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First experimental photoelectron spectra of superhalogens
and their theoretical interpretations
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Photoelectron spectra of the MX2
2 ~M5Li, Na; X5Cl, Br, I! superhalogen anions have been

obtained for the first time. The first vertical detachment energies~VDEs! were measured to be
5.9260.04 (LiCl2

2), 5.8660.06 (NaCl2
2), 5.4260.03 (LiBr2

2), 5.3660.06 (NaBr2
2), 4.8860.03

(LiI 2
2), and 4.8460.06 eV (NaI2

2), which are all well above the 3.61 eV electron detachment
energy of Cl2, the highest among atomic anions. Experimental photoelectron spectra have been
assigned on the basis ofab initio outer valence Green function~OVGF! calculations. The
corresponding theoretical first VDEs were found to be 5.90 (LiCl2

2), 5.81 (NaCl2
2), 5.48 (LiBr2

2),
5.43 (NaBr2

2), 4.57 (LiI2
2), and 4.50 eV (NaI2

2), in excellent agreement with the experimental
values. Photodetachment from the top four valence molecular orbitals (2sg

22su
21pu

41pg
4) of MX2

2

was observed. Analysis of the polestrength showed that all electron detachment channels in this
study can be described as primarily one-electron processes. ©1999 American Institute of Physics.
@S0021-9606~99!01010-7#
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I. INTRODUCTION

Molecules with high electron affinities~EAs! play a very
important role in chemistry. For example, in 1962, Bartl
synthesized the first chemically bound xenon
Xe1@PtF6] 2.1 This milestone work started the Chemistry
Nobel Gases, which previously have been considered as
solutely inert atoms. Since then, numerous molecules w
high EAs were used to synthesize a wide variety of n
chemical compounds, in which very strong oxidizers we
required. Even today, molecules with high EAs continue
be employed in the preparation of many new materials,
cluding organic metals and organic superconductors.2

Halogen atoms possess the highest EAs~3.0–3.6 eV!
among all the atoms.3 However, molecules may exceed th
3.6 eV limit due to collective effects. There is a class
molecules, known as superhalogens4,5 that are especially im-
portant oxidizers. The EAs of many superhalogens have b
estimated both theoretically4–34 and experimentally.35–59 In
1981 Gutsev and Boldyrev proposed a simple formula
one class of superhalogens, MXk11 , where M is a main
group or transition metal atom, X is a halogen atom, andk is
the maximal formal valence of the atom M.4 Some super-
halogen anions, such as BF4

2 , AlCl4
2 , ScF4

2 , SiCl5
2 , TaF6

2 ,
and AsF6

2 , are commonly found as building blocks in co
densed phase materials and gas phase molecules. Thes
ions have extremely high electron detachment energies
to the delocalization of the extra electron over the electro
gative halogen atoms in the closed shell anions. While th
anions are well characterized in condensed phases, their

a!Electronic mail: LS.WANG@PNL.GOV
4760021-9606/99/110(10)/4763/9/$15.00
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phase electron detachment energies havenot yet been mea
suredexperimentally. There are two main reasons for th
~1! the low stability of the neutral counterparts, making t
Knudsen-type equilibrium experiments very difficult fo
these anions;~2! their very high electron detachment ene
gies, making it very difficult to perform direct photodetac
ment experiments using photoelectron spectroscopy~PES!.

Recently, we have developed a new experimental fa
ity, which couples a magnetic-bottle time-of-flight~TOF!
photoelectron spectroscopy apparatus and an electros
ionization ~ESI! source.60 The aim of this apparatus is t
investigate multiply charged anions.61–63 However, we have
found that it is also ideal for investigating superhaloge
because the ESI source is perfectly suitable for producing
superhalogen anions. The high sensitivity of the magne
bottle PES technique allows high photon energy experime
to be conveniently performed. In this work, we report t
first experimental photoelectron spectra of the smallest
perhalogens for the MXk11

2 class of molecules, where M5Li
and Na and X5Cl, Br, and I.

Although early DVM-Xa calculations4,5 substantially
underestimated the vertical detachment energies~VDEs! of
these superhalogen anions, they were able to find that
VDEs of these species were higher than 3.6 eV and c
firmed their superhalogen nature. More recent and accu
calculations, using Green’s function and coupled-clus
single double triple@CCSD~T!# methods, yielded substan
tially higher values for the VDEs: LiF2

2 ~6.80 eV;16,21,236.51
eV33!, LiCl2

2 ~5.73 eV;23 5.88 eV33!, NaF2
2 ~6.54 eV;23 6.18

eV33!, NaCl2
2 ~5.64 eV;23 5.77 eV33!, KF2

2 ~6.07 eV23!,
KCl2

2 ~5.37 eV23!. Adiabatic detachment energies~ADE! of
LiF2

2 ~5.45 eV33!, LiCl2
2 ~4.97 eV33!, NaF2

2 ~5.12 eV33!,
3 © 1999 American Institute of Physics

P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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NaCl2
2 ~4.69 eV33! were also calculated at the CCSD~T!

level of theory. However, results that have appeared in
literature are not sufficient to interpret our experimental p
toelectron spectra. Therefore we performed additional ca
lations for LiCl2

2 and NaCl2
2 in this work. We further per-

formed new calculations for the heavier superhaloge
LiX 2

2 and NaX2
2 ~X5Br and I!, which were not studied pre

viously.
The current work provides the first experimental ver

cation of the high EAs for the MXk11 superhalogens. The
combination of the experimental and theoretical investi
tion provides a clear picture of the electronic structure of
superhalogens. This paper is organized as follows. In
next section, the experimental aspects are presented a
Sec. III the computational details are described. We rep
the experimental results in Sec. IV, followed by a detai
spectral assignment and discussion in Sec. V. Finally, a s
mary is given in Sec. VI.

II. EXPERIMENT

The experiments were carried out with our new pho
electron spectroscopy facility, which involves a magnet
bottle TOF photoelectron analyzer and an ESI source.60 Brief
descriptions of this apparatus have been reported in ou
cent publications61–63 and details will be published
elsewhere.60 To produce the desired anions, we used a 1024

molar solution of the corresponding salts~LiCl, NaCl, LiBr,
NaBr, LiI, and NaI! at pH57 in a water/methanol mixed
solvent~2/98 ratio!. The solution was sprayed through a 0.
mm diam syringe needle at ambient atmosphere and at a
voltage bias of22.2 kV, producing highly charged liquid
droplets which were fed into a desolvation capillary. Neg
tively charged molecular ions emerging from the desolvat
capillary were guided by a radio frequency-only quadru
ion guide into an ion trap, where the ions were accumula
for 0.1 s before being pushed into the extraction zone o
TOF mass spectrometer. The major anions from the
source were of the form, MkXk11

2 , and their relative inten-
sities depended on the source conditions. In the current
periments, we focus on the smallest species, MX2

2 .
In each PES experiment, the anions of interest w

mass selected and decelerated before being intercepted
laser beam in the detachment zone of the magnetic-b
photoelectron analyzer. For the current study, photodeta
ment at 193 nm~6.424 eV! from an ArF excimer laser wa
used due to the high electron binding energies of the su
halogens. Photoelectron TOF spectra were collected for e
anion and then converted to kinetic energy spectra, calibr
by the known spectra of I2 and O2. The binding energy
spectra were obtained by subtracting the kinetic energy s
tra from the photon energy. The energy resolution was ab
20 meV full width at half maximum~FWHM! at 0.4 eV
kinetic energy, as measured from the spectrum of I2 at 355
nm and would deteriorate at higher kinetic energies.

III. COMPUTATIONAL DETAILS

In recent studies, Gutsev and others showed that reli
results for neutral superhalogens can be obtained only
Downloaded 26 Jun 2007 to 130.20.226.164. Redistribution subject to AI
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the infinite-order coupled-cluster method at the all sing
and doubles~CCSD! level with the noniterative inclusion o
triple excitations CCSD~T!.64,65 Therefore in this study we
employed the CCSD~T! method in all our geometry and fre
quency calculations using theGAUSSIAN-94 program.66

Moderate-sized 6 – 3111G(d) basis sets67–70 were used in
these calculations for LiCl, LiCl2

2 , LiCl2 , NaCl, NaCl2
2 ,

NaCl2 , LiBr, LiBr 2
2 , LiBr2 , NaBr, NaBr2

2 , and NaBr2 , and
the core electrons were kept frozen in treating the elect
correlation.

CCSD~T! geometry calculations for LiI, LiI2
2 , LiI 2 ,

NaI, NaI2
2 , and NaI2 were performed with basis sets co

structed from the LANLDZ basis sets ~incorporated in
GAUSSIAN-94!71,72 extended by a set ofsp functions to make
it triple-zeta quality@a(s,p)50.56 for Li, a(s,p)50.19 for
Na, anda(s,p)50.56 for I#, by a set ofd functions@a(d)
50.19 for Li, a(d)50.13 for Na, anda(d)50.27 for I# and
by a set of diffusesp functions on I@a(s,p)50.03#. The
Los Alamos effective relativistic pseudopotentials were us
to treat core electrons in these calculations~except Li, where
all electrons were included in self-consistent field~SCF!
calculations!.71,72The additionals, p, d functions on Li and I
were optimized using the MP2 total energy of the LiI mo
ecule at the equilibrium bond length (Re52.392 Å). Thes,
p, andd functions on Na were optimized using the MP2 to
energy of the NaI molecule at the equilibrium bond leng
(Re52.711 Å). Thes, p diffuse functions on I were opti-
mized using the MP2 total energy of I2. The resulting basis
sets ~TZ1d1diff) were used in all calculations on th
iodine-containing molecules. Frequency calculations w
not performed at the CCSD~T!/TZ1d1diff level of theory
because of a problem in theGAUSSIAN-94 program, which is
unable to run CCSD~T! frequency calculations with pseudo
potentials. The results of our calculations for LiCl, NaC
LiBr, NaBr, LiI, and NaI together with experimental data a
presented in Table I.

VDEs of the superhalogen anions were calculated us
the outer valence Green function~OVGF! method73–77incor-
porated in GAUSSIAN-94. The 6 – 3111G(2d f) basis sets
were used in the OVGF calculations of LiCl, LiCl2

2 , NaCl,
NaCl2

2 , LiBr, LiBr 2
2 , NaBr, NaBr2

2 , and the TZ1d1diff

TABLE I. Calculated and experimental molecular properties of LiCl, Na
LiBr, NaBr, LiI, and NaI.

Molecule
(C`v , 1S1) Method

ECCSD~T)

~a.u.!
R ~M-X !

~Å!
ve

~cm21!

LiCl CCSD~T!/6–3111G* 2467.204 312 2.022 659
Experimenta 2.020 673 643.31

NaCl CCSD~T!/6–3111G* 2621.592 593 2.382 367
Experimenta 2.360 795 366

LiBr CCSD~T!/6–3111G* 22580.052 965 2.188 569
Experimenta 2.170 427 563.16

NaBr CCSD~T!/6–3111G* 22734.445 632 2.539 297
Experimenta 2.502 038 302.1

LiI CCSD~T!/TZ1d1diff 218.829 475 2.419
Experimenta 2.391 924 498.16

NaI CCSD~T!/TZ1d1diff 211.558 204 2.766
Experimenta 2.711 452 258

aReference 82.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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basis sets were used in the OVGF calculations of LiI, LiI2
2 ,

NaI and NaI2
2 . For the superhalogens studied here, one m

expect an appreciable spin-orbit splitting, especially for co
pounds containing Br and I. To incorporate such spin-o
splitting in our interpretational scheme, we first perform
OVGF calculations of diatomic molecules: LiCl, NaCl, LiB
NaBr, LiI, and NaI without spin-orbit coupling. From exper
mental data of these molecules we then estimated spin-
couplings. The spin-orbit uncorrected and corrected OV
results based on the experimental spin-orbit couplings
gether with experimental data are presented in Tables II
for the diatomic molecules.

TABLE II. Experimental and calculated vertical ionization potentials~IP,
eV! of LiCl and NaCl.

Ionization transitions:
MX ( 1S1)→MX1

or MX2 (2S1)→MX IP ~exp.!

IP ~theo.!d

OVGF/6–3111
G(2d f)1Corr.

IP ~theo.!e

OVGF/6–3111
G(2d f)

LiCl
X 2P3/2 (2s21p3) 9.965a 10.03 10.06~0.923! (2P)

2P1/2 10.024a 10.09
2S1 (2s11p4) 10.71a 10.69 10.69~0.917! (2S1)

LiCl2

X 2S1 (2s21p43s1) 0.593b 0.52 0.52 ~0.994! (2S1)
NaCl
X 2P3/2 (2s21p3) 9.34c 9.17 9.20 ~0.917! (2P)

2P1/2 9.23
2S1 (2s11p4) 9.80c 9.63 9.63 ~0.917! (2S1)

NaCl2

X 2S1 (2s21p43s1) 0.727b 0.62 0.62 ~0.995! (2S1)

aReference 83.
bReference 84.
cReference 85.
dSpin-orbit correction was added on the basis of the experimental2P3/2 and
2P1/2 splitting in LiCl ~Ref. 83!.

ePolestrength is given in parentheses.

TABLE III. Experimental and calculated vertical ionization potentials~IP,
eV! of LiBr and NaBr.

Ionization transitions:
MX ( 1S1)→MX1

or MX2 (2S1)→MX IP ~exp.!

IP ~theo.!d

OVGF/6–3111
G(2d f)1Corr.

IP ~theo.!e

OVGF/6–3111
G(2d f)

LiBr
X 2P3/2 (2s21p3) 9.279a 9.29 9.36 ~0.920! (2P)

2P1/2 9.416a 9.43
2S1 (2s11p4) 10.28a 10.04 10.11~0.919! (2S1)

LiBr2

X 2S1 (2s21p43s1) 0.58 0.58 ~0.992! (2S1)
NaBr
X 2P3/2 (2s21p3) 8.80c 8.64 8.71 ~0.918! (2P)

2P1/2 8.78
2S1 (2s11p4) 9.45c 9.19 9.19 ~0.917! (2S1)

NaBr2

X 2S1 (2s21p43s1) 0.788b 0.68 0.68 ~0.992! (2S1)

aReference 83.
bReference 84.
cReference 85.
dSpin-orbit correction was added on the basis of the experimental2P3/2 and
2P1/2 splitting in LiBr ~Ref. 83!.

ePolestrength is given in parentheses.
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If we average the ionization potentials~IPs! of the final
2P3/2 and2P1/2 states for LiCl, we find that the experiment
and theoretical results agree within 0.066 eV for the first
and 0.02 eV for the second IP~Table II!. The vertical EA
~EAv! of LiCl is within 0.073 eV between the experimen
and theory. For NaCl the calculated first and second IPs
EA agree with the experimental data within 0.14, 0.17, a
0.10 eV, respectively~Table II!. The same averaging fo
LiBr gives 9.348 eV for the first experimental IP compar
to the 9.36 eV from our calculations~Table III!. The second
calculated IP agrees with the experimental one within 0
eV. For NaBr the calculated first and second IPs and
agree with the experimental values within 0.09, 0.26, a
0.11 eV, respectively. For LiI the calculated first IP is
good agreement with the experimental one, while the sec
IP is off by 0.58 eV~Table IV!. For NaI the calculated firs
and second IPs are lower than the experimental ones by;1
eV ~Table IV!. We believe that the large discrepancies in t
IPs of NaI and the 2s-MO of LiI may be a result of pseudo
potentials used in these calculations, or core-valent elec
correlation, or relativistic effects on I. Except the latter, t
overall agreement is rather good and we expect a sim
agreement for small superhalogens studied here. We use
spin-orbit corrections from the diatomics in our calculatio
of the corresponding superhalogens, because we expe
similar order of spin-orbit contributions in the superhaloge
as in the diatomics due to their similar alkali-halogen bo
lengths.

IV. EXPERIMENTAL RESULTS

The experimental photoelectron spectra of LiX2
2 and

NaX2
2 ~X5Cl, Br, and I! are shown in Figs. 1 and 2, respe

tively. All the species exhibit extremely high binding ene
gies ~BEs!, as expected for these superhalogens. Since
signals were observed in the low BE side, all the spectra
presented starting from 3.0 eV. We also tried to perfo
experiments on the corresponding fluoride superhalog
LiF2

2 and NaF2
2 . But their electron binding energies ap

peared to be beyond our detachment laser photon en
~6.424 eV! and no spectra were able to be obtained. O

TABLE IV. Experimental and calculated vertical ionization potentials~IP,
eV! of LiI and NaI.

Ionization transitions:
MX ( 1S1)→MX1

or MX2 (2S1)→MX IP ~exp.!

IP ~theo.!c

OVGF/TZ1d
1diff1Corr.

IP ~theo.!d

OVGF/TZ1d
1diff

LiI
X 2P3/2 (2s21p3) 8.44a 8.28 8.44 ~0.926! (2P)

2P1/2 8.765a 8.60
2S1 (2s11p4) 9.84a 9.26 9.26 ~0.923! (2S1)

NaI
X 2P3/2 (2s21p3) 8.80b 7.66 7.82 ~0.931! (2P)

2P1/2 7.98
2S1 (2s11p4) 9.45b 8.39 8.39 ~0.932! (2S1)

aReference 83.
bReference 85.
cSpin-orbit correction was added on the basis of the experimental2P3/2 and
2P1/2 splitting in LiI ~Ref. 85!.

dPolestrength is given in parentheses.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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inability to observe spectra of the fluoride superhalogens
also complicated by their low ion abundance due to the
solubility of the fluoride compounds in water solutions. W
were able to obtain the spectrum of KF2

2 , whose VDE was
measured to be 5.6160.04 eV. However, in this paper, w
only focus on the Li- and Na-containing species. Overall,
found that the BEs of the MX2

2 species decrease as the s
of the metal and halogen ions increases, as expected from
simple electrostatic argument. For the Br- and I-contain
species, we observed more spectral features, which also
hibit obvious similarities for the same metal~Figs. 1 and 2!.
The measured VDEs for the spectral features are summa
in Tables VI–VIII, for the Cl-, Br-, and I-containing specie
respectively. The detailed assignment and comparisons
the theoretical calculations will be discussed for each su
halogen in the following section.

V. SPECTRAL ASSIGNMENTS AND DISCUSSION

In previous studies4,5,16,23,33 it was found that all the
MX2

2 anions have a linear structure and can be viewed
simple X21M11X21 ionic systems as expected. Their v
lence electronic configurations can be described
1sg

21su
22sg

22su
21pu

41pg
4, where 1sg and 1su are mainly

the bonding and antibonding MOs from thes valence orbitals
of the halogens; 2sg and 1pu , and 2su and 1pg are the
bonding and antibonding MOs from the valencep orbitals of
the halogens. A similar picture was found for all the MX2

2

superhalogens in this study as well. The results of our ca
lations for LiCl2

2 , NaCl2
2 , LiBr2

2 , NaBr2
2 , LiI 2

2 , and NaI2
2

are presented in Table V. For LiCl2
2 and NaCl2

2 our results

FIG. 1. Photoelectron spectra of LiX2
2 ~X5Cl, Br, and I! at 193 nm. The

spin-orbit splitting of the2P states is indicated by the vertical lines.
Downloaded 26 Jun 2007 to 130.20.226.164. Redistribution subject to AI
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are in excellent agreement with previous calculatio
at the B3LYP/6-3111G*, MBPT2/6-3111G* and
CCSD/6-3111G* level of theory33 and at the configuration
interaction with single and double excitations~CISD! level
of theory using TZP1SP diffuse functions basis sets.23 For
the remaining four anions containing Br and I, there were
previous studies and thus calculations have been perfor
for the first time. Optimized geometries for the anions we
then used to calculate VDEs to help the interpretation of
obtained experimental photoelectron spectra. Previous ca
lations found that the equilibrium geometries of the neut
superhalogens, LiCl2 and NaCl2 , are not linear, but ben
with rather small bond angles. Calculations on the neu
species are more challenging, and we did not perform furt
calculations on them. Since photodetachment processe
nature are vertical processes, we found that the calculat
on the anions and the calculated VDEs are adequate to in
pret the experimental data.

Photodetachment is expected to take place from the
lence MOs in each anion (1sg

21su
22sg

22su
21pu

41pg
4). De-

pending on their binding energies, detachment from all
only the top few MOs may be observed experimenta
Even though the spacing among the MOs was expected t
different for each species, similar spectral features were
pected to be observed. Furthermore, detachment from
two p orbitals should result in two spin-orbit componen
complicating the spectral assignments. Large spin-orbit sp
ting should be observed in the Br- and I-containing spec
and the systematic study here helps their identification
gether with the theoretical calculations.

FIG. 2. Photoelectron spectra of NaX2
2 ~X5Cl, Br, and I! at 193 nm. The

spin-orbit splitting of the2P states is indicated by the vertical lines.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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Downloaded 26 Jun
TABLE V. Calculated molecular properties of LiCl2
2 , NaCl2

2 , LiBr2
2 , NaBr2

2 , LiI 2
2 , and NaI2

2 .

Molecule
(D`h , 1Sg

1)
ECCSD~T)

~a.u.!
R ~M-X !

~Å!
n1 (sg)
~cm21!

n2 (su)
~cm21!

n3 (pu)
~cm21!

ZPEc

~eV!

LiCl2
2a 2927.019 970 2.140 220 688 177 0.078

NaCl2
2a 21081.396 675 2.492 191 366 90 0.046

LiBr2
2a 25152.723 228 2.316 132 603 148 0.064

NaBr2
2a 25307.106 325 2.662 116 307 71 0.035

LiI 2
2b 230.182 789 2.507

NaI2
2b 222.902 980 2.874

aCCSD~T!/6–3111G* .
bCCSD~T!/TZ1d1diff.
cZero point energy.
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A. LiCl 2
2 and NaCl 2

2

The photoelectron spectrum of LiCl2
2 ~Fig. 1! showed

two major peaks with very high VDEs at 5.92 and 6.17 e
respectively. Other fine features are discernible as show
Fig. 1. Without spin-orbit corrections our calculation
showed four electron detachment transitions. The VDEs
the first two transitions, due to detachment from thepg and
pu MOs (2Pg and 2Pu final states!, are found to be very
close to each other; the other two transitions due to deta
ment from the 2su and 2sg MOs (2Su

1 and2Sg
1 final states!

are separated from the first group by 0.43 eV~Table VI!.
These results are consistent with the theoretical~0.60 eV!
and experimental~0.69 eV! 2P-2S1 splitting in LiCl ~Table
II !. The VDEs of the transitions to the2Sg

1 and 2Su
1 final

states~6.52 and 6.8 eV! are beyond our photon energy~6.424
eV!. Therefore, the two observed major spectral features
assigned to be from detachment of the twop MOs of LiCl2

2 .
When spin-orbit corrections were added, the calcula
VDEs are again separated into two groups of peaks with
first group almost equidistantly covering the BE range fro
5.90 to 6.12 eV. The 0.06 eV spin-orbit splitting for the tw
2P states is quite close to then2 vibrational frequency of the
anion, complicating the assignments of the fine feature
 2007 to 130.20.226.164. Redistribution subject to AI
,
in

f

h-

re

d
e

in

the spectrum of LiCl2
2 . We tentatively assign the fine fea

tures to the spin-orbit splitting. As seen from Table VI, t
agreement between the calculated and measured VDEs
the 2Pg states is excellent, although the agreement is l
than ideal for the2Pu states.

The spectrum of NaCl2
2 ~Fig. 2! is more congested an

complicated. Several features can be identified in the br
and strong band from 5.6–6.1 eV. A very weak, but w
resolved peak is also observed at 6.33 eV. The meas
VDEs for the observed features are summarized in Table
along with those of LiCl2

2 and compared to the calculate
results. Without spin-orbit corrections our calculatio
yielded four electron detachment transitions with the fi
two transitions (2Pg and2Pu final states! being very close to
each other~within 0.03 eV! and two others transitions (2Sg

and2Su
1 final states! being separated from the first group b

0.19 eV. In the NaCl photoelectron spectrum the2P-2S1

splitting is 0.4660.08 eV ~Table II!, which is smaller than
that in LiCl. Therefore, the smaller2P-2S1 splitting in
NaCl2

2 than that in LiCl2
2 is consistent with the trend in th

diatomics. When spin-orbit corrections were added, the
culated VDEs are again separated into two groups of pe
with the first group almost equidistantly covering the B
TABLE VI. Experimental and calculated vertical detachment energies~VDE, eV! of ClLiCl2 and ClNaCl2.

Detachment transitions:
ClMCl2 (1Sg

1)→ClMCl VDE ~exp.!a

VDE ~theo.!b

OVGF/6–3111
G(2d f)1Corr.

VDE ~theo.!c

OVGF/6–3111
G(2d f)

ClLiCl
X 2Pg3/2 (2sg

22su
21pu

41pg
3) 5.92 ~4! 5.90 5.93 ~0.913! (2Pg)

2Pg1/2 5.99 ~4! 5.96
A 2Pu3/2 (2sg

22su
21pu

31pg
4) 6.17 ~4! 6.06 6.09 ~0.915! (2Pu)

2Pu1/2 6.27 ~4! 6.12
B 2Su

1 (2sg
22su

11pu
41pg

4) 6.52 6.52 ~0.914! (2Su
1)

C 2Sg
1 (2sg

12su
21pu

41pg
4) 6.58 6.58 ~0.912! (2Sg

1)
ClNaCl
X 2Pg3/2 (2sg

22su
21pu

41pg
3) 5.86 ~6! 5.81 5.84 ~0.914! (2Pg)

A 2Pu3/2 (2sg
22su

21pu
31pg

4) 5.91 ~6! 5.84 5.87 ~0.915! (2Pu)
2Pg1/2 5.95 ~6! 5.87
2Pu1/2 5.98 ~6! 5.90

B 2Su
1 (2sg

22su
11pu

41pg
4) 6.03 ~4! 6.06 6.06 ~0.913! (2Su

1)
C 2Sg

1 (2sg
12su

21pu
41pg

4) 6.33 ~3! 6.35 6.35 ~0.915! (2Sg
1)

aThe number in the parentheses is the uncertainty in the last digit.
bSpin-orbit correction was made based on the2P3/2-

2P1/2 splitting ~0.060 eV! in LiCl.
cPolestrength is given in parentheses.
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Downloaded 26 Jun
TABLE VII. Experimental and calculated vertical detachment energies~VDE, eV! of BrLiBr2 and BrNaBr2.

Detachment transitions:
BrMBr2 (1Sg

1)→BrMBr VDE ~exp.!a

VDE ~theo.!b

OVGF/6–3111
G(2d f)1Corr.

VDE ~theo.!c

OVGF/6–3111
G(2d f)

BrLiBr
X 2Pg3/2 (2sg

22su
21pu

41pg
3) 5.42 ~3! 5.48 5.58 ~0.915! (2Pg)

A 2Pu3/2 (2sg
22su

21pu
31pg

4) 5.66 ~6! 5.62 5.72 ~0.916! (2Pu)
2Pg1/2 5.66 ~6! 5.68
2Pu1/2 5.88 ~3! 5.82

B 2Su
1 (2sg

22su
11pu

41pg
4) 6.19 ~3! 6.19 6.19 ~0.913! (2Su

1)
C 2Sg

1 (2sg
12su

21pu
41pg

4) 6.26 ~3! 6.22 6.22 ~0.915! (2Sg
1)

BrNaBr
X 2Pg3/2 (2sg

22su
21pu

41pg
3) 5.36 ~6! 5.42 5.52 ~0.915! (2Pg)

A 2Pu3/2 (2sg
22su

21pu
31pg

4) 5.49 ~4! 5.46 5.56 ~0.916! (2Pu)
2Pg1/2 5.60 ~6! 5.62
2Pu1/2 5.65 ~3! 5.66

B 2Su
1 (2sg

22su
11pu

41pg
4) 5.96 ~3! 5.76 5.76 ~0.914! (2Su

1)
C 2Sg

1 (2sg
12su

21pu
41pg

4) 6.21 ~4! 6.06 6.06 ~0.916! (2Sg
1)

aThe number in the parentheses is the uncertainty in the last digit.
bSpin-orbit correction was made based on the2P3/2-

2P1/2 splitting ~0.213 eV! in LiBr.
cPolestrength is given in parentheses.
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range from 5.81 to 6.06 eV and one state occurs at 6.35
The close spacing among the first group of states,2Pg3/2,
2Pu3/2, 2Pg1/2, 2Pu1/2, and 2Su , is perfectly consisten
with the observed broad peak from 5.6–6.1 eV and are
signed accordingly as shown in Fig. 2. The measured V
of the weak peak at 6.33 eV is in excellent agreement w
the calculated VDE of the2Sg state. The overall assignmen
are shown in Fig. 2 and Table VI. The measured and ca
lated VDEs agree very well. The cross section for deta
ment of the 2sg MO (2Sg final state! appeared to be unusu
ally low. As we will see in the following, this is also the cas
for NaBr2

2 and NaI2
2 ~see Fig. 2!.

The first VDEs reported in Table VI for LiCl2
2 and

NaCl2
2 were calculated by the so-called direct method,
 2007 to 130.20.226.164. Redistribution subject to AI
V.

s-
E
h

u-
-

which electron correlation and electron relaxation correctio
calculated within the OVGF technique were added to
energy of the highest occupied molecular orbital~HOMO!.
Our results can be compared with the similar, but somew
more accurate, third-order algebraic diagrammatic contr
tion Green function@ADC ~3!# method, which Scheller and
Cederbaum23 used to calculate the same VDEs employi
the TZ1d1diff basis sets. Their VDEs were found to b
5.73 eV~LiCl2

2) and 5.64 eV (NaCl2
2), which are very close

to the values calculated here.78 VDEs can also be calculate
using the so-called indirect method, where they are evalua
as the energy difference between the total energy of the
ion and that of its neutral precursor at the optimal geome
of the anion. Gutsev and others performed such calculatio33
TABLE VIII. Experimental and calculated vertical detachment energies~VDE, eV! of ILiI 2 and INaI2.

Detachment transitions:
IMI 2 (1Sg

1)→IMI VDE ~exp.!a

VDE ~theo.!b

OVGF/TZ1d
1diff1Corr.

VDE ~theo.!c

OVGF/TZ1d
1diff

ILiI
X 2Pg3/2 (2sg

22su
21pu

41pg
3) 4.88 ~3! 4.57 4.73 ~0.945! (2Pg)

A 2Pu3/2 (2sg
22su

21pu
31pg

4) 5.10 ~3! 4.83 4.99 ~0.928! (2Pu)
2Pg1/2 5.24 ~6! 4.90
2Pu1/2 5.33 ~3! 5.15

B 2Su
1 (2sg

22su
11pu

41pg
4) 6.11 ~4! 5.93d 5.35 ~0.941! (2Su

1)
C 2Sg

1 (2sg
12su

21pu
41pg

4) 6.20 ~4! 6.54d 5.96 ~0.923! (2Sg
1)

INaI
X 2Pg3/2 (2sg

22su
21pu

41pg
3) 4.84 ~6! 4.50 4.67 ~0.954! (2Pg)

A 2Pu3/2 (2sg
22su

21pu
31pg

4) 5.01 ~4! 4.75 4.91 ~0.922! (2Pu)
2Pg1/2 5.10 ~6! 4.84
2Pu1/2 5.23 ~3! 5.08

B 2Su
1 (2sg

22su
11pu

41pg
4) 5.92 ~3! 6.07e 5.01 ~0.942! (2Su

1)
C 2Sg

1 (2sg
12su

21pu
41pg

4) 6.16 ~4! 6.49e 5.43 ~0.930! (2Sg
1)

aThe number in the parentheses is the uncertainty in the last digit.
bSpin-orbit correction was made based on the2P3/2-

2P1/2 splitting ~0.33 eV! in LiI.
cPolestrength is given in parentheses.
dAn empirical correction of 0.58 eV was added to the2S1-type states based on the LiI results~see Table III!.
eAn empirical correction of 1.06 eV was added to the2S1-type states based on the NaI results~see Table III!.
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at the CCSD~T! level of theory employing large Widmark–
Malmquist–Roos~WMR! basis sets. Their VDEs were foun
to be 5.88 eV (LiCl2

2) and 5.77 eV (NaCl2
2), which are

again in excellent agreement with the results of this work

B. LiBr 2
2 and NaBr 2

2

The photoelectron spectrum of LiBr2
2 is shown in Fig. 1.

Three well-resolved features are observed at 5.42, 5.66,
5.88 eV, followed by a broadband at high BE with fine fe
tures. The measured VDEs are listed in Table VII, along w
the calculated results. Without spin-orbit corrections
found four detachment transitions from the calculations. T
first two transitions from thepg andpu MOs (2Pg and2Pu

final states! are found to be very close to each other; t
other two transitions from the 2su and 2sg MOs (2Su

1 and
2Sg

1 final states! are separated from the first group by 0.
eV. The slightly larger2P-2S1 splitting in LiBr2

2 compared
to that in LiCl2

2 is consistent with the larger2P-2S1 split-
ting in LiBr ~0.86 eV! compared to that in LiCl~0.68 eV!
~see Tables II and III!. One may expect a more profoun
effect of spin-orbit coupling for this anion relative to that
LiCl2

2 . When the spin-orbit corrections were included, t
2Pg3/2 state was found to be separated by 0.20 eV from
2Pg1/2 state. A similar spin-orbit splitting was found fo
2Pu3/2 and2Pu1/2. Interestingly, the2Pu3/2 and2Pg1/2 spin-
orbit states are now becoming very close to each othe
energy. This calculated energy level structure is pleasin
consistent with the observed spectrum of LiBr2

2 . There are
three main features below 6.0 eV with the middle one be
almost twice more intense than its neighbors, suggesting
the intense feature may actually have contributions from
overlapping states. The assignments of the four spin-o
states are shown in Fig. 1. The VDEs for the two detachm
transitions from the 2su and 2sg MOs are calculated to be
very close to each other~within 0.03 eV!, suggesting that
they would overlap with each other and yield the broad f
ture near 6.2 eV. Additional fine features discernible in
spectrum of LiBr2

2 are likely to be due to vibrational fine
structures. Overall the agreement between the measured
calculated VDEs for LiBr2

2 is excellent.
The spectrum of NaBr2

2 is shown in Fig. 2. Five feature
can be easily identified with the ground state feature show
as a shoulder near 5.36 eV. The two high BE features
well resolved with the highest BE feature being very we
The VDEs are listed in Table VII, together with that o
LiBr2

2 and the calculated results. Compared to that
NaCl2

2 , the assignment of the features in NaBr2
2 is straight-

forward. Without spin-orbit corrections we found four d
tachment transitions with the first two transitions (2Pg and
2Pu final states! being very close to each other. There is o
transition (2Su

1 final state! being separated from the firs
group by 0.20 eV and another (2Sg

1 final state! being sepa-
rated from the third by 0.30 eV. When spin-orbit correctio
were added to the calculated VDEs, the2Pg and 2Pu final
states were found to each split into two spin-orbit comp
nents separated by 0.20 eV. The overall assignments
shown in Fig. 2. From Table VII we see that the agreem
between the measured and calculated VDEs is very g
Downloaded 26 Jun 2007 to 130.20.226.164. Redistribution subject to AI
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except the ground state feature. The latter is likely due to
fact that the ground state feature was observed as a sho
and its VDE was difficult to be accurately determined.

C. LiI 2
2 and NaI2

2

The photoelectron spectrum of LiI2
2 is shown in Fig. 1.

It is very similar to that of LiBr2
2 . The measured VDEs ar

listed in Table VIII and compared to the calculated results
LiI the 2P-2S1 splitting is very high~1.06 eV, Table IV!
and one expects a large2P-2S1 splitting in LiI2

2 . Indeed,
the spectrum of LiI2

2 displays two groups of peaks. On
group at lower BE~4.8–5.4 eV! is well separated from an
other group at higher BE around 6.1 eV. The assignment
these features are straightforward by comparing to tha
LiBr2

2 . As we already discussed above, our calculated
from the 2s MO of LiI was heavily underestimated. There
fore, in addition to spin-orbit corrections, we added an e
pirical correction~estimated from LiI! to all VDEs of the
2S1 symmetry. After all corrections were added, the sp
orbit state (2Pg3/2) was found to be separated by 0.26 e
from the group of two states (2Pu3/2 and2Pg1/2), which are
very close to each other. The2Pu1/2 state was separated from
the 2Pg1/2 state by 0.25 eV. The states of2S1 symmetry are
well separated from those of the2P symmetry. This energy
level picture is consistent with the observed spectrum
LiI 2

2 . The overall assignments are given in Fig. 1. As se
from Table VIII, the calculated VDEs are systematica
lower than the measured values. But the trends are con
tent, except the separation between the two2S1 states. The
measured separation is rather small, whereas the calcula
predicted a much larger value. The small measured sep
tion is consistent with that observed in LiBr2

2 . However,
these features were not well experimentally resolved
thus their VDEs can only be tentatively assigned. On
other hand, the calculations are also less accurate and m
accurate calculations are probably needed to resolve this

The spectrum of NaI2
2 is shown in Fig. 2 and exhibits

obvious similarities to that of NaBr2
2 . The VDEs of the ob-

served features are listed in Table VIII along with the calc
lated results. Similar spectral assignments can be made b
on those of the NaBr2

2 . Without spin-orbit corrections we
found four detachment transitions with the first two tran
tions (2Pg and 2Pu final states! being very close to each
other, one transition (2Su

1 final state! being separated from
the first group by 0.20 eV and another one (2Sg

1 final state!
being separated from the third by 0.30 eV. In NaI t
2P-2S1 splitting is 0.65 eV~Table IV! and one can expec
that transitions to the2P and2S1 states in NaI2

2 should also
be well separated. This was indeed what we found in
calculations and in the experimental spectrum. All the
signments are given in Fig. 2. Again the calculated VDEs
consistent with the measured values, but quantitative ag
ment is not achieved, as shown in Table VIII. We would li
to stress here, that because of the use of pseudopotential
the absence of relativistic effects in our calculations
iodine-containing molecules, these results should be con
ered as rather crude and more quantitative analysis of th
spectra will require further calculations.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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D. Overview and discussion

The largest experimentally measured VDE w
for LiCl2

2 ~5.9260.04 eV!. The VDEs were found to
decrease in the series: LiCl2

2 ~5.92 eV!→NaCl2
2 ~5.86 eV!

→ LiBr2
2 ~5.42 eV!→ NaBr2

2 ~5.36 eV!→ LiI 2
2 ~4.88 eV!

→NaI2
2 ~4.84 eV). All six measured VDEs are extreme

high and much larger than 3.61 eV~the largest VDE for the
halogen anions!. According to this trend, LiF2

2 should pos-
sess the highest VDE among the MX2

2 superhalogens. In
deed, we were not able to observe photodetachment f
this anion with our 6.424 eV photon energy, consistent w
the previous calculated VDE of 6.51 eV for this anion.33 The
VDE of NaF2

2 was calculated to be 6.18 eV previously.33

However, we failed to observe detachment from this an
either, probably due to the weak mass signals~the fluorides
tend to have very low solubility in the water solution!. The
only fluoride superhalogen from which we were able to o
serve detachment was KF2

2 , which has a VDE of 5.6160.04
eV. This suggests that a previously calculated VDE for K2

2

~6.07 eV! was too high.23

Besides the above trend in VDEs among the superh
gens, the photoelectron spectra shown in Figs. 1 and 2 re
several other trends which shed light on the chemical bo
ing properties of the MX2

2 superhalogens. First, we observ
that the separation between thep-type ands-type orbitals
increases as the size of the halogen ions increases for
the LiX2

2 and NaX2
2 series. This trend is similar to that ob

served in the diatomics. Comparing the spectra in Fig. 1
2, two other interesting trends are evident: the spacing
tween thepg andpu MOs is larger in the LiX2

2 series than
that in the NaX2

2 series, whereas the separation between
su and sg MOs is the opposite. It is larger in the NaX2

2

series than that in the LiX2
2 series. This observation sugges

that the pp2pp interactions in the LiX2
2 series are more

important than theps2ps interactions, probably due to th
smaller size of the Li1 ion. On the other hand, theps2ps

interactions are more important than thepp2pp interactions
in the NaX2

2 series. Furthermore, we observed that at
current detachment photon energy all thep-type MOs seem
to have higher detachment cross sections than those of ts
type. In particular, we found that detachment cross sec
for the 2sg MO in the NaX2

2 series is unusually low, as see
clearly from Fig. 2.

The reason that the VDE is substantially higher for t
MX k11

2 superhalogens than those for X2 has already been
briefly discussed on the basis of the DVM-Xa

calculations.4,33 Four main reasons have been pointed ou
Refs. 4 and 33 as being responsible for the increase of V
in LiF2

2 relative to F2: ~1! delocalization of the extra elec
tron over two fluorine atoms instead of one;~2! nonbonding
character of the HOMO@central atom does not contribut
valence atomic orbitals~AOs! to the HOMO# and therefore
the HOMO is composed entirely of thepp-AOs of the highly
electronegative fluorine atoms;~3! coordination of F2 anion
to the electropositive ion Li1, i.e., electrostatic effect;~4!
electron relaxation and electron correlation effects.

The same order of excited states as considered here
the superhalogens was found by Ortiz for another type
Downloaded 26 Jun 2007 to 130.20.226.164. Redistribution subject to AI
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superhalogens, BO2
2 ,24 and BS2

2 ,25 which are in fact va-
lence isoelectronic to the anions studied here. Ortiz used
ab initio electron propagator method with 6-3111G(2d f)
basis sets.79 Both of these anions were found to have ve
high VDEs: 4.75 eV (BO2

2) and 3.68 eV (BS2
2), while all of

the superhalogen anions studied here possess even h
VDEs.

In all electron detachment processes considered here
found that the polestrengths are very high~close to 1.0, see
Tables VI–VIII!, which means that all the electron detac
ment processes can be considered as essentially one-ele
processes.

VI. CONCLUSIONS

We reported a combined photoelectron spectrosco
and theoretical study of six superhalogen anions, M2

2

~M5Li and Na; X5Cl, Br, and I!. For the first time, the
extremely high electron detachment energies from the su
halogens were verified experimentally. We anticipate t
progress in developing even more powerful lasers and
ESI technique will help study superhalogens with EAs up
the current theoretical limit of 12–14 eV.80,81 Superhalogens
with such exceptionally high EAs may be used to attemp
make a chemically bound species of argon, yet to be syn
sized. They may also be useful for the synthesis of other n
energy rich materials.
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