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Anisotropic electron spin resonance (ESR) spectra are reported for the radical anions of hexafluorocyclopropane
(c-CsF67), octafluorocyclobutanes{C,4Fs~), and decafluorocyclopentane CsFio~) generated vig-irradiation

in plastically crystalline tetramethylsilane (TMS) and rigid 2-methyltetrahydrofuran (MTHF) matrices. By
combining the analysis of these experimental ESR spectra involving anisotropic hypéfjirm®yplings

with a series of quantum chemical computations, the geometrical and electronic structure of these unusual
perfluorocycloalkane radical anions have been characterized more fully than in previous studies that considered
only the isotropic couplings. Unrestricted Hartree-Fock (UHF) computations with the -6@(lp) basis

set predict planar ring structures for all three radical anions, the ground electronic state§ﬁbpfog

c-CsFs~ (Dsn symmetry),?A,, for ¢-C4Fg~ (Dar), and?Ay" for ¢-CsFio~ (Dsp), in which the respective six,

eight, and tent®F-atoms are equivalent by symmetry. A successful test of the theoretical computation is
indicated by the fact that the isotropitF hf couplings computed by the B3LYP method with the 6-3G-

(2df,p) basis set for the optimized geometries are in almost perfect agreement with the experimental values:
viz., 19.8 mT (exp) vs 19.78 mT (calc) forCsFs; 14.85 mT (exp) vs 14.84 mT (calc) forCsFg—; 11.6 mT

(exp) vs 11.65 mT (calc) foc-CsF1o-. Consequently, the same computation method has been applied to
calculate the almost axially symmetric anisotrofffe hf couplings for the magnetically equivalefif atoms:

(—4.90 mT,—4.84 mT, 9.75 mT) forc-CsFs~, (—3.54 mT,—3.48 mT, 7.02 mT) forc-C,Fs~, and (-2.62

mT, —2.56 mT, 5.18 mT) forc-CsF10-. ESR spectral simulations performed using the computed principal
values of thénf couplings and the spatial orientations of #¥ nuclei as input parameters reveal an excellent

fit to the experimental anisotropic ESR spectrace€sFs~, ¢-C4Fs~, and c-CsF1o-, thereby providing a
convincing proof of the highly symmetrid,, structures that are predicted for these negative ions. Furthermore,
using the computetfF principal values and their orientations, the effectif®feanisotropichf couplings along

the molecular symmetry axes were evaluatedcf@;Fs~ andc-C4Fs~ and successfully correlated with the
positions of the characteristic outermost features in both the experimental and calculated anisotropic spectra.
In addition, the electronic excitation energies and oscillator strengths far@Es ", c-C4Fs~, andc-CsFio~

radical anions were computed for the first time using time-dependent density functional theory (TD-DFT)
methods.

1. Introduction etching and fabrication of microelectronic componéritand
Interest in the structure and stability of perfluorocycloalkane @S @ suitable dielectric in high-voltage insulatbrBecause

negative ions comes from both the unusual nature of theseperfluorocycloalkanesc(C.F>n) are saturated molecules, it is

species and their significant role in numerous applications of generally considered surprising that they should form stable

the parent compounds. Thus, perfluorocyclobutan@fs) gas negative iond,given that a process in which a single-E bond

is widely used both as a feedstock for ion plasmas used in thefunctions as an electron-accepting group would most likely result
* Author to whom correspondence should be addressed. E-mail ad- n _dISSOCIatlon to a_ perfluorogycloalkyl radlcal a_nd a fluoride

dress: mshiota@hiroshima-u.ac.jp. anion. Indeed, studies by cyclic voltammetry indicate that such
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component reactions occur in the electrochemical reduction of ments, and the present paper reports a comprehensive experi-

perfluorodecalin and other saturated perfluorocartsadisre- mental and computational study along these lines. Previous work

over, this general mechanism of dissociative electron transfer has been limited to a single report on the ESR powder spectrum

is well-known to occur for many saturated halogen-containing of c-C4Fs~;1” however, no analysis of the complicated pattern

compounds, such as the alkyl halides. was attempted, with the-C4Fg~ spectrum in this case being
Therefore, the detailed molecular and electronic characteriza-Used simply as a convenient analytical fingerprint to show that

tion of perfluorocycloalkane negative iorsC.F2,") represents  the tetrafluoroethylene radical anion »f&") undergoes a

a significant challenge to both the experimental work and the Pimolecular reaction with neutral£, on matrix annealing to

underlying theory, the main problem being to connect quantum generatec-CFg™. 131718

chemical calculations with diagnostic spectroscopic information . )

on the structure. However, gas-phase studies have had & Experimental and Computational Methods

tendency to concentrate largely on the determination of cross 2 1. Materials. A sample of hexafluorocyclopropane (&)
sections for electron attachment at different electron enefgies, was kindly donated to us by Dr. R. W. Fessenden from material
which are processes that do not directly relate to the structurethat was originally prepared by Dr. K. Harman. Octafluorocy-
of the negative ion in the ground state. Also, there has hitherto clobutane (c-GFg) was obtained from Peninsular Chemical
been no complete spectroscopic study of photodetachmentrResearch (PCR, Inc.) and from Air Products and Chemicals,
transitions for the widely studiettC4Fg™ ion in the gas phas# Inc.; decafluorocyclopentane-CsFi0) was obtained from PCR,
and the published experimental determinations of the adiabaticinc.; neopentane (Neop: C(G)) was obtained from Matheson
electron affinity rely largely on the macroscopic thermodynamic Gas Products; tetramethylsilane (TMS, Si@{was obtained
approach implicit in the use of van't Hoff plots of the logarithm  from either Mallinckrodt or the Norell Chemical Co.; tetra-
of the rate constant for electron detachment versds’ A methylsilaned;, (TMS-di, Si(CDs)s) was obtained from Merck,
Although recent computational estimates of the adiabatic Sharp and Dohme Ltd.; and 2-methyltetrahydrofuran (MTHF)
electron affinity1213certainly provide a suitable check on these was obtained from Eastman Organic Chemicals.
experimental values, such agreement adds little in the way of 2.2 ESR Samples and Measurementdhe perfluorocy-
discriminating between fine points of structure at the molecular cloalkane radical anions were generated/bay irradiation at
level. 77 K of solid solutions containing ca. 1 mol % of the perfluoro-
In contrast to the limitations of gas-phase investigations, cycloalkane in the solid Neop, TMS, TMS-dor MTHF
matrix-isolation electron spin resonance (ESR) studies at low matrix13-*® ESR measurements were conducted at variable
temperatures can provide direct information on the molecular temperatures in the range of 7770 K using the Varian (model
structure of these negative ion species through determinationsV-4502-15) or JEOL (model JES-RE1X) X-band spectrometers
of the 1% and 13C hyperfine bf) coupling (or splitting) operating at 100 kHz modulatidd!* The photobleaching
constantd31516These spectroscopic parameters now can also experiments were performed using unfiltered light from a
be predicted with considerable precision by recent advances intungsten lamp. The largéF hf splittings were calculated from
computational methods involving density functional theory the spectral line positions using the higher-order solutfoR$
(DFT)13.24thereby affording a valuable bridge between experi- of the appropriate spin Hamiltonian.
ment and theory at a most fundamental level. Previous 2.3. Computations.Quantum chemical computations were
work!31516 has focused largely on thésotropic coupling performed to compare the ESRC and°F hf splittings with
constants and, in particular, has established the equivalence othe experimental ones and to provide information on the
all the h fluorines in each of theseC,F,,~ (n = 3—5) negative electronic structures of the radical anions. The Gaussian 03 suite
ions. Furthermore, the sum of the isotropieF coupling of programs were used for quantum chemical computations, and
constants for each species remains essentially constant alonghe abbreviations relating to the computations are taken from
the series forn = 3—5, indicating a delocalization of the  this program packag€.The B3LYP, MP2, and UHF methods
unpaired electron over the entire molectdé>16in the most- ~ were used for geometry optimizations with the 6+33(d,p)
recent studys the finding of a small isotropi¢3C hf coupling and 6-311G(d,p) basis sets. Furthermore, both the B3LYP and
for the c-C4Fg~ ion has provided evidence foralike (rather MP2 methods were used to compute the E®Bplittings with
than ao-like) delocalized singly occupied molecular orbital the 6-3H-G(2df,p) and 6-31+G(2df,p) basis sets for the
(SOMO) in aDgp structure, which has a nodal plane that occurs Optimized structures. Excitation energies and oscillator strengths
at the carbon ring that forms the, symmetry element. This  Of the radical anions were computed by the TD (time-dependent)
ayy orbital is G-C bonding and €F antibonding, with the ~ B3LYP methods with the 6-312G(d,p) basis set. For “powder”
wavefunction amplitude being uniformly distributed overC ESR spectral simulations of amorphous samples involving
7 and G-F ¢* orbitals13 anisotropic hf couplings (or splittings), which are briefly

Despite these successes based on the experimental analys{€ferenced as “powder” or “anisotropic” samples in 4the follow-
and theoretical calculation of isotropic ESR couplings, a ing, the homemade program _Xf't was apph_é?zﬁ .AS IS
more-stringent test of perfluorocycloalkane negative-ion struc- knowr\, Pa”'y by our own previous woﬂ%,th_e directions of
ture is afforded by a thorough examination of the anisotropic the prln.C|paI axes of the anlsptror}RF hf couplings are usually
parameters, because these quantities are tensors that involve boffCt collinear with or perpendicular to the-€ bonds, but must
magnitude and direction. Therefore, these parameters provide, e theoretlcallyzcomputed, in this work by code implemented
a particularly sensitive gauge of both geometrical and electronic in Gaussian 03
structure, and, hence, the rigid-limit ESR spectra should be
highly responsive to any deviations from the high molecular
symmetries that are predicted by the quantum chemical calcula- 3.1. Variable-Temperature ESR Spectra.Previous pa-
tions#12.13 Moreover, at least in principle, a clear distinction perg31516 have reported the isotropic ESR spectra of the
between fluxional and single-minimum structures can be sought c-CsFs~, ¢-C4Fs~, andc-CsFyg~ radical anions generated and
at low temperatures through anisotropic ESR spectral measurestabilized in the neopentane, TMS, and hexamethylethane

3. Results and Discussion
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Figure 1. Temperature-dependent electron spin resonance (ESR) spect@Bf~ (v = 9117.5 Hz) generated by-ray irradiation of the solid

solution of 1 mol %c-CsFs in tetramethylsilane (TMS) at 77 K: (a) 82 K, (b) 107 K, and (c) 156 K. The spectra were recorded at the same
amplifier gain. Spectrum (d) was recorded at 156 K after exposing the sample to unfiltered light from a tungsten lamp, and the line diagram at the
bottom of this panel shows the expected positions of the second“SFdeyperfine bf) lines calculated from the parameters listed in Table 1 for

the c-CsFs~ radical anion. (10 G= 1 mT, where G represents Gauss.)
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TABLE 1: Experimental 1°F and 13C Isotropic Hyperfine (hf) Splittings and g-Values for Perfluorocycloalkane Radical Anions,
c-ChF2n~ (n = 3, 4, 5), from Various Matrix Electron Spin Resonance (ESR) Studies

radical

anion  matrir T (K) gvalue a(*F) anda(**C) (mTy note
c-CsFs~  Neop 125 2.0031 19.8 (for siRF) present work (and ref 16)
c-CsFg~ TMS 147 2.0028(g = 2.0040,g7 = 2.0022) 19.8(A,= 17.6,Aq = 20.8) (for six*°F) present work (and ref 16)
c-CsFs~ HME 160 2.0027 0.0006 19.86 (for six°F) ref 13
c-CsFs~ Neop 130 2.0021 14.8 (for eigHF) present work (and refs 15 and 16)
c-CFe~ TMS 113 2.0022(g;=2.0023,gn = 2.0022) 14.8%(A,= 14.45,A; = 15.05) (for eight®F) present work
c-CsF/s~ HME 163 2.0021 14.84 (for eightF) ref 13
c-CsFs~ HME 163 0.52 (for fourt3C) ref 13
c-CsFig- Neop 127 2.0028 11.F 0.1 (for ten'%F) present work
c-CsFig- TMS 167 2.0031(g;=2.0027,gn=2.0034) 11.6(A/=12.2,A5= 11.3) (for ten'F) present work
c-CsFig- HME 165 2.0027 11.79 (for teHF) ref 13

aNeop= neopentane (C(Mg), TMS = tetramethylsilane (Si(Mg), and HME= hexamethylethane ¢QVie)s). ° Error limits are estimated to be
40.0006, except foc-CsFs~ in HME (£0.0008).¢ Error limits are+0.1 and+0.04 mT for thec-CF2,~ (n = 3, 4, 5) in Neop and TMS, and HME,
respectively, except foc-CsFs~ in TMS (£0.05 mT)31516 d The isotropic value was determined by averaging the measured parameters for a
spectrum showing residual anisotropy.

(HME) matrices. The present work extends the matrix-isolation measured in the temperature range of 836 K. Spectrum (c),
studies of these negative-ion species to consider the temperaturerecorded at 156 K, is almost isotropic in appearance but, after
dependent ESR spectra, which reveal the presence of anisotropicloser analysis, is observed to retain a definite residual aniso-
features. [It should, of course, be understood that the commontropy. The spectrum can be analyzed in terms of a radical that
shorthand use of the term “anisotropic ESR spectra” in this paper possesses six equivaleF nuclei; the line diagram shows
refers, strictly speaking, to ESR spectra involving anisotropic parallel and perpendicular components with the expected
hf couplings.] A detailed analysis of these spectra leads to the positions of the second-ordéf lines?%26-27calculated from#,
determination of anisotropic spectral parameters, from which (six 19F) = 17.6 mT andAg (six 1°%F) = 20.8 mT (see Table 1).
the isotropichf couplings are derived. The results obtained for The axially symmetrictF hf splittings andg-values suggest
each of these radical anions in the different matrices are briefly that (i) a rapid reorientation @FCsFs~ occurs about an effective
described and summarized. In this section, we concentratemolecular axis in the matrix, and (ii) this motion also confers
mainly on the ESR spectra that involve anisotropic couplings directional equivalence on all six fluorines. For example, a
observed in the TMS matrix. rotation about the majdCs axis perpendicular to they, plane
3.1.1. Hexafluorocyclopropane Radical Anion (gFg"). of the D3, point group would render all of the fluorines
Figure 1 shows the ESR spectracm€sFs~ in the TMS matrix equivalent in cylindrical symmetry, while each still retains
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Figure 2. ESR spectrum of-C,Fs~ recorded at 113 K= 9112.5 Figure 3. Temperature-dependent ESR spectre-GfF;o~ (v = 9117.5

Hz). Thec-C4Fs~ radical was generated byray irradiation of the solid Hz) generated by-ray irradiation of the solid solution of 1 mol %
solution of 1 mol %c-C4Fg in TMS at 77 K. The line diagram atthe =~ C-CsFioin TMS at 77 K: (a) 110 K, (b) 147 K, and (c) 162 K. The
bottom of this panel shows the expected positions of the second-orderline diagram at the bottom of the figure shows the expected positions
19F hf lines calculated from the parameters listed in Table 1 for the Of the second-orde¥F hf lines calculated from the parameters listed

c-C4Fs~ radical anion. (10 G= 1 mT.) in Table 1 for thec-CsFy1~ radical anion. (10 G= 1 mT.)

o o 19 . ) o from the matrix. As withc-CsFs~, the spectrum is almost
significant individual**F hf anisotropy. The isotropiéF hf isotropic but, after closer examination, shows some residual
splitting, calculated from/s(Ay + 2A0), is 19.8 mT (see Table  apjsotropy. The spectrum can be analyzed in terms of a radical
1). that possesses eight equivaléE nuclei, as described in

After the sample is cooled from 156 K ta. 110 K, the previous report$>16 Although the spectral resolution is slightly
spectral lines become broader, as can be seen in spectrum (b)nferior to that ofc-C4Fs~ in HME recorded at 163 K3 all of
At the same time, the lines move outward, to give a larger total the second-ordérf lines??26.27expected for the eight equivalent
splitting. Thus, the separation between the two outermost lines, 1% nuclei are well-resolved. The line diagram in Figure 2 shows
which consist of theM, = +3 perpendicular features, where the parallel and perpendicular components that correspond to
M represents the-component of the total nuclear spin state the expected positions of the second-otiafgyatterns calculated
(1) of the six equivalent®F (I = ¥/2) nuclei, increases from 124.5  from A, = 14.45 mT andA; = 15.05 mT; the derived isotropic
mT (156 K) to 130.2 mT (107 K). After further decreasing the 19 hf splitting is 14.85 mT (see Table 1).
temperature to ¢80 K, these outermost lines move still further After the sample was cooled from 113 K to 80 K, the spectral
apart and, concomitantly, the entire spectrum changes to a muchresolution gradually deteriorated, because of line broadening.
more complicatedf structure with many lines and a narrower However, the original isotropic character of the spectrum
line width, as can be seen in spectrum (a), where the total persisted, even at 80 K, without any indication of a gradual
spectral width has now increased to 132.7 mT (82 K). This transition to an anisotropic pattern. Moreover, increasing the
spectral change upon cooling can be reasonably attributed totemperature from 113 K to 130 K provided no significant
the transition from the almost isotropic to the anisotropic improvement in the spectral resolution, as shown in the previous
spectrum. The spectrum at 82 K can, in fact, be successfully paper (see Figure 1 in ref 16). Thus, the combinatioo-GfFg
interpreted as that expected in the rigid limit. This is ac- as the solute and TMS as the matrix seems to be quite unique,
complished by means of a spectral simulation, using the insofar as it is suitable for observing the highly resolved isotropic
computed principal values and directions of e hf splitting ESR spectrum of the radical anion, but is unsuitable for
tensors, as will be mentioned later in section 3.3, “ESR Spectraobserving its anisotropic spectrum. Hence, we applied the
Involving Anisotropic Couplings: Comparison of Experimental MTHF matrix, instead of TMS, to observe a fully anisotropic
and Computational Results”. spectrum. This rigid-limit anisotropic spectrum will be discussed

3.1.2. Octafluorocyclobutane Radical Anion (gFg"). Figure by comparing it with the computed spectrum in a later section.
2 shows the ESR spectrum ©fC4Fs~ in TMS recorded at 113 3.1.3. Decafluorocyclopentane Radical Anion (gF¢).
K, with the well-defined!®F hf pattern lying outside the intense  Figure 3 shows the temperature-dependent ESR spectra of
central band that results from the background radicals derived c-CsFi1¢~ in the TMS matrix measured in the temperature range
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Figure 4. Optimized geometrical structures and point group symmetries (in parentheses}-ai/) and (b)c-CsFs~, together with the numbering
of the 3C and*°F nucleus positions and they,z coordinate system. The computations were performed using method C.

of 110-162 K. Spectrum (c), recorded at 162 K, is essentially ~ 3.2. Computational Results: Isotropic and Anisotropic'°F
isotropic and can be analyzed in terms of a radical that possesse&f Splittings and SOMO. A series of quantum chemical
ten equivalent®F nuclei, with the line positions corresponding computations were conducted independent of the previous
precisely to those expected for the second-ofdfestructure studies}1?21%o further elucidate the geometrical and electronic
calculated from the averaged isotropic splittingaef 11.6 mT structures of the-CsFg—, c-C4Fg~, andc-CsF1g~ radical anions.
(see Table 1). A particular focus of the present work is on the calculation of

Although the ESR spectral lines gradually became broader the anisotropict®F hf tensors, and their comparison with the
as the sample temperature was reduced from 162 K to 140 K, experimental results obtained by analyzing the experimental
the spectrum retained its original isotropic appearance in this anisotropic ESR spectra. This comparison has previously been
temperature range, as shown in spectrum (b), which was|imited only to the isotropid®F hf couplings!3 Hereinafter, we
recorded at 147 K. After further decreasing the temperature to yse the following abbreviation: “B3LYP/6-331G(2df,p)//MP2/
110 K, however, the ESR spectrum became anisotropic with a6-311+G(d,p)”, which will be used to represent ESR hyperfine
diffuse line shape, especially in the outer regions, as shown in parameter computations via the B3LYP method (with 6-8G1
spectrum (a). Because no further appreciable spectral changegadf,p) basis set) for the geometry optimized by the MP2 method
were observed after Coollng from 110 K to 80 K, the 110 K (Wlth 6_311+G(d’p) basis Set)“, etc. The Computations were
spectrum can be regarded as being close to the rigid limit. This performed using three different methods: (i) method A, B3LYP/
spectrum can be simulated using the computed principal valuesg_31 14-G(2df,p)//B3LYP/6-313G(d,p); (i) method B, B3LYP/
and directions of thé% hf splitting tensors, as discussed in a 6-31H-G(2df,p)//MP2/6-312G(d,p); and (iii) method C, B3LYP/
later section. i " 6-311+G(2df,p)//UHF/6-31%G(d,p).

As shown in Table 1, the averaged isotrofig hf splittings 3.2.1. ¢-GF~. The neutrat-CsFs molecule inDs, geometry

obtained forc-CsFs~, c-C4Fs™, andc-CsFio~ in the TMS matrix 1 . .

: . . . ~1has a’A| ground state with a doubly degeneraté Hghest
agree precisely with those previously reported for these radical 1 .
gree p y b yrep occupied molecular orbital (HOMG¥21328.29The ¢-CsFg™

anions generated and stabilized in the neopeftdheand : LS : ] )
hexamethyletharid(HME) matrices. This excellent agreement radical cation is a JahtiTeller active species and is expected
to be distorted to aC,, structure, in which the originally

suggests that the matrix effects on tHE hf splitting are v > .
degenerate HOMO splits int@ andb, orbitals: the expected

negligibly small; i.e., the singly occupied molecular orbital - 28
(SOMO) and, more specifically, the spin densities of the radical 9round state iAy (Cz)2® On the other hand, the lowest

anions are negligibly perturbed by the surrounding matrix Unoccupied molecular orbital (LUMO) a-C4Fs consists of a
molecules. This allows a direct comparison to be made of the Single molecular orbital, and so theCsFs™ radical anion is
experimentallSF hf splittings (Table 1) with the theoretical NOt expected to be a first-order Jafifeller active species.
values in Tables 24, which have been computed based on the Consistent with previous reports?**3the electronic ground
isolated molecule approximation. state ofc-CsFs~ is 2A’Z' in D3 symmetry by all three computa-
After exposure of the-CsFs~ radical anion sample in TMS  tional methods. The plots in Figure 5 clearly show thatake
(Figure 1d) to unfiltered light from a tungsten lamp, all the ESR SOMO consists of ptype orbitals from the three equivalent C
spectral lines attributable to the radical anion were completely atoms, a nodal plane occurring at the carbon ring, and a set of
removed, leaving only the intense central band that was dueps-type orbitals from six equivalerF atoms. The latter p
mainly to the (CH)sSiCH, matrix radical. Identical photo-  typel®F orbitals point toward the center of the carbon ring plane
bleaching effects were observed for tt€,Fg~ andc-CsFig- and conform to theCz and g, symmetry elements. The bond
species. These results are not only consistent with the assignmeriengths and bond angles computed by the unrestricted Hartree-
of the lines to a single photolabile species but also support the Fock (UHF) level (method C) are shown in Figure 4a. These
anionic nature of these radicals, as will be described later in results show that the molecular geometry is significantly altered
section 3.4, “Electronic Spectra”. by electron attachment: thus, relative to the values in neutral
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c-CsFe,28 the F—-C—F angle decreases by.c#° and the G-C

bond length decreases by ca. 0.1 A, whereas thé& Gond
increases by 0.1 A. These changes in bond lengths originate
from the population in the radical anion of the high-symmetry
a, SOMO with its C-C bonding and €F antibonding
characteristics; similar changes in the geometrical parameters
are observed to occur upon electron attachment to the other
perfluorocycloalkanes witm = 4 and 5.

The computed®F hf splittings of c-CsF¢~ are summarized
in Table 2a. Method C closely reproduces the experimental
isotropic splitting ofa(*°F) = 19.8 mT for six equivalent®F
nuclei, whereas method A results in a 46% larg@PfF) value
and method B gives a 7% smallaf*°F) value. It may also be
noted that the experimental geometrical parameters of the neutral
moleculé® are also best reproduced by the UHF computations
(method C). The anisotropit’F hf splitting tensors that are
computed by all three methods are almost axially symmetric;
however, these computed anisotropic splittings cannot be directly
compared with the experimental values, as mentioned in section
3.3, “ESR Spectra Involving Anisotropic Couplings: Compari-
son of Experimental and Computational Results”. Figure 5
shows plots of the SOMO projected to thez, x-y, andz—x
planes, where the-axis is theCz symmetry axis (see Figure
4a).

3.2.2. c-GFg . Neutralc-C4Fg adoptsD,g symmetry in the
1A; ground state with a €C—C—C dihedral angle of 174
defining the deviation of the puckered ring carbons from
planarity3° Consistent with previous calculatiof$?13all three
computational methods predict that electron attachment to
c-C4Fg results in a change fro,q to planarDsn symmetry
with a 2A,, electronic ground state. This remarkable increase
of symmetry on negative ion formation is in sharp contrast to
the reduced symmetry that is predicted to occur in the acyclic
perfluorocompound¥2and is indicative of a stabilizing effect
that results from the more-complete delocalization of the added
electron in the planabg, ring structure. Figure 6 shows plots
of the SOMO projected to the-z, x-y, andz—x planes, where
the z-axis is theC4 symmetry axis (see Figure 4b).

The SOMO ofc-C4Fg™ is very similar to that ofc-CsFs,
consisting again of overlapping carboptype orbitals forming
a nodal plane at the planar ring, together with the setzef p
type orbitals from the eight equivaletF atoms. Because the
SOMO is C-C bonding and €F antibonding, the €C bond
is shortened and the & bond is lengthened on electron
attachment t@-C4Fg.#12213Als0, as indicated in Figure 4b by
the calculation at the UHF level (method C), the FCF angle
decreases from 110.0n the neutral molecule (experimental
value= 109.9 + 0.3)3° to 101.0 in the negative ion. This
brings about an increase of ca. 0.1 A in the calculated nonbonded
F—F distance between neighboring carbons, thereby favoring
the reduction in the ring dihedral angle that occurs by changing
from the puckered,q symmetry to the planabs, symmetry
upon electron attachmeht?213This adoption of a planar ring
geometry leads to findings that parallel those ¢eCsFs~; the
set of p-type orbitals from the!%F atoms inc-C4Fg~ point
approximately toward the ring center and posses<ihmajor
axis ando, symmetry elements of thB4, point group. The
computedhf splittings ofc-C4Fs~ are summarized in Table 3a,
and all of the methods predict th& hf tensor to have almost-
axial symmetry. The isotropic splitting for eight equivalé?f
nuclei, computed using method C, is again in remarkably good
agreement with the experimental value;.via(*°F) = 14.85
mT (exp) vs 14.84 mT (calc). Accordingly, the anisotroffie
hf splittings computed by method C have been used, together

0.7516//0.7590

’A; (Dan)
method C
19.78
9.75

BCC
13.16 (0.0000, 0.0000, 1.0000)

9.75 (0.0000, 0.9537, 0.3007)

a Computed for théA’Q’ (D3 state using method ®.See Figure 4a for the numbering 8€ and'°F nucleus positions and they,z system. The direction cosines for th€C nuclei at positions 2 and 3
in Figure 4a are obtained by taking into account @esymmetry about the-axis. The direction cosines for th€F nuclei at positions 59 are obtained by taking into account tBe, symmetry Cs

symmetry operation about tteaxis andon, symmetry).

UHF/6-311+ G(d,p)

—0.56

B3LYP/6-311+ G(2df,p)//
~4.90
—484

0.7517//0.7606

’A; (Dan)
method B:
B3LYP/6-311+ G(2df,p)/
—-0.51
18.38
9.91

MP2/6-311+ G(d,p)
~5.00
—4.91

Bhb
—4.90 (0.0000, 1.0000, 0.0000)

—4.84 (1.0000, 0.0000, 0.0000)

 (Dan)

2
method A:
B3LYP/6-311+ G(2df,p)//

—0.25
29.32
5.34
0.7509//0.7501

B3LYP/6-311+ G(d,p)
—2.71
—-2.63

(a) 3C and®F Hyperfine Splittings (in mT)
2Ay

0.3007, 0.9537)

Anisotropichf Splittings (Direction Cosines: x,y,z Systeft)

Baa
—8.26 (1.0000, 0.0000, 0.0000)

(b) Direction Cosines for the AnisotroptéC and'°F Hyperfine Splittings (in m™
—4.90 (0.0000

exp
19.8in TMS and Neop

state (symmetry)
41F

ESR (method/basis sets)//geometry
13C and®F nucleus positioh
118C

(method/basis sets)
a(*3C) (for threet®C)

a(*%F) (for six 1°F)
19F anisotropidf splitting

13C and™F isotropichf splittings
Baa
Bob
BCC

<S> ESR//geometry

TABLE 2: ESR Parameters Computed for c-CsF¢~
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Figure 5. Plots of the singly occupied molecular orbitals (SOMOSs) projected to (aytteplane, (b) thex—y plane and (c) the—x plane
computed forc-CsFs~ with zAg ground electronic state iDz, point group symmetry. The computations were performed using method C. Refer to
Figure 4a for thex,y,z coordinate system.

(2) (b)

9 9
&

(c) ]

&\“ﬁ

SOMO

c-C Fg:24,,(Dyy)

Figure 6. Plots of the SOMOs projected to (a) tige-z plane, (b) thex—y plane, and (c) the plane containing th@xis and one line, which
connects the middle points of the 2@C bond and the 1€3C bond, computed far-C4Fs~ with 2A,, ground electronic state D4, sSymmetry. The
computations were performed using method C. Refer to Figure 4b forylzecoordinate system.

with their direction cosines (Table 3b), to simulate the experi- negative ion adopts &s structure with a?A’ ground state,
mental anisotropic ESR spectrum, as mentioned in section method C (UHF) predicts a plan&s, symmetry with aZA’z'

3.3. ground state, similar to that observed for th&sFs~ and

~ 3.2.3. ¢-GFy0 . All restricted Hartree-Fock (RHF) computa-  ¢_c,F,~ negative ions, in agreement with earlier computations
tions predict that neutrat-CsFip adopts aCs symmetrical using the KMLYP method?2

structure, although &, structure lies no more than 0.02 kcal/

mol above theCs structure!® The computed geometrical The '9F hyperfine splittings computed by B3LYP for the
structure ofc-CsF1~ is dependent on the method used. Although ¢-CsF1g~ ion with Cs andDsp symmetry are summarized in Table
methods A (B3LYP) and B (MP2) both predict that t3€sF15~ 4a. Using method C, the isotropic splitting computed for ten
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TABLE 3: ESR Parameters Computed for c-C4Fg~

(a) 3C and®F Hyperfine Splittings (in mT)

Phys. Chem. A, Vol. 111, No. 2, 2007

2Aou(Dan) ?Pou(Dan)

2AZu (D4h)

exp

state (symmetry)
ESR (method/basis sets)//

method C:
B3LYP/6-31H-G(2df,p)/
UHF/6-311-G(d,p)

method B:
B3LYP/6-31H-G(2df,p)//
MP2/6-31HG(d,p)

method A:
B3LYP/6-31H-G(2df,p)//
B3LYP/6-31H-G(d,p)

geometry (method/basis sets)

13C and'*F isotropichf splittings

—0.53
14.84

—0.54
13.66

—0.55
13.17

14.85in TMS

a(**F) (for eight'°F)
19F anisotropidf splitting

a(**C) (for four 1°C)

0.7511//0.7555

—3.54
—3.48
7.02

0.7512//0.7564

—3.67
—3.59
7.26

0.7512//0.7511
(b) Direction Cosines for the AnisotroptéC and'°F Hyperfine Splittings (in m™

—3.73
—3.63
7.36

Baa
Bob
BCC
<S> ESR//geometry

Anisotropichf Splittings (Direction Cosinesx,y,z Systemj¢

BCC
0.81 (0.0060.0001, 1.0000)

Bob
—0.29 (0.0000, 1.0000, 0.0001)

—3.48 (1.0000, 0.0000, 0.0000)

Baa
—0.52 (1.0000, 0.0000, 0.0000)

13C and*F nucleus position

1°C

519F
aComputed for théAy, (Dar) state using method &.See Figure 4b for the numbering HC and!°F nucleus positions and they,z system.° The direction cosines fo*C nucleus positions 2, 3, and 4

are obtained by sign change of thkeandy-components of #C by aC, symmetry operation about theaxis.d The direction cosines for the oth&F nucleus positions (612) are obtained by change of

the x-, y-, andz-components of BF by taking aD4», symmetry into consideration @, symmetry operation about theaxis andon, symmetry operations).

7.02 (0.0000, 0.9640, 0.2659)

0.2659, 0.9640)

—3.54 (0.0000
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equivalentF nuclei in theDs, structure is again in surprisingly
good agreement with the experimental value. However, as
shown in Table 4a, a similarly good agreement with experiment
is obtained by method B for the average value of the computed
isotropic splittings for theCs structure, which consists of six
different types of%F nuclei. In the section on anisotropic ESR
spectra, an essentially “stati®sy, structure will be considered

in terms of a very rapid dynamical averaging of the five possible
Cs structures. Figure 8 shows plots of the SOMO computed for
the Dsp, structure by method C; the SOMO being projected to
they-z, x-y andz-x planes, where thg-axis is aCs symmetry
axis (Figures 7 and 8).

The computedZs and Dsp, structures ofc-CsFio~ also have
the C-C bond compressed and the—€ bond elongated,
relative to the neutral molecule. These changes in the bond
lengths can originate from the high-symmetry SOMO with the
C—C bonding and €F antibonding characters; similar changes
in the geometrical parameters were observed in the other
perfluorocycloalkane radical anions with= 3 and 4 studied
in this paper.

3.3. ESR Spectra Involving Anisotropic Couplings: Com-
parison of Experimental and Computational Results.

3.3.1. c-GF¢ . Figure 9a shows the anisotropic ESR spectrum
of c-CsF¢~ in TMS recorded at 82 K. The spectral pattern is
quite complicated, with a large number of line components,
many of them being quite sharp in appearance and others having
a characteristic anisotropic line shape. Clearly, this “powder”
pattern cannot be simply analyzed based on six anisotropically
equivalentF nuclei, as would be the case if each of the
fluorines possessed axially symmetric tensors about a common
molecular axis. Moreover, it is very difficult to analyze the
experimental spectrum and evaluate ¥ehf tensors based on
the use of the ordinary trial method for ESR spectral simulation,
because of the large number of adjustable parameters that are
needed; thus, in addition to the principal values (three param-
eters) of the'F hf tensor, their directions (three parameters)
must also be specified for each of the % nuclei, and the
latter are most unlikely to be equivalent in the rigid lirHit.

Fortunately, recent advances in the B3LYP and MP2 com-
putational methods provide an independent theoretical approach
to this difficult spectral simulation problem. As mentioned
previously, the experimental isotrop®F hf splittings for
c-CsFs~ are reproduced with very high accuracy by the DFT
[B3LYP/6-3114-G(2df,p)] computations for th®3z, geometry
optimized by the UHF/6-31tG(d,p) method (method C in
Table 2);viz., a = 19.8 mT (exp) vs 19.78 mT (calc) for the
six equivalent’®F nuclei. This excellent agreement in the
isotropic 1°F hf splittings encouraged us to simulate an aniso-
tropic “powder” spectrum that involved anisotropic couplings
of c-CsFs~, using the computed hyperfine principal values and
directions of°F nucleil* and the theoretical ESR spectrum
simulated using th&°F hf tensors in Table 2b is compared with
the experimental spectrum in Figure 9b. The overall spectral
features are reproduced quite well by the computations,
especially in regard to both the detailed fine structure and the
outermost anisotropic features, indicated by the vertical bars in
Figure 9. The total spectral width measured between these
outermost features is 133.4 mT, which is only 0.7 mT larger
than the experimental result (132.7 mT); therefore, the error,
with respect to the observed total splitting, is only 0.5%. Thus,
we conclude that the computed anisotrop¥ hf coupling
tensors (the principal values of the splittings and their



TABLE 4: ESR Parameters Computed for c-CsF1o-
(a) 13C and™F hf Splittings (in mT)

state (symmetry) exp 2A (Cy) 2A (Cy) A (Dshy)
ESR (method/basis sets)// method A: method B: method C:
geometry (method/basis sets) B3LYP/6-31H-G(2df,p)// B3LYP/6-31H-G(2df,p)// B3LYP/6-31H-G(2df,p)//
B3LYP/6-31H-G(d,p) MP2/6-311G(d,p) UHF/6-311-G(d,p)
13C isotropichf splittings,a(**C)? (for five 1°C)
average 0.51 0.50 0.5G6t 0.1
113C and 2°C 0.51 0.50
313C and 4°C 0.52 0.51
513C 0.50 0.49
19F isotropichf splittings,a(*F)P (for ten°F)
average 11.6in TMS 10.70 11.51 11.650.01
14'°F 14.04 16.72
7'9F and 8°F 13.46 15.86
10"F and 13°F 11.80 13.30
11°F and 12°F 9.66 9.82
6%°F and 9'%F 7.96 7.10
15%F 7.35 6.19
19F anisotropidhf splitting, (Baa Bos, Beo)
6'%F and 9% (—2.02,—-1.97, 3.99) For teA°F nuclei: (-2.62,—2.56, 5.18)
719 and 8%F (—3.67,—3.53,7.19)
10'°F and 13°F (—3.28,—3.18, 6.46)
11'F and 12°F (—2.61,—2.53,5.14)
14'9F (—3.74,—3.59, 7.33)
1519F (—1.81,—-1.77, 3.58)
<S> ESR//geometry 0.7509//0.7508 0.7509//0.7550 0.7508//0.7536
(b) Direction Cosines for the AnisotropléC and*F hf Splittings (in mT) forA} (Ds) Staté
Anisotropichf Splittings (Direction Cosinesx,y,z System§
13C and*F nucleus positioh Baa Bob Bee
113C —0.35 (0.0000, 0.9510, 0.3092) —0.21 (0.0001;-0.3092, 0.9510) 0.56 (1.0000, 0.0000, 0.0001)
14F —2.62(0.9717;-0.2361, 0.0000) —2.56 (0.0000, 0.0000, 1.0000) 5.18 (0.2361, 0.9717, 0.0000)

a Averaged value over fivé3C hf splittings.? Averaged value over teHfF hf splittings.© Computed for théA; (Ds) state using method G.See Figure 7a for the numbering 6€ and!°F nucleus
positions and the,y,z system.® The direction cosines fdfC nucleus positions 2, 3, 4, and 5 and those for'tReand nucleus positions-6.3 and 15 are obtained by sign change ofsthe/-, Zcomponents

of 1'3C and 14°F by taking theDs, symmetry into consideration @ symmetry operation about theaxis andon, symmetry operation).
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loc=1504 A (1C-5C,2C-5C);

lec=1510 A 1.508 A (1C-2C, 2C-4C);
lep=1360A 1511 A (3C40)

ZFCF =102.0° £CCC=1063" (1C-5C-2C);
£CCC=108.0 ) 106.7° (3C-1C-5C, 4C-2C-5C);
Dihedral angle = 0.00 107.3° (1C-3C-4C, 2C-4C-3C)

Dihedral angle = 14.5°

c-CsFyg” (Dsp) c-CsFy ()

Figure 7. Geometrical structures optimized for tleeCsF1o~ radical anion with (a)Dsh structure wichA’Q’ ground electronic state and (&
structure with?A’ state, together with the numbering of tH€ and!°F nucleus positions and they,z coordinate system. The computations were

performed using methods C and B, respectively.

() (b)
9

9

*®

“

=

SOMO

c-CsF 1y : 24, (Dsy,)

Figure 8. Plots of the SOMOs projected to (a) tkex plane, (b) thex—y plane, and (c) thg—z plane computed foc-CsF1o~ with 2A’2’ electronic
state inDsp point group symmetry. The computations were performed using method C. Refer to Figure 7aXgrztheordinate system.

directions) are quite close to the experimental values, paralleling splitting being in excellent agreement (Table 1) with the previous

the excellent agreement observed for the isotrofffe hf results of isotropic ESR studié$1>16Turning to the anisotropic

splittings. 19F hf splittings, those computed by method C display almost-
The present computations all assign th@&sFs~ radical anion perfect axial symmetry: Bas Bop, Be) = (—4.90 mT,—4.84

to thezA'Z’ electronic ground state (iBz, symmetry) with six mT, +9.75 mT). Using the direction cosines in Table 2, it is

magnetically equivalent®F nuclei, with the predicted®F hf determined that the principal directions Bf, corresponding
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(a) c-C;F/TMS 19 nuclei. Accordingly, the isotropic and anisotropfE hf
(82K) _ splittings, together with their direction cosines computed by

method C (Table 3b), were then chosen to simulate the rigid-
I limit ESR spectrum ofc-C4Fs~. As shown in Figure 11, the
overall spectral features are simulated quite well, especially in
. the regions lying outside the two hydrogen-atom lines (marked
as “H”). Furthermore, the error in the total splitting is as small
| as 0.4% of the experimental spectral width; viz., 137.0 mT (exp)
vs 136.5 mT (calc). Thus, we confirm that, as wHCsFs,

30204 G

2509.6 G

the 1°F hf tensors computed foc-C4Fg~ via the present
| computations, using method C, are very similar to the actual
" values.

The anisotropic'®F hf splittings computed by method C
(Table 3b) and used for the spectral calculations Bgg By,
Be) = (—3.54 mT,—3.48 mT,+7.02 mT); these are again
almost axially symmetric. It is also observed, from the direction
cosines of the anisotropic splittings in the table, that the principal
directions ofB¢ for the 5F, 6F, 7F, and 8F nuclei lie in the
y—z plane with an angle of-15.4 from they-axis, as shown
in Figure 12; this angle is ca’2maller than that irc-CgFs .
Furthermore, it is easy to see from the figure that the principal
directions ofB for the other four'®F nuclei (9F-12F) lie in
the z—x plane with the same angle &f15.4, measured from
the x-axis, i.e., these directions poss€sssymmetry about the
molecularz-axis. It, again, can be observed that the principal
Figure 9. () ESR spectrum af-CsFs~ in TMS at 82 K ¢ = 9117.5 directions ofB.. occur along the dir_ectipns suggested by the
Hz), and (b) theoretical ESR spectrumam€sFs~ computed using the plots of SD and SOMO, as shown in Figure 6a and 12.
principal values and principal directions 8F (I = %/,) hf splittings 3.3.3. c-GF10~. Figure 13a shows an anisotropic spectrum
via method C given in Table 2. In the spectral computations, a constant of c-CsF15~ in TMS recorded at 110 K. As mentioned in section
Gaussian line width' of 0.7'mT was used. The vertical bars correspond 3.2, the computations via method C resulted Dsastructure,
Eioeigﬁ o(litoeg‘:oslt ar::_:_s;)troplc doubled (1 = £3, 3). See textformore it the C atoms being coplanar and ten magnetically equivalent

' ' 19 atoms. The isotropié®F hf splitting computed for th®s,

structure reproduces the experimental value quite well; &iz
= 11.74+ 0.1 (exp) vs 11.65 (cal) (Tables 1 and 4a). On the
other hand, computations made via method B resulted@ a
structure with the C atoms not being coplanar and six different
types of1%F nuclei. The average value of the isotrop¥e hf
splittings computed for th€; structure isa = 11.51 mT, which
also closely reproduces the experimental value.

(b) Cal: 24,"(D,y)

Magpnetic field (mT)

245 285 325 365 405

to the maximuni*F anisotropic splittings, lie in thg—z plane

with an angle of£17.5’, measured from thg-axis, as shown

in Figure 10, for the (4F and 5F) pair of nuclei. Furthermore,
the principal directions dB.; should occur along the directions
suggested by the axes that define the cylindrical cross section
of the spin density (SD) plots. This correspondence is verified
for c-CsFs~ in Figure 10, where the axes of the SD plots for

the (4F and 5F) pair lie in thg—z plane with the same angle quoretical ESR spectra were simulated ¢e€sF1o-, using
(+£17.5), measured from thg-axis, asBe, with the principal ~ the *°F hf tensors computed for both the planB&, and
directions of the SD plots therefore being parallel Bg. nonplanarCs structures and are shown in Figures 13b and 13c.

Moreover, it is observed that the SD plots are very similar to These two calculated spectra show marked differences, and only

those of the SOMO, as shown in Figures 5a and 10. Such closethe spectrum calculated for thasy structure reproduces the
agreement between the SD and the SOMO can be observed noeven broad anisotropic features in the experimental spectrum.
0n|y for C'C3F67; but also for the other perﬂuorocydoa'kane In contrast, the Spectrum calculated for mtructure consists
radical anions studied here, as will be mentioned later. The of many additional anisotropiuf lines resulting from the many
principal directions 0B for the other two pairs of*F-nuclei ~ differenthf splittings, and is in much poorer agreement with
in c-CsFs~, denoted by (6F and 7F) and (8F and 9F), can be the experimental spectrum. Thus, although such nonpl@gar
obtained from those of the (4F and 5F) pair bgasymmetry structures are predicted by the B3LYP (method A) and MP2
operation about the-axis; these are again parallel to the (method B) methods as in the previous studiés? we
corresponding SOMO and SD axes. tentatively conclude, based on this consideration of anisotropic
3.3.2. c-GFg. Figure 11a shows the anisotropic ESR ESR spectra, that theCsF1o~ radical anion effectively adopts
spectrum of-CyFs™ generated by_irradiation ina r|g|d MTHF a planarD5h structure in the I'Igld limit with a?A’z' electronic
matrix and recorded at 77 K. Although the central portion of ground state. This effective structure could result from a
the c-C4Fg~ spectrum is obscured by a strong quintet pattern dynamical averaging over the five equival€htconformations
from the matrix radical, the anisotrophtf features present in  or from a highly symmetric froze®s, geometry. The experi-

both wings are attributable to the rigid-state spectrum@fFs . mental data are not sufficiently resolved to distinguish between
Consistent with other studié¢?13all the present computa-  the two cases.
tions (Table 3a) assign theC4Fg~ radical anion to théAy, In fact, the better fit of the anisotropic spectrumoe€sFio-

ground electronic state (ifD4n symmetry). The calculated at 110 K to the simulation based on tBey structure rather
isotropic!9F splitting of c-C4Fg ™, using method C, is, again, in  than theCs structure is consistent with theoretical calculations,
almost-perfect agreement (Table 3a) with the experiment: viz., showing that there is only a very small energy difference
a=14.85 mT (exp) vs 14.84 mT (calc) for the eight equivalent between th®s, second-order saddle point and Bgaminimum.
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B, (113C)

B, (4 °F)

y B, (11C)

B,. (5 F)

Spin Density
c-CyFg 1 24," (D)

Figure 10. Plots of the spin density (SD) projected to ez plane computed foc-CsFs~ with the 2A’2’ (Dasn) electronic state. The computations
were performed using method C. The principal direction§6fhf splitting at position 1 ($C) and*°F hf splittings at positions 4 and 5% and
519F) are indicated in the figure. Refer to Figures 4a and 5a foxhe coordinate system and Table 2b for thfgorincipal directions and values.

This "planarization energy” is given as 0.15 kcal/mol in the
paper by Schaefer and co-work&fsand "less than 0.2 kcal/
mol“ by El-Sohly et al*® Taking the former estimate of 0.15
kcal/mol as the free-energy barrier between equivalent
structures, the Eyring equati$rsuggests that the rate constant
for such ring inversion at 100 K would be close t0'46™! or
10° MHz. This frequency greatly exceeds the compufEdhf
differencegca. 100 MHz) for theCs structure given by methods
A and B in Table 4a. Therefore, according to this analysis, a
fluxional or averagedsy structure is likely to persist at ca.
100 K and theCs rigid-limit structure would only contribute to
the anisotropic spectrum atl10 K.

The anisotropié®F hf splittings computed for thBs;, structure
by method C and used for the spectral simulations Bgg By,
Be) = (—2.62 mT,—2.56 mT,+5.18 mT), as listed in Table
4b. Just as witle-C3Fs~ andc-C4Fs ™, these anisotropic splittings
have almost axial symmetry. The principal directionBgf at
the 14F and 15F nuclei lie in the-y plane with an angle of
+13.5 (again, ca2° smaller than that foc-C4Fs~) from the
y-axis, as shown in Figure 14. The principal directions of
Bec at the other eight®F nuclei deviate by the same angle of
+13.5 from the moleculay—z plane and are obtained byGg
symmetry operation about the moleculaaxis, as can easily
be seen from Figures 8 (plots of SOMO) and 14 (plots of spin
density).

3.3.4. Effectie 19F Hyperfine CouplingsWe now consider,
in more detail, the prominent anisotropic spectral features in

for all eight®F nuclei ofc-C4Fg~ along thez-axis (C4 symmetry
axis). Using the standard formulgsthe 1°F hf splitting along
the z-axis is evaluated to be 12.35 mT from the isotrogic
14.84 mT) and anisotroptuf splittings Baa Bon Be) computed
by method C and listed in Table 3b.

In the x—y plane, which makes an angle of only 15uith
the individual B¢ directions that correspond to the maximum
19F hftensor splitting, two different®F hf splittings that originate
from the two diagonally placed sets of four equivalent nuclei
([5F, 6F, 7F, 8F] and [9F, 10F, 11F, 12F]) are expected (see
Figures 4b, 6, and 12). THéF splitting for each set is quite
anisotropic, with a variation of ca. 10 mT; thus, when the applied
external magnetic field is varied from theaxis to they-axis,
the splitting changes from 11.36 mT to 21.29 mT for one set
and vice versa for the other set, as can be seen in Figure 15.
However, by considering the effective splitting averaged over
the two sets of fluorines in the—y plane to be one-half the
sum of the twdF hf splittings, the angular-dependent splitting
changes only from 16.32 mT to 17.06 mT, such that the variation
is reduced to 0.74 mT. These minimum and maximum splittings
appear at angles of’qor 9¢°) and 45 from either thex- or
y-axis, respectively, with the two sets of four fluorines being
nonequivalent at O(or 9C°) but equivalent at 45

It is suggested that the effective splitting along these two
directions of high symmetry in the—y plane can readily
account for the two pairs of outermost features that appear in
both the simulated and experimental anisotropic spectra in

both the experimental and computed anisotropic ESR spectraFigure 11. Accordingly, the total spectral widths for the two

of c-C4Fs™ (in D4y structure). Because of the highly symmetric
nature of thea,y, SOMO, the samé®F hf splitting is expected

pairs of outermost features are predicted to bg 87.06=
136.5 mT and 8« 16.32 (or 4x 11.36+ 4 x 21.29)= 130.6
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(a) ¢-C,Fs/MTHF
(77K)
H ( H

,ﬂ
sl L
Ha AJ]K/ %]( M‘

i |
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I

(b) Cal: 24,,(D,,)

Magnetic field (mT)
| B IR A RN BRI R A B B L
260 300 340 380 420
Figure 11. (a) ESR spectrum of-CsFs~ for a 77 K y-irradiated solid solution of 1 mol %-C4Fg in 2-methyltetrahydrofuran (MTHF) recorded

at the same temperature. (b) Theoretical ESR spectrucraFs~ computed using the principal values and principal direction$fef{l = /,) hf
splittings via method C given in Table 3. In the spectral computations, a constant Gaussian line width of 0.7 mT was used. The vertical bars

correspond to the two pairs of outermost anisotropic lines. See text for more detail.

B, (1,2,3 & 450

B, (7 °F) B, (5 F)

B,, (1 &213C)
B,, (3 &4 15C)

19
Bcc (8 I9F) Bcc (6 F)

Spin Density
c-C,Fyg : 24y, (Dyy)

Figure 12. Plots of the SD projected to the-z plane computed foc-C4Fs~ with the A, (Dan) electronic state. The computations were performed
using method C. The principal directions’8€ hf splittings at positions 1, 2, 3, and 4¢C, 21°C, 3'°C, and 4°C) and*°F hf splittings at positions
5, 6, 7, and 8 (5F, 6°F, 7*°F, and 8°F) are indicated in the figure. Refer to Figures 4b and 6a foixte coordinate system and Table 3b for

the hf principal directions and values.
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(a) c-C.F,,/TMS 5 suggests that differeif splittings are expected from three
(110K) groups of twol°F nuclei ([4F, 5F], [6F, 7F], and [8F, 9F)).
‘ Although the individual splittings are quite anisotropic, the
average of the thre®F hf splittings, one from each group, in
thex—y plane varies by only 0.16 mT, from 22.15 mT to 22.31
mT, with a mean of 22.23 mT. Hence, the anisotropy in the
g " x—Yy plane is expected to be considerably smaller than that for
c-C4Fs~. In fact, the sharp outermost features observed in the
(b) Cal (D.,) experimental ar_ld computed spectra (Figure 9_) are well-separated
Sh from the remainder of the line spectrum, in contrast to the
finding of the quite well-resolved and closely spaced twin
outermost features observed EC,Fs~. Also, the asymmetric
line shape of the-CsFs~ outermost features is consistent with
the rather small angular variation of the effective splittings in
thex—y plane (0.16 mT), which leads to a difference of spectral
(¢) Cal (C)) widths (6 x 0.16 = 0.96 mT) that is comparable to or only
slightly greater than the intrinsic line width in the solid state
(0.5-1.0 mT). Thus, the remarkably sharp and singular outer-
most features in the anisotropic spectruntsFs~ are nicely
accounted for by this analysis. A similar small apparent
anisotropy is also predicted for tigy, c-CsF1p~ anion; however,
in this case, the experimental spectrum is not sufficiently
resolved to make a detailed analysis.
Magnetic field (mT) There is also good quantitative agreement between the results
" a5 286 325 365 405 ;)gf theoretical calculations and the experimental values for the
Figure 13. (a) ESR spectrum af-CsFyg™ in TMS at 110K ¢ = 9117.5 F hf spectral parameters af-CsFs . First, the effective
Hz), and theoretical ESR spectrum ®CsF1~ computed for (b)zA’Q’ anisotropic Sp|IT.tIngS Of_ 22'31 and 22.15 mT in bhey_plane .
(Ds) state and (cfA' (Cy) state. The principal values and principal @nd 16.74 mT in the-direction lead to a calculated isotropic
directions of'*F (I = 1/,) hf splittings used were computed via method ~ Splitting of 20.4 mT, as compared to the experimental value of
C and via method B, given in Table 4 and Tables 3 and 4 in the 19.8 mT. Second, the expected spectral extent for the outermost
Supporting Information. In the spectral computations, a constant features of 6x 22.23= 133.4 mT obtained from the mean
Gaussian line width of 2.4 mT was used. (10=G1 mT.) 22.23 mT splitting in thex—y plane is within 1% of the 132.7
mT. These values, which have been derived based on the?pzcstfuerﬁtriﬁl ,;’:/éitrz rgneasured directly from the experimental
computed'®F hf tensor splittings, are in good agreement with . i . o .
the experimental widths of 137.0 and 130.9 mT, with this 3:4. Electronic Spectra.Electronic excitation energies and.
experimentally observed anisotropy of ca. 6.1 mT agreeing oscnlatofr hstrengtr;fsl were clorrllli)uted f((j)r tTe groupgélec:[romc
nicely with the calculated value of 5.9 mT. Although the st_atesoz t”ese pertiuorocyc Ozi ane razlca anions; 64ZsFe
lineshapes of these two pairs of outermost features are somewhat'ith a “A; .(D3h)23tate’C'C4F8 with a *Azu (Dan) state, and
reminiscent of parallel and perpendicular components in axial ¢-CsF10~ With a “A; (Dsn) state. In Figure 16, their oscillator
symmetry, the present analysis reveals a much-reduced nonstrengths f) are plotted in the 206700 nm range. (For the
axial hf anisotropy (0.74 mT), as compared to that (21-29 numerical values, refer to Table 5 in the Supporting Informa-
11.36 = 9.93 mT) of the individual and an almost axially tion.) Weak absorptions with~ 0.02-0.03 are predicted in
SymmetriclgF hf tensor. the visible range of 400700 nm Withlmax = 561, 535, and
To estimate the isotrop#F splitting from the aforementioned ~ 535 nm forc-CsFs, c-C4Fs™, andc-CsFao -, respectively. For
analysis of the anisotropic ESR spectral features, the splitting &l three radical anions, the visible-range absorptions that
along thez-axis must also be taken into account. The latter is correspond to the lowest excitation energies can be attributed
not separately observable in the experimental spectrum, becausé® the electronic transitions from the SOMO to the LUMO:
the resonance lines are inside the spectrum and overlapped wittpa;— 78 for c-CsFe™, 5azy = 6ayq for c-C4Fs™, and &; — 8a;
other lines. However, the previously computed value of 12.35 for ¢-CsFio™. Furthermore, Figure 16 shows that an increase in
mT, together with the effective splittings in tke'y plane (17.06  the molecular size a-CiF2,~ fromn =3 ton =4 and 5 results
and 16.32 mT) leads to an isotropic splitting of 15.24 mT, which in @ “blue” shift with slightly increasing oscillator strengths.
is in satisfactory agreement with the experimental isotropic ~ The prediction of light absorption in the visible region is of
splitting of 14.9 mT. In summary, the computed spectral widths special interest, in regard to the present experimental results,
for the outermost pair of anisotropi®F hf features are consistent ~ showing that all the ESR spectral lines attributable to the radical

with the experimental values, and the derived isotrogiEe anions are removed by exposure of the sample to unfiltered light
splitting is within 2% of the independently determined experi- from a tungsten lamp. Experimental electronic spectra of the
mental value. perfluorocycloalkane radical anions are not available in the

It is of interest to compare the aforementioned results for literature, so the present computations provide new information
c-C4Fs~ with those forc-CsFs . The same splitting is expected  about the excitation energies and oscillator strengths of these
along thez-axis for all six!°F nuclei ofc-CsFs~ (see Figures 5 fundamentally important chemical species. The reactivity of
and 10) and is calculated to be 16.74 mT from the isotropic (  thesec-C,F2,~ excited states is also of interest, considering the
=19.78 mT) and anisotropltf splittings Baa Bow, Bcc) in Table photobleaching effect by visible light. Potentially, these excited
2b 32 together with the 725angle made by, with the z-axis states may undergo either electron detachment, in which case
(Figure 10). In thex—y plane, however, consideration of Figure the released electron can combine with positively charged
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Figure 14. Plots of the SD projected to the-y plane computed fot-CsFio~ with the2A’2’(D5h) electronic state. The computations were performed
using method C. The principal directions8€ hf splittings at positions 1, 2, 3, 4, and 5{C, 2'3C, 3°C, 4°C, and 3°C) and*°F hf splittings at
positions 14 and 15 (¥ and 13%) are indicated in the figure. Refer to Figures 7a and 8a foxhe coordinate system and Table 4b for the
hf principal directions and values.
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Figure 15. Variation in two differentF hf splittings, A(l) and A(ll),

of c-C4Fs~ in the molecularx—y plane with change in the applied
external magnetic field3, from thex-axis to they-axis (refer to Figures
4b, 6, and 12 for the,y,z system); | and Il denote the two diagonally
placed sets of four equivalent nuclei ([5F, 6F, 7F, 8F] and [9F, 10F,
11F, 12F], respectively). The bold solid line marked a&f + A(I1)}/

2" corresponds to one-half the sum of tA& hf splittings due to |
and Il nuclei (one from each set). TH¥ hf splittings were calculated
using the standard formuf&sfrom the isotropic and anisotropicf
splittings (Bia Bob, Bc) computed by method C and listed in Table 3.
See text for more detail.
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radical anions upon exposure to visible light. However, taking
into account both the facts that the lowest calculated excitation
energies £2 eV) are considerably larger than the electron
affinities of the studied molecules (6:2.8 eV) and the highly
delocalized and nonbonding nature of the LUMOs, these being
essentially linear combinations of fluorine lone-pair orbitals and,
thus, not favoring the breakage of any specifiefcbond, these
considerations would indicate electron detachment to be the
more-plausible process.

Therefore, it is significant to report direct experimental
evidence for photoinduced electron transfer fror@sFg~ to
Sk, with the adiabatic electron affinity of $IF1.05 eV being
greater than that of-C4Fg (0.63 eV)?112Figure 17 shows the
results when a-irradiated TMS solution of botle-C4Fg and
SK; is exposed to visible light at 105 K. Because the concentra-
tion of c-C4Fg is ca. 40 times higher than that of §Ehe initial
spectrum (a) taken after-irradiation and before exposure to
visible light is dominated by the lines fromC4Fs~, although
one can also detect several of thegSEomponents that are
not overlapped by the strorgC4Fs~ signals. As shown in the
lower spectrum (b), the removal of all tleeC,4Fg™ lines, that
takes place upon exposure to visible light, is accompanied by a
two-fold increase in the intensity of the §Fspectrum34
Therefore, this experiment provides direct evidence that the
photobleaching ofc-C4Fg~ results in electron transfer from
c-C4Fs™ to Sk, with the most likely mechanism being electron

species in the matrix, or dissociate to give a perfluorocycloalkyl detachment fronc-C4Fs~ and subsequent recapture bysSF
radical and a fluoride anion. Both of these resonant processesAlthough the quantum yield of this process is difficult to

would account for the observed irreversible loss ofd{@&,Fo,~

estimate, similar photobleaching experiments that involve a
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Figure 16. Electronic absorption spectra ofCsFs~ with 2A'2' (Dar) state,c-C4Fg~ with 2A, (Dap) state andt-CsFio~ with 2A’2’ (Dsn) state computed

via a time-dependent (TD) B3LYP density functional theory (DFT) method (6+&(H,p) basis set) for the geometries optimized via the UHF/
6-311+G(d,p) method. The oscillator strengtlisdre plotted in 206700 nm range. In the spectral computations, a Gaussian line width of 20 nm
was used.

dissociative electron transfer frocaC4Fg~ to methyl bromidé c-C4Fg results in a geometrical change from the puckebdgg

led to a four-fold increase in the GHadical signal. symmetry to the planddsn, symmetrical structure. This remark-
able increase of symmetry on negative ion formation is in

4. Concluding Remarks sharp contrast to the reduced symmetry in the acyclic

perfluorocompound®2 and it is largely attributable to the
stabilizing effect resulting from the complete delocalization of
the added electron in the plarag;, ring structure. Furthermore,
relative to the values in neutratC,4Fg,2° the F—-C—F angle
decreases by ca. 1@nd the C-C bond length decreases by
ca. 0.1 A, while the €F bond increases by 0.1 A. This causes
an increase of ca. 0.1 A in the calculated nonbondedr F

in the TMS matrix are in excellent agreement with the previous dlstange l?etwee,“ nel'ghborlng carbons, thereby favoring the
determinations for these radical anions in the neopefitahe  reduction in the ring dihedral angle froBrq to Dan Symmetry
and hexamethylethat(HME) matrices. Because these results N €lectron attachmefit?*13The changes in bond lengths result
strongly suggest that matrix effects have a negligible influence from the nature of the high-symmetay, SOMO with its C-C
on the electronic structure of these radical anions, the experi-Ponding and €F antibonding characteristics. Similar changes
mental9F hf splittings can be compared with the theoretical N bond lengths are observed to occur upon electron attachment
values that are computed based on the isolated moleculet0® ¢-CsFs andc-CsFio.
approximation. The isotropic°F hf splittings computed by the B3LYP
This comparison between the experimental and theoretical method (6-31%G(2df,p) basis set) for the UHF optimized
hf couplings for these radical anions previously has been limited geometries (method C) are in much closer agreement with the
only to the isotropi®F hf couplings!® In the present study, we  experimental values (within 0.4 %) than those previously
have performed a series of quantum chemical calculations toobtained by the B3LYP and MP2 methods—-@ % and 5
further elucidate their geometrical and electronic structures, with %, respectivelyJ? the present results yielding 19.78 mT (calc)
particular attention focused on computations of the anisotropic vs 19.8 mT (exp) forc-CsFs~, 14.84 mT (calc) vs 14.85 mT
19F hf tensors. These results are suitably compared with the data(exp) for c-C4Fs~, and 11.65 mT (calc) vs 11.6 mT (exp) for
obtained by analyzing the experimental anisotropic ESR spectra.c-CsF1o~. Therefore, anisotrop#®F hf splittings were computed
The unrestricted HartreeFock (UHF) computations with  via the same method and gave principal values that are similar
6-3114+-G(d,p) basis set resulted in planar geometrical structures o axially symmetric values for the magnetically equivalft
for the three radical anions-C3Fs~ with ZA'Z' (D3p symmetry), atoms; (4.90 mT,—4.84 mT, 9.75 mT) forc-CsFs~, (—3.54
c-C4Fg~ with 2Ay, (D4h), and c-CsFig~ with 2A'2’ (Dsp) elec- mT, —3.48 mT, 7.02 mT) foc-C4Fs~, and (-2.62 mT,—2.56
tronic state. mT, 5.18 mT) forc-CsF10~. These anisotropit’F hf splittings,
Consistent with previous reportd22.13 the computations  together with their direction cosines computed by method C
resulted in geometrical structures that are significantly altered (B3LYP//UHF)* were then used to simulate an anisotropic
by electron attachment. For example, electron attachment to“powder” spectrum ot-C.F,,~ (for n = 3, 4, 5). Because the

Three perfluorocycloalkane radical anioesC,F2,~ (where
n = 3, 4, or 5), were generated and stabilizedyHrradiated
tetramethylsilane (TMS) and rigid 2-methyltetrahydrofuran
(MTHF) matrices. By recording their temperature-dependent
electron spin resonance (ESR) spectra in TMS between 77 K
and ca. 170 K, both anisotropic and isotropic features were
observed. The isotropit®F hyperfine hf) splittings observed
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Figure 17. ESR spectra of @-irradiated solid solution of 0.03 mol %
sulfur hexafluoride (S§ and 1.2 mol %c-CsFs in TMS at 77 K; the
irradiation dose was 5.0 kGy. Spectra (a) and (b) were recorded at 105
K before and after exposing the sample to unfiltered light from a
tungsten lamp, respectively. The line diagram shows the expected
positions of the second-ord&F hf lines for Sk~ andc-C4Fs™ radical
anions calculated from the isotropitF hf splittings ofa = 19.54 mT

(six %F nuclei}*3*anda = 14.85 mT (eight°F nuclei) listed in Table

1, respectively. (10 G 1 mT.)

principal values (three parameters) of #i€ hf tensor and their
directions (three parameters) must be specified for each of the
19 nuclei of the radical aniotf, this is a much more direct
procedure for ESR spectral simulation than the ordinary trial
method, which, by necessity, requires a large number of
adjustable parameters.

The overall ESR spectral features in the powder spectra o
c-C,F2n~ (for n = 3, 4, 5) are reproduced quite well by the
computations; the error, with respect to the observed total
splitting, is within 2.0 % for botle-CsFs~ andc-C4Fs~. Thus,
it follows that the computed anisotropi® hf coupling tensors
must be quite similar to the actual values, paralleling the
excellent agreement observed for the isotrdffichf splittings.

In addition, the computed direction cosines of the anisotropic
splittings reveal that the maximum (or parall&lr anisotropic
splittings Bcc) of the six, eight, and ten magnetically equivalent
19F nuclei of c-CyF2n~ (for n = 3, 4, 5; Dy structures) are
directed out of the molecular plane by anglesdf7.5’, +15.4,

and £13.5 for c-CgFs~, ¢-C4Fs~, andc-CsFio-, respectively.

Because of the highly symmetric nature of tag single
occupied molecular orbital (SOMOIPg) anday, SOMO Dap),
identical °F hf splittings are expected for all six and eidfE
nuclei ofc-CgFs~ andc-C4Fg~ along their molecular-axis i.e.,
the C3 and C, symmetry axes, respectively. These were
evaluateéf to be 16.7 and 12.4 mT for tH& nuclei ofc-CaFe~
and c-C4Fg~ from the isotropic and anisotropicf splittings
computed by method C. On the other hand, in the carbon
ring (x—y) plane, symmetry considerations indicate that three

f

J. Phys. Chem. A, Vol. 111, No. 2, 200337

different 1°F hf splittings are expected fa-CsFs~ with three
groups of two®%F nuclei, while two differenf®F hf splittings
apply for c-C4Fs~ with two groups of four nuclei. Although
the individual*®F splittings of each group are quite anisotropic,
the effective splittings in the—y plane, which are given by
one-third of the sum of thre¥F hf splittings forc-CsFs~ and

by one-half of the sum of twé% hf splittings for c-C4Fg™,
vary only by 0.16 and 0.75 mT, respectively. The relatively
small anisotropy in these effective splittings explains the nature
of the outermost features observed in the experimental powder
spectra. Thus, although only one clearly defined set of wing
features is observed fa-CsFs, two closely spaced sets are
present in the spectrum ofC4Fg~, which is expected, because
of the larger degree of anisotropy.

For thec-CsFy¢ radical anion, methods A (B3LYP//B3LYP)
and B (B3LYP//MP2) resulted in @ geometrical structure with
a 2A' ground state. Method B gave an average value of the
computed®F hf isotropic splittingsa(*%F) = 11.52 mT, which
is in good agreement with the experimental value of 11.6 mT.
Theoretical ESR spectra were simulateddetsFo~ using the
19F hf tensors computed for both the plari2y, (by method C)
and nonplanarCs (by method B) structures. Although the
energies of these two structures differ by as little as ca. 0.15
kcal/mol, only the spectrum calculated for the former structure
reproduced the anisotropic experimental spectrum. However,
this “static” Dsp, structure may actually result from a very rapid
dynamical averaging of the five possible fluxiof@lstructures.
The electronic excitation energies and oscillator strengths
were computed for the ground electronic states-GgFs~ (ZA'Z'
in Dap), c-CaFs~ (2Agy in Dan), andc-CsFio~ (°Ay in Dsy) by
time-dependent density functional theory (TD-DFT) methods.
The computations resulted in weak oscillator strength-of
0.02-0.03 in a visible range 0f~560—-530 nm, which cor-
respond to the electronic transitions from the SOMO to the
LUMO of 5a; = 7a; for c-CsFs~, 5apy = 6aig for c-CsFg™,
and & = 8a; for c-CsF1o~. The prediction of light absorption
in the visible region is consistent with the present experimental
results, showing that all the ESR spectral lines attributable to
the c-C,F2n~ radical anions are removed by exposure of the
sample to unfiltered light from a tungsten lamp. In addition,
experimental evidence for photoinduced electron transfer from
c-C4Fs~ to Sk has been obtained by photobleaching experi-
ments iny-irradiated TMS solutions of both-C4Fs and Sk.
Accordingly, these photobleaching studies provide direct evi-
dence that the photoexcited states of these perfluorocyclooalkane
anions can undergo simple electron detachment. Photobleaching
that results from an alternate decay process byFCbond
dissociation to give a perfluorocycloalkyl radical and a fluoride
anion is considered less likely, considering the highly delocal-
ized and nonbonding character of the excess electron in these
excited states.
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calculated forc-C3Fg~ with 2Ay" (Dap) electronic state (Table
1), c-C4Fg~ with 2A,, (Dgp) electronic state (Table 23;CsFio

with 2A," (Dsy,) electronic state (Table 3), ar@CsFio~ with
2A(Cs) electronic state (Table 4). Table 5 shows electronic
excitation energies and oscillator strengttis ¢f c-CsFs,
c-C4Fs~, andc-CsF1o~ anions computed via TD-DFT methods.
This material is available free of charge via the Internet at http:/
pubs.acs.org.
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