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Does N5 exist? A coupled-cluster study

Gennady L. Gutsev,? Piotr B. Rozyczko, and Rodney J. Bartlett
Quantum Theory Project, P.O. Box 118435, University of Florida, Gainesville, Florida 32611

Charles A. Weatherford
Department of Physics, Florida A&M University, Tallahassee, Florida 32307

(Received 24 April 1997; accepted 10 December 1998

Potential energy curves of the ground-statenflecule and its doublet Nanion are calculated at

the coupled-cluster level with single and double excitations and with noniterative {i(@SO(T)]

as well as with the multireference averaged-quadratic coupled-clMRAQCC) method. The Y

anion is shown to be temporary and decays to its neutral parent plus a free electron at bond lengths
shorter than~1.4 and larger than=2.5 A. Thus, the Il anion exists within the 14R(N-N)

<2.5A range at the Born—Oppenheimer approximation. 189 American Institute of Physics.
[S0021-960609)00511-5

I. INTRODUCTION autodetaching area of Nbecause this requires an inclusion
It is well known that N forms only temporary anion of very diffu;e functions into standard basi.s Séts.
states following the interaction with incident electrdrighe - T2he main purpose of the present work is to construct the
nature of these temporary states, also referred to as comz (“Ilg) PEC at the coupled-cluster level of theory with a
pound or resonance states, has been the subject of numerd@iéd® atomic natural orbital basis augmented with diffuse
experimental and theoretical effoR#t is generally believeti ~ SPdshells. Our preliminary results for =H, and NZ—N128
that a temporary M (21—[9) state is responsible for low- PECs and the resultg, of other calculations fpr ﬂleE
energy resonances observed in scattering experiments. TR8d HCI-HCT PECs® have shown some continuation of the
nature of these resonances has been studied experim&ftallj@nion curves beyond the intersection point to the shorter
and theoretically, both in the gas phdand as adsorbatds, Pond-length region, where the anions should decay to their
A proper theoretical description of this temporary stateneutral parents and a free elgc_tron. S_uch continuations ap-
appears to be complicated, since accurate calculations ev@ar to be due to the use of finite basis sets and should not
for the ground-state potential energy surfa¢BEQ of N, ~ Show up if a near-infinite basis is employed.
present a problem due to the dissociation of the triply bonded
molecule to nitrogen atoms in their high-spf$ ground !l COMPUTATIONAL DETAILS

states. Generally, a correct reproduction of the whole PEC in oy calculations have been performed with #eEs I

such a case typically requires the use of multiconfigurationyjite of progran® at the coupled-cluster level with single

(MC)®" or multireferencgMR) wave function&°in order  and  double excitations (CCSD?* and noniterative

to account for the static correlation. ~ [ccsDT)P*Zinclusion of triple excitations. For the ind
However, it was showh that the more economical N, systems aR(N-N)=1.7 and 1.9 A, we employed two

single-reference coupled-cluster approach is capable of closgytireference methods, multiconfiguration self-consistent

reproduction of the multireference configuration interactionsie|q (MC-SCPH and a variation of multireference configura-
(MRCI) results for stretches of thie(N—N) bond length up

to =~2R,, where the dynamical correlation is more impor-
tant. CCSD(T) PEs of N, and N,
The PEC of the § (ZHg) state was computed in the -109.10
vicinity of the neutral equilibrium bond length both at the -109.15
Hartree—Fock HF)**'* and MRCH® levels. These calcula- -109.20
tions have found an intersection point of the neutral and
anion PECs, which indicates the formation of g Ntate
stable with respect to vertical detachment of an extra elec-
tron. Recently, Gianturco and Schneitfenave performed
MRCI calculations on the N-N, pair with a 1&7p/6s4p 10945
basis set augmented with twabfunctions and one diffuse ' } ‘ |
sp-shell. They found a bound portion of the, Ncurve at 10950 & 1.50 2.00 2.50 3.00
1.48<R(N-N)=<2.65A, but were not able to reproduce the R(N-N),A

-109.25
-109.30
-109.35
-109.40

Total Energy, Hartree

FIG. 1. CCSIT) potential energy curves of NX 'S;) and N; (°I1,): the
dpPresent address: Physics Department, Virginia Commonwealth Universitypeutral molecule—open boxes, solid line; the anion—solid boxes, dotted
Richmond, VA 23284-2000. line.
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TABLE |. Convergence of the total and orbital energies as well as the bond length, dlel‘ilg) when
decreasing the exponef) of anspdshell, sited at the middle of the N—N bond. Calculations are carried out
at the CCSBT(CCSD (Ref. 23 level of theory. Bond length is in A, total and orbital energies are in hartree.

Property Nz, 21, Ny, X135
WMR? {=0.005 ¢=0.0005 £=0.00005 WMR
R(N-N) 1.164 84 1.099 347 1.099 35 1.099 28 1.099 31
E(HF) —108.896 380 —108.974597 —108.989997 —108.991566 —108.991 948
E(CCSD) —109.379881 —109.438332 —109.453850 —109.455379 —109.455598
E(CCSD+T) —109.404934 —109.460351 —109.475855 —109.477431 —109.477 606
o’ 0.024 66 0.017 34 0.00175 0.000 18 0.059 88

&The smallesp-exponent is 0.034 in this basis set.
PXXMO stands for the highest occupied molecule orbitdlOMO) of the anion or the lowest unoccupied
molecular orbitalLUMO) of the neutral molecule.

tion interaction method with singles and doub{BtR-CISD) atoms, or as the difference in the total energies at the equi-
corrected partially for size-extensivity, namely, multirefer- librium bond length and aR(N-N)=30a.u. (the state is
ence averaged-quadratic coupled-clusdR-AQCC)** as 73 '), is 9.67 eV and is close to the MRCI restit8 ob-
implemented in thecoLumBus™ suite of programs. This tained with the bases of comparable quality. TH state of
method provides accuracy similar to the averaged coupledN; is unstable by~2.0 eV with respect to the ground state
pair functional(ACPF) method, but can be successfully usedof N,; therefore, an extra electron cannot be attached in or-
with a much smaller active spaé&The active space consists der to form a thermodynamically stable anion state.
of six electrongseven for N) in six orbitals(seven for N') Since the I (?I1,) state is unbound in the vicinity of its
and the 34 and 1, molecular orbital§MOs) and the 2ry  WMR equilibrium bond length, let us consider the decay of
and_4au MOs were sele_cted as valence .holes and valencgyis state to the neutral ground state plus a free electron as a
particles for N, respectively. The occupiedy MO was  fynction of the exponent of aspdshell added to the WMR
added into the active space of the anion. _ basis set and placed at the middle of ®REN—N) distance.
~The large atomic_ natural orbital basis of 1he results of optimizations with the extended bases are pre-
Wwidmark-Malmavist-Rod$ (WMR)  described as  ggnteq in Table I, from where one can see a fast convergence
(1459p4d3f/7s7_p4d3f) was used in calculations of thezN of the total energy and bond length of,No those of the
and bound portion of N PECs. In order to allow the simu- neutral molecule upon decreasing the exponent. With the ex-

Ia_mon of an extra ;alzcttr)on dgft;todetaﬁhlﬁgsnlt frotlgl, thet ti? ponent of 0.000 05, the results for the anion practically match
SIS was augmented Dy difiusspshe ocated at € e vesults obtained for the neutral parent.

middle point of bonds. Adding a diffuse set practically does Figure 1 presents the PESs of (X 12;) and N, (ZHg)

not influence the total energies of the bound states but allows, . . .
the extra electron to move into the most diffuse MO of theObtalned at the CCSD) level of theory with the WMR

“anion” (which corresponds in such a case to decay into thgaS'S extended by seven diffusshellS” with the use of an

neutral system and a free electfdfithe neutral parent can- unrestricted HF reference function. As is seen, the total en-
not sustain the extra electron ergy of N, is below that of N at the bond lengths fror¥1.4

to ~2.5 A. In order to confirm the existence of the temporary

21'[g state of N, we performed multireference highly corre-
il RESULTS AND DISCUSSION lated MR-AQCC calculations with the WMR basis at

Let us consider first the results of our CCSPWMR  R(N-N)=1.7 and 1.9 A, where Nwas found to be bound

calculations for the ground state of,NOur computed bond at the CCSDT)/WMR level. As shown by the entries of
length and vibrational frequency, 1.0984 A and 2356.1tm Table Il, the N anion is below the energy of ;N
respectively, are in nice agreement with experimental 1.0977 The very existence of temporary, Nwhich is electroni-
A and 2358.6 cm*, % correspondingly. Since the CC$D  cally bound at the bond lengths froml.4 to~2.5 A, has to
method is size extensive, the dissociation enefdy) (of N,  be due to the polarization of two nitrogen atoms of the neu-
(X 129*), calculated either as the difference in the total en-tral N, molecule by an extra electron in the opposite direc-
ergies of the ground-state molecule and two isolated nitrogetion when the molecule is sufficiently excited to have the

TABLE Il. Results of the calculations with the WMR basis for the neuthy), X 125) and anion(N,, 2Hg)
ground states at two internuclear separations of 1.7 and 1.9 A. Total energies are in hartree, differences between
the total energiesXE) are in eV.

R(N-N)=1.7 A R(N-N)=1.9 A
Level N, N, AE N, N, AE
MR-SCF —108.618160 —108.702613 2.298 —108.481845 —108.600471  3.227

MR-AQCC —109.237938 —109.247264 0.247 -—108.600471 —109.149212 1.240
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large amplitude of nuclear motions. At smaller and largert'R. J. Bartlett and J. F. StantoReviews in Computational Chemistry
bond lengths, this state decays to the ground or vibrationally edited by K. B. Lipkowitz and D. B. Boy@/CH, New York, 1994, Vol.

excited states of the neutral,Mnolecules plus a free elec-
tron.

5, pp. 95-165.
12B. 1. Schneider, M. Le Dourneuf, and V. K. Lan, Phys. Rev. [48.1926
(1979.

In conclusion, we would like to underline a unique char-13a. U. Hazi, T. N. Rescigno, and M. Kurilla, Phys. Rev. 23, 1089
acter of the Ny anion: it does not exist at short bond lengths (1981.

because the neutral,Nmolecule is not able to form a ther-
modynamically stable state. On the other hand, it does n

14p. G. Burke, C. J. Noble, and S. Salvini, J. Physl@ L113 (1983.
158, M. Nestmann and S. D. Peyerimhoff, J. Phys1® 4309 (1985.

QtSF. A. Gianrurco and F. Scheider, J. Phys2& 1175(1996.

exist at large bond lengths as well because the nitrogen atomG. L. Gutsev and L. Adamowicz, J. Chem. Phg§2, 9309(1995.

has no positive electron affinity.
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