

their findings are quite remarkable. If an infinite chain 

within the weak-coupling case is considered, the excitation 

was found to remain localized, and dissociation always 

occurs. Within the intermediate case, dissociation no 

longer takes place; the electronic excitation energy is 

converted into vibrational energy which is first localized. 

Within the strong-coupling case, the entire chain vibrates. 

However, if we consider short chains with up to seven 

molecules, possibly more, whatever the degree of coupling, 

dissociation ALWAYS occurs. This explains why it is so 

much easier to generate a hydrated electron entity in the 

liquid, in alkaline ices or in a disordered aqueous medium. 

It is not because there are cavities, but simply because 

there are short linear hydrogen bonded chains available. 
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Within our model, the broad infrared spectrum observed 

in femtosecond spectroscopy [Migus 1987; Gauduel 1990a; 

Pommeret 1991a] which disappears after 2 ps, is naturally 

assigned to excitations of long hydrogen bonded chains, 

that decay into vibrational energy [Magee 1960; Lorquet 

1962]. Therefore, this infrared absorbing state is not by 

any means a precursor of H^02• or the hydrated electron 

entity. We do not expect any isosbestic point. 

We already explained that the formation of H^O^- does 
5 2 

not require solvent reorientations and is consistent with 

the ultrafast kinetics (240fs) of apparition of the 

hydrated electron spectrum [Migus 1987]. As we have shown 

(cf. Chap. VII) the first excited state of the water 

molecule is not a Rydberg state, but is a purely 

dissociative state with no barrier along the dissociation 

pathway. It follows that within the Born-Oppenheimer 

approximation and within transition state theory, there 

should be no kinetic isotope effect. To correct this 

simplified view, one must take into account that heavy 

water is slightly more structured than ordinary water. 

Femtosecond spectroscopy [Gauduel 1991; Pommeret 1991a] 

shows that the hydrated electron absorption spectrum 

appearance time varies from 240 fs in normal water to 250 

fs in heavy water, which is consistent with our model. 

According to our model, within a femtosecond 

timescale, in addition to the separated geminate pair 

(Hc02* ... 0H-), an excited radical pair (H2OH OH-) 

should be present, which is some sort of a stillborn 

hydrated electron entity because it will recombine 

immediately (cf. Fig. 6.4). A transient species, with a 

band centered around 820 nm (1.45 eV), is effectively 

observed which appears within 120 fs and vanishes after 330 

fs [Pommeret 1991a]. 
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Energy Levels 

Now that the confusing interpretations of the cavity 

model have been disposed of, and with the help of the band 

structure diagram of water established in Chapter VIII, we 

may complete the diagram by including the native defect 

level corresponding to our itinerant radical. 

If we visualize on the potential energy surface (PES) 

the well where the H^O-- radical is located, the value of 
o z 

6.5 eV, the photophysical vertical threshold, would 

correspond to the energy difference from the valence band 

(VB) to the top of the minimal barrier going into the well. 

In other words, 6.5 eV corresponds to the energy level of 

the transition state VB. The photochemical value 6.05 eV 

[Anbar 1972] corresponds to the minimum energy to bring 

into the system (H2O + SF^) for the multistep scavenging 

reaction to occur. The fluctuations of the thermal bath 

allow the reaction to overcome the barrier. This value 

therefore corresponds to the free energy value of H^02-/VB. 

The difference between the free energy and the transition 

state level, i.e, 0.45 eV, corresponds to the dissociation 

barrier of H O2 • . This barrier value of 0.45 eV agrees 

quite well with the value of 0.40 eV that we estimated from 
our ab initio computations (cf. chapter V). 

We have the H^O-- level of + 6.05 eV/VB, and since the 
5 Z 

VB level is at -10.06 eV/vacuum and the lower CB level lies 

at -1.45 eV/vacuum, the "A^O^' level is at -4.01 eV/vacuum 

and at at -2.56 eV under the lower edge of the CB. The 

difference between the hydrated electron level and the edge 

of the conduction band corresponds to a photobleaching or a 

photoconductivity threshold of 2.56 eV. This 

photoconductivity threshold has been measured to be 2.3 eV 

in crystalline ice [Kevan 1972]. Considering the 

temperature difference between the ice at 77 K and liquid 

water, as well as the imprecision of the lower CB band 



171 

edge, we observe that these independently determined values 

are concistent with our model. 

In their molecular beam experiments, Bowen, Coe and 

coworkers [Lee 1991; Coe 1990] found a vertical detachment 

energy (VDE) of around 2 eV for a negatively charged 69-

water cluster. Using an inverse cubic cubic root 

dependence on the number of molecules contained in a 

cluster, they extrapolated to a value of 3.3 eV for the 

ionization potential of the "bulk" hydrated electron. As 

we have already seen in Chapter VIII, Bowen employed a 

dubious and obsolete CB band width value of 0.9 eV [Baron 

1976] to compute the photoelectric threshold by addition to 

the photoconductivity threshold [Kevan 1972]: 

(e~)/Vacuum = (e~)/CB + CB width 

3.2 eV 2.3 eV + 0.9 eV 

Thus, this physical interpretation would mean that the 

hydrated electron level lies at -3.2 eV/Vacuum. 

The extrapolated VDE value, according to our model has 

a different physical significance. In medium sized (e.g., 

"200 molecule) clusters, the ^^02* component would stay 

preferentially at the surface of the cluster in order to 

maximize its distance from the H302~ component. In very 

large clusters however (e.g., >5000 molecules), some 

dihydronium radicals should be found inside the clusters. 

The important point is that most of the H^02 * population 

would be located at the surface of the cluster, in the 

range 2-69 molecule clusters investigated by Bowen, Coe and 

coworkers [Lee 1991; Coe 1990]. Furthermore, in these 

small clusters the CB is practically unformed. Therefore 

the extrapolated VDE value of 3.3 eV corresponds to the 

ionization potential (IP) of the H^02• radical in the gas-

phase. This value agrees very well with the IP value of 
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3.5 eV that we estimated in our ab initio study in Chapter 
V. 

Absorption Spectrum 

The absorption spectrum of the hydrated electron 

entity extends from +1 eV up to 4 eV. The peak of the 

absorption band at 25°C, is located at 720 nm (1.72 eV) 

[Hart 1970]. The band is asymmetric, and gives the visual 

impression of a Gaussian-shaped band between approximately 

1 and 2.44 eV, centered at 1.72 eV complemented by a tail 

from 2.44 eV up to approximately 4 eV. The high-energy 

tail is not satisfactorily reproduced by path integral 

computations [Wallqvist 1987]. According to our model, the 

^5^2° level lies at + 6.05 eV/VB, -2.56 eV/CB, -4.01 

eV/Vacuum, the main Gaussian-shaped band corresponds to a 

local transition 3s -> 3p centered at 1.7 eV, but it is easy 

to see that transitions in the delocalized states inside 

the conduction band, 3s -> CB, are also possible. According 

to our predictions, the 3s -> CB transition range should be 

between -2.56 eV/Vacuum to 0 the Vacuum level or from +2.56 

eV/H^02- level to + 4.01 eW/H^O^- level. The 3s -» CB 

should appear like a flat curve. The band peak should 

corresponds to a transition from the H^O-- level (-4.01 
D Z 

eV/Vacuum) to the center of the CB (-0.725 eV/Vacuum) i.e 

3.28 eV. These values agree very satisfactorily with the 

approximately observed range from 2.44 eV to 4 eV of the 

high energy tail, the physical origin of which is therefore 

explained. All these transitions are to bound states, but 

the CB constitutes a quasi-continuum of bound states as we 

stressed in Chapter VIII. 

The extrapolated VDE value of 3.3 eV, which 

corresponds to the IP of an isolated H(.02* radical, helps 

to cast yet another perspective on the nature of the higher 

3s -* CB transitions from 3.3 eV to 4 eV. They correspond 

to charge transfer to solvent (CTTS) transitions. 
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CHAPTER X 

THE DIELECTRON 

Before we fully realized the true nature of the 

itinerant hydronium or dihydronium radical as a charge 

carrier, we considered the diRydberg radical as a possible 

candidate for the hydrated electron entity. It was not 

possible to assign the hydrated electron to the negatively 

charge hydronium or dihydronium, since ESR indicates that 

the hydrated electron is an unpaired electron. 

On the other hand, in ammonia, there is some 

experimental evidence for a dielectron, i.e., a spin paired 

couple of ammoniated electron entities. In fact spin-

pairing increases with time in metal ammonia solutions. It 

has been suggested that a similar phenomenon might occur in 

water. Within the cavity model, this species is predicted 

to be unstable [Kestner 1975]. 

The Dielectrons are quite easy to understand in terms 

of our itinerant radical model: they correspond to the 

negatively charged radicals, H_0 , ^^02 and NH. . The 

formation of those diradicals would occur in spin-dependant 

reactions between two solvated electron entities. 

"502• ^ "5^2 * Z H5°2" ^ "5^2^ 

NH^- + NH^- Z NH^" + NĤ "" 

The Coulomb attraction favors the backward reaction, so the 

rate of production of the diRydberg radical would not be 

very high. On the other hand, once formed, the 

unimolecular dissociation rate of these diRadicals is 

slower that those of the neutral radicals. 

H3O -* H30- + H 
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NH^ -> NH^- + H 

There is firm experimental evidence for hydronium Rydberg 

radical anions in the gas-phase [Kleingeld 1983] as well as 

for ammonium Rydberg radical anions [Snodgrass 1988]. We 

performed on these double Rydberg systems only very 

preliminary MCSCF computations. A number of ab initio 

computations have explored the electronic stability, i.e., 

the ionization potential of H30~ [Ortiz 1990, 1989; 

Gutowski 1990, 1988]. The hydronium radical anion as well 

as the ammonia radical anion appear like local minima 

[Ortiz 1990; Simons 1991]. However, it is only very 

recently that the hydronium Rydberg radical anion 

dissociation barrier (5.2 Kcal/mol or 0.22 eV) has been 

computed [Gutowski 1992]. The explanation of the barrier 

formation has been explained in terms of an avoided 

crossing [Simons 1990], but it is more exact to understand 

the dissociation process in terms of a deRydbergization 

[Mulliken 1976; Evleth 1981] process. Intuitively, it is 

relatively easy to grasp that the dissociation barrier will 

be still higher than in a neutral radical, because of 

mostly angular dynamical correlations to the two Rydberg 

electrons, which are most often as far as possible from 

each other. For the Rydberg pair to coalesce together on 

an outgoing proton, interelectronic repulsion energy must 

be spent, therefore the energy cost is higher. The 

geometrical stability of the dihydronium Radical anion has 

never been investigated. We predict that it will be higher 

than in the case of the hydronium radical anion, because 

each spin orbital is initially spread over two heavy 

nuclei. The cost to localize the electron pair onto an 

outgoing proton will be still higher. We plan to study in 

more detail the dihydronium radical anion in the near 

future. We are also very intrigued by the possibility of 

spin pairing in acidic metal ammonia solutions. 
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PART TWO 

NONLINEAR GEOMETRIES OF AMMONIA AND WATER 



CHAPTER XI 

A FIRST-ORDER CORRECTION FOR THE 

BASIS SET SUPERPOSITION ERROR 

Introduction 

The modeling of intermolecular interactions is crucial 

for understanding condensed media. However, a very 

annoying problem is the celebrated basis set superposition 

error (BSSE). It occurs while estimating the relative 

energies of various geometries of an assembly of monomer 

molecules: each monomer component "borrows" Gaussian basis 

functions from the other component in order to describe 

more accurately its own intramolecular electronic 

structure. This results in an artificial and unequal 

energy lowering for some geometries in comparison to 

others. Thus the entire potential energy surface (PES) may 

be distorted. 

Therefore, it is not simply just a matter of a 

quantitative correction for estimating the true 

"interaction energy." The BSSE may have dramatic 

qualitative consequences in altering the global minimum 

geometry, as well as erasing true local minima or creating 

false ones. The interaction energy is defined by the 

energy of the total molecular assembly minus the energies 

of each monomer component in its respective isolated 

equilibrium geometry and electronic configuration. 

For simplicity, we restrain our discussion to an 

assembly of two monomers or molecular fragments which may 

be different. We also are treating mainly ground states 

described by a single determinantal RHF, UHF, ROHF 

wavefunction. At a higher level of description, which 

includes electronic correlation, another effect that may be 

termed a Configuration Superposition Error (CSE) arises in 

a similar fashion, because one monomer may borrow [McLean 

183 
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1990] one excitation or configuration built mostly with MOs 

from its partner monomer in order to describe further its 

own intramolecular correlation. Thus, particularly in a 

MCSCF computation, the effects of the BSSE and the CSE are 

compounded. 

The Traditional Recipe 

The overwhelming majority of propositions for 

estimating or correcting the BSSE derive with some variants 

from the counterpoise (CP) method, proposed more than 20 

years ago by Boys and Bernardi [1970]. However, 

controversy is still raging with regard to the validity of 

the various CP schemes. This very fact indicates that a 

crucial ingredient is missing in the CP procedure. Much 

effort has been spent on the so called virtual CP scheme in 

order to reduce the ability of one fragment to borrow AOs 

from the other fragment when computing the energy of an 

isolated fragment with the combined supermolecule basis 

set. A number of studies have established the poor 

reliability of the CP correction and variants. For 

example, Schwenke and Truhlar [1985] have shown that ab 

initio energies with or without CP corrections appear 

equally unreliable [Schwenke 1985]. 

The first striking feature of this family of CP 

corrections is that the CP scheme was never formally 

derived by Boys and Bernardi [1970], nor by subsequent 

users of the method. Not even a qualitative estimation of 

the error employing the CP correction has been computed. 

The absence of a mathematical foundation has allowed the CP 

correction to become the source of a never ending stream of 

conflicting papers discussing the validity of the CP 

procedure and variants. It appears more a matter of taste 

or fashion. It is not possible to review exhaustively all 

the papers that have been published in relation to the 

BSSE. Here, we merely stress some features. 
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The Boys/Bernardi full CP scheme was originally 

designed for Van der Waals complexes, with the assumption 

that the intermolecular interaction does not distort each 

monomer geometry. Thus, the original CP scheme is mainly 

adapted to ab initio computations that keep each monomer 

geometry fixed. Van Lenthe, Van Duijneveldt and coworkers 

in their review [1987] stress that in the overwhelming 

majority of ab initio computations [Hasset 1991, Clementi 

1990] the geometric distortion is ignored in the CP 

correction. To take into account the geometric distortion. 

Van Lenthe et al. [1987] advocate an improved but seldom 

used scheme. 

On the other hand, one must realize that it is not 

only the monomer in its perturbed geometry but also in its 

perturbed electronic structure that "cheats" to improve its 

intramolecular description. Loushin and Dykstra [1986], in 

an illuminating analysis, pointed out that it is the 

monomer, perturbed by the presence of the other fragment, 

that borrows Gaussian basis functions. In order to cope 

with this problem, Loushin and Dykstra [1986] proposed 

simulating the presence of the other component by a set of 

point charges or by an electric field. This scheme is 

called the polarization CP correction (PCC). This idea 

looks very interesting and we agree with the rationale 

behind it, insofar as the interaction is mainly 

electrostatic and at a sufficiently large distance. 

Negatively and positively charged point charges are located 

on the respective barycenters of the charge distributions 

of each monomer in the perturbed geometry, but apparently 

without the perturbative presence of the other component. 

Unfortunately, the hydrogen bridging interaction cannot be 

reduced solely to electrical components as shown by a 

natural bond analysis [Reed 1982] and by molecular orbital 

(MO) plots of the linear water dimer, where one can clearly 

see bonding and antibonding HF MO character. These bonding 
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and antibonding features demonstrate clearly that the 

electronic interaction depends on the wavefunction phase 

and cannot be reduced simplistically to an electrostatic 

interaction. Other technical obstacles emerge as well. If 

each monomer contains diffuse functions, artifacts are 

going to be created by an artificial electron density 

buildup in the vicinity or in the direction of the point 

charges, in regions normally forbidden by the electrons of 

the other component. Loushin and Dykstra [1987] seem to be 

surprised that the PCC does not yield extra correction at 

the correlated level. This is another problem with the PCC 

method: it is difficult to see how the electrons can 

correlate with the point charges which emulate the partner 

molecule. All intermolecular correlations cannot possibly 

be described and included in the PCC scheme. Van Lenthe et 

al [1987] advise rejection of the PCC scheme as well as 

other alternative CP correction schemes [Cammi 1988, Tolosa 

1990] or virtual-MOs only CP schemes. 

Despite the PCC scheme, which is based on an 

interesting physical analysis, or even despite a combined 

PCC + IVP scheme, it appears that there is no consensus on 

a satisfactory quantitative treatment and estimation of the 

basis set superposition error. 

The fact that no BSSE error would occur if the basis 

sets of each fragment were complete is a true mathematical 

limit statement. However, it is a computational mirage. It 

means that the basis set of each monomer will be so 

"complete" that the variational procedure will not have any 

tendency to borrow AOs from the other fragment. On one 

hand, it is illusory to be able to prevent a variational 

overkill in this fashion. On the other hand, even for an 

isolated water molecule, one has to use an extremely large 

basis set comprising 140 Gaussian functions [Bawagan 1987] 

to approach the so called Hartree-Fock limit. For 

perturbed water monomer, there is no certainty of 

a 
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completeness, even with such a large basis set, too large 

anyway to be employed in dimer calculations. 

Much attention has been paid to the completeness of 

the polarization space, but there is another phenomenon to 

take into account. Upon the formation of a molecular 

assembly, delocalization also occurs. The electrons will 

tend to lower their kinetic energy by being more 

delocalized, i.e., more diffuse. Therefore we have also to 

describe correctly the diffuse space by using low exponent 

Gaussian functions. In large molecular assemblies, the 

delocalization is responsible for the formation of band 

structures characteristic of electronic structures in the 

condensed phase. This leads to a contradiction in terms. 

When we add more high angular momentum polarized Gaussians 

on each fragment, we decrease the need of AO borrowing from 

another fragment. But when we add more diffuse Gaussians to 

each monomer to approach a complete description of the 

diffuse outer regions, we facilitate the borrowing by the 

variational procedure of diffuse AOs from the other 

fragment, since these diffuse AOs overlap broadly with the 

inner region of the partner fragment. 

We may qualitatively assess the importance of the BSSE 

in specific situations of interest. In a linear hydrogen 

bridge, the bridging hydrogen is located in a well 

significantly different from the well in the isolated 

monomer. The force constants are lowered, resulting in a 

large red shift of the 0-H stretch. Furthermore, the band 

width is considerably enlarged. NMR proton chemical shift 

measurements indicate a very different electronic 

environment. As regards the PPC scheme, in passing it 

should be interesting to compute the Hessian of the field 

perturbed donor monomer to see if the frequency shift may 

be reproduced. In contrast, each fragment monomer of a 

nonlinear ammonia dimer or of a bifurcated or inverted 

water dimer is going to be less dramatically perturbed. It 
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is almost inevitable that an improvement of the description 

of the linear bridge is going to improve the description of 

the well, considered as a part of the fragment donor 

monomer. Therefore there is an inherent bias of the ab 

initio method toward linear hydrogen bridges. This bias 

might be important enough to move the global minimal 

structure as well as to wipe out barriers around metastable 

geometries. Intermolecular complexes may consist of more 

than a single structure with subtle differences in energy 

and geometry. In these cases, the BSSE artifact can be 

particularly distressing. 

It is interesting to note that despite the limitations 

of the CP method, CP values listed in the most recently 

published calculation of the ammonia dimer by Hasset, 

Marsden and Smith [1991], are systematically lower for the 

cyclic geometry. In fact, at the correlated level, the 

difference between the CP values related on the one hand to 

linear H-bonded geometries and on the other to the cyclic 

geometries are of the order of 0.3 kj/mole. This value is 

also of the order of magnitude of the relative energy 

differences. From these reported computations [Hasset 

1991], it is therefore difficult to draw any definitive 

conclusions. 

A Physical Analvsis of the BSSE 

In order to be able to construct the Fock matrix in a 

simple fashion within the HF LCAO method [Roothan 1951], 

one must make the non-restrictive hypothesis that the MOs 

are orthornormal. 

Let us consider two molecules A and B very far apart. 

If we consider optimized orthonormal HF-MOs of the whole 

system, in order to have a localized representation we may 

obtain another equivalent set of orthonormal MOs by a 

unitary transformation. An interesting localization scheme 

[Edmiston 1963] proceeds by minimizing the Coulomb 
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repulsion between the various MOs. Another popular 

localization method [Forster 1960] tries to maximize the 

respective distances between the electrostatic centroids 

corresponding to each MO. Each orthonormal localized 

molecular orbital (OLMO) may be clearly assigned to one 

fragment A or B. Since they are so far apart, no MO 

coefficient of B appears in an OLMO assigned to A or vice-

versa. On the other hand, it could have been possible to 

localize in a maximal fashion, without being constrained by 

the orthonormality condition, to obtain maxLMOs. This 

would not have been very convenient for writing the Fock 

matrix, but nothing physical prevents it. In fact, the 

OLMOs so obtained and maxLMOs would be similar in this 

case, because there is no overlap between the maxLMOs of A 

and the maxLMOs of B since A and B are so far apart. Thus, 

without imposing the orthonormality condition, the maxLMOs 

of A and B come out to be physically orthonormal. In fact, 

the maxLMOs and the OLMOs of A correspond to the MOs of 

isolated A. 

Now let us reduce the distance between molecules A and 

B. The maxLMO picture is more tuned to our physical 

intuition because it reflects the way we understand the 

building of a chemical bond in a diatomic molecule through 

constructive interference between atomic orbitals. These 

of course are not orthonormal and by definition are 

localized. 

Thus, the maxLMOs of A and B are going to distort and 

to overlap. These distortions and overlaps represent the 

physical interaction between molecule A and B. Now, if we 

see that some maxLMOs of A have been built by employing MO 

coefficients related to the AOs of B, these coefficients 

are related to the BSSE. These coefficients are not needed 

to describe the physical intermolecular interaction. They 

are pure artifacts of the variational procedure, which 

tends blindly to find a combination of MO coefficients 
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which minimizes the total energy. if we remove these 

artifactual coefficients and renormalize the maxLMOs, we 

are eliminating the BSSE. If we orthonormal ize the BSSE 

decontaminated maxLMOs, we will find, in the BSSE-

corrected-OLMOs assigned to A, MO coefficients pertaining 

to the AOs of B. That is perfectly normal, because it is 

the result of the orthonormalization procedure, and these 

coefficients correspond to the physical intermolecular 

interaction. These coefficients are the projections of the 

transform of the maxLMO overlap matrix. 

Now, if we had orthonormalized the undecontaminated 

maxLMOs, we would have obtain OLMOs of A which feature MO 

coefficients of the AOs from B. However, which coefficient 

values correspond to real interactions, and which 

correspond to the BSSE? The problem is compounded when we 

are dealing with supermolecular HF-MOs. At that stage, it 

becomes nearly impossible to separate out the wheat from 

the tares. The orthonormalization procedure, though a 

helpful computational convenience, removes contact with our 

physical intuition. 

A Proposition of a First-Order 
Correction to the BSSE 

Following our physical analysis, we are going to try 

to solve the problem at its very root, i.e, the borrowing 

of AOs by one fragment from its partner. 

In a first method, after we obtain variationally 

converged HF-MOs, we propose to transform the HF-MOs into 

orthonormal localized MOs or OLMOs. These OLMOs are 

obtained from the HF-MOs by a unitary transformation. For 

example, in the case of the ammonia dimer, the energy 

localized MOs [Edmiston 1963] are easily attributed to one 

or the other fragment. An inspection of the OLMO 

coefficients of the ammonia dimer, corresponding 

respectively to a nonlinear (NL) geometry and to a linear 
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hydrogen bonded (LHB) optimized geometry, both with near-

zero gradients, is instructive. We find that the borrowing 

of AOs of one fragment by the OLMOs of the partner is more 

important in the case of the LHB geometry than the NL 

geometry, thus confirming our physical intuition. 

Nevertheless, if some AO borrowing appears to be clearly 

related to BSSE, some borrowing also seems to correspond to 

a physical phenomena, i.e., the non-orthogonality of the 

maxLMOs. As we have already emphasized, physically the 

borrowings arise because there is an interpenetration of 

each fragment's "own" electronic clouds. Thus, it appears 

that we must find a way to sort out the legitimate use of 

AOs of the partner fragment and the BSSE artefact. We want 

to stress that the orthornormality is a global property of 

the whole set of MOs, not necessarily of each individual 

MO. It provides supplementary mathematical relationships 

between the individual MOs. 

We propose an apparently "brute force" type procedure: 

we set to a zero value in each OLMO attributed to fragment 

A all the MO coefficients relative to AOs of fragment B, 

and vice-versa. These partially zeroed OLMOs are no longer 

orthonormal. We need therefore to reorthonormalize the 

LMOs. This reorthonormalization process will precisely 

enable us to reconstruct MO coefficients corresponding to 

the physically meaningful orthonormality conditions, while 

the BSSE related coefficients will stay equal to zero. 

This is a key point. We are going to choose a 

reorthonormalization procedure that generates new LMO 

coefficients which are computed as much as possible in 

reference to inner fragment LMO coefficients. These are 

almost equal to the variationally SCF optimized 

coefficients. Therefore, we may assimilate them in a 

nearly first order approximation to their "true" values. 

Although we may not strictly assign energies to LMOs, 

we can clearly compare the LMOs with the HF MOs of each 
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isolated fragment. We follow a Gram-Schmidt 

reorthornormalization process. We start with the core 

orbitals, where there is almost no change, then we proceed 

to higher "energy" MOs, therefore readjusting successively 

the LMO coefficients with regard to the most accurate and 

less BSSE perturbed inner LMOs. The reorthonormalization 

reintroduces some MO coefficients of fragment B into the 

LMO of fragment A. It does so without trying to minimize 

the total energy, and mostly in reference to SCF optimized 

MO coefficients of fragment B AOs inside LMOs attributed to 

fragment B. Inspecting again the MO coefficients in our 

example of the two different geometries of the ammonia 

dimer, it is rather interesting to note that some MO 

coefficients of partner B AOs in the LMOs attributed to 

fragment A are reconstructed with an almost equal value, 

while some other coefficients completely disappear. 

With the BSSE-purified OLMOs, we then construct the 

Fock matrix and the density matrix, and obtain a BSSE-

purified electronic energy as the expectation value of the 

bare-nuclei Hamiltonian plus one half the interelectronic 

repulsion. Therefore, we obtain a nearly first order 

correction to the BSSE. In practice, this is a quite 

simple procedure, and we implemented it at the RHF level 

within the GAMESS program [Schmidt 1990] in order to study 

ammonia and water dimers. 

The error margin committed in our BSSE-purification 

procedure stems not from the BSSE contributions, which are 

completely eliminated, but from the first order 

reconstruction of the off-fragment part of each OLMO, which 

may not be optimal. It is possible to refine it by 

variationally improving it. 

In a second method, using the unitary localization 

transformation, we are going to backtransform the BSSE-

purified OLMOs into BSSE-purified HF MOs. At this stage, 

we introduce some error, since the localization unitary 
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transformation was computed for transforming uncorrected HF 

MOs into uncorrected OLMOs. We then compute with the BSSE-

purified HF MOs a Fock matrix and a density matrix. The 

Lagrangian multiplier (LM) matrix would be nearly diagonal. 

We fix the off-diagonal terms of the LM which represents 

the effect of the purification process, and the variational 

procedure adjusts only the diagonal elements. This leads 

to an iterative equation different from the canonical HF 

equation. 

A third method is to produce directly OLMOs with a SCF 

equation in the form advocated by Gilbert [1964]. In this 

type of SCF equation, a "localizing potential" matrix is 

added to the Fock matrix. "Localizing potential" operators 

have been derived [Gilbert 1964] for repulsion energy 

localized LMOs [Edmiston 1963] or other types of LMOs 

[Forster I960]. Since, in the new expression, the modified 

LM matrix is constrained to be diagonal, the modified SCF 

equation takes a familiar pseudo eigenvalue form. This 

allows the employment of numerical methods similar to those 

used to solve the canonical HF equation, for which decades 

of experience have accumulated. To accelerate convergence, 

we may take as a first guess converged HF MOs. Another good 

first guess would be composed of HF MOs or LMOs of each 

isolated molecular fragment. When the OLMOs are nearly 

converged, we start the BSSE-purification process. After 

assignment of the OLMOs to each fragment, off-monomer MOs 

coefficients are zeroed and reorthonormalized. These 

purified reorthonormalized LMOs are then reinjected in the 

SCF iteration process. The process has converged when 

there is no more variation on the density matrix or the 

energy under a predefined threshold. This third method 

provides a variationally improved first order correction 

for the BSSE. 
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BSSE-Purified Molecular Gradients 

Once we have obtained the BSSE-purified LMOs, and its 

associated Fock matrix, we may compute the Lagrange 

multiplier (LM) matrix related to BSSE-purified LMOs. This 

LM matrix is not at all diagonal. Nevertheless we may 

employ the LM matrix, in order to compute molecular 

gradients which are going to be naturally related to the 

BSSE-purified potential energy surface. Using the same 

notations as Pople and coworkers [1979], we are going to 

follow and generalize the mathematical method used for HF 

gradients [Pople 1979]. 

The BSSE-purified LMOs within the LCAO scheme are 

written as: 

X = y c G) 
^p ^ UP U 

(1) 

The LMO coefficients form a matrix C 

p = c'c = CC' = P 

The density matrix 

(2) 

or in indicial notation. 

n 
fJV 

= y c . c . 
.^.| V I /t/1 

(2) 

The AOs constituting the basis set are not orthonormal in 

Hilbert space, and S is the overlap matrix. 

S = r cj o dx (3) 

In order to construct the Fock matrix, the LMOs are 

constrained to be orthonormal. The orthonormality 

condition may be written in matrix form as: 

c'sc = I 
(4) 
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By deriving the orthonormality condition, we may obtain 

another useful relation between LMO coefficients' 

derivatives. 

^ SC + C+S ^ - - C + ^ (4)' 
ax '̂̂  ̂  ̂  ̂- ax " ^ dx • ^̂ ' 

The optimized LMO coefficients satisfy a general Hartree-

Fock equation, first derived by Roothaan [1951] in the 

closed shell case, where the Lagrangian multiplier (LM) 

matrix E is non diagonal, both because of localization and 

of BSSE-purification. 

F C = S C E (5) 

or in indicial notations: 

y F C = y E S - C, 0 • E. . (5)' 
^ //v vp ^ '— liv y% xp 

V X V 

The elements of the Fock matrix are: 

F = H + y P.^ (Ml k<J) (6) 
//v ^^ Aa 

and where the 1-electron integrals 

p * ,-core j^ / 7 \ 

and where the 2-electron integrals 

(uXWvo) = n o*(1)^^2)(l/r^2^ 

X [o)̂ (1)cĴ (2) - o^(^)o^{2)] dT^ dT2 . (8) 

The total Hartree-Fock energy is equal to the sum of 

the expectation values of the 1-electron or "bare nucleus" 
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Hamiltonian, the 2-electron or "electronic repulsion" 

Hamiltonian, and the nuclei electrostatic energy. It is 

not equal to the expectation value of the Fock operator 

where electronic repulsion would have been counted twice. 

^HF = 2 % v V ^ h ^ £ V ^ a <M| Iva) . V„^^ (9) 

Now we going to derive this expression with respect to a 

parameter x which represents one of the nuclear 

coordinates, in order to obtain the gradient. 

dx = j,v[-^]^lj,,^,v^c(f^<''^iiH 
av ap 

+ ̂ ^ ^ + I V ^ [H + E PX (Mllva)] . (10) 6x '-' byi \ UV j ^ Aa ' ' J 

The first term corresponds to the Hellmann-Feynman force; 

the last term E'p includes density derivatives and may be 

written with the Fock matrix. 

ap 
E'P = y —^ F (11 ) 

^ z_ ax tiv 
fJV 

or as the trace of a matrix product: 

[ ^ . . ] - trace [|̂  • pt] E'p = trace 

= trace g • F) . (11)' 

Since under the trace operator, we may commute matrices, 

and using the derivative of the orthonormality condition 

(4), we have: 
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Since f^ = f^ C+ + C ^ 
ax ax ^ ^ ̂  ax 

E'P = Trace [^ F) = Trace |£ c+ F . c ff^ F] 

= Trace [ f ^ F C . f^ C+ F] . 

Using the general HF equation (5) and its hermitian 
adjoint, we have: 

C"*" F = E"*" s"̂  C"*" = E c"*" S 

= ̂ ^̂ ^̂  [15^ S C E ̂  f^ E c+ s] 

= Trace [E [ f ^ S C + C+ S f^]] . 

Using relation (4)' which is the derivative of the 

orthonormality condition, we obtain: 

E'p = -Trace [E C"̂  |^ cl = -Trace [w |^1 

where W = C E C , or in indicial form: 

^as > 
E ' P = - E W - r ^ 

^^ v// L ax J 

and 

w = y c . £ . . c . 
v// A //I ID vj 

The result is quite simple. The "energy-weighted density" 

matrix in the canonical gradient expression of Pople and 

coworkers [1979] is replaced by a cross term with the 

nondiagonal Lagrangian multiplier matrix. In a similar 
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fashion, we might expect to able to generalize the coupled 

perturbed Hartree-Fock (CPHF) equations [Pople 1979] in 

order to compute a BSSE-purified analytical Hessian. 

The Configuration Superposition Error 

Somewhat similar to the BSSE, the configuration 

superposition error (CSE) arises when one fragment employs 

supermolecular excitations to improve the description of 

its own intramolecular correlation. In a recent article by 

McLean and coworkers [1990], which presents their 

interesting interacting correlated fragment model, what we 

called the CSE is termed as the conf igurational basis 

inconsistency (CBI), the BSSE is termed as the orbital 

basis inconsistency (OBI). Physically, the combination of 

excited configurations results from an attempt to describe 

many body electronic correlations. 

The availability of BSSE-purified LMOs may allow the 

removal or at least a minimization of the CSE. Starting 

with localized orbitals, both in the occupied space and in 

the virtual space, it would seem tempting to remove all 

mixed excitations involving LMOs from different fragments. 

However, in a dimeric assembly, there are correlations 

between the motion of the electrons in one monomer and in 

the other monomer. These intermolecular correlations, 

mediated by the quantum field, are responsible for the 

dispersion force. The Van der Waals attraction may be 

represented by a virtual electronic transition inside one 

monomer coupled by the emission/absorption of one photon to 

another virtual transition in the other monomer [Langbein 

1974]. In reality these virtual transitions are just a 

means of representing probability distributions generated 

by temporal correlations between electrons. Most ab initio 

treatments do not take into account explicitly the quantum 

field, and the dispersion interaction is described only, to 

some approximation, with electronic excitations. 
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Physical interpretation may allow the sorting out 

excitations, which contribute to the CSE, from those that 

correspond to real phenomena. Some time ago, Daudey and 

coworkers [1974a, 1974b] proposed a sorting scheme within 

the framework of an original perturbative ab initio method, 

whereby the total wavefunction of a dimeric assembly is 

computed as the perturbation of the product of the 

wavefunctions of the isolated monomers. 

We will restrict our analysis to single and double 

excitations. Since we start with LMOs which do not 

diagonalize the Hamiltonian, the Brillouin theorem does not 

apply, and therefore single excitations do contribute to 

the correlation energy. Single excitations from an 

occupied LMO to a virtual LMO belonging to the same 

fragment, describe the intramolecular correlation inside 

one fragment while interacting with its partner. Single 

excitations, from an occupied LMO of fragment A to a 

virtual LMO of fragment B, comprise CSE contributions. 

Following the same physical considerations as Daudey, 

Claverie and Malrieu [1974a], we write the total 

Hamiltonian matrix of a specific configuration as a sum of 

Hamiltonian submatrices related to each fragment plus an 

interaction Hamiltonian. In computing the energy of this 

singly excited configuration with this sum of Hamiltonians, 

we may distinguish: 

(1) The energy contribution of the excitation from A 

to B in relation to the subHamiltonian of fragment B. It 

is physically related to both nuclear attraction and 

electronic repulsion from fragment B. This first term may 

comprise CSE but it may also represent a real charge 

transfer generated by the simple presence of its partner 

molecule. 

(2) The energy contribution of the excitation from A 

to B in relation to the interaction subHamiltonian. It is 

related only to electronic repulsion between electrons of A 
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and B. This second term may comprise CSE but it may 

describe too, a somewhat more subtle charge transfer 

created by the electrons involved in the intermolecular 

interaction. In disagreement with Daudey et al. [1974a], 

we do not believe that it is correct to discard a priori 

this contribution. 

(3) The energy contribution of the excitation from A 

to B in relation to the subHamiltonian of fragment A. It 

is related only to nuclear attraction and nuclear repulsion 

from fragment A. This term contributes to improve the 

intramolecular correlation energy of fragment A with the 

help of an excitation on fragment B, and thus, is a pure 

CSE term and must be discarded. 

The situation is somewhat more complicated with doubly 

excited configurations. According to Daudey and coworkers 

[1974a], we should eliminate all excitations from occupied 

LMOs belonging to the same fragment, to virtual LMOs, one 

of which belongs to the other fragment. In a CI energy 

run, we may start for example with BSSE-purified localized 

MSCF MOs from a previous run and eliminate CSE related 

excitations. For an unfolded two-step MCSCF [Schmidt 

1990], whereby the CI coefficients are optimized in turn 

but separately from the MO coefficients, the adaptation 

seems also easy in principle. At the end of each MO 

coefficient optimization, we localized the MOs and BSSE 

purified them, before using the MOs for the next CI 

diagonalization. For MCSCF algorithms [Jensen 1990], 

whereby the CI and the MO coefficients are optimized all 

together, the adaptation might be much more difficult to 

implement. MCSCF molecular gradients do not differ much 

from HF gradients, and therefore similar formulae for BSSE 

corrected MCSCF gradients may be derived. 

The Moller-Plesset treatment has been extended [Saebo 

1987, Laidig 1985] in order to able to use non-HF 

"canonical" molecular orbitals. Starting from BSSE 
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purified localized MOs, it should be possible to eliminate 

artefactual CSE excitations. Following the same 

inspiration as for the computation of BSSE corrected HF 

gradients, we might consider generalizing the CPHF 

equations used to compute MP2 gradients [Pople 1979] and 

correcting them both for the CSE and the BSSE to a first 

order. Therefore starting with BBSE-purified LMOs, there 

is a possibility for future developments of combined 

CSE/BSSE corrections for CI, MCSCF, and MP energies, as 

well as CSE/BSSE-purified MCSCF and MP2 gradients. 
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CHAPTER XII 

THE AMMONIA DIMER 

Introduction 

The investigation of the ammonia dimer structure is an 

interesting and peculiar example of the interaction between 

theory and experiments. The first experimental data, which 

might have given some clues about the ammonia dimer 

structure, were obtained by infrared spectroscopy of 

ammonia trapped in a low temperature nitrogen matrix by Van 

Thiel and Pimentel [I960]. In a subsequent study [Pimentel 

1962], the formation of linear hydrogen bonds was inferred 

from the increase of intensity in the 0-H stretch, but it 

was not clear if the increase of intensity came from dimers 

or from higher polymers. Furthermore, the factor of 

intensification was found to be approximatly 6 in 

comparison with 12 for water for the same M/R ratio. The 

only alternative structure considered was a symmetric 

structure which was ruled out. Consequently, the linear 

dimeric structure (cf. Fig. 12.1) was found to be 

"acceptable." Interestingly enough, Pimentel retracted 

this early opinion, because a triplet isotopic splitting 

was found for the 986 cm" band. Rosengren and Pimentel 

[1965] suggested that another dimeric structure possessing 

two equivalent nitrogen atoms might coexist with the linear 

structure. On the other hand, molecular beam experiments 

[Odutola 1979] indicated that the ammonia dimer was polar, 

and these authors interpreted their results in support of 

the linear structure. Other infrared studies were reported 

in a carbon dioxide matrix [Jacox 1963], in nitrogen 

matrices [Van Thiel 1960; Milligan 1961; Fredin 1976a; 

Barnes 1980], in argon matrices [Milligan 1961; Fredin 

1976a; Barnes 1980], as well as in a carbon monoxide matrix 

[Hagen 1982]. Remarkably enough, in a carbon dioxide 

205 
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matrix, Jacox and Milligan [1963] found no trace of the 0-H 

stretch shift characterizing a classical hydrogen bond, and 

concluded that hydrogen bonding is unimportant in this 

system. In contrast to the results of Rosengren and 

Pimentel, Barnes et al. [1980] interpreted their infrared 

spectra in argon and nitrogen matrices in favor of a linear 

structure because they found a doublet isotopic splitting 

for all the bands they assigned to the dimer. In a 

noteworthy study, Hagen and Tielens [1982] were able to 

rule out linear structures in a carbon monoxide matrix. 

Furthermore, these authors convincingly point out the flaws 

of previous interpretations in favor of the linear geometry 

in other matrices. Hagen and Tielens proposed tentatively, 

in analogy with the bifurcated water dimer (cf. Fig. 13.6), 

a "bifurcated" structure (cf. Fig 12.2). Without drawing 

structural conclusions, Nishaya et al. [1985] identified 

dimer bands in argon, krypton and nitrogen matrices. 

Although infrared spectroscopy in matrices has been proven 

in numerous cases a reliable tool, one could always argue 

of special matrix interactions [Hagen 1982] in favor of non 

classical structures. 

Molecular beam IR photodissociation experiments 

[Howard 1983] yield, according to the authors, rather 

suprising results, but the spectrum was interpreted within 

the framework of a classical linear dimer (cf. Fig. 12.1). 

The outstanding high resolution microwave experiments 

of Nelson, Klemperer, Eraser and coworkers [1985, 1987] 

unambiguously determined that the gas phase ammonia dimer 

does not possess a linear geometry. This finding was 

confirmed by the dimer dipole moment value along the 

inertial axis, which is completly inconsistent with a 

linear structure. However, from the microwave experiments 

[Nelson 1985, Nelson 1987], it is possible to determine 

only three structural parameters. Therefore, the geometry 

of the ammonia dimer was not unequivocably determined. 
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Nelson and Klemperer [1985, 1987], however, proposed a 

tentative structure (cf. Fig. 12.2) which appears like a 

tilted classical structure. 

Photoelectron spectroscopy [Carnovale 1986] also 

favors the likelihood of a non classical structure, since 

the lone pair orbitals of the nitrogens were found nearly 

equivalent. The microwave experiments of Nelson and 

Klemperer [1985, 1987], spurred a series of new infrared 

studies with various interpretations. Snels et al. [1987] 

performed an IR dissociation spectrum of clusters within a 

molecular beam. By reason of the observed smoothness of 

the 1004 cm band, they suggested the existence of a 

tunneling motion in which the hydrogen donor and acceptor 

are interchanged. In a later molecular beam IR 

dissociation study [Huisken 1988], the whole spectrum could 

be reproduced by three Lorenztians of equal FWHM (full 

width at half maximum). IR-IR double resonance experiments 

were conducted by Hejmen and coworkers [1988]. Neither 

narrow lines nor narrow hole burning lines were found, 

which might have indicated long-lived dimers. 

Further, IR studies in neon, argon and nitrogen 

matrices were achieved by Siizer and Andrews [1987]. These 
-1 

authors did not assign the 1004 cm band to the dimer. 

They observe three different intensified N-H stretch modes, 

and point out that three different non-linear hydrogen 

bonds should be involved in the dimer structure. 

Consequently, they suggested an extremely interesting 

structure (cf. Fig. 12.2). According to Barnes [1990], the 

dimer consistw of a pair with specific electron-donor 

electron-acceptor features. This author emphasizes the 

weakness of the interaction of the lone pair of the 

electron-donor fragment with its electron-acceptor partner 

molecule. New IR experiments by Saykally and coworkers 

[Havenith 1991] agree with the conclusions of Nelson and 

Klemperer. 
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Another experimental clue to take into account is the 

crystal cubic structure of ammonia [Olovsson 1959; Reed 

1959], where each ammonia molecule is linked seemingly by 

The theoretical predictions are somewhat in constrast 

with the experimental findings. Since the structure of the 

ammonia dimer is still an open question, it seems prudent 

to review, in some detail, the ab initio calculations 

performed so far. Pioner ab initio computations used fixed 

experimental values for the monomers within a strictly 

staggered linear geometry (cf. Fig. 12.1), with 4-31G [Topp 

1974, Kollman 1975] and 6-31G* basis sets [Dill 1975]. 

Reasonable dimerization energies were obtained that seemed 

to validate the linear bond assumption. In a later 4-31G 

computation [Jean 1980], the strictly linear assumption was 

relaxed, but only slight deviations from linearity were 

found. It is worth mentioning, in passing, that with a 4-

31G basis set, a cyclic trimer geometry is predicted [Jean 

1980]. 

A partial exploration of the potential energy surface 

(PES), was achieved with a Huzinaga basis contracted a la 

Dunning [Shtoff 1979]. A linear staggered structure was 

found optimal, but with some deviations from linearity. An 

investigation [Jorgensen 1980] of the PES was performed in 

the vicinity of both the linear staggered structure (cf. 

Fig. 12.1) and the cyclic geometry (cf. Fig. 12.2) using a 

ST0-3G basis set. The linear structure was favored. In 

another exploration [Hinchliffe 1981] of the PES, with 

Dunning basis sets [Poirier 1985], the linear staggered 

geometry (cf. Fig. 12.1) possessed the lowest energy. 

With monomers fixed in their experimental geometries, 

and a modified 6-31G** basis set, MP2 correction as well as 
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the basis set superposition errors (BSSE) were estimated 

for the linear geometry [Latajka 1984] with the 

Counterpoise (CP) correction [Boys 1970]. it was found 

that the CP correction was "suprisingly large" and that 

electron correlation plays an important role. It should be 

noted that the CP correction increases at the MP2 level. 

Hirao and coworkers [1984] presented the first full 

geometry optimization of the linear staggered geometry (cf. 

Fig. 12.1) as well as the C2^ cyclic geometry (cf. Fig. 

12.2). The linear geometry is favored with 3-21G, 3-21G* 

basis sets at the SCF level and with the 3-21G* basis set 

at the CISD level, while the cyclic structure is favored 

using the 6-31G** basis set at the SCF level and with the 

3-21G basis set at the CISD level. Since the energy 

difference is small, these authors predicted that both 

structures should coexist in the vapor phase. 

Sadiej and Lapinski [1986] achieved an almost full 

optimization, with the 4-31G and 6-31G* basis sets. They 

found that the CP correction is higher for the cyclic 

structure (cf. Fig. 12.2) than for the linear classical 

geometry (cf. Fig. 12.1) and concluded that both species 

might exist in the gas phase. 

Another full geometry optimization was performed by 

Frisch, Pople and Del Bene [1985] with a 6-31G* basis set. 

These authors found two stationary structures. One is a 

mininum that corresponds to the classical linear geometry 

(cf. Fig. 12.1), while the other, a cyclic geometry of C2. 

symmetry (cf. Fig. 12.2), is a transition state. 

Reoptimization [Frisch 1986] at the MP2/6-311+G** level 

still favored the classical staggered linear geometry (cf. 

Fig. 12.1), but it was pointed that there was only 0.2 

kcal/mol difference between the classical linear structure 

(cf. Fig. 12.1) and the cyclic C2^ geometry (cf. Fig. 

12.2). However, the structure (cf. Fig. 12.2) proposed by 

Nelson and Klemperer [1985, 1987] did not appear even as a 
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stationary point. Del Bene [1987] carried out an extensive 

study in evaluating the electronic energy contribution to 

the dimer formation with six augmented basis sets derived 

from 6-31G, and with six augmented bases derived from 

6-311G, at the SCF, MP2, MP3, MP4SDQ and MP4 levels, for 

the Cs staggered linear geometry (cf. Fig. 12.1), and the 

^2h ^y^ll<^ geometry (cf. Fig. 12.2). This author suggested 

that the cyclic geometry might be the global minimun, while 

the observed dipole moment might result from zero-point 

vibrations. We note that the C-, structure is almost 
Zn 

always favored, at any level, whenever the standard d 

function (exponent 0.8) is replaced by two Gaussian d 

functions (exponent 1.6 and exponent 0.4). It is not 

indicated if the d primitives possess 3 s components. 

While considering monomers frozen in their 

experimental geometries, Latajka and Scheiner [1986] 

explored the whole intermolecular potential energy surface 

with a 4-31G* basis set. Starting from a staggered linear 

geometry (cf. Fig. 12.1), they obtained the classical 

linear structure (cf. Fig. 12.1) as an apparently Cs 

constrained minimum. Starting from an eclipsed linear 

structure (cf. Fig. 12.1), they found a cyclic C2^ geometry 

(cf. Fig. 12.2) as an Cs constrained minimum, which appears 

to be 0.008 kcal lower than the classic linear structure. 

Further computations at the MP2/6-31G**(1p,2d) level yield 

similar results, and Latajka and Scheiner concluded that 

the cyclic C-, geometry is the global minimum. Scheiner 

[1989] suggested that the exchange repulsion caused by the 

overlap of electronic clouds might be important. 

Liu, Dykstra and coworkers [1986a, 1986b] worked 

within a somewhat different perspective. Electrical 

polarizabilities of the monomer are first derived within 

the framework of ab initio derivative Hartree-Fock theory 

[Dykstra 1985] using large basis sets. Then, as a 

hypothesis, the interaction between the two monomers is 
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which is size consistent, the global minimum is an 

asymmetric geometry (cf. Fig. 12.2) which appears as a 

deformation of the 02^^ cyclic geometry (cf. Fig. 12.2). 

The computed total dipole moment 0.48 D, while not entirely 

satisfactory, is the calculated value which disagrees the 

less with the experimental value of 0.74 D along the 

inertial axis. This apparently very interesting result was 

rightfully criticized [Hasset 1991]. No gradient full 

geometry optimization was performed. Each monomer was held 

fixed in the experimental geometry. More importantly, the 

linear geometry was chosen to feature a perfect N H-N 

alignment. Therefore, the linear geometry was not allowed 

to be slightly distorted in order to further lower its 

energy. No CP corrections were calculated. Later Greer, 

Ahlrich and Hertel [1989] employed the potential derived 

from the ab initio dimeric PES [Sagarik 1986] to study 

trimers and higher polymers. In a very recent paper, 

Marsden and coworkers [Hasset 1991] were not able to 

reproduce the experimental geometry, but found an eclipsed 

linear geometry (cf. Fig. 12.1), they did not offer any 

computational reason for the discrepancy. Instead, they 

prefer to cast a doubt on experimental results. 

Phvsical Analvsis and Current Results 

We have found that delocalization which requires 

diffuse basis sets is very important both for the ammonia 

and the bifurcated water dimer. Using GAMESS, we have 

optimized, at the SCF level, all the exponents of the 

diffuse and outer valence gaussians of the nitrogen and the 

Hydrogen atoms. We optimized as well the exponents of the 

polarization d and p Gaussian. This was a long and costly 

procedure. 

At the SCF level using diffuse basis sets, we were 

able to locate "shoulder points" which may be 

characterized as thresholds to the low gradient region. A 
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low gradient being defined as the default gradient as 

employed in GAMESS to determine a stationary geometry. 

These "shoulder points" disappear completly if we do not 

employ diffuse basis sets. Two such "shoulder points" were 

found within two Cs contrained search corresponding to 

eclipsed and staggered geometries. These "shoulder points" 

have a higher energy than the linear staggered geometry, 

but by only a few imicroHartrees. Interestingly enough, 

these "shoulder points" do possess geometrical parameters 

and dipole moments in good agreement with the experimental 

parameters as determined by Klemperer and coworkers [Nelson 

1985, Nelson 1987]. According to our analysis, this is not 

fortuitous. The potential energy surface is shaped by the 

competition between two attractors. One attractor 

corresponds to the linear hydrogen bond, depending on the 

polarization, and is fairly well described at the SCF level 

with moderately sized basis sets. The other attractor 

comprises delocalization and dispersion effects within a 

nonlinear geometry. We must first consider the basis set 

superposition error (BSSE) which tends to unfairly favor 

the linear hydrogen bonded geometry: 

(1) one hydrogen atom is nearer to the acceptor oxygen 

atom; therefore, the acceptor monomer may improve easily 

its own intramolecular structure. 

(2) the donor monomer is much more perturbed than in a 

nonlinear geometry, and therefore in order to describe its 

distorted intramolecular 0-H bond region, it may rely on 

employing Gaussian AOs of its partner. 

It is also possible that a better description of the 

attractor related to the nonlinear geometry could also 

require diffuse basis sets and a treatment of dynamic 

electron correlation (MCSCF level). These "shoulder 

points" indicate the frontier of the competition region 

between the two attractors above mentioned. 
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At the RHF level, nearly stationary nonlinear 

geometries were found, but only when using a valence basis 

set complemented by diffuse Gaussians. We are not going to 

report all the numerous (more than 78) calculations 

performed on this system. Instead, we present only our 

latest results with the new BSSE correction method 

described in Chapter IX. The analysis of the approximate 

Hessian built during an MCSCF optimization search under a 

Cs symmetry constraint, indicated a propensity to symmetry 

breaking. Therefore, we performed costly MCSCF 

computations with no symmetry constraints. The basis set 

and the correlation space are summarized in Table 12.1. To 

our knowledge, all previous ab initio optimizations were 

performed under a Cs symmetry constraint, and never at the 

MCSCF level. We found an optimized linear eclipsed 

geometry (cf. Table 12.2). The dipole moment (2.46 Debye) 

along the YY' axis is nearly equal to the dipole moment 

along the inertial axis of the dimer, and is clearly at 

odds with the experimental value (0.74 Debye) (cf. Table 

12.3). On the other hand, we also found a nearly zero 

gradient geometry (cf. Fig. 12.2 and Table 12.4) with a 

much better dipole projection value (0.60 Debye) along the 

nitrogen-nitrogen axis. Without a BSSE correction, the 

linear geometry is favored both at the MCSCF, RHF and MP2 

levels, but with the BSSE correction, the energy balance 

shifts, the nonlinear geometry becomes favored both at the 

RHF and CI levels. This is even more remarkable since the 

chosen nonlinear geometry does not necessarily correspond 

to the lowest BSSE corrected energy. The RHF BSSE 

correction for the linear geometry is around 0.06 eV or 1.5 

kcal/mol. It is also possible to perform the BSSE 

correction on localized MCSCF MOs, instead on localized RHF 

MOs. The BSSE corrected localized MCSCF MOs constitute a 

better MO basis for further CI studies which should yield 

energies within the MCSCF range. 
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Therefore, it appears that the main cause of the 

artifactual distortion of the potential energy surface 

(PES) lies within the basis set superposition error (BSSE). 

More studies are planned to be performed, as soon as the 

BSSE corrected gradients are implemented within GAMESS. 
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Table 12 .1 Exper imenta l Parauneters. 

MONOMER Exp. Dip.= 1.47 D 
DIMER QEXP. Dip = 0.74 D along the inertial axis 
N-N 3.27 A Thetal = 48.60° Theta2 = 64.50° 

Table 12.2 Basis Set and MCSCF space. 

Oxygen DH s 0.0431 0.0104 p 0.0873 d 1.054 
facing Hydrogens DH s 0.0523 0.0111 
p 1.024 0.231 other Hydrogens DH 

CASSCF : 2 frozen MOs,6 doubly occupied,4 virtual MOs 
degree of excitation = 8 13,860 CSFs 
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Table 12.3 Linear Geometry 

N-N = 3.407 S 
Dipole/YY' = 2.204 D Tot. Dipole= 2.462 D 

MCSCF -112.519,296 
Max. gradient. 4.0 10-5 RMS gradient 2.0 10-5 

RHF -112.410,623 MP2 -112.772,555 

RHF -112.408,215 BSSE corrected energy 

CI with Energy localized RHF MOs BSSE corrected 
degree of excitation =8 13,860 CSFs 
root 1 -112.408,317 root 2 -111.963,555 

CI with Energy localized RHF MOs BSSE corrected 
8 virtuals MOs excit=4 90,125 CSFs 
root 1 -112.408,352 root 2 -111.976,151 

Table 12.4 Nonlinear Geometry 

N-N = 3.36 2 
Dipole/YY' = 0.60 D Tot. Dipole= 0.68 D 

MCSCF -112.518,507 
Max. gradient 8.0 10-4 RMS gradient 4.0 10-4 

RHF -112.409,748 MP2 -112.770,640 

RHF -112.408,928 BSSE corrected energy 

CI with Energy localized RHF MOs BSSE corrected 
degree of excitation =8 13,860 CSFs 
root 1 -112.409,000 root 2 -111.963,555 

CI with Energy localized RHF MOs BSSE corrected 
8 virtuals MOs excit=4 90,125 CSFs 
root 1 -112.409,044 root 2 -111.961,841 
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Classical Linear Staggered Geometry 

Linear Eclipsed Geometry 

Figure 12.1 
Linear Geometries 

Source : [Hassett 91] 
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kS.G 

Staggered Nelson and Klemperer Cs Geometry [Nelson 85,87] 

Eclipsed Nelson and Klemperer Cs Geometry 

Figure 12.2 
Nonlinear Geometries 
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"Bifurcated" Structure [Hagen 82] 

65.V 

Distorted Cyclic Cs Geometry [Sagarik 86] 

Cs Geometry [Dykstra 90] 

Figure 12.2 { Continued } 
Nonlinear (geometries 
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Nonlinear Asymmetric Geometry [Suzer 87] 

Near-zero Gradient Asymmetric Geometry / other view 

'6^.7' 

Near-zero Gradient Asymmetric Geometry [This work] 

Figure 12.2 { Continued } 
Nonlinear Geometries 
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CHAPTER XIII 

THE BIFURCATED WATER DIMER 

Introduction 

The knowledge of the potential energy surface (PES) of 

the water dimer is required in order to understand water, 

the ultimate liquid, the lifebearing fluid. Therefore it 

is not surprising that a large number of ab initio 

computations have been devoted to the water dimer PES. A 

first class of computations comprises calculations where 

the topological nature of the bifurcated geometry was 

specifically investigated. Diecksen [1975] computed points 

on the supposed transition pathway from the bifurcated 

geometry to the linear geometry and concluded that only the 

linear structure was stable. The remarkably low energy 

values obtained in this early work originate from a good 

basis set, which describes very well the core and the 

valence electrons but does not contain diffuse functions. 

Similarly, using respectively an ST0-3G and an 4-31G basis 

set, Leroy and coworkers [1976], Kerns and Allen [1978], 

found that the bifurcated structure was not metastable. 

According to Kerns and Allen [1978], bifurcated bonds and 

linear bonds have a common nature. Van Hensbergen [1982] 

investigated the bifurcated and linear dimer, with a rather 

original but debatable approach based on a superexchange 

analogy, and concluded that the bifurcated form was 

unstable. Frisch and coworkers [1984, 1985], using 6-

31G(d) and 6-31G(d, p) basis sets at the HF level, obtained 

bifurcated structures which possessed Hessians with one 

negative eigenvalue. Amos [1986] also computed the hessian 

at the HF/SCF level for the bifurcated geometry using a 6-

31G*'^ basis set and found one negative eigenvalue. An 

extensive investigation [Smith 1990] of the transition 

structures for the water dimer derived the force constant 
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matrix, at the MP2 level, using a 6-31+G(d, p) basis set. 

One negative eigenvalue is also found. We have to mention 

in passing that the 6-311G basis sets used in these studies 

were recently demonstrated by Grey and Schaefer [1989] not 

to be of a valence triple-zeta quality. In fact, as far as 

the p valence space is concerned, the 6-311G basis set 

seems even inferior to the much cheaper Dunning (9s5p) 

basis set [Poirier 1985]. 

Another class of ab initio calculations comprises 

computations achieved under symmetry constraints that 

prevent a possible collapse of the bifurcated structure 

towards the linear dimer. Therefore, the question of the 

topological nature of the bifurcated geometry could not be 

addressed. All non-empirical analytical potentials are 

derived with a similar methodology. Morokuma and Pedersen 

[1968] optimized the bifurcated dimer under such symmetry 

constraints and found an oxygen-oxygen distance of 3.00 A. 

Kollman and Allen [1969] achieved a partial optimization of 

the bifurcated dimer by varying only the intermolecular 

distance. Umeyana and Morokuma [1976], while maintaining a 

C- symmetry, investigated the form of the potential curve 

as a function of the oxygen-oxygen distance using a 4-31G 

basis set. They found an energy minimum at 2.90 A. 

Clementi and coworkers [Popkie 1973; Matsuoka 1976] 

investigated the bifurcated geometry as part of the only 

existing coordinated attempt to compute the potential 

energy hypersurface of the water dimer. Their main intent, 

therefore, was to calculate points on the energy 

hypersurface, along trajectories under symmetry constraints 

in order to achieve a substantial computational saving. 

Computations were first performed at the SCF level, by 

Popkie, Kistenmacher and Clementi [1973]. Two years later, 

Matsuoka, Clementi and Yoshimine [1976] carried out a 

series of computations, using a double-zeta plus 

polarization quality basis set, at the configuration 
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interaction (CI) level. Nine points were computed on a C2 

constrained trajectory (B-type geometries [Matsuoka 1976]). 

On this trajectory a minimum was extrapolated with a 

limited CI level at an oxygen-oxygen distance of 3.01 8, 

with a dimerization energy of -4.16 kcal/mol, while at the 

SCF level the optimized oxygen-oxygen distance is 3.09 8 

with a binding energy of -3.25 kcal/mol. For the linear 

dimer (E-type geometries), these authors [Matsuoka 1976] 

found at the CI and SCF levels, respectively, dimerization 

energies of -5.63 kcal/mol, -4.55 kcal/mol, and oxygen-

oxygen distances of respectively 2.98 2 and 3.01 8. 

Subsequently, Clementi and Habitz [1983] recomputed 6 

points on a bifurcated C2 constrained trajectory (C-type 

geometries [Matsuoka 1976]), using a further improved basis 

set, with a CI calculation including all single and double 

excitations. The bifurcated optimized oxygen-oxygen 

distance, and the binding energy became respectively 2.96 A 

and -3.61 kcal/mol. In the recent computation of Vos, 

Hendricks and van Duijenveldt [1990], the bifurcated 

structure was optimized under C2 symmetry and assumed to 

be a transition state. 

It is worthwhile also to have a closer look at the 

behavior of analytical potentials derived from points of an 

ab initio potential energy surface. From Jorgensen's paper 

[1979] it is difficult to tell if his "quantum mechanical 

potential" derived from 266 ST0-3G computations comprises a 

local minimum or a saddle point for the bifurcated 

structure. The analytical potential well known in the 

literature as the Matsuoka, Clementi, Yoshimine (MCY) 

potential, was fitted to the ab initio CI potential energy 

hypersurface points of Matsuoka, Clementi and Yoshimine 

[1976]. Since this hypersurface topological feature has 

not been treated by the ab initio computations, the MCY 

potential behavior at the bifurcated geometry is simply a 

hazardous extrapolation of the fitting procedure. In the 
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subsequent improvement of the MCY potential, the Carraveta-

Clementi potential [1984], more points on the PES were 

computed to explore the oxygen-oxygen repulsive region, but 

the bifurcated geometry was not reexamined. A similar 

situation occurred when Singh and Kollman [1985] fitted an 

analytical potential to 179 points of a previously computed 

PES [Popkie 1973] supplemented by 50 points in the vicinity 

of the linear, bifurcated and cyclic geometries. According 

to Singh and Kollman [1985], these latter two geometries 

are "not necessarily true local minima." However, their ab 

initio calculations do not allow the determination of the 

topological nature of the bifurcated and cyclic geometries. 

The behavior of the Singh-Kollman analytical potential, at 

these two geometries, is not explicited. 

The computations of Dannenberg [1988] related to the 

AMI potential, present interesting and challenging results. 

His study was performed at the MP4 level with a 6-311G** 

basis set and shows that the energy difference between 

never before considered trifurcated geometries and linear 

geometries are very small. These trifurcated structures 

were recently dismissed by Smith [1990], as second-order 

transition points. 

In the three volume treatise, devoted to the hydrogen 

bond, edited by Schuster, Zundel and Sandorfy, bifurcated 

hydrogen-bonded structures are just mentioned in the 

introduction as the anionic H-bond versus the cationic 

linear type bond. 

We published recently a paper [Muguet 1991] concerning 

the intermolecular modes of the water dimer. If the basis 

set is supplemented with enough diffuse Gaussians, we found 

that the bifurcated geometry corresponds to a local 

minimum. In an effort to make contact with our paper 

[Muguet 1991], Marsden and coworkers [1991] employed the 

Gaussian 90 program [Frisch 1990] with valence basis sets 

complemented by up to five diffuse s-type and p-type 
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Gaussians on the oxygen atoms and three diffuse s-type and 

p-type Gaussians on the hydrogen atoms. This very thorough 

study presented data in a marked contrast with our 

published results [Muguet 1991]. 

So it appears, rather strikingly, that with the 

exception of our study [Muguet 1991], no ab initio 

computation predicts that the bifurcated geometry 

corresponds to a local minimum. 

On the other hand, there is experimental evidence for 

metastable water dimers. In a CO matrix, Hagens and 

Tielens [1981a] concluded that the water dimer equilibrium 

structure should be a bifurcated geometry. It is quite 

plausible that in a polar matrix, the high dipole 

bifurcated structure becomes the global minimum. Since the 

bifurcated water dimer is a metastable species, its 

existence and consequently the appearance of its spectrum 

is going to depend strongly on the way dimers are formed. 

If the monomers are free rotors in a matrix, the conditions 

are not ideal for the formation of bifurcated dimers, since 

an in-plane rotation of the donor transforms the bifurcated 

dimer into a linear dimer. A matrix like argon where the 

monomer rotates freely is not a favorable environment. We 

have to add that the concentration of a metastable 

bifurcated species does not follow a linear law, as it is 

implicitly assumed in the standard experimental technique 

of spectrum concentration dependence study. Since the 

bifurcated dimer possesses a large dipole moment (4.43 

Debye, our computed value), it should have a tendency to be 

stabilized in polar matrices. Furthermore, in that case, 

since the structure of the bifurcated dimer is reinforced, 

shifts can be expected to be much larger specifically for 

the donor bend. carbon monoxide is a weakly polar molecule 

(CO dipole = 0.27 Debye), but the polarity of its matrix 

might be enhanced [Hagen 1981a] because of the anisotropic 

environment in an interstitial site. It is therefore 
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expected that the bifurcated dimer lines should appear more 

strongly in a carbon monoxide matrix, and to some extent in 

nitrogen matrices. Fredin and coworkers [1977] concluded 

that, in a low temperature N2 matrix, the water dimer may 

exist in a stable and a metastable form which was not 

determined. 

At the present time, there is some controversy about 

the assignments of the water dimer intramolecular 

fundamentals in the gas-phase. In our opinion the 

existence of dimer metastable species considerably 

complicates the task. It is going to be very difficult to 

distinguish between a weak peak belonging to the stable 

species and a strong peak belonging to a metastable 

species. Peaks tentatively attributed to stable trimers 

may also belong to metastable dimers. Analysis of gas-

phase spectra should take into account metastable species. 

In an infrared predissociatien study. Page, Frey, Shen 

and Lee [1984] found secondary peaks on the high frequency 

and low frequency sides of the 3730 cm main band which is 

attributed to the donor asymmetric stretch of the linear 

dimer. As we shall see, we assign some of these secondary 

peaks to the bifurcated dimer. On the other hand, Coker, 

Miller and Watts [1984] did not discern those secondary 

peaks. We may speculate that the experimental conditions 

were not suitable for the production of metastable 

bifurcated species. The coherent anti-stokes Raman 

spectrum of Wuelfert, Herren and Leutwyler [1987] presents 

rather intriguing features. A very strong band occurs at 
_ -I 

3480 cm~^ (shift/monomer 177 cm ) is attributed to the 

donor bonded stretch of the linear dimer. This assignment 

is rather surprisingly at complete variance of IR 

dissociation frequencies of 3545 cm or 3532 cm . 

Nelander [1978] criticizes this assignment, but proposes to 

assign the 3480 cm"'' band to the trimer. Wuelfert and 

coworkers [1988] replied, with some justification, that the 
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latter proposition does not clarify the situation. An ab 

initio calculation of the intramolecular modes of the water 

trimer [Honegger 1988] does not support assignments to 

stable trimers. 

Another related question is to determine whether there 

is any water dimer anion, and what would be its geometrical 

structure. A number of theoretical investigations have 

been conducted. 

Wallis [1960] introduced the concept of dipole bound 

states, as he shows that a dipolar system of two fixed 

charges (+e and -e) is able to capture an electron. The 

binding energy is extremely sensible to the distance 

between the two opposite charges when it reaches a value of 

one Bohr. Further quantum mechanical calculations 

determined that a fixed two-point charges system of dipole 

moment 1.65 D [Fox 1966] or 1.625 D [Brown 1966] is able to 

bind an extra electron. It was suggested that a dipole 

moment of 1.625 D should suffice to retain an electron 

attached to a rigid rotor [Crawford 1971, 1973], provided 

that the electronic electron affinity exceeds one-tenth of 

the values of the rotational constants. The dipolar 

attraction is physically understood [Crawford 1971] as an 

attraction of the extra electron to the positive ends of 

the neutral molecule. These estimations of threshold 

dipole moment values are relying on several very 

restrictive assumptions: 

(1) The molecular electronic cloud is well 

approximated by two point charges. 

(2) The distance between the extra electron and the 

two point charges is very large in comparison to the 

distance between the dipolar point charges. 

(3) The extra electron does not polarize the molecular 

electronic cloud, and do not correlate with the remaining 

electrons. 
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A water molecule might be very crudely pictured as two 

positive point charges on the protons and one negative 

point charge on the oxygen atom. The electron must be 

located at very large distance so that one water molecule 

might be approximated to only two point charges. In our 

problem, we are not dealing with one water molecule but a 

dimer, so that the whole dimer must be described accurately 

enough by two point charges. We think that the conditions 

required by the dipolar approximation, are not going to be 

satisfied unless the extra electron is mainly located at 

least 100 A away from the dimer nuclei. The threshold 

value of 1.625 D is of little practical interest. 

Chipman [1979] performed an ab initio computation, 

where a 4-31G basis set was complemented first by bond 

functions comprising one s-type and one p-type Gaussians of 

exponent 0.5, located on the 0-H axes. Another bond 

function was then added, on the 0-0 axis, which includes 

seven s-type and seven p-type Gaussians with exponents 

following a geometric expansion ranging from 0.26 to 

0.000001. In the linear equilibrium geometry, the electron 

was reported to be bound by 0.0002 eV, in a very diffuse MO 

of mean radius 142 2 around the 0-0 midpoint. 

We are considering these results with a grain of salt. 

To our knowledge, very few ab initio computations ever 

employed such low Gaussian exponents, and yet no special 

numerical procedures are described to deal with such 

diffuse Gaussians, in an otherwise detailed paper. In our 

present computations, whenever a Gaussian exponent value 

goes under 0.0005, numerical problems, related to SCF 

convergence, occur, even if we lower all the threshold 

parameters available in the input file. We had to resort 

to special procedures hereafter described. 

In any case, a 0.2 meV electron is so weakly bound, 

that it could not be possible to detect the related anion 

in molecular beams experiments, since it would be field 
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detached within the ion optics and the quadrupole mass 

spectrometer [Haberland 1985]. 

A path integral calculation [Wallqvist 1986] predicts 

a binding energy between 0.003 and 0.006 eV at 5 K, while 

at 20K the water dimer found to be unable to attract an 

extra electron. with the chosen pseudopotential, the extra 

electron is forbidden to penetrate the valence shell of the 

water molecule. In this path integral computation 

[Wallqvist 1986], the binding energy is defined as the 

average potential energy between the electron and the water 

dimer. We find this definition somewhat misleading. If 

for the majority of points of the PES accessible at a given 

temperature, the IP is positive, while at some other points 

the electron is physically unbound, then the average 

binding energy might be positive. Therefore the electron 

is declared to be "bound," while from a quantum chemical 

standpoint, we are dealing with an autoionizing state. 

Furthermore this average binding energy does not relate to 

the IP, which is the lowest energy required to detach an 

electron. 

In another path integral computation at 20K [Landman 

1987], a binding energy of 0.003 eV is reported for the 

equilibrium geometry of the neutral linear dimer. 

It is has been proposed [Barnett 1988a, 1988b] that 

because the binding energy is in the same range of energy 

as the lowest intermolecular mode of the dimer, the 

separation of electronic and nuclear motions might not be 

verified. However, the same authors [Barnett 1988b] argued 

that the adiabatic separation of electronic and nuclear 

variables might still be valid because of different length 

scales. Time-dependent self-consistent field (TDSCF) 

calculations [Barnett 1988b] predict a binding energy 

between nearly zero eV for low dipole geometries and 0.022 

eV for high-dipole non-equilibrium conformations. 
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In an impressive effort [Barnett 1989] to understand 

the water dimer anion, three different modeling tools, in 

coordination, were employed: path integral technique, TDSCF 

method and ab initio computations. The path integral 

technique and the TDSCF method depend both on chosen 

interaction pseudopotentials. In the ab initio 

computations, which were performed by Kestner, a good 

valence basis set was complemented by a bond function on 

the O—O axis, in the same way as Chipman [1979]. 

Numerical instabilities are reported, and a contraction 

scheme of the coefficients of the highest occupied 

molecular orbital (HOMO) corresponding to the extra diffuse 

electron, is proposed. Although possibly implemented, no 

integral or MO coefficient threshold lowering is reported. 

Vertical detachment energies (VDE) were computed, at the 

SCF level, to be around 0.0125 eV and 0.0054 eV for high 

dipole and intermediate dipole conformations, respectively. 

At the MP2 level, VDEs were tentatively reported to 

increase to 0.020 eV and 0.0087 eV, respectively. For the 

neutral equilibrium geometry, at the SCF level, the VDE 

goes down to 0.00054 eV. The ab initio MO graphics 

[Barnett 1989] are worth some comments. We regret that 

that the inner contours inside the valence shell have been 

removed, therefore leaving the impression that electron 

density is negligible in the valence region. It is quite 

clear that the orthogonality conditions with inner valence 

MOs might be satisfied in a number of ways and in 

particular by a near zero value wavefunction in the inner 

region as hypothesized in constructing the pseudo-

potential. We are going to check latter if this hypothesis 

is indeed correct. The extra electron density seems also 

entirely concentrated around the acceptor water molecule. 

A classical picture [Haberland 1990] shows that the 

extra electron which might be bound to the linear water 
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At the MP2 level, VDEs were tentatively reported to 

increase to 0.020 eV and 0.0087 eV, respectively. For the 

neutral equilibrium geometry, at the SCF level, the VDE 

goes down to 0.00054 eV. The ab initio MO graphics 

[Barnett 1989] are worth some comments. We regret that 

that the inner contours inside the valence shell have been 

removed, therefore leaving the impression that electron 

density is negligible in the valence region. It is quite 

clear that the orthogonality conditions with inner valence 

MOs might be satisfied in a number of ways and in 

particular by a near zero value wavefunction in the inner 

region as hypothesized in constructing the pseudo-

potential. We are going to check latter if this hypothesis 

is indeed correct. The extra electron density seems also 

entirely concentrated around the acceptor water molecule. 

A classical picture [Haberland 1990] shows that the 

extra electron which might be bound to the linear water 
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dimer, is located within a sphere centered approximately 11 

A in front of the acceptor. 

A recent HF and multireference CI ab initio 

computation [Tachikawa 1990], at the linear equilibrium 

geometry as well as at a dihydrogen bridged geometry, 

reports negative electron affinities. The extra electron 

is not bound, despite the original addition of "surface 

orbitals" in the basis set. 

Experimental findings always preceded or invalidated 

theoretical predictions, so far. In 1984, Haberland and 

coworkers [Haberland 1984a, 1984b] discovered water dimer 

anions, in molecular beams obtained at very low partial 

pressure of water seeded in a rare gas, and only within a 

strong enough expansion (0.03 atm. H-0, 5 atm. Xe). These 

conditions of generation of water dimer anions implies that 

strong cooling is required to produce water dimer anions 

[Haberland 1985]. 

We note that these conditions are also very propitious 

for the formation of neutral metastable water dimers. 

Water trimer anions have been detected in small quantities 

[Bowen 1990; Arnold 1990]. Since the stable equilibrium 

geometry of the water trimer is cyclic and cannot bind an 

extra electron, it further indicates that metastable 

molecular assemblies are produced within the supersonic 

expansion. 

The lifetime of the anionic species is longer than 100 

microsecond. The extra electron could not be detached in a 

20, 000 V/cm electric field. This finding was rather 

unexpected because the linear water dimer, with a dipole 

moment of 2.65 D might, at best, bind very weakly an extra 

electron. The field detachment thresholds were latter 

[Haberland 1985, 1987, 1990] measured to be 31,000 V/cm for 

the water dimer anion, 29, 000 V/cm for the deuterated 

species. From these field values, and assimilating the 

linear water dimer with a dipole, IP values of 0.017 eV and 
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0.016 eV for the deuterated species were crudely estimated. 

However, this estimation might be questionable since, as 

Haberland and coworkers themselves mention it, a field of 

70 v/cm only was sufficient to detach an electron bound by 

0.006 V [Lykke 1984] in dipole bound state of the 

acetaldehyde enolate anion. On the other hand, in the case 

of a spherical, non dipole-bound state, a field of 400 

kV/cm was required to photodetach 100% of He" ions, where 

the extra electron is bound by 0.076 eV [Oparin 1970]. 

Although the electron bound to the water dimer may 

certainly not be assimilated to an electron in a atomic 

ion, it cannot be related either to a pure dipole bound 

state. 

Coe, Bowen, Haberland and coworkers [1990a; Lee 1991] 

obtained a photodetachment spectrum which reveals [Coe 

1990b] a vertical detachment energy (VDE) of 0.034 eV and 
-1 -1 

also two Franck-Condon bands at 3700 cm and at 1645 cm 

which are, as we shall see, inconsistent with the 

vibrations of a linear water dimer. It seems that in their 

photoelectron spectrometer [Coe 1985] the charged species 

are under the influence of an electric field created by an 

electrostatic lens (L4 component in [Coe 1985]) when the 

photoionization process occurs. It would be interesting to 

know the magnitude of this electric field. In another 

experimental setup [Markovich 1991], ions are decelerated 

before photodetachement in order to reduce Doppler 

broadening of the photoelectrons. 

In a latter reference [Desfrancois 1991], a VDE value 

of 0.048 ±0.006 eV is mentioned. If we consider the 

hypothesis of a linear water dimer able to attract an extra 

electron, most linear hydrogen bridged water assemblies 

which are basically an agglomerate of dimers should be able 

to attract an electron with similar spectral features. 

This behavior is not observed in molecular beams. 



241 

After a supersonic expansion of helium seeded with a 

low water concentration, (water 1% /He 4 atm.), water dimer 

anions were also produced by collision with highly excited 

Rydberg xenon atoms [Desfrancois 1991]. 

In a marked contrast with free electron attachment 

experiments [Haberland 1984a, 1984b; Coe 1990a, Lee 1991], 

it is rather remarkable that: 

(1) Obtaining water dimer anions was very easy and the 

yield was very high. 

(2) The water concentration inferior to 1%, as well as 

the seed gas pressure was not reported to be adjusted. 

Only the xenon Rydberg electron energy is varied, 

apparently. 

A large Rydberg electron threshold energy or a low 

quantum number of the excited xenon atom (50 meV, 60 

meV/n=15) is required for the formation of the dimer. 

However less dimer anions are produced above 120 meV. The 

rate constant vs Rydberg electron energy curve has not been 

fitted, and it is not clear whether this curve features one 

or two peaks. Maximal production of dimers occurred when 

xenon Rydberg energy is around 95 meV (n=12). With argon 

and neon as seed gas, the threshold Rydberg energies become 

respectively 90 and 120 meV. From the threshold Rydberg 

energy with helium seed gas, Desfrancois, Schermann and 

coworkers [1991] inferred an electron affinity (EA) of -90 

± 50 meV. From the threshold energy with argon and neon 

seed gas, these authors [Desfrancois 1991] suggested an 

adiabatic detachment energy (ADE) or adiabatic electron 

affinity of 0.0 ± 40 meV. We do not understand very well 

how these EA and ADE values which feature a large margin of 

error were extrapolated from the experimental data. Such 

a difference between the EA, ADE and IP would require a 

large geometry rearrangement between the neutral and 

anionic equilibrium structures. 
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The question to know whether the linear water dimer 

might or might not bind really an extra electron in 

absolute vacuum or in interstellar space, is somewhat 

irrelevant. Even if the linear water does bind an extra 

electron, the IP would be so low that it would be not 

detectable in molecular beams, and would not survive 

through the ion optics. Both the value of the measured IP 

and the Franck-Condon factors show conclusively that we are 

not dealing with a linear water dimer anion. To the 

exception of the basis set superposition error (BSSE) 

correction, most of the results of the present chapter have 

been either published [Muguet 1991, Chap I] or presented in 

a poster [Muguet 1990] and in personal communications 

[Muguet 1991 ] . 

Computational Methods 

Most of the computations, when not indicated 

otherwise, were performed at the RHF level using the GAMESS 

[Schmidt 1990, Chap. I] prograim as ported with some vector 

and parallel codes on an ARDENT bi-processor vector 

machine. A few computations were performed also on a VAX 

8650. The Gaussian88 package [Frisch 1988, Chap. IV] was 

used for the computations performed with a Moller-Plesset 

correlation energy correction including double 

substitutions. 

We are interested in a basis set which saturates the 

diffuse space, while we must settle for a standard 

representation of the valence and polarization space, since 

it is not computationally feasible to pay attention to all 

aspects. 

We complement a standard Dunning-Hay basis set 

available in GAMESS [Schmidt 1990, Chap. I], with a 

standard polarization d-type Gaussian and with seven 

diffuse s-type and two diffuse p-type Gaussians on the 
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oxygen atoms, as well as three diffuse s-type and two p-

type polarization Gaussians on the hydrogen atoms of the 

acceptor molecule. On the hydrogen atoms of the donor 

molecule, we add five diffuse s-type and four p-type 

polarization Gaussians, which gives the DH-M2 basis set 

(cf. Table 13.1). For a further computation on the dimer 

anion, we add to the previous basis set two more diffuse s-

type Gaussians on the oxygen atoms, as well as two more s-

type Gaussians on the donor hydrogen atoms. Our approach 

is extremely pragmatic, and somewhat old fashioned, since 

nowadays, no papers mention MO coefficients. Both for 

neutral and anionic species, after adding a diffuse 

Gaussian, we inspect the MO coefficients and try to see if 

the variational procedure is trying to produce more diffuse 

MOs than the basis set is permitting to do. A sign of such 

attempt is a large MO coefficient of the most diffuse 

Gaussian. We then add another set of diffuse Gaussians and 

reinspect the MOs coefficients. We continue to add diffuse 

Gaussians, until the MO coefficient pertaining to most 

diffuse Gaussians is almost equal to zero. Then, and only 

then, we are satisfied with the saturation of the diffuse 

space. This procedure has been absolutely crucial with the 

bifurcated water dimer anion. 

Furthermore for the description of the negatively 

charged bifurcated water dimer, special precautions had to 

be taken to insure a proper SCF convergence, or worst an 

SCF convergence toward a spurious state. Two approaches 

were followed jointly. 

(1) A first computation is performed without the most 

diffuse AOs which yields a MO coefficient matrix. Then, 

this MO coefficient matrix is used as an input to a small 

FORTRAN utility which constructs an accurate starting MO 

guess for the diffuse basis set computation to be 

performed, by simply assigning a zero coefficient for the 

most diffuse AOs. 
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(2) We modified the GAMESS program by systematically 

lowering all concerned internal thresholds, such as, for 

example, the thresholds for zeroing or equating MO 

coefficients, not normally modifiable in the user input 

file. Starting from a usual bare Hamiltonian diagonal 

guess, these modifications resulted, not only in a 

convergence to the correct SCF energy value, but in some 

cases in a dramatic reduction of the number of the SCF 

iteration steps. These modifications also ensure the 

generation of meaningful UHF natural orbitals, which 

otherwise were plagued with overflows. These two 

approaches yielded similar SCF energies within computer 

numerical accuracy. We want to underline that the lowering 

of internal thresholds did not increase numerical accuracy 

but algorithmic stability. 

Electron Attachment 

Because the existence of a water dimer anion is a 

strong evidence of a bifurcated water dimer neutral and 

anion, we are going to examine the binding of an extra 

electron to a water dimer. 

Our ab initio computations, with the same basis set as 

for the bifurcated species, indicate that the linear water 

dimer in its eguilibrium geometry is unable to retain an 

extra electron. We found also, in agreement with Kestner 

[Barnett 1989], that distorted noneguilibrium "high dipole" 

linear geometries are able to attract an extra electron. 

In fact the electron affinity (EA) increases, along the 

distortion pathway towards the bifurcated geometry. 

The maximal electron affinity (EA) of the neutral 

dimer, which is closely equal to the ionization potential 

(IP) of the dimer anion, is reached for the bifurcated 

geometry. At the SCF level, we found an IP value of 0.011 

eV (cf. Table 13.1) which is lower that quoted experimental 

VDEs 0.034 eV [Coe 1990a] or 0.048 eV [Desfrancois 1991]. 
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However, it is one of the highest ab initio IP computed so 

far, and must be put in comparison with Chipman's ab initio 

EA value of 0.0002 eV [Chipman 1979] for a linear geometry 

and Kestner's IP value of 0.0125 eV for a "high-dipole" 

conformation. 

It is likely that electron correlation which generate 

Coulomb holes in the valence structure, will decrease the 

shielding of the positive nuclear charges, and thus would 

increase the electron binding. Kestner [Barnett 1989] 

computed a tentative EA larger by a factor of 1.63, at the 

MP2 level than at the SCF level, for non-equilibrium "high 

dipole" linear geometries. It is difficult, at this stage, 

to quantify the effect of correlation since the description 

of correlation, with the required diffuse basis sets, 

creates numerical problems at the CI and MCSCF level. 

It is instructive to examine the molecular orbital 

(MO) plots of the wavefunction (cf. Figs. 13.1 and 13.2) or 

the electron density (cf. Fig. 13.3) related to the extra 

electron. The MO is not exactly a 3s-type wavefunction 

since it does not features 2 nodal surfaces (cf. Figs. 13.4 

and 13.5) but its spatial extent is much larger than of a 

3s atomic wavefunction in sodium or a "Rydberg" 3s 

molecular wavefunction in H-.0-. The local maximum of the 

outer phase density of the wavefunction is located 

approximately 3 2 in front of the acceptor oxygen. This 3 

2 distance must be compared with the density peak around 9 

2 from path integral computations [Wallqvist 1986], the 

10.6 2 distance from a classical picture [Haberland 1990], 

and the 140 2 distance from Chipman's ab initio computation 

[Chipman 1979] . 

If Chipman's 140 2 distance is within the range of 

validity for the dipole approximation, this is clearly not 

the case for our calculated 3 2 distance which is roughly 

equal to the intermolecular distance. Therefore the dipole 

approximation is invalid, whether at the classical or at 
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the quantum level. The extra electron does not belong to a 

pure dipole bound state as pictured by Wallis [I960]. 

The extra electron MO possesses an important electron 

buildup in the vicinity of the heavy atoms, mostly around 

the acceptor oxygen atom (cf. Figs. 13.4 and 13.5). As it 

belongs to a non quasiclassical wavefunction, the extra 

electron is allowed to penetrate deep inside the valence 

shell to come in close contact with the oxygen atoms. This 

invalidates the underlying assumptions behind the exclusion 

potential part of the electron-water pseudopotential 

[Wallqvist 1986; Barnett 1988]. Not surprisingly, the 

electron penetration is poorly reproduced in path integral 

and TDSCF computations [Barnett 1989; Wallqvist 1986] which 

predicted that the dimer would lie at the "fringe of the 

electron cloud." 

The neutral water molecule features a negative 

Mulliken charge on the oxygen atoms and positive Mulliken 

charges on the hydrogen atoms. A naive classical and 

dipolar picture would lead us to expect that the extra 

electron density would be significant around the hydrogen 

atoms while negligible around the oxygen atoms. In fact, 

it is exactly the reverse which is happening (cf. Figs. 

13.4 and 13.5). The extra electron density is nearly zero 

around the hydrogen atoms of the donor partner, because the 

protons are located exactly at a nodal surface (cf. Fig. 

13.4). The MO gradient, which can be appreciated by the 

distance between successive contour lines, seems to be 

small. The extra electron presence may be felt on the 

protons of the acceptor monomer because the nodal surface 

is situated in an inner position (cf. Fig. 13.5). The 

acceptor protons are located in a region of higher MO 

gradient, therefore the presence of the extra electron 

might distort the potential wells, and affect frequencies 

if the acceptor proton motion is large enough. 
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In a population analysis scheme, the partition of the 

overlap population is somewhat arbitrary. Within a 

Mulliken population analysis (cf. Table 13.2) the physical 

situation seems to defy Coulomb law. In the neutral 

bifurcated dimer, the donor hydrogen atoms bear positive 

Mulliken charges. The acceptor hydrogen atoms also feature 

a smaller yet positive Mulliken charges. The oxygen atoms 

feature negative Mulliken charges. In the anionic species, 

the negative charge is entirely concentrated on the 

acceptor oxygen atoms, while, strangely enough, the donor 

oxygen bears now a positive Mulliken charge, and all the 

hydrogen atoms continue to feature positive Mulliken 

charges. 

A Lowdin population analysis (cf. Table 13.2) yields a 

much sounder description. In the neutral dimer, the 

hydrogen atoms bear negative charges, while the heavy atoms 

feature positive Lowdin charges. In these conditions, it 

is not surprising anymore that the extra electron avoids 

the protons and come in close contact with oxygen nuclei. 

In the anionic species, the Lowdin analysis shows a major 

negative charge increase on the acceptor oxygen atom 

coupled to a nonnegligible negative charge augmentation on 

the donor oxygen atom, as we observed on the MO graphics. 

The charge distribution within the bifurcated water 

dimer, and in all likelihood within high-dipole linear 

conformations, jeopardizes the hypotheses [Barnett 1988] 

employed when constructing the Coulomb potential part of an 

electron-water pseudopotential, because it was assumed that 

the extra electron would be attracted by the "positive 

charges" on the hydrogen atoms. It shows that, in order to 

model the extra electron attachment, one must not rely on 

unwarranted analyses. We fail to understand how the ab 

initio MO plots by Kestner [Barnett 1989] look so similar, 

in the vicinity of the protons, to the path integral and 

TDSCF [Barnett 1989] electron distributions. 
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Within the framework of the bifurcated water dimer 

anion structure, it is possible to explain the mechanism of 

electron attachment from high Rydberg xenon atoms. The 

neutral bifurcated water dimers are metastable structures 

which may be transformed easily by a very slight 

perturbation, into linear neutral structures which are not 

able to attract an extra electron. Therefore, the long-

range Coulomb perturbation generated by a charged 

quasiclassical particle like a positive unshielded Xe"*" core 

would be sufficient enough to deplete the neutral 

bifurcated water dimer population. At low quantum number 

n=10, the positive core Xe is shielded and therefore the 

neutral bifurcated structure are not destroyed until they 

may become part of a collision complex. On the contrary, 

within the collision complex formed between the positive 

core Xe , the water dimer and the extra electron, the 

positive core Xe is going to stabilize the bifurcated 

geometry. It is even likely that the Xe core might 

promote, in a nonnegligible number of collision complexes 

with linear dimers, transitions from linear structures to a 

bifurcated structures. This would explain the high yield 

of water dimer anions in electron attachment from Rydberg 

atoms, which contrasts with the extreme precautions needed 

to obtain a small number of water dimer anions in other 

types of beam experiments [Haberland 1984a, 1984b; Coe 

1990a; Lee 1991 ] . 

An additional and important shield contribution 

originates from the seed gas. Helium should provide a much 

better shield than more bulky neon and argon atoms. Helium 

atoms allow the positive nuclei in Xe atoms excited at 

higher n values, to remain sufficiently shielded. 

According to this picture, we expect that the onset of 

dimer anions formation should occur at lower n or higher 

Rydberg electron energy in neon and argon seed gases, as 

observed. We offer another quantitive interpretation of 



249 

the experimental data [Desfrancois 1991]. With helium as a 

seed gas, the excited Rydberg electron is almost quasifree. 

The EA of the neutral bifurcated water dimer has simply to 

overcome the IP of the quasifree Rydberg electron of the 

excited xenon atom. Therefore the EA is roughly equal to 

the Rydberg electron energy: 

EA = IP (xenon) = 50 ± 30 meV. 

With neon and argon as seed gases, a collision complex is 

formed, and the condition for the dissociation of the 

Coulombic collision complex [Desfrancois 1991] is applied: 

£ = E + ADE c 
which gives, for both carrier gases, ADE = 30 ±60 or ±70 

meV. Within experimental errors and our approximations, 

the EA and the ADE are very similar quantities. 

The electron affinity (EA), also called the vertical 

electron affinity, of the neutral species would be similar 

to the vertical detachment energy (VDE) or ionization 

potential (IP) of the anion, and similar to the adiabatic 

detachment energy (ADE), also called the adiabatic electron 

affinity. 

Vibrational Spectrum 

A study of the intermolecular vibrations of the 

bifurcated water structure have already been published 

[Muguet 1991]. In order to grasp intuitively the 

vibrational movements of this rather unusual bifurcated 

species, the first ten modes are graphically illustrated in 

Figures 13.6 to 13.17. The donor libration could be a 

pathway toward the linear dimer structure. The 

intermolecular stretching could be a pathway toward 

dissociation. The intermolecular torsion might be a 

possible route to the inverted dimer structure. 

Ab initio computations do not predict very well, 

within the harmonic approximation, values of IR 

frequencies. Besides the quality of the PES, anharmonicity 
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seems to be an important factor. We think, it is more 

instructive to rely on frequency shifts in regard to the 

monomer. We list in Table 13.3 the frequency shifts with 2 

basis sets, the subminimal 3-21G basis sets and our 

enlarged DH-M2 basis set. 

It appears that, empiricallv. frequencies computed 

with the 3-21G basis set are, most often, extremely close 

to the experimental harmonic frequencies. This is true for 

the water monomer, and this is likely to be true also for 

the intramolecular frequencies of the water dimer, due to a 

fortuitous near cancellation of errors. On the other hand, 

we should not rely on the 3-21G basis for structural 

predictions, without prior examination. The 3-21G basis 

set has a strong tendency to predict, at the SCF level, 

short intermolecular distances. In our specific case, it 

turns out to be an advantage since we expect that dynamical 

correlation is going to reduce the intermolecular distance, 

by lowering the inter-electron repulsion. 

At the 3-21G HF level and within an intermolecular 

distance of 2.79 2, the shift of the donor symmetric 

stretch relative to the monomer symmetric is +40. In 

comparing with computations with other basis sets, like DH-

M2 which predicts an intermolecular distance of 3.141 2, a 

trend appears: the shorter intermolecular distance, the 

bluer shift we obtain. A shift of +40 does not appear to 

be unrealistic at all. Starting with the experimental 

symmetric stretch frequency of the water monomer, this 

gives a predicted frequency of 3657 + 40 = 3697 ~ 3700 
-1 cm 

Similarly, for the donor bend we have a shift of +30. 

This gives a predicted frequency of 1595 + 30 = 1625 cm 

We can expect also a strong anharmonic component in this 

rather unusual bending mode entangled with the lone pairs 

of the acceptor. The donor bend (in-phase bends) shift 

coincides with a more than twofold increase of intensity. 
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Unfortunately, this absorption band would be located near 

the donor bend of the linear water dimer. Therefore, if 

the linear dimer species is also present, this mode might 

contribute at best to a secondary peak in an IR absorption 

spectrum. 

In order to be able to completely interpret 

experimental data, we must take into account the existence 

of yet another metastable water geometry predicted by our 

ab initio computations [Muguet 1992]. We list in Table 

13.4, the infrared active 0-H stretches band of the 

inverted water dimer (Ci symmetry). The presence of 

metastable water species would be associated with 

characteristically blue-shifted IR bands. 

A satisfactory confirmation of the existence of 

metastable water dimers, would consist in an experimental 

infrared spectrum of metastable neutral water dimers. This 

experiment should be a rara avis indeed, for it should meet 

some stringent requirements: 

(1) It cannot be matrix isolation data, since the 

diffusion and concentration dependence for metastable 

species is non-linear. The matrix may also destabilize 

metastable states. It might be molecular beam infrared 

dissociation spectroscopy but with the condition of using a 

mass spectrometer. A bolometer would be of little use. 

(2) Since we are dealing with metastable species, 

their formation depends on experimental conditions. In 

molecular beams experiments, pressure of the seed gas, as 

well as temperatures of the nozzle and the reservoir, come 

into play. 

There is a tradeoff between the seed gas pressure and 

the nozzle temperature. In order to avoid condensation 

onto the nozzle, the temperature must be raised as the 

expansion become stronger. In order to obtain metastable 

structures with a significant lifetime, a high degree of 

cooling and consequently a strong expansion is necessary. 
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However, a high nozzle temperature depletes the population 

of metastable assemblies at the onset of the expansion. 

Therefore, the production of metastable dimers would occur 

only within a limited range of seed gas pressure and nozzle 

temperature. 

Yuan Lee and coworkers [Page 1984] report a infrared 

predissociatien spectrum of dimers, generated after a 

supersonic expansion (He seed gas, 1-4 atm). It is 

possible to notice distinct supplementary peaks in the 

high- and low-frequency vicinity of the 3730 cm band (cf. 

Figure 13.18). These supplementary peaks are not observed 

within much higher pressure expansions from 10 to 18 atm. 

[Coker 1984; Huang 1989]. It is possible to notice a peak 

at 3700 cm which we naturally assign to the bifurcated 

dimer donor symmetric stretch. 

In agreement with an assignment to metastable species, 

the supplementary blue and red-shifted bands would appear 

or disappear together, as observed. The explanation given 

by Yuan Lee and coworkers [Page 1984] for the supplementary 

blue and red-shifted peaks in terms of combinations of 

overtones with intermolecular modes, does not seem very 

convincing since the combinations should always be present. 

One might also consider helium-water complexes which might 

unexpectedly alter the vibrational states. Our ab initio 

computations concerning a helium/water monomer complex 

indicate only negligible frequency shifts. In molecular 

beams experiments [Arnold 1990], the anionic dimer-argon 

complexes do not display any frequency shifts. 

Franck-Condon Factors 

The Franck-Condon factors are determined by the 

overlap of the vibrational wavefunctions of the initial and 

final states. The initial state is the anion state, while 

the final state corresponds to a neutral species. Within 

the normal mode approximation, we may separate each mode 
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and perform a similar analysis as in a diatomic except that 

the interatomic distance is replaced by a normal mode 

coordinate. Some transitions may occur from vibrational 

ground states of the anion, to vibrationally excited states 

of the neutral dimer and reveal the vibrational spacing of 

the neutral species. The first vibrational spacing 

corresponds with a good approximation to the IR absorption 

frequency. 

Nonzero Franck-Condon factors relative to 0-1 

transitions may appear because of two reasons or 

combination of thereof. 

(1) the center of the well has been translated. 

(2) the shape of the well has changed, either because 

the force constants varied or because anharmonic components 

have changed. 

We are going to confront the observed Franck-Condon 

factors at 3700 cm"^ and 1645 cm"^ [Coe 1990b] with the 

hypothesis of a linear water dimer. We should expect, in 

that case, to find the well know IR bands of the neutral 

water dimer. The donor bonded 0-H stretch corresponds to a 
_-| 

broad band centered around 3545 cm , the acceptor totally 
_1 

symmetric stretch frequency is 3600 cm . The free donor 

0-H stretch is located around 3715 cm", while the acceptor 

totally antisymmetric stretch frequency is 3730 cm . The 

observed frequency do not correspond to any of these modes. 

The normal modes which are going to exhibit Franck-

Condon factors are not likely to be the totally 

antisymmetric modes by reason of near-cancellation of 

geometry changes, unless the well shape is modified. In 

addition to the totally symmetric modes, one has to 

consider non-totally symmetric modes as well non-totally 

antisymmetric modes. So if there is any significant 

geometry change between the anion and neutral geometry, 

there are many normal modes in the linear water which might 

feature significant Franck-Condon factors. The 
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intermolecular distance is the most sensible parameter, and 

should affect the wide and anharmonic 0-H bonded stretch 

band, so we should expect to see at least a Franck-Condon 

factor around 3545 cm~^ but there is none. 

On the other hand, because of its high C2 symmetry, 

the bifurcated water dimer possesses only two stretch modes 

which might exhibit a Franck-Condon factor, because of 

geometry changes: the acceptor symmetric stretch and the 

donor symmetric stretch. 

Our ab initio computations show very little 

geometrical changes upon an electron capture by the neutral 

dimer or upon ionization of the anion (cf. Table 13.5). It 

is possible that a reoptimization with lower gradient 

thresholds could indicate larger variations of geometrical 

parameters. However, the less negligible variations affect 

the intermolecular distance and the donor bend and the 

donor stretches. We expect however that the changes would 

be more pronounced, with a description of electron 
-1 

correlation. Therefore, we assign the 3700 cm band to 

the donor symmetric stretch, and the 1645 cm band to the 

in-phase (mostly donor) bend. 

Following our previous examination of the MO plot of 

the extra electron, we cannot eliminate the possibility of 

a Franck-Condon factor related to the acceptor stretches 

because of a modification of the well shape. 

As we suggested [Muguet 1991] to Dr. Coe and Dr. 

Bowen, it would be very interesting to obtain the infrared 

predissociatien spectra of the anionic dimer. It will be 

also interesting to have the IR predissociatien spectra of 

the neutral dimers produced under the same experimental 

conditions of production as the anionic dimers. 
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Metastabilitv and the Basis 
Set Superposition Error 

In a linear bridge, the bridging hydrogen is located 

in a well significantly different from the well in the 

isolated monomer. The force constants are lowered, 

resulting in a large red shift, the band width is 

considerably widened. The NMR proton chemical shift is the 

witness of a very different electronic environment. In 

contrast each component monomer of a bifurcated water dimer 

is going to be less dramatically perturbed. It is almost 

inevitable that a better description of the linear hydrogen 

bridge is going to improve the description of the well 

considered as a part of the fragment donor monomer. 

Therefore there is an inherent bias of the ab initio method 

toward linear hydrogen bridges. This bias is important 

enough to modify the global minimal geometry as well as to 

wipe out barriers around metastable species. Dispersion 

interaction, which requires the description of dynamical 

electron correlation at the MCSCF level, might be a 

significant interaction component within the bifurcated 

water dimer. 

In order to make contact with the recent and opposite 

conclusions of Marsden and coworkers [1991], we feel 

compelled to report our results on the potential energy 

surface of the bifurcated water dimer without our BSSE 

correction. 

After our optimization of the C2^ geometry of the 

bifurcated water dimer, the next logical step is to try to 

determine the barrier around our reported local minimum. 

We met considerable difficulties in trying to find a 

transition state point, because it appeared that the PES is 

wavy and wiggly. In that context, the computation of the 

Hessian using finite difference may yield erratic results, 

depending on which points of the PES are employed, and the 

reported libration frequency [Muguet 1991] does not 
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constitute a reliable estimate. In passing we have also to 

correct one detail: we wrote inadvertently that the Hessian 

was computed using numerical double differentiation. In 

fact, the Hessian was computed by a more precise numerical 

single differentiation of the analytical gradients, using 

the standard default parameters of GAMESS. We do not 

possess enough disk space to compute analytical second 

derivatives. We checked if some computational errors has 

been perpetrated. Although the energy rises for all 

Cartesian (+ or -) displacements, an error is a distinct 

possibility for several reasons: the default gradient 

tolerance (0.0005 au) for finding the stationary point 

might be too loose, the default step size (0.01 Bohr) in 

the numerical differentiation might too large, the default 

first order difference scheme employed in GAMESS might be 

biased towards one side of the PES and might not be precise 

enough. To address this issue, we concentrated on the 

donor libration mode which is the object of the debate. In 

order to have some point of comparison, we reoptimized the 

stationary point with a very strict tolerance. Then we 

implemented an almost infinitesimal rotation on the 

libration pathway. The displaced geometry was then 

carefully optimized (2 steps) while freezing the libration 

bend (cf. Table 13.6). The energy rises which indicates 

the topological nature of the stationary point along the 

libration mode. So technically we may cautiously confirm 

that the bifurcated geometry appears like as a local 

minimum within the framework of our published calculations 

[Muguet 1991]. However, the transition search, for 

determining the transition barrier height, did not 

converge. The basin of attraction of the bifurcated 

geometry, without BSSE correction, appeared to lie within 

at most a libration angle increment of 0.1°, and 

consequently is too small to account for a physical local 

minimum. 
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In order to make further contact with the paper by 

Marsden and coworkers, we performed the same type of 

computations with the same basis set but with the 

Gaussian88 [Frisch 1988] program. We obtain a slightly 

lower energy energy at the stationary point and the energy 

does not rise along the libration pathway. Therefore, the 

disagreement between our results and those of Marsden 

[1991] persisted, but our own data did not seem very 

convincing. We are not very familiar with the inner 

machinery of Gaussian88, there are possible differences in 

internal thresholds, as well as in numerical algorithms. 

Paradoxically, a very robust SCF algorithm, will exploit 

all the linear combinations able to lower the total energy, 

and therefore will contain the maximal BSSE contribution. 

In any case, this question has become somewhat irrelevant. 

We recently determine that the cause of the PES 

distortion, in favor of a linear structure, is mainly the 

BSSE. We performed the BSSE correction as described in 

chapter XII, for the stationary C2 bifurcated geometry and 

for a partially optimized geometry on the IRC libration 

pathway under a Cs symmetry constraint. Without BSSE 

correction, there is no barrier, but with BSSE correction, 

the energy balance is reversed and a barrier trend appears 

(cf. Table 13.7). More calculations are planned to 

determine the transition barrier towards the linear 

geometry, as soon as the BSSE corrected gradients are 

implemented within the GAMESS program. 
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Table 13.1 Electron Affinity 

N e u t r a l b i f u r c a t e d dimer DH-M2 b a s i s s e t 
Oxygens DH s : 0.168 0.084 0.0504 0.0252 

0.0075 0.0020 0.0006 
p : 0.064 0.019 [0 .006] d : 0 . 8 

Hydrogens DH s : 0.072 0.028 0.011 / 
0.0044 0.0018 

p : 1.4 0.25 / 
0.095 0.035 

0-0 
3.142 

min H-O 
2.666 

Dipole=4.304 D 
H-O-O energy 
52.020 -152.10883 

EA 
-0.0003 

B i f u r c a t e d wa te r dimer an ion . 
3.142 2.666 52.020 IP=0.0003 Hartree 

=0.0082 eV 

Bifurcated water dimer anion. 
0 DH s: 0-168 0.084 0.0504 0.0252 0.0075 

0-0020 0.0006 0.000180 0.000054 
p: 0.064 0.019 d: 0.8 

H DH s: 0.072 0.028 0.011 0.0044 
0.00176 0.000700 0.000280 

p: 1.4 0.25 0.095 0.035 

IP = 0.0004 Hartree = 0.0108 eV 



Table 13.2 Population Analyses 
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Mulliken population analysis 

geometry 
Donor 
Oxygen 

Donor 
Hydrogen 

Acceptor 
Oxygen 

Acceptor 
Hydrogen 

neutral -0.516 

1 .142 

+1-658 

0.258 

0.260 

+0.002 

-0.222 

-2.776 

-2.554 

0.111 

0.055 

-0.056 

anion 

difference 

Lowdin population analysis 

neutral 

anion 

difference 

0.205 

0.089 

-0.120 

-0.142 

-0.147 

-0.005 

0.107 

-0.731 

-0.838 

-0.016 

-0.031 

-0.015 
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Table 13.3 Frequency Shifts 

3-21G basis set 
shi: 

Acceptor asymmetric stretch 
Donor asymmetric stretch 
Donor symmetric stretch 
Acceptor symmetric stretch 

Donor bend (in phase bends) 
Acceptor bend 

ft/monomer shifted 

+ 16 
+ 6 

+ 40 
+27 

+31 
+ 14 

DH-M2 basis set 
shi f t/monomer 

Acceptor asym. stretch 
Donor asym. stretch 
Donor sym. stretch 
Acceptor sym. stretch 

3772 
3762 
3697 
3684 

1625 
1609 

shifted 

-5 
-11 
+9 

-11 

assigned 

3780 
3758 
3700 
3692 

1645 

+ 30 

3781 
3775 
3696 
3676 

shift/monomer shifted 

Donor bend (in phase) 
Acceptor bend 

+ 19 
+2 

1614 
1597 

assigned 

3780 

3700 
3692 

assigned 

1645 

Table 13.4 Infrared Active Stretches of the 
Inverted Water Dimer 

shift/monomer shifted assigned Frequencies 

G6 asymm. stretches +6 
G5 symm. stretches +12 

3762 
3669 

3756 
3625 



Table 13.5 Geometrical Modif icat ions 
Induced by Electron Attachment 

Geometrical 

0 — 

0-H 
H-0-

parameter 

- 0 Intermolecular 

Stretch Donor 
-H Bend Donor 

Difference neutral/anion 

Distance 0.005 

0.003 
1 .75° 

8 

8 

0-H S t r e t ch Aceptor 0.000,08 8 
H-O-H Bend Acceptor 0.31° 

Table 13.6 Librat ion Pathway (DH-M2 b a s i s s e t ) 

Libra t ion bend Energy Max. gradient RMS gradient 

Equil ibrium -152.108,829,477 4.0D-07 1-00-07 

Frozen -152.108,829,465 < 6.0D-07 < 1.0D-07 
Angle = Equil ibrium value - 0.025 
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Table 1 3 . 7 . L i b r a t i o n B a r r i e r Trend 

0 [ 1 0 s / 5 s , 6 p / 4 p ] s 0.0845 0.02796 0.00924 
p 0.0565 0.0193 0.00661 d 0.80 

H [ 5 s / 3 s ] s 0.0444 0.0111 0.0027 p 0 .8 0.085 
C- f u l l o p t i m i z a t i o n H-0-0 0-0 

-152 .118 ,307 ,671 51.86208 3.1348 
- 1 5 2 . 1 1 0 , 6 2 9 , 0 0 5 BSSE c o r r e c t e d energy 

L i b r a t i o n pathway Cs p a r t i a l o p t i m i z a t i o n 
-152 .118 ,307 ,949 51-4886 f ixed 3.1348 
- 1 5 2 . 1 1 0 , 6 2 8 , 5 4 6 BSSE c o r r e c t e d energy 

==> b a r r i e r a p p e a r s 
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I 

CO 

O 

Figure 13.1 
Bifurcated water dimer anion XZ plane 
7A1 MO w^avefunction extra electron 
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O 
PQ 

Figure 13.2 
Bifurcated water dimer anion YZ plane 
7A1 ]VIO extra electron 
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Figure 13.3 
Bifurcated water dimer anion XZ plane 
7A1 MO density extra electron 



266 

Figure 13.4 
Bifurcated water dimer anion XZ plane 
Detail 7A1 MO extra electron 
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Figure 13.5 
Bifurcated water dimer anion YZ plane 
Detail 7A1 MO extra electron 
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Neutral Bifurcated Water Dimer 
Normal mode 104.27 cm**-1 1=0.007 DH-M2 basis set 

Figure 13.6 
Intermolecular Stretch 
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Neutral Bifurcated Water Dimer 
Nomial mode 109.03 cm**-l 1=1.196 DH-M2 basis set 

F igu re 13.7 
Donor Libration 
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Neutral Bifurcated Water Dimer 
Normal mode 177.19 cm**-l 1=7.69 DH-M2 basis set 

Figure 13.8 
Acceptor Wag 



271 

Neutral Bifurcated Water Dimer 
Nonnalmode 189.08 cm**-l 1=0.000 DH-M2 basis set 

Figure 13.9 
Intermolecular Torsion 
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Neutral Bifurcated Water Dimer 
Normal mode 225.07 cm**-1 1=0.023 DH-M2 basis set 

Figure 13.10 
Acceptor Libration 
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Neutral Bifurcated Water Dimer 
Nonnalmode 421.91 cm**-l 1=8.01 DH-M2basis set 

Figure 13.11 
Donor Wag 
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Neutral Bifurcated Water Dimer 
Normal mode 1758 cm**-l 1=0.499 DH-M2 basis set 

Figure 13.12 
Out-of-phase Bends 
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Neutral Bifurcated Water Dimer 
Nonnalmode 1775.1 cm**-l 1=5.239 DH-M2 basis set 

Figure 13.13 
In-phase Bends 
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SPQR 

Neutral Bifurcated Water Dimer 
Nomial mode 4117.7 cm**-l 1=0.724 

MOLPLT 

Figure 13.14 
Acceptor Symmetric Stretch 
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Neutral Bifurcated Water Dimer 
Nomial mode 4132.94 cm**-l 1=0.703 DH-M2 basis set 

Figure 13.15 
Donor Symmetric Stretch 
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Neutral Bifurcated Water Dimer 
Nomial mode 4233.20 cm**-l 1=2.134 DH-M2 basis set 

Figure 13.16 
Donor Asymmetric Stretch 
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Neutral Bifurcated Water Dimer 
Nonnalmode 4238.54cm**-l 1=2.67 DH-M2 basis set 

Figure 13.17 
Acceptor Asymmetric Stretch 
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Water dimer 288K bath 4 atm He 

015 

c 
o 
u 
CO 
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u 
o 
00 

a 

0 10-

0 0 5 -

0 00 
3500 3600 

cm 
-1 

3700 3800 

F i ^ r e 13.18 
Water Dimer Infrared Predissociatien Spectrum 

Source : [Page 84] 
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CHAPTER XIV 

FERROELECTRICITY AND BIFURCATED 

WATER STRUCTURES IN KFCT 

KFCT or potassium ferrocyanide trihydrate is a 

ferroelectric material. it is established that 

reorientations of water molecules cause ferroelectricity. 

However, the geometry of the ferroelectric phase remains 

unknown. 

The mechanism responsible for ferroelectricity seems 

different from that in KDP. The infrared spectrum is 

specifically interesting. A "libration" appears at 538 
-1 

cm [Blinc 1961] and several "librations" are found at 

650,520 and 305 cm [Savatinova 1986, 1984, 1981, 1980; 

Anachkova 1981, 1984], while there is an unexplained 

inter/intramolecular coupling of the asymmetric stretch at 

3505 cm"^ [Savatinova 1986]. 

It is possible to explain these puzzling features with 

the hypothesis of the formation of bifurcated water donor 

structures where the "libration" at 650 and 520 cm" 

corresponds to the donor wag. The frequency is higher than 

our computed HF frequency of 444 cm-1 for the water dimer, 

but a correlated treatment should increase this value. On 

the other hand, in KFCT the acceptor is not an oxygen atom, 

and the crystal constraints modify intermolecular 

distances. The donor wag should be shifted to higher 

frequency. The coupling of the asymmetric stretch with a 

libration is explained naturally because the asymmetric 0-H 

stretch generates a libration. 

The ferroelectric character would result from the 

alignment of the dipoles generated by the bifurcated 

structures. This would constitute a new type of 

ferroelectricity. 
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X-ray diffraction data [Kirimaya 1964] on KFCT, as 

well as a neutron diffraction study [Taylor 1970], were 

only performed for the paraelectric phase. Strangely 

enough, the authors of the neutron diffraction study 

[Taylor 1970] announced that they were going to perform a 

neutron diffraction study of the ferroelectric phase, which 

was never published. We would not be surprised if this 

neutron diffraction experiment of the ferroelectric phase 

was actually performed, but the experimental data were too 

weird to be published. 

The establishment of bifurcated structures with their 

dipole alignments is a cooperative process. The 

ferroelectric phase becomes energetically favored because 

of long range order interactions. However, this structure 

might be very fragile in regard to strongly localized 

perturbations. A neutron scattered by a hydrogen nucleus 

belonging to a bifurcated structure would be likely to kick 

the structure back to a linear geometry. It would be like a 

game of bowls: strongly inelastic neutron scattering would 

render the interpretation of diffraction data not so 

obvious. 

We thank Dr. Richard Wilde and Mr. Jeff Barrows for 

interesting discussions and exchanges of bibliographical 

information. 
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CHAPTER XV 

A MULTI-ATTRACTOR MODEL OF LIQUID WATER 

Any confidence which may then have been felt 
about the structure of water has decreased with 
increasing knowledge. 

H.S. Rossotti [1971 ] 

Introduction 

At the dawn of the third millennium, one may find 

little comfort in thinking that water, the most abundant 

liquid on our planet, is still terra incognita. 

We will outline a new model of liquid water. For a 

detailed description of the various anomalies of water, we 

refer the reader to the seven volumes treatise edited by F. 

Frank [1982] and other books [Eisenberg 1969]. 

Outline of a Model 

Following our findings concerning the potential energy 

surface (PES) of the water dimer, we postulate that liquid 

water is a fluid where three structuring attractors 

compete: 

(1) The attractor corresponding to the well known (Cs) 

linear hydrogen bonded geometry. This attractor is 

enthalpy driven. 

(2) The attractor corresponding to the bifurcated 

geometry (cf. Chap. XIII). This attractor is entropy 

driven. 

(3) The attractor corresponding to the inverted (Ci) 

geometry [Muguet 1992]. This attractor is also entropy 
driven. 

At the epistemological level, in order to describe a 

complex liquid, we need a model of matching complexity. In 

this sense, it is quite clear that the disordered 

component/icelike component model is not complex enough. 

In fact we fail to understand these two component models. 
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because every associated liquid might be regarded as a two 

components system. In fact the disordered component cannot 

be a component in the thermodynamic sense. It is much more 

correct to speak in terms of a thermal chaotic attractor 

which interacts with structuring attractors. 

Therefore, mathematically, our model which applies to 

a many body system, comprises four attractors: three 

structuring attractors and one strange chaotic attractor: 

the thermal attractor. 

In the liquid phase, the dimensions of the molecular 

assemblies generated by each structuring attractor are 

fractal. The structuring attractors are strange non 

chaotic [Grebogi 1984]. The linear structure attractor has 

the capability of generating structures which may fill the 

3-dimensional space. In various crystalline ices, the 

linear attractor strange character disappears. The 

bifurcated and inverted attractors, on the other hand, 

generate chains which cannot fill the whole space. 

With each structuring attractor, we may associate a 

series of distinct physical properties and in particular 

spectral properties. Within our model, it is possible to 

explain observed isosbestic points [Walrafen 1989] in the 

Raman 0-H stretch region at 3370 cm [Walrafen 1986; 

Giguere 1984; D'Arrigo 1981] and in the Raman 
_i 

intermolecular region at 128 cm [Walrafen 1989]. We may 

also notice a near isosbestic point in the 0-H IR overtone 

spectrum around 6870 cm~^ [Angell 1984]. An original model 

[Giguere 1987] was proposed to explain the Raman isosbestic 

points, in terms of two absorbing species: one corresponds 

to the classical linear hydrogen bond, while the other is 

related to a "bifurcated structure." According to 

Giguere's definition [Giguere 1987], the "bifurcated 

structure" corresponds to a hydrogen atom bridged 

simultaneously to two oxygen lone pairs belonging to two 

different water molecules. This type of structure requires 
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three water molecules and is not similar to dimeric 

bifurcated geometries treated so far (cf. Chap. XIII). Our 

ab initio computations, at the SCF level, failed to find a 

local minimum for "bifurcated" trimeric geometries a la 

Giguere. 

Isosbestic points [Nowicka 1971] indicate often but 

not always two absorbing species. It is also possible that 

other species present are not absorbing in the specific 

region near the isosbestic point. It is rather interesting 

to notice that there is no isosbestic points in the IR 

spectrum which obey two different selection rules. The 

hypothesis of two different absorbing species is 

insufficient, we must have at least three different 

absorbing species with distinct IR and Raman selection 

rules. 

There is a near isosbestic point in the IR overtone 

spectrum where IR contributions from absorbing species with 

different degrees of vibrational anharmonicity, may be 

almost separated out. 

A priori, trimeric assemblies a la Giguere [1987] may 

exist in liquid water, stabilized by yet another water 

molecule, within a many-body effect. Since, there is an 

unresolved discrepancy [Giguere 1987] between the 

predictions of the Giguere model and neutron diffraction 

data, it is likely that trimeric assemblies a la Giguere 

[1987] are not very probable. However, in order to further 

refine our model, we might have to add 3-body attractors to 

our postulated three 2-body structuring attractors. 

As far as hydration is concerned we are still in the 

XVII century, when in order to explain hydrostatics, it was 

said that nature hates vacuum. Greek terms such as 

hydrophylic, i.e., water loving, and hydrophobic, i.e., 

water hating, are just pedantic and convenient ways to hide 

our ignorance. Hydrophylic hydration may involve the 

formation of linear hydrogen bonds but not exclusively. On 
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the other hand hydrophobic hydration is poorly understood 

[Muller 1990]. Raman spectroscopy [D'Aprano 1988] shows 

that water structure is modified upon hydration. We 

suggest that hydrophobic hydration is mostly related to the 

bifurcated and inverted attractors either alone or in 

interaction. 

Membranes are unique products of self-organization in 

aqueous systems, thanks to a complex interplay between 

hydrophobic hydration(s) and hydrophylic hydration(s). 

There are large electric fields across biological 

membranes, and the presence of bifurcated water geometries 

is very likely at the membrane interface. On the other 

hand, between inert walls, mesoscopic water may comprise 

mostly inverted geometries near the surface. Interfacial 

water has been shown to be more structured than bulk water 

[Fillingim 1989]. 

Current Developments 

We prepared an algorithm (cf. Chap. XVI) in order to 

perform a molecular dynamics (MD) simulation on a new 

generation of massively parallel computers. In order to 

confront the predictions of our model with experimental 

data, the simulation features an effective pair potential 

which describes local minima at the bifurcated and inverted 

geometries. 
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CHAPTER XVI 

A NEIGHBOR COORDINATES LIST DRIVEN 

MD ALGORITHM FOR S.I.M.D COMPUTERS 

Introduction 

The MASPAR1 is a massively parallel single 

instruction/multiple data (SIMD) [Huberman 1989] computer 

(2048 X 4 bit processors at Texas Tech) (Fig. 16.1, Fig. 

16.2). Data may be transmitted in several ways: The 

router, the global OR pathway, and the X-network. The 

router and the global OR pathway are implemented with 

buses. With the X-router, each processing element (PE) can 

address its 8 nearest neighbors. The array control unit 

(ACU) broadcasts, via the router, each instruction to all 

PES, hence flows the single instruction scheme. Each PE 

possesses a private local memory. Through local indirect 

addressing each PEs can address a different location in its 

memory, but the local indirect addressing takes almost 

twice as much time as a direct addressing. A C-like 

language MPL has been created by MASPAR in order to 

explicitly program parallelism. In MASPAR parlance, a 

local variable is declared as a PLURAL variable. We are 

concerned with implementing a robust, simple, yet fast 

algorithm for molecular dynamics. An extension of the 

vectorized algorithm of Brode and Alrich [1986], is 

directly applicable to a SIMD computer, but it is very 

inefficient for a large number of particles (e.g., 2000), 

since it cannot take any advantage of cutoffs. 

A first class of methods comprises simple adaptations 

of algorithms developed for serial and vector computers. 

The neighbor-list method [Allen 1987], as well as the link-

cell method [Hockney 1981] do take advantage of the 

potential cutoffs to achieve a substantial saving of 

computational time. Based on the similarity between vector 
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processors and SIMD, Fincham [1987] does not seem to 

recommend both methods. Fincham [1987] notes however that 

the availability of reduction "gather-scatter" allow an 

efficient vectorization. A vectorized neighbor-list method 

called the "method of lights" has been developed by 

Sullivan et al. [1988]. Furthermore, an efficiently 

vectorized link-cell method also exists [Heyes 1987]. 

Monotonic logical grids methods [Boris 1986] cannot take 

either full advantage of the cutoffs. 

A second class of methods comprises specifically 

designed parallel systolic algorithms [Ostlund 1985]. 

However, most systolic loop algorithm have been implemented 

on MIMD machines [Raine 1989; Slaets 1989] or SIMD with 

specific architecture [Ostlund 1985]. Therefore not all 

systolic algorithms may be implemented on a SIMD machine 

like the MASPAR. Among the MIMD methods proposed by Raine, 

Fincham and Smith [1989], only their systolic loop double 

(SLD) method seems adaptable. If N is the number of 

particles and N the number of processors , within i(N-1) 

systolic pulses, the forces may be computed, but at least 

i(N-1) pure communication pulses are required [Raine 1989; 

Bruge 1991]. It is possible to take advantage of the 

antisymmetry of the forces, but not of the potential 

cutoffs. Within a SIMD machine, if within a systolic 

pulse, there is one particle for which the potential is in 

range, then all the other PEs must wait idle until this 

specific computation is finished. It is therefore very 

likely that each force computation step will take ^(N-l) 

systolic pulses. In other words, the IF test on a PLURAL 

variable brings no computational speedup. On a MIMD 

computer, the situation is different [Raine 1989], because 

each thread progresses at its own speed, without waiting 

for the others, a systolic loop algorithm may efficiently 

use the cutoff. in other words, an IF test on a local 
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variable does not freeze the other PEs since they may have 

different instructions running. 

A third class of parallel algorithms includes cell 

methods [Bruge 1990; Liewer 1989; Slaets 1989; Tamayo 

1991]. The simulation box is divided into smaller boxes or 

domains. Each domain is handled by one PE. This method is 

interesting when one has to model a very large number of 

particles, e.g., 100,000 particles as in plasma 

simulations, or when the target machine possesses a few yet 

powerful processors like transputers in INMOS computers or 

like sprint nodes in CM2 connection machines [Tamayo 1991]. 

A fourth class of parallel methods utilizes neighbor 

lists [Tamayo 1991]. The neighbor list in each PE consists 

of the hardware addresses of the PEs representing neighbor 

particles. Although this neighbor list may not be updated 

at each step if a large potential cutoff is used, there is 

an increasing large overhead in communication as the 

simulation is performed. In the beginning of the 

simulation, each neighbor particle PEs may be physically 

near on the PE array. But as disorder increases, the 

neighbors PE can be located randomly over the PE grid. To 

fetch the coordinates of a neighbor becomes expensive. On 

a MASPAR, there will be numerous router contention 

problems. 

Overall Schemes 

For simplicity, we are going to suppose, in a first 

stage, that the number of PEs is equal to the number N of 

particles in the simulation box. All particles interact 

with the same Lennard-Jones potential. The potential has a 

short range so we can use a cutoff. For example no long 

range coulombic potential is discussed. We are going to 

affect one PE to each particle. Each particle would keep 

its PE number, even within periodic boundary crossing. At 

initialization, we distribute coordinates, velocities, 
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accelerations (CVA) values and as many past CVA values as 

needed by the integration of motion algorithms, over the 

processing elements (PEs). 

The first algorithm (Broadcast Algorithm) is composed 

with 3 main phases: 

1 . Construction of the neighbors' coordinates list. 

Each PEs is going to send to the ACU its coordinates 

values. Then the ACU broadcasts to all the PEs the 

specific coordinates value. Each PEs compares the 

broadcast coordinates value with its own coordinates and 

builds a neighbor coordinates list or array within a 

specific cutoff range. Each PE stores the value of the 

coordinates of its neighbors in its local processing 

element memory (PMEM). Our current MASPAR computer does 

not allow the PEs, like in a shared memory system [Muller 

1990], to address simultaneously different locations of the 

ACU memory. Within a number of pulses equal to N, all PEs 

may build their neighbors' coordinates array. The number 

of instructions, NL, required to build the list is small, 

and the broadcast process is very fast, almost invisible, 

since instructions also are broadcast. 

2. Computation of the forces and motion integration. 

Since each PEs has in its PMEM all the neighbors 

coordinates, it may compute the forces, and performs the 

integration algorithm, whether predictor only, or 

predictor-corrector completely in parallel, without any 

communication. If N1 is the maximum number of neighbor in 

all the neighbor lists, and M is the computational cost (in 

pulse units) of the force computation and motion 

integration then this phase would cost NI * M. This phase 

would be performed near the maximum theoretical speed 

achievable on a parallel computer, depending on the 

flatness of the distribution of the number of neighbors per 

PE. In homogeneous fluids one can expect a good load 

balancing. Since the force term in M is the most expansive 



306 

term in a MD computation, the force phase speed up would 

significantly contribute to the overall performance of the 

algorithm. With the help of a neighbor's coordinates 

array, it is possible to compute 3-body potentials, such as 

the Axelrod-Teller potential to represent dispersion 

interactions. 

3. Collection of statistical data. 

This phase has been separated for a logical 

explanation of the process, and would be integrated in 

phase 1 . For example, each PE may compute its own velocity 

autocorrelation function and would send its value to the 

ACU, along the coordinates value for each phase 1 or every 

5 or 10 phase 1. If each PE sends not only the 

coordinates, but other values, such as velocities, to ACU 

for a latter broadcast, 2-particle correlation functions 

may be computed in parallel while constructing the 

neighbors' coordinates list. Global values such as the 

total energy may be computed very efficiently via global-

OR. It seems therefore that for most of the statistical 

data the computation per se could occur in parallel. 

In a second algorithm (Xnet Algorithm). The update of 

the neighbors' coordinates list is made trough a systolic 

loop. We expected that the broadcast algorithm would be 

faster. However, in the Xnet algorithm, we do not have to 

check if the neighbor distance is zero, since by design the 

PE never communicates their respective particle addresses 

to themselves. 

The advantage of our algorithms over existing methods, 

for the MASPAR machine should become more and more obvious 

as the potential becomes more and more difficult to 

compute. In the MASPAR MPI, each PE is a 4-bit adder, the 

difficulty of the calculation of the potential and the 

force must not be underestimated. 
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Programming Considerations 

Phase 1 (Broadcast Algorithm) 

Sending the coordinates from one PE to the ACU can be 

done using the PROC construct. The broadcast of the 

coordinates is implemented simply by casting a SINGULAR to 

PLURAL. Each PMEM has a size of 16384 bytes. If we use 

double precision (8 bytes) FLOAT arithmetic, we can store 

the coordinates of 16384/3*8 = 682 particles. If we use 

single precision (4bytes) SHORT arithmetic, we can store 

the coordinates of 1365 particles. This would seem far 

enough for a 2000 particles simulation. Part of the PMEM 

is used also for storing local values, and as a local work 

area. The neighbors' coordinates list has to be built 

taking into account the periodic boundary conditions. This 

is simply done by using the ANINT statement [Allen 1987], 

only to compute the inter-particles distance. 

Phase 1 (Xnet Algorithm) 

A systolic procedure is used. XNET constructs are 

used (like in a matrix multiplication). The performance of 

the algorithm A versus the algorithm would depend on the 

relative performance of XNET data transfer/Broadcast bus 

data transfer. 

Phase 2 (All Algorithms) 

No special parallel construct is needed. All 

processing concerns only PLURAL variables. 

Phase 3 (All Algorithms) 

The same parallel constructs as in phase 1 (Algorithm 

A) are used, but not every computational step, for example 

every 10 steps. 

While implementing the algorithms, a number of 

improvements were found to achieve further speed up. For 

conditional tests and data transfers, we employed scaled 

integer (4 bytes) arithmetics instead of floating points 

numbers (4 bytes). This resulted by in a speed up by a 

factor of 2. Then these integers values were put in 
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registers (a suggestion by J. Ortiz), the performance again 

doubled. On the other hand, scaled SHORT integer 

arithmetics (2 bytes) did not generate any speed increase. 

It was also found that the ANINT function was unexpectedly 

very slow, and that it was faster to employ conditional 

statements. 

The inspection of the assembler code generated by the 

compiler, revealed significant compiler inefficiencies. 

For example, the negative value of a number is handled by a 

substation to zero, while a simple binary complement would 

have been 20 times faster. The SHORT integers (2 bytes) 

were seen to be converted to LONG integers (4bytes) for no 

obvious reasons. Despite all these shortcomings, somewhat 

unavoidable, in a new type of machine, the performances are 

clearly in the supercomputer range. Our benchmarks are 

summarized in Table 16.1 where N is the number of particles 

in the simulation. T is the time of one simulation step, 

and t = T/N. Our test program features a density of 0.83 

and a cutoff of 2.35 in reduced Lennard-Jones units 

[Heerman 1985; Allen 1987]. All other test programs 

involve Lennard-Jones potential, with reduced densities 

within a 0.83 - 0.95 range, and cutoffs of 2.3 or 2.5. The 

test program runs 48 times faster than on a scalar Vax 

6510. The best CRAY/YMP timings per particle (t) are 8.8 

faster than our current results. One must not forgot that 

vector compilers are now very sophisticated, and these 

competitive test programs are streamlined to the limit. It 

is interesting also to examine the benchmarks of yet 

another massively computer, the Connection Machine CM2 with 

either 32k or 16k single-bit processors. The CM2 may be 

compared tentatively with a 8192 and 4096 4-bit processors 

achines. The best CM2 performance [Cells method, Tamayo 

1991] is achieved through the supplementary use of Weitek 

floating point processors (sprint nodes). 
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The Cray XMP, the IBM 3090 and the CM2 machines are 

multimillion dollars computers, while MASPAR prices are in 

the few hundred thousand dollars range. It follows that 

our algorithm as implemented on a MASPAR machine, offers 

the best price/performance ratio, and we do expect further 

speed up with a new compiler. 

Larger Number of Particles 

If the number of particles exceeds the number of PEs, 

although it will proceed slower than if we had a larger 

number of PEs, the algorithm will become relatively more 

and more efficient. If we affect two particles per PEs, 

then each PE can construct two particles neighbors list 

using the same broadcast coordinates. The phase 1 become 

more efficient. For the phase 2, it would scale simply as 

2*N1"̂ M, an interesting linear scaling. The limiting factor 

for increasing the number of particles would be the size of 

PMEM. The size of the PMEM would suggest we could affect 

up to six particles for each PE, this would enable to 

perform a 12 000 particles simulation. The maximum 

"performance" simulation for a specific hardware 

configuration would occur when the PMEMs are fully used. 

Further Developments 

Massively parallel computing requires logically a 

parallel l/O system. The most promising development is the 

utilization of parallel l/O hardware for collecting all the 

coordinates stored in the PE simultaneously. We propose to 

initiate a parallel l/O call, and then to send the content 

of the I/O board buffer to the ACU. From my discussions 

with people at MASPAR, this is technically possible to 

implement. We do not need to have any disks effectively 

attached to the parallel l/O board. Unfortunately such an 

I/O board is not available at Texas Tech. 
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Conclusions 

An efficient MD algorithm has been developed with 

excellent price/performance ratio. However we must wait 

for the new version of the MPL compiler to be able to 

explore its true performance. 
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Computer and algorithm N T(sec.) t( s) 

Cray-is Link cell [Heyes 88] 

IBM/3090 [Yang 90] 

IBM/3090 [Swope 90] 

Cray XMP all pairs [Schoen 89] 

Cray XMP [Grest 89] 
link cell/neighbour list 

CM2-32k Link cell [Mel'cuk 91] 

CM2-16k neighbour list [Tamayo 91] 

CM2-32k cells [Tamayo 91 ] 

MASPAR(2048) xnet (l/O) 
xnet (no l/O) 

MASPAR(2048) broadcast (l/O) 
broadcast (no l/O) 

6912 

1300 

15000 

6912 

6912 

64000 

15000 

18000 

2048 
2048 

2048 
2048 

1 

0 

1 

0 

0 

5. 

1 . 

0. 

0. 
0. 

0. 
0. 

.59 

.43 

.6 

.53 

.16 

.3 

.8 

,57 

,56 
,47 

66 
56 

230 

332 

107 

77 

26 

83 

120 

32 

273 
229 

321 
271 

Vax 6510 (scalar) (l/O) 2048 27.06 13212 

Source and References : [Tamayo 1991] 
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MASPAR major data paths 
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The MASPAR architecture 
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