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field from CFCl; with an area ratio of 6:1 (lit. for
(CF;),CFCF(CF;).: bp 58.5-59.0° (741 mm),* 60.0°
(756 mm);®* ir max 1299, 1277, 1149, 1009, 980, 961,
892, 747, and 722 cm—1%"),

Perfluoro-2-methyl-2-pentene, CF;CF,CF=C(CF;),,*
bp 50.5°, 0.040 mol, was added to 0.040 mol of AgF
in 100 ml of CH;CN during | hr with solution of the
AgF to form perfluoro-1,1-dimethylbutylsilver, CF;CF,-
CF.C(CF;3)Ag. The addition of HCI yielded 0.025
mol of CF;CF.CF.CH(CF;),, ir max (gas) 2985 (C-H),
with strong absorption at 1358, 1288, 1240, 1210, and
[111 em~!, determined by glpc and isolated by drowning
in water, followed by distillation and preparative glpc.
The glpc retention times and infrared spectrum found
for CF;CF,CF,CH(CF;), were identical with those of
an authentic sample.’ A second preparation of
CF;CF,CF,C(CF;,Ag with 0.100-mol quantities
yielded, after treatment of the filtered reaction product
with bromine, 0.094 mol of AgBr and 0.060 mol of
CF;CF.CF.CBr(CF;).: bp 97.5° (745 mm); mass
spectrum (high resolution), molecular ion at 399.8970
(C¢"*BrF,;, 399.8954); nmr (*°F) 62.5, 77.8, 100.5, and
116.3 ppm upfield from CCI;F with area ratios of
6:3:2:2; ir max (strong) 1342, 1245-1300 (complex),
1130, 964,931, 825,735, and 713 cm™1,

The above perfluoroalkylsilver compounds can also
be conveniently prepared in sealed-glass ampoules.
Using this technique a slow partial reaction was
observed between CF;CF=CFCF; and AgF in CH;CN;
CF,=CCIF and CF,=CCl, also gave as yet uninvesti-
gated products. On the other hand, 2-chloroperfluoro-
propene added AgF in CH;CN more rapidly than
CF;CF=CF,, a result consistent with the expected
greater stabilization of an “‘anionic” transition state by
a-Cl as compared with o-F.¢ Treatment of the filtered
(CF3).CClAg" solution with bromine in CH;CN
yielded 739, C;BrClFs, bp 50.2-51.0° (743 mm); mass
spectrum (high resolution), molecular ion at 263.8775
(CsF¢%ClI"Br, 263.8775); ir max (strong) 1275, 1251,
1240, 936, 882, 748, and 707 cm~! (lit.8 for CF;CBrCl-
CF;: bp 51-52°), Thermal decomposition of (CF3).-
CClAg at 100° was shown to form (CF;).CCICCI(CF5)s,
mp 92.1-93.5° (lit.>* mp 91.5-93.0°). Solutions of
perfluoroisopropylsilver were also prepared in “tet-
raglyme,” dimethylformamide, and benzonitrile using
sealed ampoules. It was found that benzene, ethyl
ether, and tetrahydrofuran could be added in large
amounts to (CF;);CFAg in acetonitrile solution without
the formation of a precipitate.
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J. Hine and A. D. Ketley, J. Org. Chem., 25, 606 (1960).

(7) The possible a elimination of AgCl from chlorqperﬂ_uorpalky!-
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The formulation of the perfluoro olefin-silver
fluoride addition products as perfluoroalkylsilvers is
supported by the experimental results cited above, by
the electron-deficient character of the fluoro olefins, and
by previous observations on their addition reactions
with metal fluorides. Such addition reactions to form
fluorocarbanions reversibly as reaction intermediates
were first observed with potassium fluoride, i.e., the
formation of fluoroalkylpotassiums,® and the pre-
diction of a considerable chemistry for such ionic
intermediates has been substantiated.® The order of
reactivity for perfluoro olefins with silver fluoride in
acetonitrile appears to be the same as that found with
cesium and potassium fluorides.® In anhydrous
hydrogen fluoride, a solvent in which fluoride ion is
unreactive but in which silver ion is a highly effective
m-bonding reagent,!! silver fluoride reacts only slowly
with perfluoropropene at 125°,12

By comparison with the corresponding perfluoro-
alkylcesiums the perfluoroalkylsilver compounds de-
scribed above are stable and covalent.!* They do not
readily transfer Ry groups to sp? carbon or revert to
metal fluoride and olefin.'¢ They decompose homo-
lytically at convenient temperatures. We believe that
our observations with the silver compounds point to
the synthesis of other fluoro organometallic compounds
by addition of metal fluorides to fluoro olefins and to a
significant new free-radical chemistry for such systems.
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Matrix Infrared Spectrum and Bonding in the
Lithium Superoxide Molecule, LiO,
Sir:

There has been a great deal of recent research activity
on free radicals of the formula XO, where X = F,!
Cl,2 and H.* The bonding in these species is char-
acterized by the O-O stretching frequencies which shift
from 1495 to 1441 to 1101 cm~! in the above order.
Spratley and Pimentel* have rationalized this trend by
suggesting that the X atom is bonded to an oxygen 7*
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molecular orbital where a certain fraction of an anti-
bonding electron is added to the O, molecular orbital
system. In order to get a better understanding of
bonding in these interesting radicals, we have prepared
LiO, for infrared spectral study using the matrix
reaction of lithium atoms and oxygen molecules.

The common oxide of lithium is lithium oxide, Li,O,
whereas atmospheric oxidation of sodium produces the
peroxide, Na,O,, while potassium yields the superoxide,
KO,.5 LiO, has been prepared by oxidizing lithium in
liquid ammonia solution® at —78° and by vacuum
drying Li,O,-2H,0, near 120°, but the pure substance
has not been isolated. Recent infrared studies of
lithium oxides isolated the equilibrium vaporization
(1600-1750°K) products of crystalline Li,O in a krypton
matrix.® The infrared spectrum of LiO, is of interest
in order to characterize this molecule and to provide
some insight into the bonding in normally ionic species
which are isolated as molecules.

The experimental technique and apparatus have been
described earlier.®® Samples of oxygen (160, 10,,
or '80,-'80180-1%0, mixtures) in argon or krypton
matrices (M/O, = 100/1 to 500/1) or pure *O, were
simultaneously deposited with an atomic beam of
lithium (®Li, "Li, or a *Li-’Li mixture; M/Li = 300/1 to
1000/1) on a cesium iodide window maintained at 15°K.
Infrared spectra were recorded in the 200-4000-cm—!
spectral region.

In every experiment using the inert gas matrices, four
very intense absorptions appeared in the 400-900-cm™!
region which showed lithium and oxygen isotopic
shifts. Two of these absorptions were favored at high
lithium concentrations and showed a 1/2/1 intensity
triplet structure when an equimolar mixture of lithium
isotopes was used. This behavior is characteristic of
molecules containing two equivalent lithium atoms.
The remaining two very intense bands showed well-
resolved doublets at 743.8 and 699.0 cm—!, and 507.3
and 492.5 cm—!in the mixed lithium isotope experiment,
the same frequencies observed separately in single
lithium isotope experiments. Furthermore, an increase
in the O, concentration favored these bands relative to
those attributed to species containing two lithium atoms,
which indicates that the above vibrational absorption
frequencies are due to species containing a single
lithium atom.

An additional sharp band (v, = 1.2, 0.12 OD)
appearing at 1097.0 cm~! using ’Li and 'O, in argon
shifts to 1097.5 cm~! with ¢Li. The Li concentration
dependence of this feature indicates its association with
the single lithium atom species although it was not
possible to resolve the ¢Li and 7Li components in the
mixed lithium isotopic experiment. The ¥O, coun-
terparts of these features appear at 1035.5 and 1036.0
cm~!for 7Li and SLi, respectively.

When lithium atoms are deposited in a 'O, matrix,
the major features observed are due to the species
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containing a single lithium atom. When these samples
are warmed to 34°K and are recooled to 15°K, the
feature near 1100 cm—! and the two intense bands in the
lithium-oxygen fundamental region diminish in
intensity by 80 =+ 497 maintaining approximately
constant relative intensities. Thus, the absorptions
near 1100, 700, and 500 cm—! are attributed to the same
molecular species which contains a single lithium atom.

The structure of this species is revealed by the mixed
oxygen isotopic experiments (10,/!80#0/#¥0, = 1/2/1)
where each of the three bands becomes a 1/2/1 relative
intensity triplet with %0, and !80, components
appearing at the same frequencies observed in the pure
oxygen isotope experiments. The 1/2/1 triplets indicate
that the species of interest here contains two equivalent
oxygen atoms which completes the identity of LiO, and
indicates that the molecule has an isosceles triangular
structure with equivalent oxygen atoms.

The absorption near 1100 cm—! shows a very large
oxygen isotopic shift and a small lithium shift which
suggests its assignment as »,, the symmetric O-O
stretch. The feature near 700 cm~—! shows a large
lithium shift and a small oxygen shift, whereas the 500-
cm~! absorption shows a large oxygen isotopic effect
and a relatively smaller lithium effect. This behavior
is consistent with the assignment of the 700-cm—!
band to v., the symmetric lithium—oxygen stretching
mode, and the 500-cm—! absorption to »; the anti-
symmetric Li—O vibration for a triangular LiO, molecule
in the C,, point group. (The 500-cm—! absorption
involves two equivalent oxygen atoms; hence it cannot
be a Li-O-O valence angle bending mode. No
absorption was observed down to 220 cm—! with
isotopic structure appropriate to such a bending
vibration for a bent or linear Li-O-O molecule.)

This is indeed a unique molecular structure and it
merits further analysis. We have complete infrared
spectra for six isotopic molecules which provide ample
basis for normal coordinate calculations. The struc-
tural parameters are assumed from comparison of
similar bonds: Rg_o = 1.33 A from NaO, crystal,!!
R;; o = 1.70 which is near the 1.59 A estimateds for
Li,O0. A large amount of experience indicates that
these calculations are not sensitive to small changes in
bond distances. The three-constant potential function,
Fo_o = 5.53 = 0.08 mdyn/A, Frio = 1.175 = 0.015
mdyn/A, and Fi_ori0 = —0.172 % 0.008 mdyn/A,
calculates the 18 frequencies with an average difference
between calculated and observed of 0.7 cm~!. This
excellent agreement for a large number of isotopic
frequencies verifies the vibrational assignments and
structure of LiO, reported here.

Recent Raman observations of the superoxide ion in
alkali halide lattices!? predict the frequency of free O,
to be near 1090 cm~!. This frequency gives Fo_o =
5.59 mdyn/A for the O, ion. The close agreement
between the O-O force constants in LiO, and O,
suggests that the molecule LiO, may be completely
ionic with a Li cation bonded directly to an O, anion
by coulombic attractive forces. The bonding of lithium
to two equivalent oxygen atoms can best be rationalized
as ionic bonding. The lithium—-oxygen force constant

(11) D. H. Templeton and C. H., Dauben, J. Am. Chem. Soc., 72,
2251 (1950).

(12) 1. Rolfe, W. Holzer, W. F. Murphy, and J. H. Bernstein,
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is less than observed for LiON (1.33 mdyn/A),9 LiO
(1.59 mdyn/A),8 and Li,O (2.0 mdyn/,&);8 however, it is
not surprising that a single lithium bonded to two
oxygen atoms would have a lower force constant, as is
observed for Li;O, with the rhombus structure (0.56
mdyn/A).8
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The Photolysis of Methane at 584 A!
Sir:

Recent studies from this laboratory?*—® have demon-
strated the feasibility of using conventional closed-
system photolysis techniques with high-energy light
sources as a means of studying the unimolecular
fragmentation of parent ions and superexcited mole-
cules, as well as the ensuing reactions of fragment ions
or radicals. Such studies have been carried out using
krypton? resonance lamps (1236 A, 10.0 eV) and, more
recently, argon resonance lamps®=5 (1067-1048 A,
[1.6-11.8 eV) which emit photons of energy high
enough to ionize most hydrocarbons. Such photons
can be transmitted through ordinary lithium fluoride
windows.

In order to extend such studies to still higher energies,
a helium resonance lamp (584 A, 21.2 eV) and neon
resonance lamp (744 A, 16.7 eV) have now been con-
structed utilizing the same simple enclosed-lamp
design as described before? for argon, krypton, and
xenon lamps. Aluminum, which transmits in this
wavelength region, was considered to be the best
material for a window.** The window was thus
constructed of an aluminum®® film, 2000-4000
thick, attached to a fine-mesh backing. These titanium
gettered lamps only emit the strongly reversed rare gas
resonance lines. They are leak-free and capable of
withstanding a pressure differential of at least 25 torr
without damage to the window. The helium lamp
used in this study actually has been operated for 1000 hr
without deterioration; there is no diffusion of helium
through the window. The lamps will be described in
detail in a later publication.” The intensity of the
helium lamp, ~10'% quanta/sec, varied by not more
than 59 during the course of an experiment, or from
one experiment to another.

Initial results on the photolysis of methane at 584 A
are summarized here. Methane (IP = 12.5-12.7 eV)3?
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(7) P. Ausloos and R. E. Rebbert, submitted for publication.

was chosen for this preliminary study because con-
siderable information is available about the photo-
ionization of this compound in this wavelength
region.*~!! In addition, the ionization of methane by
collision with excited helium atoms!%!3 and the
photolysis of methane with the helium resonance line in
a windowless apparatus!¢ have been investigated.

In the experiments reported here, the lamp was
sealed into a reaction vessel fitted with parallel plate
electrodes so that saturation ion currents could be
measured during the course of an experiment. A
comparison of the saturation current measured in
methane with that measured in xenon under identical
conditions leads to the information that the ionization
quantum yield of methane is 0.95 =+ 0.05 (assuming that
the value for xenon is unity). (A value of 0.75 for the
ionization quantum yield of methane at this wavelength
has been reported in the literature.f) It follows that,
when methane is irradiated with the helium resonance
line, about 9597 of the photons absorbed lead to ion-
ization

CH, + Ay (21.2eV) —> [CH'* + ¢ ¢))

It should be mentioned that the electrons released in
process | have a maximum of 8.5 eV energy, and there-
fore electronic excitation in methane by these electrons
can be ignored.” This was confirmed by the observation
that addition of helium as a moderator did not have any
noticeable effect on the product yields.

The methane parent ions may dissociate

[CH** —> CH;* + H AP = 143 eV )
[CH*}* —> CH,* 4+ H, AP = 152eV 3)

or react with neutral methane molecules
CH,t + CH; —> CH;* + CH; (4)
In this study, the CH,* and CH;* ions were deter-
mined by neutral product analysis in experiments
utilizing the ion interceptor technique employed
previously in the radiolysis.’® The methane was

photolyzed in the presence of about 5% added iso-
butane-di, and NO was added as a free-radical

scavenger. In this system, the following reactions will
occur.

CH;* + CH, —> C:H;* + H; 5

CH:* + i-CyDyg —>» C:H;D + C.Dgt ©®

The CH;* ions formed in reaction 4 will transfer a
proton to i-CyDy,, leading to the formation of C;Ds
and CD;H as products.

CH;t + i-CiDyy —> CH: + C4D10H+ —
CH,; + CD:H + CH,+ (7)

C:Dit + i-CDyp —> C;Dg 4 CiDyg* ®

(The underscored products in eq 6-8 are those whose
yields are determined.)
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