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Single point calculations of the ground state electronic structure of peroxynitrite anion have been
performed at the optimizedis geometry using the restricted Hartree—F¢BKHF), Mgller Plesset
second order perturbation theofiP2), generalized gradient approximation density functional
theory(GGA DFT) in the B3LYP form and two quantum Monte Caf@MC) methods, variational
Monte Carlo(VMC) and diffusion Monte CarldDMC). These calculations reveal differences in
atomization energies estimated by B3LYZ87.03 kcal/mal, MP2 (290.84 kcal/mal, and DMC,
307.41.9) kcal/mol, as compared to experiment, 8L3kcal/mol. The error associated with MP2

and B3LYP methods is attributed largely to differential recovery of correlation energies for neutral
nitrogen and oxygen atoms relative to the oxygen and peroxynitrite anions. In addition, basis set
studies were carried out to determine potential sources of error in MP2 and B3LYP valence energy
values. Our studies indicate that MP2 and B3LYP valence energies are strongly dependent on the
presence of diffuse functions for the negative ions &d ONOO. © 2003 American Institute

of Physics. [DOI: 10.1063/1.1544732

I. INTRODUCTION Theoretical studies of peroxynitrite >>have given some
insight on its geometry and electronic structure. Some prop-
Peroxynitrite (ONOO) is formed by the direct and erties of this anion have also been inferred from studies of
rapid reaction of nitric oxide with superoxide anibi.Be-  ONOOM (M=Li,Na,K) (Ref. 26 or decomposition of
cause ONOO can act as a one-electron oxidant or a two-ONOOH?” None of these studies focus on direct calcula-
electron oxidant, it is able to react with a number of biomol-tjons of the molecule as it is formed vivo, in its unattached

ecules including proteirf§™* DNA,'*** lipids,* and  ignic state. Factors that may account for the limited applica-
antioxidants'>*° The reactivity profile of peroxynitrite SUg- tion of computational methods to this system are difficulties
gests that it is capable of crossing biological membranegncountered with some basis sétinitio methods in treating
faster than its known decomposition rafeStudies also sug- negative ions of molecules containing nitrogen and oxygen
gest that production of peroxynitrite plays a pivotal role in 53toms. Motivated by success with quantum Monte Carlo
the apoptosigprogrammed cell deattof neural cell®® and (QMC) in the diffusion Monte CarlodDMC) approach in
aortic smooth muscle cells in rat$Similarly, peroxinitrite treating negative iof&-2°and, in particular, accurate deter-
has been shown to induce apoptosis in human leukemig,inations of atomization energies of molecular syst&tn¥

cells”**with clear dependence on its length of exposure anqu undertook the present study to characterize more fully
concentration. The same study also suggested the ineﬁectiVﬁiiS important system of biological interest

ness of peroxynitrite at inducing apoptosis in some normal The remainder of the paper is organized as follows: Sec-

tion Il presents a brief discussion of DMC to highlight the
Dasic ideas of the method; Sec. Il describes the equilibrium
geometry and some aspects of the electronic structure of
ONOO ; Sec. IV presents valence and atomization energies
¥Bell Labs Cooperative Research Fellow at the University of California, gptained with various basis sets and methods; and Secs. V

Berkeley. Present address: Physical and Chemical Properties Division, Na-

tional Institute of Standards and Technology, 100 Bureau Drive, Stop 8380iand VI discuss the results with some commentary on poten-

Gaithersburg, Maryland 20899-8380. tial sources of error.

have stimulated our present study.
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1. COMPUTATIONAL METHODS is labeled the quantum force. The paramé&ieris an energy
A. Variational Monte Carlo (VMC) offset, and
~ There is a similarity between the Sctiinger equation EL(R)= HP(R) @
in imaginary time(r=t), written in atomic units, V+(R)

b 1 is the local energy, wherR denotes the R coordinates of

—=§V2®+V<I> )

Ir the system. We choosE as the product of an independent-

. e . . particle wave function¥,, and a correlation functiotJ,
and a classical diffusion equation with a rate term,

ie.,
dC Vo= 8
E:DV2C+ kC. 2) =YoexpU, (8)
] ) ) where
In Eq. (1), ® is a quantum mechanical wave function, afd
and V are the kinetic and potential energy operators, respec- U=U(Tij .Fi4.lip). 9)

tively. In Eq. (2)., C is the concentratiorD is the diffusion |, Eq.(9), ther; are electron—electron distances, andrthe
constant, andk is a rate constant. When the quantum me-anqy, . are electron—nuclear distances. The parant&ieis
chanical wave function in Eq(1), serves as a probability generally chosen to be close to the expected value of the
density N _maginary time, no real time dynamics can be|oca) energy in order to reduce the magnitude of the last term
obtained:>~*" Using ® in this manner is analogous 0 con- qop the r.h.s. of Eq). The functionF produces a drift in the
sidering it as a concentration of electrons undergoing ratgjmy|ation that increases sampling in the regions where the

and diffusion processes. o wave function is large. The fixed node approximation im-
The conceptually simple variational Monte CaflMC)  hoses the nodal structure @, on @ which insuresf is
method®-**uses Monte Carlo integration to evaluate a trial non-negative for alR.

function. Unlike basis set expansiab initio methods which In the present study, the independent particle wave func-
rely on accurate integration of molecular integrals to achievg;g, W, is chosen as a restricted Hartree—FéRKF) wave
high accuracy, VMC trial functions may be of any form. In nction. The correlation function is a Schmidt—Moskowftz
atomic and molecular applications, this trial function is Ofte”adaptation of the Boys—Handy functi#hwhich includes

a product of an independent particle wave function typicallyierms describing two- and three-body interactions. The cor-
computed in one of the following approximations: Hartree—re|ation function parameters were optimized by minimizing
Fock (HF), configuration interactio(Cl), or complete active  hq yariance of the energy estimate from a Monte Carlo in-
space self-consistent fie{CASSCH, and a correlation func- tegration.

tion that is explicitly dependent on interparticle distances. ~ There are a number of DMC studies that have demon-
The probability distribution used in the Monte Carlo integra-girateq the successful application of this method in conjunc-
tion is taken as the square modulus of the trial function, angjo, with effective core potential$ECP-DMC).49—54 More

in all-electron VMC the energy is an upper bound to thegpeifically, ECP-DMC studies of second row bond energies
exact energy of the state being evaluated. The form of theq ejectron affinities have been reported which agree well

estimator used in VMC is with experimert*®® and have been able to distinguish be-
HY tween alternative experimental analy$€¥he DMC method
(U|H| W) <‘1’ T’\P> (V|E,| V) is relatively insensitive to choice of basis set for the
(E)= = = =(E,), independent-particle part of the trial function. With a single-
(V[w) (V[w) (V[w) reference wave function, we used a cc-pVTZ basi¥’ seth

®) no F functions for single-point energy calculations. In DMC,
whereE_ is the “local energy,” defined as H(B)/'V(R). effective sampling of the regions of space occupied by core
electrons is costly; it is this additional cost that serves as
additional motivation for using ECP’s. Estimates of compu-
B. Diffusion Monte Carlo tational effort for all-electron QMC for atoms yieltP=5°

The DMC method is based on stochastic simulation Ofdepe,ndence, wher2 is the atomic _numbéﬂ The use of
- S : o ECP’s has been found to reduce this dependence to roughly
the Schrdinger equation in imaginary time; the latter may

4547 N3, whereN is the effective atomic number, or stated more

be writter directly, the number of electrons to be simulatdo pro-
of 1 vide a more concrete and recent example, we turn to Ref. 31.
gt EV(V_F)f_(EL_ET)f' 4 Table VI of this paper compares the CPU and disk storage

requirements of LDA, G2 theory, and DMC calculations, as

well as the parallelism and scaling. One finds that LDA is at

f=v,0. (5) least an order of magnitude less costly than DMC and G2,
and that G2 requires roughly three orders of magnitude more
disk storage than LDA and DMC. Timing estimates are sub-
ject to variances owing to machine configuration and other
F=In|w|? (6)  system-specific features.

where the distribution

HereW; is a known wave function an® is the exact solu-
tion, and
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TABLE |. Optimized bond lengthgangstroms and angles(degreep of
ONOO™.

B3LYP B3LYP MP2
6-311+G* cc-pvVTZ cc-pvTZ
01=N1 1.213 1.214 1.234
N1-02 1.367 1.362 1.336
02-03 1.388 1.382 1.358 FIG. 2. HOMO (left) and LUMO (right) of peroxynitrite calculated at the
B3LYP/cc-pVTZ level. The HOMO is mainly localized on the superoxide
8}_:3;:82 ﬂgi ﬂgi ﬂ?g fragment, whereas the LUMO is mainly localized on the nitric oxide frag-

ment.

In addition to the benefits of ECPs in general, there ardi'ming the closed-shell singlet character of the ONOO
alternative ECPs that have been recently developed for th@round state. We also notice that, despite the auxiliary char-
oxygen and nitrogen atoms which enhance the efficiency ofcter of Kohn—Sham 'orbltaf§,w'h|ch makes it difficult to
DMC simulations. These ECPs, which are similar to the sof@vé them a well defined physical meaning, DFT aatl
ECPs of condensed matter phyéf‘cand to a soft ECP re- initio wave function method@ViP2) yielded similar trends in
ported for carbor? are characterized by the absence of thefrontier orbital composition and charge distribution. As
r~2 term common to ECPs in quantum chemiS&§° DMC shown in Table II, most of the negative charge is localized on
simulations using the soft ECP are found to yield a smallefh® terminal oxygen of the superoxide fragmé@g), con-
statistical error bar than the Stevens, Basch, and Kraus¥stent with the spatial distribution of the HOMO. The per-
(SBK) functiorf® for comparable computing time. The soft oxynitrite anion is known to react with transition metal-
ECP also yields comparable valence variational Monte carl&ontaining c<33mp|exe§, _for example with the rons of
(VMC) energies and slightly lower valence DMC energies,hemOprOte'ng The similarity of its LUMO with the

compared to the SBK ECP. For these reasons, we carried o@fPitals of free NO strongly suggests that some similar
DMC calculations only using soft ECPs. metal-ligand bonding interactions are at work in the binding

to metals of these two ligands.

IIl. GEOMETRY AND VALENCE ELECTRONIC
STRUCTURE IV. CALCULATED ENERGIES

The geometry of ONOO was Optimized at the For the QMC calculations, we used RHF/CC'pVTZ orbit-
B3LYP/6-311+G*, B3LYP/cc-pVTZ, and MP2/cc-pvTz als generated at the B3LYP/cc-pVTZ  optimized
levels. The B3LYP parameters obtained with 6-3* (92  geometry’”* Ground state energy calculations with each of
basis functions and cc-pVTZ (140 basis functiojswere the above methods at their respective optimized structures
very close and displayed similar trends as those derived frorfevealed a specific ordering of total valence energies calcu-
MP2; see Table I. In agreement with previous studfés, lated by RHF, MP2, and B3LYP, as well as VMC and DMC.
our optimizations revealed the planeis conformer as the The ordering of the energies in Table Il is typical for this
most stable geometry with outer ©IN1, central N1-02, group of methods.
and outer 02—-03 bond§ig. 1). Although the VMC and DMC calculations used RHF

Figure 2 shows the frontier Kohn—Sham orbitals of Orbitals with a cc-pVTZ basis, the QMC results only have a
ONOO™. The HOMO is mainly localized on the terminal small, indirect basis set dependence. Basis set effects in
oxygen of the superoxide fragment. By contrast, the LUMODMC are limited to instances of poor description of the or-
is mainly localized on the nitric oxide fragment and in this bitals from traditionalab initio techniques. In order to guar-
regard is analogous to the* orbitals of free NO** To check ~ antee effective orbital descriptions, we used either large basis
the nature of the singlet ground state of ONO®oth re- ~ Sets or custom bases that have been developed to work well
stricted and unrestricted density functional calculations werén DMC calculations. We also included a VMC valence en-
carried out. The frontier orbitals witlx and 3 spin index  ergy for the SBK-ECP for comparison with a soft ECP de-

were indistinguishable in the unrestricted calculation conveloped by one of usL.M.). As mentioned above, the soft
ECPs are more stable and provide slightly lower energies.

The increased efficiency of the soft ECP can be observed by
comparing the error bars of the VMC calculations: 0.0025

TABLE II. NBO atomic charge densities of ONOQ(cc-pVTZ basis.

B3LYP MP2
O—Y o v v
N1 +0.196 +0.174
02 —0.142 —0.087
FIG. 1. Optimized geometry of peroxynitrite ion. Metric parameters are O3 —0.598 —0.667

given in Table I.
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TABLE Ill. Valence energies of ONOO (hartree. TABLE V. Valence energies of O (hartree.

Method 6-318-G* cc-pvVTZ aug-cc-pVTZ  Method 6-311G 6-3114+-G* cc-pVTZ aug-cc-pvVTZ
RHF —56.670 29 —56.717 48 —56.732 53 ROHF —15.59000 —15.62796 —15.61795 —15.641 32
MP2 —57.484 05 —57.655 72 —57.702 77 MP2 —15.75216 —15.81027 —15.82570 —15.868 12
B3LYP —57.820 00 —57.853 68 —57.87557 B3LYP —15.85635 —15.91733 —15.89380 —15.932 65
VMC/SBK ECP —57.500%25)? VMC —15.82335)?

VMC/soft ECP —57.511110)2 DMC —15.88548)2
DMC/soft ECP —57.85099)?

aTruncated cc-pVTZ basis set withoEtfunctions.

#Truncated cc-pVTZ basis set withoEtfunctions.

MP2, B3LYP, and VMC yield estimates in poor accord with
the experimental atomization energy. Good agreement, how-

Hartree(SBK) and 0.0010 Hartreésoft). These statistics are ever, is obtained with DMC.

for equivalent computer time; halving the error in the VMC
calculation with the SBK ECPs would require about four
times more computational effort. The increased efficiency is/- DISCUSSION

the reason we restricted use to only the soft ECPs in the cglculated oxygen anion valence energies provide the
DMC calculations. Soft ECPs suitable for QMC have re-cjearest indicator of a potential source of error in estimating
cently been extended to Be through Ne and Al througf°Ar. the atomization energy fromab initio wave function and
We used the following expression to estimate the atomiGGA DFT methods for the present systems. Changing from
zation energy k) of peroxynitrite in VMC and DMC, the 6-314G* (92 basis functionsto the larger cc-pVTZ

E,=E(O")+2E(0)+E(N)—[E(ONOO ) - ZPE], (142 basis functionsunexpectedlyecreasedhe valence en-
(10) ergies calculated with ROHF and B3LYHable V). The

whereE is the Monte Carlo valence energy of the indicatedgene.rally _expected effegt of increasing the Qumber of bggs
. : N functions is a decrease in energy due to an improved ability
species, and ZPE is the zero-point vibrational energy deter-

. . : . roxim he wave function of iven m. Thi
mined by theory. We used an identical construction for thet0 approximate the wave function of a given syste S

o ) . .unexpected basis set effect encountered in ROHF and
atomization energy estimates in the all-electron calculation

for B3LYP, MP2, and RHF. While we computed energies for?SIé\gPae;%rglisS(I;d tgst:)e '%?:Sg?tiftgzgzeg 2&?8:; Oflv;[gree
all species with and without the use of ECP’s in the RHF, yPes, P ' )

MP2, and B3LYP methods, we report the all-electron Value%pe0|f|cally, additional calculations were performed using the
. . ) . -311G and aug-cc-pVTZ bases to complete Table V and to
in Table IV. The "valence” values reported in the other investigate the effect of diffuse functions on the converged
tables incorporate the ECP’s of Stevens, Basch, an({] 9 g

60 : . ) valence energies of ODand ONOC .
Krauss;- and are included as such to facilitate comparison to In Table VI we compare valence enerav differences from
our ECP Monte Carlo energies. We find that the oxygen an- : . P g}( .
C . . . calculations with the 6-311Gand 6-313G* split-valence
ion is a reasonable choice for the charged atomic SPECIES. <os and calculations with the cc-pVTZ and aug-cc-pVTZ
because it is more electronegative than nitrogen, and becauBe ’

2 . . ases. With the additional diffuse functions, the ROHF
of our use of the electron affinity of oxygen in computing an(BBLYP) energies for the oxygen anion in the split-valence
experimental atomization energy. This decision is also SUPEases were lowered by 0.030.057 Hartree, whereas the

ported by examination of the results from the basis set meth'eroxynitrite energies were lowered by 0.041033 Har-

ods, which consistently placed partial negative charges 05 . . )
. ; ee. For the correlation consistent bases, oxygen anion en-
the oxygens independent of the level of theory or basis se{

used(Table Il). The experimental atomization energy was ergies decreased by 0.028.03§ Hartree and peroxynitrite

estimated by taking the difference of the heats of formatio energies by 0.0140.027 Hartree. Upon addition of diffuse

for the three atomic species from standard reference P&blegg[] Cgﬁgsémggl P|r21 tehnee?grrdeelza(\:triiissjnvgiesrtz;?Egzgsegr%aelsfgr
and the heat of formation reported by Meretial®® As :

shown in Table 1V, atomization energies obtained with RHF,fmdmgS’ hqwever, are consistent Wlth reports t_hat _stress the
need for diffuse orbitals when treating negative i6h&

Even though single point 6-3#G* calculations on

TABLE IV. Atomization energies of ONOO (kcal/mol).

TABLE VI. Change in anion electronic energies due to addition of diffuse

Method 6-31%4 G* ce-pvTZ aug-cc-pVTZ  functions (hartre@. AE.=Eaygcepvrz Ecepvr and AEq=Eg 10t
_ b

All-electron RHF 62.65 78.19 69.63 Eo-auio -
All-electron MP2 267.11 290.84 282.99 AE,, O AE, O AE, ONOO AE,, ONOO"
All-electron B3LYP 286.01 287.03 276.02
VMCl/soft ECP 204.0L.8 RHF —0.038554 -0.023829 —0.021175 —0.014 166
DMC/soft ECP 307.41.92 MP2 —0.055501 -0.043883 —0.038974 —0.046 126
Experimen‘l 3131 B3LYP  —0.057427 -—0.037638 —0.032 575 —0.026 744
#Truncated cc-pVTZ basis set withoEtfunctions. &The “cc” subscript refers to “correlation consistent.”
PReferences 67 and 68. bThe “sv” subscript refers to “split-valence.”
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TABLE VII. Valence energies of oxygen and nitrogen atofhartree. tract No. DE-AC03-76F00098, and by NSF Grant No. DMR-
o N 0102668 (L.M.). Calculations were performed at the
6-3114+ G* cC-pvTZ 6-311+ G* cC-pVTZ National Energy Research Scientific Computing Center
(NERSQ and the National Center for Supercomputer Appli-
ROHF —15.646 47 —15.658 63 —9.63054 —9.637 93 cations(NCSA).
MP2 —15.772 97 —15.812 26 —9.717 10 —9.740 70
B3LYP —15.862 73 —15.87323 —9.765 39 —9.77185
VMC —15.80676)2 —9.73942)? 1J. S. Beckman, J. Chen, P. A. Marshall, and B. A. Freeman, Proc. Natl.
DMC —15.85244)2 —9.76135)2 Acad. Sci. U.S.A87, 1620(1990.
2R. E. Huie and S. Padmaja, Free Radical Res. Commrl95(1993.
#Truncated cc-pVTZ basis set withoEtfunctions. 3N. V. Blqugh and O. C. Zafiriou, Inorg. Cherfi4, 3504 (1985.

4H. Ischiropoulos, L. Zhu, J. Chen, M. Tsai, J. C. Martin, C. D. Smith, and
J. S. Beckman, Arch. Biochem. Biophy298 431(1992.

5 ) .
— f : J. S. Beckman, H. Ischiropoulos, L. Zhu, M. V. D. Woerd, C. Smith, J.
ONOO™ included a smaller number of basis functions as Chen, J. Harrison, J. C. Martin, and M. Tsa, Arch. Biochem. Biop298,

compared to cc-pVTZ, our results strongly suggest that it is 43g(1992.
the presence of diffuse functions in the former basis set thatB. Alvarez, H. Rubbo, M. Kirk, S. Barnes, B. A. Freedman, and R. Radi,

mainly accounts for the improved energies of the anions Chem. Res. Toxicol9, 390 (1996.

: : . JS. Padmaja, M. S. Ramezanian, P. L. Bounds, and W. H. Koppenol, Re-
studied. In fact, for neutral oxygen and nitrogen the energies dox. Rep.2, 173(1996.

were slightly lower for cc-pVTZ relative to 6-3¥1G*. This 8W. A. Pryor, X. Jin, and G. L. Squadrito, Proc. Natl. Acad. Sci. U.QA.
observation is also consistent with studies that report little 11173(1994.

effect of diffuse functions on some neutral molecu®n 9S. Padmaja, G. L. Squadrito, and W. A. Pryor, Arch. Biochem. Biophys.
. . . 349 1 (1998.
addition, the energy differences due to basis set effects WerleR. Floris, R. Piersma, G. Yang, P. Jones, and R. Wever, Eur. J. Biochem.

consistent regardless of the presence of ECPs. Improvemenp1s, 767(1993.
due to diffuse functions differed in the third decimal place,''L. Castro, M. Rodriguez, and R. Radi, J. Biol. Che289, 29409(1994.

with basis set effects being more pronounced in the Va|encleZP. A. King, V. E. Anderson, J. O. Edwards, G. Gustafson, R. C. Plumb, and
. J. W. Suggs, J. Am. Chem. Sdtl4, 5430(1992.
calculations(Table VII). 3p. A. King, E. Jamison, D. Strahs, V. E. Anderson, and M. Brenowitz,
Nucleic Acids Res21, 2473(1993.
VI. CONCLUSIONS R. Radi, J. S. Beckman, K. M. Bush, and B. A. Freeman, Arch. Biochem.
Biophys.288 481 (1991.
The RHF, MP2, B3LYP DFT, and DMC methods have 15R. Radi, J. S. Beckman, K. M. Bush, and B. A. Freeman, J. Biol. Chem.
been used to calculate the atomization energy of peroxyni,266 4244(1999.

. . . ... ~°D. Bartlett, D. F. Church, P. L. Bounds, and W. H. Koppenol, Free Radic.
trite anion. The DMC results are found to lie closest—within  gi ) \ied. 18, 85 (1995.

5 kcal/mol—to the experimental value. We also found that'’j. Lee, J. A. Hunt, and J. T. Groves, J. Am. Chem. S@6, 7493(1998.
the use of soft ECPs instead of the traditional SBK-ECPS®J. N. Keller, M. S. Kindy, F. W. Holtsberg, D. K. St. Clair, H. C. Yen, A.

; : : ; ; . Germeyer, S. M. Steiner, A. J. Bruce-Keller, J. B. Hutchins, and M. P.
provided substantial benefit by improving the overall effi Mattson. J. Neuroscils, 687 (1998.

ciency Of_VN!C and DMC C?'ICUIationS- 19M. O’Connor, A. L. Salzman, and C. Szabo, Sh@;439 (1997.
Atomization energy estimates from B3LYP and MP2, 2K -T. Lin, J.-Y. Xue, M. Nomen, B. Spur, and P. Y.-K. Wong, J. Biol.
even with large basis sets, were in poor agreement with thg Chem.270 16487(1995.

; _ K.-T. Lin, J.-Y. Xue, F. F. Sun, and P. Y.-K. Wong, Biochem. Biophys.
experimental value. At the cc-pVTZ level, the MP2 and Res. Commun230, 115 (1997,

BSL\_(P methods underestimate the experimental vf'ilue by a2y, krauss, Chem. Phys. Let222, 513 (1994.

proximately 25 kcal/mol and 40 kcal/mol, respectively. The?*H.-H. Tsai, T. P. Hamilton, J.-H. M. Tsai, J. G. Harrison, and J. S. Beck-

atomization energy obtained with VMC was in particularly 24261:‘/’ éhphys- CF:‘egi(?Q 6942(%‘92% 3 Am. ch o1

poor agreement. We attribute the underperformance of VMC o ustov, R. Spinney, and A. Rauk, J. Am. Chem. S

to the use of a single-reference starting point for a systerww. p. Bartberger, L. P. Olson, and K. N. Houk, J. Am. Chem. Sd¢710

with multireference characteristics. At the same time, ROHF, (1998.

MP2, and B3LYP valence energies of the oxygen anion *H--H. Tsai, T. P. Hamilton, J.-H. M. Tsai, J. G. Harrison, and J. S. Beck-
’ - man, J. Phys. Chend00, 6942(1996.

shoy\{ed a Ia.rger decregse than tho;e of peroxynitrite UPOA; b Watts(personal communication

addition of diffuse functions in the split-valence bases. Thi®r. N. Bamett, P. J. Reynolds, and W. A. Lester, Jr., J. Chem. Fys.

suggests that a main source of error when calculating atomi-4992(1986. =~ _

zation energies with these latter methods is the difference i, ﬁzt‘g",\; mgllljash;m 'D""”Qrzs's'gﬂfn“i" JJ'&Zemm ,Ppmr@gﬂ ' ggégﬁggg'

improvement of the valence energies of the anions and atoms; ¢ Grossman, W. A. Lester, Jr., and S. G. Louie, J. Am. Chem.ISic.

of Eqg. (10) due to differences in levels of correlation energy 705 (2000.
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