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Aromatic Carboxylate Superhalogens and Multiply Charged Anions
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Ab initio calculations employing electron propagator theory and many-body perturbation theory show that
the benzoate anion is a superhalide with an electron detachment energy in excess of 4.4 eV. Final states
associated with vertical electron detachment energies of the benzoate anion are reordered by correlation effects,
and the holes associated with the lowest neutral states thereby have O-centbeedcter instead of ring-
centeredr character. Geometry optimizations on the dianions produced by attaching two carboxylate groups
to the benzene ring arrive at planar structures for the para and meta isomers, but in the ortho is&mer, a
structure with twisted OCO groups is found. The most stable isomer is para, and the least stable is ortho. The
lowest vertical detachment energies are at least 1.4 eV for the para and meta isomers, but the estimate for the
ortho isomer is 0.8 eV. Corresponding Dyson orbitals exhibit ring-centeredaracter. Attempts to find

bound trianions with three carboxylate groups failed. In fluorinated compounds, the carboxylate groups rotate
so that they are perpendicular to the ring planes. These compounds possess higher electron binding energies.
The associated Dyson orbitals are delocalized over the ring, F, and carboxylate regions, and antibonding
phase relationships are obtained between sirend substituent lobes.

Introduction least seven nuclei have been found in the mass spectra of
Among the most vigorous trends in anion chemistry and s_put;ered graphite and other similar sources. Theoretit_:a_l ir_lves-
physics are efforts to discover superhalogens and multiply tlgatlon_s have suggested that b_ound anions may exhibit Imear
charged anions that are stable in the gas phase. Superhalogerf¥ Nonlinear structures, depending on the number of nécfei.
are molecules with electron affinities that are larger than those A Set of structural motifs, such as alternating single and triple
of the halogen aton®? These species may be useful in the bonds, may be employed to delocalize excess negative cHarge.
oxidation of molecules with high ionization potentials, thus  Thus far, the search for superhalogens and intrinsically stable,
leading to new classes of ionic compounds. Among these multiply charged anions has often ignored the most common
ionically bound substances are organic metals and superconducstructural motifs of organic chemistry. The design of organic
tors. Many superhalogens have been identified through calcula-charge-transfer salts and other materials depending on highly
tions or experimental techniques. The most prominent exampleselectronegative organic species may be abetted by the identifica-
include molecules with the formula My, where M is a main tion of organic superhalogens and dianions. In this work, the
group or transition-metal element, X is a halogen, krslthe juxtaposition of carboxylate groups with the benzene ring is
maximum oxidation state of M. Superhalides such ag BF investigated to identify superhalogens and intrinsically stable
AICl,~, and Ask~ are commonly found fragments in gas-phase dianions and trianions. Because inorganic superhalogens often
molecules and in crystalline solids. contain F atoms, we decided also to study the organic species
Multiply charged anions that are stable with respect to in which H atoms were replaced by F atoms. This was
electron loss in the gas phase have been identified by theoryconsidered a likely procedure for identifying anions with large
and experiment as weéll.Many of the species familiar to  electron detachment energies. Ab initio techniques incorporating
chemistry students, such as sulfate and phosphate anions, arelectron correlation are applied.
not stable in the absence of a surrounding matrix of counterions
or solvent molecules. Multiply charged anions that are intrinsi- pjethods
cally stable are most often built from metallic atoms complexed

to halogen, oxygen, or sulfur atoms. Examples include AtkX Calculations were performed with a modified version of
(Alk = alkali metal, X=F, CI),* AeF2~ (Ae = alkaline earth}, Gaussian 94! Geometry optimizations were performed at the
and MR42%2~ (M = transition-metal atom ank = maximum Hartree-Fock level of theory using the aug-cc-pVE23basis

oxidation state of MJ. More highly charged anions with the  set with the most diffuse d orbitals omitted from the heavy
formula MpXmikin"~ have been discussédll of these patterns atoms. The most diffuse set of d orbitals was found to have a
are based on ionic bonding and the delocalization of excessminimal effect on the calculated results for these and similar
negative charge over several electronegative centers. systems and was omitted to reduce the disk requirements in
Another aspect of the search for multiply charged anions the post-SCF procedures. Harmonic frequency calculations were
concerns carbon clusters. Dianions of carbon clusters with atthen performed to ensure that a stationary geometry had been
* Corresponding author. E-mail: menlow@ahpce.unm.edu. obtained. For the hydrog_en-contalnlng species, the geometry
t University of New Mexico. was then further refined with second-order many-body perturba-
*Kansas State University. tion theory with the same basis set. Property calculations were
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performed using this geometry. Symmetry constraints were
imposed in all cases.

In some cases, vertical and adiabatic electron detachment
energies were estimated by removing an electron from the
system and performing an additional geometry optimization. The
vertical electron detachment energy is the difference between
the N electron system at its equilibrium geometry and khe-

1 electron system at the same geometry. The adiabatic electron
detachment energy is the difference between Nhelectron
system at its equilibrium geometry and the— 1 electron
system at its own equilibrium geometry.

Electron propagator calculations were performed in the
OVGF*15approximation using a semidirect algoritHi#that
takes advantage of abelian point-group symmetry. Only 1s core
orbitals were omitted from the summations required by this
approximation. The aug-cc-pVDZ basis with the most diffuse
d orbitals omitted from the heavy atoms was used. Iterations
on the Dyson equation were performed until the electron binding
energies converged to within 0.00001 eV.

Dyson orbitals for an electron detachment fronN\aglectron

(d)

state are defined by Figure 1. Numbering scheme and structural schematic for the species
studied. X= H or F; (a) GXsCO,~; (b)—(d) ortho, meta, and para
CeX4(COy)2, respectively.

D *
7)) = [ W10 Xy Xgporrs X0) X
TABLE 1: Relative Energies (au) and Energy Differences
WXy, X0 Xgu..0, Xy) o O Ay ey (1) (kcal/mol) of Selected Rotamers at the HF/aug-cc-pVDZ
Level of Theory

Propagator programs report electron detachment energies and  gyyciure conformation  classification E AE
corresponding pole strengths, where

CgHsCO™ planarC, minimum —417.81248 0
nonplanarC,, transition state —417.80315 +5.85
p=f|</>DyS°n(x)|2 dx, (2) p-CeHa(COy),2~  planarDa, minimum —604.81950 0
v nonplanarC,, transition state —604.81052 +5.63
M-CeH4(COy)22~ planarCy, minimum —604.81149 0

Normalized Dyson orbitals are depicted in plots generated with

the program MOLDEN® In the zeroth-order propagator, the ~©-CeHa(CO22"" planarCz, — transition state —604.74864 +14.9

nonplanarC,, transition state —604.76765 +3.0

results of Koopman’s theorem are recovered, and the pole twistedC, minimum 60477236 0
;trengths gqual unlt_y. In the OVGF m_od«_el, correlayon contribu- CoFCOr- planarCy, transition state —912.08037 +5.3
tions are included in the electron binding energies, and pole nonplanaiC,, minimum —912.08879 0
strengths may be less than unity. The closer to unity the pole .
o U -CoF 2= lanaD —1000.24
strengths are, the greater the qualitative validity of Koopman’s P-CoFu(COy)2 . nenplanatan m!nfmum 000.24889 0
description of the electron detachment. Dyson orbitals remain MCeFa(C022""  nonplanaCz, minimum  —1000.24245 0
proportional to canonical orbitals in the OVGF model. 0-CeF4(CO2)2%~  twistedCe minimum —1000.21494 0
Structures TABLE 2: Selected Optimized Parameters of GXsCO,~ 2
parameter X=H X=F

CesHsCO, ™. Optimizations on the benzoate anion produce a Bond Lengths (A)

planarC,, structure. This structure and the numbering scheme C1-C6 1411 1381
for its atoms is given in Figure 1a. A nonplan@s, structure C2—C5 1.409 1.377
with the CQ group perpendicular to the plane of the benzene C5-C6 1.407 1.380
ring is a transition state that lies 5.85 kcal/mol above the C1-C12 1.555 1.566
equilibrium geometry. Other structures with a rotatech@@up C2-X9 1.097 1.325
that retain theC, symmetry axis revert to the minimum gg:ﬁ(l) i'ggg iggi
conformation. Total energies for this and other structures and C12-014 1.265 1.221
rotamers are summarized in Table 1. Bond Angles (deg)

Optimized bond lengths and angles shown in Table 2 are C3-C1-C6 118.4 116.4
typical for compounds with benzene rings and carboxylate C4-C2-C5 119.2 119.3
groups. A C-C single bond with an internuclear distance of C1-C6—-X11 117.4 120.4
1.55 A connects the ring to the carboxylate group. A somewhat C5-C6—X11 1217 117.2
long C—O bond (1.265 A) and an ©C—C angle of 130 C6-C5-X10 120.0 1208

: . C2—-C5-X10 119.7 119.5
suggest that repulsions between negatively charged oxygens 013-C12-014 129.8 132.9

affect the structure somewhat.

p-CsH4(CO,),2~. Optimization on the para isomer (Figure
1b) produces ®,, minimum with bond lengths and angles that
are given in Table 3. The structures of the ring and carboxylate plane is a transition state that lies 5.63 kcal/mol (Table 1) above
groups are similar to those found in the benzoate anion. Thethe Dy, geometry. Intermediate structures with a rotated car-
C,, structure with a single carboxylate perpendicular to the ring boxylate revert to the same minimum.

aFor X = H, optimization is at the MP2 level of theory, and for X
= F, optimization is at the HF level of theory.
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TABLE 3: Selected Optimized Parameters of TABLE 5: Selected Optimized Parameters of
p-C5X4(COZ)22_ a O'C6X4(C02)22_ a
parameter X*H X=F parameter X=H X=F
Bond Lengths (A) Bond Lengths (A)
C2—-C5 1.413 1.381 Cl-C2 1.425 1.407
C5-C6 1.409 1.381 Cl-C4 1.417 1.384
C2—-Ci14 1.548 1.555 C4—C6 1.407 1.338
C5-X9 1.096 1.337 C5-C6 1.409 1.373
C14-016 1.271 1.229 C4—X10 1.097 1.338
Bond Angles (deg) C6—X9 1.100 1.339
C4—C2—C5 1171 115.1 Cl-Ci1 1.546 1.559
C2—C5-X9 117.5 119.8 Cl11-012 1.273 1.230
C11-013 1.263 1.228
C6—C5—X9 121.1 117.8
015-C14-016 127.9 130.5 Bond Angles (deg)
aFor X = H, optimization is at the MP2 level of theory, and for X gi_gi_gﬁ ﬁgi ﬁgi
= F, 0pt|m|zat|0n is at the HF level of theory. C1-C4—X10 117.2 121.2
TABLE 4: Selected Optimized Parameters of gg_gg_iéo 58% ﬁg'g
M-CeX4(COy)2 2 CA— ' )
614 C4—C6-X9 120.3 1211
parameter XH X=F C1-C11-012 115.0 114.3
Bond Lengths (A) C1-C11-013 115.6 115.0
Cl1-C4 1.416 1.388 @For X = H, optimization is at the MP2 level of theory, and for X
C2-C5 1.408 1.378 = F, optimization is at the HF level of theory.
C4—C5 1.413 1.380
C4-C14 1.554 1.555 TABLE 6: Zero-Point-Corrected Total Energies (au) and
C1-X7 1.094 1.335 Energy Differences (kcal/mol) at the HF/aug-cc-pVDZ Level
C5-X8 1.096 1.337 of Theory
C2—X9 1.101 1.339 :
C14-015 1.273 1.229 1Somer E AE
Cl14-016 1.265 1.229 p-CeHa(CO,)2?~ —604.70766 0
M-CsHa(COy)%~ —604.69986 +4.9
cacicq  ondAngles (deg) 1951 0-CeHa(COR)? —604.66167 +28.9
C1-C4-Cl14 122.1 123.5 p-CsF4(COy)>~ —1000.24888 0
C5-C4-C14 119.4 120.8 mM-CoF4(CO,)22~ —1000.24245 +4.0
C4—C5—X8 117.8 120.6 0-CeF4(CO,)2* —1000.21494 +21.3
C2—C5—X8 121.9 117.4
C5-C2-C6 120.5 119.6 TABLE 7: C¢HsCO,~ VEDES (eV)
C4—C14-015 115.6 114.8 )
C4-C14-016 116.3 1148 symmetry Koopman’s OVGF pole strength
T 3by 5.38 511 0.89
For X = H, optimization is at the MP2 level of theory, and for X 2a 550 4.80 0.89
= F, optimization is at the HF level of theory. 1a 5.80 5.07 0.89
) o 16a 6.06 4.40 0.90
m-CeH4(CO2)22". The meta isomer's minimum-energy struc- 11h, 6.20 4.57 0.90
ture (Figure 1c) is planar and h&, symmetry. Geometric 2b, 9.54 8.16 0.85

parameters are given in Table 4.
0-CgH4(CO2),2~. Optimizations on the ortho isomer that minimum energy conformation of the 1,3,5 isomer was found
impose a planatC,, geometry produce a structure with two to have a plandDs, structure whose HOMO was of E symmetry

imaginary frequencies. Reduction of the symmetry Go and had a Koopman'’s ionization energy-60.5 eV.
followed by optimization leads to the san®, structure. CeFsCO,~. Geometry optimizations produceGa, structure
Another optimization was performed i€, symmetry by in which the CQ group is perpendicular to the aromatic ring.

assuming that both carboxylate groups are rotated so that theyOptimizations on a planar structure and subsequent frequency
are perpendicular to the ring plane. The resulting structure alsocalculations show that this rotamer is a transition state that is
has two imaginary frequencies. Only when both carboxylates 5.3 kcal/mol higher than the minimum-energy structure. Opti-
are rotated out of the ring plane to produce a structure @ith  mizations initiated with intermediate rotation angles lead to the
symmetry is a minimum on the potential energy surface found. Cy, minimum. Geometrical parameters for the minumum-energy
Data pertaining to this minimum are listed in Table 5. The structure are given in Table 7. The hydrogen analogue number-
dihedral angle between the carboxylate planes and the ring planéng scheme is used (Figure 1a).

is approximately 52. The twoC,, structures mentioned above p-CeF4(CO,),2~. Optimization of this isomer leads to a
are 14.9 and 3.0 kcal/mol less stable than the minimum, minimum where both carboxylate groups are perpendicular to
respectively. Total energies pertaining to these structures arethe central ring. Geometrical parameters are presented in Table

given in Table 6. 3. The hydrogen analogue numbering scheme is again used.
With zero-point vibrational energies included (see Table 6), m-CgF4(CO,),%". Both carboxylate groups are perpendicular
the relative minimum energies of the thregHz(CO,)2~ to the ring plane in the optimized structure. Geometrical

isomers place the para isomer lowest and the ortho isomerparameters are presented in Table 4. The hydrogen analogue
highest in energy. The para isomer is 28.9 kcal/mol lower than numbering scheme is again used. This isomer is 4.0 kcal/mol
the ortho isomer and 4.9 kcal/mol lower than the meta isomer. less stable than the para form (Table 5).

CeH3(CO,)3%". Optimizations on trianions failed to produce 0-CeF4(CO2)2%2~. The minimum-energy structure has two
structures that are bound with respect to electron loss. Thepartially rotated carboxylate groups, which are rotated aproxi-
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TABLE 8: p-CgH4(CO,),2~ VEDESs (eV)

symmetry Koopman'’s OVGF pole strength
2byg 2.07 1.42 0.89
2byg 2.31 1.79 0.89
la, 3.28 2.13 0.89
1byg 3.32 2.19 0.89
11a 3.63 1.92 0.90
10by, 3.66 1.93 0.89

oxygens patterns. The remaining level,jloriginates primarily
from a benzener orbital.

In the Dyson orbital for the lowest VEDE, there is some
delocalization onto the ring from the carboxylate group. The
change in electron density on removal of an electron occurs
primarily in theo lone pair regions near the oxygen nuclei, but
1a, 16a, the exocyclic C-C bond will be weakened somewhat as well.
This result is in accord with qualitative arguments that attach
partial negative formal charges to the oxygens in a carboxylate
group. The alevel is slightly above the blevel despite the
O—0 bonding relationships (bonding fog and antibonding
for by) because of destabilizing mixing with the nearby-C
bond-function lobe.

11b, 2b, The largest shifts from canonical orbital energies to OVGF
results are between 1.6 and 1.7 eV and are found for the two
Figgre 2. Dyson orbitals corresponding to the six highest occupied |east-bound levels. Correlation corrections for the twByson
orbitals of GHsCO,. orbitals are approximately 0.7 eV. A relatively small correction
. L is obtained for the lowest;trase.
mately 7T with respect to the plane of the aromatic ring.  These patterns are typical of several classes of molecules with
Geometrical parameters are presented in Table 5. The hydrogene|qcajizedy systems and lone pair electrons. Examples include

analogue numbering scheme is again used. This isomer is the,gerocyclic aromatics, p-element clusters, and certain kinds of
least stable, for it lies 21.3 kcal/mol above the para energy (Tableorganometallics. For heterocyclic aromatiesand lone pair

6). 3_ L o . Dyson orbitals are usually misordered by Koopman'’s theorem
CeF3(CO2)s” ™. Optimizations on trianions failed to produce results, and assignments based on calculations must include
structures that are bound with respect to electron 10ss. The ., eiation effects. These corrections are usually minozfor
minimum-energy conformatlon_ of the 1,3,5 isomer was found orbitals, especially the HOMO. Lone pair character is associated
to be a nonplanébs, structure with the three carboxylate groups iy, larger correlation corrections that reduce the predicted

roated 90 with respect to the aromatic ring. The HOMO was  yetachment energy, especially if the corresponding Dyson orbital
of E symmetry and had a Koopman'’s ionization energy-6f6 is symmetric with respect to the nuclear plane.
ev. p-CsH4(CO,),2 ~. Electron detachment energies for the para
isomer are shown in Table 8. The lowest detachment energy
corresponds to a level (bbg) concentrated on the ring with
CesHsCO;2 . Electron propagator calculations on the vertical minor destabilizing contributions from oxygen p orbitals. At a
electron detachment energies (VEDES) of the anion show theslightly higher energy, there is another benzene-tikerbital
importance of electron correlation in describing the states of (byg). Oxygen contributions are even smaller because of the node
the neutral doublet. A complete reordering of the final states that eliminates participation from carbon p orbitals in the
occurs between the Koopman’s theorem and OVGF columns exocyclic bond region. Correlation shifts are 0.65 and 0.52 eV
of Table 7. Propagator calculations of electron detachment for the yq and kg cases, respectively.
energies converge with respect to energy in three iterations. All  Much larger shifts are obtained for thelone pair levels.
pole strengths are near 0.90. This value is indicative of the Although the corrections are approximately 1.7 eV for the a
qualitative validity of the Koopman'’s picture and suggests that and h, Dyson orbitals, they are not large enough to surpass
the OVGF model is likely to give reasonable results. Dyson those of thex levels discussed above. The pattern of lobes
orbitals corresponding to these results are shown in Figure 2.around the carboxylate nuclei is similar to that found for the a
(Dyson orbital plots for the remaining seven structures are not orbital of the monoanion. Because the two carboxylates are
presented in this work but are qualitatively similar to the anion remote from each other, the two energies are similar.
and are discussed below.) Whereas Koopman'’s theorem predicts Another pair of states corresponds to oxygen-centered
that an electron is removed from a ring-centerddvel, OVGF combinations. Correlation corrections here are only 1.1 eV, and
results indicate that the lowest hole has oxygen lone pair the order of final states therefore is changed at the OVGF level
character. The VEDE is 4.40 eV, qualifying the benzoate anion of theory. Unlike the monoanion case (see théesels of the
as a superhalide, for this value is larger than the electron benzoate anion), there is little delocalization onto the ring. In
affinities of all of the halogen atoms. It is likely that larger basis one case, gmixing of the oxygen-centered, symmetry-adapted
sets and more detailed treatments of electron correlation will combination of p orbitals can take place only with unoccupied
produce larger electron binding energies. Another Dyson orbital, ;7 levels on the ring. Because of excess negative charge, this
with b, symmetry (Figure 2), also is composed chiefly of oxygen ring-centereds level is likely to be too destabilized to
lone pair lobes that lie in the plane of the nuclei. Threlevels participate. In the fy case, mixing is permitted by symmetry
follow at larger energies. Two,adyson orbitals are bonding  with an occupiedr level on the ring but is hardly seen in the
and antibonding combinations of symmetry-adapted nirzgnd orbital plot.

Electron Detachment Energies
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TABLE 9: m-C¢H4(CO,),>~ VEDES (eV) TABLE 11: C¢FsCO,~ VEDES (eV)
symmetry Koopman'’s OVGF pole strength symmetry Koopman’s OVGF pole strength
32 2.10 1.48 0.89 9 6.22 4.94 0.90
4b, 2.22 1.64 0.89 4 6.51 5.42 0.90
2 3.10 1.96 0.89 243 6.76 5.70 0.90
3by 3.13 2.01 0.89 3 6.86 5.03 0.90
16b, 3.24 1.53 0.90 8by 7.71 6.26 0.90
20a 3.49 1.82 0.90 15b, 11.10 9.48 0.88
TABLE 10: 0-CgH4(CO,)?>~ VEDES (eV) TABLE 12: p-CgF4(COy),2~ VEDES (eV)
symmetry Koopman'’s OVGF pole strength symmetry Koopman’s OVGF pole strength
21b 1.66 0.79 0.89 6byg 2.66 1.42 0.90
22a 2.08 1.35 0.89 3bsg 3.11 1.97 0.90
20b 2.44 1.25 0.89 23, 3.88 2.75 0.89
21a 2.59 1.44 0.89 2bsg 3.90 2.75 0.89
19b 2.71 1.01 0.90 144 4.10 2.27 0.90
20a 2.98 1.24 0.90 13hyy 4.20 2.34 0.90
m-CeH4(CO,),%2~. Correlation plays a major role in the Correlation shifts in the detachment energies are similar in

detachment energies of the meta isomer. Given the accuracy ofmagnitude to those that occur in the other isomers. The order
the OVGF method (the average error is 0.25 eV), it is not of the final states is changed once again. Two oxygen-centered
possible to assign the order of the three lowest final states inlone pair levels with some delocalization into the ringegion
Table 9 definitely. Only 0.16 eV separates the ring-centered have 1.7-eV correlation corrections, whereas two other oxygen
level with & symmetry from its partner withytssymmetry. There lone pair levels with virtually no ring contributions have 1.1-
is relatively little delocalization onto the oxygens in either of eV correlation shifts. A 0.7-eV correction is found for the ring-
the Dyson orbitals. Correlation shifts are relatively small: 0.6 centered level belonging to the totally symmetric representation.
eV. Between these two states lies theldével composed of  All of these changes at the OVGF level bear close resemblance
oxygen-centered contributions. The correlation shift for the to the para and meta results. Only for the lowest detachment
latter case, 1.7 eV, is relatively large. For thdevel, a 1.7-eV energy is there a notable change in the correlation effect. In
correlation shift is also obtained; the Dyson orbital exhibits a this case, the shift is closer to 0.9 eV.
similar o pattern, with the opposite phase relationship between  The lowest detachment energy for the ortho isomer is notably
the carboxylates. Shifts of 1.1 eV are obtained for the two lower than its para and meta counterparts. A smaller separation
oxygen-centeredr lone pair levels. In the meta isomer, the between the carboxylate groups destabilizes all canonical orbital
carboxylate groups are still sufficiently distant to produce nearly energies and OVGF detachment energies for this isomer. This
identical detachment energies for the in-phasg ébd out-of- destabilization is especially large for the highest occupied orbital
phase (g combinations. because the orthe meta difference for the lowest b detachment
Correlation effects are similar in magnitude to the para case, energy at the Koopman’s theorem level is 0.56 eV. The
given the composition of the corresponding Dyson orbitals. For corresponding difference for the lowest detachment energy is
the meta isomer, the first six states are compressed into a smalleonly 0.02 eV. The larger correlation effect for the lowest
energy range than they are for the para case: 0.53 versus 0.7detachment energy accentuates the contrast.
eV. Koopman'’s theorem results determine the chief differences CgFsCO,. lonization energies are given in Table 11. The
between the meta and para isomers. At this level of theory, ring- lowest ionization energy, 4.94 eV, is definitely higher than the
centeredr levels are the least bound, followed by oxygen- value pertaining to €HsCO,~ (4.40 eV). The corresponding
centeredr levels and then by oxygen-centeredevels. The Dyson orbital exhibits extensive delocalization and antibonding
closer proximity of the carboxylate groups in the meta isomer relationships between one of the ringzorbitals and contribu-
destabilizes the oxygen-centered lone pair levels @ind & tions from the F atoms and the rotated carboxylate group.
types. Ring-centered levels are not affected to the same extent, Oxygen p orbitals on the carboxylate group are pointed directly
which accounts for the narrower spread of the detachmentat the ring’sz lobes.
energies. p-CeF4(CO2),2~. The lowest electron detachment energy of
0-CeH4(CO2)22". In the ortho isomer, there is no longer a Table 12, 1.42 eV, is almost identical to its counterpart for
plane of symmetry, but the pattern of orbital ordering at the CgH4(COy)2~. Delocalization over the ring, F atoms, and
Koopman’s theorem level of theory (Table 10) remains the carboxylate oxygens is seen in the Dyson orbital, and antibond-
same. Before taking correlation into account, the two highest ing relationships are obtained between the ring and substituent
occupied orbital energies correspond to ring-centerdelvels lobes.
with some delocalization onto the oxygens. Lower symmetry ~ m-CgF4(CO,),?". Fluorination increases the lowest electron
allows the oxygen p orbitals to point more directly at the ring detachment energy at the Koopman'’s level, but correlated results
lobes. The resulting destabilization is more pronounced for the show only a slight increase: 1.51 versus 1.48 eV (Tables 9 and
lowest b level because the ring-centeredragment is more 13). In the Dyson orbital, a similar pattern of delocalization
concentrated at the ring carbons nearest to the carboxylates thaand antibonding relationships between ring and substituent lobes
to its partner corresponding to the a representation. At the is present. There is a slight polarization of the ringontribution
Koopman'’s theorem level, the splitting between the two states toward the carboxylates and away from the fluorides.
is 0.42 eV instead of 0.24 eV (para) or 0.12 eV (meta). Because 0-CgF4(CO,)2%". Substitution of F for H substituents causes
of the enhanced antibonding relationships between thesring the VEDE to increase from 0.79 to 1.11 eV (Tables 10 and
and oxygen contributions, the lobes on the latter centers arel4). The pattern of phase relationships and delocalization in
somewhat larger than their counterparts in the para and metathe Dyson orbital is compatible with the precedents of the para
isomers. and meta isomers. Polarization of the rimgontribution toward
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TABLE 13: m-CgF4(CO,)>~ VEDESs (eV) TABLE 16: Selected Properties of GHsCO, and CgFsCO,
symmetry Koopman'’s OVGF pole strength structure Zco, Ziing Koopman’s IP (eV)
Ta 2.74 1.51 0.90 planar GHsCO,~ —1.05 +0.05 5.38
10by 2.88 1.66 0.90 nonplanar GHsCO,~ —-1.20 +0.20 4.98
6a 3.72 2.57 0.90 planar GHsCO; —091 +0.91 10.48
?glbz g;g i-gg 8-38 planar GFsCO;~ ~0.75 -0.25 6.33
243 495 542 0.90 nonplanar G~CO; —091 -0.08 6.22
TABLE 14: 0-CgF4(CO,),>~ VEDES (eV) shows that several of them are dominated by contributions from
symmetry Koopman's OVGFE pole strength orbitals centered on the grom_anc ring. _ _

b One way to try to quantify this effect is to consider the partial
gga g'gg i%i g'gg atomic charges as obtained from a Mulliken population analysis.
28b 3.02 108 0.90 Table 16 gives a summary of the partial atomic charges as well
29a 3.06 1.83 0.90 as Koopman's approximation of the ionization energy for
27b 3.18 1.85 0.90 CeHsCO, inits planar form, the transition state corresponding
28a 3.68 181 0.90 to the carboxylate group rotated*9@ith respect to the aromatic

TABLE 15: AHF Electron Detachment Energies (eV) ring and the planar §sCO, neutr_al_radlcaI: In all three cases,
- — the structure has been fully optimizetto, is the sum of the
structure vertical adiabatic partial atomic charges of the three atoms comprising the
CeHsCO;~ 4.078 3.826 carboxyate group, wheredsyg is the sum of the partial atomic
p-CeHa(CO2)2* 0.742 0.420 charges of the ring carbon and hydrogen atoms.
m-CeHa(CO2)2%~ 0.694 0.413 Upon rotation of the anion from the planar to the nonplanar
0-CeHa(COL)> 0.067 0.008

conformation, the sum of the charges on the carboxylate atoms
decreases by 0.15, whereas the charge on the ring increases by
the same amount. The Koopman's VEDE is also seen to
decrease by 0.4 eV. It appears that the rotation of the carboxylate

) ) ) group reduces the conjugation of the ring with the carboxylate
Adiabatic Electron Detachment Energies group, resulting in greater localization of charge on the

The three hydrogen-containing dianions studied were found carboxylate group, which could increase the electrelectron

to have relatively small VEDESs, especially the ortho isomer repulsion and thereby reduce the VEDE.

(1.42, 1.48, and 0.79 eV respectively). Calculation of the W_hgn removing an e_Iectron from the planar anion and
obtaining the planar radical neutral structure, the sum of the

adiabatic electron detachment energies (AEDE) is necessary to h th boxvlate at q by iust 0.14. wh
ensure that these species are indeed stable to loss of an electrory. arges on the carboxylate atoms decreases by JustU.14, whereas

Vertical and adiabatic electron detachment energies Were'fl_r? su_mtr(:f 'ghe_ cht{irges on the [Ilng zitfomtshd?_'c(r)e'\?(s)es bé’. ?%6
calculated using the total energy difference method for the four UKS’ In the |<’)n|za:j|or_1 proc;]ess, atleas forh € h dpre licte
hydrogen-containing species. These results are summarized irFy oopman's ordering, the majority of the charge density Is
Table 15. GHsCO,~ is found to have a VEDE of 4.0 eV and ost from the aromatic ring rather than from the carboxylate
an AEDE of >3.8 eV. Meta and paragB4(CQ,),2~ isomers gro%p. N hat similar in th £

have much smaller VEDEs and AEDEs, averaging around 0.7 The sﬁuatlon s somewhat similar in the case @RLO,.

and 0.4 eV, respectively. The VEDE and AEDE values for ortho Upon rotation of the carboxylate group from the planar to the
CeHa(CO):2~ are even smaller, the AEDE being near zero. nonplanar conformation, the partial charge on the carboxylate

VEDEs obtained using or tor methods hav ver Igroup increases in magnitude frow0.75 to—0.91, whereas
S oblained using propagator methods have Sseveraly,, Koopman'’s ionization energy decreases from 6.33 to 6.22

advantag_es over VEDEs obtained using the energy dlfferenceeV. However, it is the nonplanar conformation that is lower in
.metTOd’ f|_n(él_ud|ng the”fg_cf; that thg (:-nergytd#feren(l:e metthtoij energy. The fluorine-containing species in its nonplanar con-
INVOIVES |r_1|_h|ngd<jaﬁsma |bef[ence ttre]w\e/eErll:)é/o VS?h arEEDoEa. formation still has higher VEDEs than does the hydrogen
energies. The dirierence between the and the AEDE 1S analogue in its planar conformation. Comparison of the amount
sometimes called th(_e relaxatlo_n energy or the reorganization of charge on the carboxylate group between the hydrogen and
3!;fergy. The [ﬁla:jxatlon benerguzs_ octhtal_rtlﬁdthfrom the enerszfluorine species when both are in the nonplanar conformation

iference method can be combined wi € MOre accurate o\ /s that the fluorine analogue has a partial charge that is
VEDES obtained using the propagator methods to arrive at betterloWer in magnitude £1.20 vs —0.91). Thus, the highly
estimates of the AEDEs. 85CO,~ then has an estimated ! LT B : .
AEDE of 4.15 eV. The para, meta, and ortho isomers of electronegative fluorine atoms appear to allow a greater portion

o of the excess charge to reside on the ring portion of the
CeHa(CO)o" have AEDEs of 1.16, 1.20, and 0.73 eV, molecule, which reduces the electreglectron repulsion and

the carboxylates and away from the fluorides takes place to a
greater extent in this isomer.

respectively. results in an increased VEDE.
Charge Delocalization Conclusions
The unusually large VEDE of 1sCO,~ is large enough to The VEDE of the benzoate anion determined by electron

qualify it as a superhalide. It is of interest to consider why this propagator calculations, 4.4 eV, qualifies this species as an
species and to a lesser extent why the other aromatic anionsorganic superhalide. To identify the correct final state in this
exhibit such large VEDEs. One explanation may be that detachment, it is necessary to account for electron correlation.
conjugation between the carboxylate group and the aromatic Correlation corrections to VEDEs corresponding to Dyson
ring allows for a large amount of charge delocalization over orbitals with O-centered lone pair contributions are larger than
the molecule. Examination of the highest molecular orbitals those for the ring-centered Dyson orbitals. The order of the
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neutral final states therefore changes from Koopman'’s theoremregions. Antibonding interactions withs&and oxygen p orbitals
to OVGF. For the lowest VEDE, the corresponding Dyson directed toward the ring lobes also characterize these Dyson
orbital is dominated by O-centeredone pairs destabilized by  orbitals.

delocalization into the exocyclic-©C bond region.
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