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Abstract: The stability of two small dicarboxylate dianions, AB-C=C—C0,)?~ (AD?") and (QC—CH,-
CH,—CO;,)?~ (SD*") has been studied in the gas phase by using electrospray mass spectrometry, photoelectron
spectroscopy, and ab initio calculations. Despite their similar charge-separation and sizay#sobserved
abundantly, whereas $Dwas very difficult to detect. Our ab initio calculation predicts that?AR> adiabatically

stable with respect to electron loss whereagd 9B not. These calculations show that AThas aDyq structure

with 0.418 eV adiabatic and 0.69 eV vertical electron binding energies, compared to the experimental values
0f 0.30 (0.10) and 0.60 (0.10) eV, respectively 2Sas found to have &, structure with a negative adiabatic
electron binding energy—0.086 eV). Our detailed theoretical analysis indicates that while the two excess
charges in SB" are completely localized on the terminal carboxylate groups, there is significant delocalization
of the excess charges into th&CC— z-type orbitals in A~. The Dy structure of the AR~ dianion allows

each carboxylate to interact with one of the two perpendicutfype orbitals of the acetylene moiety, thus
providing extra stabilization while minimizing the Coulomb repulsion.

1. Introduction than one extra electron. Generally MCAs are expected to occur

. P for relatively large molecular systems, where the Coulomb
Despite their ubiquity in th nden h r knowl . >
espite their ubiquity e condensed phase, our knowledge repulsion among the excess charges is reduced. On the other

about free multiply charged anions (MCAs) remains quite scarce hand ii lecul " h as the details of th
until recently’~17 The strong Coulomb repulsion between the 121d: SPECIIC MOIECUlar properties, such as the details of the
excess charges limits only a few neutral molecules to bind more .mo'ecu'af_ a_nd electronl_c_structures, should also be important
in determining the stability of an MCA, but have not been
TUniversity of Utah. extensively explored and understood well. Thus it is desirable

§ Permanent address: University of GdnDepartment of Chemistry, ; oAt ; i _
80-952 Gdask. Poland. and illuminating to compare MCAs which have similar molec

*Washington State University and Pacific Northwest National Labora- Ular size, geometrical structure, and compositions, yet display

tory. different stability.
e e o S PLY S5 oo i, The electronic and thermodynamic sabiltes of & number o
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information about their electronic stability, intramolecular the two—CO,  groups are perpendicular to each other. This

Coulomb repulsion, and solvation effects. This technique is structure allows the negative charge on each terminal carboxy-
particularly sensitive and powerful to allow a broad range of late group to partially delocalize to each of the two perpendicular
MCAs that exist in solution to be interrogated for the first time z-type orbitals of the &C triple bond, thereby giving a slight

in the gas phas¥ 30 enhancement of electronic stability, even though the Coulomb

One particularly important class of dianions is the organic repulsion may be slightly increased by such delocalization. In
dicarboxylates, which exist in aqueous solutions as a result of contrast, we found that SD has aCa structure with the two
dissociation of the parent organic diacids. These species are quit¢harges completely localized on the termireCO,~ groups
interesting in that their excess charges are localized on thebecause delocalization is not possible in this species. We
carboxylate groups, allowing the electrostatic interactions to be therefore conclude that delocalization into th€C— z-type
understood straightforwardly. We have investigated, using PES, orbitals provides the extra electronic stability for ADrelative
the stability and intramolecular Coulomb repulsion in a series t0 SO
of such dianions with saturated carbon backbona&3;,C— ]

(CH2),—CO,~ (n = 3—10)21-2% However, we failed to obtain ~ 2- Experimental Methods

the PES spectrum of the dianion with= 2 (succinate) owing The experiments were carried out with a photodetachment spectros-
to difficulties in observing this species using our electrospray copy facility that involves a magnetic-bottle time-of-flight photoelectron
source?? We rationalized qualitatively that the strong Coulomb analyzer and an electrospray ion source. Details of the apparatus have
repulsion in this small molecular dianion makes it unstable or been published previousfyand only a brief description is given here.
short-lived in the gas phase, although it had been observedTo produce the desired dianions, we used a 0~* molar solution
previously in a collisionally induced “ion pair” formation of the corresponding d_la_clds '(acetylene dicarboxylic acid, HGOC
process! However, its absolute electronic or thermodynamic C— ¢~ COOH and succinic acid, HOG&CH,CH,~COOH) under a
stability in the gas phase remained unknown. Surprisingly, we basic condition (by adding NaOH) in a water/methanol mixed solvent

| | S | . (10/90 volume ratio). Each solution was sprayed through a 0.01-mm
were able to observe abundantly a dianion, acetylene dlcar'diameter syringe needle at ambient atmosphere and at a high voltage

boxylate (A[%)- 7O_ZCI_CEC_C021 which has a similar size  pjas of—2.2 kv, producing highly charged liquid droplets, which were
as the succinate dianion (80, “0.C—CHxCH,—CO;", that fed into a desolvation capillary. Negatively charged molecular ions
was extremely difficult to detect. Although the=T triple bond emerging from the desolvation capillary were guided by a radio
may allow charge delocalization, we did not expect this to be frequency-only quadrupole ion guide into a 3-D quadrupole ion trap,
necessarily favorable in the dianion because charge delocalizawhere the ions were accumulated for 0.1 s before being pushed into
tion can lead tenhancedCoulomb repulsion between the two the extraction zone of a time-of-flight mass spectrometer. The major
electrons on the-CO,~ termini. So the question we wanted to anions from the ace_tylz_ane dicar_boxylic acid solution were the totally
address is what determines the electronic stabilities of these twodeProtonated A" dianion and its monoprotonated anion, HOOC

S S . C=C—COO . For the succinic acid solution, we were only able to
s ,
dianions and what accounts for their different stabilities? observe abundantly the monoprotonated species, HOTHBCH;—

In this article, we present a detailed ab initio study on these coo-. The desired totally deprotonated dianion gSpwas very
two small dianions and compare the theoretical results with difficult to observe. It was present only with extremely weak abundance,
experimental observations. We obtained the PES spectra ofand hence we were not able to obtain its PES spectrum.
AD?Z™ at three photon energies, 355, 266, and 193 nmZAD In the PES experiment, the ADdianions were mass selected and
was determined to be electronically stable with a 0.30 (0.10) decelerated before being intercepted by a laser beam in the detachment
eV adiabatic electron binding energy and a 0.60 (0.10) eV zone of the magnetic-bottle photoelectron analyzer. Both an Nd:YAG
vertical electron binding energy. Numerous photodetachment laser (355 and 266 nm) and an excimer laser (193 nm) were used for

features, due to excited states of the ADonoanion, were also photodetachn;ent. _Photoelectron time-of-.ﬂight spectra were collected

bserved. Our ab initio studv indicates indeed that?Ams at n_earl_y 100% efficiency by '_[he magnetic bottle and then converted
o : ; . y to kinetic energy spectra, calibrated by the known spectra @hid
adiabatically stable with respect to electron loss where@s SD - The hinding energy spectra were obtained by subtracting the kinetic
is not. Detachment channels from ADto various states of  energy spectra from the photon energy. The electron kinetic energy
AD~ were calculated and compared to the experimental resolution wasAE/E ~ 2%, i.e., 20 meV for 1 eV electrons.
observations. We found that ZD has aDq structure, in which

3. Theoretical Methods

(18) Wang, L. S.; Ding, C. F.; Wang, X. B.; Barlow, S. Rev. Sci.

Instrum 1999 70, 1957. The equilibrium geometries of the neutral and anionic species were
(19) Wang, L. SComments At. Mol. Phy200Q in press. optimized and their harmonic vibrational frequencies calculated at the
(20) Wang, L. S.; Wang, X. BJ. Phys. ChemA 200Q 104, 1978. second-order MgllerPlesset (MP2) perturbation theory level. In all
(21) Wang, X. B;; Ding, C. F.; Wang, L. $hys. Re. Lett 1998 81, calculations, the values of &> never exceeded 2.03 for triplets and

33?212) Wang, L. S.; Ding, C. F.: Wang, X. B. Nicholas, J.Bhys. Re. 0.78 for doublet sta_ltes, SO we are cpnfider?t_ Fhat spin-coytam_inatiqn

Lett 1998 81, 2667 effects were not serious. The electronic stabilities of the anions in their
(23) Ding, C. F.; Wang, X. B.; Wang, L. Sl. Phys Chem A 1998 ground states were calculated using a supermolecular approach (i.e.,

102 8633. by subtracting the energies of the 1)-electron species from those
(24) Wang, X. B.; Ding, C. F.; Wang, L. SShem. Phys. Lett1999 of the n-electron systems). This approach requires the use of size-

307, 391. extensive methods, so we employed MgHBiesset perturbation theory

(25) Ding, C. F.; Wang, X. B.; Wang, L. S. Chem. Phys1999 110,

3635. Wang, X. B.: Ding, C. F.. Nicholas, J. B.. Dixon, D. A.; Wang, L up to fourth order as well as the coupled-cluster method with single,

S.J. Phys. ChemA 1999 103 3423. double, and noniterative triple excitations (CCSD(} In addition,
(26) Wang, X. B.; Wang, L. SJ. Chem. Phys1999 111, 4497. the electron binding energies were analyzed within the perturbation
(27) Wang, X. B.; Wang, L. SNature 1999 400, 245. Wang, X. B.; framework, which generates Koopmans' theorem (RT3CF-differ-
Ferris, K.; Wang, L. SJ. Phys. ChemA 200Q 104, 25.
(28) Wang, X. B.; Wang, L. SPhys. Re. Lett 1999 83, 3402. (32) Bartlett, R. J.; Stanton, J. F. Reviews in Computational Chemistry
(29) Wang, X. B.; Wang, L. SJ. Am. Chem. SoQ00Q 122 2096, Lipkowitz, K. B., Boyd, D. B., Eds.; VCH Publishers: New York, 1994;
2339. Vol. V.
(30) Wang, X. B.; Wang, L. SJ. Phys. Chem. A200Q 104, in press. (33) Taylor, P. R. InLecture Notes in Quantum Chemistry Roos, B.

(31) Maas, W. P. M.; Nibbering, N. M. Mnt. J. Mass Spectrom. lon 0., Ed.; Springer-Verlag: Berlin, 1994.
Processed989 88, 257. (34) Koopmans, TPhysica (Amsterdani)934 1, 104.
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ence ASCF), Mgller-Plesset difference (M, and coupled-cluster A @
difference values of the binding energies. For studying the bound excited 355 nm
states of the AD monoanion, we also used the restricted outer valence
Green'’s function (OVGF) methdd>’ followed by CCSD(T) estima- X
tions. All calculations were performed with the GAUSSIAN 98
prograni® on 500-MHz dual processor Intel Pentium Il computers and
on an SGI Origin2000 numerical server. The three-dimensional plots
of molecular orbitals were generated with the MOLDEN progfam.
The choice of the atomic orbital basis sets used to describe the neutral
molecules and the excess bound electrons is very important for
reproducing the correct value of electron binding energies. The basis
sets must be flexible enough to describe the static charge distribution
of the neutral molecular host and to allow for polarization and dispersion
stabilization of the anions upon electron attachment. On the basis of
extensive earlier experience on anions and dianions, we decided to use
the aug-cc-pVDZ basis s8tfor optimizing the geometries and B ©
calculating vibrational frequencies and to employ the aug-cc- 193 nm
pVDZ+2s2p basis (supplemented with diffuse functions) for calculating
electron binding energies. The addition of extra diffuse functions with X cb
low exponents was necessary especially to describe more properly the
dianions’ pair of excess electrons. In particular, we supplemented the A MM
aug-cc-pVDZ basis set with extra even-tempéteslo-term s and two- 0 1 2 3 4 5 6
term p sets of diffuse functions centered on both C atoms in the CO Binding Energy (eV)
groups. The extra diffuse s and p functions do not share exponent ValueSFigure 1. Photoelectron spectra of §O—C=C—CO,)?- at (a) 355
and the geometric progression ratio was equal td3add for every (3.496 e\'/) (b) 266 (4.661 V), and (c) 193 nm (6.424 eV)
symmetry, we started to build up the exponents from the lowest ‘™ ’ ' ’ ' ’
exponent included in the aug-cc-pVDZ basis set designed for carbon. getachment photon energies is characteristic of photodetachment
As a consequence, we achieved lowest exponents of 4.58001B° of MCAs, and it is a direct consequence of the repulsive
and 3.946289% 107 au for s and p symmetry, respectively. Finally, Coulomb barrier (RCB) that exists in MCAs against electron

the atomic partial charges calculated in this work were fit to the
electrostatic potential (ep) according to the Me&ngh—Kollman detachment. From the photon-energy-dependent PES spectra,

Relative Electron Intensity

scheme? we can estimate the magnitude of the RCB in%ADas will be
shown below.
4. Experimental Results The PES features in Figure 1 represent photodetachment
transitions from the electronic ground state of ADto the
4.1. Photoelectron Spectra of O,.C—C=C—CO," (AD%"). ground and excited states of the corresponding singly charged

The PES spectra of the &D dianion are shown in Figure 1 at  anjon (AD"). Within Koopmans’ approximation, these features
three detachment photon energies. The 193-nm spectrum (Figurean be alternatively viewed as removing electrons from the
1c) revealed five distinct detachment bands between 0.3 andoccupied molecular orbitals (MOs) of ZD. The threshold of
2.8 eV, labeled as X andAD. At 266 nm (Figure 1b), the C  the PES spectra yields the adiabatic binding energy of the second
and D bands disappeared almost completely, despite the faclexcess electron in AB, or the second electron affinity of the
that the 266-nm photon energy is higher than the binding AD neutral. Due to the broad nature of the X-band, we can
energies of these two bands. In addition, the relative intensity only obtain an estimate of the adiabatic binding energy of AD
of the B-band was observed to be reduced at 266 nm. At 3553s 0.30 (0.10) eV with a relatively large uncertainty. The vertical
nm (Figure 1a), the B-band almost completely disappeared, binding energy of the second electron in AD representing
whereas the relative intensity of the A-band was reduced. the energy difference between the ground states ot Adhd
Furthermore, the A-band was slightly shifted to a lower binding AD- at the equilibrium geometry of AD, was measured to
energy. The sequential disappearance of PES features at lowhe 0.60 (0.10) eV. The X-band represents the transition from
the ground state of AP to that of AD™, its great width indicates

(35) Ortiz, J. V.J. Chem. Phys1988 89, 6348.

(36) Cederbaum, L. Sl. Phys.1975 B8, 290. large equilibrium geometry changes between the ground states
(37) Zakrzewski, V. G.; von Niessen, W. Comput. Cheml1993 14, of ADZ~ and AD".
13 The higher binding energy features {®), which may

Scﬁggjg ﬁgg_s.légjszﬁé %?Vésl.'ogokﬁ]'7,;\/|_F,:f(glﬁegﬂs'e*gn-r?Cés.’zgk'rz\évv'\jski contain overlapping electronic transitions, represent removal of

V. G.; Montgomery, J. A., Jr.; Stratmann, R. E.; Burant, J. C.; Dapprich, more tightly bound electrons from AD, which thus produces

?; Mlllarg,JBM.; Da(\/lelé, A. _Di\;AKL(J:dm, K. I\Flz.;S,\;ram, M"CB; Fsrkasillo(-:: excited states of AD. The canonical vertical detachment
omasl, J.; barone, V.; Cossi, M.; Camml, R.; Mennuccl, b.; Pomelll, C.; H ; H

Adamo, C.: Clifford, S.- Ochterski, J.: Petersson, G. A Ayala, P. Y.. CUi. energies of these fe@tures are given in Taple 1, yvhere they are

Q.; Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; compared to theoretical calculations, as will be discussed later.

Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Baboul, A. G; Stefanov, B. 4.2, Photon-Energy-Dependent PES Spectra and the

B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.; Gomperts, R.; Martin, R Isiv lomb Barrier. As we r r revi Iv. ther
R'L: Fox. D. J: Keith, .- Al-Laham, M. A.: Peng, C. Y- Nanayakkara, cPulsive Coulomb Barrier. As we reported previously, there
A Gonzalez, C.: Challacombe, M.: Gill, P. M. W.: Johnson, B.. Chen, IS @n essential difference between photodetachment of multiply

W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.; Head-Gordon, M.; Replogle, and singly charged anions. When an electron is removed from

E. 839 PSODhIeﬁJ- A. GgUSSéan, InC-ZC Piétgl/)grghv PCA, 1998-h hertands, 2 MCA, the two photoproducts, a free electron and an anion
19&31) chaftenaar, G. MOLDEN, CAOS/ICAMM Center, The Netherlands, \yiih one less charge than the parent MCA, are both negatively

(40) Kendall, R. A.; Dunning, T. H, Jr.; Harrison, R.Jl.Chem. Phys. charged. The superposition of the long-range Coulomb repulsion
1992 96, 6796. between the outgoing electron and the remaining anion and the

Efég gﬁ’:g“v'v‘g}(l megirﬁgﬁgeﬁbeéﬁgﬂ' %ﬂﬁ&gg%igﬁ 3961. short-range electron binding produces an effective potential

(43) Besler, B. H.: Merz, K. M., Jr.; Kollman, P. A. Comput. Chem. barrier for the outgoing electron. Thus one has an interesting
199Q 11, 431. situation, where, if the detachment photon energy is below the
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Table 1. Experimental and Theoretical Vertical Binding Energies
(VDE in eV) of AD?~

experimental theoretical
band VDE MG FS OVGF CCST(D)
X 0.60 (0.10) e ’E 1.011 0.693
A 1.31(0.10) a A 1.815 1.269
1.31(0.10) a A, 1.934 1.445
1.31(0.10) b B, 1.937 1.450
B 1.70 (0.10) b B, 2.310
C 2.20 (0.10) e E 2.476
D 2.60 (0.10)
e ’E 6.022

aMO'’s from which an electron is removeblFinal state terms under
the Do, symmetry of AG .

& 4 Monoanion ~ ~0-6
E Figure 3. The minimum energy structures for {O—-C=C—CO,)*"

193 nm (D2g) and (QC—C=C—CQ;,)™ (Czn). The numbers are the ep charges.
Table 2. MP2 Geometries and Vibrational Frequencies Calculated
for the Dianion and Monoanion of (@—CC—CO,)?

266 nm parameter value vibrational frequencies

e

RCB - 3.0 Daq4 equilibrium structure of (gC—CC—CO,)%~
355 nm o r(C1C2) 1.248 Vl(bl) =32 ’V2'3(e) =97 V4ys(e) =195
— r(C1C3) 1.504 Ve(al) =336 1/7'3(6) =550 Vg(bg) = 646
I'(C305) 1.274 Vlovll(e): 773 ’Vlz(a.l) =795 V13(b2) =958
AD- (1(05C307) 127.884 V14(b2) =1310 Vls(al) =1321 v16,17(e) = 1596
D 2.60) vig(ag) = 2180
C @20 C2n equilibrium structure of (gC—CC—CQO;)~

r(CiC;)  1.250 (b)) =88  wi(a) =91  wi(a) =117
B(L70) r(C.Cs) 1461 wv4i(ag) =164 wvs(a) =361 wve(by) = 386
A (130) r(Cs0s) 1.238 wv/(a) =469 wvg(a) =519 wo(b,) =643

I’(C307) 1.302 Vlo(bu) =750 Vll(ag) =865 Vlz(eg) =919
0(OsC307) 129.345 v15(by) = 1041 vi4(by) = 1500 vis(ay) = 1635

U X (0.60) (X(C2C1C3) 169.000 Vle(bu) = 1986 V17(ag) = 2083 Vlg(ag) = 3650
> > aDistances in A, valencea and dihedral ) angles in deg,
ADZ Ricme frequencies in crmt. See Figure 3 for atom numbering.

Figure 2. Schematic drawing of the potential energy curves showing

the repulsive Coulomb barriers (RCB) of {O-C=C—CQO,)* (AD?") Figure 1c showed that the spectrum seemed to be cut off just
with respect to the different final states of the singly charged anion heyond the D-band, suggesting that the 193-nm photon energy
(AD"). The vertical binding energies and the estimated RCB are shown \y a5 above the RCB of the D-band, i.e., R8B~3.8 eV (6.424

@n QV. The relative positions of the three photon energies used are also__ 2.60 eV). The disappearance of the D-band at 266 nm (Figure
indicated. 1b) suggested that the 266-nm photon was below the RCB of
the D-band, i.e., RCB- 2.1 eV (4.661— 2.60 eV). Furthermore,

photon energy is above the asymptotic electron binding energythe reIaFive intensity of the B-band was reduced at 266 nm,
suggesting that the 266-nm photon was near the RCB top of

i.e., energetically and thermodynamically possible). In this case, .
( d y y yp ) the B-band. We inferred that the RCB should+bg eV (4.661

detachment can only take place through electron tunneling, s
which depends exponentially on the distance between the photor +-70 €V), which is just about the mean value from those

energy and the RCB top and becomes negligible if the photon derived from the I_D-band above (2.‘<l RCB < 3.8 eV). As_we
energy is far below the barrier t8\When the photon energy havg shown previously, the RCB is equal to the magnitude of
is around the RCB top, the detachment signal will be reduced. the mtragnolecul.ar Coulomb repulsion betwgen the two excess
The successive disappearance and reduction in relative pealcharges? We will show below that our derived RCB of3
intensities of the higher binding energy features at the lower eV E consistent with the mtramolecular Coulomb repulsion in
photon energies in Figure 1 are direct consequences of the RCBAD” » based on the theoretical structural parameters.
Figure 2 schematically illustrates the RCBs for removing
electrons from AB~, leading to the different observed PES
features. The relative positions of the three photon energies used 5.1. MP2 Geometries and Harmonic Frequencies of AD
and the vertical binding energies of all the observed features and AD~. Our investigation of the potential energy surfaces of
are also shown. Each detachment channel has its own RCBneutral AD and its negative daughters resulted Dp@minimum
which may have different magnitudes for large molecules if energy structure for AB~ and aCyn, minimum for AD~. These
the detached electrons are from different parts of the moleculesstructures are depicted in Figure 3 and characterized in detail
and thus experience slightly different Coulomb repulsion. If we in Table 2, where their vibrational frequencies are also reported.
assume that the RCB is the same for the different channels (aEven though th®,4 geometry corresponds to the lowest energy
reasonable assumption for small molecules), we can estimatestructure for A, it should be noted that the kinetic barrier
the magnitude of the RCB based on the photon energy for rotation around the-CC— bond (leading to &2, structure)
dependence of appearance or disappearance of the PES featurds.relatively small (0.040 eV at the MP2 level and 0.076 eV at

top of the RCB, no electron detachment will occur even if the

5. Theoretical Results
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energy was calculated at successive levels of theory (KT, SCF,
MPn (n = 2, 3, 4), and CCSD(T)), and the results at the
equilibrium geometries of the mono- and dianion are presented
in Table 3.

Since our experiment involves photodetachment of one excess
electron from the dianion, we emphasize the vertical binding
energies for the dianionib,y geometry when comparing with
our experimental findings. Our best theoretical estimation of
the vertical detachment energy for AD (calculated at the
‘ ‘ . 1 ’ ‘ CCSD(T) level) is 0.693 eV, which is in good agreement with

0 45 90 135 180 225 the VDE assigned to the X-band (0.60 eV), although addition
Dihedral Angle y [deg] of zero-point energy corrections weakens this agreement.
Figure 4. Schematic potential energy curves along the dihedral angle Moreover, our calculated value of the adiabatic electron affinity
for (0,C—C=C—C0,)?>~ and (QC—C=C—CQ,)?, showing theD,4 and (at the same level), 0.418 eV, agrees well with the experimental
D,n minima of the dianion and monoanion, respectively. Note the true ADE of 0.30 eV.
miqimum for the monoanion ha&:, symmetry, which is schematically In considering theD,q binding energies reported in Table 3
indicated. at the various levels of theory, it should be noted that the stability
Table 3. Electron Binding Energies (eV) for the Monoanion and of the dianion is overestimated in most methods, and that highly

Monoanion

Energy

Dianion

Dy

Dianion of (.C—CC—COy) correlated calculations are needed to reproduce the correct value
D geometry of Con geometry of of electron binding energies. For example, we note that the MP
the dianion the monoanion perturbation series converges slowly and the infinitive-order

approximation of the CCSD(T) method is necessary.

E 1st electron 2ndelectron 1stelectron 2nd electron . . : .
— 2995 — 1116 _ One of the interesting prob_Ie_zms we found durlng' 'Fhlg study
ESCF 4.164 0.727 2282 _0385 is the loss of electronic stability of AD at the equilibrium
EMP2 4.047 1.686 5.661 —0.364 Can geometry of AD (see Table 3). This suggests that, in some
EMP3 4,171 1.587 4.683 —0.198 regions of the potential energy surface, the system with two
EMP4 4,282 1.326 5.384 —0.384 excess electrons is not stable toward electron autodetachment.
EEE?EER 4.745 0.693 4.9067  —0.315 However, with the experimental conditions in mind, it is not
E AZP; 0.895 —0.113 likely that this would affect the observed PES because the

dianions observed experimentally should consist primarily of
nearDyy species. Therefore, the region of potential energy
surface where AB is unstable is unlikely to be accessed
experimentally.

For the sake of completeness, we also show in Table 3 the
vertical electron binding energies for detaching an electron from
the AD™ to produce neutral AD. For both geometries considered,

the CCSD(T) level), as schematically shown in Figure 4. The
corresponding potential energy profile for ADs also sche-
matically shown in Figure 4, where we attempt to show that
the minimum is not exacthDan but is slightly distorted and
possesses the low€p, symmetry. The energy of the monoanion
is higher than that of the dianion for every value of the dihedral . L :
angley, as long as the D-type symmetry is preserved. However, the electronic stabilities of the monoanion are very larg8 (
in the region of the monoanionBy;, stationary point, deforma- ev). ] )

tion to Czn Symmetry causes the dianion to become electronically ~ 9-3. Excited States of the AD Monoanion. The observed
unstable (see also Table 3). Even though the dianion is not Photoelectron spectra of AD (Figure 1) contain several higher

electronically stable for sucs, configurations of the nuclei, ~ €nergy bands (A to D), which are due to removal of more tightly
AD?- is adiabatically stable since tfg dianion’s minimum bound electrons and correspond to excited states of the AD

lies below theCz, monoanion’s (see Figure 4). monoanion. These bands are all very broad, probably due to
Our calculations indicate that the attachment of the second ViPrational excitations caused by geometry changes and/or
electron leads to a slight increase in the-@I3 and C2-C4 possible overlapping electronic states. We undertook additional

bond lengths (by 0.043 A). Larger geometry changes occur in glectronic structure calcglations to estimate the energigs of the
several valence and dihedral angles. In particular, the planarity first few excited electronic states of ADIn these calculations

of the monoanion that permits delocalization of the single We used the equilibriurD,; geometry of AB™, keeping in mind
negative charge over the tweCOO groups is replaced by a the vertical nature of all the photodetachment transitions.
nonplanar structure of the dianion, in which the tw@€OO We calculated the positions of the excited states of AbDth
groups become perpendicular to each other. These geometrydirectly (by using the OVGF method) and indirectly (by
differences can be understood based on the Coulomb repulsiorcalculating CCSD(T) energies of the states of interest and
within the dianion. The nonplanarity of AD facilitates charge ~ subtracting them from the CCSD(T) ground-state energy of the
localization, allowing the two excess charges to be separateddianion). Our results are given in Table 1 for several detachment
spatially. In theDq structure each of theeCOO groups can  channels along with the symmetries of the MOs from which
interact with one component of the acetylene@zn-type MOs the electron is removed and the final-state symmetries in the
(consisting of two perpendicular components). The increased D2« point group. We employed coupled-cluster CCSD(T)
charge on C1 and C2 in AD compared to AD (Figure 3) is calculations on the first three excited states to try to achieve
consistent with partial delocalization of the excess charges into more reliable assignments. These results along with the CCSD-

the -type MOs. (T) result for the ground state are also given in Table 1.
5.2. Electron Binding Energies of AD" and AD?". The 5.4. MP2 Geometries and Harmonic Frequencies of SD
AD?~ dianion is an electronically bound closed-shell sinépet and SD™. The effort we undertook to study the electronic

system while the corresponding monoanion is an open-dkell  stability of S~ was motivated by the fact that this dianion
species at thd,q symmetry of A~. The electron binding was difficult to observe in our experiment. This observation
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unstable with respect to electron loss. That is2SbBan be
considered to be vertically electronically stable, but adiabatically
electronically unstable. This conclusion is consistent with the
experimental difficulty in observing this dianion from our ion
source if vibrational motions of SD cause it to sample
geometries (near) where 3Dis unstable relative to SD

Since our calculations indicated that the dianion can be
electronically stable at some geometries (relatively close to the
Cyy dianionic minimum), we decided to find the geometry
corresponding to the point where the potential energy surfaces
for the mono- and dianion intersect. Our search, carried out at

at theCz, symmetry. The numbers are the ep charges. The dianion hasthe CCSD(T) level, led us to @ symmetry structure similar

the sameC,;, symmetry (Table 4) and its ep charges are given in
parentheses.

SD*/SD "

0.390 eV

Relative Energy

0.086 eV

Monoanion

Figure 6. Schematic potential energy curves showing the relative
energies for the mono- and dianion of the, 3 CH,—CH,—CQ;)
species. Note the minimum energy of the dianion is above that of the
monoanion, suggesting that the dianion is not adiabatically electronically
stable, but it is vertically electronically stable. The “cross point” defines
a configuration, where the dianion and monoanion have identical
electronic stability.

suggested that SD might be electronically unstable, even

to that shown in Figure 5. The geometrical parameters of the
crossing point gathered in Table 4 indicate that this structure is
closer to the minimum obtained in Section 5.4 for the dianion
than for the monoanion. The intersection of the?SBnd SDr
energy surfaces is shown schematically in Figure 6, which also
contains the relevant energetic information described in this
section. Indeed, all the geometrical parameters defining the
structure of the “crossing point” lie between the corresponding
values calculated for the mono- and dianions at their minima.
In every case, the values are closer to those for the dianionic
structure.

6. Discussions

6.1. Molecular Orbitals of AD2~ and SD?: Charge
Localization vs Delocalization.Figures 7 and 8 show the top
few occupied MOs of AB~ and SB-, respectively. It is
instructive to compare the MOs of the two dianions and discuss
their differences. Despite the fact that the carboxylate groups
are the charge carriers in &D its (degenerate) HOMO contains

though, as discussed earlier, chemical intuition suggests a similard@ dominant portion of-C=C— z-bonding MOs with some

separation of the two excess electrons i"SBnd AF*~ and
thus similar stabilities might be expected.

According to our MP2 calculations, both 8Dand SD
possess minima &y, symmetry (Figure 5) and as shown in

contributions from the in-plane lone pairs of the O atoms. This
suggests that the C=C— & systems are strongly interacting
with the terminal carboxylate groups. It is also interesting to
observe that the C1C2 bond length is nearly the same in AD

Figure 6, these minima are spaced by 0.086 eV. The geometriesand AD", although clearly a bonding electron is removed to
of these two species are nearly identical and are shown in Figureform the monoanion. This suggests that there must be a strong

5 along with the charge distributions. Table 4 gives the details
of the structural parameters and their vibrational frequencies.
Attachment of an electron to the SBnonoanion leads to small
changes in bond lengths with the most significant being
shortening of the C2C3 bond by 0.108 A (see Table 4). The
shortening of the CxC3 bond length is related to a bonding
interaction between C1 and C3 in the highest occupied MO
(HOMO) of SD*-, as will be discussed later. Also, the valence
angle GC;Csincreases by % which causes the carbon skeleton
to be more linear when two extra electrons are attached.
However, the largest change we observe is in th€;0;
valence angle, which decreases by When the dianion is
formed. Except for the slight decrease of the-CB bond length

in SD?-, all the other structural changes reduce the Coulomb

relaxation effect upon the removal of the HOMO electron from
AD?". The strong relaxation effect is shown most clearly from
the binding energies given in Table 3 between the results at the
KT and SCF levels. There is no relaxation effect included in
the KT calculation, which overestimates the binding energy by
more than 1.5 eV relative to the SCF value for &AD

The HOMO-1 and HOMO-2 of AB™ are pure O lone pair
orbitals. However, the next three MO’s all show some contribu-
tions from C1 and C2. The most interesting is HOMO-4, which
consists of a degenerate set describing bonding interactions
between the O lone pairs on each terminal carboxylate and the
in-planes-type MO of —C=C-. This extra bonding interaction
is likely the origin of theDq structure of A~ and provides
the mechanism for slight charge delocalization from the terminal

repulsion between the two excess charges in the dianion, ascarboxylate groups.

one would expect.

5.5. Electron Binding Energies of SB~. Our calculations
carried out at various levels indicate that3SDs not electroni-
cally stable at the equilibrium geometry of the monoanion (see
Table 5). However, it is stable at its own equilibrium geometry

In contrast, the MOs of S shown in Figure 8 indicate
that the negative charges are almost completely localized on
the terminal carboxylate groups. This is also consistent with
the charge distributions given in Figure 5 for SDThe HOMO
of SD?~ has a significant contribution from the EC3 ¢ bond,

where our best estimation of the vertical detachment energy iswhich is consistent with the fact that the €C3 bond length

0.390 eV (0.475 eV with ZPE). As in the case of ADhighly

correlated ab initio methods have to be used to obtain correct

values of the electron binding energy since theri€sults are
inconclusive (Table 5). Our calculated adiabatic electron affinity
of SD™ is —0.086 eV, meaning that SD is adiabatically

is slightly shorter in SB™ than in SD (Figure 5).

6.2. Assignments of the PES Features of AD. On the basis
of the Koopmans’ approximation, the PES features in Figure 1
can be viewed as removing one electron from the dianion’s
occupied MOs (Figure 7) successively. However, the ordering
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Table 4. MP2 Geometries and Vibrational Frequencies Calculated for the Dianion and MonoaniogCaf @8l,—CH,—CQO;) and for the
Structure Corresponding to the Point on the Potential Energy Surface at Which They Iatersect

Canequilibrium structure of (@C—CH,—CH,—CO,)?~
r(Cs0s) = 1.279 r(Cs07) = 1.279
a(0sC507) = 126.66 a(HeCiH10) = 109.50

r(CoCs) = 1.555
(X(CzC1C3) =112.47

r(CiHg) = 1.104

r(C:C,) = 1.546
y(HgCiH10Cs) = 119.43

r(CiHio) = 1.104

n(a) = 30 va(log) = 42 va(a) = 86 va(by) = 165 ve(ag) = 216
ve(bg) = 416 v7(a,) = 466 vg(ag) = 607 vg(by) = 622 vio(by) = 767
Vll(ag) =770 Vlz(au) =786 Vlg(bu) = 887 ’V14(ag) =946 V]_s(bg) =1011

Vle(ag) = 1054
v21(by) = 1350
Vze(bg) = 1575

1/]_7(au) =1130
varag) = 1365
var(a) = 3043

Vlg(bu) =1202
’V23(3g) = 1450
vog(by) = 3049

Vlg(bg) =1273
vau(by) = 1463
Vzg(bg) = 3099

1/20(39) = 1287
1/25(30) = 1573
V@) = 3120

Conequilibrium structure of (@C—CH,—CH,—CO;,)~
r(Cs0s) = 1.249 r(Cs07) = 1.249
(1(05C307) =135.82 (X(chlHlo) =112.18

r(CiHs) = 1.099

r(C1C2) =1.487
o(HoCiH1sCs) = 115.26

r(ClHlo) =1.099

r(C,Cs) = 1.663
o(C,C1Cs) = 107.46

vi(a,) = 32 vo(bg) = 51 va(a) = 83 va(by) = 155 vs(ag) = 202
ve(by) = 366 vo(a) = 401 ve(ag) = 557 ve(by) = 571 Vio(ag) = 695
Vll(bu) =716 ’Vlz(ag) =755 V13(aJ) =793 ’V14(bu) =935 ’V;|_5(bg) =948
viday) = 1097 vidag) = 1136 visay) = 1153 vio(by) = 1201 vaolbg) = 1268
V21(8g) = 1296 sz(bu) = 1463 ’V23(3g) = 1474 ’1/24(aJ) = 1726 st(bg) =1729
Vze(bu) = 2766 1/27(39) = 3099 st(bu) = 3158 ’l/zg(bg) = 3177 1/30(30) = 3198

crossing point for (QC—CH,CH,—C0,)? /(0,C—CH,CH,—CO,)~
r(Clcz) =1.517 I’(QC4) =1.609 r(C305) =1.264 T(C307) =1.264
r(CiHio) = 1.102 a(C,C,C3) = 110.80 a(0sC507) = 129.72 o(HeCiH10) = 110.63

aDistances in A, valencen) and dihedral ¥) angles in deg, frequencies in cin See Figure 5 for atom numbering.

r(CiHo) = 1.102
y(HeCiH14Cs) = 118.14

Table 5. Electron Binding Energies (eV) for the
(O,C—CH,—CH,—C0,)?>" Dianion

(00C-CC-CO0Y?-

Congeometry of Congeometry of

E the dianion the monoanion
EXT 2.043 0.616
ESCF 1.023 —0.498
EMP2 —0.082 —0.995
EMP3 0.709 —0.441
EMP4 0.103 —0.882
ECcsD(m) 0.390 —0.670
ECCSPM+ AZPE 0.475 —0.585

of the final states may be altered due to the strong electron
relaxation effect, as discussed above. The vertical binding
energies obtained using OVGF methods are given in Table 1.
It is seen indeed that the final state ordering is different from
the MO ordering. For the first four detachment channels, we
also calculated the VDEs at the CCSD(T) level, which gave
changes on the order of 6:8.5 eV. The VDE calculated for
the ground state due to removal of an electron from the HOMO
(e) of AD?" is in excellent agreement with the measured VDE
of 0.60 eV, although the zero-point-energy correction in fact
worsens this agreement as shown in Table 3.2Ehfinal state
underDyq symmetry is not stable due to Jahfeller effects
and the equilibrium structure of ADis distorted to a lower
symmetry Cap), as shown in Figure 3. The significant width of
the X-band of the PES spectra (Figure 1) is in excellent
agreement with the large geometry changes betweeit Abd
AD™. The first three excited states of ADdue to removal of

an electron from theja &, and h MOs, are closely spaced,
and should correspond to the A-band in the PES spectra. The
VDEs at the CCSD(T) level agree very well with the average
experimental VDE for the A-band.

We did not carry out CCSD(T) calculations for the more
highly excited states of AD, for which only OVGF calculations
were performed. However, on the basis of the discrepancies
between the OVGF and CCSD(T) calculations for the first four
states, we can still use these OVGF results to qualitatively assign HOMO-5 (by, -3.895 eV)
the higher binding energy PES features. The next excited stateFigure 7. Molecular orbitals near the HOMO energy for the,(>
from the OVGF calculations is tHB, state due to removal of C=C—CO,)*" dianion. The MO symmetry and energy are given in
an electron from thé, MO and is~0.4 eV higher than théB, parentheses.
state. This state should correspond to the B-band. If we take agreement with the VDE of the B-band at 1.70 eV. The next
into account an empiricat-0.5 eV correction to the OVGF  excited state is a degenerale state due to removal of an
calculations, the VDE of théB, state would be in reasonable electron from HOMO-4 (Figure 7) with an OVGF VDE of 2.476

HOMO-3 (a;, -3.436 eV) HOMO-4 (e, -3.805 eV)
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(OOC-CH,-CH,COO)* fragmen_tation _qlue to the strong—((_: bond _str_ength. It is the
electronic stability that therefore is likely to limit their laboratory
observations.

Since the charge carriers in ADand SB~ are the same,
the difference in their electronic stability must lie in their detailed
structural difference and in the intervening &HH, and GGC
moieties. From the optimized structures of Aland SB—, we
can roughly estimate their intramolecular Coulomb repulsion
by assuming that the charges are localized on the O atoms
(which is more true in SB" than in AD?"). The O-0 distance
(R) in AD2™ is 5.61 A, giving a Coulomb repulsion of 2.6 eV
(¢%/R), which is fairly close to our estimated RCB of3 eV.
The fact that the simple estimate using the @ distance and
Coulomb’s law is smaller than the experimentally estimated
RCB in AD?" is an indication of charge delocalization, which
tends to increase the Coulomb repulsion term in this case. There
are two types of GO distance in SB (0O5—06 = 5.05 A,
05-08= 5.54 A). Using the average-€D distance, we obtain
a Coulomb repulsion of 2.7 eV, which is quite close to the
simple estimate for that of AD, consistent with our original
notion that A~ and SO~ should have similar electronic
stability on the basis of their similar molecular sizes.

The favored stability of AD~ over SF~ must then be due
to the—CC- triple bond that enhances the potential of A
bind a second electron. This is shown most clearly in the MO
pictures in Figures 7 and 8. While the carboxylates irf S&re
fairly localized, those of AB™ have significant interactions with
the —CC— moiety. In particular, the two MOs of HOMO-4 in

o . . o
HOMO-3 (a,,-2.676 6V) HOMO-4 (bg,-2.720 V) AD?*" provide a mechanism for the extra stabilization of the

_ _ excess charges by delocalization. The charge distributions shown
Figure 8. Molecular orbitals near the HOMO energy for the; (- in Figure 3 are consistent with this picture. We then suggest

CH,—CH,—COy)*" dianion. The MO symmetry and energy are given 4t there is a combination of charge delocalization in?AD

In parentheses. and extra Coulomb repulsion that disfavors delocalization. In
. . ) L the Dog Symmetry, the AR~ dianion is apparently able to take

ev. The next excited state is again & symmetry, Wh'Ch_'s advantage of the extra stabilization through delocalization while

3.5 eV higher and could not have been accessed in our inimizing the additional Coulomb repulsion. This is most

experiment even with the expecte_d correction of the OVGF likely the origin why AD?~ is more stable than SD. The results
VDE, because of the 3 eV RCB, which would cut off all features ¢, 5wn in Table 3 and Figure 4 unequivocally support this

beyond about.3.5 eV at 193 nm (Figure 1c). Therefore, we ;qnsion because, &,y symmetry, A~ is electronically
tentatively assign the C and D bands to be due to the removal hapie relative to th€, monoanion. The influence of the

of an eleciron from HOMO-4. The resuIt_w?@ state Is again —C=C- triple bond on the stability of the molecules can also
unstable due to the JahiTeller effect and is conceivably split  po ceen in the electron binding energies of the monoanions.

to yield the two PES bands. The AD~ anion has a VDE of 4.967 eV from our CCSD(T)
6.3. Origins of the Relative Stabilities of AB~ and SD¥. calculation (Table 3), whereas the SBnion only has a VDE
According to our previous studié$22the RCB in a dianionis  of 4.632 eV.
equal to the magnitude of the intramolecular Coulomb repulsion  Finally we wish to comment on the experimental observability
between the two excess charges (when these charges are clearlyf metastable MCAs and their lifetimes. Because of the expected
localized). For a dianion to be stable electronically in the gas RcB, SB¥- should still be electronically metastable with a finite
phase, its second electron binding capability must exceed thejifetime. In fact, S~ had been observed previously in a
Coulomb repulsion. Thus the electronic stability of a dianion ¢ollisionally induced “ion-pair” formation experiment along with
is determined by two factors: (1) the magnitude of the other-OOC—(CH,),—COO" dianions! We have also observed
intramolecular Coulomb repulsion due to the two excess charges,the existence of SB in our experiment, though with extremely
and (2) the potential for binding a second electron by the weak abundance, consistent with its metastability. On the basis

monoanion. The first factor is determined by the size and of our experimental time scale, we estimated that the lifetime
structure of the molecule. The second factor depends on theof Sp2- must be less than 0.1 s under our experimental

specific character of the lowest available valence orbital of the conditions. Indeed, we have observed previously abundant
anion as well as the associated neighboring groups. For MCAs, metastable MCAs with longer lifetimé&;3

there is also an additional issue of thermodynamic stability )

relative to charge-separation fragmentation. For a MCA to be 7- Conclusions

thermodynamically stable relative to such fragmentation, the We have performed a comprehensive experimental and
chemical bonding must also be strong enough to overcome thetheoretical study on two small gaseous dicarboxylate dianions,
Coulomb repulsion. As we have recently discus¥dabth the acetylene dicarboxylate and succinate. Contrary to our initial
electronic and thermodynamic stabilities are important for the chemical intuition, they show very different gas-phase stability
observability of a free dianion. For the current dianions,2AD  with respect to electron loss. We were able to produce abundant
and SB, they are both thermodynamically stable relative to AD?Z~ dianions with our electrospray ion source and were able
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