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Optimized structures for oxalate (C2O4), malonate (O2CCH2CO2), and succinate (O2C(CH2)2CO2) mono- and
dianions are computed at the level of second-order Møller-Plesset perturbation theory (MP2). For oxalate,
both anions exhibitD2d andD2h rotamers, and in addition, for the singly charged species, we find an anion-
molecule complex of the form CO2-‚CO2. For the malonate and succinate anions we examine both keto and
enol isomers; the keto structures are characterized by unhindered rotation of the CO2 moieties about geometries
of C2 symmetry, while the enol isomers are much more rigid as a result of an intramolecular hydrogen bond.
In both malonate and succinate, the enol isomer is the more stable form of the monoanion, while the keto
isomer is the more stable dianion, although for O2CCH2CO2

2- the estimated isomerization barrier is only
about 7 kcal/mol. All of the dianions are adiabatically unbound and the enol dianions are vertically unbound
as well. However, vertical detachment energies calculated by electron propagator methods at the partial third-
order (P3) quasiparticle level with large, highly polarized basis sets suggest that the more stable keto forms
of O2CCH2CO2

2- and O2C(CH2)2CO2
2- are metastable, with vertical detachment barriers of about 0.2 and

0.6 eV, respectively. These results complement recent experimental observations of small dicarboxylate dianions
in the gas phase.

Introduction

The existence of multiply charged anions in the gas phase
has been the subject of considerable experimental and theoretical
investigation for several decades.1-8 Much effort has been de-
voted to elucidation of the smallest molecular systems capable
of forming stable, gas-phase polyanions. Equally interesting are
the changes in electronic structure and molecular geometry that
ensue when the polyanion Xn- ejects an electron to form X(n-1)-.
These changes ultimately dictate whether such an electron
detachment process is spontaneous and hence whether Xn- is a
stable anion.

Although not the smallest molecules known to support
multiple negative charges, the unbranched dicarboxylate ho-
mologues O2C(CH2)nCO2

2- are interesting targets for synthesis
and theory. Forn ) 3-7, these dianions have been created in
the gas phase via collisionally induced ion pair formation from
singly-charged carboxylic esters,4 and there is some circum-
stantial evidence for the existence of then ) 2 homologue as
well.9 Recently, Wang and co-workers5 have produced dicar-
boxylate dianions withn ) 3-10 using electrospray ionization,
and in a similar fashion have created then ) 2 homologue
(succinate) as a complex with a single water molecule.6

Electrospray ionization coupled with photoelectron spectros-
copy7 reveals that the O2C(CH2)nCO2

2- anion is stable with
respect to electron detachment whenn g 3.5,6 Whenn ) 2 (and
in the absence of any solvating water molecule), the dianion
produces a weak signal in the mass spectrum,5 but no electron
binding energy has been measured, leading the researchers to
conclude that bare O2C(CH2)2CO2

2- is metastable, with a
lifetime less than 0.1 s, and is bound only by a Coulomb barrier
to the reaction X2- f X- + e-. For anions, such a barrier to
electron detachment exists due to the high energetic cost of

producing two negatively charged species in close proximity.
Forn e 3, Wang and co-workers5 estimate this Coulomb barrier
to be greater than 2.5 eV.

Previous Studies

Several authors have published Hartree-Fock (HF)-optimized
structures and energies for a handful of symmetry-constrained
conformers of C2O4

- 10,11 and C2O4
2-,11-14 and in addition

Fleischman and Jordan10 have perfomed MP2/6-31+G* single-
point energy calculations on C2O4

- structures optimized at the
HF/6-31+G* level. For the closed-shell dianion, HF theory
alone predicts aD2d structure to be the most stable conformer.
A D2h rotamer lies an estimated 2-4 kcal/mol (0.1-0.2 eV)
higher in energy.13 However, HF calculations for the monoanion
predict the most stable isomer to be a planar CO2

-‚CO2 complex
in which the unpaired electron is localized on a single CO2
group. When Fleischman and Jordan10 include correlation via
a MP2/6-31+G*//HF/6-31+G* calculation, the planar CO2-‚CO2

complex is a local minimum lying 5 kcal/mol (0.2 eV) above a
D2d minimum.

For malonate and larger dicarboxylates, a priori restriction
to high-symmetry geometries is much more perilous and clearly
an expanded search of configuration space is warranted. The
torsional potential of O2CCH2CO2

2- has been studied at the
HF/STO-3G level15 with initial bond lengths and angles taken
from crystallographic data.16 Full HF optimization of this dianion
has been carried out by Kang and co-workers17 as well as by
Deerfield and Pedersen.18 The former obtain a HF/6-31+G**-
optimized structure that is qualitatively similar to our MP2
-optimized structure ofC2 symmetry, although we shall argue
below that this symmetry is not rigid because the CO2 groups
rotate freely. Harmonic frequency calculations at the HF level
confirm18 that Deerfield and Pedersen’s structure is indeed a
local minimum.

Using HF/6-31++G** optimization, Deerfield and Peder-
sen18 locate a second minimum for the malonate dianion,
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corresponding to the enol structure [O2CCHdCO2H]2-. MP2/
6-31++G** single points carried out by these authors place
the enol 31 kcal/mol above their minimum-energyC2 O2CCH2-
CO2

2- keto structure, which is somewhat larger than the
isomerization barrier that we calculate at the MP2 level.

Finally, Skurski et al.19 have recently reported MP2-optimized
structures for the succinate mono- and dianions. Up to rotation
of the carboxylate groups, their optimized structures are
essentially the same as ours, although their vertical detachment
energies (calculated as the difference in CCSD(T) single points
at the mono- and dianion MP2-optimized geometries) are about
0.2 eV less than our P3 values.

The structure of the malonate monoanion and the stability of
free O2CCH2CO2

2- with respect to electron detachment have
not been explored previously.

Computational Methods

Geometry optimizations were performed with Gaussian 9820

using second-order Møller-Plesset perturbation theory (MP2)21

and employing the 6-31+G*, 6-311+G*, and 6-311++G**
basis sets.22 Except where indicated, the default convergence
criteria were used. For the open-shell monoanions, all optimized
structures had〈S2〉UHF e 0.800 prior to annihilation of the first
spin contaminant.

Where computationally feasible, we have evaluated and
reported (harmonic) vibrational frequencies at each optimized
geometry. This includes all structures of oxalate and malonate
except O2CCH2CO2

- at the MP2/6-311++G** level, where the
basis size (168 functions) outstrips our ability to perform MP2
frequency calculations for an open-shell system. For succinate,
frequencies are reported only for the dianion at the MP2/
6-31+G* level.

We calculate vertical electron detachment energies (VEDEs)
and adiabatic electron detachment energies (AEDEs) in two
ways. The conceptually simple approach is to use the definitions2

whereE(1-) andE(2-) represent the mono- and dianion energies,
respectively, whilerbe

(1-) and rbe
(2-) denote their respective

minimum-energy geometries. These energies are each calculated
at the MP2 level and we refer to this as the∆MP2 method. In
cases where harmonic frequencies have been computed, we can
similarly compute the zero-point-corrected AEDE, AEDE0, by
substituting zero-point corrected energies forE(1-) and E(2-).

In calculating VEDEs by∆MP2, it is often the case that the
unrestricted HF wave function for the monoanion, calculated
at the optimized geometry of the dianion, suffers from pro-
nounced spin contamination. In our tabulations, we indicate all
cases in which〈S2〉UHF g 0.800 (see Tables 14 and 21 in which
we tabulate VEDEs for malonate and succinate).〈S2〉UHF values
for eachoptimizedmonoanion structure are reported in Table 1
and are free of significant spin contamination.

In addition to the∆MP2 technique, we calculate VEDEs
using electron propagator methods,3 subject to the partial third-
order (P3) quasiparticle approximation.24 This method achieves
more accurate orderings of electronic states than HF calculations,
while preserving the HF orbital interpretation that is often lost
in the ∆MP2 and similar correlated, perturbative comparisons
of initial and final state energies. In addition to the aforemen-
tioned basis sets exploited for MP2 calculations, our P3
calculations employ the highly polarized 6-311++G(2df,p) and

6-311++G(2df,2pd) bases22,25 as well several highly diffuse
basis sets. The latter are indicated by a “+++” designation,
where, for example, the 6-311+++G** basis consists of the
standard 6-311++G** basis augmented with an additional set
of valences- and sp-type functions on the heavy atoms; the
orbital exponents of these additional diffuse functions are one-
third those of the exponents in the first set of diffuse valence
functions.

For each P3 calculation, we report all negative detachment
energies (indicating unbound electrons). When all vertical
detachment energies are positive we report only the smallest
value. Each reported P3 detachment energy corresponds to a
pole strength greater than 0.89.

Results and Discussion

Oxalate. For the oxalate dianion, optimization reveals two
rotamers: aD2d potential minimum and aD2h transition state
(Figure 1). Rotation about and slight lengthening of the C-C
bond convert the minimum into the transition state, which at
the MP2/6-311+G* level lies 0.24 eV above the minimum and
has an imaginary frequency of 84.5i cm-1 for a mode that is
essentially rotation about the C-C axis. Table 2 compares
geometry data optimized at the MP2/6-31+G* level to those
optimized at the MP2/6-311+G* level. Addition of a third set
of valence orbitals produces minimal change in bond angles
and also very little change (<0.01 Å) in the bond lengths of
either conformer.

Optimization of the simple anion C2O4
- also produced aD2d

minimum and aD2h transition state like those in Figure 1, but
with a smaller rotation barrier separating the two conformers
(0.08 eV at the MP2/6-311+G* level). An imaginary frequency

VEDE ) E(1-)( rbe
(2-)) - E(2-)( rbe

(2-))

AEDE ) E(1-)( rbe
(1-)) - E(2-)( rbe

(2-))

Figure 1. Optimized structures of oxalate anions: (a)D2d potential
minimum of C2O4

- and C2O4
2-; (b) planarD2h transition state of C2O4

-

and C2O4
2-; (c) nonplanarCs minimum of C2O4

-; (d) planar Cs

transition state of C2O4
-. HF/6-31+G*, MP2/6-31+G*, and MP2/

6-311+G* optimizations each yield qualitatively similar structures.

TABLE 1: 〈S2〉 Values for the UHF Reference Wave
Functions of MP2-Optimized Monoanion Structures

optimized〈S2〉UHF

monoanion 6-31+G* 6-311++G**

oxalate D2d 0.7709 0.7690
D2h 0.7605 0.7605
planarCs 0.7615 0.7616
nonplanarCs 0.7620 0.7615

malonate C1 keto 0.7586 0.7584
C2 keto 0.8001 0.7989
Cs keto 0.7590 0.7587
Cs enol 0.7947 0.7902

succinate C2 keto 0.7804 0.7804
Ci keto 0.7804 0.7804
C1 enol 0.7858 0.7835
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of 36.7 cm-1 corresponds once again to stretching of and
rotation about the C-C bond. We thus conclude thatD2h-D2d

interconversion is facile in C2O4
-. As with the dianion, addition

of a third set of valence functions to the basis does not
significantly alter bond angles in C2O4

-, although the 0.04 Å
increase in C-C bond length is somewhat greater than the
corresponding increase in the dianion.

Figure 2 presents a contour plot of the highest occupied
molecular orbital (HOMO) of2A1 C2O4

-. This orbital, which
resembles qualitatively the HOMO of the dianion, is delocalized
over the entire oxalate molecule. It is bonding with respect to
the C-C interaction and antibonding with respect to each C-O
interaction, which explains why the C-C bond length increases
and the C-O lengths decrease when C2O4

2- ejects an electron
and relaxes to the optimum geometry of the monoanion.

In addition toD2d and D2h structures, we locate a second
minimum for C2O4

- at theCs geometry depicted in Figure 1c,
in which the two CO2 moieties lie in perpendicular planes. An
essentially rigid rotation of one CO2 moiety produces the planar
Cs transition state of Figure 1d; the planar geometry has an
imaginary out-of-plane bending mode of 45.6i cm-1. Intercon-
version of the twoCs conformers is unhindered (<0.001 eV
barrier) and preserves the bond lengths and angles within the
individual CO2 moieties.

Optimized parameters for theCs configurations of C2O4
- are

listed in Table 3. Note in particular the large (2.6 Å) distance
between CO2 moieties, indicative of an anion-molecule com-
plex. Furthermore, in bothCs conformers the unpaired electron
in the HOMO is localized entirely on the more bent CO2 group.
This fact, coupled with the near-linearity of the other carboxylate
group, suggests that the twoCs structures are best described as
CO2

- solvated by a (neutral) carbon dioxide molecule. (For
comparison, at the MP2/6-311+G* level, free CO2 has bond
lengths of 1.169 Å, while the CO2- anion has bond lengths of

1.236 Å and a bond angle of 134.7°.) By comparison of the
relative energies of the optimized oxalate structures (Table 4),
we see that theCs minimum of C2O4

- is higher in energy than
even theD2h transition state of this anion, which further suggests
that the Cs structures represent merely the van der Waals
minimum in the dissociation pathway C2O4

- f CO2 + CO2
-.

Because of the nontrivial C-C rotation barrier in the oxalate
dianion, we calculate VEDEs only from the minimum-energy
D2d geometry.∆MP2 detachment energies (both vertical and
adiabatic) forD2d C2O4

2- are listed in Table 5, while P3 VEDEs
using several large basis sets are reported in Table 6. A negative
detachment energy implies that the dianion is unbound, and with
the smaller basis sets several electrons are unbound at the P3
level. In each case, however, the most negative detachment
energy belongs to thea1 HOMO. (The ∆MP2 calculations
always correspond to detachment from the HOMO.) The∆MP2
vertical detachment energies tend to be about 0.55 eV more
negative than the P3 values except for the 6-311+++G* basis,
where both methods yield approximately the same value.

Malonate. Structures of O2CCH2CO2
2- and O2CCH2CO2

-.
Optimization of O2CCH2CO2

2- resulted in structures a, b, and
d of Figure 3, with relative energies tabulated in Table 7. Two

TABLE 2: MP2-Optimized Parameters for C2O4
2- and

C2O4
- a

bond lengths, Åbasis
set

point
group E

O-C-O
angle, deg CsO CsC

C2O4
2-

6-31+G* D2d -376.158 76b 126.4 1.279 1.554
D2h 0.27c 126.0 1.276 1.615

6-311+G* D2d -376.412 35b 126.5 1.270 1.558
D2h 0.24c 126.2 1.267 1.621

C2O4
-

6-31+G* D2d -376.246 99b 142.4 1.230 1.858
D2h 0.12c 146.1 1.221 2.189

6-311+G* D2d -376.507 15b 143.1 1.219 1.895
D2h 0.08c 146.6 1.210 2.200

a In each case, theD2d structure is a local minimum and theD2h

geometry is a transition state.b MP2 energy in atomic units.c MP2
energy relative to the correspondingD2d minimum, in electronvolts.

Figure 2. Highest occupied molecular orbital of2A1 C2O4
-, as obtained

at the MP2/6-311+G* geometry.

TABLE 3: MP2-Optimized Bond Lengths and Angles for Cs
Isomers of CO2

-‚CO2
a Atom labels refer to Figure 1c,d

bond lengths, Å bond angles, deg

basis set C1-O1 C1-O3 O3-C2 C2-O4 O1C1O2 C1O3C2 O3C2O4

NonplanarCs Minimum
6-31+G* 1.181 2.600 1.253 1.244 172.1 109.5 136.1
6-311+G* 1.170 2.636 1.242 1.233 172.9 109.3 136.9

PlanarCs Transition State
6-31+G* 1.181 2.582 1.254 1.244 172.4 130.8 135.7
6-311+G* 1.170 2.614 1.242 1.234 173.2 132.4 136.4

a In the nonplanar geometry, the O1-C1-O2-O3 dihedral angle is
172.9° at the MP2/6-311+G* Level.

TABLE 4: Relative Energies of C2O4
- and C2O4

2- Isomers
at the MP2/6-311+G* Level

structure classification E

C2O4
2- D2d local minimum -376.412 35a

D2h transition state 0.24b

C2O4
- D2d local minimum -376.507 15a

D2h transition state 0.08c

Cs local minimum 0.23c

Cs transition state 0.25c

CO2 + CO2
- complete dissociation 0.53c

a MP2/6-311+G* energy (atomic units).b Energy (eV) relative to
theD2d minimum of C2O4

2-. c Energy (eV) relative to theD2d minimum
of C2O4

-.

TABLE 5: ∆MP2 Electron Detachment Energies (eV) for
C2O4

2- a

∆MP2

basis set VEDE AEDE AEDE0

MP2/6-31+G* Geometry
6-31+G* -1.62 -2.40 -2.42
6-311+G* -1.66 -2.57
6-311+G(2df) -1.50 -2.42
6-311+++G* -1.20 -2.10

MP2/6-311+G* Geometry
6-311+G* -1.74 -2.58 -2.60
6-311+G(2df) -1.57 -2.43
6-311+++G* -1.28 -2.11

a The “+ + +” designation indicates additional heavy-atom diffuse
functions.
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of the structures are conformers of the keto isomer, while the
third is the structurally dissimilar enol isomer created (formally)
by protonation of an oxygen atom and formation of a C-C
double bond. Harmonic frequency calculations establish the enol
structure and one keto conformer as local minima, while the
other keto conformer is a transition state. However, which keto
structure exhibits the imaginary frequency depends on the level

of theory. At the HF/6-31+G* level, theC2(keto) structure is
the potential minimum and theCs(keto) structure is a transition
state. At the MP2/6-31+G* level the opposite is observed, but
upon extension of the basis to 6-311++G**, MP2 optimization
once again reveals aC2 minimum and aCs transition state.
Jordan10,11observes similar basis set effects in C2O4

- that change
the order of the energies of theD2h, D2d, andCs structures and
also cause minima and transition states to exchange roles
depending upon which basis set is used (Figure 4).

Some optimized structural parameters for theC2(keto)
conformer of malonate are listed in Table 8, while Table 9
provides geometry data for theCs(keto) conformer. As with
oxalate, changes in bond lengths beyond the MP2/6-31+G*
level are on the order of 0.01 Å and changes in bond angles are
one degree or less, with the exception of the O1-C1-C2-H1

dihedral angle of the dianion. There is considerable freedom in
this coordinate, as we now discuss.

The frequency and symmetry of the lowest vibrational mode
of each O2CCH2CO2

2- optimized structure are listed in Table
7. For both keto isomers, the lowest mode interconverts theCs

and C2 structures via rotation of the two CO2 moieties in
opposite directions about the two C-C bond axes. The
frequencies (real or imaginary) associated with these modes are
small, so the carboxylate groups undergo large amplitude
rotations about the C-C bonds. Moreover, the calculated energy
difference between the two keto conformers is negligible and
we conclude that the carboxylate groupsin the keto isomerrotate
freely in the gas phase.

In contrast, the enol isomer is not characterized by such free
rotation: the smallest vibrational frequency of theCs (enol)
structure is a CH wag of 54.3 cm-1. The rigidity of this structure
is the pale shadow of an intramolecular hydrogen bond, as
evidenced by the relatively short (1.495 Å) O1-H2 distance
(Tables 10 and 11). Our optimized MP2/6-311++G** structures
for keto and enol O2CCH2CO2

2- put the enol isomer 0.45 eV
(10 kcal/mol) above the minimum-energyC2 (keto) structure.
However, at the MP2/6-311++G(2df,2pd)//MP2/6-311++G**
level this isomerization barrier is a more modest 0.29 eV (7
kcal/mol), so that while the keto isomer should dominate the
gas-phase dynamics of this dianion, one cannot completely
ignore the enol variety.

TABLE 6: P3 Vertical Detachment Energies (eV) for
C2O4

2- a

geometry

P3 basis set 6-31+G* 6-311+G*

6-311+G* -1.08 (a1) -1.18 (a1)
-0.12 (e) -0.15 (e)
-0.06 (a2) -0.08 (a2)

6-311+G(2df) -0.93 (a1) -1.02 (a1)
6-311+G(3d2f) -0.88 (a1) -0.97 (a1)
6-311+++G* -1.16 (a1) -1.25 (a1)

-0.16 (a2) -0.19 (a2)
-0.06 (e) -0.09 (e)

6-311+++G(2df) -0.88 (a1) -0.97 (a1)
6-311+++G(3d2f) -0.83 (a1) -0.93 (a1)

a All orbitals found to contain unbound electrons are listed, by
symmetry; thea1 orbital is the HOMO. The “+ + +” bases contain
extra diffuse functions.

Figure 3. Optimized keto and enol structures for malonate anions:
(a) Cs (keto) configuration; (b)C2(keto) configuration; (c)C1(keto)
configuration; (d) planarCs (enol) configuration. O2CCH2CO2

- exhibits
all four structures as minima or transition states; the dianion exhibits
all but c.

TABLE 7: MP2 Energies and Lowest Vibrational
Frequencies of Optimized Malonate Structures

basis set conformer E low freq., cm-1

O2CCH2CO2
2-

6-31+G* Cs(keto) -415.347 63a 8.7 (A′′)
C2(keto) 0.00b 15.5i (B)c

Cs(enol) 0.63b 92.5 (A′′)
6-311++G** C2(keto) -415.644 82a 25.7 (B)

Cs(keto) 0.00b 14.9i (A′′)c

Cs(enol) 0.45b 54.3 (A′′)
O2CCH2CO2

-

6-31+G* Cs(enol) -415.405 00a 84.4 (A′′)
C2(keto) 0.71b 17.5i (B)c

C1(keto) 1.34b 33.8 (A)
Cs(keto) 1.52b 64.6i (A′′)

6-311++G** Cs(enol) -415.709 37a

C2(keto) 0.81b

C1(keto) 1.48b

Cs(keto) 1.66b

a MP2 energy in atomic units.b Energy (eV) relative to the lowest-
energy structure at the same level of theory.c Tight convergence criteria
were employed in these optimizations.

Figure 4. Highest occupied molecular orbital of the enol isomer of
1A′ O2CCH2CO2

2-, obtained at the MP2/6-311++G** geometry.

TABLE 8: MP2-Optimized Geometry Data for the C2
Conformer of Keto Malonatea

bond lengths, Å angles, deg

basis set C1-C2 C1-O1 C1-O2 O1C1O2 C1C2C3 O1C1C2H1

O2CCH2CO2
2-

6-31+G* 1.551 1.282 1.272 126.5 119.0 6.9
6-311++G** 1.556 1.271 1.263 126.9 118.9 5.2

O2CCH2CO2
-

6-31+G* 1.592 1.266 1.234 135.1 109.7 19.6
6-311++G** 1.598 1.256 1.224 135.5 109.6 19.3

a Atom labels correspond to Figure 3b.
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While the keto isomer of O2CCH2CO2
2- is somewhat more

stable than the enol form, for the singly charged species the
enol isomer, Figure 3d, is more stable. In addition to an enol
potential minimum for O2CCH2CO2

-, at the MP2/6-31+G*
level we obtain optimizedC2(keto), Cs(keto), andCs(enol)
structures that are qualitatively similar to the corresponding
dianion structures except that for the monoanion both theCs

andC2 keto structures exhibit a single imaginary frequency. At
this level, only theC1 conformer of Figure 3a is found to be a
rigorous potential minimum. This structure is obtained from the
Cs transition state via rotation of the carboxylate group that lies
in the mirror plane, followed by elongation of one C-O bond
in the other carboxylate group. TheC1 minimum thus obtained
lies a mere 0.18 eV (4 kcal/mol) below theCs transition state,
consistent with the low-frequency (33.8 cm-1) carboxylate
rotation at theC1 minimum. This rotation tends to interconvert
the Cs andC1 keto structures.

In Figure 5 we present a contour plot of the HOMO of2B
O2CCH2CO2

- (keto isomer); the HOMO of the dianion bears

the same qualitative features, namely, constructive interference
along the C-C bonds and nodes along each C-O bond. As
with oxalate, this explains why the monoanion has longer C-C
bond lengths and shorter C-O bond lengths than the dianion.

While we accept that theCs(keto) conformation of O2CCH2-
CO2

- is a bona fidesaddle point on the potential surface, we
contend that theC2 conformation (whose energy is significantly
lower than other optimized keto structures for the malonate
monoanion) is actually a potential minimum, and that the imagi-
nary frequency of 17.5i cm-1 obtained at the MP2/6-31+G*
level with tight convergence criteria is erroneous. As evidence,
we performed MP2/6-31+G* single-point calculations on the
simple anion for geometries distorted fromC2 by a small scalar
multiple λ of the normal mode eigenvector corresponding to
the imaginary frequency. The step sizes and energies relative
to theC2 geometry are listed in Table 12.

Note from Table 12 that energy increases in both directions
along the normal mode eigenvector, indicating that at theC2

geometry (λ ) 0) the harmonic force constant∂2E/∂λ2 should
be positive. Furthermore, polynomial fits ofE(λ) aboutλ ) 0
require higher-order derivatives, with magnitudes comparable
to or greater than| ∂2E/∂λ2|, to produce an accurate fit over the
entire range of step sizes in Table 12. Thus, even for vibrational
displacements on the order of 0.01 Å or less, the harmonic
picture is inadequate. If, however, one restricts attention to a
smaller radius aroundλ ) 0, say, by discarding the last four
data points in Table 12, then a quadratic fit suffices, and one
obtains a value of 150 cm-1 for the harmonic frequency of the
mode in question. We attribute the enormous discrepancy be-
tween this value and the 18i cm-1 obtained from MP2/6-31+G*
to the high degree of anharmonicity in the vibrational mode

TABLE 9: MP2-Optimized Bond Lengths and Angles for the Cs Conformer of Keto Malonatea

bond lengths, Å angles, deg

basis set C1-O1 C1-O2 C3-O3 C1-C2 C2-C3 O1C1O2 C1C2C3 O3C3O4

O2CCH2CO2
2-

6-31+G* 1.285 1.264 1.278 1.561 1.542 126.8 120.3 126.4
6-311++G** 1.275 1.255 1.269 1.567 1.546 127.3 120.6 126.8

O2CCH2CO2
-

6-31+G* 1.356 1.220 1.261 1.502 1.575 119.1 112.0 131.4
6-311++G** 1.346 1.211 1.250 1.505 1.583 119.7 111.9 132.0

a Atom labels refer to Figure 3a.

TABLE 10: MP2-Optimized Bond Lengths for the Planar Enol Structure of Malonatea

bond lengths, Å

basis set C1-O1 C1-O2 C1-C2 C2-C3 C3-O3 C3-O4 O4-H2 O1-H2

O2CCH2CO2
2-

6-31+G* 1.316 1.284 1.466 1.412 1.273 1.392 1.028 1.585
6-311++G** 1.310 1.273 1.466 1.417 1.263 1.379 1.031 1.495

O2CCH2CO2
-

6-31+G* 1.291 1.255 1.503 1.485 1.232 1.332 1.049 1.510
6-311++G** 1.287 1.242 1.504 1.489 1.226 1.319 1.069 1.392

a Atom labels refer to Figure 3d.

TABLE 11: MP2-Optimized Bond Angles for the Planar Enol Structure of Malonatea

angles, deg

basis set O1-C1-O2 O1-C1-C2 C1-C2-C3 C2-C3-O4 O3-C3-O4 C3-O4-H2

O2CCH2CO2
2-

6-31+G* 122.4 118.1 125.9 116.3 116.5 102.6
6-311++G** 122.6 117.2 124.9 115.4 117.5 101.7

O2CCH2CO2
-

6-31+G* 127.8 115.2 124.5 114.8 122.3 104.9
6-311++G** 127.8 114.3 123.2 113.8 124.2 103.5

a Atom labels refer to Figure 3d.

Figure 5. Highest occupied molecular orbital of2B O2CCH2CO2
-,

obtained at the MP2/6-311++G** geometry.
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(anharmonicity that is hardly surprising in light of the low
frequency).

Augmenting our basis to 6-311++G** produces essentially
the same four optimized structures for O2CCH2CO2

- and the
same ordering of their relative energies. With a basis of this
size we are unable to calculate MP2 frequencies; neverthe-
less, a preponderance of evidence supports our identification
of a C2 local minimum on the monoanion potential surface.

Detachment Energies.Asessment of a detachment energy
for malonate is complicated by the buckling of the potential
surface that occurs upon electron detachment from O2CCH2CO2

2-.
In at least one dimension, the dianion exhibits an exceedingly
flat potential surface and thus has multiple accessible conformers
which may or may not be isoenergetic on themonoanion surface.
Hence vertical electron detachment fromC2(keto) O2CCH2CO2

2-

may be a far different process than vertical detachment from
the energetically equivalentCs(keto) conformer. In either case,
vertical electron detachment produces a monoanion far from
the global minimum on the potential surface, since the enol
isomer of O2CCH2CO2

- is more stable than the keto isomer.
We therefore report P3 and∆MP2 VEDEs from both theC2

andCs conformers of keto O2CCH2CO2
2- and list these in Table

13. For completeness, we also include a few VEDEs from the
less stable enol isomer of O2CCH2CO2

2-; this species is clearly
unbound even in the vertical sense.

In calculating an adiabatic detachment energy, it matters little
whether one uses theC2(keto) or theCs(keto) geometry of the
dianion, since the energy difference between the two is essen-
tially zero. In Table 14, we tabulate AEDEs and relative con-
formational energies obtained at the MP2 level with several large
basis sets.

The∆MP2 VEDEs of the two keto conformers differ in sign
and indicate thatCs(keto) O2CCH2CO2

2- is bound but theC2-
(keto) conformer is not. The disparity arises due to fundamental
differences in the structure of the HOMO of each conformer.
In C2(keto) malonate, the HOMO of both anions is highly
delocalized (Figure 5), while for theCs (keto) anions the HOMO
is localized almost entirely on one carboxylate group, as shown
in Figure 6. Note from Table 13, however, that many of our
∆MP2 vertical detachment calculations for theC2(keto) geom-
etry suffer from spin contamination, with〈S2〉UHF for the
(unrestricted) HF reference function of the monoanion as large
as 0.89 in some cases. This does not bode well for the reliability
of these VEDEs.

The P3 VEDEs of Table 13 are more reliable and in each
case give the same detachment energy for both keto conformers.

These calculations also demonstrate that the enol isomer of the
dianion is highly unstable with respect to vertical electron
detachment. For the keto structures, however, the detachment
energy is quite close to zero and in fact its sign depends on
the basis set. When only one set of heavy-atom polariza-
tion functions is included (6-31+G*, 6-311++G**, and
6-311+++G**), we obtain small but negative detachment
energies. Additional polarization functions on the light atoms
appear to matter little, but additional polarization functions on
the heavy atoms produce a VEDE as large as+0.17 eV (3.9
kcal/mol) for both conformers. This indicates that the dianion
may be vertically bound-albeit by only a few kcal/mol-and
might be detected as a metastable species in a careful experi-
ment. Wang et al.5 report no such observation in their studies
of dicarboxylates; however, these authors are limited by their
detection scheme to lifetimes greater than 0.1 s.

Succinate. Structures of O2C(CH2)2CO2
2- and O2C-

(CH2)2CO2
-. We find the succinate anions to be structurally

TABLE 12: MP2/6-31+G* Single Points for O2CCH2CO2
-

Displaced from Its Optimized C2 Geometry by a Scalar
Multiple λ of Its Lowest-Frequency Normal Mode
Eigenvectora

λ 10-3 Å
max atomic

displacement, Å E(λ) - E(0), eV

1.923 08 0.001 0.000 021 5
-1.923 08 0.001 0.000 022 7

5.769 23 0.003 0.000 194 0
-5.769 23 0.003 0.000 191 4

9.615 38 0.005 0.000 544 2
-9.615 38 0.005 0.000 981 1
13.461 54 0.007 0.001 047 7

-13.461 54 0.007 0.001 043 4
17.307 69 0.009 0.970 489 4

-17.307 69 0.009 0.985 112 7
19.230 77 0.010 0.969 759 0

-19.230 77 0.010 0.972 387 3

a λ ) 0 is theC2 conformation.

TABLE 13: P3 and ∆MP2 Vertical Detachment Energies
for O2CCH2CO2

2- a

VEDE, eV

basis set structure ∆MP2 P3

MP2/6-31+G* Geometry
6-31+G* Cs(keto) 0.34 -0.10

C2(keto) -0.29b -0.10
Cs(enol) -1.74b -0.43

-1.88
6-311++G** Cs(keto) 0.31 0.01

C2(keto) -0.23 0.01
Cs(enol) -1.65b -0.30

-1.76
6-311++G(2df,p) Cs(keto) 0.50 0.18

C2(keto) -0.14b 0.18
Cs(enol) -1.52b

6-311+++G** Cs(keto) 0.31 0.04
C2(keto) -0.24 0.04
Cs(enol) -1.64b -0.25

-1.73

MP2/6-311++G** Geometry
6-311++G** Cs(keto) 0.29 -0.05

C2(keto) -0.36b -0.05
Cs(enol) -1.79b -0.31

-1.85
6-311++(2df,p) Cs(keto) 0.48 0.12

C2(keto) -0.19b 0.12
Cs(enol) -1.66b

6-311++G(2df,2pd) Cs(keto) 0.12
C2(keto) 0.12
Cs(enol) -1.65b

6-311++G(3d2f,2pd) Cs(keto) 0.17
C2(keto) 0.17

6-311+++G** Cs(keto) 0.30 -0.02
C2(keto) -0.35b -0.02
Cs(enol) -1.78b -0.26

-1.82
6-311+++G(2df,p) Cs(keto) 0.16

C2(keto) 0.16
Cs(enol)

6-311+++G(2df,2pd) Cs(keto) 0.16
C2(keto) 0.16
Cs(enol)

a ∆MP2 detachment energies correspond to removal of an electron
from the HOMO, which hasa′ symmetry for theCs (keto) structure,b
symmetry for theC2(keto) structure, anda′′ symmetry for theCs(enol)
structure. P3 calculations for the keto structures correspond in each
case to the HOMO, while for the enol isomer the first P3 detachment
energy listed is for thea′ HOMO - 1 and the second is for the HOMO.
The "+ + +" bases contain extra diffuse functions on the heavy atoms.
b 0.84 e 〈S2〉UHF e 0.89 before annihilation for these (nonoptimized)
structures of O2CCH2CO2

-.
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quite similar to their malonate homologues. The major difference
between the two species is the near stability of the succinate
dianion, while O2CCH2CO2

2- is clearly unstable. We attribute
this distinction to the high degree of localization exhibited by
the succinate dianion’s HOMO, which keeps the electrons in
that orbital on one carboxylate group and well separated from
the other negatively charged carboxylate group.

Our lowest energy MP2 structure for O2C(CH2)2CO2
2-

(optimized using either the 6-31+G* or 6-311++G** basis)
exhibits C2 symmetry, as shown in Figure 7a, and is highly
reminiscent of our minimum-energy structure for O2CCH2CO2

2-.

One O-C-C-H dihedral angle on each carboxylate moiety is
only 7° from planarity with an O-H distance of 2.478 Å. The
remaining C-O bond of each CO2 group nearly aligns with a
C-H bond of the far methylene group. The O-H interactions
are not strong, and rotation of one CO2 moiety produces a

TABLE 14: ∆MP2 Adiabatic Detachment Energies for O2CCH2CO2
2- a

energyb

basis set dianion monoanion AEDE, eV

MP2/6-31+G* Geometry
6-31+G* -415.347 63 [Cs(keto)] -415.405 00 [Cs(enol)] -1.56c

0.002 [C2(keto)] 0.71 [C2(keto)]
0.63 [Cs(enol)] 1.34 [C1(keto)]

1.52 [Cs(keto)]
6-311++G** -415.644 35 [C2(keto)] -415.708 24 [Cs(enol)] -1.74

0.00 [Cs(keto)] 0.80 [C2(keto)]
0.46 [Cs(enol)] 1.47 [C1(keto)]

1.65 [Cs(keto)]
6-311+++G** -415.675 64 [C2(keto)] -415.736 06 [Cs(enol)] -1.64

0.00 [Cs(keto)] 0.71 [C2(keto)]
0.54 [Cs(enol)] 1.38 [C1(keto)]

1.56 [Cs(keto)]
6-311++G(2df,p) -415.878 17 [C2(keto)] -415.940 21 [Cs(enol)] -1.69

0.00 [Cs(keto)] 0.88 [C2(keto)]
0.37 [Cs(enol)] 1.59 [C1(keto)]

1.77 [Cs(keto)]
6-311++G(2df,2pd) -415.885 83 [Cs(keto)] -415.949 74 [Cs(enol)] -1.74

0.00 [C2(keto)] 0.94 [C2(keto)]
0.30 [Cs(enol)] 1.65 [C1(keto)]

1.83 [Cs(keto)]

MP2/6-311++G** Geometry
6-311++G** -415.644 82 [C2(keto)] -415.709 37 [Cs(enol)] -1.76

0.00 [Cs(keto)] 0.81 [C2(keto)]
0.45 [Cs(enol)] 1.48 [C1(keto)]

1.66 [Cs(keto)]
6-311+++G** -415.673 64 [C2(keto)] -415.737 20 [Cs(enol)] -1.73

0.00 [Cs(keto)] 0.79 [C2(keto)]
0.46 [Cs(enol)] 1.40 [C1(keto)]

1.64 [Cs(keto)]
6-311++G(2df,p) -415.878 97 [C2(keto)] -415.941 63 [Cs(enol)] -1.71

0.00 [Cs(keto)] 0.90 [C2(keto)]
0.36 [Cs(enol)] 1.61 [C1(keto)]

1.79 [Cs(keto)]
6-311++G(2df,2pd) -415.886 63 [Cs(keto)] -415.951 23 [Cs(enol)] -1.76

0.00 [C2(keto)] 0.96 [C2(keto)]
0.29 [Cs(enol)] 1.67 [C1(keto)]

1.85 [Cs(keto)]

a Optimizations were performed with two different basis sets, then single point energies were calculated at these geometries using larger basis
sets. The “+ + +” bases contain additional diffuse functions on the heavy atoms.b Minimum-energy conformer is listed in hartrees; relative energies
of the remaining conformers are given in electronvolts.c At this level of theory, calculated harmonic frequencies give AEDE0 ) -0.86 eV.

Figure 6. Highest occupied molecular orbital of2A′ O2CCH2CO2
-, as

obtained at the MP2/6-311++G** geometry. The dianion’s HOMO
includes some contribution from orbitals on both carboxylate groups
but is still highly localized on one end of the molecule.

Figure 7. MP2-optimized structures for succinate anions. (a)C2(keto)
potential minimum of O2C(CH2)2CO2

2-; (b) Ci(keto) transition state
of O2C(CH2)2CO2

2-; (c) C2 andCi keto structures of O2C(CH2)2CO2
-;

(d) C1 (enol) structure of O2C(CH2)2CO2
- and O2C(CH2)2CO2

2-.
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transition state ofCi symmetry that is only 0.7 kcal/mol higher
in energy. The vibrational mode that interconverts the two has
a frequency of 31.6 cm-1 in the C2 conformer (making it the
lowest energy mode) and maps to an imaginary frequency of
23.5i cm-1 in the transition state. Like those of malonate, the
carboxylate groups of the succinate dianion behave as free rotors
(Tables 15-17).

These results are in good agreement with optimized keto
structures obtained recently by Skurski et al.19 using MP2
optimization and Dunning’s aug-cc-pVDZ+2s2p basis.26 These
authors obtainC2h minima for both mono- and dianion; however,
facile rotation of the carboxylate groups lowers the symmetry
to eitherC2 or Ci, as in our results. Other bond angles as well
as bond lengths calculated by Skurski et al. are in good
agreement with the present work.

In addition to the keto structures, we also optimize the enol
isomer to obtain the structure shown in Figure 7d, in which the
carbon backbone is bent out of the plane to facilitate a H1-O3

hydrogen bond. Despite this feature, the enol isomer is far higher
in energy than the keto isomer. Optimized geometry data for
the enol isomer are listed in Tables 18 and 19.

For O2C(CH2)2CO2
-, our lowest-energy, optimized structure

is an enol isomer similar to that of the dianion, whileC2 andCi

keto structures (Figure 7c) lie approximately 0.6 eV (14 kcal/
mol) higher in energy. TheC2 andCi conformers of the keto
isomer are essentially the same, both energetically and structur-
ally, and we consider the difference numerical rather than
physical in origin. Thea HOMO of theC2 conformer is shown
in Figure 8. TheCi structure has essentially the same HOMO,
which is also totally symmetric (ag).

Detachment Energies.In Table 20, we list∆MP2 AEDEs
obtained using several large basis sets. For the largest of these
we are unable to calculate the energy of the enol structure, which
lacks any symmetry, and consequently we do not list AEDEs
in these cases. The calculated detachment energies indicate an
electron that is unbound by about 1.0 eV (23 kcal/mol).
Additional diffuse functions do not change the detachment
energy but polarization functions do have a noticeable effect,
driving the AEDE toward zero as more functions are added. It
is noteworthy that for each single-point basis set the two levels
of optimization (MP2/6-31+G* versus MP2/6-311++G**)
produce AEDEs that are the same to within 0.02 eV, suggesting
that in future studies of larger dicarboxylates one may omit the
more difficult optimization.

Table 21 presents∆MP2 and P3 VEDEs for succinate. As
with malonate, the∆MP2 results are highly suspect due to spin
contamination in the single-point calculation of the monoanion
at the dianion’s optimized geometry. Nevertheless, every
calculated VEDE for keto succinate is positive, indicating a
(vertically) bound electron. Our best P3 calculation places this
vertical detachment barrier at 0.6 eV (15 kcal/mol). On the other
hand, the enol isomer of the dianion is clearly unstable with
respect to electron detachment, just as in malonate. (In fact,
the dianion HOMO has a positive SCF eigenvalue, indicating
that even in the frozen-orbital, Koopmans’s theorem picture,
the enol isomer of O2C(CH2)2CO2

2- contains an unbound
electron.)

Using the∆CCSD(T) method, Skurski et al.19 report a VEDE
of 0.39 eV for succinate, which is roughly comparable to our
∆MP2 values but substantially lower than our P3 estimates of
the detachment energy.

Conclusions

We have investigated the properties of the first three
homologues in the O2C(CH2)nCO2 sequence, presenting MP2/
6-31+G*- and MP2/6-311++G**-optimized structures for
oxalate, malonate, and succinate mono- and dianions, along with
adiabatic and vertical electron detachment energies from the

TABLE 15: Energies of Optimized Succinate Structures

basis set structure E low freq., cm-1

O2C(CH2)2CO2
2-

6-31+G* C2(keto) -454.544 26a 31.6(A)
Ci(keto) 0.03b 23.5i(Au)
C1(enol) 1.53b 66.9(A)

6-311++G** C2(keto) -454.884 26a

Ci(keto) 0.03b

C1(enol) 1.35b

O2C(CH2)2CO2
-

6-31+G* C1(enol) -454.576 05a

C2(keto) 0.50b

Ci(keto) 0.50b

6-311++G** C1(enol) -454.922 48a

Ci(keto) 0.61b

C2(keto) 0.61b

a MP2 energy in atomic units.b Energy (eV) relative to the lowest-
energy structure at the same level of theory.

TABLE 16: MP2-Optimized Bond Lengths for the Keto
Isomer of Succinatea

bond lengths, Å

basis set
point
group C1-O1 C1-O2 C1-C2 C2-C3 O1-H1

O2C(CH2)2CO2
2-

6-31+G* C2 1.280 1.274 1.548 1.530 2.475
Ci 1.279 1.276 1.548 1.535 2.494

6-311++G** C2 1.269 1.265 1.552 1.531 2.478
Ci 1.268 1.266 1.552 1.536 2.499

O2C(CH2)2CO2
-

6-31+G* C2 1.249 1.249 1.651 1.481 2.497
Ci 1.249 1.249 1.651 1.481 2.497

6-311++G** C2 1.236 1.236 1.669 1.478 2.494
Ci 1.237 1.237 1.667 1.478 2.496

a Atom labels refer to Figure 7.

TABLE 17: MP2-Optimized Bond Angles for the Keto Isomer of Succinatea

angles, deg

basis set point group O1-C1-O2 C1-C2-C3 O1-C1-C2-H1 O2-C1-C3-H3

O2C(CH2)2CO2
2-

6-31+G* C2 126.48 114.86 11.25 10.95
Ci 126.54 113.65 4.13 0.40

6-311++G** C2 127.02 114.69 7.24 9.09
Ci 127.08 113.51 8.04 3.45

O2C(CH2)2CO2
-

6-31+G* C2 135.52 107.61 30.52 21.11
Ci 135.52 107.60 30.68 21.23

6-311++G** C2 136.62 107.63 30.26 21.32
Ci 136.63 107.59 30.55 21.56

a Atom labels refer to Figure 7.
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dianion. OptimizedD2d andD2h structures obtained for oxalate
concur with previous results obtained at lower levels of theory.

Calculated detachment energies imply that C2O4
2- is unbound,

both vertically and adiabatically.
For the malonate and succinate dianions we find both keto

and enol isomers. The keto structure is the more stable isomer
for both dianions and is characterized by carboxylate groups
that rotate freely. For both monoanions the enol isomer is lower
in energy, and this structure is much more rigid owing to
intramolecular hydrogen bonding. Both the malonate and
succinate dianions are thermodynamically unstable with respect
to electron detachment.

Vertical detachment energies obtained from single-point
calculations of the monoanion’s energy at the dianion’s minimum-
energy geometry are unreliable for malonate and succinate

TABLE 18: MP2-Optimized Bond Lengths (Å) for the Enol
Isomer of Succinatea

dianion monoanion

bond 6-31+G* 6-311++G** 6-31+G* 6-311++G**

O1-H1 1.000 0.989 1.053 1.066
C1-O1 1.414 1.407 1.330 1.319
C1-O2 1.278 1.266 1.236 1.229
C1-C2 1.395 1.397 1.477 1.481
C2-H2 1.090 1.088 1.085 1.084
C2-C3 1.515 1.516 1.487 1.488
C3-C4 1.546 1.550 1.566 1.567
C4-O4 1.274 1.264 1.249 1.236
C4-O3 1.284 1.275 1.286 1.280
O3-H1 1.776 1.746 1.493 1.397

a Atom labels refer to Figure 7d.

TABLE 19: MP2-Optimized Bond Angles (deg) for the Enol
Isomer of Succinatea

dianion monoanion

angle 6-31+G* 6-311++G** 6-31+G* 6-311++G**

O1-C1-O2 115.3 115.7 122.4 123.4
C1-O1-H1 107.0 106.5 109.5 109.2
O1-C1-C2 116.0 115.7 116.4 115.9
C1-C2-C3 125.1 125.0 124.1 123.5
C2-C3-C4 118.2 117.7 114.0 113.5
C3-C4-O3 115.5 115.1 114.4 114.0
C3-C4-O4 118.4 118.5 128.0 117.8
C4-O3-H1 104.5 104.8 111.0 111.0
O2-C1-C2-H2 0.5 1.5 21.2 19.9
H4-C3-C4-O4 2.4 3.4 4.3 3.5
C1-C2-C4-O3 5.3 3.7 10.4 8.9

a Atom labels refer to Figure 7d.

TABLE 20: ∆MP2 Adiabatic Detachment Energies for O2C(CH2)2CO2
2-

energya

basis set dianion monoanion AEDE, eV

MP2 6-31+G* Geometry
6-31+G* -454.544 26 [C2(keto)] -454.576 05 [C1(enol)] -0.87

0.03 [Ci(keto)] 0.50 [C2(keto)]
1.53 [C1(enol)] 0.50 [Ci(keto)]

6-311+G** -454.883 03 [C2(keto)] -454.920 91 [C1(enol)] -1.03
0.03 [Ci(keto)] 0.60 [Ci(keto)]
1.33 [C1(enol)] 0.60 [C2(keto)]

6-311++G** -454.883 74 [C2(keto)] -454.921 46 [C1(enol)] -1.03
0.03 [Ci(keto)] 0.60 [Ci(keto)]
1.33 [C1(enol)] 0.60 [C2(keto)]

6-311+G(2df,p) -455.137 45 [C2(keto)] -455.172 52 [C1(enol)] -0.95
0.03 [Ci(keto)] 0.64 [Ci(keto)]
1.32 [C1(enol)] 0.64 [C2(keto)]

6-311++G(2df,p) -455.137 90 [C2(keto)] -455.172 93 [C1(enol)] -0.95
0.03 [Ci(keto)] 0.65 [Ci(keto)]
1.31 [C1(enol)] 0.65 [C2(keto)]

6-311++G(2df,2pd)b -455.152 79 [C2(keto)] -455.163 70 [C2(keto)]
0.03 [Ci(keto)] 0.00 [Ci(keto)]

6-311+++G(2df,2pd)b,c -455.178 51 [C2(keto)] -455.189 20 [Ci(keto)]
0.03 [Ci(keto)] 0.00 [C2(keto)]

MP2 6-311++G** Geometry
6-311++G** -454.884 26 [C2(keto)] -454.922 48 [C1(enol)] -1.04

0.03 [Ci(keto)] 0.61 [Ci(keto)]
1.34 [C1(enol)] 0.61 [C2(keto)]

6-311++G(2df,p) -455.138 70 [C2(keto)] -455.174 33 [C1(enol)] -0.97
0.03 [Ci(keto)] 0.65 [C2(keto)]
1.31 [C1(enol)] 0.65 [Ci(keto)]

6-311++G(2df,2pd)b -455.153 61 [C2(keto)] -455.164 84 [C2(keto)]
0.03 [Ci(keto)] 0.00 [Ci(keto)]

a Minimum-energy conformer is listed in hartrees; relative energies of the remaining conformers are given in electronvolts.b We are unable to
calculate the energy of the enol isomer using these large basis sets so no AEDE is listed.c Includes additional diffuse functions on the heavy atoms.

Figure 8. Highest occupied molecular orbital of1A O2C(CH2)2CO2
2-,

as obtained at the MP2/6-311++G** geometry. Theag HOMO of the
Ci conformer is qualitatively indistinguishable.
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because they suffer from serious spin contamination; we instead
rely on P3 vertical detachment energies. These calculations
indicate a small (<0.2 eV) vertical detachment barrier in the
malonate dianion, but for succinate, our calculated barrier to
vertical detachment is 0.6 eV. This supports the hypothesis that
O2C(CH2)2CO2

2- may account for a weak mass spectrum signal
at m/z ) 58 that has been reported by several groups.4,6

In future work, we would like to investigate other dicarboxy-
late species that lie on the “cusp” of stability, including glutarate
[O2C(CH2)3CO2] and the succinate-water complex O2C(CH2)2-
CO2

2-‚H2O, both of which have been detected experimentally.
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TABLE 21: ∆MP2 and P3 Vertical Detachment Energies
for MP2-Optimized O2C(CH2)2CO2

2- a

VEDE, eV

basis set structure ∆MP2 P3

MP2 6-31+G* Geometry
6-31+G* C2(keto) 0.33 0.57

Ci(keto) 0.39 0.53
C1(enol) -1.28 -1.96

6-311++G** C2(keto) 0.33 0.67
Ci(keto) 0.39 0.63
C1(enol) -1.64 -1.84

6-311++G(2df,p) C2(keto) 0.50
Ci(keto) 0.55
C1(enol) -1.53

MP2 6-311++G** Geometry
6-311++G** C2(keto) 0.28 0.60

Ci(keto) 0.33 0.56
C1(enol) -1.78 -1.93

6-311++G(2df,p) C2(keto) 0.44
Ci(keto) 0.49
C1(enol) -1.66

a Ci detachment energies correspond to theag HOMO andC2 energies
to the a HOMO. Each MP2 single-point for the monoanion at the
dianion geometry had 0.83e 〈S2〉UHF e 0.88 before annihilation.
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