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Geometries and frequencies for the neutral MXd ionic MX, speciesM=Li, Na, and X=F, CI)

are studied by several theoretical methods: density functional th@egke-3-Lee-Yang-Parr
[DFT(B3LYP)], second-order many-body perturbation theldABPT(2)], and coupled-cluster with
singles and double CCSD). The geometries optimized at the CCSD/6-313(d) level are used in
CCSOT) calculations with a large atomic natural orbital basis to compute adiabatic electron
affinities (EA,9, which are found for Lik, LiCl,, NaF,, and NaC} to be 5.45, 4.97, 5.12, and 4.69

eV, respectively. The highest EAs among all the atoms of the periodic table occur in the halogen
atoms (fluorine, 3.40 eV; chlorine, 3.62 eYtherefore all four of these triatomic radicals are
properly termed superhalogens. LiRLiCl,, NaF, and NaC} are thermodynamically stable, and
their dissociation energies computed at the CCSD with the noniterative inclusion of triples
[CCSDOT)] level are 20.5, 24.9, 19.3, and 25.2 kcal/mol, respectively, LIECI,, NaF,, and

NaCl, are more stable than their neutral parents with CA3[dissociation energies of 69.5, 58.7,
49.0, and 52.5 kcal/mol, respectively. The computed vertical electron detachment energies, of LiF
LiCl,, NaF,, and NaC] are 6.51, 5.88, 6.18, and 5.77 eV, respectively, which are in nice
agreement with the values calculated by Scheller and Cederbaum by the Green—Function method.
© 1997 American Institute of Physids$0021-960607)01934-X

I. INTRODUCTION superhalogen anions, but nonetheless the VEDEs were found
to be higher in energy than 3.6 eV. Recently, more accurate
Systems with high electron affiniti€gA) are especially calculations with the Green’s function technique provided
important for the oxidation of counterpart particles with rela- higher VEDE values than those obtained in the DVM-X
tively high ionization potentials and allow the synthesis ofcalculations, namely: 6.80 eV for LjF6212%5 .73 eV for
unusual chemical compounds, many of which are highly enLiC|;,23 6.54 eV for Nal§,23 5.64 eV for Naq,23 6.07 eV
ergetic. The most famous example of an application of suckor KF,,? 5.37 eV for KC},,?* 7.86 eV for Bek 192
a system is the synthesis of the chemically bound xenon i8.14 eV for Mgk, and 7.88 eV for CaF.%®
the Xe'[PtR; ] salt” Such systems are widely used also in  The adiabatic electron affinity (E4 of a superhalogen
the production of organic metals and organic super-conduds a more important characteristic than the VEQ# the
tors? vertical EA) of the corresponding anion, since it is related to
As is well known, halogen atoms possess the highest EAhe thermochemical stability of the latter. Theoretical esti-
(3.0-3.6 eV among the elementshowever, the EA of a mates of the E4, of the MX,. ; superhalogens and dissocia-
polyatomic system may exceed the 3.6 eV atomic limit duetion energies are rather confusing’ Il et al?* found that
to collective effects. Such systems are known ashe PF radical is highly unstablé—76 kcal/mol at the @
superhalogers and the EA of many superhalogens haveconfiguration towards dissociation to RFEF using the
been estimated theoreticdily*and experimentally*>*The  Hartree—FockiHF) approximation and the DZP basis aug-
superhalogens described by the general formula,MX mented with some diffuse functions, while Gutéefound
(where M is a main group or transition metal atom, X is athe Pk radical to be stable towards this dissociation pathway
halogen atom, ané is the maximal formal valency of the by 40.5 kcal/mol at the local spin density approximation
central atom M are especially important in chemistry. Their (LSDA) level and by 7.1 kcal/mol at the LSDA level with
anions, such as BF AICl,, ScF,, SiCl, TaF;, AsF;, the inclusion of Becke® nonlocal gradient corrections. Ts-
etc., are widely known as building blocks in solids and gaschumperet al® found that the optimized octahedral con-
phase molecules. figuration of Pk provides doubly degenerate imaginary har-
Early discrete-variational X,-method (DVM-Xa)  monic vibrational frequencies of 2BEm ! at the
calculation$>®~*?led to somewnhat underestimated values ofDFT(B3LYP)/DZP level of theory; and that another station-
the vertical electron detachment energi®&DE) of many  ary point of G, symmetry has one imaginary frequency of
692 cm L. Further optimizations of the latter configuration
9Als0 at: Institute of Chemical Physics of the Russian Academy of Sci-Within Cs symmetry constraints led to a dissociative behavior
ences, Chernogolovka, Moscow Region 142432, Russian Federation. When one fluorine atom leaves the trigonal bipyramidaj PF
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configuration. Another superhalogen, Alfvas found to be TAIB'-E . Eﬂ“"g’ﬂ%‘ﬁ"geﬁfgi 'I?(le)_iEC’CLgCDIEI - N?g,fa?]d NaC} ﬁalﬁ
. T . culated at the , s evels of theory with the

stable by 4.4 keal/mol towards dissociation into A at 6-311+ G(d) basis. Bond lengths are in A and total energi€g) are in

the MBPT4)/6-31+G(d)//UHF/6-31+G(d) level of Hartree.

theory®! The relatively large size of the neutral superhalo-

gens studied makes it difficult to perform high-quality calcu-  Species Level R(M-X) TE
lations, prohibiting definitive conclusions about the stability LiF, DET 1.699 —207.469 695
of these systems. MBPT(2) 1.706 —207.049 796
It is worth mentioning that Ort?#2° has recently com- ccsD 1.702 —206.991 886
puted the VEDEs of B® and BS as well as the adiabatic Licl, DET 2162 —928.296 746
electron affinities (E4y of BO, and BS. These molecules MBPT(2) 2.132 —927.101 670
are valent isoelectronic to the superhalogens considered in CCsD 2.140 —927.012 990
the present work,.hence, they are expected to have high NaF; DFT 2058 362210977
EA,s. Indeed, Ortiz found that both the VEDE£.75 and MBPT(2) 2.075 —361.531 431
3.68 eV in BG and BS, respectively and the EAgs (4.65 CCSD 2122 —361.351 894
and 3.63 eV in BQ and BS, respectively are h!gher.than NaCh DET 2509 _ 1082.985 959
the EAs of the halogen atoms. However, there is a difference MBPT(2) 2 485 1081596 374
between BQ and BS and their isoelectronic Lij-and LiCl, CcCcsD 2.492 —1081.390 037

counterparts. Whereas BGnd BS are linear as well as
their anions, Lik and LiClL are angular, while their anions
are linear. This difference results in much smaller adiabatic
corrections to the ionization potentials in BCand BS

At the CCSD/6-31%G(d) optimized geometries, further
calculations are performed with theces 1 suite of

compared to those in LFand LiCl, . 4 . . :
Keeping in mind that the EA values are important for programé* and a large atomic natural orbital basis of
Widmark—Malmquist—-Roos (WMR)®  comprising  of

thermochemical calculations for solids co_nFa_umng supgrhalo- 14s9pA4d3t/7s6pad3f] for Li, [14s9pdd3f/7s7pad3f]
gen groups, we report here results of ab initio calculations o

the EA,4 only for the smallest superhalogens, namely,,LiF F, [17s12p5d4f/7s7p5d4af]  for ~Na, and
d ] 12 - -
LiCl,, NaR, and NaC}, because high-quality calculations [17s12p5d4f/7s7p5d4f] for Cl. The coupled-cluster meth

ods with the noniterative inclusion of triple excitations

are certainly feasible for these.systems. The neutrgl Spec'iﬁ:CSDJrT(CCSD) and CCSBT)]"®"7 are applied. Dissocia-
are known to be thermodynamically stable and their Rama . ;
tion energies of all species are computed at the CT3D

a”dF':)prichfraL?C""l",e szel_ﬂ S;“n‘gel\ld;&'”tegterpeﬁffif siher  WMR level using the CCSET)WMR/ICCSD/6-31%G(d)
ab initio calzc’ulatioa,s are a,vailable in t,he literatdf@l 2 The total energies of the triatomics optimized in the present work
' and the CCSIDIN)/WMR results for all intermediate diatom-

HF calculations were performed for geometries and frequeni-cs’ atoms and anions obtained elsewH&Ehe ZPE correc-
cies of the corresponding neutral species using th

DZ+P?23and 6-311% G(d)*® basis sets. For LI poten- %ions to these dissociation energies are found to be small

tial energy surfacePES E(R;,R,) were calculated for six (about 0.1 kcal/mgland are neglected. .
valence states G, , 2A,, 2B, and?B, symmetries at the The results of the geometry and frequency calculations
MRSD—CI/G-Sl&Gl(a) Iezv'el I% Was fou;d that théB.. olec. &7 collected in Tables I-1V, the total energies, vertical elec-
tronic state of G, symmetry} which originates from2t tron detachment energies and vertical electron attachment
k?dlg . i i -
electronic state of the linear XMX structure is the global energies, are presented in Table V, the bond dissociation

minimum for the LiF, LiCl, NaF, and NaC} radicals and energies for the ne'utral'and anionic .sy§tems are shown in
. LA . Table VI and the adiabatic electron affinities are presented in

their charge distributions can be described asXyl (Refs. Table VI

64 and 65%. Therefore we will limit our consideration to the )

(C,, ., 2B,) electronic states of the neutral radicals and theI

(Dop, 12;) electronic states of the anions. II. THE STRUCTURE OF THE MX; ANIONS AND

VERTICAL ELECTRON DETACHMENT ENERGIES

The MX, anions are linear at the DFT, MBF2), and
CCSD levels of theory and possess the valence
Geometry optimizations and frequency calculations arélo;205205205 1,17, electronic configuration. The bond
performed at the density functional theqi®FT) level with  lengths optimized at these levels of theory agree with each

the B3LYP exchange-correlation functiof&f’ at the  other within 0.007 A for Lif;, 0.030 A for LiCh, 0.047 A
second-order many-body perturbation thediMBPT(2)] for NaF,, and 0.024 A for NaGl. The somewhat larger
level, and the infinite-order coupled-cluster method with alldifference in the bond lengths of NaFobtained at the
singles and double€CCSD) levef® using thecaussian 94  MBPT(2) and CCSD levels is puzzling. The optimal bond
suite of program&® The basis set is moderate-sized lengths of these anions calculated by Scheller and
6-311+G(d)."°~"*Core electrons were kept frozen in all the Cederbaurft-*® at the CISD level using the TZP basis aug-
optimizations except for MBP®), where all electrons are mented with diffusesp functions[which is of similar size as
included in the correlated calculations. the 6-31H G(d) basig were found to be 1.679 A in LiF,

Il. COMPUTATIONAL DETAILS
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TABLE II. Equilibrium geometries of Lik, LiCl,, NaF,, and NaCJ calculated at the DFTB3LYP), MBPT(2),
CCSD levels of theory with the 6-3#1G(d) basis and the CCSD) level with the POL1 basis. Bond lengths
are in A, valence angles are in degrees, and total eneff®sare in Hartree.

Species Level R(M—X) R(X=X) LXMX (S?) TE
LiF, DFT 1.715 2.037 78.9° 0.756 —207.282 250
MBPT(2) 1.724 1.954 69.0° 0.783 —206.843 975
CCSD 1.728 1.946 69.5° 0.784  —206.797 901
ccsoT) 1.702 1.947 69.8° 0.771 —206.820 384
LiCl, DFT 2.166 2.804 80.7° 0.753 —028.047 902
MBPT(2) 2.144 2.696 77.9° 0.768 —926.922 023
CCSD 2.153 2.725 78.5° 0.769  —926.835513
ccso) 2.197 2.679 75.1° 0.771 —926.947 254
NaF, DFT 2.078 2.032 58.6° 0.755 —362.038 712
MBPT(2) 2.093 1.947 55.4° 0.783 —361.342 529
CCsD 2.250 1.973 52.0° 0.786  —361.171489
ccsOT) 2.070 1.947 56.1° 0.771 —361.293 680
NaCl, DFT 2.534 2.803 67.2° 0.753  —1082.814 378
MBPT(2) 2514 2.688 64.6° 0.767  —1081.426 446
CCSD 2.524 2.715 65.1° 0.768  —1081.222 270
ccsom) 2.529 2.668 63.7° 0.762  —1081.431 457

2.152 Ain LiCl,, 2.043 A in NaF, and 2.601 A in NaG], are available only at the DFT and MBE) levels of theory,
which are in excellent agreement with our values, except foand they are in good mutual agreement for all four anions.
NaF,. The bond lengths of NgF calculated at the We anticipate that our frequencies could be useful for iden-
CCSD/6-311G(d) level are 0.079 A longer than the values tification of these anions in the gas phase or isolated in ma-
calculated by Scheller and Cederbaum. Such a difference tsices.
substantially larger than that to be expected for these meth- The VEDESs of all four anions presented in Table V are
ods and basis sets. calculated by a so-called indirect method, namely, as the
The vibrational frequencies calculated at the DFT,differences between the total energies of the anions and the
MBPT(2) and CCSD levels are rather similar and the largesheutral precursors at the optimal geometries of the anions.
deviations are 15cmt for LiF;, 60cm* for LiCl;,  The indirect method used in this work permits maximum
28 cmt for NaF,, and 27 cm'* for NaCly , always for the  grpital relaxation and CCSD) electron correlation contri-
vy(oy) antisymmetric stretch mode. The infrared intensitiesy ;1ions to the VEDE. Scheller and Cederb&dimave calcu-
lated the VEDES using a direct method, where the electron
TABLE lll. Vibrational frequencies(in cm™3), ir intensities[in brackets, correlation and electron relaxation corrections calculated
km/mol], and zero-point energiéin eV) of LiF,, LiCl,, NaF,, and NaCJ with the ADQ(3) technique are added to the orbital energy of
calculated at the DRB3LYP), MBPT(2), CCSD levels of theory with the  the anion HOMO. Their VEDEs are 6.80 eV for |_ZT|F5_73

6-311+ G(d) basis. eV for LiCl;, 6.54 eV for Nak, and 5.64 eV for NaGl.
Species Mode DFT MBR®) CcCcSsD Agreement between our indirect and their direct results is
— rather satisfactory. The largest deviation of 0.36 eV was
LiF; va(og) 37q0] 3590] 365 found for NaF:
vo(oy) 867198 859198 880 2: . , )
va(,) 254118 237126 238 The VEDEs calculated within Koopmans’ approxima-
ZPE 0.108 0.105 0.107 tion are overestimated by about 1.2 eV for alkali fluorides
Licl, vi(oy) 2060] 2270] 220 and by about 0.7 eV for alkali ch!ondes with respecF to the
vo(ay) 634214 694210] 688 CCSOT)/WMR values presented in Table V. The main con-
va(m,) 187118 18463] 177 tribution to the Koopmans’ VEDESs is due to the electron
ZPE 0.075 0.068 0078 relaxation and this contribution is larger for alkali fluorides
NaF, vi(ag) 3170] 3110] 339 because of a smaller size of Rwith respect to CI. The
va(ou) 487103 474106] 497 largest VEDE of 6.80 eV is found for the smallest LiF
”32(';7&) 1202[851 11%%86]4 101366 anion. The VEDEs decrease in the series: LifNaF, (by
' ' ' 0.33 e\, LiCl;—NaCl, (by 0.11 eV, LiF;—LIiCl; (by
NaCl, vi(og) 1810] 1930] 192 0.63 eV}, and Nak —NaCl, (by 0.41 eVJ. However, all the
ZZE;‘TU; 3;&2;;9 352[[28% :;%5 VEDEs are substantially higher than 3.6 eV, the largest
o 0.044 0.046 0.040 VEDE (or the EA, which is the same in this casef the

halogen atomic anions.
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TABLE V. Vibrational frequenciegin cm™2), ir intensities[in km/mol], and zero-point energigéin eV) of
LiF,, LiCl,, NaF, and NaCj calculated at the DRB3LYP), MBPT(2), CCSD levels of theory with the
6-311+ G(d) basis and the CCSD) level with the POL1 basis.

Species Mode DFT MBP(R) CCSD CCSsDOT) Exp. (Refs. 60, 61
LiF, v.(ay) 721[129] 730127 722 734113 (708°
vy(a;) 33912] 42412] 408 43114] 452
v3(by) 53509] (18042 604 4790.03|
ZPE 0.099 0.108 0.102
LiCl, vi(ay) 509121 544125] 536 493109 518
vo(ay) 1795] 2195] 211 2325] 246
v3(by) 41415] 513797] 420 3576]
ZPE 0.068 0.079 0.072 0.067
NaF, vy(a;) 450 35] 48915] 576 48916] 475
vy(ay) 31123 36445] 402 36942] 454
v3(by) 3172] (966 (10432 3060.01] .
ZPE 0.064 0.072
NaCl, vi(ay) 29943] 32043 315 31333 (270°
vy(ay) 1719] 21q11] 203 22¢15] 225
v3(by) 2165] 255156] 215 2092.4]
ZPE 0.042 0.049 0.045 0.046

@A symmetry broken problem.
bThe frequency of théLiF, isotopomer.
°An estimated frequency.

The reason why the VEDEs of the MX; superhalogen over two fluorine atoms instead of on@; the nonbonding
anions are substantially higher than the EAs has been disharacter of the LiFHOMO (the central atom does not con-
cussed briefly based upon the results of the DVM-X tribute any valence AOs to this MO, and the HOMO is com-
calculations"® Three main factors are found to be respon-posed frompw-AOs of the highly electronegative fluorine
sible for the increase in the VEDE of LjFwith respect to atomg; (iii) the coordination of the negatively charged
that of F-, namely:(i) the delocalization of an extra electron ligands to the electropositive Liion.

TABLE V. Total energieqTE) of the radicals at the anions at the neutfa}) and anion R.) equilibrium geometries. Vertical electron affinities ({4
of the radicals and the vertical electron detachment en&/@&DE) of the anions at different levels of theory calculated with the WMR basis set. Total
energies are in a.u., EAs and VEDEs are in eV.

Neutral R, Anion Rg

Level LiF, LiF; EAven LiF, LiF, VEDE
MBPT(2) —207.063 626 —207.156 083 2.52 —207.021 147 —207.276 628 6.95
CCSD —207.071 462 —207.148 278 2.09 —207.031 189 —207.271 026 6.53
CCSD+T —207.092 926 —207.174 265 2.21 —207.054 888 —207.293 369 6.49
ccsOoT) —207.091 400 —207.171 366 2.18 —207.052 589 —207.291 706 6.51
Licl, LiCl; EAyen LiCl, LiCl; VEDE

MBPT(2) —927.322 106 —927.431 988 2.99 —927.287 191 —927.508 350 6.02
CCsD —927.350 685 —927.454 352 2.82 —927.316 586 —927.534 106 5.92
CCSD+T —927.375 926 —927.480 573 2.85 —927.342 761 —927.558 419 5.87
ccsoT) —927.375 604 —927.480 318 2.85 —927.342 319 —927.558 226 5.88
NaF, NaF, EAvert NaF, NaF, VEDE

MBPT(2) —361.560 130 —361.612 416 1.42 —361.519 671 —361.761 897 6.59
CCsD —361.566 291 —361.600 307 0.93 —361.525 468 —361.753 499 6.20
CCSD+T —361.590 905 —361.633 031 1.15 —361.552 931 —361.779 322 6.16
ccsOoT) —361.588 820 —361.627 814 1.06 —361.550 033 —361.777 029 6.18
NaCl, NaCl, EAyen NaCl, NaCl, VEDE

MBPT(2) —1081.834 791 —1081.922 465 2.38 —1081.794 032 —1082.010 719 5.90
CCsD —1081.861 832 —1081.942 827 2.20 —1081.820 884 —1082.034 956 5.83
CCSD+T —1081.889 541 —1081.972 001 2.24 —1081.849 840 —1082.061 763 5.77
ccsoT) —1081.888 856 —1081.971 322 2.24 —1081.849 032 —1082.061 201 5.77
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TABLE VI. Bond dissociation energies of the molecules and the anions calculated at the OOSMR level.
The data for atoms and diatomics are taken from Ref. 78, for triatomics as calculated in the present work.

Neutral triatomics Anions
Channel De, eV D, kcal/mol Channel De, eV Dy, kcal/mol
LiF,—LiF+F 0.889 20.51 LiF; —LiIF+F 3.013 69.50
LiCl,—LiCl+ClI 1.080 2491 LiCl, —LiCl+CI™ 2.544 58.68
NaFk,—NaF+F 0.838 19.33 NaF, —NaF+F~ 2.123 48.97
NaChb—NaCH-Cl 1.093 25.21 NaCl, —»NaCl+CI™ 2.277 52.52

One could assume that other factors such as the electrefhd A 2 FLIF<9.4°). The main reason for such a discrep-
relaxation and the electron correlation should be taken intgncy is the failure of the DFT method in reproducing the
account as well. Let us compare different contributions to thgrF—p)~ bond length. Even for the isolated fnion, the DFT
VEDEs of F~ and LiF,. The VEDE of F equals 4.92 eV at  equilibrium bond length of 2.009 A is substantially longer
the Koopmans’ approximation, 1.18 eV at tA&CF level  than the bond length obtained at the MBRJT(1.930 A and
and 3.33 eV at the CC3D)/WMR level compared to the ccsp (1.948 A levels. The Lik radical is found to be
experimental value of 3.40 e¥The VEDE of LiF, is 8.03  thermodynamically stable, and its CCEIVWMR dissocia-
eV at Koopmans’ approximation, 4.55 eV at h&CF level,  tjon energy of 20.5 kcal/mol towards LiFF is somewhat
and 6.51 eV at the CCSD)/WMR level. One can see that |4rger than the previous estimates of 17.6 and 14.0 kcal/mol
the VEDE increases when going from Fo LiF, already at obtained at the MBP®)/6-311+G(d) and
Koopmans’ approximation as the result of the three faCtor%ISD/6-31HG(d) levels, respectivel§’
mentioned above. However, the VEDE of LiFbecomes The Li—Cl bond lengths and valence angle of LiGp-

somewhat larger, also, as the result of smaller orbital relaxﬁmized at the MBPT2) and CCSD levels are nearly the
ation energy of Li (—3.48eV) than in F (=3.74eV). ame (AR<0.03 A and A~ CILiCI<0.6°, but they are
The contribution from electron correlation equals about 2 evzomewhat different from those obtained, at the DET level
and is nearly the same for both species. Therefore the d?’ARwO 11 A andA / CILICI~2.8°). The reason for such a

crease in the orbital relaxation contribution to the VEDE of . . : : .

: . discrepancy is again due to the failure of the DFT method in
the superhalogen anions with respect to that of halogepe roducing theCl—Cl)~ bond length. For an isolated T
atomic anions is also a factor for increasing the VEDE of b 9 gh. £

superhalogen anions with respect to the VEDE of the atomi@'on: the equ_|I|br|um bond Ieng_th of 2.755 A optimized at

halogen anions. the DFT level is larger than obtained at the MBPRJT(2.651
A) and CCSD(2.675 A levels. The LiC} is thermodynami-

cally stable, and its CCSD)/WMR dissociation energy of

IV. THE STRUCTURE OF THE MX, NEUTRAL 24.9 kcal/mol(into LiCI+Cl) is rather close to the previ-

SUPERHALOGENS AND ADIABATIC ELECTRON

AFFINITIES ously computed valué$ of 21.7 [MBPT(4)/6-311+G(d)]
_ - and 24.1[ CISD/6-311G(d)] kcal/mol.
A. Structure and thermodynamical stability The Na—F bond length and valence angle of Nafti-

The (G, ,%B,) electronic state with the valence configu- mized at all three levels of theory are rather different for this
ration 1a21b22a23a21b?2b21a23b; was found to be the radical(AR~0.17 A andA 2 FNaF~6.6°). Such large dis-
ground state for the MXsuperhalogens in previous ab initio crepancies between the bond lengths optimized at the
calculation€?~®5The geometries optimized at three levels of MBPT(2) and CCSD levels are especially disturbing, and a
theory are collected in Tables | and Il. The bond length andsimilar pattern is found for the NgFanion as well. The
valence angle of LifFoptimized at the MBPT2) and CCSD Nak radical is thermodynamically stable and possesses a
levels are similar(AR<0.01 A and A/ FLiF<0.5°), but  dissociation energy of 19.3 kcal/m@b NaF+F) computed
they are somewhat different at the DFT leYAIR<0.09 A at the CCSIT)/WMR level, which is substantially higher

TABLE VII. Adiabatic electron affinitiegin eV) of MX,, MX, M, and X.

MX, MBPT(2? CCSD* CCSDT)® MX CCSD(T® Exp® A CCSDT)P Expd

LiF, 5.60 5.28 5.45 LiF 0.356 Li 0.617 0.61805)
LiCl, 4.89 4.83 4.97 LiCl 0.577 0.593 Na 0.541 0.5
NaF, 5.14 4.86 5.12 NaF 0.510 0520 F 3.317 3.3299
NaCl, 4.62 4.56 4.69 NacCl 0.697 0.727 CI 3.506 3.@7
8Basis is 6-3% G(d).

bBasis is WMR.

‘See Ref. 82.

dSee Ref. 3.
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than the previously obtaint values of 9.0[MBPT(4)/  experimental observations of Howard and AndréiEhere-
6-311+G(d)] and 6.5[ CISD/6-311+G(d)] kcal/mol. fore one could consider that there is good agreement between
Variations in the geometrical parameters of NaGb-  experimental and calculated spectra of LiF
tained at all three levels of theory are similar to the variations ~ The frequencies of LiGlcomputed at all three levels of
found for the LiF; and LiCl, species. The Na—Cl bond length theory are in better accord with each other than for,LiF
and valence angle optimized at the MBRJrand CCSD lev-  (We will preserve in this paper the numeration of frequencies
els are close to each othéAR<0.03 A andA~CINaCl  widely accepted in theoretical chemistry, namely: a higher
<0.5°), but they are rather different from those obtained atfrequency of a given symmetry has a higher number. There-
the DFT level(AR~0.12 A andA 2 CINaCl=2.6°). Such fore ourv; and v, frequencies correspond to thg and v,
large deviations are again due to the failure of the DFTfrequencies in Howard and Andrews’ articRS$Y) The
method in reproducing théCl-Cl)~ bond length. The NaGl  vi(a;) andv,(a;) frequences are similar at the CC$bB6
radical is found to be thermodynamically stable and itsand 211 cm?, respectively and MBPT2) (543 and
CCSOT)/WMR dissociation energy of 25.2 kcal/méto 211 cmil, respectively levels of theory, but they are some-
NaCHCl) can be compared to the values of 20.5what underestimated at the DFT lew®03 and 179 cmt,
[MBPT(4)/6-311+G(d)] and 18.9 kcal/mol[CISD/6-311 respectively. The less accurate description at the DFT level
+G(d)].%* seems to be due to the inability of the DIBBLYP) method
to describe the vibrations in the isolated, Gbn: »=198,
238, and 231cmt at the DFT/6-31%G(d),
MBPT(2)/6-311+G(d), and CCSD/6-311G(d) levels, re-
Let us first discuss the computed vibrational spectrum obpectively. For the thirdvy(b,) vibrational frequency of
LiF, (see Table Il). While the»,(a;) mode at 720 cm'is  LiCl,, the DFT and CCSD methods provide almost the same
similar at all levels of theory, the secomg(a;) mode varies  value, while this frequency is overestimated by 93 émith
from 338cm?! at the DFT level to 426cmt at the respect to the CCSD value at the MBRY level. Ju and
MBPT(2) level, with an intermediate value of 408 chat  Davidsori* found the same value of 513 crhof the v3(b,)
the CCSD level. The first mode corresponds to the-f, vibrational frequency at the UHF/6-3315(d) level, as we
interionic motion and the second corresponds to the infound at the MBP12)/6-311+G(d) level.
traionic (F—P~ motion. The interionic motion is described Howard and Andrew® have observed a well-resolved
well at all levels of theory, while the intraionic motion is triplet at 540.4, 533.0, and 5256..0cm ! and a very
very sensitive to the method of calculations, which can bestrong band at 2480.7 cmi ! with weak features at 253.4
seen from the calculated vibrational frequencies in the iso=0.7 and 484.Z 0.6 cri ! in the Raman spectra £i*°Cl,
lated F, ion: 365, 468, and 442cnt at the DFT/ species. The Ar¥‘Cl, (99.5% enriched experiments with
6-311+G(d), MBPT(2)/6-311+G(d), and CCSD/6-311 lithium have shown four bands in a Raman scan: a series at
+G(d) levels of theory, respectively. For the third vibra- 241.40.5, 476-0.9, and 707.81.0cm ! and a single
tional mode of LiF;, the DFT and CCSD methods produce aband at 522.£ 0.5 cmt. We found from our calculations
discrepancy similar in range to those of the first mode, whilethat the intraionic (F—F) frequencyv,(a;) of 211 cm?!
the vibrational frequency obtained at the MBRJlevel is  has the highest Raman intensiggt the UHF/6-31%G(d)
different. This is an indication of a symmetry broken solu-level) and the interionic (Li—Cl,) frequencyvi(a;) of
tion along this mode, which could be seen also from the536 cmi ! has to be Raman intense in nice agreement with
UHF/6-311+G(d) calculations performed by Ju and the experimental findings.
Davidson$* where thevy(b,) mode was found to be too The calculated harmonic frequencies of NaEveal a
high (979 cm'Y). strong dependence on the method used as well.vEfie,)
Howard and Andrew¥ have assigned the frequency of values calculated with different methods are 538¢m
452 cm! to the intraionic(F—P)~ vibration for both®LiF,  [UHF/6-311G(d)],%* 966 cmt [MBPT(2)/6-311+G(d)]
and ’LiF, species and the mode with the frequency ofand 1043 cr! [CCSD/6-314#G(d)], i.e., one sees unusu-
708 cmi ! to the Li*—F, interionic motion. Our frequencies ally large differences. Even at the CCSD level, we have ob-
presented in Tables | and Il correspond to the isotope.  served a symmetry broken problem fiey(b,). The stability
For a correct comparison, we perform a frequency calculaanalysis revealed that this instability is of a “UHFUHF of
tion for 6LiF, using the DFT force field. The corresponding broken symmetry” type, which corresponds to lowering the
frequencies are found to be;(a;)=766cm?, v,(a;) symmetry to G. We performed additional calculations with
=340 cm'%, and v3(b,)=565 cm %, There is a substantial ACES Il at the CCSIT)/POL1 level (POL1 is the basid
isotope shift of 45cm! for v,(a;) and of 30cm? for  developed for describing polarizabilitigsand have not
v3(b,). A small isotope shift of 2 cmt was found for found any instability at this level, see Table IV. The DFT
v,(a;) in agreement with the experimental findirfiysAc- method is found to be free from any symmetry-breaking
cording to the results of our calculations, thg(a;) vibra-  problem as well.
tion should be the most intense in the infrared spectra and the Howard and Andrew have assigned the frequency of
v,(a;) mode should be the most intense in Raman spectrd54 cm ! to the N&—F, interionic vibration and the fre-
(Raman intensities are available only at thequency of 475 cm! to the intraionic (F—F) vibration of the
UHF/6-311+G(d) level of theory, in correspondence with NaF; radical. These values can be compared to the values of

B. Vibrational frequencies
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369cm! and 589 cm?, respectively, calculated at the attachment energy (EA,) for LiF, is the difference in the

CCsOT) level. total energies of Lik and LiF, at the equilibrium geometry
Howard and Andrews stat&tthat thev; andv, modes  of the neutral radical and equals 2.18 eV.
should mix because these modes are of the sansymme- The CCSDT)/WMR EA,4 of LIiCl, is 4.97 eV, which is

try. They pointed out also a frequency crossover between thalso higher than 3.6 eV; therefore Lidb also a superhalo-
interionic and intraionic modes in Lifand Nak, whichisin  gen. For comparison, the EA of the chlorine atom calculated
agreement with our computational results. Indeed, we havat the same level of theory is 3.51 eV versus the experimen-
found the higher frequencies in LiFLiCl,, and NaC} to  tal value of 3.61@) eV.2 The EAy of LiCl, is lower than
correspond to the intraionic mode and the lower frequenciethe VEDE of LICL, by 0.91 eV, and the vertical electron
to correspond to the interionic mode. The interionic modeattachment energy for Liglis 2.85 eV.

has substantially higher ir intensitgee Table 1Y according The EAy4 of NaF, calculated at the CCSD)/WMR

to the results of our calculations. However, the lower fre-level is 5.12 eV, implying that NgHs also a superhalogen.
guency has a higher ir intensity in NgChnd the analysis of The EAy4 of NaF, is lower by 1.06 eV than the VEDE of
this mode reveals that it is mainly interionic, while both the NaF, , and the vertical electron attachment energy for NaF
v, andv, modes in Nakare mixed substantially. Therefore was found to be only 1.06 eV.

the interionic and intraionic modes in NaRkave a crossover The EA,qof NaCl, calculated at CCSO)/WMR level is

in correspondence with Howard and Andrefistatement.  4.69 eV, being the lowest in the series considered. However,

As concerns NaG] two modes corresponding to the it is still higher than the superhalogen threshold of 3.6 eV.
Na"—Cl, interionic motion and to the intraionic (CI-Cl)  The EAy of NaCl, is lower by 1.08 eV than the VEDE of
motion are similar at all three levels of theory. As for the NaCl, , and the vertical electron attachment energy for
third vibrational mode, the DFT and CCSD methods provideNaCl, is found to be 2.24 eV.
nearly the same results, while the vibrational frequency ob-
tained at the MBPTR) level bears some attributes of a
symmetry-broken solution, which could be anticipated fromy, ovERVIEW
a rather high infrared intensity of the mode.

Howard and Andrew® found that in Ar matrices the All four systems, Lik, LiCl,, NaF,, and NaCJ consid-
most intense signal in the Raman spectra of Na-i€lo-  ered in the present work possess high adiabatic electron af-
cated at 224.240.5cm ! and a moderately strong band is finities (EA,9, which have been computed to be 5.45, 4.97,
located at 274.641.0 cm %, while in Xe matrices they found 5.12, and 4.69 eV, respectively, at the CG$PDlevel of
a strong band at 219+10.8 cmi* and weaker signals at theory with a large ANO basis set. While there is no experi-
254.6:0.9 and 276.80.8cm®. In the Kr matrices, the mental data on the EA of the MX, superhalogens, Miller
273 cm ! band was found to be five times stronger than theand Linebergé? found that none of the (NaP,, ions (in-

225 cm ! band. The same features at 225.5 and 272.0'cm cluding FNaF) can photodetach with 2.540 eV photons,
were found to be strong also in the infrared spectra ofvhich lends support to the high electron detachment energy
Na—Cb.%t of NaF, computed in this work. The Efs of the diatomic

According to the results of our calculations, the vibrationMX molecules computed at the CCED/WMR level are in
v1(a;) of 315 cm ! should be the most intense in the infra- excellent agreemeritvithin 0.03 eV} with the experimental
red spectra of NaGland the vibrationv,(a;) of 203cm*  data® Even in the “worst” cases systems such as F and Cl
should be the most intense in the Raman spdtheRaman (see Table VIl and the NH radical! the CCSOIT)/WMR
intensity is available only at the UHF/6-3%5(d) level of  level is capable of reproducing the data obtained with the
theory). Once again, the Na-Cl, interionicv,(a,) value is  photodetachment spectroscopy within 0.1 eV. Similar or bet-
overestimated and the (CI-Cl)intraionic v,(a;) value is  ter accuracy should be anticipated for the gAf the MX,
underestimated, as was the value for LiFowever, we be- superhalogens.
lieve that there should be an overall good agreement between The EA,s of the Lik, LiCl,, NaF,, and NaC} radicals
the experimental and calculated spectra of NaCl exceed the highest atomic EA.62 eV, Cl(Ref. 3)]; there-
fore, all these radicals are superhalogens. The radicals are
found to be thermodynamically stable with dissociation en-
ergies of 20.5, 24.9, 19.3, and 25.2 kcal/mol, respectively.
The computed vertical electron attachment energies are sub-
stantially lower than the EAs, namely: 2.18 (Lif), 2.85

The most accurate EA of LiF, calculated at the (LiCl,), 1.06 (Nak), and 2.24 (NaG) eV, respectively.
CCSOT)/WMR level is 5.45 eV, which is much higher than The vertical electron detachment energi®&EDE) for
the 3.6 eV superhalogen threshold. For comparison, the Efhe corresponding LiF, LiCl,, NaF,, and NaCJ anions
of the fluorine atom calculated at the same level of theory isre calculated by a fully relaxedNCCSDO(T) level of theory.
3.32 eV versus the experimental value of 3.38@V3 The  The computed VEDEs are 6.51 (LiF, 5.88 (LiCl), 6.18
EA,y equals the adiabatic electron detachment energyNaF,), and 5.77 (NaGl) eV, in nice agreement with the
(AEDE) and is lower by 1.06 eV than the VEDompare values calculated by the AQB) approximation of the Green
entries of Table V and V)lof LiF, . The vertical electron function method?

C. Electron affinities
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The dissociation energies of MXinto MX+X~ are
found to be 69.5 (LiF), 58.7 (LiCkL), 49.0 (NaF), and

52.5 (NaCJ) kcal/mol, which are substantially higher than
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