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Abstract 
      In this Chapter, we discuss several classes of anions and dianions for which short-
range valence attractive forces are not the only or primary factors in determining the 
electronic stability. In particular, we examine: 
 

a. dipole-bound anions in which the long-range charge-dipole potential is crucial;  
b. quadrupole-bound anions where the underlying neutral has no dipole moment so the  
    shorter-range charge-quadrupole potential may dominate; 
c. anions formed by attaching an electron to a Rydberg orbital; 
d. dianions formed by adding two electrons to a dipole-bound orbital;  
e. dianions formed by attaching two excess electrons to distinct (and often distant) sites;  
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and finally,  
f. dianions formed by attaching two electrons to quite proximate sites.  
 

 In addition to examining these classes of anions, we also discuss physical models 
(e.g., the point dipole and fixed finite dipole models and the role of Coulomb repulsions) 
that are useful in understanding their behavior.  
 

Introduction 
 If a molecule possesses a vacant or half-filled valence orbital, it may be able to bind 
an ‘‘extra’’ electron within this orbital to form a stable (with respect to electron 
detachment) anion.  An anion formed in this manner is termed a valence-bound anion. 
Examples include CN-  in which the extra electron occupies a non-bonding σ orbital; O2

-  
where the electron resides in an anti-bonding π* orbital;  ArF- with the electron in a 2p 
orbital of F-  van der Waals bound to Ar,;  H3C-COO- with the electron in a delocalized  
π orbital of the carboxylate group, and countless others. Such anions are not a primary 
subject of this Chapter; instead, we focus attention on: 
a. anions formed when an electron is bound in a manner that does not involve placing the 
electron into a valence-type orbital, and 
b. dianions that may involve electrons attached to valence or non-valence orbitals. 
In all of the species we discuss, the interaction of the excess electron(s) with various 
electrostatic moments of the underlying molecule plays a central role in determining the 
strength of the electron binding. 
 This Chapter is not intended to offer a thorough review of the topics it covers; 
rather, it is intended to survey a wide range of anions and dianions and to provide 
connections to other Chapters in this book. There are several recent reviews that one can 
consult to learn more about negative molecular ions in general as well as about several 
of the classes of anions treated here. These include reviews on gas-phase anions by 
Kalcher and Sax [1] and by Kalcher [2], on ab initio treatment of anions by Simons and 
Jordan [3], on anions of polar molecules by Jordan [4], on dipole-bound anions by 
Gutowski and Skurski [5], on multiply charged anions by Compton [6] and by Scheller, 
Compton, and Cederbaum [7], and on Double-Rydberg anions by  Simons and Gutowski 
[8].  
 

I. One electron attached to a molecule 
 In the present Section, we will treat species that arise when one “excess” electron is 
attached to a non-valence orbital, and, in Section II, we deal with species in which two 
or more such electrons are attached. In the latter cases, the mutual Coulomb repulsion 
among the negative charges generates additional complexities in both the experimental 
and theoretical treatments. Let us now move on to examine the singly charged anion 
cases. 
 

A. Binding to polar molecules 
 If a molecule has no empty or half-filled valence orbitals available to bind an 
electron, then how else might the electron be attracted and bound to the molecule? The 
answer lies in considering the types of potentials an electron experiences as it 
approaches a neutral molecule (i.e., in examining the long-range interactions operative 
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between an electron and a neutral molecule). Because the molecule is neutral, there 
exists no long-range Coulomb potential (of the form -qe2/r). The potential that has the 
longest range (i.e., the smallest inverse power of the distance r between the electron and 
the molecule) is the charge-dipole potential  
 

 
 
Here, µ is the dipole moment of the molecule and θ is the angle between the dipole 
vector µ and the electron’s position vector r. Of course, there are other potentials whose 
dependence on r is different. For example, the charge-induced-dipole potential is  
 

 

 
where α is the polarizability tensor of the molecule and again r is the position vector of 
the attached electron, and the charge-quadrupole potential has the form 
 

 

 
where Q is the quadrupole tensor of the molecule and 1 is the unit tensor. Of course the • 
symbol implies the dot product between vectors or tensors. 
 For any molecule with a non-vanishing dipole moment µ, it is the charge-dipole 
potential that must be treated first when considering weakly bound electrons because this 
potential has the longest range. If µ = 0, one must consider the effects of the charge-
quadrupole potential, and, if Q vanishes, one has to look at even shorter-range potentials 
as possible electron binding sources. 

 
1. The point and fixed finite dipole models 
 Over fifty years ago, Fermi and Teller [9] and Wightman [10] carried out analyses 
of the Schrödinger equation 
 

 
 
describing the motion of a single electron of mass me in the presence of a purely 
attractive charge-dipole potential. This is commonly called the point dipole (PD) model 
because it contains no compensating repulsive potential at small r. The above authors 
showed that if the magnitude of the dipole moment µ exceeded 1.625 Debyes (or 0.6393 
ea0, where a0 is the Bohr radius 0.529 Å and e is the charge of the electron), the potential 
is strong enough to support bound states of σ symmetry (i.e., having exp(iλφ) azimuthal 
angle dependence with λ = 0) . On the other hand, if µ < 1.625 D, no σ bound states can 
exist. Even higher critical dipole moments were found to be required to bind π and 
higher-λ states (e.g., 9.6375 D for π states and 24.218 D for δ states). 
 Later, Crawford [11] and Dalgarno [12] and Byers-Brown and Roberts [13] among 
others considered both the point dipole and the fixed finite dipole (FFD) model for one 
electron moving in the presence of a pure dipole potential. The former model was 
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discussed above; the latter considers two charges 
q  and  -q separated by a distance R to define a 
dipole moment of magnitude µ = qR as shown in 
Fig. 1.  
The Schrödinger equation for an electron moving 
under attraction to the center (A) of charge q and 
repulsion from center B of charge −q  
 

  
 
can be rewritten in confocal eliptical coordinates  

 

  
 
and the azimuthal angle φ. Doing so is appropriate because of the φ-independence of the 
potential and yields 

 

 
 
Here ε = - meR

2E/2 h2 , and β = 2meRqe/ h2 are variables that contain the energy E and 
the dipole moment Rq, respectively. The dependence of ψ on ρ and ν can be separated 
using ψ = u(ρ) n(ν) exp(iλφ). Doing so produces separate equations for the u and v 
functions: 
 

 
 

where B is the separation constant arising when the two-dimensional differential 
equation is reduced to two one-dimensional equations.  
 It is important to notice that the variable ε depends on both the energy E and the 
dipole’s “length” variable R. In contrast, the variable β is independent of E and depends 
only on the dipole’s magnitude µ = q R (i.e., only on the product of q and R). Byers-
Brown and Roberts noted that these dependences of ε and β allow one to conclude that 
requiring solutions u and n to exist having vanishingly small positive ε would place 
demands on the magnitude of β and thus only on the magnitude of µ, not of R and q 
separately. In other words, for the FFD model, the conditions for critical electron binding 
were shown to depend not on R and q separately, but only on their product q R = µ.  
 Moreover, as discussed in the review by Turner [14], several groups found that the 
value of µ for which the FFD model barely binds an electron in a σ state is exactly the 

R

rA rB

q -q

Figure 1. Parameters of the Fixed Finite
Dipole Model 
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same 1.625 D as for the PD model. The critical moments for binding π and δ states in 
the FFD model are also the same as in the PD model. The main difference between the 
predictions of the two models lies in the binding energies they predict for µ > 1.625 D. 
For µ greater than the critical values, the PD model gives infinite binding energy 
whereas the FFD model gives finite binding (more on the FFD binding energies will 
be offered later).  
 

 Furthermore, it was shown that, even if one adds to the PD or FFD potential any 
short-range (decaying more rapidly than 1/r2) repulsive potential, exactly the same 
minimum values of µ are needed to critically bind an electron, but the binding predicted 
in the PD case is no longer infinite.  
 

 What do these results have to do with binding electrons to real molecules that 
contain other electrons and that might be rotating or vibrating? The answer is that, 
although the PD and FFD models suggest the existence of a critical dipole moment 
above which electron binding will occur, the quantitative predictions of these models do 
not fit real molecules very well. As noted above, the PD model predicts that once µ 
exceeds 1.625 D, an electron will bind in a σ state and the binding energy of this 
electron will be infinite! Clearly this prediction is incorrect since an infinite binding is 
unphysical and because one expects the binding energy to depend on the magnitude of 
the dipole.  
 

 For µ > 1.625 D, the FFD model predicts finite binding, but the binding energies it 
suggests tend to be considerably larger than for real molecules having the same dipole 
moment. Moreover, an experimental chemist wants to know how large µ must be before 
significant electron binding (i.e., large enough to render the anion stable enough to be 
examined and to be within the range of experimental resolution) will occur, but neither 
model can do this very accurately.  
 

 For example, Turner shows [14] that for µ = 1.696 D, the FFD model predicts a 
binding energy of 10-18 eV. However, to achieve a binding energy of 1 cm-1 (about as 
small as could be experimentally probed) with a charge q =1, this model suggests [15] 
one needs µ > 2 D. It is the latter value that is of more experimental relevance.  
 

 Another example of the limitation of the models is provided by KH- at its 
equilibrium bond length (2.38 Å) where its dipole moment is 9.465 D. It turns out that 
LiH- stretched to R = 3.2 Å has the same dipole moment, µ = 9.465 D.  Because these 
species have the same µ values, the FFD model would suggest they have binding 
energies whose ratio is the square of the inverse ratio of their bond lengths: E2/E1 = 
(R1/R2)

2. This relationship follows because the ε parameter of this model is proportional 
to ER2, and it is ε that is uniquely determined by µ. The ratio of these two anions’ 
binding energies is 0.35 eV/0.90 eV = 0.39, but the ratio of bond lengths squared is 
(2.38/3.2)2 = 0.55. So, again, we see that the quantitative predictions of the FFD model 
are not very good. 

 

 What is wrong with these models that limits their applicability to realistic molecular 
systems? Jordan and Luken [16] examined a generalization of the fixed finite dipole 
model in which one center has charge Z+q and the other center has charge -q, and the 
former center is surrounded by an electron distribution containing Z electrons. This 
electron distribution’s influence on the “extra” electron was approximated in terms of 
Coulomb and exchange potentials  



Jack Simons & Piotr Skurski �%)

 
 
These potentials, in turn, were expressed in terms of orbitals {φj j = 1, Z} obtained by 
solving the Hartree-Fock (HF) equations for the Z electrons in the presence of the two 
centers of charge Z+q and -q.  Results showed that this modified FFD model could 
produce electron binding energies more accurately than could the original model. This 
therefore suggests that the primary deficiencies of the simple PD and FFD models are: 
 
a. that they ignore Coulomb and exchange repulsion produced by inner-shell electrons; 
b. that they ignore orthogonality of the “extra” electron’s orbital to those of the other 

electrons in the molecule (this causes the extra electron’s orbital to not have the 
proper nodal structure); 

c. that they ignore the indistinguishability of the electrons and thus the antisymmetry 
of the many-electron wave function within which the “extra” electron resides. 

 
 So, does this mean that the critical dipole moment suggested by the PD and FFD 
models is wrong? Not really! It is true that any non-rotating molecule with µ > 1.625 D 
and any number of inner-shell electrons (i.e., any short-range repulsion) will bind an 
electron. However, the binding energy may be so small as to be experimentally 
irrelevant and certainly will depend on the nature of the inner-shell repulsions. In 
contrast, the modified FFD model discussed immediately above gives more useful 
approximations to the binding energies of real molecules. More recently, the kind of 
ideas introduced by Jordan and Luken have been extended and a new model [17] 
developed in which dipole, quadrupole, and polarization attractions as well as valence 
repulsions are included.  
 
2. Binding to real molecules 
 There have been many theoretical and experimental studies of electrons bound to 
polar molecules in which the binding is ascribed primarily to the charge-dipole attractive 
potential. Recent reviews [18, 19] offer excellent insight into the current state of affairs 
of the theoretical studies most of which have been carried out in the laboratories of Drs. 
Jordan [16,18,20-24], Adamowicz [25-42], Chipman [43], Bartlett [44-46], Gutowski 
[5,18,23,24,47-55], Desfrançois [56,57], and the two authors [5,18,20,23,24,47-
55,58,59]. Much of the early experimental work on dipole-bound anions was produced 
in the Brauman [60-68], Lineberger [68-75], Desfrançois [76-89], Compton [83,90,91] 
and Bowen [92-96] laboratories. More recently, the Johnson group [97-107] has also 
generated a substantial body of data on such anions, and many other experimental and 
theoretical groups are joining these exciting studies.  
 In nearly all of these studies, there is good reason to believe that the binding is due 
primarily to the dipole potential but, in no case can it be shown that the resultant anions 
are purely dipole-bound. Let us illustrate by examining a few anions that have been 
termed dipole-bound. The H3C-CN molecule has a dipole moment of 4.34 D and has 
been shown to form an anion with an electron binding energy of 108 cm-1. Calculations 
show that the excess electron occupies an orbital localized on the positive end of this 
dipole within the H3C- group’s “pocket” and rather distant from the underlying 
molecule’s valence orbitals as shown below in Fig. 2.  
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 Clearly, CH3CN has no vacant or half-
filled valence orbitals that could attach the 
excess electron (its CN π* orbital is very high 
in energy), so it is quite appropriate to call its 
anion dipole-bound. However, not all 
molecules having this dipole moment bind an 
electron to the same extent; for example, 
H2CCC also has a dipole moment of 4.34 D 
but binds by 173 cm-1 [102]. So, the binding 
energy is determined not only by µ but also 
by the nature of the molecule’s other occupied 
orbitals as reflected in their Coulomb and 
exchange potentials. Moreover, when one 
examines the contributions to the electron 

binding energy of the H3C-CN- anion, one finds that the electron-dipole attraction (plus 
other charge-multipole interactions) combined with the Coulomb and exchange 
interactions do not reproduce the full electron binding energy. In fact, 57 cm-1 or 53 % of 
the binding arises from the dispersion interaction [23] between the excess electron and 
the other electrons. Such dispersion contributions have been found to be substantial in 
many dipole-bound anions. Hence, it is not entirely correct to think of these species as 
being entirely dipole-bound although the charge-dipole potential is the effect that attracts 
the excess electron at the longest range. 
 

 Let’s consider another example- that of acetaldehyde enolate [68] H-COCH2
- - 

which has a valence-bound ground state and a dipole-bound excited state. In the 
ground valence-bound state, the excess electron occupies a delocalized orbital of π 
symmetry that ranges over the Oxygen and the two Carbon centers. In the excited 
state, an electron is promoted from this π orbital into an orbital that is bound primarily 
by the underlying radical’s dipole potential. However, again the binding energy of this 
dipole-bound state is not entirely determined by the radical’s dipole moment and the 
Coulomb and exchange repulsions of the other electrons. Dispersion interactions 
between the excess electron and the others are important, so again, the anion is not 
entirely dipole-bound. This example teaches another lesson- that even species such as 
the H2C-CHO radical that has a half-filled valence orbital can form dipole-bound 
states if their dipole moments are large enough. That is, the fact that a species forms a 
valence-bound anion does not preclude it from also forming a dipole-bound state. 

 
 

 A more extreme example of the roles played by shorter-range potentials is offered 
when one considers anion states of alkali halides or alkali hydrides such as LiF- or 
NaH-, or the alkaline earth analogs such as BeO- or MgO-. For example, in neutral LiF, 
the bonding at the equilibrium internuclear distance is very ionic. Hence, one can view 
the neutral as a closed-shell F- anion sitting next to a closed-shell Li+ cation. 
Undoubtedly, at very long range, the excess electron is attracted primarily by its dipole 
interaction with the Li+F-. However, in regions of space closer to the Li and F centers, 
the excess electron experiences both the repulsive Coulomb and exchange interactions 
mentioned earlier as well as attractive interactions when it is near the Li+ center, which 
has an empty 2s orbital. As a result, the excess electron feels the dipole potential at 
long range but a potential more like that experienced by a Li 2s electron polarized by a 

�
�

�

�

�
�

Figure 2. Orbital in which the excess
electron resides in H3C-CN-. 
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nearby F- charge. So, in such cases, shorter-range valence potentials combine with the 
long-range dipole potential to bind the excess electron.  
In our opinion, calling an anion state “dipole-bound” reflects the fact that the state exists 
primarily due to the longe-range attractive - µe cosθ/r2  potential, which produces an 
orbital localized primarily on the positive side of the molecular dipole and outside the 
range of the valence orbitals.  
 
3. Summary 
 The ‘‘bottom line’’ in terms of our understanding of binding an excess electron to 
polar molecules is that: 
a. Dipole moments considerably in excess of the predictions of the PD and FFD models 
(1.625 D) are needed before binding exceeds a few cm-1. Experience shows that at least 
2.5 D is necessary. 
b. The FFD model overestimates binding energies, but, when Coulomb and exchange 
potentials of inner shell electrons are included, the model is reasonable but not reliably 
accurate.  
c. Dispersion interaction of the excess electron with the remaining electrons is usually 
important to include if one wants accurate results. 
d. Relaxation of the neutral’s orbitals caused by attaching an excess electron is usually 
small. As a result, a Koopmans' theorem treatment of the excess electron using specially 
designed basis sets [103] followed by inclusion of the dispersion interactions [23, 104] 
between the excess electron and the others is often adequate. 
e. When electron binding energies exceed the spacings between rotational levels of the 
molecule, it is safe [105] to neglect non-Born-Oppenheimer (non-BO) couplings that can 
induce electron ejection. Likewise, when the binding energy exceeds vibrational level 
spacings, it is usually safe to neglect vibrational non-BO couplings that can lead to 
electron loss. 
f. Even species that form valence-bound anions may also form dipole-bound states if 
their dipole moments are large enough. 
g. The range of molecules that have been determined to form dipole-bound states is large 
and growing. In addition to those mentioned above, such states are formed in clusters 
such as (H2O)n

- and (HF)n
- [47, 48, 96,106] and in nucleic acid bases such as uracil [32]  

and thymine [33]. 
 
B. Binding an electron to quadrupolar molecules 
 This subject is dealt with in considerable detail in the Chapter by Prof. Compton, so 
the present coverage will be rather limited. Here, we will primarily deal with the 
theoretical differences between dipole and quadrupole binding and mention a few recent 
attempts to identify species that might be classified as quadrupole-bound.  
 
1. Is there a critical value for the quadrupole moment? 
 The interaction of an electron with a point quadrupole moment of magnitude Q is 
governed by the potential 
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The Schrödinger equation governing the motion of an electron in this potential is 
 

 
 
The angular part of the quadrupole potential, which is proportional to the L = 2 spherical 
harmonic, is a quantity that ranges from -1/3 to +2/3. So, at all points in r, θ, φ space, the 
potential - Qe (3 cos2(θ) -1)/(3r3) is less negative than the isotropic potential 
 

 
 
Therefore, for any wave function ψ (r,θ, φ), the expectation value of the spherical 
Hamiltonian 
 

 
 
will lie below the expectation value of the original Hamiltonian H = T + V: 
 

  
 
The main question is whether bound states of H exist and, if so, for what values of Q. 
  Landau and Lifschitz [107] demonstrated that, because of the attractive r-3 form of 
the potential and independent of the magnitude of Q, H0 has bound states of infinitely 
negative energy in which the electron is bound infinitessimally close to the origin. They 
speak of the electron “falling” into the origin of the potential. So, unlike the dipole case 
for which µ has to exceed 1.625 D for bound states to exist, the quadrupole potential can 
support bound states for any Q > 0. 
 However, neither V nor V0  is a realistic representation of the electron-molecule 
interaction as r approaches zero; any real molecule has inner-shell electrons whose 
repulsions will more than offset the attractive V (or V0) at small r. Hence, it is of more 
relevance to consider whether H or H0  can support bound states but with V or V0  “cut 
off” at small r values by a repulsive potential chosen to represent the core and other 
valence electrons. In this work, we consider the simplest realistic cut off, an infinite 
‘‘wall’’ at r = rc. Specifically, we consider the L = 0 case of H0 with the quadrupole V0 
applying for r > rc and with V0 = ∞ for r < rc. Introducing ψ = Φ/r into the Schrödinger 
equation gives the following equation for Φ: 
 

 
 
The function Φ is normalized so that  
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and Φ vanishes at r = rc.  Let us now try to determine whether this equation can have 
bound states.  
 Because the Hamiltonian H0 is bounded from below (since we cut V0 off at rc), we 
know that the lowest exact eigenvalue of H0 will 
a. lie below the expectation value of the above Hamiltonian H0 taken for any trial 
function Φtrial and 
b. lie above the minimum in the potential -Qe/rc

3. We now choose the following trial 
function [ 108] 
 

 
 
and Φtrial = 0 elsewhere, where C is the normalization constant. It can be shown that the 
expectation value of H0 for this Φtrial is equal to: 
 

 
 
where I is the following positive integral: 
 

 
 

Because the positive kinetic energy scales as rc
-2 and the negative potential energy as rc

-3, 
it is clear that the total energy can be negative if Q is large enough or rc is small enough. 
 This analysis shows that a quadrupole potential of any strength (Q) can bind an 
electron if the repulsion due to inner shell electrons is weak enough. Conversely, a 
molecule of any “size” (i.e., having any number of inner-shell electrons) can bind if its 
quadrupole moment is sufficiently large. Thus, unlike the dipole case, there is no 
“critical value” for the quadrupole moment.  
 
2. Real molecules that quadrupole bind 
 As in the case of anions that one says are dipole-bound, it is 
impossible to find a species for which one can confidently say the excess 
electron is purely quadrupole bound. For example, the (BeO)2

- anion 
considered by Jordan and Liebman [109] and more recently by Gutowski 
and Skurski [110] has been suggested to be a quadrupole bound anion. At 
its equilibrium geometry, the neutral (BeO)2 is a rhombus and has zero 
dipole moment but a quadrupole tensor with principal values of 36.4, 0.4, 
and -36.8 DÅ. In the ground state of the (BeO)2

- anion, the excess 
electron is bound by more than 1 eV in an orbital that is shown below.  
 If one were able to show that a quadrupole potential consistent with 
the above principal values, cut off by Coulomb and exchange 
interactions of the inner shell orbitals, would reproduce the above 
orbital and the 1 eV binding energy, one would have a strong case 

Figure 3. Orbital
holding the excess
electron in (BeO)2

- 
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for claiming a dominance of quadrupole binding. However, it is likely that a 
significant part of the 1 eV binding is due to valence-range attractions in the regions of 
the two Be+2 centers. So, although it is valid to categorize (BeO)2

-  as quadrupole 
bound because the longest range potential experienced by an excess electron is indeed 
the charge-quadrupole potential and the d-symmetry charge distribution of the excess 
electron is consistent with this L = 2 potential, there are other potentials that contribute 
to the binding.  
 Other molecules that have been suggested to form quadrupole-bound anions 
include: CS2 [111], the anti-conformer of succinonitrile (NC-CH2-CH2-CN) [57], and 
p-di-nitro-benzene [112]. However, as with (BeO)2

-, it remains difficult to show in a 
convincing manner that the charge-quadrupole attraction is the dominant contributor to 
determining the binding energy. For these reasons, we prefer to use the terms dipole-
bound and quadrupole-bound to label the longest range potential that contributes to 
electron binding but to realize that other shorter-range potentials also often play 
significant roles in determining the total electron binding energy as well as the orbital 
containing the excess electron. 
 
C. Binding to Rydberg and Zwitterionic sites 
 Molecules that contain closed-shell cationic 
sites such as protonated amines R-NH3

+ and 
protonated alcohols R-OH2

+ can bind an electron 
to form a Rydberg neutral species [113]. In such 
cases, the long-range Coulomb attraction of the 
cation site is the dominant contributor to binding, 
and the repulsions of the inner shell electrons 
provide the opposing forces. The net result is that 
the electron is bound to an orbital that is centered 
on the cation site but has most of its density outside the region where the cation's valence 
orbitals reside. Two examples of such Rydberg orbitals are shown above.  
 The same Rydberg orbitals that are formed by the Coulomb attraction of the cation 
site and that attach one electron to form the neutral Rydberg species (e.g., by ca. 4 eV for 
NH4 and H3C-NH3) can attach another electron to form so-called [114] double Rydberg 
anions. In the ground states of these anions, the excess electron is typically bound by 
only a few tenths of an eV (e.g., by 0.4 eV for 
NH4). Moreover, this electron undergoes very 
correlated motions with the other electron in the 
Rydberg orbital because the Coulomb repulsions 
between the two electrons are of the same 
magnitude as their attractions to the cation center. 
This means that any successful treatment of such 
species must allow for a correlated multiconfi-
gurational treatment of at least the two electrons in 
the Rydberg orbital.  
 Similar cation-site binding occurs in a class of 
anions formed when an excess electron is attached 
to the zwitterion tautomers  H3N

+-CHR-COO- of 

H

H H
H

Figure 4. Rydberg orbitals of NH4

and H3N-CH3 

Figure 5. Cation-site orbitals holding
the excess electron in anions formed
from urea (left) and arginine (right). 
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molecules such as amino acids. Again, the electron occupies the orbital that is 
localized primarily on the cation site within the zwitterion neutral. For example, in 
arginine and urea, the cation-localized orbitals into which the excess electron is 
attached are as depicted above.  
 In these zwitterion-derived anions, the binding energy of the excess electron is 
determined primarily by two factors:  
 
a. the intrinsic binding strength of the cation site, which is similar to the binding energy 
in the neutral H3C-NH3 (i.e., 3-4 eV), and 
b. the Coulomb repulsion (e2/R) exerted on the excess electron by the negatively charged 
end of the zwitterion, which depends on the distance R between the positive and 
negative sites (e.g., this is ca. 1.9 eV in arginine and 3.7 eV in urea). 
 

This suggests that the longer the chain separating the two charged sites in the zwitterion, 
the stronger the net binding energy should be to the cation site. Indeed, such trends are 
observed here and in numerous other situations where internal Coulomb repulsion plays 
a crucial role in determining the electron binding energy.  
 

II. Two electrons attached to a molecule 
 Not surprisingly, to bind two electrons to a single molecule in the absence of 
stabilizing solvation effects, one must either 
a. have an electron binding site of unusual intrinsic strength or 
b. have two distinct binding sites that are far enough apart. 
In either case, the primary obstacle to forming dianions is the mutual Coulomb repulsion 
between the two excess electrons. For example, two electrons localized 10 Å from one 
another experience a Coulomb repulsion of 1.4 eV, which can exceed the intrinsic 
electron binding energy of most sites. Nevertheless, dianions do exist in the absence of 
solvation, but they often present special challenges to experimental and theoretical study. 
In this Section, we discuss several classes of dianions that have been subjected to 
considerable study in recent years.  
 
A. Binding to polar molecules 
1. What the PD and FFD models suggest 
 When the fixed finite dipole (FFD) model is reconsidered for binding two electrons, 
one faces the following Schrödinger equation [115]:  
 

 
 
where q is the charge on the two centers and R is their separation. Introducing scaled 
electron radial coordinates: q�r 11 /=  and q�r 21 /=  as well as the scaled internuclear 

distance R = ρ/q, transforms the above equation into: 
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where the radial derivatives in ∇2 now refer to ρj derivatives. The Hamiltonian H on the 
left side of the above equation can be written as: 
 

  
 
where h(1) and h(2) are the FFD Hamiltonians for the two separate electrons: 
 

  
 
In the limit, q → ∞, R → 0, with qR = ρ finite, H/q2 becomes h(1) + h(2), so the 
solutions to  
 

  
 
become, in this limit, antisymmetrized products (i.e., Slater determinants) of solutions of 
the one-electron FFD equation  
 

 
 
multiplied by α or β spin functions. The lowest-energy such solution would be of the 
form: 
 

 
 
with the vertical lines denoting the Slater determinant. The total energy of this ground-
state solution of the two-electron FFD model in the large-q limit is given as the sum of 
the two energies of the one-electron FFD problem: 
 

  
 

This shows that as the FFD model approaches the PD limit of large q and small R with 
fixed qR (n.b., qR is the dipole moment µ), the conditions needed for two electrons to 
barely bind to form the lowest-energy state are that ε1 be slightly negative. This is 
exactly the same condition needed for the one-electron PD model to critically bind. 
Hence, the critical dipole for binding two electrons to the PD is exactly the same as for 
binding one electron.  
 In contrast to these findings for the PD model, numerical calculations [115,116] 
suggest that for the FFD model there is no unique critical µ = q R value to achieve 
binding the second electron. Instead, for each q value, there is a critical µ value, and 
there exists a rather strong dependence of µcritical on q as shown in the figure below. 
 Although it is difficult to glean from Fig. 6, the large-q limit for µcritical  is indeed 
1.625 D, as noted earlier. It turns out that there is another asymptote that arises in the 
FFD model; the minimum value of q for which a bound dianion exists. In this limit, one 
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has µcritical → ∞ as q → 0.91. This means that the 
center with charge +0.91 can bind two electrons 
but only if the other center of charge -0.91 is 
infinitely far away (and, thus µ = qR is infinite). 
For comparison, when q = 1.0, two electrons can 
be bound to the +q center (to form H-) if the -q 
center is 19.19 Å distant (for which µ = 92.17 D.  

These examples introduce a concept that is 
important to appreciate when considering the 
stability of dianions- the role of Coulomb 
repulsion. It turns out that the critical distance Rc 
(and hence the critical dipole) for q values in the 
range 0.91 <q < 2 can be predicted by: 
a. first computing the electron binding energy for 
the second electron attached to the +q center (this 
we call the intrinsic binding energy), and then 
b. reducing this binding energy by the Coulomb 

repulsion energy e2/R produced by the other center, where R is the distance to the -q 
center, and finally 
c. determining for what value of R the intrinsic binding energy will be totally offset by 
the Coulomb repulsion (this value of R is Rc). As we will see later and as discussed in 
greater detail in the Chapter by Lai-Sheng Wang, competition between intrinsic binding 
and Coulomb repulsion plays a major role in determining the net stability of multiply 
charged anions. Recall that the Coulomb repulsion concept also was useful in 
understanding the binding energies obtained in the zwitterion anions discussed earlier. 
 

2. Real cases 
 To our knowledge, there have been no experimental observations of species that can 
be classified as dipole-bound dianions. Moreover, there has been only one theoretical 
prediction [117] of such a dianion, and the structure of this unusual species is shown 
below.  
 In this dianion, the second electron is bound by ca. 0.8 eV and resides in the same 
orbital as does the first excess electron. The relatively large binding energy suggests that, 
once again, shorter-range attractive potentials also contribute to the binding energy. This, 
of course, is not surprising considering that the underlying molecule shown above 

contains nominally a Ca+2 center. It is 
our hope that in the not-too-distant 
future, experiments will find such 
dianions formed by adding two excess 
electrons to a dipole-binding site. 
 
B. Binding to two distant sites 
in a single molecule 
 As discussed above, when 
considering the possibility of binding 
two electrons to two distinct sites 

Figure 6. Plot of critical dipole
moments for various q values for the
FFD model. 

Figure 7. Structure of predicted dipole-bound
dianion (left) and of the orbital (right) containing
the two excess electrons. This orbital is localized on
the Ca end of the molecule. 
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(e.g., two orbitals localized far from one 
another) in a molecule, one must consider 
the mutual Coulomb repulsion energy 
between the two anion sites. An excellent 
illustration of this effect is presented in the 
photoelectron spectra of dicarboxylate 
dianions [118] taken in the Wang 
laboratory (about which one can read much 
more in Prof. Wang’s Chapter). In these 
spectra (see below), mass-selected dianions 
are exposed to radiation having more than 
enough energy hν to detach one electron.  
 The kinetic energy KE of the detached 
electrons is then subtracted from the photon 
energy to obtain the electron binding 
energy EB = hν - KE. These binding 
energies are determined for dicarboxylate 
dianions -O2C-(CH2)n-CO2

-  having various 
number of -CH2- units.  
 In Fig. 8, the detachment energies of   
dianions -O2C-(CH2)n-CO2

- of varying length (the Coulomb repulsion is thought to cause 
the chain to adopt an all-trans geometry in the gas-phase) are plotted as a function of the 
inverse of the distance rn between the two carboxylate centers. The linear slope is 
interpreted in terms of the intrinsic binding energy of a R-CO2

- anion (the y-axis 
intercept of ca. 3 eV) being lowered by the Coulomb repulsion e2/rn.  
 

 This Coulomb model has proven to be very useful both in interpreting experimental 
data on such non-proximate dianions [118] and in theoretically predicting binding 
energies of dianions [119].  For example, we extended earlier studies of dipole binding 
to LiCN and (LiCN)n clusters to a model system [120] consisting of two (LiCN)2 units 
oriented oppositely and separated by  an H-C≡C-H “spacer”: (LiCN)2 H-C≡C-H 
(NCLi)2. We knew that each (Li CN)2 unit would bind an excess electron by 1.35 eV (at 
the Koopmans’ theorem level), and we determined that 
a. the (LiCN)2 H-C≡C-H (NCLi)2

-1 anion has two nearly degenerate (gerade and 
ungerade) states that bind the electron by 1.3 eV, which is not surprising based on the 
above binding energy for (LiCN)2

- ; 
b. the (LiCN)2 H-C≡C-H (NCLi)2

-2 binds its second electron by 0.8 eV. 
 

 The 0.5 eV difference between the anion and dianion electron binding energy is 
consistent with a Coulomb repulsion of two negative charges 29 Å from one another. 
The distance between the two Li centers in the (LiCN)2 H-C≡C-H (NCLi)2

-2  dianion is 
26.2 Å. Clearly, the fact that the centroids of negative charge are displaced somewhat 
from the Li canters suggests that the Coulomb repulsion is the cause of the 0.5 eV 
reduction in binding energy when comparing the anion and dianion.  
 

 Before closing this sub-section, it is useful to point out a distinction between dipole 
and quadrupole binding, and the (LiCN)2 H-C≡C-H (NCLi)2 system offers a good 
example. In this molecule, we have two oppositely directed highly polar (LiCN)2 units. 
The entire (LiCN)2 H-C≡C-H (NCLi)2  molecule has no dipole moment, so it is tempting 

Figure 8. Measured detachment energies of
dicarboxylates having various (n) CH2 units. 
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to consider its anion a quadrupole-bound 
anion because the quadrupole moment is the 
lowest non-vanishing moment of its charge 
distribution. However, when the orbital into 
which an excess electron is examined for this 
case (see below), one sees that this orbital 
(actually, both the σg and σu orbitals show 
this behavior) has a radial extent that is small 
compared to the entire length of the 
molecule.  
 Moreover, one finds two nearly 
degenerate (i.e., within 4 cm-1 [120]) such 
orbitals of σg and σu  symmetry, 

respectively. This means that the left- and right-localized orbitals L = 2-1/2 (σg + σu) 
and R = 2-1/2 (σg - σu) are nearly exact and degenerate eigenstates. Hence, this system 
really consists of two very weakly interacting dipole-bound systems rather than a 
quadrupole-bound system.  
 The lesson this example teaches is that it is important to ask whether an anion 
claimed to be bound by a moment of order n can more properly be viewed as being 
locally bound by moments of order n’ < n  that happen to cancel in the full molecule. 
As explained, the answer for (LiCN)2 H-C≡C-H (NCLi)2 is that the excess electron (s) 
are dipole-bound. However, in the (BeO)2

- anion discussed earlier, the authors found a 
stable anion of 2Ag symmetry (see Fig. 3), but their attempts [110] to identify a 
corresponding state of 2B2u symmetry showed that this state was not electronically 
stable. That is, the pair of g and u states are split by a very large amount. Hence, for 
(BeO)2

-, the facts that one does not obtain a nearly degenerate pair of anion states and 
that the excess electron’s orbital extends throughout the entire molecule support 
calling this a quadrupole-bound anion rather than a dipole-bound anion.   
 
C. Binding to proximate sites 
 Based on the discussion of Coulomb repulsion presented in earlier Sections, one 
might wonder if it is possible to form dianions in molecules where the two excess 
electrons reside in more proximate orbitals. Such systems include many ubiquitous 
species (e.g., SO4

-2 and CO3
-2 [119, 121]) as well as more exotic systems [122, 123] 

(e.g., TeF8
-2 [124] and MgF4

-2 [125, 126]).  
 Of course, if the two sites are too close, as they are in O2

-2, the Coulomb repulsion 
is too large to be offset by the intrinsic binding of each site. However, for the systems 
listed above and many others, the intrinsic bindings and Coulomb repulsions are close 
enough to balancing to make such species fascinating to study. Let us consider a few 
examples.  
 For tetrahedral MgF4

-2 and square antiprism D4d TeF8
-2 , the intrinsic binding of 

the Fluorine ligands as well as the delocalization of the two excess electrons over four 
or eight equivalent sites, respectively, more than offsets the Coulomb repulsion e2/RLL 
(RLL is the ligand-ligand distance). As a result, these dianions are electronically stable 
by ca. 5 eV and 3 eV, respectively; that is, they bind their second excess electrons by 
amounts comparable to or in excess of the binding energies of halogens. 

Figure 9. The σg  and σu orbitals of
(LiCN)2 H-C≡C-H (NCLi)2. 
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 In contrast, for SO4
-2 and CO3

-2, the Coulomb repulsion more than offsets the 
intrinsic binding strengths of the Oxygen ligands, so these dianions turn out to be 
unstable with respect to electron loss. However, there is more to this interesting 
competition between Coulomb repulsion and intrinsic valence-range attraction that 
needs to be discussed.  
 If one “constructs” any of the dianions mentioned above by bringing a second 
excess electron toward the corresponding mono-anion, one can imagine what 
potential this second electron would experience. Certainly, at long range, it would 
experience Coulomb repulsion caused by the mono-anion’s negative charge. This 
repulsion would depend on the distance of the second excess electron from the site 
(s) where the mono-anion’s excess charge is localized. Such long-range repulsive 
potentials are shown on the right-hand sides of the figure displayed below. 
 As the second excess electron approaches closer, it eventually enters the 
region of space where the attractive valence-range potentials (e.g., near the 
Fluorine or Oxygen ligand orbitals) are strong. In such regions, the total potential 
will be a sum of these short-range 
attractions and the Coulomb 
repulsions. If the former are strong 
enough, a deep attractive “well” 
will develop as shown in the top 
figure, and the dianion will be 
stable with respect to the mono-
anion plus a free electron.  Such is 
the case for TeF8

-2 and MgF4
-2.  

 On the other hand, as for SO4
-2 

and CO3
-2, if the valence-range 

attractions are not strong enough, 
the total potential can display a 
minimum (as in the lower part of 
Fig. 10) that lies above the mono-
anion plus free electron asymptote. 
In such cases, the dianion will not 
be stable, but can be metastable 
with a substantial lifetime. The 
lifetimes in such cases are 
determined by 
a. the height and thickness of the 
barrier shown in Fig. 10 (the 
barriers, in turn, are determined by 
the maximum Coulomb repulsion), 
and  
b. the energy at which the dianion 
state exists (determined by the 
intrinsic binding energy minus the 
Coulomb destabilization). 
 The lifetimes of such metastable 
anions have been estimated [119] by 

(-n+1) charged 
anionEnergy of (-n)  

charged anion

RCB

E 
N 
E 
R 
G 
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(-n+1) charged 
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Energy of (-n)  
charged anion

E 
N 
E 
R 
G 
Y

Distance to Ejected Electron

(a)

RCB

Figure 10. Effective potentials experienced by
second excess electron when a stable (top) or
metastable (bottom) dianion is formed. 
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using a simple tunneling model 
in which the potential parameters 
shown in Fig. 11 below are: 
a. the height of the Coulomb 
barrier,  approximated as e2/RLL, 
where RLL is taken to be the 
ligand-ligand distance;  
b. the energy of the dianion 
relative to that of the mono-anion 
plus a free electron, approxi-
mated as the intrinsic binding 
energy reduced by the ligand-
ligand Coulomb repulsion 
e2/RLL; 
c. a straightforward quantum 
integral is used to compute the 
probability of escape via tunne-
ling through the Coulomb 
barrier.  
 When this kind of model is 
applied to SO4

-2 and CO3
-2, the 

dianions are predicted to be 
unstable by 0.75 and 1.50 eV 
and to have lifetimes of 2.7 x10-8 
and 1.3 x10-11 s-1, respectively.  
 

Concluding remarks 
 In this Chapter, we have attempted to survey several families of anions and dianions 
whose existence as stable or metastable species depends on one or more of various 
electrostatic potentials. Included in our treatment have been: 
a. dipole-bound anions 
b. quadrupole-bound anions 
c. double-Rydberg anions and zwitterion anions 
d. dipole-bound dianions 
e. dianions formed by valence or dipole binding at distant sites. 
f. stable and metastable dianions formed by attaching electrons to proximate sites. 
 It is, of course, possible to imagine anions and dianions formed by combining the above 
“building blocks” to form clusters. As noted earlier, this has provided an active area of 
research when two or more molecules with large dipole moments are combined to form such 
clusters (e.g., (HF)n, (H2O)n, etc.). In the limit of a large number of molecules clustered 
together, one approaches what could be considered a solvated-electron situation. We have 
chosen, in this Chapter, to not extend our discussion in these directions, but to limit our 
treatment to the fundamental building blocks that arise when electrostatic effects play 
dominant roles in electron binding. 
 Many of the other Chapters in this book deal with some of the same families of 
anions that we discuss. The entire science of anion chemistry is a rapidly growing 

r(distance of electron from orbital)

E
ne
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y

(-n+1) charged 
anion

Energy E of  
(-n) charged 
anion

RCB Barrier Height

Closest distance RLL
to other negative sites

Intrinsic 
Binding 
Energy 
BE

Figure 11. Simple Coulomb barrier model potential in
terms of RLL, the ligand-ligand distance and the intrinsic
binding energy. 
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discipline that we believe will continue to attract active attention from both experimental 
and theoretical groups.  
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