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In contrast to the well-known CO and,Nnolecules, isoelectronic SiO and PN form thermodynamically
stable conventiondlalence and dipole-bound anion states upon attachment of an extra electron. According to
the results of our high-qualitgb initio calculations, binding energies of the electron in these states are 38 and
1.6 meV (SiO) and 76 and 1.0 meV (PN, respectively. Dissociation trends of the Si@d PN anions are
discussed[S1050-2947@8)01312-3

PACS numbgs): 03.65.Ge, 31.16-z, 31.15.Ar, 31.25:v

The SiO and PN molecules are isoelectronic to each other TABLE I. Spectroscopic constants and total energies of the
as well as to the CO and Nnolecules. The latter pair are SIO-SiO” (top) and PN-PN (bottom) pairs computed at the
known not to form thermodynamically stable anions but ex-CCSDT) level together with experimental data. Equilibrium bond
hibit wide low-energy resonance structures in electron/€NgthsR. are in A, rotational constans, are in cm -, harmonic
scattering experimentgl], which appear to reflect attach- vibrational frequenqe&)e are In cm -, dipole momentsu are in

t of t lect to high brati | stat fh debyes, total energies are in hartrees, and adiabatic electron affini-
ment of an extra electron 1o higher vi ra_lona states o EfiesAad and vertical detachment energiggp are in eV.
ground-state CO and JNmolecules[2]. Unlike CO, whose

dipole moment is 0.112 8], and N,, having no permanent Sio, I3 *

dipole moment at all, SiO and PN possess rather sizable Sio™, 211

dipole moments of 3.0982 4] and 2.7564 O5], respec- Property This work Expt? This work

tively. Such magnitudes of the dipole moment should be suf-

ficient for sustaining dipole-bound stat@®BSs of the SiO” Re 1.5130 1.5007 1.5545

and PN anions because extensive experimental and compu- Be 0.72358 0.726 75 0.685 52

tational studieq6,7] of an extra electron attachment to a we 1242.4 12415 1080.8

number of polar organic molecules have shown the critical 3.0971 3.0982

\Z/aslug of the dipole moment required to support a DBS to be E —364.424 016 —364.425 033
Both SiO” and PN have been observed in mass spectra Aad=0.038 Evp=0.083

[8,9] and the electron affinity of PN was estimated in 0.32 PN, 13 * ,

+0.20 eV[9]. No experimental estimate has been obtained ) P'\_‘ y

Property This work Expt? This work

for the SiO electron affinity, to the best of our knowledgeé.
initio comquaﬂons[lO,l]] performed with moderate—sme R, 1.4927 1.4911 1.5447
basis sets failed to prove the existence of SiO

A proper theoretical description of weakly bound anion Be 0.784 55 0.7862 0.73262
states is known to require the use of large basis sets contain- e 1342.7 1337.2 1145.0
ing very diffuse functions and an accurate account of the u 2.7680 2.7465
electron correlatiorf12]. Therefore, for a search of stable Erot —395.775 617 ~395.777 513
SiO” and PN states, we applied a rather reliable level A,4=0.076 0.32-0.20 Eyp=0.154

theory, namely, the infinite-order coupled-cluster method
with all singles and double€CCSD and noniterative inclu- 2Spectroscopic constants are from RH@#]; permanent dipole mo-
sion of all triple excitations CCS() [13,14] in conjunction  ments of SiO and PN are from Refg] and[5], respectively; and
with a large atomic natural orbital basis of Widmark, Malm- the electron affinities of PN are from Réf)].
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gvist, and Roo$15]. This basis consists of $8p4d3f and possessing smaller dipole moments by now. Therefore, the
17s12p5d4f sets of primitive Gaussian-type orbitals for 2I1 states of SiO and PN should be attributed to conven-
N,O and Si,P, contracted tes7p4d3f and %7p5d4f sets, tional valence-type states, which would mean that the anions
respectively. Computations are performed with fwes 1 could possess additional dipole-bound state¥ sfmmetry.
suite of program$16). In order to properly describe very diffuse charge distribu-
The results of our calculations for the SiO-SiGand  tions corresponding to dipole-bound electrons, one needs to
PN-PN™ pairs, presented in Table I, are in accord with ex-augment a standard basis set by sufficiently diffuse func-
perimental data. Théll states of SiO and PN are lower tions. We follow the same procedure as bef8,2Q hav-
in the total energies than the ™ ground states of SiO and ing added a set of diffuse functions consisting of sespn
PN, respectively, which testifies of the existence of thermoshells (the exponents are 0.001, 0.0005, 0.0001, 0.000 05,
dynamically stable states of SiCand PN'. An analysis of 0.000 01, 0.000005, and 0.000 0010 the Widmark-
T, and T, amplitudes, which are indicative of a multicon- Malmgvist-Roos(WMR) basis and placed them at the dis-
figurational nature of wave functions, has shown that théance &3 A beyond the Si and P atoms along the molecular
largest amplitude does not exceed 0.05 in all cases. Thigxes(i.e., in the direction of the positive end of the dipple
testifies of the essentially one-determinant character of an- Since attachment of an extra electron to a polar molecule
ionic and neutral states near the corresponding equilibriuniesulting in the formation of a DBS does not lead to any
geometries. appreciable change in the geomdi6y21], one can compute
The binding energy of an extra electron in a particularthe binding energy of an extra electron as the vertical attach-
anion state is defined as the difference in the total energies #hent energy defined by E(J) at the equilibrium geometry
the anion and its neutral parent states. The adiabatic electr@f the neutral parent. In such a case, g, is identical to
affinity A,q measures the binding energy of an extra electrorihe Eyp defined by Eq(2).
in the ground state of an anion with respect to its ground- A convenient way for theE,, calculations presents the
state neutral parent. Within the Born-OppenheirfB®) ap-  electron-attachment  equation-of-motion  coupled-cluster
proximation, employed in the present work,q can be esti- (EAEOMCC) method[22,23, which treats simultaneously a

mated as number of states having one more electron than an initial
. parent state. The parent state is described at the CCSD level
Aai™ Eio(N,Re) + Zy—Eo A,Rg ) —Zp=A Egl +AEnyc, as
D .
[P ccsp =e'[Po), 4

whereR, andR,_ denote equilibrium bond lengths of a neu-
tral moleculeN and its aniomA, respectively. The zero-point where|®,) is a reference Hartree-Fo¢kiF) wave function
vibrational energyZ is computed within the harmonic ap- andT=T,+T, is the cluster operator limited to single and

proximation. double excitations. The transformed Hamiltonian is defined
The vertical detachment ener@y,p of an extra electron gas

from an anion can be defined within the BO approximation o
as H=e THe' (5)

_ - _ “\_7 _AEVD -
Evo=Ewi(N,Rg ) +Zy—Eo ARy ) —Zpa=AEg" + AEnu(CZ') andH — Ecgpis diagonalized over a suitable set of configu-
rations. These configurations comprise all one-particie) (1

The vertical attachment ener@ . gained by a neutral mol- and twojparticle—one—hole (h) determi.nants describin_g
ecule upon a sudden attachment of an extra electron is détates with an extra electron attached. Final states are linear

fined in a similar manner combinations

EVA=Emt<N,Re>+zN—Eto«A,Re)—zA=AEZ.A+AEnuc(-3) D caal+ 2 chya'blj|el|Pg), )
a a,b,j '

Since one can expect a rather small change in the nucleavherea®,b™ denote creation operators for unoccupied orbit-
energy due to low-amplitude displacements around the equals (particles, j is an annihilation operator for orbita(hole)
librium geometry, one can use tig andZ, evaluated from  occupied in the referenc®, state, and, andc} , are am-
harmonic frequency calculationsRf andR, , respectively. plitudes. The eigenvalues obtained from the diagonalization
So we consideAE,,. to be the same in Eq$l)—(3). are the vertical attachment energies with respect to the

The Ags of SiO and PN computed according to E4)  CCSD reference state.
are 38 and 76 meV, respectively, which is consistent with According to the results of our EAEOMCC calculations
insignificant elongations of the bond lengths due to attachperformed with the augmented WMR basis at the neutral
ment of an extra electrofby approximately 0.05 A in both equilibrium geometries, binding energies of an extra electron
cases As follows from the results ofb initio calculations in dipole-bound states of SiOand PN are 1.6 and 1.0
[6,17—-19 and experimental measuremeh®, dipole mo- meV, respectively. The attached electron fills incaype
ments of abou3 D are able to sustain DBSs with binding molecular orbital of the reference wave functions, so the re-
energies of 1-2 meV. Dipole moments in excess of 10 Dsulting anion states hav&, " symmetry. A smaller binding
appear to be requirgd 8] for supportinglI-type DBSs. Only  energy in PN with respect to SiO is consistent with the
totally symmetric DBSs have been found for polar systemdarger dipole moment of SiO.
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Jordan and Luken25] have proposed that different In order to have a notion about the Si®ehavior while
dipole-bound states of the LiClanion can develop in dif- the Si-O bond stretches, we performed a series of
ferent dissociation channels of the anion upon the bondEAEOMCC calculations at bond lengths ranging from 1.7 to
length stretching. Having taken the LiHanion as an ex- 2.5 A. At larger distances, the restricted HF-based calcula-
ample, we have showf20] that dipole-bound states can be tions appear to be unreliable since the restricted HF solution
temporary, namely, appear at bond lengths where the dipoléas a Si+O" asymptotic limit instead of the correct 8D
moment of a neutral parent increases enough and decay @@€. Similar to the LiH case, the dipole moment of SiO
large internuclear separations where the dipole momerf'cr¢ases up t&R(Si-0)~2.5A, in agreement with the re-
drops down below 2.5 D. It should happen since the groundSults of Langhoff and Bauschlicher's calculatidas]. This
state neutral molecule dissociates to electroneutral atoms. [€flECts the change in the bonding type from covalent to ionic

The Si atom can form three different states upon attachpefore d|SSOC|a_1t|on. The second dlpole-bound state 0F_S|O
ment of an extra electron:"Pand O have a single stable appears aR(Si-0)~22A, v_vherg the dipole moment in-
state each and N is known not to attach an extra electron & coocs t0 4.8 D, and the th'.rd dipole bound st_ate_ appears at
all [26]. Therefore, one should expect four dissociation chan- (SI-0)~2.5 A where the dipole moment Of.S.'O Increases
nels for the SiO anion and one for the PNanion. How-  YP 0 approximately 5.3 D. Thus two additional dipole-

ever, both of them have two thermodynamically stable state ound states. of SiDare temporary: They appear a'.[ large
ond elongations and correspond to decay channelSiO*

which means that the anions have different behavior at larg ek

internuclear separations. The dipole state of PN will decay ar S

bond lengths where the dipole moment becomes to be This work was partially supported by the Office of Naval
lower than approximately 2.5 D or, in other words, its disso-Research, Grant No. N00014-95-1-0614, and the Department
ciation limit is P+N+ e, whereas the valence state decays toof Energy(Grant No. DE-FG05-87ER4531.6/Ne appreciate

P~ +N. helpful discussions with Dr. Alexander Boldyrev.
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