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Gas-phase alkaline earth halide anions, MgX3
- and CaX3

- (X ) Cl, Br), were produced using electrospray
and investigated using photoelectron spectroscopy at 157 nm. Extremely high electron binding energies were
observed for all species and their first vertical detachment energies were measured as 6.60( 0.04 eV for
MgCl3-, 6.00( 0.04 eV for MgBr3-, 6.62( 0.04 eV for CaCl3-, and 6.10( 0.04 eV for CaBr3-. The high
electron binding energies indicate these are very stable anions and they belong to a class of anions, called
superhalogens. Theoretical calculations at several levels of theory were carried out on these species, as well
as the analogous BeX3

-. Vertical detachment energy spectra were predicted to compare with the experimental
observations, and good agreement was obtained for all species. The first adiabatic detachment energies were
found to be substantially lower (by about 1 eV) than the corresponding vertical detachment energies for all
the MX3

- species, indicating extremely large geometry changes between MX3
- and MX3. We found that all

the MX3
- anions possessD3h (1A1′) structures and are extremely stable against dissociation into MX2 and

X-. The corresponding neutral species MX3, however, were found to be only weakly bound with respect to
dissociation toward MX2 + X. The global minimum structures of all the MX3 neutrals were found to beC2V

(2B2), which can be described as (X2
-)(MX +) charge-transfer complexes, whereas the MX2‚‚‚X (C2V, 2B1)

van der Waals complexes were shown to be low-lying isomers.

Introduction

Among all the chemical elements, the halogens are known
to have the highest electron affinity (EA) (3.0-3.6 eV).1

However, molecular species are capable of exceeding the 3.617
eV (Cl)1 atomic EA limit due to collective effects. Such species,
although known and of interest since the early 1960s, were first
given the moniker “superhalogens” in 1981, when a simple
formula for a class of high EA species MXk+1 (M is a main
group or transition metal atom, X is a halogen atom or a
monovalent group with high EA such as CN, andk is the
maximum formal valence of M) was proposed.2 The high
electron binding energy in the corresponding negative ions
MX k+1

- when compared to those for X- is due to delocalization
of the additional electron overk+1 X groups, as opposed to a
single X. The EAs of many superhalogens have been estimated
both theoretically3-34 and experimentally.35-58 However, direct
measurements of the high electron binding energies in the
MX k+1

- superhalogens were not possible until recently.
In 1999, the smallest superhalogens, MXk+1

- (M ) Li, Na;
X ) Cl, Br, I), k ) 1, were first studied by photoelectron
spectroscopy (PES), which straightforwardly revealed the high
electron binding energies of these speceis.59 Ab initio calcula-

tions were performed and excellent agreement was found
between the theoretical results and experimental data. The first
vertical detachment energies (VDE’s) were measured to be 5.92
( 0.04 (LiCl2-), 5.86( 0.06 (NaCl2-), 5.42( 0.03 (LiBr2-),
5.36 ( 0.06 (NaBr2-), 4.88 ( 0.03 (LiI2-), and 4.84( 0.06
(NaI2-), which are all well above the 3.617 eV electron
detachment energy of Cl-. Later studies by other groups made
similar collaborative efforts on species with high EA.60-63

Recently, a joint theoretical and experimental study was
performed for a set of higher alkali halide superhalogen systems
NaxClx+1

- (x ) 1-4).64 The VDE’s were observed to increase
rapidly with x to 7.0 eV forx ) 4. The most stable structures
for these anions were identified using a newly developed ab
initio gradient embedded genetic algorithm. The good agreement
between theory and experiment confirmed the structure of these
species.

Superhalogens involving alkaline earth atoms (MX3
-) have

been studied by several groups.18,25,65,66Most recently, Skurski
and co-workers performed extensive studies on several alkali
earth halide superhalogen species, MX3

- (M ) Be, Mg, Ca;
X ) F, Cl, Br), as well as species with mixed halide ligands.65,66

Extremely high VDE’s were reported for these species and
several of these are beyond the 157 nm (7.866 eV) photon
energy (the highest photodetachment laser energy available in
our lab): BeF3- (8.472 eV), MgF3- (8.793 eV), CaF3- (8.620
eV), all with F- ligands. In general, species with Cl- or Br-

ligands have lower VDE’s.
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In the present contribution, we report a joint experimental
and theoretical investigation on four alkali earth halide super-
halogens, MX3- (M ) Mg, Ca; X ) Cl, Br) using PES and ab
initio calculations. Well resolved spectral features were observed
and interpreted using the theoretical results. The corresponding
neutral species were also investigated theoretically, allowing
their structures and stabilities to be elucidated.

Experimental Method

The experiment was carried out with a PES apparatus
equipped with a magnetic-bottle time-of-flight photoelectron
analyzer and an electrospray ionization source. Details of the
experimental method have been given elsewhere.67 Briefly, the
anions of interest, MX3- (M ) Mg, Ca; X ) Cl, Br), were
produced from electrospray of 10-3 M solutions of the corre-
sponding MX2 salts in H2O/CH3OH (1/3 volume ratio) mixed
solvent. Anions produced from the electrospray source were
guided into a quadruple ion trap, where ions were accumulated
for 0.1 s before being pulsed into the extraction zone of a time-
of-flight mass spectrometer.

During the PES experiment, each MX3
- species was mass-

selected and decelerated before being intercepted by a probe
laser beam in the photodetachment zone of the magnetic-bottle
photoelectron analyzer. In the current study, photoelectron
spectra were only obtained at 157 nm (7.866 eV) from an F2

excimer laser due to the expected high electron detachment
energies of these species. All experiments were performed at
20 Hz repetition rate with the ion beam off at alternating laser
shots for background subtraction, which was critical for high
photon energy experiments (>4.661 eV) due to background
noises. Photoelectrons were collected at nearly 100% efficiency
by the magnetic-bottle and analyzed in a 4-meter long electron
flight tube. Photoelectron time-of-flight spectra were collected
and then converted to kinetic energy spectra, calibrated by the
known spectra of I- and O-. The electron binding energy spectra
presented were obtained by subtracting the kinetic energy spectra
from the detachment photon energies. The electron kinetic
energy resolution (∆E/E) was about 2%, i.e.,∼10 meV for 0.5
eV electrons, as measured from the spectrum of I- at 355 nm.

Theoretical Methods

The structures of all four MX3- superhalogens and their
corresponding neutrals were first optimized, and harmonic
frequencies were obtained using the hybrid density functional
(DFT) method, B3LYP,68-71 and the polarized split-valence
basis sets, 6-311+G*.72-77 The B3LYP structures were then
refined at the MP278-80 and CCSD(T)81-88 levels using the same
basis sets. Single point calculations were run at the CCSD(T)
level with the more extended 6-311+G(2df) basis.

The VDE’s were then calculated for comparison with the
experimental PES data. We used the restricted outer valence
Green Function method (ROVGF)89-93 as our main tool for
computing the VDE’s. Further calculations were done using the
time-dependent DFT (TD-B3LYP)94-96 and the∆CCSD(T)
(energy differences between a given anion and the various states
of its corresponding neutral) methods. At the TD-B3LYP level
of theory the vertical electron detachment energies were
calculated as a sum of the lowest transitions from the singlet
anion into the final lowest doublet state of the neutral species
(at the B3LYP level of theory) and the vertical excitation
energies in the neutral species (at the TD-B3LYP level of
theory). The 6-311+G(2df) basis sets were used for all VDE
calculations.

Finally, a check was done on the performance of DFT
methods for these systems. Geometry optimizations and the PES
were calculated using the BPW9197-102 and TD-BPW91 meth-
ods on the main species of interest, MX3

-, with the 6-311+G*
and 6-311+G(2df) basis sets, respectively. All calculations were
performed using the Gaussian 03103 quantum chemical calcula-
tion package, except for the ROVGF which were run with
Gaussian 98.104

Experimental Results

Figures 1 and 2 show the 157 nm spectra of MgX3
- and

CaX3
- (X ) Cl, Br), respectively. All species investigated here

exhibit extremely high electron detachment energies, as ex-
pected. Five well resolved bands are observed for MgCl3

- and
their VDE’s are given in Table 1. The first band with a VDE
of 6.60( 0.04 eV is relatively weak and very broad, suggesting
a large geometry change between the ground states of MgCl3

-

and MgCl3. The detachment threshold of the ground-state band
is about 6.3 eV, which may not represent the ADE because the
0-0 transition may have a negligible Franck-Condon factor.
Bands A and B, which are the most intense peaks, are partially

Figure 1. Photoelectron spectra of MgCl3
- and MgBr3- at 157 nm

(7.866 eV).

Figure 2. Photoelectron spectra of CaCl3
- and CaBr3- at 157 nm

(7.866 eV).

TABLE 1: Experimental Vertical Detachment Energies (eV)
for the MX 3

- Anions (M ) Mg, Ca; X ) Cl, Br) from the
Photoelectron Spectra in Figures 1 and 2 (Uncertainty)
0.04 eV)

X A B C D E

MgCl3- 6.60 6.97 7.08 7.35 7.65
MgBr3

- 6.00 6.34 6.54 6.93 7.14 7.45
CaCl3- 6.62 6.95 ∼7.0 7.11 7.20 ∼7.8
CaBr3- 6.10 ∼6.4 ∼6.5 6.90 7.06 7.49

MX3
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overlapping. Bands C and D are well separated and appear to
be very sharp. MgBr3

- has lower electron binding energies than
MgCl3- and the VDE of its ground-state transition is 6.00(
0.04 eV. The spectral features of MgBr3

- are similar to those
of MgCl3- but are much well resolved; in particular, bands A
and B are better separated. An extra band (E) was also observed
in the spectrum of MgBr3-. The VDE’s for all the observed
bands for MgBr3- are also given in Table 1.

The photoelectron spectra of the two CaX3
- anions (Figure

2) are more congested compared to the those for the corre-
sponding MgX3

- species. For CaCl3
-, only the ground-state

band (X) was well resolved with a VDE of 6.62( 0.04 eV,
which is slightly higher than that of MgCl3

-. CaBr3- also has
lower binding energies than CaCl3

- and its first VDE is
measured to be 6.10( 0.04 eV. The spectrum of CaBr3

- is
better separated and is very similar to that of MgBr3

-, except
that bands A and B overlap in the spectrum of CaBr3

-. In
comparison to the spectrum of CaBr3

-, we note that the bands
A, B, C, and D in the spectrum of CaCl3

- all overlap with each
other, giving the broad features between 6.8 and 7.4 eV. There
also seemed to exist a very weak band (E) at binding energy

∼7.5 eV, which appeared to be cut off in the spectrum of
CaCl3-. The estimated VDE’s for the features for CaCl3

- and
CaBr3- are also given in Table 1. The X band in both spectra
of CaX3

- (Figure 2) are also relatively broad, similar to that of
the MgX3

- species, again indicating substantial geometric
changes upon removal of the extra electron.

Theoretical Results

In our theoretical calculations, we also included the BeX3
-

species for completeness. We found the six MX3
- (M ) Be,

Mg, Ca; X ) Cl, Br) all have perfectly planar (D3h, 1A1′)
structures (Figure 3, structures a-c) with the same valence
electronic configuration (1a1′21e′42a1′22e′43e′41a2′′21e′′41a2′2). As
can be seen (Table 2), the only independent geometrical
parameterR(M-X) agrees well at all levels of theory employed
for all the MX3

- anions, and our results agree well with those
previously published.65,66

For the neutral MX3 species we found the lowest geometry
structures correspond to theC2V (2B2) structure (Figure 3d-f,
Table 3). This structure can be formally described as a

Figure 3. Molecular structures of the MX3- and MX3 species studied. See tables for relevant molecular properties. Values in parentheses and
brackets give atomic charges (NBO) when X is Cl and Br, respectively, at the MP2/6-311+G* level of theory.
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(X2
-)(MX+) complex. We optimized geometric parameters and

calculated harmonic frequencies for Cl2
-, Br2-, BeCl+, MgCl+,

CaCl+, BeBr+, MgCl+, and CaCl+ species (Tables S1 and S2,
Supporting Information), which match rather well the properties
in the corresponding fragments in theC2V (2B2) MX3 structures.
The calculated NBO charges also support the (X2

-)(MX+)
description with the unpaired electron completely localized on
the X2

- fragment. We performed a detailed search on the van
der Waals portion of the potential energy surface for MgCl3

and found no other local minima at the B3LYP/6-311+G* level
of theory. However, we found a less stable local minimum
corresponding to a van der Waals MX2‚‚‚X complex for the
neutral MX3 species at the CCSD(T)/6-311+G* level of theory.
The unpaired electron on the X atom can be oriented in plane
(2B2, state), perpendicular to the plane (2B1 state), or along the
C2 molecular axis (2A1 state). At the CCSD(T)/6-311+G* level
of theory the potential energy curve was completely repulsive
for the 2A1 state, geometry optimization for the2B2 state leads
to a structure which is a first-order saddle point (Figure 3h and
Table 4). Geometry optimization following the imaginary mode
for the 2B2, state leads to the (X2-)(MX+) global minimum
structure. We found a weakly bound local minimum (4.29 kcal/
mol (CCSD(T)/6-311+G(2df)//CCSD(T)/6-311+G*+ZPE//
CCSD(T)/6-311+G*) with respect to MgCl2 (D∞h, 1Σg

+) + Cl
(2P) asymptotic limit for the2B1 state (Figure 3g and Table 4).
One can see that the X2-M-X3 angle is close to 180° and the
M‚‚‚X1 distance is rather long, clearly indicating a van der Waals
interaction. The small vibrational frequencies corresponding to
the MX2‚‚‚X vibrational modes is consistent with the weak
interaction. Because for MgCl3 the MX2‚‚‚X [C2V (2B1)] van
der Waals local minimum was found to be appreciably higher
in energy than the global minimum (X2

-)(MX +) structure

(by 14.3 kcal/mol at CCSD(T)/6-311+G(2df)/CCSD(T)/
6-311+G*+ZPE//CCSD(T)/6-311+G*), we did not perform
any study on van der Waals local minima for other MX2‚‚‚X
complexes.

Comparison Between Calculated VDE’s and the Photo-
electron Spectra.MgCl3-. The ab initio VDE’s calculated at
the TD-B3LYP/6-311+G(2df), ROVGF/6-311+G(2df) and
CCSD(T)/6-311+G(2df) levels for MgCl3- are compared to the
experimental values in Table 5. One can see immediately that
the ROVGF and CCSD(T) values agree well not only with each
other but also with the experimental data. However, the
theoretical VDE’s calculated at the TD-B3LYP/6-311+G(2df)
level of theory are completely off. We also calculated the
theoretical VDE’s of MgCl3- using the BPW91/6-311+G(2df)
level of theory (Supporting Information Table S2), and the
results at this level of theory are even farther from the
experiment. Clearly, both DFT methods failed for this anion.
The first VDE corresponding to electron detachment from the
1a2′′-HOMO (pure ligand MO) calculated at ROVGF/
6-311+G(2df) and CCSD(T)/6-311+G(2df) is 6.65 and 6.50
eV, respectively, and they are in excellent agreement with the
experimental value of 6.60 eV. Our theoretical VDE for the
ground-state transition for MgCl3

- is also in good agreement
with the value calculated previously (6.684 eV).66 The first ADE
calculated at CCSD(T)/6-311+G(2df) level is 5.61 eV relative
to the (Cl2-)(MgCl+) neutral global minimum. The large
difference between the ADE and VDE reflects the significant
geometry change upon electron detachment, consistent with the
broad ground detachment band (Figure 1). Thus, experimentally,
the ADE is not accessible because of the negligible Franck-
Condon factor for the 0-0 transition due to the large anion to
neutral geometry change. The pole strength for all the detach-

TABLE 2: Molecular Properties of the MX 3
- Species

BeCl3- (D3h, 1A1′) BeBr3- (D3h, 1A1′)

molecular parameter
B3LYP/

6-311+G*
MP2/

6-311+G*
CCSD(T)/

6-311+G* b
B3LYP/

6-311+G*
MP2/

6-311+G*
CCSD(T)/

6-311+G* c

E, au -1395.75229 -1393.93547 -1393.98409 -7737.50680 -7732.47292 -7732.51564
R(Be-X), Å 1.939 1.922 1.926 2.104 2.092 2.098
ω1 (e′), cm-1 718 (358.0)a 770 (362.7)a 763 617 (311.1)a 666 (316.7)a 659
ω2 (e′), cm-1 172 (1.2)a 176 (1.6)a 175 104 (0.1)a 108 (0.2)a 107
ω3 (a2′′), cm-1 355 (31.2)a 366 (30.7)a 365 307 (11.6)a 312 (12.5)a 313
ω4 (a1′), cm-1 327 (0.0)a 342 (0.0)a 340 196 (0.0)a 206 (0.0)a 204

MgCl3- (D3h, 1A1′) MgBr3
- (D3h, 1A1′)

molecular parameter
B3LYP/

6-311+G*
MP2/

6-311+G*
CCSD(T)/

6-311+G* d
B3LYP/

6-311+G*
MP2/

6-311+G*
CCSD(T)/

6-311+G* e

E, au -1581.11427 -1578.90610 -1578.95346 -7922.88249 -7917.46052 -7919.50210
R(Mg-X), Å 2.293 2.275 2.280 2.450 2.439 2.442
ω1 (e′), cm-1 437 (159.8)a 462 (161.3)a 460 367 (131.4)a 383 (134.2)a 381
ω2 (e′), cm-1 104 (1.8)a 106 (9.0)a 106 67 (2.0)a 67 (2.4)a 67
ω3 (a1′), cm-1 266 (0.0)a 280 (0.0)a 279 164 (0.0)a 171 (0.0)a 170
ω4 (a2′′), cm-1 167 (50.3)a 176 (53.9)a 176 143 (26.1)a 144 (29.5)a 144

CaCl3- (D3h, 1A1′) CaBr3- (D3h, 1A1′)

molecular parameter
B3LYP/

6-311+G*
MP2/

6-311+G*
CCSD(T)/

6-311+G* f
B3LYP/

6-311+G*
MP2/

6-311+G*
CCSD(T)/

6-311+G* g

E, au -2058.64642 -2056.23659 -2056.30100 -8400.41704 -8394.79970 -8394.85775
R(Ca-X), Å 2.566 2.561 2.566 2.721 2.720 2.726
ω1 (e′), cm-1 332 (152.8)a 346 (148.0)a 344 269 (108.2)a 284 (106.7)a 282
ω2 (e′), cm-1 75 (7.5)a 80 (9.9)a 80 50 (2.0)a 51 (2.9)a 51
ω3 (a1′), cm-1 237 (0.0)a 243 (0.0)a 242 145 (0.0)a 150 (0.0)a 150
ω4 (a2′′), cm-1 92 (68.8)a 100 (75.7)a 100 81 (39.0)a 85 (44.3)a 84

a Values in parentheses represent relative absorbance intensities in the IR spectrum.b Etot ) -1394.1655056 au.c Etot ) -7732.63950 au.
d Etot ) -1579.146627 au.e Etot ) -7917.632111 au.f Etot ) -2056.561720 au.g Etot ) -8395.056541 au (all at CCSD(T)/6-311+G(2df)//CCSD(T)/
6-311+G*).
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ment channels are higher than 0.9, thus justifying the use of
the ROVGF calculations.

MgBr3-. The calculated VDE’s for MgBr3
- (Table 5) are

also in good agreement with the experimental data at ROVGF/
6-311+G(2df) and CCSD(T)/6-311+G(2df) for all the observed
bands except for the band E at the highest binding energy,
possibly due to the failure of OVGF at such high energies. The
first VDE’s calculated at ROVGF/6-311+G(2df) and CCSD(T)/
6-311+G(2df) are 6.14 and 6.03 eV, respectively, and these

values are in excellent agreement with the experimental value
6.00 eV (Table 5). Our theoretical VDE of MgBr3

- is also in

TABLE 3: Molecular Properties of the C2W (2B2) Neutral MX 3 Structures

BeCl3 (C2V, 2B2) BeBr3 (C2V, 2B2)

molecular parameter
B3LYP/

6-311+G*
MP2/

6-311+G*
CCSD(T)/

6-311+G* b
B3LYP/

6-311+G*
MP2/

6-311+G*
CCSD(T)/

6-311+G* c

E, au -1395.55443 -1393.73788 -1393.79069 -7737.32483 -7732.29022 -7732.33640
R(Be-X1), Å 1.827 1.815 1.820 1.987 1.979 1.985
R(Be-X2,3), Å 1.962 1.944 1.950 2.126 2.115 2.121
∠(X2-Be-X3), deg 89.0 86.4 87.3 89.3 86.4 87.2
ω1 (a1), cm-1 918 (330.9)a 1002 (432.0)a 986 803 (316.2)a 869 (399.2)a 855
ω2 (a1), cm-1 344 (0.4)a 368 (0.0)a 362 210 (0.1)a 224 (0.0)a 220
ω3 (a1), cm-1 174 (0.2)a 219 (1.3)a 212 110 (0.1)a 138 (0.4)a 133
ω4 (b2), cm-1 495 (7.6)a 908 (653.3)a 514 429 (13.4)a 577 (796.6)a 437
ω5 (b2), cm-1 144 (2.1)a 165 (15.8)a 158 91 (0.5)a 99 (2.8)a 97
ω6 (b1), cm-1 273 (34.0)a 284 (32.3)a 286 243 (16.9)a 240 (17.1)a 242

MgCl3 (C2V, 2B2) MgBr3 (C2V, 2B2)

molecular parameter
B3LYP/

6-311+G*
MP2/

6-311+G*
CCSD(T)/

6-311+G* d
B3LYP/

6-311+G*
MP2/

6-311+G*
CCSD(T)/

6-311+G* e

E, au -1580.91156 -1578.70301 -1578.75427 -7922.69424 -7917.27162 -7917.31633
R(Mg-X1), Å 2.195 2.179 2.181 2.343 2.336 2.339
R(Mg-X2,3), Å 2.347 2.326 2.328 2.501 2.491 2.494
∠(X2-Mg-X3), deg 73.4 71.1 72.1 74.8 72.2 73.1
ω1 (a1), cm-1 553 (167.5)a 591 (176.2)a 587 470 (150.8)a 479 (159.9)a 494
ω2 (a1), cm-1 281 (0.5)a 303 (0.1)a 298 176 (0.1)a 189 (0.0)a 185
ω3 (a1), cm-1 163 (3.2)a 192 (3.9)a 184 103 (1.1)a 125 (1.3)a 120
ω4 (b2), cm-1 279 (4.6)a 447 (1218.6)a 286 228 (8.9)a 278 (151.5)a 224
ω5 (b2), cm-1 81 (15.0)a 92 (40.0)a 85 56 (5.3)a 61 (10.4)a 58
ω6 (b1), cm-1 119 (47.1)a 124 (49.9)a 124 103 (29.4)a 104 (32.3)a 104

CaCl3 (C2V, 2B2) CaBr3 (C2V, 2B2)

molecular parameter
B3LYP/

6-311+G*
MP2/

6-311+G*
CCSD(T)/

6-311+G* f
B3LYP/

6-311+G*
MP2/

6-311+G*
CCSD(T)/

6-311+G* g

E, au -2058.44524 -2056.03573 -2056.10365 -8400.22873 -8394.61144 -8394.67212
R(Ca-X1), Å 2.463 2.467 2.473 2.617 2.626 2.633
R(Ca-X2,3), Å 2.642 2.631 2.639 2.792 2.788 2.796
∠(X2-Ca-X3), deg 63.8 61.4 62.1 65.6 63.0 63.6
ω1 (a1), cm-1 398 (199.1)a 416 (197.9)a 412 331 (154.8)a 347 (157.8)a 343
ω2 (a1), cm-1 248 (1.4)a 266 (0.1)a 260 156 (0.1)a 171 (0.0)a 166
ω3 (a1), cm-1 159 (3.9)a 187 (5.6)a 181 102 (0.9)a 123 (1.4)a 118
ω4 (b2), cm-1 219 (4.5)a 298 (35.9)a 216 171 (9.1)a 191 (9.1)a 167
ω5 (b2), cm-1 45 (27.7)a 50 (39.0)a 49 34 (12.2)a 36 (16.7)a 35
ω6 (b1), cm-1 29 (56.5)a 38 (61.9)a 38 30 (38.2)a 34 (42.5)a 33

a Values in parentheses represent relative absorbance intensities in the IR spectrum (km/mol).b Etot ) -1393.964155 au.c Etot ) -7732.45384
au. d Etot ) -1578.940444 au.e Etot ) -7917.440299 auf Etot ) -2056.362176 au.g Etot ) -8394.868974 au (all at CCSD(T)/6-311+G(2df)//
CCSD(T)/6-311+G*).

TABLE 4: Molecular Properties of the MgCl 3 (C2W, 2B1) and
MgCl3 (C2W, 2B2) van der Waals Complexes

molecular parameter
MgCl3 (C2V, 2B2)

CCSD(T)/6-311+G*
MgCl3 (C2V, 2B1)

CCSD(T)/6-311+G*

E, au -1578.74231 -1578.73515
R(Mg-Cl1), Å 2.527 2.750
R(Mg-Cl2,3), Å 2.202 2.195
∠(Cl1-Mg-Cl2,3), deg 97.3 99.8
ω1(b2), cm-1 587 612
ω2(b2), cm-1 90 i 72
ω3(a1), cm-1 326 334
ω4(a1), cm-1 214 147
ω5(a1), cm-1 95 100
ω6(b1), cm-1 124 118

TABLE 5: Comparison of the Experimental VDE’s to
Calculated VDE’s at Three Levels of Theory for MgCl3-

and MgBr3
-

VDE(theo), eV

feature
VDE(exp),

eV
molecular

orbital
TD-B3LYP/

6-311+G(2df)
OVGF/

6-311+G(2df)
∆CCSD(T)/

6-311+G(2df)

MgCl3- (D3h, 1A1′)
X 6.60 1a2′ 5.76 6.65 (0.907)a 6.50
A 6.97 1e′′ 6.02 6.97 (0.909)a 6.82
B 7.08 3e′ 6.26 7.03 (0.908)a 6.87
C 7.35 1a2′′ 6.48 7.27 (0.908)a

D 7.65 2e′ 6.94 7.73 (0.907)a

2a1′ 7.70 8.71 (0.909)a

MgBr3
- (D3h, 1A1′)

X 6.00 1a2′ 5.33 6.14 (0.908)a 6.03
A 6.34 1e′′ 5.57 6.46 (0.910)a 6.36
B 6.54 3e′ 5.82 6.50 (0.909)a 6.38
C 6.93 1a2′′ 6.01 6.77 (0.911)a

D 7.14 2e′ 6.51 7.24 (0.908)a

E 7.45 2a1′ 7.38 8.33 (0.907)a

a Values in parentheses represent the pole strength of the OVGF
calculation.
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good agreement with the value calculated previously (6.144 eV).66 The first ADE for MgBr3- is 5.22 eV (CCSD(T)/
6-311+G(2df)), which is also significantly lower than the first VDE.

CaCl3-. The calculated VDE’s for the two CaX3
- species are compared with the experimental data in Table 6. The CaCl3

-

superhalogen has a slightly higher first VDE than that of MgCl3
-. The Cl‚‚‚Cl distance in CaCl3

- is larger than in MgCl3- because
of the longer Ca-Cl bond length, and therefore the Coulomb repulsion between the ligands is smaller in the former, which could
stabilize the HOMO and increase the first VDE. The calculations show that the VDE’s for the HOMO-1 (1e′′), HOMO-2 (1a2′′),
HOMO-3 (3e′), and HOMO-4 (2e′) are very close to each other, consistent with the congested photoelectron spectrum observed
for CaCl3- (Figure 2). The first VDE at ROVGF/6-311+G(2df) (6.68 eV) and CCSD(T)/6-311+G(2df) (6.51 eV) agrees well with
the experimental value (6.62 eV), but it is appreciably off (5.72 eV) at B3LYP/6-311+G(2df). Our theoretical and experimental first
VDE of CaCl3- agrees well with the value calculated previously 6.732 eV.66 The first ADE is 5.42 eV (CCSD(T)/6-311+G(2df)),
which is again considerably smaller than the VDE due to the large geometry change between the anion and neutral ground states.

CaBr3-. The calculated VDE’s for CaBr3
- are also in good agreement with the experimental data at the OVGF level of theory,

but off at the TD-B3LYP level (Table 6). Our theoretical VDE for the ground-state transition of CaCl3
- agrees well with the value

calculated previously (6.238 eV).66 The calculated ADE for CaBr3
- is 5.10 eV (CCSD(T)/6-311+G(2df)).

BeX3
-. Although the photoelectron spectra of the beryllium halide species are not available experimentally, we predicted their

VDE’s for comparison (Table 7). The first VDE’s were calculated to be 6.15 eV (ROVGF/6-311+G(2df)) and 6.01 eV (CCSD(T)/
6-311+G(2df)) for BeCl3- and 5.65 eV (ROVGF/6-311+G(2df)) and 5.55 eV (CCSD(T)/6-311+G(2df)) for BeBr3-. The calculated
VDE’s for the BeX3

- species are smaller than those for the MgX3
- species, following the trend observed between MgX3

- and
CaX3

-. Our predicted VDE’s are in good agreement with the values calculated previously, 6.171 eV (ROVGF/6-311+G(3df)) and
6.027 eV (CCSD(T)/6-311+G(3df)) for BeCl3- and 5.647 eV (ROVGF/6-311+G(3df)) and 5.549 eV (CCSD(T)/6-311+G(3df))
for BeBr3-, by Anusiewicz and Skurski.65 Our calculated ADE’s are 5.48 eV for BeCl3

- and 5.05 for BeBr3-.
Stabilities of the Alkaline Earth Superhalogens.The anions are very strongly bound species against removal of a halide anion

(eqs 1-3) or X2 molecule (eqs 4-6) (all at CCSD(T)/6-311+G(2df)+ZPE/CCSD(T)/6-311+G*) with the first dissociation channel
being substantially lower.

However, the neutral MX3 species are considerably more weakly bound. Equations 7-12 show the calculated dissociation energies
for the ground-state MX3 species at CCSD(T)/6-311+G(2df):

The van der Waals bound isomers for MX3 (MX2‚‚‚X) possess even lower dissociation energies against loss of X. The weak
thermodynamic stability of the neutral MX3 is due to the autolocalization of the one unpaired electron on only one or two halogen
atoms after an electron detachment from the closed shell MX3

- anions (Table 8).

BeX3
- (D3h,

1A1′) f BeX2 (D∞h,
1Σg

+) + X- (1S) ∆E(X)Cl) ) +62.8 kcal/mol (1)

∆E(X)Br) ) +54.7 kcal/mol

MgX3
- (D3h,

1A1′) f MgX2 (D∞h,
1Σg

+) + X- (1S) ∆E(X)Cl) ) +70.5 kcal/mol (2)

∆E(X)Br) ) +63.3 kcal/mol

CaX3
- (D3h,

1A1′) f CaX2 (D∞h,
1Σg

+) + X- (1S) ∆E(X)Cl) ) +68.8 kcal/mol (3)

∆E(X)Br) ) +63.9 kcal/mol

BeX3
- (D3h,

1A1′) f BeX- (C∞V,
1Σ+) + X2 (D∞h,

1Σg
+) ∆E(X)Cl) ) +189.6 kcal/mol (4)

∆E(X)Br) ) +169.4 kcal/mol

MgX3
- (D3h,

1A1′) f MgX- (C∞V,
1Σ+) + X2 (D∞h,

1Σg
+) ∆E(X)Cl) ) +169.2 kcal/mol (5)

∆E(X)Br) ) +153.3 kcal/mol

CaX3
- (D3h,

1A1′) f CaX- (C∞V,
1Σ+) + X2 (D∞h,

1Σg
+) ∆E(X)Cl) ) +174.9 kcal/mol (6)

∆E(X)Br) ) +164.2 kcal/mol

BeX3 (C2V,
2B2) f BeX2 (D∞h,

1Σg
+) + X (2P) ∆E(X)Cl) ) +14.0 kcal/mol (7)

∆E(X)Br) ) +14.2 kcal/mol

MgX3 (C2V,
2B2) f MgX2 (D∞h,

1Σg
+) + X (2P) ∆E(X)Cl) ) +18.7 kcal/mol (8)

∆E(X)Br) ) +19.2 kcal/mol

CaX3 (C2V,
2B2) f CaX2 (D∞h,

1Σg
+) + X (2P) ∆E(X)Cl) ) +21.2 kcal/mol (9)

∆E(X)Br) ) +22.6 kcal/mol

BeX3 (C2V,
2B2) f BeX (C∞V,

2Σ+) + X2 (D∞h,
1Σg

+) ∆E(X)Cl) ) +89.6 kcal/mol (10)

∆E(X)Br) ) +82.7 kcal/mol

MgX3 (C2V,
2B2) f MgX (C∞V,

2Σ+) + X2 (D∞h,
1Σg

+) ∆E(X)Cl) ) +74.8 kcal/mol (11)

∆E(X)Br) ) +70.3 kcal/mol

CaX3 (C2V,
2B2) f CaX (C∞V,

2Σ+) + X2 (D∞h,
1Σg

+) ∆E(X)Cl) ) +78.1 kcal/mol (12)

∆E(X)Br) ) + 76.8 kcal/mol

MX3
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Conclusions

We report a combined experimental and theoretical investiga-
tion of the alkaline earth superhalogen species MX3

- (M ) Be,
Mg, Ca; X ) Cl, Br). Photoelectron spectra were obtained for
MX3

- (M) Mg, Ca; X ) Cl, Br) and confirmed their high
electron binding energies. The measured electron binding
energies for all the MX3- species are much higher than the
electron binding energies of the corresponding X- halogens,
suggesting the MX3- anions are truly superhalogens. Theoretical
calculations were performed for all the MX3

- species, and the
theoretical VDE’s for them were used to interpret the photo-
electron spectra. Good agreement was obtained between the
experimental and theoretical data.

The ground-state photodetachment feature for each MX3
-

anion is broad, indicating a large geometry change between the
anion and neutral ground state. All the MX3

- anions were found
to possess a closed shellD3h structure, whereas the neutral MX3

species were found to possess an open shellC2V structure. The
ground-state structure for all MX3 neutrals can be described as
(X2

-)M2+X-, and a XMX‚‚‚X van der Waals complex was
found to be a higher lying isomer. The large geometry change
between the MX3- anions and the MX3 neutral is reflected in
the much lower calculated ADE values for these species relative
to their corresponding VDE’s. In fact, the ADE’s were not
detected experimentally because the Franck-Condon factors for
the transition to the ground vibrational levels were negligible.
Nevertheless, the computed ADE’s for all the MX3

- anions are
much higher than that of Cl-, and these species are true
“superhalogens.”
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