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We have made high-level theoretical study on a new type of noble-gas (Ng) containing anions
FNgCC−. The calculated short Ng−CC bond lengths of 1.13, 1.77, 1.89, and 2.04 Å for Ng=He, Ar,
Kr, and Xe, respectively, and the electron density distributions indicated strong covalent interactions
between the Ng and CC induced by the polarizing fluoride ion. Except for FHeCC−, the structures of
all other FNgCC− were predicted to be linear. The intrinsic stability of the FNgCC− was studied by
calculating the energies of the three-body dissociation reaction: FNgCC− → F− + Ng + CC and by
calculating the energy barriers of the two-body dissociation reaction: FNgCC− → Ng + FCC−. The
results showed that FNgCC− (Ng=Ar, Kr, Xe) could be kinetically stable in the gas phase with the
three-body dissociation energies of 17, 37, and 64 kcal/mol and two body-dissociation barriers of 22,
31, and 42 kcal/mol, respectively, at the coupled-cluster single double (triple)/aug-cc-pVQZ level
of theory. The structures and the stability were also confirmed using the multi-reference CASPT2
calculation. Future experimental identification of the FNgCC− anions is expected under cryogenic
conditions. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4766326]

I. INTRODUCTION

While the noble gases (Ng=He, Ne, Ar, Kr, Xe) were
generally regarded as chemically “inert,” starting from 1962
the element xenon has been known to form many types of
stable compounds such as XePtF6.1 In recent years, several
new types of noble-gas molecules have been observed ex-
perimentally, including the various noble-gas hydrides HNgY
(Y = electronegative chemical groups) notably by Räsä-
nen and co-workers using the matrix photolysis/isolation
techniques,2–7 and the noble-gas noble-metal halide com-
plexes NgMX by Gerry and co-workers using the laser ab-
lation source.8–18 The noble gas is also known to form
ligands to transition-metal ions19, 20 and to form actinide com-
plexes with the CUO molecule.21–23 In addition, the advent of
computational chemistry has now made the accurate predic-
tion of the structures and stability of small noble-gas molecule
possible.24–36 In particular, we have made prediction that the
noble-gas containing anions FNgO− (Ng=He, Ar, Kr, Xe)
would have very compact structures and relatively strong
charge induced Ng=O bonding.24 It was even postulated that
the fluoride ion can induce multiple Ng=O bonding simul-
taneously in F−(NgO)n anions.27 Following the prediction of
FNgO− and FNgBO25 molecules, Grandinetti and co-workers
predicted that the anions FNgBN− would also have strong
F−Ng and Ng−B bonding and could be stable at cryogenic
condition.30 We have also recently predicted that the anions
NXeO2

− and NXeO3
− could be stable and contain tenta-

tive Xe−N triple bonds.28 Although somewhat unexpected,
the noble gases do seem to have rich and interesting anionic
chemistry after all.37 In searching for other anionic noble-gas
containing species computationally, we have recently noticed
that the FNgCC− anions (Ng=He, Ar, Kr, Xe) also contained

a)E-mail: chewph@ccu.edu.tw.

very short Ng−C bonds and could be a new type of potentially
stable noble-gas containing species. In addition to the first
predicted stable anions with Ng−C bonding, the FNgCC−

anions are interesting in several other ways. Firstly, while
the FNgCC− is isoeletronic to FNgBO and FNgBN−, it is
still somewhat surprising that a relatively stable Ng−C bond
can be formed. It was thought that in FNgBO and FNgBN−

the electron-withdrawing or negatively charged fluorine atom
could polarize the Ng−B bonds. Upon forming the Ng−B
bond the Ng atom would donate partial electron charges to-
ward the electron-poor boron atom. However, in the present
case of FNgCC−, the CC group is neither very electron de-
ficient nor electron withdrawing. The nature of the Ng−C
bonding should thus be different from that of the Ng−B bond-
ing. Perhaps, it is more similar to FNgO− where the fluoride
ion polarizes the formation of the Ng=O bonds, and in the
current case the Ng=C bonds. Secondly, while stable carbon-
noble gas bonding has recently been predicted and experi-
mentally observed in HXeCN,38 HXeCCH,39 HXeCCXeH,39

HKrCCH,40 and FKrCCH4 molecules, but, to our knowledge,
no stable Ar−C bonds have been observed or predicted.26 As
will be seen in Secs. II–IV, the FArCC− does seem to be a sta-
ble anion with significant dissociation barriers. Thirdly, since
the ground state of CC is singlet, FNgCC− anions would be
less susceptible to dissociation through intersystem crossing
to the triplet state, as in the case for FNgO−.24 In Secs. II–IV
we will present the detailed theoretical study on the structures,
stability, and the bonding nature of the new type noble-gas
containing anions FNgCC−.

II. METHODS

The structures and energies of the FNgCC− ion
(Ng=He, Ar, Kr, Xe) were calculated using the MP241 and
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coupled-cluster single double (triple) (CCSD(T))42 meth-
ods and the hybrid density functionals B3LYP43–45 and
MPW1PW9146 with Dunning’s augmented correlation con-
sistent basis sets (aug-cc-pVnZ, n = D, T, Q).47–51 For Ar
the aug-cc-pV(n+d)Z51 basis sets were used, and for Xe the
aug-cc-pVnZ-pp52 basis sets were used. The “pp” means that
a pseudopotential was used to replace the core electrons of
the Xe atom. In the current study, 28 core electrons of Xe
were replaced by the pseudopotential developed by Peterson
et al.52 For brevity, the basis sets will just be described as aug-
cc-pVnZ for the rest of this article, and they are abbreviated
as apnz in all the tables. Additionally, the triplet state ener-
gies at the singlet-state geometry, the dissociation energies of
(1) FNgCC− → F− + Ng + CC, (2) FNgCC− → F + Ng
+ CC−, (3) FNgCC− → FCC− + Ng, and the structures and
energies of the transition states for the third dissociation chan-
nel were also calculated. The CASSCF53 and CASPT254, 55

calculations were also carried out to predict the FNgCC−

structures and the dissociation barrier heights. All the
valence electrons and orbitals except the ns electrons and or-
bitals of F, Ar, Kr, Xe were included in the active space.
Thus, for FHeCC−, the active space consisted of 16 elec-
trons in 12 orbitals (16,12), and for Ng=Ar, Kr, and Xe
the active space consisted of 20 electrons in 14 orbitals
(20,14). The ChelpG56 and NBO57 atomic charges and Lapla-
cian of the electron density for FNgCC− were calculated
at MP2/aug-cc-pVDZ level, and the harmonic vibrational
frequencies and IR intensities were calculated at MP2/aug-
cc-pVTZ level. The MP2, CCSD(T), and DFT calculation
was performed using the GAUSSIAN 03 program,58 and
the CASSCF and CASPT2 calculation was performed us-
ing the MOLPRO 2009.1 program.59 To supplement our ear-
lier study on FNgO− (Ng=He, Ar, Kr),24 the structures
and energies of FXeO− were also calculated by MP2 and
CCSD(T) theory with the aug-c-pVnZ basis sets. All the cal-
culated structural parameters and relative energies of FNgO−

(Ng=He, Ar, Kr, Xe) are included in the supplementary
material.60

III. RESULTS AND DISCUSSION

A. Structures

A schematic plot of a linear FNgCC− molecule was
shown in Fig. 1. The calculated structures by various theo-
retical methods were listed in Table I. The FHeCC− anion
was predicted to have a bent structure by all theoretical meth-
ods with He−C−C angle of ∼137◦ by coupled cluster the-
ory. The FArCC−, FKrCC− and FXeCC− anions were pre-
dicted to be linear by all methods. The FNeCC− anion was
found not to be an energy minimum at all theoretical levels.
The F−He distance in FHeCC− was predicted to be 1.62 Å
at the CCSD(T)/aug-cc-pVQZ level. Unless specified other-
wise, the structures and energies discussed below referred to
the calculated results at this level. From Ar to Xe the F−Ng
distances were predicted to be rather insensitive to the sizes of
the Ng atoms, and the bond distances increased only slightly
from 2.16 to 2.23 Å. This is consistent with the earlier study
of FNgO−24 and with the picture of an ionic interaction be-

FIG. 1. Schematic plot of FNgCC−.

tween the fluoride ion and the NgCC unit. The He−CC dis-
tance was predicted to be only 1.13 Å, which was very short
considering the predicted He−F distance in HHeF is 1.41 Å
at the same level of theory.29 From Ar to Xe the predicted
Ng−CC distances were 1.77, 1.89, and 2.04 Å, respectively.
The steady increases in bond distances reflected the cova-
lent character of the Ng−C bonding, and the short distances
seemed to suggest that the Ng−CC bonding might contain
some double-bond character. The calculated C−C distances
were all very similar from He to Xe, within 0.01 Å of a bond
distance of 1.26 Å. In comparison, the calculated C−C dis-
tances in HCCH and C2 molecules were 1.21 Å and 1.25 Å,
respectively, at the same level of theory. The FNgCC−

TABLE I. Calculated bond lengths (Å) and bond angles (◦) of FNgCC−.

Method F−Ng Ng−C C−C F−Ng−C Ng−C−C

FHeCC−

MP2/apdz 1.612 1.120 1.282 177.5 156.6
MP2/aptz 1.586 1.104 1.259 178.3 161.4
MPW1PW91/aptz 1.569 1.155 1.252 179.1 140.6
B3LYP/aptz 1.593 1.177 1.259 178.8 133.6
CCSD(T)/aptz 1.624 1.137 1.274 177.1 137.4
CCSD(T)/apqz 1.623 1.133 1.269 176.5 137.3
CASSCF/aptz 1.705 1.123 1.281 174.1 136.2
CASPT2/aptz 1.610 1.121 1.267 176.6 139.6

FArCC−

MP2/apdz 2.187 1.782 1.290 180.0 180.0
MP2/aptz 2.146 1.737 1.265 180.0 180.0
MPW1PW91/aptz 2.174 1.895 1.243 180.0 180.0
B3LYP/aptz 2.209 1.930 1.245 180.0 180.0
CCSD(T)/aptz 2.175 1.782 1.263 180.0 180.0
CCSD(T)/apqz 2.164 1.767 1.258 180.0 180.0
CASSCF/aptz 2.302 1.822 1.273 180.0 180.0
CASPT2/aptz 2.130 1.900 1.272 180.0 180.0

FKrCC−

MP2/apdz 2.214 1.919 1.288 180.0 180.0
MP2/aptz 2.180 1.879 1.265 180.0 180.0
MPW1PW91/aptz 2.174 1.894 1.243 180.0 180.0
B3LYP/aptz 2.209 1.930 1.245 180.0 180.0
CCSD(T)/aptz 2.203 1.905 1.261 180.0 180.0
CCSD(T)/apqz 2.186 1.893 1.257 180.0 180.0
CASSCF/aptz 2.279 1.921 1.269 180.0 180.0
CASPT2/aptz 2.117 1.965 1.268 180.0 180.0

FXeCC−

MP2/apdz 2.264 2.080 1.285 180.0 180.0
MP2/aptz 2.239 2.041 1.264 180.0 180.0
MPW1PW91/aptz 2.234 2.054 1.244 180.0 180.0
B3LYP/aptz 2.266 2.081 1.245 180.0 180.0
CCSD(T)/aptz 2.249 2.057 1.261 180.0 180.0
CCSD(T)/apqz 2.232 2.044 1.256 180.0 180.0
CASSCF/aptz 2.279 2.078 1.268 180.0 180.0
CASPT2/aptz 2.244 2.077 1.264 180.0 180.0
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anions are isoelectronic to the FNgCCH molecules. In the cur-
rent study, the predicted F−Ng bond distances were ∼0.2 Å
longer and the Ng−CC distances ∼0.02 Å shorter than those
in FNgCCH obtained from an earlier study.26 The two MP2
and two DFT methods in Table I all predicted very consistent
results with differences less than 0.05 Å in bond distances
as compared to the CCSD(T)/aug-cc-pVQZ results. Over-
all speaking, the structures predicted by MPW1PW91/aug-
cc-pVTZ method seemed to best match the CCSD(T)/aug-
cc-pVQZ values. The CCSD(T)/aug-cc-pVTZ results were
all within 0.01 Å of the CCSD(T)/aug-cc-pVQZ values, in-
dicating converged structure calculation with respect to the
size of the basis sets. We also calculated the geometry of
FNgCC− using the CASSCF and CASPT2 theory with the
aug-cc-pVTZ basis set to check the possible effects due to the
multiconfigurational and multireference nature. Both methods
confirmed that the FNgCC− anions were energy minima, and
the calculated results were also shown in Table I. The struc-
tures predicted by CCSD(T)/aug-cc-pVTZ and CASPT2/aug-
cc-pVTZ were very similar. The CASPT2 method predicted
slightly shorter (0.01−0.09 Å) F−Ng (Ng=He−Xe) dis-
tances and longer (0.02−0.12 Å) Ng−C (Ng=Ar−Xe) dis-
tances. Comparing the CASSCF and CASPT2 structures, the
inclusion of dynamic correlation caused significant decreases
in the F−Ng distances and slight increases in the Ng−C
distances for Ng=Ar and Kr.

B. Relative energies

Table II shows the calculated singlet-triplet (S-T) energy
gaps of FNgCC− and the energies of three sets of disso-
ciation products relative to FNgCC− by various methods.
The S-T gaps calculated using the singlet structures were
all quite high, and were 67, 81, 91, and 98 kcal/mol for
Ng=He, Ar, Kr, and Xe, respectively. The MPW1PW91/aug-
cc-pVTZ method predicted S-T gaps very closely matched
with the CCSD(T)/aug-cc-pVQZ values, while the MP2/aug-
cc-pVTZ methods significantly overestimated the S-T gaps.
The calculated dissociation energies of the first channel were
−1, 17, 37, and 64 kcal/mol for Ng=He, Ar, Kr, and Xe,
respectively. Thus, except for Ng=He, all other FNgCC− an-
ions were predicted to be stable with respect to this dissoci-
ation pathway. The energy difference between the first and
second sets of products corresponds to the difference in elec-
tron affinity (EA) between F atom and CC molecule. At the
CCSD(T)/aug-cc-pVQZ level, the EA of F is 3.6 kcal/mol
higher, and thus the dissociation energy of the first chan-
nel is 3.6 kcal/mol lower. The calculated difference in EA
of the F atom and CC molecule was in good agreement
with the experimental value of 2.9 kcal/mol.61 This indi-
cated that the relative energies calculated by the CCSD(T)
method were quite reliable. The DFT methods were problem-
atic in calculating the ground singlet state of CC molecule,
resulting very large errors on the dissociation energies of the
first channel. All calculations gave very similar results on
the energies of the third dissociation pathway which were
all highly exoergic. The dissociation energy barriers will be
discussed next.

TABLE II. Calculated S-T gap and energies relative to FNgCC− (kcal/mol).

Method S-T gap F− + Ng + CC F + Ng + CC− Ng + FCC−

FHeCC−

B3LYP/aptz 54.7 29.9 10.6 − 100.3
MPW1PW91/aptz 61.8 31.8 5.9 − 105.9
MP2/apdz 92.6 − 10.8 − 3.0 − 108.8
MP2/aptz 108.5 − 6.6 2.1 − 110.9
CCSD(T)/aptz 65.9 − 1.7 1.0 − 106.7
CCSD(T)/apqz 66.7 − 1.1 2.5 − 106.8

FArCC−

B3LYP/aptz 72.2 45.5 26.3 − 84.7
MPW1PW91/aptz 82.3 50.9 25.0 − 86.8
MP2/apdz 87.5 10.0 17.9 − 87.9
MP2/aptz 100.0 17.5 26.2 − 86.8
CCSD(T)/aptz 80.5 17.5 20.2 − 87.4
CCSD(T)/apqz 81.3 17.1 20.7 − 88.6

FKrCC−

B3LYP/aptz 77.6 60.9 41.7 − 69.2
MPW1PW91/aptz 85.7 67.4 41.5 − 70.3
MP2/apdz 93.3 29.2 37.1 − 68.7
MP2/aptz 103.7 37.6 46.3 − 66.7
CCSD(T)/aptz 88.0 36.6 39.3 − 68.3
CCSD(T)/apqz 91.1 37.1 40.7 − 68.7

FXeCC−

B3LYP/aptz 83.5 82.7 63.5 − 47.5
MPW1PW91/aptz 89.7 90.1 64.2 − 47.6
MP2/apdz 99.4 55.0 62.8 − 43.0
MP2/aptz 107.3 63.5 72.2 − 40.8
CCSD(T)/aptz 95.2 61.9 64.6 − 43.0
CCSD(T)/apqz 97.7 63.8 67.4 − 42.0

C. Stability

The linear FNgCC− ion, as depicted in Fig. 1, can be
viewed as an ion−dipole complex of F−. . . NgCC. However,
the NgCC molecule is highly unstable, and only the XeCC
has been observed by experiments.62, 63 The association ener-
gies of Ng + CC were calculated to be less than 1 kcal/mol
for Ng=Ar and Kr, and ∼5 kcal/mol for Ng=Xe at the
CCSD(T)/aug-cc-pVTZ level. These are compared to the dis-
sociation energies of 17−64 kcal/mol to F− + Ng + CC listed
in Table II. Apparently, the polarizing effects of the fluoride
ion induced strong binding between Ng and CC. The intrin-
sic thermal stability of FNgCC− anions depends on the dif-
ficulty of undergoing unimolecular dissociation through the
three channels mentioned above. Except for FHeCC−, dis-
sociation through the first two channels was protected by
high endoergic energies of reactions, as shown in Table II.
For FHeCC− we were able to find the transition state (TS)
corresponding to the first dissociation channel, and the clas-
sical barrier height was predicted to be 5.5 kcal/mol. The
structural parameters of the TS were included in the supple-
mentary material.60 Since the third dissociation channel is
highly exoergic, thermal stability of FNgCC− requires high
energy barriers for the reaction of FNgCC− → Ng + FCC−.
Figure 2 showed schematic plots of two possible TS geome-
tries for the third dissociation channel. In TS1, the fluoride
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FIG. 2. Schematic plots of TS1 and TS2 structures.

ion approaches the terminal carbon atom (C2), while in TS2
the fluoride approaches the carbon next to the noble gas (C1).
Table III listed the calculated structures of TS1 and TS2 and
Table IV listed the predicted classical energy barriers. We
were able to use MP2/aug-cc-pVTZ and MPW1PW91/aug-
cc-pVTZ methods to locate the geometry of both TS. Full list
of calculated geometry and energies of the TS are included in
the supplementary material.60 All the calculated TS1 and TS2

TABLE III. Calculated bond lengths (Å) and bond angles (◦) of the
transition states.

Method F−Ng Ng−C1 C1−C2 F−Ng−C1 Ng−C1−C2

TS1 FHeCC−

MP2/aptz 1.816 1.166 1.311 128.2 105.7
MPW1PW91/aptz 1.764 1.248 1.304 130.3 103.7
CCSD(T)/aptz 1.809 1.235 1.319 129.1 105.7

FArCC−

MP2/aptz 2.553 1.816 1.293 86.0 123.9
MPW1PW91/aptz 2.646 2.017 1.293 101.4 113.3

FKrCC−

MP2/aptz 2.605 1.918 1.294 80.7 122.3
MPW1PW91/aptz 2.644 1.988 1.286 90.9 119.7

FXeCC−

MP2/aptz 2.632 2.058 1.296 75.3 119.4
MPW1PW91/aptz 2.616 2.108 1.281 80.5 122.2

TS2 FHeCC−

MP2/aptz 1.831 1.150 1.271 97.6 139.0
MPW1PW91/aptz 1.836 1.202 1.261 101.6 129.2

FArCC−

MP2/aptz 2.468 1.840 1.278 70.6 147.9
MPW1PW91/aptz 2.517 1.849 1.257 78.9 139.2

FKrCC−

MP2/aptz 2.514 1.955 1.277 62.8 144.7
MPW1PW91/aptz 2.543 1.974 1.254 68.2 140.0

FXeCC−

MP2/aptz 2.561 2.124 1.277 55.9 142.6
MPW1PW91/aptz 2.583 2.155 1.251 58.1 140.7

TABLE IV. Calculated barrier heights (kcal/mol).

FHeCC− FArCC− FKrCC− FXeCC−

Method TS1 TS2 TS3 TS1 TS2 TS1 TS2 TS1 TS2

MP2/aptz 18.0 13.0 10.7 33.6 25.6 42.0 34.3 50.5 44.0
MPW1PW91/aptz 11.4 15.0 28.0 27.9 36.3 35.3 44.7 44.5
CCSD(T)/aptza 10.0b 11.2 5.0 22.1 21.4 31.4 30.3 41.1 41.1
CCSD(T)/apqza 10.3b 11.2 5.7 22.7 21.6 31.8 30.5 41.8 41.7
CASSCF/aptzc 10.3 11.6 23.7 24.9 36.1 27.9 43.1 41.0
CASPT2/aptzc 11.3 12.6 30.6 19.7 33.5 31.9 46.6 37.2

aSingle-point energies calculated using MPW1PW91/aptz geometries except for TS1 of
FHeCC−.
bSingle-point energies calculated using CCSD(T)/aptz geometries.
cSingle-point energies calculated using MP2/ aptz geometries.

were confirmed to connect to FNgCC− and the dissociation
products by calculating the reaction paths (the IRC calcula-
tion). The results of the IRC calculation were included in the
supplementary material.60 From FNgCC− to TS1 and TS2,
the F−Ng distances increased by 0.1−0.2 Å for Ng=He, and
by 0.4−0.5 Å for Ng=Ar, Kr, and Xe. The Ng−C1 distances
increased less significantly (0.1−0.2 Å) from FNgCC− to TS
for all noble gas atoms, and the C1−C2 distances decreased
by 0.03−0.05 Å for TS1 and by only ∼0.01 Å for TS2. The
F−Ng−C1 angles in TS2 were ∼20◦ smaller than in TS1,
which was understandable since the fluoride ion was form-
ing a chemical bond with C2 in TS1 and with C1 in TS2,
respectively. The predicted barrier heights increased with the
sizes of the noble gas atoms, from ∼10 kcal/mol for Ng=He
to ∼33 kcal/mol for Ng=Xe. At MP2/aug-cc-pVTZ level, the
energies of TS1 were significantly (5−8 kcal/mol) higher than
those of TS2. However, the energies of the two TS were pre-
dicted to be similar by MPW1PW91 and CCSD(T) methods,
with TS2 slightly lower than TS1. For Ng=Ar, Kr, and Xe,
all the barrier heights for the FNgCC− → Ng + FCC− dis-
sociation channel were found to be higher than 20 kcal/mol,
and thus these FNgCC− were predicted to be kinetically sta-
ble. One important issue that needs to be addressed here is
the reliability of the single-reference methods such as MP2
and CCSD(T) theory in predicting the barrier heights. We
have performed the T1 diagnostics64 calculation on FNgCC−

and on TS1 and TS2. The calculated T1 values were listed in
Table V. The T1 values for FNgCC− were below or slightly
over the empirical threshold of 0.02. However, almost all the
T1 values for TS were higher than 0.03. This suggested that
the TS energies were less adequately modeled by the CCSD
theory. As a result, we also calculated the barrier heights using
the multi-reference CASPT2 method based on the CASSCF
wavefunction. As also shown in Table IV, the CASPT2 results

TABLE V. Calculated T1 values at CCSD/aptz//MPW1PW91/aptz level.

Ng FNgCC− TS1 TS2

He 0.028 0.041 0.035
Ar 0.023 0.054 0.035
Kr 0.018 0.036 0.032
Xe 0.015 0.029 0.031
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FIG. 3. Potential energy curve of FArCC−. The energies were calculated at
the CCSD(T)/aug-cc-pVTZ level. The FArCC− energies are relative to F− +
Ar + CC(S) with F−Ar distance fixed at 2.211 Å and C−C distance fixed at
1.292 Å.

were, within a few kcal/mol, consistent with the trends ob-
tained by the CCSD(T) calculation. Thus, from the predicted
energetics listed in Tables II and IV, the FNgCC− anions
(Ng=Ar, Kr, and Xe) seemed to be kinetically stable species
on the ground-state singlet potential energy surface (PES) at
cryogenic conditions. Another possible dissociation channel
for FNgCC− is via intersystem crossing to the repulsive triplet
state, as discussed in previous study on the FNgO− anion.24

However, unlike the oxygen atom which has a triplet ground
state, the CC molecule has a singlet ground state which is
∼2 kcal/mol lower than the lowest triplet state.65 Thus, the
FNgCC− anion is stable against the dissociation channel to
F− + Ng + CC(T) as shown in Fig. 3 where the singlet and
triplet curves of FArCC− never crossed along the Ar−C1
coordinate. The curves for other noble gases (included in
the supplementary material60) were found to be qualitatively
similar.

D. Vibrational frequencies

The calculated harmonic vibrational frequencies and IR
intensities of FNgCC− were listed in Table VI. Since the
FHeCC− anion is nonlinear, it has one fewer mode (the degen-
erate bending) than other anions. In most cases, the calculated
frequencies at CCSD(T)/aug-cc-pVTZ levels were a few tens
of wavenumber smaller than the corresponding MP2/aug-
cc-pVTZ values, except for the He−C−C and one of the
F−He−C bending modes where the CCSD(T) result was
∼30 cm−1 higher. The following discussion will be based on
the frequencies calculated by the CCSD(T) theory and inten-
sities calculated by the MP2 theory. Interestingly, the frequen-
cies of all the F−Ng stretching modes were similar (270−
350 cm−1) despite the very large difference in the mass of the
noble gases. This could be understood by the balancing ef-
fects of the atomic masses and the bonding strengths down the
noble gas family. This mode, which has relatively strong IR
intensity, can be used as the fingerprint for future experimen-
tal identification of the FNgCC− anion. Except for Ng=He,
all other Ng−C stretching frequencies were also very simi-

TABLE VI. Calculated harmonic vibrational frequencies (cm−1) of
FNgCC−.

Mode MP2/aptz CCSD(T)/aptz

FHeCC−

ν1 He−C−C 129 (17)a 154
ν2 He−F 378 (131) 353
ν3 F−He−C (1) 427 (101) 395
ν4 F−He−C (2) 465 (92) 493
ν5 He−C 1352 (272) 1288
ν6 C−C 2059 (313) 1890

FArCC−

ν1 Ar−C−C 80 (25) 9
ν2 F−Ar−C 225 (31) 188
ν3 Ar−F 306 (206) 266
ν4 Ar−C 471 (77) 404
ν5 C−C 1853 (63) 1870

FKrCC−

ν1 Kr−C−C 87 (31) 68
ν2 F−Kr−C 231 (21) 205
ν3 Kr−F 333 (248) 315
ν4 Kr−C 439 (82) 409
ν5 C−C 1864 (88) 1896

FXeCC−

ν1 Xe−C−C 91 (32) 82
ν2 F−Xe−C 230 (16) 216
ν3 Xe−F 350 (256) 339
ν4 Xe−C 437 (84) 421
ν5 C−C 1869 (109) 1906

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

lar (440−470 cm−1), while in FHeCC− the He−C stretch-
ing mode was predicted to be as large as ∼1300 cm−1. All
the C−C stretching frequencies were also very similar, in the
range of 1870−1906 cm−1. In comparison the calculated val-
ues for HCCH and C2 molecule were 2004 and 1854 cm−1,
respectively.

E. Bonding and charge distribution

Figure 4 showed the iso-electron density plots of
FNgCC− calculated by the MP2/aug-cc-pVDZ method. The
concentric electron density distribution around F atom clearly

FIG. 4. Contour plots of the calculated electron density (MP2/aug-cc-pVDZ)
of FHeCC−, FArCC−, FKrCC−, and FXeCC−.

Downloaded 21 Nov 2012 to 140.123.79.44. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



194303-6 Peng et al. J. Chem. Phys. 137, 194303 (2012)

FIG. 5. Contour plots of the calculated Laplacian of electron density
(MP2/aug-cc-pVDZ) for FNgCC− in which the blue contour lines are in re-
gions of electron concentration and the red contour lines are in regions of
electron depletion.

suggested that it primarily existed as a fluoride ion in
FNgCC−. This picture was consistent with the ion-induced
dipole interaction mentioned earlier in this section. Covalent-
type electron sharing was also obvious between Ng and CC.
Plots using the density obtained from MPW1PW91/aug-cc-
pVTZ calculation gave very similar results, which were in-
cluded in the supplementary material.60 However (as was
also pointed out by one of the reviewers), the electron den-
sity distribution mentioned above was not inconsistent with
strongly polarized electrostatic Ng−C bonds. To further ana-
lyze the bonding types, the Laplacian of the electron density
was calculated at MP2/aug-cc-pVDZ level and was shown in
Fig. 5. Significant charge concentration (negative values of
the Laplacian) was observed between the noble gas atom and
the CC unit for Ng=Ar, Kr, and Xe. The calculated values of
Laplacian at the Ng−C bond critical points were 0.11, −0.14,
−0.13, and −0.08 (atomic units) for Ng=He, Ar, Kr, and Xe,
respectively. This result thus also suggested important cova-
lent characters25, 66, 67 of the Ng−C bonding in FNgCC− an-
ions except for Ng=He. Table VII listed the calculated atomic
charges by the Mullikan, ChelpG, and NBO methods. All
methods predicted highly negative partial charges on F atom,
as expected, and substantial positive partial charges on Ng,

TABLE VII. Calculated atomic charges.a

F Ng C1 C2

Mullikan
FHeCC− −0.858 0.190 0.185 −0.518
FArCC− −0.856 0.486 −0.230 −0.399
FKrCC− −0.812 0.712 −0.292 −0.608
FXeCC− −0.749 1.009 −0.314 −0.946

ChelpG
FHeCC− −0.914 0.597 −0.122 −0.561
FArCC− −0.815 0.460 −0.010 −0.635
FKrCC− −0.740 0.460 −0.011 −0.708
FXeCC− −0.646 0.398 −0.005 −0.747

NBO
FHeCC− −0.903 0.444 −0.239 −0.301
FArCC− −0.885 0.623 −0.422 −0.317
FKrCC− −0.845 0.761 −0.586 −0.331
FXeCC− −0.824 0.912 −0.749 −0.339

aAtomic charges calculated at MP2/aug-cc-pVDZ level, in atomic unit, e.

FIG. 6. The calculated structure of F−. . . (NgCC)2 at MPW1PW91/aug-cc-
pVTZ level. The point group symmetry is C2h for Ng=He, and is D∞h for
Ng=Ar, Kr, and Xe.

suggesting important electron density transfer from the no-
ble gas atom to the CC unit. The predicted atomic charges
on the two carbon atoms, however, were quite different by
different charge models. As seen in Table VII, the ChelpG
method, which was based on the calculated electrostatic po-
tential, predicted an almost neutral C1 atom and a highly neg-
atively charged C2 atom. The NBO method, which was based
on natural orbital population, gave more balanced charge dis-
tribution on C1 and C2. The commonly used Mullikan model
gave results which are, in most cases, intermediate between
the two models mentioned above on the two carbon atoms.
Based on Fig. 4, it was difficult to perceive very significant
differences in electron density distribution between the two
carbon atoms.

F. F−(NgCC)2 anion

In our previous study of F−(NgO)n,27 we have shown
that up to six NgO units can be attached to a single flu-
oride ion with significant increases in association ener-
gies as n increased. Here, we also explored the possibil-
ity of attaching the fluoride ion with two NgCC units.
Figure 6 showed the calculated structures of F−(NgCC)2 an-
ions at MPW1PW91/aug-cc-pVTZ level. The structures of
F−(ArCC)2, F−(KrCC)2, and F−(XeCC)2 were all found to
have the expected D∞h symmetry, while the F−(HeCC)2 was
predicted to have the C2h symmetry. The F−Ng distances
increased by 0.1−0.2 Å and the Ng−C distances decrease
slightly by 0.02−0.03 Å compared with the distances in
FNgCC−. The association energies relative to F− + 2 Ng
+ 2 CC were predicted to be 18, 52, and 95 kcal/mol, for
Ng=Ar, Kr, and Xe, respectively, at the CCSD(T)/aug-cc-
pVTZ//MPW1PW91/aug-cc-pVTZ level. This translated to
8%, 43%, and 54% increase in the association energies than in
FNgCC−. For Ng=He, the additional HeCC unit was found to
actually decrease the association energy, which was probably
due to the Pauli repulsion. Attaching more than two NgCC
units to the fluoride ions with important increase in associ-
ation energies for Ng=Kr and Xe certainly seemed possible
and will be explored in a future study.
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IV. SUMMARY

We have made theoretical prediction on the structures and
stability of the FNgCC− (Ng=He, Ar, Kr, and Xe) anions
with a variety of electronic structure theory and atomic basis
sets. The calculated results suggested that the tightly bonded
structures of FNgCC− can be formed by ion-induced dipole
interaction with association energies of 17−64 kcal/mol for
Ng=Ar, Kr, and Xe. These anions were also predicted to be
stable with respect to the three possible unimolecular disso-
ciation channels and to the intersystem crossing to the repul-
sive triplet states at low temperature. Our calculation also sug-
gested that more than one NgCC unit could be attached to the
fluoride ions with significant increase in association energies
for Ng=Kr and Xe. The calculated vibrational frequencies,
in particular, of the F−Ng and Ng−C stretching modes, can
be used in future experimental identification of the FNgCC−

anions.
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