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Abstract:
and have been characterized by esr spectra.

Some simple perfluoroalkyl radicals have been prepared by uv photolysis of the corresponding iodides
The a-fluorine hyperfine interaction decreases, and the 3-fluorine

interaction increases, as the fluorine atoms of - CF; are progressively replaced by CF, groups in the series - CF;CF,,
-CFy(CF3),, and - C(CF;);. This behavior is consistent with the hypothesis that the radicals deviate increasingly from

planarity with increasing number of a-fluorine substituents.

The fact that the a-fluorine hyperfine interaction is

little changed in going from radicals - CF,Hs.. to - CF.(CF;)... indicates that the geometry is primarily determined
by the number of a-fluorine substituents and is not much affected by replacement of hydrogens by CF; groups.
This conclusion is supported by INDO calculations of the geometry of some fluorinated ethyl radicals and per-

fluoroalkyl radicals.

luorocarbon radicals have been less extensively
studied than the parent hydrocarbon radicals, and
the only perfluoroalkyl radical for which detailed esr
results are available is the trifluoromethyl radical
itself, which has been observed in irradiated liquid
tetrafluoromethane and hexafluoroethane,? irradiated
solid trifluoroacetamide,?® and rare gas matrices.* The
increase in both carbon and fluorine isotropic hyperfine
interactions with increasing fluorine substitution in the
series - CH,F;_, indicates that the radicals are deviating
more from planarity, with methyl planar and -CF; es-
sentially tetrahedral;® the proton hyperfine splittings
also increase in this series from ag = —23 G in methyl
toan = +22Gin difluoromethylradical.*® It has simi-
larly been noted that increasing fluorine substitution in
the series -CCl,F;_,% and SiH,F;_,7 leads to increased
bending. These observations, and others,® suggest
that fluorine hyperfine interactions are a fairly sensitive
indicator of geometry in simple aliphatic radicals.
There is a recent review of fluorine hyperfine interactions
in organic radicals.®
It would be of particular interest to know the effect
of perfluoromethyl groups, and also the relative influ-
ence of a- and B-fluorine substituents, on the structure
of simple carbon-centered radicals. We have therefore
prepared the perfluoroethyl, perfluoropropyl, perfluoro-
isopropyl, and perfluoro-rerz-butyl radicals by uv pho-
tolysis in di-tert-butyl peroxide (DTBP) of the corre-
sponding iodides. Photolysis in DTBP has been used
previously for the production of radicals from aliphatic
hydrocarbons, %! as well as for the production of var-

(1) This work was supported through a contract with the Atomic
Energy Commission and this is AEC Document COQ-1385-44.

(2) R. W, Fessenden and R. H. Schuler, J. Chem. Phys., 43, 2704
(1965).

(3) M. T. Rogers and L. D, Kispert, ibid., 46, 3193 (1967).

(4) S. W, Charles, P, H. H. Fischer, and C. A. McDowell, Chem.
Phys. Lett., 1, 451 (1967); J. Maruani, J. A, P, Coope, and C. A. Mc-
Dowell, Mol. Phys., 18, 165 (1970).

(5) D. L. Beveridge, P. A. Dobosh, and J. A. Pople, J. Chem. Phys.,
48, 4802 (1968).

(6) J. Cooper, A. Hudson, and R. A. Jackson, Mol Phys., 23, 209
(1972).

(7) M. V. Merritt and R. W. Fessenden, J. Chem. Phys., 56, 2353
(1972).

(8) M. T. Rogers and L. D. Kispert, ibid., 55, 2360 (1971).

(9) A. Hudson and K. D. J, Root, Advan. Magn. Resonance, 5, 1
(1971).

(10) P. J. Krusic and J. K. Kochi, J. Amer. Chem. Soc., 90, 7155
(1968).

ious classes of radicals from organic bromides and
chlorides,!>!® although, generally, substrates with
available protons have been used. The solution esr
parameters of these new perfluoroalkyl radicals have
been obtained and their structures discussed.

Experimental Section

Perfluoroethyl iodide (Columbia Organic Chemicals, Inc.,
Columbia, S. C.) and perfluoro-n-propyl iodide (PCR Inc., Gaines-
ville, Fla.) were commercial samples. Perfluoroisopropyl iodide
and perfluoro-rers-butyl iodide were a gift from W. A. Sheppard and
D. England, Du Pont, Wilmington, Del.

Samples were prepared by dissolving the appropriate iodide in
di-rerr-butyl peroxide (DTBP) (Wallace and Tiernan, Inc., Buffalo,
N. Y.), used as received, in a Suprasil tube, to make an approxi-
mately 109 solution. The solution was then degassed by the
freeze—pump-thaw technique and the tube sealed off under vacuum.
It was found in this work that the solutions were unusually difficult
to degas and that two cycles were insufficient.

The iodide solutions were continuously irradiated in the cavity
of a Varian E-4 ESR spectrometer with a Hanovia 1000-W mer-
cury-xenon arc lamp. The temperature was held at —60° by use
of a Varian variable-temperature accessory.

Solid perfluoro-zert-butyl iodide was also vy-irradiated in a ®Co
source at 77°K and examined using a Varian V-4503 Q-band esr
spectrometer equipped with a Varian V-4540 variable-temperature
accessory.,

Results

A single, intense line with a first-derivative peak-to-
peak line width AH,, of ~2 G and g = 2.014 = 0.001
appeared immediately after irradiation of most of the
samples was begun. Over the first 10-15 min this line
gradually decreased in intensity and was replaced by a
spectrum which could easily be interpreted as resulting
from the radical formed by the removal of the iodine
atom from the particular perfluoroiodide present in the
solution. After the initial induction period, the in-
tensity of the second spectrum remained roughly con-
stant for the next several hours at —60°. At the end
of the experiment the previously clear solutions were
noticeably pink in color. The measured hyperfine
splittings are given in Table I.

Radical from Iodopentafluoroethane (Perfluoroethyl
Todide). The spectrum obtained from perfluoroethyl
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Figure 1. First-derivative esr spectrum of the perfluoroethyl
radical in DTBP; a ‘‘stick” diagram based on the parameters of
Table I is shown below.
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Table I. Esr Parameters of Fluorinated Alkyl Radicals
Hyperfine splittings, G
Radical ar™ ar ag™ g

-CHg 23.0 2.0026

-CFHy* 64.3 21.1 2.0045

- CF;H* 84.2 22.2 2.0081

-CFg 142.4 2.0031

-CFCF; 84.9 11.2 2.0054

- CF(CFy): 67.4 19.2 2.0033

+C(CF3)s 17.9 2.0015

+CF.CF:CF; 93 15 4 (F,)

- CCLF? 84.6 10.5 (C))

- CCIF? 109.8 16.1 (C])

« Reference 2. * Reference 6.

iodide (Figure 1) consists of a triplet of quartets with
the lines of the central multiplet further split into dou-
blets. We assign this spectrum to the perfluoroethyl
radical, CF;CF,, the triplet splitting arising from the
two a-fluorine atoms, the quartet splitting from the
three B-fluorine atoms, and the doubling of the central
lines from a second-order effect. The additional struc-
ture may be accounted for by calculating the energy
levels to second order in the hyperfine splittings using
perturbation theory. The extra lines are usually re-
solved only when the hyperfine splittings are large and
a general solution to the problem has been given;*¢ for
the ethyl radical multiplets are observed with spacings
ai/Hq and 3a3/H,, where ¢, and a, are the methylene and
methyl proton hyperfine interactions, respectively, and
H, is the external magnetic field.!*? For the perfluoro-
ethyl radical, these splittings are calculated to be afg,/H,
= 2.20 G and ai;/H, = 0.12 G, using the parameters
of Table I. The latter correction is negligible com-
pared with the line width, and the splitting of 2.3 =+
0.1 G observed for each line of the central quartet is in
good agreement with the theoretical prediction in-
cluding only the larger correction factor.

The intensities of the lines within each quartet are not
in the expected 1:3:3:1 ratios, the central pair of lines
being observed to be considerably broader than the
outer pair, with peak-to-peak widths AH,, ~ 1.5 G
(inner) and AH,, =~ 1.0 G (outer). This is most easily
seen in the outer two quartets (Figure 1). If the lines
were Lorentzian in shape, the areas would be propor-
tional to!® (first-derivative height X AH,,2); using this
relationship we obtain from our spectrum areas in the
ratios 1:2.5:2.5:1, reasonably close to the expected
values. A similar broadening of the central lines of
the CF; quartet in the spectrum of CF,C(OH)OSi-
(CyH;); has been noted and was attributed to restricted
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Figure 2. First-derivative esr spectrum of the perfluoroisopropyl
radical in DTBP; a *‘stick’” diagram based on the parameters of
Table I is shown below.

4

rotation of the trifluoromethyl group about the C-C
bond.!3

Since the radical tentatively identified? as CF;CF, in
irradiated C.Fs showed a 1:2:1 triplet with ax” =~ 87 G,
in reasonable agreement with the value we observe in
irradiated CF;CF.l, it probably was the perfluoroethyl
radical.

Radical from lodoheptofluoropropane (Perfluoropro-
pyl Iodide). The spectrum had a much lower signal-
to-noise ratio than that from any of the other iodides
and there was a broad interfering line in the center of
the spectrum. The remainder consisted of a triplet of
triplets with each line of the outer triplets further split
into a 1:3:3:1 quartet and each line of the center triplet
split to give a complex poorly resolved central pattern.
We attribute this spectrum to the perfluoropropyl radi-
cal CF;CF,CF;- with the larger triplet spacing arising
from hyperfine interaction with the two «-fluorine
atoms, the smaller triplet spacing from the two (-
fluorine atoms, and the quartet from the three -
fluorines.

Radical from 2-Todoheptafluoropropane (Perfluoroiso-
propyl Jodide). This compound gave a spectrum
(Figure 2) consisting of a doublet of septets, each with
the binomial intensity distribution expected for six
equivalent spin one-half nuclei, which we attribute to
the perfluoroisopropyl radical CF;CFCF;.

Radical from Tris(trifluoromethyl)iodomethane (Per-
fluoro-terz-butyl Iodide). This compound gave a read-
ily interpretable spectrum (Figure 3) with ten lines of
binomial intensity distribution appropriate for nine
spin one-half nuclei; we assign it to the perfluoro-zer:-
butyl radical :C(CF;); with ar = 17.9 G. The solid
iodide examined at —130° also gave a ten-line spectrum,
but with gz = 13.60 G. This spectrum began to dis-
appear, and lines of another spectrum began to appear,
at temperatures above —110°,

When the iodide was dissolved in pentane in the ab-
sence of DTBP and photolyzed within the temperature
range —100 to —80°, a weak 1:2:1 triplet with spacing
about 72 G was observed. We attribute this to the
radical - CF,CI(CFs3),, formed by removal of a fluorine
atom, and the measured hyperfine splitting is quite
reasonable for a-fluorine atoms in such a radical.!®
In the absence of the DTBP, the perfluoro-zert-butyl
radical obviously was not formed, but it is not known
whether, in other cases, the peroxide is necessary.

(16) M. T. Rogers and D, H, Whiffen, J. Chem. Phys., 40,2662 (1964).

Lloyd, Rogers | Esr Study of Perfluoroalkyl Radicals



1514

Table II. Hyperfine Splittings for Some Substituted Ethyl Radicals (Gauss)
Radical ar® ar” ag” as’ Ref
CH;CH:* 26.87 22.38 14
CFH:CH;: 48.5 27.4 22.5 a
CF:HCH:* 49.5 12.3 23.4 9
CF;CH;- 29.9 23.9 a
CF,CHClI 23.4 22.2 a
CF;CH(OH)- 31.8 18.1 b
(CF3).L0- 34.7 ¢
CO,~CF.CFCO;~ ~39 ~75 20
CF;CFCONH; 22.3 74 d
~CF:CFCF:; (Teflon) ~34 90 e
—CF:C(CF3)CF:- (polymer) ~33 (CFy) f
~23 (CFy)

-CF;CF:* (Teflon) ~15 86 e g
CF;:CF,CF:- 15 93 This work
CF:.CF; 11.2 84.92 This work
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¢ E, G. Janzen and J. L. Gerlock, J. Phys. Chem., 71, 4577 (1967).

44, 753 (1966).
Siegel and H. Hedgpeth, ibid., 46, 3904 (1967).
and M. Iwasaki, J. Phys. Chem., 73, 2919 (1969).
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Figure 3. First-derivative esr spectrum of the perfluoro-zers-butyl
radical in DTBP.
Discussion

Primary Radicals. The g value of the single,
featureless line observed initially is similar to those
(2.0155-2.0148) previously found for broad single lines
in irradiated hydrocarbons containing dissolved oxygen,
which have been ascribed to alkylperoxy radicals,7-1
-O.R. In the present case, the line is probably from
the ter!-butylperoxy radical formed by reaction of the
initially produced fert-butoxy radicals with dissolved
oxygen. The induction period we observe would then
be the time required for the solution to be scavenged of
oxygen, which shows that the reaction of the ferz-butoxy
radicals with oxygen is more rapid than their reaction
with the fluoroiodides. In several samples that were
very thoroughly degassed, the initial line was not ob-
served.

In the reaction of DTBP with hydrocarbons, primary
radicals cannot be observed,!! and in our work the
spectra of the primary radicals were less intense than
the others.

Fluorine Hyperfine Interactions. The values of
ar” found in the perfluoroethyl and perfluoroisopropyl
radicals are almost exactly the same as the values in the

(17) H. J. Hefter, T. A. Hecht, and G. S. Hammond, J. Amer. Chem,
Soc., 94, 2793 (1972).

(18) R. W. Fessenden and R. H. Schuler, J. Chem. Phys., 39, 2147
(1963).

/ M. Iwasaki, K. Toriyama, T. Sawacki, and M. Inoue, ibid., 47, 554 (1967).

5 P, Smith, J. T. Pearson, and R. V. Tsina, Can. J. Chem.,
¢R. J. Lontz, J. Chem. Phys., 45, 1339 (1966). *S.
v K. Toriyama

fluoromethyl radicals with the same number of «-
fluorine atoms, -CHF, and -CH,F, respectively (Table
I). The similarity is especially remarkable since the
fluoromethyl radicals were studied in rare-gas matrices
at —188°, We believe that this very close agreement
indicates that the geometries about the central carbon
atoms are the same in the corresponding radicals so
that, as far as radical geometry is concerned, the sub-
stitution of a trifluoromethyl group for a hydrogen
does not make much difference. Pauling’s suggestion!®
that substitution of more electronegative groups should
increase the bending seems to hold in the series - CH,F;_,
and -CCl,F;_, but not here, since CF; is much more
electronegative than hydrogen. It may be that the
effect of electronegativity is just cancelled here by a
steric effect, with the larger size of the CF; group tending
to decrease the bending.

To the extent that the 3-fluorine hyperfine interaction
arises from hyperconjugation, it would be expected to
decrease as the radical deviates increasingly from planar-
ity. Such a decrease in ax’ with increased bending has
been noted in halogen-substituted carbon- and silicon-
centered radicals.? Unfortunately, no good estimates
of the geometry of any radicals showing {3-fluorine
splittings, such as might come from a(!*C) observations,
are available. However, Pauling’® has suggested that
radicals of the type - CX; will become more pyramidal
as X becomes more electronegative and we have there-
fore listed the radicals in Table II in order of increasing
electronegativity of substituents and so, presumably, of
increasing deviation from planarity. It is known that
as’ shows a dependence of the form as® = By + Bup.
cos? ¢ on the dihedral angle ¢ between the odd electron
orbital and the C-F bond.2! The radicals studied here
have been observed only over a narrow temperature
range, presumably near the ‘‘free-rotation” limit, so
only an average value of ag’ for the chemically equiva-
lent fluorines is observed in each case. We have no
data concerning the temperature dependence of the
fluoroethyl radicals, so we have calculated approximate
average values of B,p,/2 from the values of as® of Table

(19) L. Pauling, ibid., 51, 2767 (1969).
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II, assuming By zero.?? There is no way to obtain p,
and B, separately at present.

It may be seen from Table II that there is a marked
tendency for as® (and so p,B:) to decrease with in-
creased bending. There are some deviations from a
monotonic decrease but these may arise, at least partly,
from the fact that p, and B; are changing in different
ways with radical structure. The increase in ar” values
in going down the table is consistent also with in-
creasing bending and, by analogy with «-fluorine inter-
actions in radicals where a(12C) values are also known,?
we estimate the deviation from planarity § to be about
8° in CF;CF;- and in - CF(CF;), (6 is the angle between
the plane perpendicular to the axis of the odd electron
orbital and the C—C or C-F, bond). The az" and
ar® values for -CF(CF;): and (CF;);C- then indicate
that these are nonplanar with § ~ 5°,

INDO Calculations. We have calculated by means
of the INDO approximation?®2* the minimum-energy
geometries and the esr parameters for these geometries
for the CF;CH,, CF;CHF, and CF;CF; radicals. In
the calculations, the CF; group geometry was required
to be tetrahedral with all C-F, bond lengths the same;
the other parameters were allowed to vary at will.
The general structure is shown below, where X and Y

FY
F
F \ /Y
B /C_C ~
] ~x
F/
F
F
X 8

are either H or F, and the results of the minimization
are listed in Table III. Our calculation for the CF;CF;
radical is in agreement with that of Pople and Beve-
ridge,* who state that the o carbon is much less planar
in CF;CF, than in CH;CH,. Comparison of the ex-
perimental esr parameters for CF;CH, (Table II) and
CF;CF; (Table I) with the calculated values (Table III)
shows that the INDO calculations give fairly good
quantitative results for ar~ and ax” but that those for
ar® are only qualitatively correct, that is, they decrease
with increased pyramidal character. In separate INDO
calculations on the (CF3),CF and (CF;);C radicals, in
which only the amount of bending was varied, we again

(22) P. J. Krusic (private communication) has observed a tempera-
ture dependence of arf in -CH:CHF: and -CH:CH:F showing that
there is a barrier to free rotation in these radicals.

(23) 1. A. Pople, D, L. Beveridge, and P. A. Dobosh, J. Chem. Phys.,
47, 2026 (1967).

(24) J. A. Pople, D. L. Beveridge, and P, A, Dobosh, J. Amer. Chem,
Soc., 90, 4201 (1968).

(25) J. A. Pople and D. L. Beveridge, ‘‘Approximate Molecular
Orbital Theory,” McGraw-Hill, New York, N. Y., 1970 p 107.
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Table ITI. Esr and Structural Parameters from INDO
Calculations of Some Fluorinated Ethyl Radicals
CF;CH,: CF;CHF: CF;CF;:
rHC-Fy) 1.33 1.33
HC-Fs) 1.35 1.35 1.35
HC-C) 1.45 1.46 1.47
rHC-H) 1.11 1.11
£LCCFq 117.2° 118.8°
£ZCCH 121.9° 126.4°
£ CgFg-C.X 85.0° 84.0° 68.5°
£CgFp-CoY 89.4° 76.0° 68.5°
a(Fy), G 90.7 90.4
a(Fg) 106.5 93.2 67.9
a(H,) —21.8 —-17.9
a(13Cqy) 41.2 48.1 96.3

found that ar® decreased with increased bending, al-
though it was again quantitatively much too large.
Beveridge, Dobosh, and Pople®® previously used the
INDO approximation to calculate the equilibrium
geometries of the fluoromethyl radicals and also con-
cluded that those radicals became increasingly non-
planar with increasing fluorine substitution. Overall,
then, the perfluoro radicals were found by INDO to be
increasingly pyramidal in the order (CF;);C < (CF3),CF
< CF;CF,, which is, of course, the same order as the
experimental decrease in a¥® and increase in ar".

In view of the apparent similarities in geometry be-
tween the fluoromethyl radicals and the perfluoroalkyl
radicals discussed above, one might expect the g values
to be similar. However, they actually behave in op-
posite ways; in the former radicals (and also in the
fluorosilyl radicals” -SiF,H;_,), the g values decrease
with increasing number of «-fluorine atoms, or in-
creasing pyramidal character, while in the latter radicals
the g values increase (see Table I). Thus, it appears
that interaction of the unpaired electron with the -
trifluoromethyl groups is important in determining the
g values. The decrease as trifluoromethyl groups are
added suggests that the important unpaired electron
excitations involve unfilled orbitals on the B-fluorine
atoms. Also, the increasing planarity would make the
overlap between the half-filled orbital on carbon and
the fluorine p orbitals more favorable for interaction.
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