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Density functional theory studies were performed for the first time to obtain the Li+ ion affinities of various
perfluorocarbons (PFCs) that cause global-warming. Becke’s three-parameter hybrid density functional, B3LYP
combined with 6-31G(d), 6-311+G(2d), and 6-311+G(3df) basis sets were utilized for this purpose. We
present optimized geometries of PFC-Li + ion complexes at B3LYP/6-311+G(2d) level. The frequencies
obtained at the same level were used to verify all the optimized geometries are minima. The following PFCss
CF4, CHF3, CH2F2, CH3F, C2F6, C4F8, with SF6swere considered in the present study. The calculated Li+

affinities for CF4, CHF3, CH2F2, CH3F, C2F6, C4F8, and SF6 are 12.31, 19.64, 26.84, 30.10, 17.20, 21.09, and
16.92 kcal/mol, respectively at B3LYP/6-311+G(3df) after zero-point energy and thermal energy corrections.
The large Li+ affinities indicate the validity of our proposed Li+ ion attachment mass spectrometry to quantify
the emission of these greenhouse gases from semiconductor industries. Complex geometries were obtained
and the ion-molecular bonding nature was discussed on the basis of atomic charge, electron densityF, and
its Laplacian.

Introduction

Global-warming is one of the major threats humankind is
presently facing. In addition to naturally available greenhouse
gases, such as carbon dioxide, methane and nitrous oxide, man-
made greenhouse gases contribute significantly to the global-
warming process.1,2 Hydrofluorocarbons (HFCs) and perfluo-
rocarbons (PFCs) are potent greenhouse gases produced by
industries. These gases, plus sulfur hexafluoride (the most potent
greenhouse gas),2 play a significant role in the global-warming
process. Furthermore, these compounds have extremely long
atmospheric lifetimes, resulting in their essentially irreversible
accumulation within the atmosphere.

Many PFCs have important and wide-ranging uses in industry,
particularly in plasma industries and semiconductor technology.3

Unfortunately, most of them are greenhouse gases. The com-
monly used PFCs in industries are CF4, CHF3, and C2F6. The
global-warming potential (GWP) of these greenhouse gases is
very high, and they have long lifetimes. The atmospheric half-
lives of CF4, CHF3, and C2F6 are 50000, 250, and 10000 years,
respectively, and their GWPs over a one-hundred year period
are 6300, 12100, and 12200, respectively, with reference to the
absolute global-warming potential for CO2.2,4-6

Hence, controlling the production of PFCs in industry is
essential to reduce global-warming. However, complete control
is difficult, and the Intergovernmental Panel on Climate Change
(IPCC) has proposed some regulations on production levels of
these gases.2 Thus, quantitative analysis of the emission of PFCs
from industry is timely. Electron impact mass spectrometry is
often employed for such studies, however, most PFCs dissociate
or predissociate with high probability; hence, the parent mo-
lecular ions must be unstable and were not observed experi-
mentally.7-14 Electron impact ionization produces many neutral
radicals and ions. This may create difficulty in quantitative

analysis and the situation is further complicated as most of PFCs
break into similar fragments.12-14 Therefore Harnisch et al.15

employed mass spectrometry combined with a GC and/or a
cryotrap technique for the measurements of CF4, SF6, and C2F6

in the atmosphere.
Li+ ion attachment mass spectrometry, developed by one of

the present authors, can be a direct method through which one
can analyze the sample without any refinement such as
separation of the sample from the abundant atmospheric
species.16-29 It permits sampling at atmospheric pressure fol-
lowed by soft ionization mass spectrometry. Sample gases are
introduced through a small aperture at atmospheric pressure into
an ionization chamber containing a lithium ion emitter. In this
reaction chamber, Li+ ion attachment to the molecule takes
place. The ionized adduct is detected by a quadrupole mass
spectrometer. With this instrument incorporating soft ionization,
it is possible to detect chemical species on a real-time basis.

Preliminary experiments demonstrate the feasibility of mea-
suring PFCs in exhaust from the semiconductor industry by
generating Li+ ion adducts. No serious interference from more
abundant species in air has been observed because of the
generation of ions which do not get fragmented. High sensitivity
warrants real-time monitoring in the exhaust process. Additional
benefits include low background effects and sensitive ionization
without any substantial fragmentation in Li+ ion attachment
spectrometry. The applicability of this method depends on the
Li+ ion affinity of PFCs. Although fluorine-containing com-
pounds have higher ion affinities, some of these greenhouse
gases have very small polarizability and do not have a permanent
dipole moment. To date, only a few studies have been
undertaken to obtain the Li+ ion affinities of PFCs.30-33

Therefore, a theoretical study on the Li+ ion affinities of these
PFC compounds is highly necessary.

Nowadays, density functional theory (DFT)34 plays a promi-
nent role in studying the chemistry of molecules. A number of
studies have shown that various ion affinities obtained using
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hybrid DFT methods are highly comparable in quality with the
experimental values.35-37 We have used the popular B3LYP
hybrid functional in the DFT to calculate the Li+ ion affinities
of various PFCs, including the following PFCssCF4, CHF3,
CH2F2, CH3F, C2F6, and C4F8, along with SF6 in the present
study.

The chemical bonding in various PFCs and the PFC-Li+

bonding nature were analyzed by studying the electron density
(F) and its Laplacian (∇2F). As has been shown by the Bader
group,38-41 ∇2F identifies regions of space wherein the electronic
charge of a system is locally concentrated,∇2F < 0 or depleted,
∇2F > 0. According to the theory, negative values of∇2F at
the bond critical point (bcp, where∇F ) 0) are associated with
shared interactions, typically covalent bonds, while positive∇2F
values are associated with closed shell interactions, correspond-
ing to ionic bonds, hydrogen bonds, and van der Waals
interactions. The concentration of the electronic charge at the
bcp is relatively low for closed shell systems and large for shared
interactions. Therefore, by analyzing these parameters,F and
∇2F at bond critical points, we can identify the nature of ion-
molecular bonding as well as bond activation effects in the
ligands upon Li+ ion attachment.

We have carried out a theoretical study of the Li+ ion
complexes of perfluorocarbons and sulfur hexafluoride in an
attempt to understand the applicability of Li+ ion attachment
mass spectrometry to estimate emissions from industry of these
global-warming gases. The first priority of the present study
was to determine accurate Li+ ion affinities of these greenhouse
gases, i.e., CF4, CHF3, C2F6, C4F8, and SF6. To ensure the
accuracy of the calculated affinities, we have obtained the Li+

ion affinities of two other perfluorocarbons, CH2F2 and CH3F,
for which experimental values are available in the literature.30,31

The study on these two PFCs also provides a platform to analyze
the Li+ ion affinities due to multiple fluorine substitution on
methane. The complex geometries and atomic charges have been
presented in this paper. Bader’s Atoms-in-Molecules (AIM)
theory has been used to characterize the bonding nature.38-41

Computational Methodology. All calculations were per-
formed using Gaussian 98 programs.42 The Becke’s three-
parameter hybrid density functional, B3LYP, which includes a
mixture of Hartree-Fock exchange and DFT exchange cor-
relation has been used. The Becke’s three-parameter functional43

has the formAEx
slater + (1 - A)Ex

HF + BEx
Becke88+ Ec

VWN +
C ∆Ec

non-local, where the nonlocal correlation is provided by
the Lee-Yang-Parr expression.44 The constantsA, B, andC
are those determined by Becke by fitting the results in the G1
molecular set.43,45

The ligands, as well as complexes, were optimized first at
the B3LYP functional using the 6-31G(d) basis set followed
by the frequency calculation, and it was found that none of the
ligands and complex structures have any imaginary frequencies
and thus all were identified as minima. Second, the
6-311+G(2d) basis set was used to optimize the ligands as well
as complex structures. The binding energies (∆E) were obtained
from the difference between the total energy of the complex
[E(PFC-Li+)] and the sum of the total energies of the
corresponding Li+ ion [E(Li+)] and perfluorocarbon [E(PFC)]
using the optimized energies:∆E ) [E(PFC-Li +)] -
{[E(PFC)] + [E(Li+)]}. These optimized geometries were
characterized by harmonic vibrational frequency calculations
at the same B3LYP/6-311+G(2d) level, and these showed all
structures were minima on the potential energy surface. These
frequency calculations also yielded the zero-point energies
(ZPE), which were left unscaled; thermal corrections (at 298.15

K) were needed for the calculation of enthalpies. Binding
enthalpies (Li+ affinities of ligands) were then calculated using
the following relation: ∆H ) ∆E + ∆EZPE + ∆Ethermal +
∆(PV), where∆(PV) ) nRT) -0.593 kcal/mol at 298.15 K.
Third, Li+ affinities were calculated using the energies of the
optimized structures at B3LYP/6-311+G(3df) level and cor-
rected by ZPE and thermal corrections, which were obtained at
B3LYP/6-311+G(2d) level. Atomic charges were derived using
the natural population analysis (NPA) scheme.46,47 Chemical
bonding analysis was performed using the AIM keyword option
in the Gaussian program.

Results and Discussions

It is well-known that the fluorine atom is critical with respect
to basis set saturation, as well as neglect of electron correlation.
Since all the selected molecules in the present study contain
fluorine atoms we confirmed our results by calculating the Li+

ion affinities of CH3F and CH2F2 molecules for which experi-
mental values are available in the literature. There are a few
theoretical studies on the CH3F molecule. Kollman and Rother-
berg32 predicted an affinity value of 39.31 kcal/mol, while the
Pople group33 reported that the result, at the MP2/6-31G* level,
was 34.3 kcal/mol. The latter was overestimated by 3.3 kcal/
mol. We have used three different basis sets with the B3LYP
functional to calculate the Li+ ion affinities of these PFCs and
the results are tabulated in Table 1. The affinity values calculated
for CH3F and CH2F2 molecules using both the 6-311+G(2d)
and 6-311+G(3df) basis sets with the B3LYP functional
coincide well with the experimental values. A maximum
difference of 1.05 kcal/mol was seen for CH3F at the B3LYP/
6-311+G(2d) level. Therefore, we are confident that the results
obtained for the other PFCs are likely to be highly accurate.

(a) CF4, CHF3, CH2F2, CH3F. Much attention has been
focused in the past on multiple-substituted methane by elec-
tronegative fluorine atoms.48,49 These fluorine substituents
provide lone pairs leading to nonadditive stabilization due to
favorable (anomeric) interactions of the adjacent substituents.50

The generally accepted explanation for the stabilizing effect is
negative hyperconjugation.51,52 Due to this behavior, CF4 is
stabilized by 58 kcal/mol with respect to CH3F.53 Stabilization
and bond shortening with increasing fluorine substitution at
carbon may be attributed to coulombic interactions between
negatively charged fluorines and the increasingly positively
charged carbon. The present study also shows shortening of
C-F bond lengths going from CH3F (1.392 Å) to CF4 (1.327
Å) accompanied by an increase in the positive charge on the
central carbon atom. This shortening should be reflected in the
stability of these molecules, which should increase with increase
in fluorine substitution: CF4 > CHF3 > CH2F2 > CH3F. One
can easily understand this behavior by making an analysis of
the C-F bonding. Electron density and its Laplacian are more
useful than atomic charges. The calculated atomic charges,

TABLE 1: Li + Ion Affinities ( ∆H in kcal/mol) of Different
Perfluorocarbans at B3LYP Functional Using Various Basis
Sets

∆H

molecule 6-31G(d) 6-311+G(2d) 6-311+G(3df) expt

CF4 -20.42 -12.07 -12.31
CHF3 -28.80 -19.35 -19.64
CH2F2 -36.47 -26.61 -26.84 -26.530,31

CH3F -36.70 -29.95 -30.10 -31.030,31

C2F6 -27.33 -16.90 -17.20
C4F8 -34.85 -20.56 -21.09
SF6 -24.74 -16.63 -16.92
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electron density, and electron-density Laplacian of monomers
have been tabulated in Table 2.F at the bond critical point
increases from CH3F to CF4 and reveals the strengthening of
the bond. It is also evident from the∇2F values that the
covalency of the C-F bond increases (increase in∇2F value,
in the negative scale).

From the stability trend of these four ligands, one can expect
that the less stable molecule in this series interacts more strongly

with the Li+ ion and the opposite may be true for the most
stable molecule. Table 1 shows that the Li+ ion affinity increases
with the decrease in fluorine number. The Li+ ion affinity of
tetrafluoromethane is 12.31 kcal/mol, while that for fluo-
romethane is 30.10 kcal/mol, both obtained at the B3LYP/6-
311+G(3df) level of theory. So the affinity values are as follows
CF4 < CHF3 < CH2F2 < CH3F. As we mentioned earlier, the
Li+ ion affinities calculated for CH2F2 and CH3F agree well

TABLE 2: Atomic Charges q (in e), Charge DensitiesG (in e/au3), and Laplacian Charge Densities∇2G (in e/au5) Evaluated at
the Corresponding Bond Critical Points
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with the experimental values. The corresponding affinity values
for CHF3 and CF4 molecules are 19.64 and 12.31 kcal/mol,
respectively. CF4 does not have a dipole or quadrupole mo-
ment,54 and its electric dipole polarizability is small.55 Hence,
there is a weaker interaction between CF4 and the Li+ ion. The
Li+ ion affinity obtained for tetrafluoromethane is twice the
binding energy of the CF4-F- complex (6.4 kcal/mol,C3V
symmetry),56 which reveals that CF4 is comparatively favorable
for positive ion interactions, in spite of the presence of a cationic
central carbon atom. The bond distance (R) between the Li+

ion and the interacting fluorine atoms is directly correlated with
the affinity of the molecules. TheR value decreases with the
increase in affinities.

Some interesting results were obtained in the complex
structures (Figure 1a-d). The optimized [at B3LYP/
6-311+G(2d)] complex structures with the changes in structural
parameters of the ligands upon Li+ ion attachment are given in
Figure 1a-d. Some of structures were particularly interesting,
especially the CF4-Li+ and CHF3-Li+ complexes. The mono-
mer symmetry of these two molecules changed upon their
respective Li+ attachment. The tetrahedral CH4 became aC3V
structure when it formed the CH4-Li+ complex;57 however,
the CF4 molecule, which has the same tetrahedral structure,
becameC2V symmetry while forming the CF4-Li+ complex
(Figure 1a). The CHF3-Li+ complex hasCs symmetry (Figure
1b) rather than aC3V symmetry. This may be due to the fact
that in the CH4-Li+ case, the Li+ ion interacts with the central
carbon atom, while in the CF4-Li+ complex it cannot interact
in the same way because the carbon atom is highly cationic.
Therefore, the Li+ ion shares its interaction with two fluorine
atoms. The shape of the fluorine atomic orbitals also played a
vital role in the symmetry change. Almost all the selected PFCs
interacted in the same way with Li+ ions, i.e., two fluorine atoms
shared interaction with the Li+ ion. So there is no change in
symmetry due to CH2F2 complexation with the Li+ ion, i.e.,
C2V symmetry, for both ligand and the complex (Figure 1c). It

is worth noting that the CH3F-Li+ complex does not have a
C3V symmetry structure (Figure 1d); the bond angle for C-F-
Li+ is 176°.

TheF and∇2F study was used to analyze the bonding nature
between the Li+ ion and the ligand in a complex. It may also
be used to understand the change in chemical bonding in ligands
(bond activation) upon association with the Li+ ion. The
calculated atomic charges, electron densities, and Laplacian
electron densities (the latter two obtained at bond critical points)
for ligands, as well as complexes, are depicted in Table 2. Upon
ion association, the ligands become polarized toward the ion
and due to its higher electronegativity nature, the interacting
fluorine atom draws some charge away from their counterparts.
So in the presence of less electronegative hydrogen atoms, the
charge drawing power of the fluorine atom increases in
association with an increase in hydrogen numbers and thus in
the CH3F-Li+ complex, it becomes more negatively charged
than the respective fluorine atoms in other complexes. This
polarization and the change in electronic charge of each atomic
center is reflected in the change in ligand bond lengths upon
complexation. The C-F (interacting with the ion) bond length
increases by 0.048 Å, while the nonbonding C-F bond length
decreases by 0.029 Å in CF4. This increase in C-F bond length
is greater (0.074 Å) in the CH3F-Li+ complex.

However, direct conclusions cannot be drawn by comparing
the electronic charge on Li+ in the complexes with their
interaction energies. The Li+ ion in the CH3F-Li+ complex
retains its atomic charge of 0.990 e, while in the CF4-Li+

complex, it is 0.982 e. Charge transfer in the latter is larger
than that in the former, but the Li+ affinity of the CH3F is larger.
However,F and∇2F show good correlation with the ion affinity
of the molecules. Examination of theF values at bcp(C-F)
reveals that the density depopulated in the ion interacting C-F
bonds and further populated in the ion-non-interacting C-F
bonds in complexes when compared with the respective C-F
bonds in the ligands. The change in∇2F values at bcp of the
interacting C-F bonds upon complexation is directly propor-

Figure 1. Complex structure, values in the parentheses represent changes in ligand geometries upon complexation. All the values are obtained at
B3LYP/6-311+G(2d).
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tional to the bond weakening. This shows the superiority of
these parameters in analyzing the bond. The study reveals that
the F and∇2F values at the Li+-F bond critical points have a
good correlation with the Li+ ion affinities of the ligands. Li+

ion affinity increases with increases in electron density and
Laplacian electron density at Li+-F bcp. The increase inF at
Li+-F bcp makes a stronger lone pair-ion interaction and thus,
higher affinity. TheF and∇2F values at the Li+-F critical points
in CF4-Li+ are 0.176 e/au3 and 0.123 e/au5, respectively, while
in the CH3F-Li+ complex they are 0.373 e/au3 and 0.341 e/au,5

respectively. Therefore, in similar molecules, bcp parameters,
F and∇2F, can be used to quantify bond activation in ligands
upon ion association and importantly, may provide information
about ion affinities of base molecules. The electronic properties
of the F-Li+ bcps suggest a weak bonding interaction with
low F and small positive∇2F values, all indicative of closed-
shell-type electrostatic interactions. Worth noting is that there
was a moderate charge concentration along the ion-molecular
interaction bond path in the CH3F-Li+ complex, when com-
pared to the other three complexes.

(b) C2F6 and C4F8. Since both molecules have no permanent
electric dipole moment58 in association with very small polar-
izability, one cannot expect very large Li+ ion affinities for these
compounds. The affinity values calculated for C2F6 and C4F8

at B3LYP/6-311+G(3df) level were 17.20 and 21.09 kcal/mol,
respectively (Table 1).

The geometry of these complexes show some interesting
features (Figure 1e,f). In both cases, the carbon atoms are
cationic in nature because of the presence of more electrone-
gative fluorine atoms thus generating different complex struc-
tures. Li+ ion interacts with two fluorine atoms through theC2V
symmetry axis, as shown in Figure 1e, since the highest filled
orbital in the ground state of C2F6 is mainly populated in the
C-C bond.59 It is interesting to note that the staggeredD3d

symmetry C2F6 forms C2V symmetry C2F6-Li +. The
δ(F3C1C2F8) decreases by around 20° (see Figure 1e). The
dihedral angle between CFLi+ and FLi+F planes is 13.3°. As
expected, due to Li+ ion association, the C-C bond length
slightly increases (0.009 Å); however, the largest bond elonga-
tion (0.072 Å) occurs in the C-F bond, which interacts with
the ion and the bond contraction in the other two ion-non-
interacting C-F bonds. All the other changes are summarized
in Figure 1e.

Because of its well-known carbon ring puckering nature,
octafluorocyclobutane belongs to theD2d symmetry point group
in its ground state60 (Figure 1f). The Li+ ion interacts with three
fluorine atoms of the C4F8 ligand. Upon Li+ ion attachment,
the puckering angle of the carbon ring increased by 7.7°.
According to this complex structure, there were some changes
in the ligand structure (see Figure 1f).

The calculatedF and∇2F values at bond critical points for
both ligands, as well as complexes, are given in Table 2. The
F at C-C bcp slightly decreased with the complex formation
and shows electron density was not depopulated at C-C bcp
in a larger extent, accordingly there should be a very small
decrease in covalency. However,F values at bcp(C-F), the C-F
bonds interacting with the Li+ ion, decreased upon ion associa-
tion, reflecting its depletion in the bond path, while in the
noninteracting C-F bonds, the electron density increased at the
bcp(C-F) and bond strengthening was observed. Table 2 shows
these changes clearly. Laplacian also accounts for these changes.
TheseF and∇2F values at the bcp(F-Li+) reflect the bonding
nature of these complexes. Again, these smallF and∇2F values
are ideal for closed shell electrostatic interactions.

(c) SF6. Quantitative analysis of bonding in the hypervalent
SF6 compound by Reed and Weinhold61 reveals that the essential
features of binding are well-described by an ionic donor-
acceptor S3+(F0.5-)6 picture. As we have seen in the PFCs, due
to the large electronegativity difference between the central S
and F atoms, SF6 has a large ionic character and the central S
atom is highly cationic. Like many of the PFCs, SF6 does not
have permanent electric dipole moment, while its polarizability
is large. But because of high symmetry,Oh, and the well-known
electron scavenger nature, SF6 may have smaller ion affinity.
The calculated Li+ ion affinity was 16.92 kcal/mol at B3LYP/
6-311+G(3df) level.

As expected, the Li+ ion interacts with two of the SF6 fluorine
atoms. The complex geometry associated with the change in
structural parameters of the ligand due to the Li+ ion association
are given in Figure 1g. The equivalence of six S-F bonds is
broken by the ion attachment. Theθ(F4S1F7) lessened by 5.9°.
Figure 1g shows the ion interacting S-F bonds changes
significantly (+0.084 Å) when compared with the other S-F
bonds (-0.042 and-0.019 Å) upon complexation.

TheF and∇2F values at S-F bond critical points for ligands
as well as complexes are given in Table 2. The changes in the
F and∇2F values clearly describe the changes in the bonding
behaviors. Again theF and∇2F values calculated at F-Li+ bcp
show that the ion-molecular interaction is a dipole-induced
electrostatic interaction.

Conclusions

The larger Li+ ion affinities obtained for the perfluorocarbons
evaluated here reveal that lithiated PFCs can be detected in our
Li+-ion attachment mass spectrometry. This work supports our
ongoing experimental setup for the quantification of PFC gas
emission from semiconductor industries.

Li+ ion affinities of CF4, CHF3, C2F6, C4F8, and SF6
molecules were obtained for the first time. The Li+ ion affinities
calculated for CH3F and CH2F2 molecules compare well with
the experimental results. Some of the complex structures differ
from similar complexes formed between hydrocarbons and Li+

ions. Examination of atomic charges and bond analysis using
Bader’s Atoms-in-Molecules theory demonstrated that the ion-
molecular association is mainly due to dipole-induced electro-
static interactions.
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