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The possibility of binding two electrons by the dipole potential of a molecule was examined earlier
by us using model potentials. That study suggested that large dipole momem® and large
charge separation distandegor equivalently large chargeg would be required to achieve binding

two electrons. For example, even with a chaggel.5 a.u. which might be achieved using di- or
tri-valent cations, a dipole moment exceeding 15.922 D is needed. The presence of inner-shell
electrons even further increases the valug.difiat is required because the dipole-bound electrons’
orbital must be orthogonal to and excluded from such inner shells. In the present work, we discuss
our efforts to find a real molecule that can actually bind two electrons to a single dipole site.
Numerical results are presented for the mono- and dianions of a double 5-member carbon ring
system substituted with a Ca atom and three superhalegeh; groups. The dianion of this
molecule is found to be geometrically stable and to have a vertical electron detachment energy of
ca. 0.8 eV. Its two excess electrons occupy the same fully symnagtriwolecular orbital localized

at the electropositive Ca end of the neutral system as is routinely observed in dipole-bound
monoanions. Although our final candidate is chemically unusual, it is hoped that our predictions
about it will encourage others to search for more synthetically tractable alternative200®
American Institute of Physic§S0021-96060)30915-]

I. INTRODUCTION ber of systenfs 3 that electron correlation effects play im-

portant roles in determining the binding energies even

though the weakly bound electron resides far from the mo-
It is well known that dipole-bound singly charged anions|ecular framework in a diffuse orbital.

can be electronically stable if the dipole momentof the For all of these reasons, the study of dipole-bound an-

neutral molecular host exceeds 1.625 I particular, for  jons has proven to be a challenge to theoreticians and has

dipole moments greater than this critical value, there are aBecome an area of more and more experimenta| effort and

infinity of bound states within the context of the Born— jnterest.

OppenheimerBO) approximation(i.e., when the dipole is

not vibrating or rotating It has also been shown that the

same critical dipole moment that applies to the point dipoleB. Dianions

potential(for which the potential/ = — we cos¢r?) also ap- As far as multiply charged molecular anions are con-

plies to fixed nonrotating finite dipoles, even if a short-rangecemed, the experimental and computational studies have pri-

repulsive core potential is presént. Moreover, Jordan and ity been limited thus far to valence-bound spedfe&éin

Luken showed thati) the loosely bound electron in a dipole- 54 gition, we recently studied the possibility of binding two

bound state occupies a diffuse orbital localized mainly on theyectrons to a molecule utilizing two distinct electron binding

positive side of the dipol2 and(ii) the repulsion and exclu- sites, one valence- and one dipole-binding cettewe

sion effects due to inner shell electrons increase the critic%und that, if the electron binding energy of the dipole-

dipole moment to at least 2D to achieve a binding energy ohining site is large enough to overcome the Coulomb repul-

~1
ca.lcem= o sion produced by the valence-bound site, the dianion can be
Depending on the electron binding energy, the averaggjecironically stable with respect to the corresponding

distance between the extra electron and the positive center g1 qanion. Moreover, for reasonable valence- and dipole-
the dipole can be quite large0-100 A’ Garrett studied binding strengths, the distance between the two sites can be
the role of non-BO coupling and concluded that such Cougmg)| enough to be realized in experimentally accessible
plings are negligible for dipole-bound states with electron giecules.  We  studied two  such  molecules
binding ene_rgieiE) much larger than molecular rotational [(LICN) - -LICC—PFy), n=1—2] usingab initio electronic
constants. Finally, it was recently demonstrated for a num- gi,ctyre methods and predicted their dianions’ vertical elec-
tronic stabilities to be 0.120 and 0.808 eV, fo=1 and 2,
dAuthor to whom correspondence should be addressed. respectively. We also found these dianions to be geometri-

A. Monoanions
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cally and thermodynamically stable systems. This investiga- R fo

/
tion into mixed valence- and dipole-bound anions taught us Hyg Hig Fg}/})(’,::g CaSO Ca
that one can use so-calleliperhalogef? groups such as \C%’\C?a\ R fe 2 * )}\
—PF; to create a highly localized negative charge center in ¢a<¢i C|3\ ps P s p=16.34D o
the molecule(i.e., the superhalogens prevent the negative % \< F

charge from being distributed throughout the molegule o i\l\"i AlPO4 4
which binds its electron tightly enough to overcome Cou- ) F u=1362D n=426D

lomb repulsion from another nearby anion site.

We also recently studied the possibility of binding two
electrons to a model fixed finite dipole poterfttatonsisting Ga
of two chargest/—q separated by a distané& We found
that the critical value of the dipole moment=qR required
to bind two electrons strongly depends @nThis is unlike
the case when one electron is bound to the same potential fc .
which the critical binding depends only on the prodg& b N 6
Moreover, we showed computationally that the critical value N 5 LiCN p=19.21D
of the dipole moment required to bind two electrons by ca. 1 p=50.09 D
cm™ ! approaches a value below 2D in the “point-dipole”
limit of large g and smallR. In addition, we showed analyti-
cally (based on the analysis of tlyedependence of the two-
electron fixed-finite-dipole Hamiltoniarthat, in the point-
dipole limit, the critical dipole value for infinitesimal binding
indeed approaches that for binding a single electthf25
D).

1=55.53D

- U

Ca

o}
o

LiF, LiF, H H

More recently, Sarasolket al. also computationally stud- u=48.11D 1=46.16 D p=46.28 D
ied, within the fixed finite dipole model, the critical condi-
tions for stable dipole-bound dianions. In their study, only R Py
the cases fog=1, 2, and 3 were examined and neither our ,
finding of strong dependence of the critical dipole moment ca PF;
on g nor our conclusion that the critical dipole moment for
two electrons approaches 1.625 D in the point-dipole limit, ! oF
were noted? 11 ’
Based on our experience on dipole-bound monoanions, n=47.03D
mlxe_d valenc_e/tﬁpole-bound dianions, as \_Ne” a_s _our r_nOdelj—'lG. 1. Schematic structures of various compounds discussed in this work
studies on binding two electrons to the fixed finite dipoleang corresponding values of their dipole moments.
potential, we decided to undertake efforts to design a real
(perhaps experimentally accessjblaolecule that matches

our forbmu_lateC? relqwremerft’slfolr b|2fj|ng tvzo excess elec- approach(i.e., by subtracting the energies of the anion from
trons Yy l'ts IFI)toi potengla. nlt |s| WC_)l_rh’ we rt_aportth otur those of the neutral In addition, the electron-binding ener-

humerical resutts for such a molecule. The species tha WSies were analyzed within the perturbation framework de-
ultimately (after much trial and error as detailed in Sec.Scribeol in Ref. 10, which generates Koopmans' theorem

[IIA) propose is constructed from two 5-member carbon(KT) 24 self-consistent-field SCH difference (ASCB, and
rings substituted with an electropositive Ca atom and thre aSIIér—PIesset differencéMP2) values of the bindinti:; ener-

superhalogenr- PF; groups(denoted compound in the text gies. Since the system studied contains 27 heavy atoms

and in Fig. 1".Whi9h’ according to our f_ind_ings, can _bind tW_O (which led to almost 500 contracted basis functjpmge had
electrons by its dipole potential. Our findings on this SPECIeS, |imit the level of our calculations to the MP2 level.

as well as on other molecules that we tested are detailed in All calculations were performed with theAUSSIAN 98

Sec. lil. program?> on 500 MHz dual processor Intel Pentium I
computers and on an SGI Origin2000 numerical server. The
three-dimensional plots of molecular orbitals were generated
The equilibrium geometries of the neutral and anionicwith the MOLDEN program?®
species derived from have been optimized and their har- The choice of the atomic orbital basis sets used to de-
monic vibrational frequencies calculated at the second-ordescribe the neutral molecule and the excess bound electrons is
Mdller—PlessetMP2) perturbation theoi? level. In all cal-  very important for reproducing the correct value of the
culations, the values dfS?) never exceeded 2.0750 for trip- electron-binding energy. The basis sets must be flexible
lets, and 0.7510 and 3.7505 for doublet and quartet statesnough to describe the static charge distribution of the neu-
respectively so we are confident that spin-contamination eftral molecular host, and to allow for polarization and disper-
fects are not serious. The electronic stabilities of the anionsion stabilization of the anions upon electron attachment. For
in their ground states were calculated using a supermoleculdhese purposes, we used the 6-81@ basis sét since an

Il. METHODS
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aug-cc-pVDZ basis s&t (which has proved to be very reli-
able for studying many dipole-bound ani¢ms not currently Ca
available for calcium. For consistency, we employed the
6-31Qd,p) bases for C, F, P, and the 6-3@d5 basis for H.
We supplemented the Ca 6-33) basis set with diffuse
functions having very low exponents, which was necessary
especially in order to describe properly the dianion’s pair of
excess electrons. In particular, we supplemented the
6-31Qd,p) basis set with extra even-tempetetive-terms
and five-termp sets of diffuse functions centered on the Ca
atom. The extra diffuses and p functions share exponent
values and the geometric progression ratio was equal to
3.23% and we started to build up the exponents from the
lowestsp exponent included in the 6-31&p) basis set de-
signed for calcium. As a consequence, we achieved Ioweith. 2. The MP2 equilibriunC,, geometry of the ground electronic closed-
exponents of 7.751 58410 ° a.u. for boths andp symme-  shell singlet state of the dianion of compouhd
tries.

We verified that the MP2 electron-binding energy of the

dianion. increases_by I?SS than 0.01 eV if one more S‘%‘,Of lence orbitals exist, andi) the dipole moment should be
andp diffuse functions is added to the Ca ba3|§. In addmon,Iarge enough to bind an excess electron. In addition, in the
we replaced the 6-31@,p) bases on all atoms with the Scha- case of dipole-boundianions the chargeg from which the

fer, Hom, and Ahlrich double-zeta basis Sekeeping our molecular dipole is constructed must be large enough to sat-

five-term Casp diffuse set fixed. This replacement increasedisfy the critical binding conditiongdescribed previoush).

the MP2 electron-binding energy of the dianion by less tharhecall that, unlike dipole-bound monoanions, the critical

0.1 ev. value of the dipole moment required to bitwlo extra elec-

The atomic partial charges calculated in this work Werey oo strongly depends on the chargenot only on the di-
fitted to the electrostatic potential according to the Merz—poquR

Slngh—K.oIIman schem¥. Moreover, these charges, as well Of course, there are expected to be difficulties in adopt-
as the dipole moment of the neutral molecule, were exam-

) . ""ing our model dianion resuftsto predict the behavior of real
ined for convergence as yet anpther test of our basis qualit hemical systems. First, although the dipole moment is a
as the diffuse part of our basis set was altered. We founge yefined quantity, the partial chargge(or alternatively,
good convergence of the charges and dipole moment as 3,

e charge separatid®) is not. Our computed partial atomic
and then 5 diffuse basis sets were added and that addition Q argesgdepe%d orﬁhe kind of poplFJ)Iationpanalysis used
a sixth set of diffuse functions to the basis changes th '

: ial ch C dqth | diool b‘?\/loreover, the exclusion and orthogonality effects of inner-
atomic partial charge on Ca and the total dipole moment by, orpitals should be also taken into account as noted in

less than 0.00005 a.u. and 0.0005 D, respectively. our earlier study' These latter restrictions produce even
larger critical values ofg and u (to achieve two-electron
IIl. RESULTS binding than those predicted by the fixed finite dipole

Our search for a dipole-bound diani¢detailed further ~model.
below) eventually led us to a species constructed from two  Keeping all these limitations and pessimistic predictions
5-member carbon rings substituted with a Ca atom and threé-€., the need for exceptionally largeandq) in mind, we
superhalogen- PF; groups, called compountl (see Figs. 1  decided to design several neutral molecules having dipole
and 2 which we determined can indeed form such a statdnoments much greater than necessary according to the
and for which we present detailed findings below in Secmodel results of Ref. 21. We decided to use a divalent
11 B. For this molecule, the two excess electrons are dipolealkaline-earth metal ator{Ca) as the positive center of the
bound and occupy the same molecular orbital that Fig. 3
shows is localized on the positive Ca end of the molecular
dipole.

Before describing our results in detail, we discuss the
search that culminated in this candidate for binding two elec-
trons by the dipole potential because we believe useful infor-
mation was learned in this search.

A. Strategy for designing a dipole-bound dianion that
produced compound 1

Monoanion Dianion

As in every dipole-bound monoanion, the neutfaér- G 3 Singl o molecular orbital for théA 4 electon
en molecule possesses certain properties, among which tHg®: 3, Singly occupied; molecular orbital for theA, ground electronic
. g . state of the monoanion df (left) and highest doubly occupied molecular

most important aréi) its ground electronic state should be a yital for theA,; ground electronic state of the dianion of compound

closed-shell singlet state so that no empty or half-filled va<righ.
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molecular dipole because we kné\ihat the partial charge In the beginning, we tried one of the smallest superhalo-
+q had to be>1 to achieve binding with any achieved gens (LiR) to construct candidatésompounds3 and9) and
dipole. we obtained very promising preliminary results. The dipole
Before discussing further our findings, let us briefly moments were equal to 48.11 and 46.16 D 8aand 9, re-
elaborate on the series of molecules examined that finally ledpectively, and the partial charges for Ca were satisfactory
us to moleculel so the reader can better understand the nee¢l.66 and 1.61 a.u. fd@ and9, respectively. However, these
for the unusual structure we eventually proposed. In everywo species were not geometrically stable but underwent
case described furthésystems2-11, Fig. 1), we performed fragmentation to eliminate LiF and HF molecules. Neverthe-
geometry optimization of the neutral molecule at theless, their strong electron binding strengths helped us take
SCF/6-31G(d,p) level and we calculated the dipole mo- the next step in our design process.
ment and the atomic partial chargese use those fit to the We constructedlO from stronger superhalogen groups
electrostatic charge density according to the Merz—Singh{—PF;) connected to the carbon ring through dative rather
Kollman schemgfrom the SCF density using the same basisthan covalent bonds. Our detailed analysis of all occupied
set. If the initial results were promising, as judged by themolecular orbitals irl0 led us to the conclusion that the Ca
magnitudes of the dipole and charg€® we calculated the atom is also connected to the ring by a dative bond, as a
electronic stabilities of the corresponding mono- and dianiorresult of which there is the only ong-bond in that system
at the SCF and MP2 level to check whether the dianionlocalized as indicated in Fig.)1The partial atomic charge
might be an electronically stable species. on Ca calculated fod0 was as large as 1.53 a.u. and the
According to our critical conditions formulated dipole moment was found to be 46.28 D. Although we were
elsewheré! the neutral molecule must possess a very largeptimistic, we found the dianion to be electronicaliystable
dipole moment and have positive charge significantly largeboth at the SCF and MP2 levels. There can, of course, be
than 1.0 on its electropositive end. Therefore, we focused oumany reasons why this species that fulfills the formulated
search on molecules having di- and tri-valent metal atoms aequirements cannot bind two excess electrons. We think the
the electropositive center. We started with the well-knownmost likely is the crude estimate of the chagi the mol-
ionic compound® and3 (see Fig. 1 for which we expected ecule since the model suggests the critical dipole moment
substantial atomic charge localized on the Ca and Al, respectrongly depends og. Also, the presence of inner shell elec-
tively. Indeed, the calculated charges were lar@gé®  trons will act to destabilize the dianion as in dipole-bound
=1.53a.u., g"=1.06a.u, but the nearest negatively monoanions.
charged(q®=—1.10 and—0.77 a.u. for2 and 3, respec- Hence we decided to add anothePF; group to the
tively) oxygen atoms were too close to the positive centermolecule and to increase the separation between the Ca atom
which caused the dipole moment to be too snidfl.34 and and —PF; groups to obtain a larger dipole moment. The
10.62 D for2 and 3, respectively to bind two excess elec- resulting compound(11l) did not possess a significantly
trons. System# was even worse because the atomic partialarger dipole moment thah0 and hady“®=1.51 a.u. Careful
charge localized on the Ca atom was close to zero and thanalysis of its electronic structure indicated that the Ca atom
dipole moment was small4.26 D). Species4 involves a is connected to the carbon ring by a double bond in which
double(o and ) bond between Ca and the neighboring car-the nearest C atom is negatively charggd< —0.44a.u.),
bon, as well as two electronegativePF, groups. Note that which therefore decreases the polarity of the system. More-
—PF, groups arenot superhalogens whereasPF; is a su-  over, we checked that two C—bonds were present in this
perhalogen. molecule and localized in the ring which is closer to the Ca
Next, we decided to use extended carbon rings to conatom. This kind of charge distribution caused a substantial
struct our molecule to obtain larger separation of the poladecrease of the dipole moment value, and we found the di-
ends. We also used LICN molecules to increase the dipolanion of11to be electronically stable at the neither SCF nor
moment of systend since these groups are known to be veryMP2 level.
polar’® The resulting dipole moment was very largg0.09 However, our studies on the properties 1 and 11
D), however, the charge on Q&= 0.94 a.u. was too small suggested how we could altdrl’s charge distribution to
to bind two extra electrons. Even if the dianion ®fwere  produce a structure with a significantly larger dipole moment
stable electronically, it would most likely be unstable ther-and a largeg®® One way to change this charge distribution
modynamically with respect to the loss of two LICN was to make the Ca—C bond a two-electron dative bond
monoanions. rather than the covalent two-electrenand two-electronm
Next, by including the Ca atom in a ring and using bonds as inll. Thus, we added two more H atoms to the
—NO, groups to increase the polarity of the system we con<arbon ring closest to Ca, making it a more saturated part of
structed(6) (u=19.21D,q“*=1.59 a.u), but again we were the molecule. As a consequence, we obtained a structure pos-
unable to bind two electrons. Then, we tried to use halogesessing a €-Ca dative bond and twar bonds localized in
atoms separated from the positive end of the molecule bthe second carbon ringsee compound. in Fig. 1) with a
two 5-member carbon ring§7) but, surprisingly, we ob- dipole momenfu=55.53 D andj“?=1.73 a.u. The two elec-
tained a very small dipole momeit8.17 D). Finally, we trons in 11 are involved in the Ca—Gr bond shift to the
decided to use more drastic means and we started to desigh—P dative bonds of £(and its equivalent Cin 1. We
our candidates utilizing superhalogen groups that are knowfound the dianion of compound (for which the detailed
to possess extremely large electron affinifiés. results are in Sec. Il Belectronically stable with respect to
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TABLE I. The MP2 equilibrium geometries for the neutt&l; , monoanion orbital) are connected to the molecule by dative bonds to the
2A1, and dianion*A; ground electronic states at ti&, minima [distances neighboring C atoms. as indicated in Fig 1 T-|‘]PF5 group
(r) in A, valence(a), and dihedraly) angles in degregs . ' -

can be considered as created by removing ammion from

Parameter Neutral molecule Monoanion pianion  the well-known octahedral superhalogensRFSince PE is
(O 1482 1489 1495 a closed-s_hell anion, the neutralPFRg is also closed-shell;
r(C,Cy) 1492 1495 1.498 however, it possesses an empty orbital that acts as an elec-
r(CCa) 1.316 1.320 1.324 tron pair acceptor. Our analysis of the LCAO coefficients
r(C,Cs) 1.549 1.542 1.535 confirms this speculation. A similar situation is observed in
r(CsCy) 1472 1.479 1.486 the case of the Ca atom connected to the C atom in the other
r(C.Ca) 2:512 2.632 2820 ing. As noted earlier, the two valence electrons of the Ca
r(CHyp) 1.093 1.090 1.089 . )
F(C/PY) 1.907 1903 1.899 have moved to ¢and its equivalent C to help form-€P
r(CsP,) 1.947 1.947 1.948 bonds, so Ca becomes positively charged which opens the
r (PsFg) 1.654 1.647 1.640 possibility of it participating as an acceptor in a dative bond
r (PsFo) 1.584 1.591 1.596 to its neighbor C.
:EEGIENS 1'223 i'ggg 1‘212 The existence of four dative bonds in which carbon at-
r(P;Fiz) 1581 1580 1580 oms act as donors, and the presence of four H atoms con-
r(PFya) 1.581 1.592 1.602 nected to two other carbons, limits the number of possible
(CaGC,) 124.77 125.38 125.86 resonance structures that can be drawn for compduide
a(C,C,Co) 106.84 106.93 107.70  carefully analyzed the full set of valence MO orbitals and
(CCoCy) 108.86 108.49 108.19  concluded that there are only twebonds in the system, as
a(H10H 1) 103.31 103.53 103.64 S S .
a(HC,Cy) 112.82 112.67 112.62 we |_nd|cate_d in Flg.__l. The analysis of the bond lengths
a(C4CsCy) 113.32 112.90 112.48 confirms this proposition. Indeed, these two double bonds
a(C4C,Cs) 102.44 102.76 103.05 are the shortest carbon—carbon bonds with an equilibrium
a(PsCyCs) 140.13 139.50 138.90 distance(1.316 A) similar to the typical E=C bond existing
(FgPeFe) 86.51 87.14 87.70 in organic compounds. By contrast, all other carbon—carbon
a(FgPeF10) 88.33 88.25 88.18 bond i th A d d rath
a(FoPeF10) 90.94 90.19 89 51 onds are in the 1.47-1.55 A range an correspon rather to
a(FePeFo) 89.34 89.25 89.15 typical single C—C bondésee Table | and Figs. 1 and.2
a(F1oPCy) 174.05 174.76 175.42 Molecule 1 is extremely polar with a Ca partial atomic
a(FuP7Fp) 89.98 90.04 90.07 charge(fitted to the electrostatic potential according to the
(FuPrFid) 94.98 94.28 9364 Merz—Singh—Kollman schemef +1.682 a.u., and a dipole
¥(H14CoH14Cy) 122.13 122.01 122.00 ' L

moment of 55.53 D. Its lowest unoccupied molecular orbital

3For the atom numbering, see Fig. 1. (LUMO) is localized on the positive side of the molecule

near the Ca atom. According to our previous findings, such a

neutral system should be able to bind two excess electrons
its dipole potential.

the corresponding monoanion, so we finished our search a
we focused on determining the properties of that system.

) ) 2. The dipole-bound monoanion
B. The final candidate

The neutral moleculé in its ground*A; electronic state
possesses 12 virtual orbitals having negative eigenvalues.

Let us begin by describing the electronic structure of theThis indicates that not only the ground state of the monoan-
neutral parent{Fig. 1) which is not trivial. This compound ion but also many excited states might @ertically) elec-
possesses a minimum &, symmetry, where its ground tronically bound with respect to the ground state of the neu-
electronic state is a closed-shell sindiat, . The lowest trip-  tral molecule. Even though this finding is interesting, since
let state is higher in energy by 3.467 ¢at the MP2 level bound-excited anionic states are rather unusual, we will not
One can imagine at least a few different structural formulagpursue these excited states in this effort. Rather, we focus on
for this compound, corresponding to various resonance strug¢he ground electronic state of the monoanioripfvhich we
tures. The unusual structural picture proposed by us wafound to be &A; state. We also verified that the energy of
made only after a detailed analysis of all molecular orbitalghe lowest quartet state of the monoanion is higher than for
(MO) containing the valence electrons, as well as of thethe lowest doublefA; state by 0.517 eV at the MP2 level.
population analysis and the interatomic distances. We are, The monoanion ofl possesses a minimum @, sym-
after examining the nature of the occupied orbitals, confideninetry with the geometrical parameters given in Table I. The
that there are two well-localized double bonds and the foubpen-shell doubleA; state of the monoanion is strongly
dative bonds discussed earlier. Our structural formula idound because of the extremely large dipole moment of its
shown in Fig. 1(compoundl), while the details of the equi- neutral parent. Its singly occupied molecular orb{@DMO)
librium geometry are given in Table I. is depicted in Fig. 3, and, as in other well-known dipole-

Compoundl consists of two 5-member rings that share bound monoanions, is localized on the electropositive site of
two carbon atoms. Three PF; superhalogen grougsvhich ~ the molecular dipolénear the Ca atom
arenot simply Pk, molecules, but have a nearly octahedrally =~ The vertical electron binding energies corresponding to
coordinate P atom surrounded by five F atoms plus a vacarie attachment of the first excess electron are gathered in

1. The neutral system
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TABLE II. Vertical first electron binding energiés (in eV) for the ground  the large reduction in the electron binding energy from
2A, electronic state of the compouridmonoanionat the equilibriumC,, ASCF to the MP2 level results primarily from three groups
geometries of the neutral, monoanion, and diarfion. . , . ,

of terms: X,,;€(60j|v,v"), X,,e(61j|v,v'), and

Geometry of Geometry of Geometry of 3,,j€(62j|v,v"), wherej runs through all occupied va-

E ‘A, neutral ?A; monoanion *A, dianion lence spin—orbitals, and orbitals 60, 61, and 62 are con-
KT 5 495 5.612 5.834 structed primarily from B, , 3p,, and 3, atomic Ca orbit-
ESCF 5.669 5.857 6.086 als, respectively. Further analysis of these particular
EVP? 2.142 2.316 2,515 contributions indicated that the most important among them

®All results obtained with the 6-31@,p) basis set augmented with the are EVV'e(GO’GqV’V’_)’ E"_V'_e(Gl’G]lV’V’)’
5(sp) diffuse set centered on the Ca atom. %, €(62,63v,v") (which is not surprising as well as
3., €(60,53v,v'), 3, €(61,53v,v"), and

3., €(62j|v,v"), wherej=55, 56, 98, 110, and 121. Since
Table Il for various theoretical methods. We calculated theséh€ orbitals numbered 52, 53, 55, 56, 98, 110, and 121 are
energies for the equilibrium geometry of the neutrals well ~ localized primarily on the—PF; groups, we can conclude
as those of its mono-and dianion. The same trend can b@]at the Significant decrease in electron-binding energy from
observed for each geometry_a Very |arge electron b|nd|n@SCF to MP2 iS related to IOSS Of ele.(:tr-on .Correlation energy
energy calculated at the KT levé.4—5.8 eV is close to the (moving from the neutral to the anipnnside the neutral
corresponding SCF binding energ§.7—6.1 eV, and the molecule, which primarily involves|3 Ca electrons correlat-
orbital relaxation, in all cases, acts to stabilize the monoanind With other Ca p electrons and with electrons on the
ion. Moreover, at all three geometries we observe dramatic” PFs superhalogen groups.
destabilization of the monoanion when electron correlation
effects are includedat the MP2 level The electron binding 3. The dipole-bound dianion

energy drops by 3.5 eV and the resulting value&aire in An attachment of a second excess electron to moletule
the 2.1-2.5 eV range. leads to the formation of an electronically and geometrically
This unusual behavior(correlation effects in most staple doubly charged anionic species which we believe is
dipole-bound monoanions act in the opposite direction, i.ehe first dipole-bound dianion that has been proposed in the
they stabilize the anionic specigspuzzled us. We initially |iterature. Our conclusion about its dipole-bound nature is
thought that the SCF description of the charge distributiomased on the facts thé its neutral parent is a closed-shell
for the neutral molecule might be significantly overestimat—sing|et molecule with a very large dipole momesee Sec.
ing the dipole moment which could cause overestimation ofj|B 1), (ii) the critical conditions formulated by us
the electron binding energy for the monoanion. In order toprevioushy?* for dipole-bound dianions are fulfillediii ) the
check this pOStUIate, we calculated the d|p0|e moment for ttho excess electrons occupy the same diffuse fu”y Symmet-
neutral using the MP2 electron densigy") and compared  ric a, molecular orbital localized on the electropositive site
it to uS°F derived from the SCF densitgee Table Ill. We  of the molecular dipolésee Fig. 3, and(iv) the geometrical
found that the anticipated overestimation appeared to be n@hanges after attachment of the first and second extra elec-
very large(2.0-2.3 D and thus is not likely responsible for tron are small and increase both the dipole moment and the

the large destabilization we observed. atomic partial chargg®® of the neutral systerfsee Tables |
We therefore decided to take a closer look at the electrogng ).

pair correlation contributions that constitute the second-order  The dipole-bound dianion of is a closed-shell system

correction to the electronic energ§2) for both the neutral jn jts ground electroni¢A; state. The equilibrium geometry
and anionic system. We denote &fjj) the MP2 estimate of of this dianion(depicted in Fig. 2 possesse€,, symmetry
the correlation energy for the pair of occupied spin—orbitalsand the bond lengths, as well as valence and dihedral angles
labeledi andj. Each suche(i,]) is expressed in terms of a are collected in Table I. Compared to the geometries of the
sum over pairs of virtual orbitals, v of contributions monoanion and the neutral moleculsee also Table)) the
e(i,jlv,v")=[(ijlvv")|%/(e;+e—e,~e,). Our detailed changes are rather smédis it is usually observed for dipole-
analysis of all such pair contributions led us to conclude thahound monoanions In particular, for all bond length&ex-
cept G—Ca), the differences are less than 0.025 A, while
the changes in anglgsalence and dihedrebre usually as

TABLE Ill. Dipole moments(in D) and Ca partial chargen a.u) of the  gma)1 55 1° and never exceed 2°. The only more significant
neutral molecule for the equilibrium geometries of the neutral, monoanion,

and dianion(calculated from SCF and MP2 densitieShe partial charges C_hange In geometr'qal parameters occurs for the-Ca da-
are fitted to the electrostatic potential according to the Merz—Singh-tive bond length which increases from 2.512(eutra), to

Kollman scheme. 2.632 A (monoanion, and then to 2.820 Adianion. This
important change leadsogether with other small geometri-

Gl:?nrzzgt):a?f Zfler?wn;r?;gn?én ?:fgzgf;gf cal changesto an increase in the dipole moment of the neu-
tral species as shown in Table IIl, where these values are
“;(;Z 55.526 58.013 60.976 reported. Focusing only on the dipole moments derived from
gSCF Ca 513'752772 515'7(‘1708 ‘?8%75%,,2 the MP2 density, we observe that the geometry changes act
q"2 (Ca) 1682 1694 1.700 to increase the dipole moment by 2.406(&fter attachment

of the first electrojp and by another 2.734 Dafter attach-
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TABLE V. Vertical second electron binding energi&s(in eV) for the eV obtained with 6—31@1 p)+ 5(S p) basis set reported in
ground*A; electronic state of compouriddianion at the equilibriumC,, '

geometries of the neutral, anion, and diarflon. Table IV.
Geometry of Geometry of Geometry of IV. CONCLUSIONS
E 1A, neutral 2A; monoanion 1A, dianion
Our results indicate that binding of two excess electrons
ESCF 0.090 0.247 0.446 9

EMP2 0.494 0.651 0.846 by a polar molecule is po§sible, but the requirements that
must be fulfilled by a candidate neutral system are stronger
®All results obtained with the 6-31@,p) basis set augmented with the than those described previou%llyor the fixed finite dipole
5(sp) diffuse set centered on the Ca atom. model
We propose that the molecular systdntonsisting of
two 5-member carbon rings substituted with three superhalo-
f th | | i imil gen— PR groups and one Ca atom is capable of binding two

megt 0 t. N Eec(;)_nd e_eCtrbrOrl\)_el_canha So notice j‘ds_'m'_ ar extra electrons via its dipole potential. According to our re-
tendency(in the direction to stabilize the mono- and dianion ¢ 15 the vertical energy for the detachment of the first elec-
by analyzing the Ca atomic partial charges in the neutra{ron from this dianion should be equal to 0.846 eV.
molecule calculated for these three geometfse Table As noted in the abstract and elsewhere, the electronic
[II'). As the extra electrons are attached to the neutral SysteM . cture of our final candidate speciess quite unusual

H i MP2 SC H
the atomlc.pamal charggs (and als_oq ") on Ca In- primarily because it contains dative bonds and superhalogen
crease, which also contributes to the increase of the d'pOISroups We expended considerable efforts to find less un-
momen;[. he hiah ied molecul bital in th usual molecules that had very largeandq values but even-
. AS ar as the highest occupied molecu ar ort ital in 1 ,etually converged on specids Although chemical synthesis
dianion is concerned, we already characterized it as havings 1 3nq subsequent detection of its ability to bind two ex-

a1 Isymlmetry ar;]d being localized at thebposmve Sh'de of lthecess electrons may be extremely difficult, it is our hope that
molecu e(nearft ehCa atonComparison het\év.eint esmgljy the concrete suggestions put forth here will inspire other
occupied MO for the monoaniorf) and the highest doubly ;ers 10 create more synthetically tractable candidate mol-

occupied MO for the dianiona(%) shows that they have simi- ecules.

lar shapes and sizgsee Fig. 3 although the latter is, of
course, somewhat more diffuse.

Finally, let us discuss the electronic stability of the di-
pole bound dianion. Since the detailed results can be found This work was supported by the NSF Grant No.
in Table 1V, we focus on the vertical detachment energies foiCHE9618904 to J.S. and the Polish State Committee for Sci-
the second electrofi.e., on the vertical results for the dian- entific ResearcltKBN) Grant No. 3 TO9A 049 1%Contract
ionic geometry because this energy would be most directly No. 0337/T09/98/1bto P.S. The computer time provided by
related to experimental photodetachment data on this speci#ise Center for High Performance Computing at the Univer-
should such become available. The electron-binding energsity of Utah is also gratefully acknowledged. The authors
calculated at the SCF level was found to be 0.446 eV. Thishank Dr. M. Gutowski and Dr. A. I. Boldyrev for their valu-
relatively small value suggests that any geometry change thable comments.
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