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Abstract: The structures and energies of the noble gas

containing anions FNgO~ (Ng = He, Ar, and Kr)

have been calculated by high-level ab initio calculations. The FNgO~ anions were found to be deep-energy
minima at the singlet electronic state, and their energies are significantly lower than those at the triplet
state. High dissociation energy barriers to Ng + OF~ were also predicted. The unexpected stability of the
FNgO~ was due to the dramatic ion-induced O=Ng bond formation. The calculated results suggested
possible experimental identification of the anionic species and even some related “ionic compounds” under

cryogenic conditions.

Introduction

The noble gas elements were discovered in the 1890s by

Ramsay and co-worketdJnlike other chemical elements, the

noble gases were found to be extremely stable and did not form

compounds with other elements. The electronic configuration

Since the noble gas atom has “saturated” shells of electrons,
it is generally held that the positive charged ions are easier to
form than the neutral noble gas molecules, and the negative
charged ions would be even less stable. Indeed, cations such as
HeH" and HeNé have been observed in gaseous discharge

of the noble gas, or the so-called octet rule, has been used b);ubes before the first neutral noble gas compound was discov-

chemists since early 20th century and by almost every chemistry

textbook today to illustrate the principles of chemical bonding.
Despite the prediction by some distinguished chemists, including

Linus Pauling, that the heavier noble gas elements could com-

bine with other elements to form chemical compounds, all the syn-
thesis attempts were unsuccesstuitil 1962 when Neil Barlette
prepared the first noble gas compound XgPtGince then many
Xe-containing compounds and the Krfolecule have been
experimentally identified.In the past decade, various new noble

ered. On the other hand, the only known stable noble gas anions
were fluorinated or oxygenated Xe ions, and no stable molecular
anions of lighter noble gas have been experimentally observed.
In the quest of synthesizing ionic compounds of lighter noble
gas elements (He, Ne, Ar), stable anions are of crucial
importance since the noble gas containing cations would
dissociate to neutral noble gas atoms on contact with almost
any known anion&? From the theoretical point of view, it is
also very interesting to know if any special types of electronic

gas molecules have been successfully prepared and identifiedtructures would allow the formation of stable noble gas

in the noble gas matrixesMost of these molecules are of the
HNgY type where Ng is a noble gas atom and Y is an elec-
tronegative atom or group. The first Ar-containing neutral mol-
ecule HArF was discovered in 2000 by $2aen and co-work-
ers? and HKrF was identified in 2002 by the same gréukhe
noble gas was also found to form ligands for transition-metal
ions”® and to form actinide complexes with CUO molecBile.
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containing molecular anions. Some van der Waal complexes
between anions and argon have been discussed in the literature
but all with very low binding energie$:*2In our computational
search for stable noble gas molecules and ions, we have recently
noticed that the FNgO ions (Ng = He, Ar, Kr) have very
compact structures and singlet ground states with large singlet
triplet gaps. Thus we have decided to perform high-level ab
initio calculation to study the structures and stabilities of these
potentially stable noble gas containing molecular anions. The
related “ionic” molecules of LIFNgO were also theoretically
investigated.

Method

Mgller—Plesset second-order perturbation theory (MPahd the
coupled-cluster method CCSD{f)were applied with Dunning’s
augmented correlation consistent basis sets (aug-oZ-pvV= D, T,
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Figure 1. Schematic plot of F---NgO.

Q)'® to calculate the structures and energies of the FNg@ (Ng =
He, Ar, Kr). The triplet state energies at the singlet-state geometry,
the dissociation energies to - Ng + O, F+ Ng + O, and FO +
Ng, and the structures and energies of the transition states for the FO

+ Ng dissociation channel were also calculated. The same properties

for the possible “ionic” molecules formed by Li cation and FNgO
were also calculated using aug-cc-pVDZ and aug-cc-pVTZ basis sets.
The electronic calculation was performed using the Gaussian 03
program!® The geometry optimization methods employed for the
stationary points were the BerHyand eigenvalue following (EM
methods in the MP2 and CCSD(T) calculation, respectively.

Results and Discussion

The linear FNgO ion, as depicted in Figure 1, can be viewed
as an ion-dipole complex of F---NgO. However, unlike a
normal ion-dipole complex, the dipole NgO molecule itself is
highly unstable. The HeO molecule is not chemically bound,
while ArO and KrO do correspond to energy minima on the
singlet electronic state. However, at larger-Ng bond dis-
tances, the triplet state, which is purely repulsive, is significantly
lower in energy. The triplet state crosses the singlet state at
bond distances only slightly longer than the equilibrium bond
distance I(g) on the singlet state. Thus, the singlet ArO or KrO
molecule crosses readily into the triplet state during vibration
and dissociates into constituent atoms. In the current study,
however, we found that the IsgO bonds can be substantially
stabilized in the presence of a fluoride ion. The situation is
illustrated in Figure 2 where the singlet and triplet potential-
energy curves along the AO distances were plotted for ArO
and FArO. As seen in the Figure, the singlet ArO has a shallow
potential-energy well at a bond length fL.8 A. The sharply
repulsive triplet state of ArO, however, crosses the singlet state
at almost the same bond length. When a fluoride ion is present,
however, a significantly deeper energy well occurs at slightly
shorter Ar-O distance.
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More importantly, the triplet state now crosses at much larger
Ar—0 distance £0.3 A longer tharre) where the energy is
~7 kcal/mol higher. This deepening of the energy well could
make the FNgO metastable species and make the experimental
identification possible. Similar plots were also obtained for
FHeO and FKrO where the singlettriplet crossing points
are also~0.3 A longer thae and are~10 and~15 kcal/mol,
respectively, higher in energies than those.4lt is also shown
in Figure 2 that in FArO the interaction between Ar and O
atoms is of much longer range than in ArO.

The calculated bond lengths of FNg@ere shown in Table
1. As shown in the table, the calculated NQ distances are
very short and are 1.110, 1.781, and 1.854 A forNgle, Ar,
and Kr, respectively, at the CCSD(T)/aug-cc-pVTZ level. The
FNeO™ was found to be not an energy minimum. The calculated
F—Ng distances are 1.626, 2.241, and 2.259 A for He, Ar, and
Kr, respectively, at the CCSD(T)/aug-cc-pVTZ level, signifi-
cantly longer than the calculated N@ distances. All the
calculated FNgO structures are linear, and thus they can be
suitably represented by the structural formuta-FNg=0. In
comparison, the £Ng distances in HNgF molecules calculated
at the same level are 1.415, 1.993, and 2.041 A for=NHe,

Ar, and Kr, respectively?=21 That is, the FNg bonds in
FNgO~, which are ion-dipole interaction in nature, are only
~0.2 A longer than the ionic bonding in the neutral HNgF
molecule. Interestingly, the calculateet Ng distances in FArO

and FKrO are almost identical. The calculated relative energies
of FNgO™ were listed in Table 2. We will use the energies
calculated at the CCSD(T)/aug-cc-pVQZ level for the discussion
below unless stated otherwise. As shown in the table, at the
singlet-state minimum-energy structure the energies of FNgO
are significantly lower than those in the triplet state. ThelTS
energy gaps are 91, 42, and 53 kcal/mol for FHeBAro-,

and FKrO, respectively. This is compared to the energy gaps
of 10 and 26 kcal/mol for ArO and KrO, respectively. At the
singlet state, three low-energy unimolecular dissociation chan-
nels exist for FNgO: (1) to F + Ng + O, (2) to F+ Ng +

O~, and (3) to FO + Ng. As seen in Table 2, the second
channel is~5 kcal/mol lower in energy than the first channel.
Relative to the dissociation products of the second channel,
FNgO™ are 16, 34, and 55 kcal/mol lower in energies forNg

He, Ar, and Kr, respectively. In comparison, the calculated bond
energies of ArO and KrO are 9 and 22 kcal/mol. Thus in the
presence of the fluoride ion the total bond energies (the energies
for the first dissociation channel) increase by 31 and 37 kcal/
mol, significantly larger than those in normal iedipole
complexes. The third channel leads to the global minimum on
the singlet-state potential-energy surface. The energies of
FNgO~ were found to be 55, 37, and 16 kcal/mol higher than
the dissociation products of the third channel for Ndre, Ar,

and Kr, respectively. The transition states for this channel were
found to have triangular structures with elongateeNg and
Ng—O bonds. (The calculated structural parameters are included
in the Supporting Information.) Sizable energy barriers of 19,
33, and 50 kcal/mol for Ng= He, Ar, and Kr, respectively,
were calculated for this dissociation channel. In comparison,
the dissociation barriers of HArF and HKrF to HF and Ar or
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Energy Profile at CCSD(T )/aug-cc-pVTZ level
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Figure 2. Potential-energy profile of ArO and FArO The energies were calculated at the CCSD(T)/aug-cc-pVTZ level. The ArO energies are relative to
Ar + O (S) and the FArO energies are relative to F-Ar + O (S) with F-Ar distance fixed at 2.24 A.

Table 1. Calculated Bond Lengths (A) of FNgO~ at Various of FNgO™ at CCSD(T)/aug-cc-pVTZ level are 131, 103, and
Theoretical Levels 100 kcal/mol lower than those of FNgO at the anion geometry

FHeO™ FAIO™ FKrO™ for Ng = He, Ar, and Kr, respectively. Thus the autoelectron
method F-He He-O F-Ar A0 F-Kr K0 detachment is an unlikely process. Therefore it seems possible
MP2/aug-cc-pVDZ 1637 1.054 2271 1.729 2.251 1.817 that FNgO would be observable as a transient species under
MP2/aug-cc-pVTZ 1606 1.043 2214 1.685 2.211 1786 cryogenic conditions. Compared to the triplet dissociation limits,
MP2/aug-cc-pVQZ 1.601 1.038 2.196 1.672 2.198 1.780

CCSD(T)/aug-cc-pvVDZ 1.656 1.132 2.280 1.846 2.297 1.903 F~+ Ng + O (T), Table 2 shows tha'.[ the energy O.f FHeO
CCSD(T)/aug-cc-pVTZ 1.626 1110 2241 1781 2259 1.854 and FArO are 30 and 10 kcal/mol higher, respectively, but

CCSD(T)/aug-cc-pvVQZ 1.621 1.100 2.224 1.763 the energy of FKrO is 9 kcal/mollower. It is evident that the
calculated relative energies in Table 2 have not converged with
. respect to the basis set sizes. Thus, in Table 2 we also used a
Kr were calculated to be 24 and 33 kcal/mol, respectivehy. P

- ) simple extrapolation methétbased on the CCSD(T) energies
Cto?se?huenFthy, tohe (r:algu'r?tfgi reﬁultstlnbdllce;:egqthiti;t tlh € SII nrgletcalculated with aug-cc-pZ (n=D, T, Q) basis sets to estimate
Zia ©, i t? n _Igh Tilfetimy af FCI\? éisﬁ] id?[ rnlein dobectjha the relative energies at the complete basis set (CBS) limit. The
rafesoc;:f ailntoer.s stgm e(:rosesi(:] togthestri eIet seiaeie Ase me):]tio?]ed differences between the CCSD(T)/CBS and the CCSD(T)/aug-
earlier, the c>r/ossin ointsgwere estirr)nated to.bel!? kcal/ cc-pvQZ values,<1 kcal/imol for the barrier heights anda
mol h" her in energ'eps and0.3 A lonaer in NaO distances kcal/mol for dissociation energies, are reasonable estimations

g In energl S ger n Mgt ai of the error bars for the calculated relative energies.
relative to the singlet equilibrium structures. At low tempera- L .
! . . Table 3 shows the calculated harmonic vibrational frequencies
tures, the rates of intersystem crossing would be limited by the ; "
S . : : e and IR intensities of FNgQ Both the Ng=O and Ng-F
thermal activation to the crossing points. According to transition- . . ;
. . stretching modes were predicted to show strong IR signals. It
state theory, the unimolecular rate constants for thermal activa-; . . -
. 4o i is also interesting to note that the K stretching frequency
tion of 7 kcal/mol should be lower than10~* s™* or a lifetime : 1o
. I was predicted to be 2680 cnt! higher than the ArF
of ~10* s at 70 K. The theoretical lifetimes at even lower .
temperatures are significantly longer. Furthermore, the energiesfrequency' Table 4 shows the calculated atomic charges for
) ' FNgO™. Large charge separations were assigned at tabl@

(22) Chaban, G. M.; Lundell, J.; Gerber, R. 8hem. Phys. Let2002 364
628

. (24) Feyereisen, M. W.; Feller, D.; Dixon, D. A. Phys. Chem1996 100,
(23) Yen, S.-Y.; Mou, C.-H.; Hu, W.-RChem. Phys. LetR004 383 606. 2993.

J. AM. CHEM. SOC. = VOL. 127, NO. 25, 2005 9243



ARTICLES Li et al.

Table 2. Calculated Relative Energies? (kcal/mol) of FNgO~

S-Tgap® relativeto F~+Ng+0O(S) relativeto F~ +NgO relativeto F+Ng+O~ relativeto F~ +Ng+O (T) relative to FO~ +Ng barriert

Ng = He
MP2/aug-cc-pVTZ 118.0 —31.8 NA -17.0 34.3 56.5 29.0 [25.9]
MP2/aug-cc-pVQZ 121.3 —32.9 NA —19.1 32.2 55.8 29.9 [26.0]
CCSD(T)/aug-cc-pVTZ 86.6 —19.2 NA —-14.1 31.6 55.3 17.7 [14.4]
CCSD(T)/aug-cc-pVQZz 90.8 —20.5 NA —15.9 29.8 54.8 19.0
CcsD(T)/CBS 91.1 —20.4 NA —-16.4 29.6 54.7 19.3

Ng = Ar
MP2/aug-cc-pVTZ 61.0 —51.4 —31.1 —36.6 14.7 36.8 44.6 [43.0]
MP2/aug-cc-pVQZ 65.6 —53.7 —31.8 —30.5 23.0 35.0 46.6 [45.0]
CCSD(T)/aug-cc-pVTZ 38.0 —-37.1 —29.7 —32.0 13.7 37.4 31.9[30.6]
CCSD(T)/aug-cc-pVQZ 42.2 —-40.4 -31.9 —-34.1 9.9 36.5 334
CCSD(T)/CBS 41.9 —42.5 —34.0 —34.9 7.5 36.2 33.4

Ng = Kr
MP2/aug-cc-pVTZ 72.2 —76.0 —35.9 —61.2 —-9.9 12.2 65.5 [64.0]
MP2/aug-cc-pvVQZ 74.4 —77.8 —39.9 —64.0 —-12.7 10.9 66.9 [65.4]
CCSD(T)/aug-cc-pVTZ 52.7 —58.1 —37.4 —52.9 -7.3 16.4 49.0
CCSD(T)/aug-cc-pvVQZ  52.8 —59.3 —-37.7 —54.7 -9.0 15.9 50.4
CCsD(T)/CBS 52.4 —60.0 —41.0 —52.3 —-10.0 18.7 49.7

a Born—Oppenheimer energies, not including zero-point vibrational energiEsergy differences between the singlet and the triplet state at the optimized
singlet-state geometry.Energy barriers for the FNgO— FO~ + Ng reactionsd Not applicable® Values in parentheses including vibrational zero-point
energies! Extrapolated results to the complete basis set limit, see ¥Sihgle-point energy at CCSD(T)/aug-cc-pVTZ structure except for the barrier.
h Single-point energy at CCSD(T)/aug-cc-pVDZ structure.

Table 3. Calculated Harmonic Vibrational Frequencies (cm~1) of
FNgO~ at Two Theoretical Levels

MP2/aug-cc-pVTZ CCSD(T)/aug-cc-pVTZ
UHe-0 1692 (183} 1273
UF—He—0 508 (35) 449
UHe—F 350 (116) 331
UAr-0 743 (192) 535
UF-Ar-0 197 (37) 175
UAr—F 271 (69) 275
UKr—0 713 (130) 539
A 192 (40) 170
UKr—F 304 (234) 294

aValues in parentheses are calculated IR intensities (in Km/mol).

Table 4. Calculated Atomic Charges?

F Ng 0
FHeO" —0.83 (-0.91) 0.43(0.57)  —0.60 (-0.66)
FArO- —0.83 (-0.94) 0.49(0.86)  —0.66 (—0.92)
FKrO- —0.78 (-0.85) 0.52(0.86)  —0.75(-1.01)

aBy ChelpG and NBO (in parentheses) methods using electron density
calculated at MP2/aug-cc-pVTZ level, in atomic urat,

bonds. The fluorine atoms were predicted to retain almost the
entire negative charges. This is consistent with the picture of
the anion-induced formation of the polar & bonds men-
tioned earlier. Figure 3 shows the contour plots of the calculated
electron density. The negligible distortion of the concentric
electron density around the fluorine atoms shows the retention
of the anionic character while the electron density distribution
between the noble gas and the oxygen atoms suggests the hlghl)éigure 3. Contour plots of the calculated electron density (MP2/aug-cc-
polar Ng=O bonds. pVTZ level) of FHeO', FArO~, and FKrO'.

If the FNgO™ are stable anions, can they combine with cations gicture of LiFKrO is linear. The following discussion will be

to form “ionic compounds™? We explore this possibility by pased on the calculated results at the CCSD(T)/aug-cc-pVTZ
calculating the structures and relative energies of LIFNgO |eyel.

molecules. Figure 4 shows the calculated structures of LIFArO  Compared to the structures of FNgGhe Ng=O bonds in

and LiFKrO at the CCSD(T)/aug-cc-pVTZ level. Detailed LiFArO and LiFKrO are slightly shorter~0.02 A) and the
geometry parameters and relative energies are included in theNg—F distances are significantly longer (6:8.6 A). At the
Supporting Information. The calculated structure of LIFArO is  singlet minimum structures, the singlet states are more stable
planar with two parallel aligned dipoles while the calculated than the triplet states with-ST gaps of 24 and 37 kcal/mol for

9244 J. AM. CHEM. SOC. = VOL. 127, NO. 25, 2005
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Figure 4. The calculated structures of LIFArO and LiFKrO. Bond lengths are in angstroms and bond angles in degrees.

LIFArO and LiFKrO, respectively. The calculated energies of the special chemical bonding in FNgOthe anion-induced
LiFArO and LiFKrO are 172 and 155 kcal/mol below those of strong Ng=O formation, is very unique and interesting.
Lit + FNgO~. Alternatively, the energies of LIFArO and Although it is difficult to predict whether FNgOcan actually
LiFKrO are 20 and 11 kcal/mol lower than the sum of LiF and be synthesized and observed, the calculated results did suggest
ArO or KrO. These are significantly stronger than normal that, in suitable environments, possibly under cryogenic condi-
dipole—dipole interactions. Similar to the case of FNgGhe tions in solid noble gas matrixes or in molecular beams, the
global minima on the singlet surfaces for the LIFNgO systems FNgO~ anions may have a chance to be experimentally
are LIOF + Ng. The energies of LIFArO and LiIFKrO were identified.

calculated to be 37 and 33 kcal/mol higher than the global ) ) )
minima and the corresponding energy barriers for dissociation Acknowledgment. This work is supported by the National
were calculated to be-17 kcal/mol. The LiFHeO was found ~ Science Council of Taiwan, Grant no. NSC 93-2113-M-194-
to have negligible dissociation barrier to the global minimum 002. We are grateful to the National Center for High-
and is thus not dynamically stable. Performance Computing (NCHC) of Taiwan for providing part

of the computational resources.
Summary

Supporting Information Available: Tables of calculated
geometry, relative energies, vibrational frequencies, atomic
charges, figures of potential energy profiles (PDF). This material
is available free of charge via the Internet at http://pubs.acs.org.

The current study shows that the unstablesX@ybonds can
be strengthened considerably in the presence of a fluoride ion.
The FNgO were predicted to be tightly binding anions and
were predicted to have large-§ gaps and high unimolecular
dissociation energy barriers. From the theoretical point of view, JA051276F
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