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Li ™ lon Affinities of Global-Warming Perfluorocarbons
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Density functional theory studies were performed for the first time to obtain théohi affinities of various
perfluorocarbons (PFCs) that cause global-warming. Becke's three-parameter hybrid density functional, B3LYP
combined with 6-31G(d), 6-31G(2d), and 6-311+G(3df) basis sets were utilized for this purpose. We
present optimized geometries of PFO* ion complexes at B3LYP/6-3#G(2d) level. The frequencies
obtained at the same level were used to verify all the optimized geometries are minima. The followirg PFCs
CF,;, CHR;, CH,F,, CHsF, GFs, C4Fg with SRs—were considered in the present study. The calculatéd Li
affinities for CR, CHF;, CHyF, CHsF, GFg, C4Fs, and Sk are 12.31, 19.64, 26.84, 30.10, 17.20, 21.09, and
16.92 kcal/mol, respectively at B3LYP/6-31G(3df) after zero-point energy and thermal energy corrections.
The large Li affinities indicate the validity of our proposed'Lion attachment mass spectrometry to quantify

the emission of these greenhouse gases from semiconductor industries. Complex geometries were obtained
and the ior-molecular bonding nature was discussed on the basis of atomic charge, electron glesnsity

its Laplacian.

Introduction analysis and the situation is further complicated as most of PFCs
break into similar fragment$-14 Therefore Harnisch et &?.
employed mass spectrometry combined with a GC and/or a
cryotrap technique for the measurements of, &, and GFg

in the atmosphere.

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- Liti h developed b i
warming proces? Hydrofluorocarbons (HFCs) and perfluo- I lon attachment mass spectrometry, developed by one o

rocarbons (PFCs) are potent greenhouse gases produced bg-\e present authors, can be a'direct method lthrough which one
industries. These gases, plus sulfur hexafluoride (the most poten an ar:_alyze ftrt]r? sampl? V\fnthoutthany brefgensen;[ SUCT] as
greenhouse gas)play a significant role in the global-warming Seéparation of the Sample from {neé abundant atmospheric

process. Furthermore, these compounds have extremely lon pec:jeiﬁ‘” flz Pefm‘:.s sampling at f\tmostphegc prtlassure fol-
atmospheric lifetimes, resulting in their essentially irreversible lowed by Soft ionization mass Speclrometry. sample gases are
accumulation within the atmosphere. introduced through a small aperture at atmospheric pressure into

Many PECs have important and wide-ranging uses in industry an ionization chamber containing a lithium ion emitter. In this
particularly in plasma industries and semiconductor techndlogy. reaction chgmper, ti ion atf[achment to the molecule takes
Unfortunately, most of them are greenhouse gases. The Com_place. The ionized adduct is detected by a quadrupole mass
monly used P’FCS in industries are CEHF, and QFs. The spectrometer. With this instrument incorporating soft ionization,
global-warming potential (GWP) of these g’reenhous.e gases iSi'[ is possible to detect chemical species on a real-time basis.
very high, and they have long lifetimes. The atmospheric half- Preliminary experiments demonstrate the feasibility of mea-
lives of CF, CHFs, and GFs are 50000, 250, and 10000 years suring PFCs in exhaust from the semiconductor industry by
respectively, and their GWPs over a one-hundred year period generating LT ion adducts. No serious interference from more

are 6300, 12100, and 12200, respectively, with reference to the@Pundant species in air has been observed because of the
absolute global-warming potential for G&*—6 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*Lion attachment

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 LS )
(IPCC) has proposed some regulations on production levels ofSPectrometry. The applicability of this method depends on the

these gasesThus, quantitative analysis of the emission of PFCs Li '%n ?]ﬁln|tyhpfhPF§s. Aflft.hc.)tggh fluorine fctc;]ntalnlng corr]n
from industry is timely. Electron impact mass spectrometry is pounds have higher ion affiniies, some of hese greennouse
often employed for such studies, however, most PFCs dissociated3Ses have very small polarizability and do not have a permanent
or predissociate with high probability; hence, the parent mo- d'pé’le rI?oment. Jo. dart]e, E’_my af;‘_eV.V. StUdf'e;ng;/ﬁssbeen
lecular ions must be unstable and were not observed experi-un ertaken to obtain the Lilon affinities of :
mentally’~1* Electron impact ionization produces many neutral Therefore, a theor_etlc_al study on the’lion affinities of these
radicals and ions. This may create difficulty in quantitative FFC Compounds is highly necessary. .
Nowadays, density functional theory (DFtplays a promi-

* Author to whom correspondence should be addressed. F8x:298- nent role in studying the chemistry of molecules. A number of

2574. E-mail: t-fujii@nies.go.jp. studies have shown that various ion affinities obtained using
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hybrid DFT methods are highly comparable in quality with the
experimental value® 3" We have used the popular B3LYP
hybrid functional in the DFT to calculate the'Lion affinities
of various PFCs, including the following PFEEF,, CHF;,
CHaF,, CHsF, GFs, and GFs, along with Sk in the present
study.

The chemical bonding in various PFCs and the PEC

bonding nature were analyzed by studying the electron density

(o) and its LaplacianV?p). As has been shown by the Bader
group®-41 v2p identifies regions of space wherein the electronic
charge of a system is locally concentrat&gp < 0 or depleted,
V2p > 0. According to the theory, negative values & at
the bond critical point (bcp, wheréo = 0) are associated with
shared interactions, typically covalent bonds, while positite
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TABLE 1: Li ™ lon Affinities (AH in kcal/mol) of Different
Perfluorocarbans at B3LYP Functional Using Various Basis

AH
molecule 6-31G(d) 6-3HG(2d) 6-31HG(3df) expt
CF, —20.42 —12.07 -12.31
CHR; —28.80 —19.35 —19.64
CH,F, —36.47 —26.61 —26.84 —26.503%1
CHsF —36.70 —29.95 —30.10 —31.603%
CoFe —27.33 —16.90 —17.20
C4Fs —34.85 —20.56 —21.09
Sk —24.74 —16.63 —16.92

K) were needed for the calculation of enthalpies. Binding
enthalpies (LT affinities of ligands) were then calculated using

values are associated with closed shell interactions, correspondthe following relation: AH = AE + AEzpe + AEnerma +

ing to ionic bonds, hydrogen bonds, and van der Waals A(PV), whereA(PV) = nRT= —0.593 kcal/mol at 298.15 K.
interactions. The concentration of the electronic charge at the Thirg, i+ affinities were calculated using the energies of the

bep is relatively low for closed shell systems and large for shared gptimized structures at B3LYP/6-335(3df) level and cor-

interactions. Therefore, by analyzing these parametees)d
V2p at bond critical points, we can identify the nature ofion
molecular bonding as well as bond activation effects in the
ligands upon LT ion attachment.

We have carried out a theoretical study of the" Lion
complexes of perfluorocarbons and sulfur hexafluoride in an
attempt to understand the applicability oftLion attachment

mass spectrometry to estimate emissions from industry of these

global-warming gases. The first priority of the present study
was to determine accuratefLion affinities of these greenhouse
gases, i.e., Cf CHF;, CiFs, C4Fs, and Sk. To ensure the
accuracy of the calculated affinities, we have obtained the Li
ion affinities of two other perfluorocarbons, Gy and CHF,

for which experimental values are available in the litera#ifé.

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 bee

presented in this paper. Bader’'s Atoms-in-Molecules (AIM)
theory has been used to characterize the bonding n¥#tufe.
Computational Methodology. All calculations were per-
formed using Gaussian 98 prografisThe 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 funéfional
has the formAESater+ (1 — A)ESF + BEBeckess+ EVWN 4
C AE, nolocal where the nonlocal correlation is provided by
the Lee-Yang—Parr expressiofft The constant®, B, andC

rected by ZPE and thermal corrections, which were obtained at
B3LYP/6-311G(2d) level. Atomic charges were derived using
the natural population analysis (NPA) schetfi&” Chemical
bonding analysis was performed using the AIM keyword option
in the Gaussian program.

Results and Discussions

Itis 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 CHF and CHF, molecules for which experi-
mental values are available in the literature. There are a few
theoretical studies on the GHmolecule. Kollman and Rother-
berg? predicted an affinity value of 39.31 kcal/mol, while the
Pople grou@® reported that the result, at the MP2/6-31G* level,
{Vas 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 [iion affinities of these PFCs and
the results are tabulated in Table 1. The affinity values calculated
for CHsF and CHF, molecules using both the 6-3+G(2d)
and 6-31%#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 gfHat 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.
(@) CF4, CHF3, CH.F,, CHsF. Much attention has been

are those determined by Becke by fitting the results in the G1 focused in the past on multiple-substituted methane by elec-

molecular sef345

tronegative fluorine atont$:*® These fluorine substituents

The ligands, as well as complexes, were optimized first at provide lone pairs leading to nonadditive stabilization due to

the B3LYP functional using the 6-31G(d) basis set followed favorable (anomeric) interactions of the adjacent substiti¥@nts.
by the frequency calculation, and it was found that none of the The generally accepted explanation for the stabilizing effect is
ligands and complex structures have any imaginary frequenciesnegative hyperconjugatidit:52 Due to this behavior, CFis

and thus all were identified as minima. Second, the stabilized by 58 kcal/mol with respect to GF°® Stabilization
6-311+G(2d) basis set was used to optimize the ligands as well and bond shortening with increasing fluorine substitution at
as complex structures. The binding energieE)(were obtained carbon may be attributed to coulombic interactions between
from the difference between the total energy of the complex negatively charged fluorines and the increasingly positively
[E(PFC-Li™)] and the sum of the total energies of the charged carbon. The present study also shows shortening of
corresponding Li ion [E(Li*)] and perfluorocarbong(PFC)] C—F bond lengths going from CJff (1.392 A) to Ck (1.327
using the optimized energiesAE [E(PFC-Li™)] — A) accompanied by an increase in the positive charge on the
{[E(PFC)] + [E(Li")]}. These optimized geometries were central carbon atom. This shortening should be reflected in the
characterized by harmonic vibrational frequency calculations stability of these molecules, which should increase with increase
at the same B3LYP/6-311G(2d) level, and these showed all in fluorine substitution: CF-> CHF; > CHyF, > CHsF. One
structures were minima on the potential energy surface. Thesecan easily understand this behavior by making an analysis of
frequency calculations also yielded the zero-point energies the C-F bonding. Electron density and its Laplacian are more
(ZPE), which were left unscaled; thermal corrections (at 298.15 useful than atomic charges. The calculated atomic charges,
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TABLE 2: Atomic Charges q (in e), Charge Densitiesp (in e/aw?), and Laplacian Charge DensitiesV?p (in e/aw’) Evaluated at
the Corresponding Bond Ciritical Points

Molecule q bep P Vzp Complex q bep P Vzp
F2
/ qci= 1358  C-F 0304  -0.660 . P ge1= 1362 CI-F2 0270 -0.628
Fs—Ci—f ~c; L
3 gpy=-0.339 N ar2=-0398 CI-F4 0335  -0.642
F3
Fs Qre=-0276 F2-Li* 0176  0.123
Qi =0.982
/F3 Q1= 0952  C-H 0298  -0.107 Ho /Fa‘ Q1= 0943  CI-H2 0299 0112
\ s o+
Hz—C1\\F4 Q= 0119 CF 0284  -049 /01\ AT qp=0182 CI-F3 0254 0473
Fs  qpy=-0.357 Fs Fe qr3=-0408 CIF5 0318  -0451
qrs=-0.285  F3-Li" 019 0.137
quit =0.978
N /F2 qc1= 0500  C-F 0260  -0.315 /Fz‘ qei= 0484 CIL-F2 0237 -0.261
H R
/°1\ a2 =-0377 C-H 0291  -0.101 ¢ H" gp=-0415 CI-H4 0296  -0.108
H Hs /' .
° Fo o qu= 0127 Fs gus= 0185 F2Li* 0216  0.154
Qi =0977
H
N q1=-0.062  C-F 0235  -0.178 HG\ qc1=-0.046 CI-F2 0177 0439
o+
//C1—F2 G2=-0398  C-H 0281  -0939 Gr—F - q,=-0524 CI-H3 0288 -0.100
Hag 3 = 0.154 Hapl, Q= 0193  F2Li* 0373 0341
Qi = 0.990
F, go1= 1017 C-C 0262  -0.622 . go1= 1021 Cl-C2 0257  -0.592
Fa L
//Fs qr3=-0339  CF 0292 0511 oo e a3 =-0430 CI-F3 0242  -0.464
/01—o2\ \C C/ qs=-0282 CI-F4 0319  -0.499
Fq +——C2
Fs Fe Fs// \\F7 grs=-0299 CIFS 0310 0513
Fq Fe qu =0979 F3-Li" 0225 0.163
qs1 = 2.633 SF 0217  -0.208 qs = 2631  SI-F2 0227  -0.188
T“ F Q2 = -0.439 . qr2=-0.406  SI-F4 0181  -0.177
7 5 Fa-._
F2\S1/\F \S//F2 Segp o G009 SIFS 0237 0117
F5/| ¢ R N qrs=-0391  F4Li* 0218 0157
Fo Fo 7 quit=0.981
gep = 0.668  C-C 0245  -0515 g1 = 0.664 C1-C2 0244  -0.509
£, Fa grs =-0.334  CI-F5 0279  -0317 £ qea= 0.674  C2-C3 0242 -0.501
N/ C1-F6 0283  -0.299 Fa\c/ qe3= 0.683 CI-F5 0252  -0.302
2 G
Fg\C s/ 01/Fs Foe o/ g Fe s 70392 CI-F6 0304  -0.284
e N s Fio™ el T™NE qre=-0284  C2-F7 0308 -0.255
7 7\ Q7 =-0282 C2-F8 0243  -0308

qre=-0403  C3-F9 0292  -0.350
Gro=-0307 F5Li* 0193 0135
Qi =0969 F8Li" 0171  0.118

electron density, and electron-density Laplacian of monomers with the Li* ion and the opposite may be true for the most
have been tabulated in Table 2.at the bond critical point stable molecule. Table 1 shows that thé ldn affinity increases
increases from ChF to CF, and reveals the strengthening of with the decrease in fluorine number. The'lion affinity of
the bond. It is also evident from th&2%o values that the tetrafluoromethane is 12.31 kcal/mol, while that for fluo-
covalency of the €F bond increases (increase Vip value, romethane is 30.10 kcal/mol, both obtained at the B3LYP/6-
in the negative scale). 311+G(3df) level of theory. So the affinity values are as follows
From the stability trend of these four ligands, one can expect CF, < CHF; < CHyF, < CHzF. As we mentioned earlier, the
that the less stable molecule in this series interacts more stronglyLi™ ion affinities calculated for CHF, and CHF agree well
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CF,Li" (b) CHF;Li* d CH,FLi"
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8(314) = 1129( 2.6
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B8(3146) = 1165 (-3 4) 82314} = 0.0 B6213)= 1056
8(1423)= 0.0 8(6215)=-14.4
5(3146) = 1153
54135)= 1177
§(2413) =55
(e) C,FLi* (f) C,FyLi* (g) SFLi*
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391 —| Le77 +
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a23) = N2 1
8(314) = 1080 (1.1}
6315) = 1071 (-20
aal5) = 1210130
8(1286)= 1204 (- 0.4 RI5=1.380( 0.039)
5(1287) = -118.7 (1.3 RI6=1310(-0024) RIZ  -287
8(3128)= 408 R39 = 1,329 £0.005) 6(215) =918¢ 18
8(2893)= 133 R8I =RI213 =2067 B(d17) =841 (59
0215 = 1126 (-0.2) ; 8(216)=1159(- 6.5} B(516) =95.0(-50)
8(516) = 110.2 (0.2 B(128)= 106.6 /8.8 B213) = 1746 (-5.4)
B(728)=110.2 (0.2}, (439} = 1 11.2/-4.2} B(8714)= 0.0
6(328)= 1087 -6 7} , 6(327)= 120.1 (0.3} 58712) =882
H(9310) =111.8(- 7.8}

51234y = 166(-77)
8(13432) = 50.6 : §{13214)=80.6

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).

with the experimental values. The corresponding affinity values is worth noting that the ChF—Li™ complex does not have a
for CHF; and CR molecules are 19.64 and 12.31 kcal/mol, Cs, symmetry structure (Figure 1d); the bond angle ferks-
respectively. ClFdoes not have a dipole or quadrupole mo- LiTis 176.

ment>* and its electric dipole polarizability is sm&f.Hence, The p andV?p study was used to analyze the bonding nature
there is a weaker interaction betweeny@Rd the Li" ion. The between the Li ion and the ligand in a complex. It may also
Li* ion affinity obtained for tetrafluoromethane is twice the be used to understand the change in chemical bonding in ligands
binding energy of the C/~F~ complex (6.4 kcal/molCs, (bond activation) upon association with thetLion. The

symmetry)2® which reveals that CHs comparatively favorable calculated atomic charges, electron densities, and Laplacian
for positive ion interactions, in spite of the presence of a cationic electron densities (the latter two obtained at bond critical points)
central carbon atom. The bond distan&® between the Li for ligands, as well as complexes, are depicted in Table 2. Upon
ion and the interacting fluorine atoms is directly correlated with 10N association, the ligands become polarized toward the ion

the affinity of the molecules. ThR value decreases with the ~and due to its higher electronegativity nature, the interacting
increase in affinities. 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 CHF—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 €F (interacting with the ion) bond length

Some interesting results were obtained in the complex
structures (Figure tad). The optimized [at B3LYP/
6-311+G(2d)] complex structures with the changes in structural
parameters of the ligands upor'libn attachment are given in
Figure la-d. Some of structures were particularly interesting,
especially the Cf~Li* and CHR—Li™ complexes. The mono-
mer symmetry of these two molecules changed upon their

respective LT attachment. The tetrgl:edral G:H(z(;ame &Lay increases by 0.048 A, while the nonbonding Ebond length
structure when it formed the GHLI™ complex;” however,  gecreases by 0.029 A in GFThis increase in €F bond length
the CR molecule, which has the same tetrahedral structure, g greater (0.074 A) in the GifF—Li+ complex.

becameC;, symmetry while forming the CF-Li* complex However, direct conclusions cannot be drawn by comparing

(Figure 1a). The CHE-Li™ complex hasCs symmetry (Figure  the electronic charge on tiin the complexes with their
1b) rather than &5, symmetry. This may be due to the fact interaction energies. The tiion in the CHF—Li* complex
that in the CH—Li™ case, the LT ion interacts with the central  yetains its atomic charge of 0.990 e, while in the,EEi*
carbon atom, while in the GFLi* complex it cannot interact  complex, it is 0.982 e. Charge transfer in the latter is larger
in the same way because the carbon atom is highly cationic. than that in the former, but the Laffinity of the CHF is larger.
Therefore, the Li ion shares its interaction with two fluorine However,p and V2o show good correlation with the ion affinity
atoms. The shape of the fluorine atomic orbitals also played a of the molecules. Examination of thevalues at bcp(EF)
vital role in the symmetry change. Almost all the selected PFCs reveals that the density depopulated in the ion interacting C
interacted in the same way with'Lions, i.e., two fluorine atoms ~ bonds and further populated in the ion-non-interactingFC
shared interaction with the tiion. So there is no change in  bonds in complexes when compared with the respectivé& C
symmetry due to ChFF, complexation with the Li ion, i.e., bonds in the ligands. The change VRp values at bcp of the
C,, symmetry, for both ligand and the complex (Figure 1c). It interacting C-F bonds upon complexation is directly propor-



Li* Affinities of Global-Warming Perfluorocarbons J. Phys. Chem. A, Vol. 104, No. 42, 2002617

tional to the bond weakening. This shows the superiority of  (c) SF. Quantitative analysis of bonding in the hypervalent
these parameters in analyzing the bond. The study reveals thaSk; compound by Reed and WeinhBldeveals that the essential
the p and V?p values at the Li—F bond critical points have a  features of binding are well-described by an ionic denor

good correlation with the i ion affinities of the ligands. Li acceptor 8(F95)¢ picture. As we have seen in the PFCs, due
ion affinity increases with increases in electron density and to the large electronegativity difference between the central S
Laplacian electron density at 1+F bcp. The increase ip at and F atoms, Sfhas a large ionic character and the central S
Li™—F bcp makes a stronger lone paion interaction and thus,  atom is highly cationic. Like many of the PFCs, 3foes not
higher affinity. Theo andV?p values at the Li—F critical points have permanent electric dipole moment, while its polarizability
in CR,—Li* are 0.176 e/aland 0.123 e/arespectively, while is large. But because of high symmet®, and the well-known

in the CHF—Li* complex they are 0.373 efaand 0.341 e/ab, electron scavenger nature, Sfay have smaller ion affinity.

respectively. Therefore, in similar molecules, bcp parameters, The calculated Li ion affinity was 16.92 kcal/mol at B3LYP/
p and V2p, can be used to quantify bond activation in ligands 6-311+G(3df) level.
upon ion association and importantly, may provide information ~ As expected, the thion interacts with two of the Sfluorine
about ion affinities of base molecules. The electronic properties atoms. The complex geometry associated with the change in
of the F-Li™ bcps suggest a weak bonding interaction with structural parameters of the ligand due to theibin association
low p and small positivév2p values, all indicative of closed-  are given in Figure 1g. The equivalence of sixSbonds is
shell-type electrostatic interactions. Worth noting is that there broken by the ion attachment. TREF4S1F7) lessened by 5.9
was a moderate charge concentration along the malecular Figure 1g shows the ion interacting—& bonds changes
interaction bond path in the GA—Li* complex, when com- significantly (+0.084 A) when compared with the other-B
pared to the other three complexes. bonds ¢0.042 and—0.019 A) upon complexation.

(b) CoFs and C4Fs. Since both molecules have no permanent ~ Thep andV?p values at S bond critical points for ligands
electric dipole momeft in association with very small polar- ~ a@s well as complexes are given in Table 2. The changes in the
izability, one cannot expect very large'lion affinities for these o and V?p values clearly describe the changes in the bonding

compounds. The affinity values calculated fosFfgand GFg behaviors. Again the andV2p values calculated atHLi* bep
at B3LYP/6-311G(3df) level were 17.20 and 21.09 kcal/mol, show that the iormolecular interaction is a dipole-induced
respectively (Table 1). electrostatic interaction.

The geometry of these complexes show some interesting
features (Figure le,f). In both cases, the carbon atoms are
cationic in nature because of the presence of more electrone- The larger Li ion affinities obtained for the perfluorocarbons
gative fluorine atoms thus generating different complex struc- evaluated here reveal that lithiated PFCs can be detected in our
tures. Li" ion interacts with two fluorine atoms through te, Li*-ion attachment mass spectrometry. This work supports our
symmetry axis, as shown in Figure le, since the highest filled ongoing experimental setup for the quantification of PFC gas
orbital in the ground state of £ is mainly populated in the  emission from semiconductor industries.

Conclusions

C—C bond®® It is interesting to note that the staggerBgy Li* ion affinities of CR, CHF;, CyFs, C4Fs, and Sk
symmetry GFe forms Cp, symmetry GFs—Li*. The molecules were obtained for the first time. The ion affinities
O0(F3C1C2F8) decreases by around® Z8ee Figure 1e). The calculated for CHF and CHF, molecules compare well with
dihedral angle between CFLiand FLi*F planes is 133 As the experimental results. Some of the complex structures differ

expected, due to [fiion association, the €C bond length from similar complexes formed between hydrocarbons afd Li
slightly increases (0.009 A); however, the largest bond elonga- ions. Examination of atomic charges and bond analysis using
tion (0.072 A) occurs in the €F bond, which interacts with  Bader’s Atoms-in-Molecules theory demonstrated that the-ion
the ion and the bond contraction in the other two ion-non- molecular association is mainly due to dipole-induced electro-
interacting C-F bonds. All the other changes are summarized static interactions.

in Figure le.
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