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Abstract: The adiabatic electron affinities (AEASs), vertical electron affinities (VEAS), and vertical detachment
energies (VDEs) of cyclic perfluoroalkanes, ¢-C,F2, (n = 3—7), and their monotrifluoromethyl derivatives
were computed using various pure and hybrid density functionals with DZP++ (polarization and diffuse
function augmented double-{) basis sets. The theoretical AEA of ¢-C4Fs at KMLYP/DZP++ is 0.70 eV,
which exhibits satisfactory agreement with the 0.63 + 0.05 eV experimental value. The nonzero-point-
corrected AEA of ¢-C4Fs is predicted to be 0.41 eV at the CCSD(T)/aug-cc-pVTZ//IMP2/aug-cc-pVTZ level
of theory, which shows a slight deviation of 0.11 eV from the KMLYP estimated value of 0.52 eV for the
same. With the zero-point correction from the MP2/6-311G(d) [Gallup, G. A. Chem. Phys. Lett. 2004, 399,
206] level of theory combined with the CCSD(T)/aug-cc-pVTZ//IMP2/aug-cc-pVTZ result, the most reliable
estimate of AEA of ¢-C4Fgis 0.60 eV. c-CsFe(—), c-CsFs(—), and c-CsF1o(—) are unusual in preferring planar
to near planar ring structures. The ZPE-corrected AEAs of ¢c-C,F2, increase from n =3 (0.24 eV) to n =
5 (0.77 eV), but then dramatically fall off to 0.40 eV for both n = 6 and n = 7. All of the other functionals
predict the same trend. This is due to a change in the structural preference: Cs c-CeF12(—) and C; ¢-C7F14-
(—) are predicted to favor nonplanar rings, each with an exceptionally long C—F bond. (There also is a
second, higher energy Dsg minimum for CgF12(—).) The SOMOs as well as the spin density plots of the
c-PFA radical anions reveal that the “extra” electron is largely localized on the unique F atoms in the larger
n =6 and n = 7 rings but is delocalized in the multiatom SOMOs of the three- to five-membered ring
radical anions. The computed AEAs are much larger than the corresponding VEAs; the latter are not
consistent with different functionals. The AEAs are substantially larger when a c-C,F2, fluorine is replaced
by a —CF3 group. This behavior is general; PFAs with tertiary C—F bonds have large AEAs. The VDEs for

all the anions are substantial, ranging from 1.89 to 3.64 eV at the KMLYP/DZP++ level.

Introduction

The exceptional properties of perfluoroalkanes (PFAs) not

only elicit scientific interest but also have led to multifarious
industrial application$? The attributes of chemical inertness,
extreme hydrophobicity, thermal stability, low viscosity, and

low dielectric constant make PFAs excellent candidates for
lubricants, sealants, surfactants, oxygen carriers, anesthetics, an

inert solvents~° The unusual solubility trend of PFAs has led
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199
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to the emergence of a new field called “fluorous biphase
chemistry”1® The concern of the present theoretical paper, the
strong electron attaching properties of the PFAs, has also been
exploited in tracer studies in atmospheric dispersion investiga-
tions1! The remarkable chemical inertness of PFAs arises from
the unusually strong €F bonds. Their chemical passivity has
garned them the reputation of “immortal molecul&The
notion of immortality is further corroborated by their unusually
long lifetimes in the atmosphere. Given the fact that these
molecules possess the notorious attributes of global warming
potential, their long lifetimes could be of great concé&in.

(10) (a) Horvah, I. T. Acc Chem Resl998 31, 641. (b) Horvéh, |. T.; Raba
J. Sciencel994 266, 72. (c) Gladysz, J. ASciencel994 266, 55. (d)
Horvah, I. T.; Kiss, G.; Cook, R. A.; Bond, J. E.; Stevens, P. A.; Mozeleski,
E. J.J. Am. Chem. S0d998 120, 3133. (e) Curran, D. FAngew. Chem.

Int. Ed. 1998 37, 1174.
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Dietz, R. N.Atmos. Emiron. 2002 36, 2147.
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1993 259 194.
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Environmental Protection Agency, Washington, DC, 2002, EPA-430-R-
02—-003.
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Recently, Morris et al. have shown that electron attachment canpositive electron affinitied2-2535-37 Cyclic PFAs are known
reduce the lifetime of perfluorocyclobutane in the atmosphere to be better electron scavengers than their acyclic anald§ues.
from 3200 to 1400 year¥. The electron affinities of PFAs are crucial in determining their
Chemical reactivity can be induced in PFAs through free reactivity. Electron attachment to the PFAs in reducing environ-
electrons and reducing media. Seminal research by Tatlow andments forms radical anions; defluorination through fluoride ion
co-workers, as well as by Macnicol and Robertson, has shownloss follows!5-19
that PFAs can be defluorinated by using reducing agénfs. ¢-C4Fs (perfluorocyclobutane) has been the most thoroughly
Macnicol and Robertson used an organic reductant, sodiuminvestigated cyclic PFA, both experimentally and theoretically.
benzenethiolate, to reduce trans-perfluorodecalin &SBh).16 Electron attachment yieldsC4Fs~ over a wide range of electron
Reductive defluorination of PFA proceeds through electron energies below 200 me%%4° Bound radical anion ot-C,Fg
transfer from the electron-rich reagent to the PFA. In particular, has been generated withradiation at 130 K in a neopentane
it is now known that PFAs with tertiary €F bonds are more  matrix and characterized by ESR spectrosctiiglectron spin
prone to reductiod’ Tertiary C-F bonds in PFAs have been resonance studies confirm that the radical anion has a cyclic
implicated as the “Achilles heel”, a potentially fatal feature structure’® The experimentally estimated adiabatic electron
toward chemical transformation in these unusually inert mol- affinity of c-C4Fg has been controversial. Miller and co-workers’
eculest”18 Richmond and co-workers have shown that deflu- 1994 rate constant measurements of electron attachment to
orination of perfluoromonomethylcyclohexane and perfluoro- c-C4,Fg and subsequent equilibrium constant determination
decalin can be achieved using organometallic nucleophiles atestimated the adiabatic electron affinity (AEA) to be 0.63%V.
room temperatur&’®< Crabtree’s group has made significant Later, Hiraoka et al. deduced a higher value, H08.05 e\/46
contributions in developing reagents and photosensitization Recently, Miller and co-workers challenged Hiraoka etsal
techniques to defluorinate PFAS using various transition-metal- findings and confirmed that the AEA @fC4Fsg is 0.63+ 0.05
containing organometallic reageritd-" Reductive defluorina- eV 47 Their G3(MP2) computations gave 0.59 eV. A similar
tion of saturated perfluoroalkanes has led to the emergence ofvalue of 0.64 eV was suggested by Gallup based on ab initio
the challenging frontier of “€F bond activation in chemis-  MP2/6-311G(dps) computatiofis.
try”.1? Though there are numerous reports on defluorination of  Qur comprehensive recent study of the electron affinities
PFAs possessing tertiary <& bonds, reactions involving  of straight chaim-PFAs included an assessment of the AEA
defluorination of PFAs devoid of tertiary-€F bonds are rare,  trend with increasing chain lengtAThe perfluorocycloalkanes
indicating the lower propensity of PFAs without tertiary-€ (c-PFAs), c-CiF2:s, are known to possess better electron-
bonds toward electron attachment. Richmond and co-workersscavenging properties than that of the straight chain PEAs.
have developed a Zr-based reagent which defluorinates per-Liebman, based on qualitative molecular orbital arguments,
fluorocyclohexane, one of the very rare examples of reduction suggested over three decades ago that electron affinities of
through electron transfer to a PFA sans the tertianF®ond° c-PFAs would be higher than their straight chain countergarts.

PFAs attach electrons excellently. Extensive experimental The bonding ofc-PFAs depends on ring size. The angle strain
electron attachment studies have demonstrated that both cycligs very large in the smaller rings and only diminishes in the
and acyclic PFA%~47 bind low-energy electrons and can have
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larger rings. Hence, the nature of the-C and C-F bonds in
the smallc-PFAs can be different from that of straight chain

BLYP uses Becke's pure exchange functidh@h conjunction to
the LYP functionaF®

PFAs. These considerations encouraged the present computa- BP86combines Becke's pure exchange functihelith Perdew's

tional exploration of the consequences of electron binding to

c-PFAs: the patterns and trends in AEAs with increasing ring

size and the unusual changes in geometries produced by electro
attachment. Furthermore, electron attachment has been impli

P86374 correlation correction.
KMLYP is a recently formulated hybrid function&l, which
combines the HF exchange function&{) and the Slater exchange

Runctional ExS. The description of correlation is provided by a

“combination of the LYP functionaE¢-"") and the correlation functional

cated as a primary process in the removal of perfluorocyclobu- of viosko, wilk, and Nusair E"N). The KMLYP energy functional
tane, an atmospheric global warming gas. Electron affinity trends may be expressed as

can provide insight about the vulnerability of PFAs, the potential

global warming agents, to electron attachment and are likely to g — E +E.,+E +ES+aE"—ES+
e ee

indicate which of these molecules will have smaller atmospheric

lifetimes.

The extensive work on electron attachment of perfluorocar-
bons has revealed that perfluoromonomethylcycloalkanes, CF
c-PFA, with the general molecular formula €&CnFan-1,
exhibit excellent electron-binding properti®s®e Like per-

b(ECLYP _ ECVWN) + ECVWN

whereEy is Kohn—Sham kinetic energy functiondty. is the nuclea+
electron Coulomb energy functional, aBgkis the classical electron
electron Coulomb repulsion energy functional. The KMLYP parameters
werea = 0.557 ancb = 0.44875

fluoromonomethylcyclohexane, which has been investigated computations employed double-basis sets with polarization

thoroughly?3-57 CRs-c-PFAs possess tertiary-G bonds. Since
acyclic PFAs with a tertiary €F can have high adiabatic
electron affinitie? we investigated the effects of-CRs
substitution on the electron-binding propertiecd?FAs here.

Computational Methods

We computed energies, optimized structures, and harmonic vibra-

tional frequencies using the GAUSSIAN 94 progfdrand the five

generalized gradient approximation (GGA) exchange correlation func-

tionals, BHLYP B3LYP, BLYP, BP86, and KMLYP, described briefly
below:

B3LYP (as implemented in GAUSSIAN 94) is a hybrid of exact,
“Hartree—Fock” exchange with local and gradient-corrected exchange
and correlation terms, as proposed by Be®kéut with certain
modifications to the correlation part. Instead of using the L$Dakd
PWOZ functional for local correlation, the B3LYP implementati®n
in GAUSSIAN 94 uses a mixture of LY®and the VWNC correlation
functional.

BHLYP is another hybrid functional, which combines Becke’s “half-
and-half” exchange function&t,which is a 56-50 hybrid of exact

and diffuse functions. These DZP+ basis sets augmented the 1970
Huzinage-Dunning®7” contracted doublé-basis sets for C and F with
one set of five d-type polarization functions as well as with even
tempered s- and p-type basis functighdhe latter were designed
following Lee and Schaefer’s prescriptiéh:

Q, = :I'(OL1 + az)a
diffuse — 5|l 5 " ~ %1
2\a, 04

whereay, o, andas are the three smallest Gaussian orbital exponents
of s- and p-type primitive functions for a given atom (< o <ow).

The final DZPt++ set contains 19 functions per C and F atom (10s6p1d/
5s3p1d). This basis set had been employed earlier with pure and hybrid
DFT methods in systematic calibration EA studies on a wide range of
molecules?® The combination of the BLYP and B3LYP functionals
with the DZP++ basis set reproduced experimental electron affini-
ties with average errors of less than 0.15 eV. However, the BLYP,
BP86, and B3LYP with the DZP+ basis set combination occasion-
ally overestimate adiabatic electron affinities, especially when closed
shell neutral saturated molecules give open shell anions on electron

exchange and local spin density approximation, and the correlation part gttachment® However, Brinkmann and Schaefer have shown that the

is described by the LYP functional.

(53) Manah, B. H.; Young, C. El. Chem. Physl1966 44, 2192.

(54) Chen, E.; George, R. D.; Wentworth, W.E Chem. Physl968 49, 1973.

(55) Christodoulides, A. A.; Christophorou, L. Ghem. Phys. Lettl979 61,
553.

(56) Alge, E.; Adams, N. G.; Smith, 0J. Phys. B: Atom. Mol. Opt. Phy$984
17, 3827

(57) Gr’imsrud, E. P.; Chowdhury, S.; Kebarle, P.Chem. Phys1985 83,
1059

(58) Walter, C. W.; Johnson, C. B.; Kalamarides, A.; Gray, D. F.; Smith, K.
A.; Dunning, F. B.J. Phys. Chem1987, 91, 4284.

(59) Shimamori, H.; Tatsumi, Y.; Ogawa, Y.; SunagawaChem. Phys. Lett.
1992 194, 223.

(60) Spanel, P.; Matejcik, S.; Smith, D. Phys. B: Atomic. Mol. Opt. Phys.
1995 28, 2941.

(61) Culbertson, J. A.; Grimsrud, E. lt. J. Mass Spectrom. lon Processes
1995 150, 87.

(62) Finch, C. D.; Parthasarathy, R.; Hill, S. B.; Dunning, FJBChem. Phys.
1999 111, 7316.

(63) Suess, L.; Parthasarathy, R.; Dunning, FJBChem. Phys2002 117,
11222.

(64) Frisch, M. J. et alGaussian 94revision E.2; Gaussian, Inc.: Pittsburgh,
PA, 1995.

(65) Becke, A. D.J. Chem. Phys1993 98, 5648.

(66) Becke, A. D. InThe Challenge of d and f electrons: Theory and
Computation Salahub, D. R., Zerner, M. C., Eds.; American Chemical
Society: Washington, DC, 1989; Chapter 12, pp 1639.

(67) Perdew, P. J. liElectronic Structure of SolidZZiesche, P., Eschrig, H.,
Eds.; Akademie Verlag: Berlin, 1991.

(68) Stephens, P. J.; Devlin, F. J.; Chabalowski, C. F.; Frischd, ®hys. Chem.
1994 98, 11623.

(69) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785.

(70) Vosko, S. J.; Wilk, L.; Nusair, MCan. J. Phys198Q 58, 1200.

KMLYP/DZP++ level reproduces satisfactorily the adiabatic elec-
tron affinity of Sk, a difficult example of this typé& In contrast,

the B3LYP, BLYP, BP86, and BHLYP functionals, with the same
DZP++ basis set, perform poorly in this respect. This suggests that
the KMLYP/DZP++ level also may give the best results in the present
study.

Restricted and unrestricted DFT methods were used for the neutral
and the anionic species, respectively. All structures were optimized
using analytic gradients with tight convergence criteria. The computed
harmonic vibrational frequencies and zero-point energies were not
scaled. Numerical integration was performed using the GAUSSIAN
94 default grid of 75 radial shells with 302 angular points per shell.
Adiabatic (AEA) and vertical electronic affinities (VEA), as well as

(71) Becke, A. DJ. Chem. Phys1993 98, 1372. The BHLYP functional was
used by invoking the BHANDHLYP keyword in Gaussian, which employs
a functional according to the formula, BHandHLYP: O5E,(HF) + 0.5
x Ex(LSDA) + 0.5 x 0 — Ex(Becke88)t+ E(LYP), which is not precisely
the formulation proposed by A. D. Becke in his paper.

(72) Becke, A. D.Phys. Re. A 1988 38, 3098.

(73) Perdew, J. PPhys. Re. B 1986 33, 8822.

(74) Perdew, J. PPhys. Re. B 1986 34, 7406.

(75) Kang, J. K.; Musgrave, C. \. Chem. Phys2001, 115 11040.

(76) Dunning, T. HJ. Chem. Phys197Q 53, 2823.

(77) Huzinaga, SJ. Chem. Physl965 42, 1293.

(78) Lee, T. J.; Schaefer, H. B. Chem. Phys1985 83, 1784.

(79) Rienstra-Kiracofe, C. J.; Tschumper, G. S.; Schaefer, FCHem. Re.
2002 102 231.

(80) Brinkmann, N. R.; Schaefer, H. Ehem. Phys. Let2003 381, 123.
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KMLYP 1.427
KMLYP 1.504 B3LYP 1.450
B3LYP 1.536 BHLYP 1.436
BHLYP 1.516 BLYP 1.464
BLYP 1.556 BP86 1.463

BP86 1.551

(b)
Figure 1. Optimized molecular geometries of (a) neutalsFs (Dsn sSymmetry) and (b) anionin-CsFs~ (Dsn symmetry). All bond lengths reported are in
angstroms.

the vertical detachment energies (VDE) were computed as follows: for cyclic PFAs. For all the correlated methods, the 1s orbitals of C
and F were frozen.
AEA = Energy (optimized neutraly

. . . Results and Discussion
Energy (optimized radical anion)

A. Neutral Perfluorocycloalkanes and Their Radical
VEA = Energy (optimized neutral Anions (c-PFAs). The neutral and anion molecular geometries
Energy (radical anion at the neutral geometry) of thec-PFAs, GF., (n = 3—7, Figures 15), were optimized
with five pure and hybrid density functional methods. The AEAs
VDE = Energy (neutral at radical anion optimized geometry) of the c-PFAs computed using the different functionals are
Energy (optimized anion) ~ summarized in Table 2, and the B3LYP AEAs of théFAs
are compared with the AEAs of their linear chain counterparts
Total spin densities, computed as the density difference betweenin Table 3. AEAs computed by constraining the geometries of
the a a_nd_ﬁ e_Iectrons, _reveal_the extent of the unpaired electron the c-PFA and their anions t®n, Symmetry are summarized
delocalization in the radical anions. in Table 4. The spin density plots of all the radical anions studied
or a 3 are shown in Figures 6 and 13. The singly occupied molecular
p(r) = p*(r) = (1) orbitals (SOMOs) for the anions ofCsFs, c-C4Fs, ¢-CsF10, and

Conflicting experimental and theoretical results regarding the AEAs c-CF1p are shown in Figure 7. The adiabatic electron affinities

of c-C4Fs has led us to use sophisticated ab initio correlated methods Of CFs-C-CoFan—s1 (n = 3—6) are listed in Table 7. .
to reliably provide a reliable estimate of AEA 6fCaFs. For ¢-CaF, The structures of the neutrelPFAs parallel those of their

nonzero-point-corrected AEAs were evaluated using ab initio methods. Nydrocarbon counterparts. All the functionals gave similar
For the closed shell neutral molecule, restricted second-order Moller geometries. The planarization energies of tHeFAs ranged
Plesset perturbation theory (MP2) with frozen core was used in from O to 64 kcal/mol at the KMLYP/DZfP+ level of theory
conjunction with Dunning augmented correlated consistent tfjple- (see Table 1)c-CsFs favors Dz, symmetry, butDg, c-CsFg is
quality basis (aug-cc-pVTZ) to optimize the molecular geometries.  the transition structure for interconversion of the degendate
Unrestricted open shell MP2 with frozen core was used to optimize mjnima4” Two conformations of the-CsFyo five-membered
the anionic molecular geometry using aug-cc-pVTZ basis sets. Single- perfluoroalkane ring, thEs envelope, and th€, half-chair form
point total energies were computed employing coupled cluster with 1,6 a1mqst identical energies (within 0.01 kcal/mol at B3LYP/
single and double excitations, and with perturbative estimation of the . L

) o . DZP++). While C, c-CsF1o was the minimum at all levels, the
connected triple excitations [CCSD(¥ ¢ for sophisticated treatment . . . 1
for dynamic electron correlation on the MP2-optimized molecular Cs geometry had only a very small imaginary frequendyc(@™
geometries of the anion and the neutral to obtain reliable theoretical & B3LYP/DZP++). PlanarDs, c-CsFio had a degenerate set
estimate of nonzero-point-corrected AEA ofCsFs and to evaluate of imaginary frequencies (22m*) and was 4.5 kcal/mol higher
the performance of the several DFT functionals in predicting AEAs in energy at the same level. Perfluorocyclohexan€gFi,
prefers the chair cyclohexane conformatiBa{symmetry). The

(81) (a) Dunning, T. H., JrJ. Chem. Physl989 90, 1007. (b) Kendall, R. A,; i _ _
Bnning T H.. It Harfison R, 3. Chem. Physi992 96, 6796 most stable (_:onformatlon of the seven membered perfluorocy
(82) (a) Raghavachari, K.; Trucks, G. W.; Pople, J. A.; Head-GordorGihém. cloheptane ring ha€, symmetry (Figure 5a).
Phys. Lett1989 157, 479. (b) Scuseria, G. E.; Lee, T.J.Chem. Phys. ; ;
199Q 93 5851. (c) Knowles, P. J.; Hampel, C.; Werner, HJJChem. Th_e pure functionals, BLYP and BP86, which generally
Phys.1993 99, 5219. predict longer G-C and C-F bonds than the B3LYP, KMLYP,
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Figure 2. Optimized molecular geometries of (a) neuttalsFs (D2g Symmetry) and (b) anionic-C4Fs~ (Dan Symmetry). All bond lengths reported are in
angstroms.

1.314 1554

1.344 1.586 KMLYP 1.319
1.326 ' B3LYP 1.348 1.499
1.363 }ggﬁ BHLYP 1.330 1.499 1.522
1.356 ’ BLYP 1.367
. 1.597 BPS6 1360 1.510
. 1.535
KMLYP 1.359
B3LYP 1.403
* BHLYP 1.377
BLYP 1.428

1.373
1.409
1.530 1.378 1.419
1.412
1.577
(a) (b)

Figure 3. Optimized molecular geometries of (a) neutralsFi (C2, symmetry) and (b) anionic-CsF1g~ (Cs symmetry). All bond lengths reported are in
angstroms.

and BHLYP hybrid functionals, performed less well in repro- the C-C bonds shorten and the-& bonds lengthen. These
ducing the only experimentally known geometry (flo€4Fs). changes are quite uniform in the three-, four-, and five-
The electron diffraction €C (1.566+ 0.008 A) and G-F membered ring-PFA radical anions, where the extra electron
(1.333=+ 0.002 A) bond lengtt® are reproduced best at BHLYP  occupies a high symmetry SOMO with-€ bonding but with
level (see Figure 2). The KMLYP and B3LYP—C bond C—F antibonding character. Consequently, the@bond length
lengths also are satisfactory, while those given at BLYP and in the ¢-CsFs~ Dz, minimum, 1.436 A at BHLYP/DZR-+
BP86 are too long. The experimental ring puckering angle in (Figure 1b), is much shorter than that (1.516 A) in the
c-C4Fg, 17.5, is not reproduced well, even by the hybrid corresponding neutral. The-& bond lengths are opposite:
functionals (10.6 at KMLYP, 9.5 at B3LYP, and 7.5 at much longer (1.409 A) irc-CsFs~ versus 1.320 A in neutral
BHLYP); the pure functional puckering angles are even smaller c-CsFs (also at BHLYP/DZP-+).
(Figure 2). The neutralc-C4Fg and thec-C4Fg~ anion exhibit the same
B. c-PFA Radical Anions. Remarkable changes in all the C—C and C-F bond length relationships (Figure 2), but there
c-PFA geometries result after electron attachment. In general,is a further significant difference. While-C4Fg favors a
puckered,q geometry, the-CyFg~ anion preferd., symmetry
(83) Chang, C. H.; Porter, R. F.; Bauer, S.HMol. Struct.1971, 7, 89. with all the functionals as well as at MP251The higher, planar
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Figure 4. Optimized molecular geometries of (a) neuttaCsF12 (D3g Symmetry) and (b) anionic-CgF12~ (Cs symmetry). All bond lengths reported are

in angstroms.

symmetry facilitates more effective delocalization of the odd
electron to all the fluorines simultaneously. Other cyclic PFA

radical anions tend toward planar or more nearly planar

geometries (see Table 1).
KMLYP predicts a planaDsy, structure for thec-CsFip~

radical anion. This illustrates a trend in the performance of DFT,

as all the other functionals fav@; symmetry to a small extent
energetically. The deviation of the radical anion geometry from

The secona-CgF12~ (Cy) radical anion isomer and the only
c-C7F14~ minimum (with C; symmetry) have a pronounced
structural feature not present in the smaller radical anion rings:
a single, exceptionally long €F bond. InCs ¢c-CgF127, this is
one of the G-F axial bondsi(= 1.972 A at BHLYP/DZP-+).

The distortedCs c-CgF12~ structure may be considered to be
either as an intermediate leading to the separated perfluorocy-
clohexyl radical and the fluoride aniongli:* + F~ or as a

Dsn, symmetry increases with the decreasing percentage of exacttomplex between the two. This complexation energy is 42 kcal/
exchange in the functional employed. Thus, the pure BP86 andmol at B3LYP/DZP++. The alternative dissociation energy of

BLYP functionals predict the largest degree of ring puckering.
However, all thee-CsF19~ radical anion structures exhibit-@C
bond shortening and €F bond lengthening relative to the
neutral molecule.

The c-CgF12~ radical anion is unique in this cyclic set in
having two low-lying minima, which differ significantly in their

c-CgF12~ into CgF11~ and F is 50 kcal/mol. The straight chain
perfluoroalkane radical anions)-C,F.nt2-, also have one
extraordinarily long G-F bond on a carbon in the middle of
the chairf? In general, the €C bonds associated with the
carbon bearing the long-€F bond are shorterdc =1.470 A
for c-CgF12~ (Cy) at BHLYP/DZP++) than the other €C

geometries and electronic structures. Both isomers, one withbonds. Only the €F bondsanti-periplanarto the exceptionally

Dsqg and the other wittCs symmetry, are predicted by all hybrid
functionals (except BP86, which only gives tbg; form). The

long C—F bond inc-CgF12~ (Cs) are lengthened relative to the
other C-F bonds. This can be explained on the basis of negative

Dsq radical anion isomer has the same point group as its neutralhyperconjugation, as has been discussed in our earlier>ork

precursor c-CgF12, but there are significant differences in the
geometrical parameters. TheCgFi,~ axial C—F bonds are
lengthened more than the equatoriatE bonds (by 0.020 A
at BHLYP/DZP++, see Figure S1 in the Supporting Informa-
tion), the C-C bonds are shortened, and the ring is flattened.
The D3y ¢-CgF12~ structure marks the transition from the
smaller planaiDy, or nearly planar rings facilitating optimum
delocalization of the odd electron in tleePFA radical anions

(also see Figure S2 in Supporting Information). That the odd
electron occupies a rather localized SOMO also is shown clearly
by the spin density plots in Figure 6 (compare Figure 6d with
Figure 6a-c for the smaller rings).

Like Cs c-CgF127, the solec-C;7F14~ radical anion minimum
(Cy, Figure 5b) has a remarkably long-€ bond,r = 1.982 A
at BHLYP/DZP++. The other structural features of thi&
c-CgF1,~ and c-C;F14 radical anions are quite similar (see

to the larger highly nonplanar rings, where angle strain reduction Figures 4 and 5) also to those of straight chaiRFA~ radical
is more important energetically than evenly distributed electron anions? This implies that the larger (but not the smaller) PFA

delocalization.

The relative energies of the tweCsF1,~ minima depend on
the theoretical method. The secoi@l,isomer is 9.8, 6.8, 3.5,
and 0.13 kcal/mol lower in energy that thi®y form at the
KMLYP/DZP++, BHLYP/DZP++, B3LYP/DZP++, and
BLYP/DZP++ levels, respectivelyDsy c-CgF12™ is the only
minimum with pure BP86 functional.

15462 J. AM. CHEM. SOC. = VOL. 127, NO. 44, 2005

rings actually behave like the straight chain PFAs after electron
attachment.

This curious dichotomy between the structures of the smaller
and the largerc-PFA radical anions is due to competition
between two effects. (a) The enhanced stabilization due to
delocalization of the “extra electron” over the entire molecule.
This delocalization is possible only in planar, nearly planar, or
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Figure 5. Optimized molecular geometries of (a) neutal:F14 (C2 symmetry) and (b) anionic-CgF12~ (C1 symmetry). All bond lengths reported are in
angstroms.

Table 1. Planarization Energies (in kcal/mol) Computed as the
Difference between the Energy of the c-PFA Species in Dpp
Symmetry and the Energy of the Same Species in Its Most
Favorable Conformational Minimum

Table 2. Adiabatic Electron Affinities of Cyclic Perfluoroalkanes
(in eV) with the DZP++ Basis Set. Zero-Point-Corrected AEAs
Are Shown in Parentheses

molecule KMLYP B3LYP BLYP BP86 BHLYP
planarization energies planarization energies
at B3LYP/DZP++ at KMLYP/DZP++ ¢-Cofe 0.07 ol 0.69 A
) neutralDsn (0.24) (0.64) (0.85) (0.89) (0.06)
species (kcal/mol) (kcal/mol) anionDan
c-CsFs 0.0 (planar minimum) 0.0 (planar minimum) c-CsFg 0.52 0.85 1.05 1.13 0.28
c-C4Fg 0.10 0.21 neutralDag (0.70) (1.04) (1.23) (1.30) (0.47)
c-CsFio 4.54 5.16 anionDyn
c-CeF12 28.47 31.12 c-CsFio 0.59 0.94 1.17 1.25 0.33
c-CrF1a 58.23 64.06 neutralCs (0.77) (1.12) (1.35) (1.42) (0.51)
c-CgFg~ 0.0 (planar minimum) 0.0 (planar minimum) anionCs
c-CqFg™ 0.0 (planar minimum) 0.0 (planar minimum) c-CoF12 0.27 0.68 0.89 0.94 0.19
c-CsF10~ 0.15 0.0 (planar minimum) neutralDag (0.40) (0.82) (1.04) (1.16) (0.33)
c-CeFi2™ 17.06 16.35 anionCs
c-CrF14™ 48.25 50.60 c-C7F14 0.27 0.64 0.83 0.80 0.18
neutralC, (0.40) (0.77) (0.98) (0.96) (0.32)
anionCy

highly symmetrical geometries, but not in highly puckered rings

or in acyclicn-PFAs. (b) The strain energy, which must be in the planar conformations (see Table 1 and the discussion in
overcome in planarizing the PFA radical anion rings in order  the Electron Affinities section, below).
to benefit from the optimum electron delocalization. This strain  The bond length differences between the neutral and PFAs

energy is too great for the larger rings due to high angle strain and their radical anions correspond nicely to the spin density
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Figure 6. Spin density plots for molecular anions at B3LYP/DZP, (a) c-CsFs~, (b) c-CaFs™, (C) c-CsF10, (d) c-CsF127, and (e)c-CrFi4~.

(a) (b) (© (d)

Figure 7. SOMO plots for molecular anions at B3LYP/DZR-, (a) c-CsFs~, (b) c-CaFs™, (C) ¢-CsFio~, and (d)c-CgFi12.
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Figure 8. Plot of computed zero-point-corrected AEAs with respect to the ring size of cyclic perfluoroalkanes.

Table 3. Comparison of AEAs for Cyclic with Straight Chain PFAs Table 4. Adiabatic Electron Affinities of Geometry Constrained
at B3LYP/DZP++. Zero-Point Energy Corrected Results Are in Cyclic Perfluoroalkanes (in eV). Zero-Point Corrections are not
Parentheses Included
No. of carbons in AEA of AEA of Neutral and anion
the ring or chain ¢-CiFon n-CoFanso? constrained to Dy, sSymmetry B3LYP/DZP++ KMLYP/DZP++
n=3 0.47 0.26 c-CsFe 0.47 0.07
(0.64) (0.39) c-C4Fg 0.86 0.53
n=4 0.85 0.40 c-CsFio 1.13 0.82
(1.04) (0.53) c-CeF12 1.18 0.91
n=>5 0.94 0.50 c-CrF1a 1.08 0.86
(1.12) (0.65)
n==6 0.68 0.56
(0.82) (0.69) membered radical anions. Th#g (but not theCg) c-CgF12~
n=17 8-?;‘ 8-?? minimum is similar. It'sa’ SOMO of Cs c-CeF12~ corresponds
©.77) 0.71) mainly to a C-F o* antibonding orbital for the long €F bond;
aRef 52. the delocalization throughout the—<C framework is very
modest. Likewise, th€s c-CgF12~ spin density plot shows the
plots and SOMOs of-CgFs~, c-C4Fs~, ¢-CsF10~, andc-CeF12 unpaired electron to be localized mainly in the-Eo* orbital.
(Figures 6 and 7, at B3BLYP/DZP+). The SOMOs of the C. Electron Affinities of c-PFAs. The magnitude of the
smaller ring radical anions all have higher symmetag:’ in computed adiabatic electron affinities (AEAS) for tbdFAs
c-CsFs, agy in ¢-C4Fg, anda’ in c-CsF1o~. Notably, the C-C in Table 2 vary inversely with the percentage of exact exchange
bonding and & F antibonding character of all these SOMOs in the functionals employed. The pure functionals, BP86 and
correspond to the computed—C bond shortening and &~ BLYP (which do not include exact exchange), give the largest

bond lengthening predicted for the three-, four-, and five- AEAs. The values from the B3LYP hybrid functional are
15464 J. AM. CHEM. SOC. = VOL. 127, NO. 44, 2005
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Figure 9. Optimized molecular geometries at the B3LYP/DZP and KMLYP/DZP++ level of theory of (a) neutral GFc-CsFs (Cs symmetry) and (b)
anionic branched GFc-CsFs~ (Cs symmetry). All bond lengths reported are in angstroms.

B3LYP 1.356
KMLYP 1.323

Figure 10. Optimized molecular geometries at the B3LYP/DZP and KMLYP/DZP++ level of theory of (a) neutral GFc-C4F7 (Cs symmetry) and (b)
anionic branched GFc-C4F7~ (Cs symmetry). All bond lengths reported are in angstroms.

smaller, and those predicted by KMLYP and BHLYP, which overestimate the AEA af-C4Fs. Thus, functionals with higher
have the highest percentage of exact exchange, are the smallespercentage of “exact exchange”, such as KMLYP, may be the
Brinkmann et al.’s computational AEAs of the related closed most suitable for predicting AEAs of related closed shell neutral
shell molecule, S& were similar The zero-point corrections  molecules. As noted earlier, KMLYP also reproduces the AEA
increase the AEAs since the frequencies of the radical anionsof SE; best® The fact that KMLYP outperforms other func-
are consistently smaller than those of the corresponding neutrakjongls, such as B3LYP, BLYP, and BP86, in predicting AEAs
PFAs. The zero-point corrections with different functionals ¢ these molecules was further confirmed by quantum mechan-
exhibit minor variations for a particular PFA molecule studied. ical computations of AEAs using MP2 and CCSD(T) method
Note that th? qomputed_AEAs of tePFAs are hlgh_er than — rpe nonzero-point-corrected AEA computed at MP2/aug-cc-
those of their linear chain counterparts (t&FAs) with the . .
. A pVTZ level of c-C4Fg is 0.56 eV, which shows good agreement
same number of fluorinated carbons (Table 3). Our findings ' . .
P ) L . with the corresponding KMLYP computed values of 0.52 eV
thus verify Liebman’s prediction that cyclic PFAs should have S ina Inf tion for Table T3 of total . d
higher electron affinities than their linear chain analogtfes. (Se? -uppor ing In _orma lon for Table _0 otal energies an
optimized geometries). The nonzero-point-corrected AEA of

The latest evaluations of the adiabatic electron affinity of
c-C4Fg are 0.63+ 05 eV experimentally and 0.59 and 0.64 ey ¢CaFs at the CCSD(T)/aug-cc-pVTZ//MP2/aug-cc-pVTZ level

at the G3(MP2) and MP2/6311G(dps) levels, respectitely. of theory is 0.41 eV. The KMLYP-predicted AEA (nonzero-
Our computations range from 0.47 to 1.30 eV, depending on Point-corrected) shows agreement within 0.10 eV, with highly
the functional used (see the discussion above and Table 2). Theeliable coupled cluster predicted values. By adding a zero-point
zero-point-corrected KMLYP/DZP+ AEA, 0.70 eV, agrees correction of 0.19 eV (0.00687 au) from MP2/6-311G(d)
best. BHLYP/DZP+-+ also performs fairly well in this respect.  computation3! to our coupled cluster estimate of nonzero-point-
The AEAs predicted by B3LYP, BLYP, and BP86 grossly corrected AEA, a reliable estimate of the zero-point AEA of
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Figure 11. Optimized molecular geometries at the B3LYP/DZP and KMLYP/DZP++ level of theory of (a) neutral GFc-CsFy (Cs symmetry) and (b)
anionic branched GFc-CsFg~ (Cs symmetry). All bond lengths reported are in angstroms.

c-C4Fg is 0.60 eV. (Note that the zero-point corrections from orbital (Figure 6). Consequently, there is an abrupt decrease in
the DFT methods range from 0.10.19 eV.) the AEA from the five- to the six-membered ring. As discussed
All the functionals predict an intriguing variation: the AEAs above for the geometries, the computed AEA trends with
of the c-PFAs increase with ring size from 3 to 5 and then increasing ring size (Figure 8) also arise from two competing
decrease abruptly for the six- and seven-membered rings (sedactors: the stabilization due to the better delocalization of the
Figure 8).c-CsF1o has the highest AEA (0.77 eV at KMLYP/  extra electron in planar structures versus the strain energy
DZP++ + ZPE). The AEAs of the six-memberedPFA are associated with planarization of the rings.
lower than those for the four-membered ring, but on average The behavior of the planar forms of even the larger PFA rings
are slightly greater than theC;F,4 AEAS. in Dy, symmetries can readily be investigated computationally.
This variation of AEAs in the-PFAs is quite unlike that of ~ The planarization energies are quite substantial for the six- and
the straight chaim-PFA (n-C,F2n+2) series, where the AEAs  seven-membered neutratPFAs (31.1 and 64.1 kcal/mol,
increase with chain lengfi.This increase, which is due to anion  respectively, at the KMLYP level, Table 1). The angle strain
stabilization by the larger number of electronegative @6ups, in the planarDgn six-membered ring, which is essentially
falls off and ceases beyomd= 7.52 Since the number of GF eliminated in its nonplanar minimum, becomes greater and
groups increases with ring size, one would expect the AEAs to greater in theD,, planar forms of the larger rings. In contrast,
increase, as well, and to level off beyond a certain ring size. the angle strain of four- and five-membered neutral PFA rings
The incongruity between this expected monotonic AEA trend is increased in nonplanar geometries; torsional strain is respon-
and that actually observed for tlcePFAs (Figure 8) is due to  sible for their relatively small nonplanar preferences.
changes in the binding mode of the “extra electron” with Electron attachment reduces the planarization energies con-
increasingc-PFA ring size. siderably, by about 14 kcal/mol, of the radical anions of the
The c-CsFs~, ¢-C4Fs~, and c-CsF1p~ radical anions favor six- and seven-membered rings (to 16.4 kcal/mold@sFi15~
planar or essentially planar geometries since all the fluorines and 50.6 kcal/mol foc-C;F14~ at KMLYP/DZP++, Table 1).
are equivalent and help delocalize the unpaired electron in theUnlike their neutral four- and five-membered ring counterparts,
symmetrical SOMO (Figure 7). This also is evident in the spin ¢c-C4Fg~ and ¢-CsF1o~ are planar at KMLYP/DZR-+. The

density plots forc-CgFs~, ¢-C4Fs~, and c-CsFig~ (Figure 6), planar radical anions are stabilized by the effective delocalization
which show that the extra electron is delocalized effectively to of the extra electron to all the fluorines, in contrast to the much
all the fluorines of each molecule. In contrast, @m = 6 and greater localization of the extra electron in the nonplanar forms.
n =7, the extra electron is rather localized in a singleFoo* However, the ca. 14 kcal/mol stabilization ofCgF1,~ and
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Figure 12. Optimized molecular geometries at the B3LYP/DZP and KMLYP/DZP++ level of theory of (a) neutral GFc-CgF11 (Cs symmetry) and (b)

anionic branched GFc-CgF11~ (Cs symmetry). All bond lengths reported are in angstroms.
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Figure 13. Spin density plots for molecular anions at B3LYP/D##P, (a) CR-c-CsFs—, (b) CRs-c-C4F;, (c) CRs-c-CsFy~, and (d) Ck-c-CgFa1.

c-C;F14~ radical anions in theD,, molecular geometries is  instance, the AEA ofi-C4Fpis 0.32 eV, whereas the AEA of
reduced, but is not large enough to overcome the high c-C4Fgis 0.85 eV at B3LYP/DZR-+.

planarization energies. Hence, these radical anions prefer Thus, the abrupt downturn in the AEA trend for t€FAs
“localized” structures resembling theePFA molecular anions.  (Figure 8) is due to the change in the binding mode of the extra
Not surprisingly, the AEAs o€-CgF12 andc-C;F14 also are like electron. When both the neutral and the radical anion geometries
those of their linear counterpaf&.For example, the AEA of thec-PFAs were constrained ., symmetry (planar rings),
difference betweert-C;F14 and n-C;F16 is only 0.06 eV at the AEAs increase with increasing ring size and then fall off
B3LYP/DZP++ (Table 3). In contrast, the smallelPFAs have slightly (Table 4; note that the data are not ZPE-corrected). The
much higher AEAs than their straight chain counterpzitsor planar constraint forces thePFAs to bind the extra electron
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Table 5. Vertical Electron Affinities of Cyclic Perfluoroalkanes (in
eV) Zero-Point Corrections are not Included

molecule KMLYP B3LYP BLYP BP86 BHLYP
c-CaFs —-1.11 —-0.71 —-1.17 —-0.72 —1.33
c-CqFs —0.80 —0.40 —0.18 —0.25 —0.99
c-CsFio —0.77 —0.22 0.04 0.08 -1.0

c-CoF12 —0.66 —0.33 —0.01 —0.01 —0.87
c-C7F14 —0.61 —0.30 0.05 0.06 —0.81

Table 6. Vertical Detachment Energies of Cyclic Perfluoroalkanes
Anions (in eV) Zero-Point Corrections are not Included

molecule KMLYP B3LYP BLYP BP86 BHLYP

c-CsFs 1.89 2.18 231 2.35 1.69
c-CsFs 1.88 2.17 2.33 2.39 1.64
c-CsFio 1.82 211 2.31 2.38 1.55
c-CoF12 3.64 3.45 3.11 1.94 3.52
c-C7F14 3.58 3.39 3.01 2.07 3.44

Table 7. Adiabatic Electron Affinities of CF3-Monosubstituted
PFAs (in eV) Zero-Point-Corrected AEAs are Shown in
Parentheses

molecule B3LYP/DZP++ KMLYP/DZP++
CFa-c-CsFs 0.96 0.57
(1.09) (0.70)
CFa-c-C4F 1.27 0.90
(1.39) (1.03)
CFa-c-CsFo 151 1.20
(1.62) (1.32)
CFa-c-CoF11® 1.45 1.13
(1.56) (1.25)

aExperimental value 1.06- 0.15 eV>8

in a similar fashion and hence leads to an AEA trend similar to
that observed for then-PFAs. AEAs increase when more
fluorines are present, but a limit is reached.

The VEAs (Table 5) are generally negative and vary rather
erratically from one theoretical level to another. There are no
consistent trends, in contrast to the AEAs, but KMLYP predicts
that the VEAs decrease with increasing ring size, plausible in
view of the increasing number of inductively stabilizirgCF,
units.

With the exception of the BP86 data (Table 6), the VDEs of
the three-, four-, and five-membered ring radical anions are
nearly the same at each DFT level and are consistently much
smaller than the six- and seven-membered ring radical anion
VDEs. The small ring neutral and radical anion geometries are
nearly the same, but the larger ring radical anions have elongated
C---F bonds, a very unfavorable structural feature for the
neutrals.

D. Molecular Geometries and Electron Affinities of
Perfluoromethylcycloalkanes: Our earlier finding that the
presence of a tertiary -©F bond in branched PFAs enhanced
electron bindin& confirmed electron attachment results on
PFAs with a tertiary &F bond, for examplej-C4F10 and
perfluoromonomethylcyclohexariéThese species form stable
radical anions when bombarded with low-energy electrons.
Moreover, defluorination in perfluoromonomethylcyclohexane
can be achieved by employing solvated electfdnghich
involves the loss of the “vulnerable” fluorine on the tertiary
C—F bond of the molecule, initiated through radical anion
formation and subsequent fluoride ion loss. Do the intriguing
variations in behavior of the-PFA rings toward electron
attachment extend to the perfluoromonomethylcycloalkanes
(CRs-c-PFAS), Ch-c-ChFan—1 (for n = 3—6)?

Not so, as the optimized geometries of the neutra-€F
PFAs and their radical anions show (Figuresi®). In sharp
contrast to the-PFA radical anions, all the GFe-PFA radical
anions have similar geometric features, characterized by an
exceptionally long tertiary €F bond, and resembi@; c-CgF15~
andc-C;F14~ (Figures 4b and 5b). The tertiary-& bond length
is 1.337 A in neutral Clc-CgF12, but 1.935 A in CE-c-CgF 12~
(at KMLYP/DZP++). This structure, likec-CgF12~ (compare
Figures 4b and 12b), also is that of an &nion bound to an
open shell perfluorocarbon radical. All the-C bonds to the
substituted carbon in GFe-CgF1,~ are ca. 0.06 A shorter than
those in the neutral analogue.

Moreover, the G-F bondsanti-periplanarto the elongated
tertiary C—F bond are lengthened. The extra electron in-CF
c-CeF12~ is accommodated in &* orbital dominated by the

Zero-Point Corrected AEA Trends with Increasing Ring Size of Perfluoro-
monomethyl-cycloalkanes
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Figure 14. Plot of computed zero-point-corrected AEAs with respect to increasing ring size ¢-BFAs.
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tertiary C-F bond but with the properly aligned thremti- The extra electron in the tertiary & bond is stabilized

periplanarC—F bonds helping to delocalize the negative charge inductively by the greater number of electronegative fluorines

through negative hyperconjugatiéh. in the vicinity as well as by negative hyperconjugation.
These geometric features of &&CeF12~ are very similar The adiabatic electron affinities of smaller cyclic perfluoro-

to those ofi-C4F10™.% Although there are many experimental  alkanes with three- to five-membered rings are exceptional.
reports concerning the perfluioromonomethylcyclohexane radical Thejr AEAs are greater than not only those of comparable
anion in the literaturé?~°* theoretical geometries and electron  acyclic PFAs but also those of the larger rings. The trend with
affinities have not been predicted before. Our zero-point- ncreasing ring size is unusual. The AEAs®PFAS increase,
corrected AEA of perfluoromonomethylcyclohexane, 1.25 eV pyt only from c-CaFg to ¢-CsFio, Which has the largest AEA
at KMLYP/DZP++, confirms the experimental value, 1.86 among all thec-PFAs. Of the various density functionals
0.15 eV>’ The unusually long tertiary €F bond in CE-C- jnyestigated, the KMLYP/DZ®-+ AEA estimate (0.70 eV) of
CeF12 suggests that defluorination could take plac_e reac_nhly by c.c,Fs reproduces experiment (0.68 0.05 eV} best. The
electron attachment followed by Feleavage. PFAs with tertiary predicted AEA ofc-C4Fs at the CCSD(T)/aug-cc-pVTZ/IMP2/
C—F bonds should generally be vulnerable to reducing agents-aug-cc-pVTZ level of theory is 0.60 eV, with zero-point
The spin density plots of the Gf-PFA radical anions  cqrections from MP2/6-311G(d) computaticd€Comparison

confirm that the extra electron occupies the tertiaryFCo* of AEAs predicted by several DFT methods with the results
orbital-dominated SOMO (Figure 13). The AEAs of the mono-  ¢rom ap initio correlated methods and experimental results

CFs-substituted perfluorocycloalkanes (Table 7) are substantially qnyincingly demonstrates that functionals with higher percent-
higher than those of the analogowsPFAs at the same 50 of “exact exchange”, like KMLYP in conjunction with
theoretical level. The GFc-CoFan-1 AEAS increase fromn = DZP++ basis set, can provide reliable estimate for AEAs of
3ton=s5, bl,” then decreas.e slightly mt= 6 (see.Flgure 14). saturated closed shell molecules. The radical anions of these
However, this small falloff in AEA contrasts with the sharp  gaer rings are planar or nearly so, and the negative charge is

decrease from = 5 ton = 6 exhibited by thee-PFAs (Figure  jo15calized to all the fluorines: the SOMOs have high symmetry
8). The trend of CEC-CrFan-1 AEAS versus ring size (Figure and exhibit cyclic electron delocalization.

14) is strikingly similar to the AEA trends fan-PFAs>2 The N . .
binding mode of the extra electron is similar in all thes@F The significant decrease in the AEA 6iCeF1, (Which has a
Csand a less stablBsg isomer) stems from the inability of the

ChFon-1~ radical anions; the AEAs are dominated by the C.F. radical anion to adopt | . f to
presence of the tertiary €F bond and the stabilizing-CFs ¢ter12 radical anion fo adopt a planar fing conformation
the strain energy is too grea@tPFAs radical anions with more

substituent, which provides additional negative hyperconjugative ) )
b 9 My U9 than five carbons have nonplanar rings. Both @ec-CeF15~

and inductive stabilizatio®® The ring CkL groups provide ST i . ;
additional inductive stabilization. and theC; c-C;F14~ radical anion minima have an exceptionally
long C—F bond akin to the same structural feature in acyclic
Conclusions n-PFA radical anion8? The same is true of all radical anions
The ability of most perfluoroalkanes to attract electrons is Of the perfluoromonomethylicycloalkanes £8CqFan-1. Al-
remarkable. The electron count of the resulting radical anions though —CFs substitution increases the adiabatic electron
violates the octet rule, at least formally. However, the extra affinities substantially, these rings do not show the anomalous
electron in most PEA radical anions is accommodated in the AEA delocalization behavior of the smaller perfluorocycloal-
o* orbital of an elongated EF bond. As in the acyclic PFA ~ kanes.
radical anions, this feature was found here in the larger cyclic
c-PFAs as well as in all the mono-gBubstituted-PFA rings8
The AEAs of these C§c-C,F»,—1 radical anions are the largest
computed here (e.g., 1.32 eV for £&CsFg at KMLYP+ ZPE).
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