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The perfluoropropen-2-yl radical was found to be the main product of photolysis of the perfluoroallyl radical.

Free radicals are important intermediates in chemical reactions,
as well as in atmospheric chemistry, catalysis and biochemistry.
Matrix isolation provides an opportunity to detect these transient
species and to study their transformations, including photo-
chemical reactions. The allyl radical, which is the simplest con-
jugated system, is one of the best studied radicals.1– 7 In par-
ticular, it was found by matrix IR spectroscopy that photoir-
radiation of the allyl radical results in both isomerization to the
cyclopropyl radical and decomposition to allene or isomeric
methylacetylene.4,5 Data on a perfluorinated analogue of the
allyl radical are scanty. Radical C3F5 1 was first obtained photo-
chemically by the interaction of the tributylsilyl radical with
3-bromopentafluoropropene and detected in a cyclopropane solu-
tion by EPR spectroscopy.8 More recently, we measured the
matrix IR spectrum of radical 1 generated by pyrolysis of per-
fluorohexa-1,5-diene.9 In this work, we examined perfluoro-
allyl radical 1 and its photoisomerization products in more
detail using matrix IR spectroscopy and quantum-chemical cal-
culations. 

The experimental procedure was described previously.10,11

Perfluorohexa-1,5-diene was pyrolysed at 1150–1300 K and a
pressure of 10–4  Torr in a quartz reactor (50–1 20 mm in length
and 5 mm in diameter) connected to an optical helium cryostat.
The pyrolysis products with a high excess of argon (~1 : 1000)
were frozen on the polished surface of a copper cube cooled to
10 K by a Displex 208R closed-cycle cryogenic system (Air
Products & Chemicals). The IR spectra were recorded on a
Bruker IFS-113v Fourier-transform spectrometer with a resolu-
tion of 0.5 cm–1  in the frequency range 4000– 400 cm–1  using
the beam reflection scheme. The photolysis was carried out with
a high-pressure mercury lamp (1000 W), and the irradiation
wavelength was varied using glass filters. 

The UV irradiation (260 < l < 400 nm) of an Ar matrix con-
taining the pyrolysis products resulted in a synchronous decrease
in the intensities of the IR bands belonging to radical 1 (Table 1,
Figure 1). The intensities of some bands, among which were the
absorption bands of perfluoroallene (2065.1, 1284.2, 1238.8,
1033.4 and 609.0 cm–1 )12 and isomeric perfluoromethylacetylene
(1373.8, 1164.8, 1102.6 and 766.2 cm–1 ),13 increased simulta-
neously. New bands at 1785.4, 1307.8, 1262.0, 1166.4, 1149.1,
1009.3, 698.3, 598.5 and 530.8 cm–1  were of special interest.
The appearance of these bands was not associated with trans-
formations of the starting perfluorohexa-1,5-diene, which was
present in the mixture of pyrolysis products, because the
intensities of its IR absorption bands remained unchanged after
irradiation of the matrix. Moreover, a control experiment on the
photolysis of the starting compound specially sputtered in the
matrix also showed no changes in the spectrum. The absorption
band intensities of pyrolysis by-products such as the CF3 radical
and perfluoropropylene CF3CFCF2 did not decrease. Thus, the
new bands can be attributed to the products of phototransfor-
mation of only radical 1.

The heating of the matrix to a diffusion temperature (35 K)
was accompanied by a decrease in the intensity of these bands
and by the simultaneous appearance and growth of several IR
bands (1743.3, 1380,8, 1221.8, 1131.6, 1110.0, 1045.3, 996.6
and 741.6 cm–1 ) belonging to stable molecules. Hence it fol-
lows that the new IR bands belong to an unstable species,
whereas the bands appeared during the heating probably belong
to recombination products. Moreover, the IR bands of the photo-

product 1 did not coincide with the bands of the known inter-
mediates that can be formed in the decomposition of 1, namely,
CF2=CF14 and CF3

15 radicals or difluorocarbene CF2.15 There-
fore, the photoproduct from 1 is most likely a photoisomer of
this species.

To reveal the structure of the species formed, we compared
the experimental data with the results of quantum-chemical cal-
culations. The optimum geometry and vibrational spectrum were
calculated by both the classical ab initio UHF method in the
3-21G, 6-31G and 6-311G* basis sets and the B3LYP density
functional method (DFT) in the 6-311G* basis set using the
GAUSSIAN-94 program system.16 Perfluoroallyl radical 1 was
chosen as a model for the determination of the most appropriate
calculation method. In the calculations of radical 1, the B3LYP
method with the 6-311G* basis set gave the most plausible
results, which showed the presence of aligned C–C bonds and a
somewhat nonplanar geometry (symmetry C2). This method also
gave the best agreement between the experimental and calcu-
lated signals in both frequency (the average deviation did not
exceed 2%) and intensity. A comparison between the calculated
and experimental spectra of radical 1 allowed us to detect pre-
viously unobserved IR bands and to assign more adequately the
IR bands to normal vibrations. According to this calculation, an
intense absorption band at 1499.3 cm–1  corresponds to the anti-
symmetric stretching vibration of C–C,  confirming electron de-
localization in the allylic system of radical 1. The experience
gained from the calculation of radical 1 was used in the consi-
deration of isomeric structures. Five different isomers are plau-
sible for a species with the molecular formula C3F5 (Scheme 1).
We calculated the structures, energy parameters and vibrational
spectra of these isomers by the B3LYP method in the 6-311G*
basis set.

The stability of these species was found to decrease in the
following order: allylic structure 1 > propen-2-yl 2 > trans- and
cis-propen-1-yl radicals 3, 4 > cyclopropyl radical 5 (Table 1).

The photoisomerization of the allyl radical can proceed with
the formation of a cyclopropyl structure.4,5 However, the experi-
mental set of IR bands of the photoisomer was strongly differ-
ent from that predicted by the quantum-chemical calculation for
analogous perfluorinated species 5 (Table 1). Because the spec-
trum of the photolysis products exhibits a band at 1875.4 cm–1 ,
which is characteristic of polyfluoroalkenes and indicates the
presence of the C=C bond in the molecule, structures 2– 4 can
be attributed to the photoisomer. In our case, the best agreement
between the experimental and calculated frequencies of the vib-
rational spectrum was observed for the structure of radical 2
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(Table 1), whose formation can be explained by the 1,2-migra-
tion of a fluorine atom in radical 1 (Scheme 2).

The potential barrier for this process calculated by the
B3LYP/6-311G* method is equal to 18.1 kJ mol–1 . Transition
state 6 corresponding to the fluorine transfer from the allylic
position to a terminal carbon atom is characterised by a nega-
tive frequency (–234 cm–1 ) related to the migration of a fluorine
atom between the adjacent carbon atoms. Indeed, the calcula-
tion of the energy along the internal reaction coordinate (IRC)
confirmed that 6 is a transition state, and a shift to one or
another side along the potential-energy curve results in one of
the two minima corresponding to the structures of 1 and 2.
Moreover, the bands at 1307.8, 1262.0, 1166.4 and 1149.1 cm–1

attributed to radical 2 can also be observed as weak absorption
bands in the spectrum of the primary products of pyrolysis
along with the intense IR bands of radical 1. In fact, according
to the quantum-chemical calculation, the difference between the
energies of formation of radicals 1 and 2 is approximately equal
to 1.3 kJ mol–1  in favour of 1, and its formation under condi-
tions of high-temperature pyrolysis is the main process, whereas
the concentration of 2 in the equilibrium mixture can be as high
as several percent. 

Thus, the photolysis of perfluoroallyl radical 1 isolated in an
argon matrix results in the formation of a new unstable species,
which was identified as perfluoropropen-2-yl radical 2 on the
basis of the data of matrix IR spectroscopy and quantum-chemi-
cal calculations. 

This work was supported by the Russian Foundation for Basic
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Figure 1 Difference IR spectrum of the products of pyrolysis of 1,5-per-
fluorohexadiene in an argon matrix at 10 K before photolysis (bands di-
rected down: 1 is the perfluoroallyl radical) and after photolysis (bands
directed up: 2 is the perfluoropropen-2-yl radical, MA is perfluoromethyl-
acetylene and A is perfluoroallene).
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Table 1 Experimental and calculated (B3LYP/6-311G*) vibrational frequencies (n) in the range 4000– 400 cm–1 , total (E) and relative (DE) energies of the
perfluoroallyl radical and its isomers. 

n/cm–1

Assignment

n/cm–1

AssignmentCalculateda Experimental Calculateda

Experimental
1 5 3 4 2

1596.5 (5)

aCalculated intensities in km mol–1  are given in parentheses.

ns(C–C ) 1515.0 (20) 1784.1 (40) 1790.0 (116) 1838.8 (419) 1785.4 s n(C=C)
1531.7 (262) 1499.3 s nas(C–C ) 1272.7 (111) 1341.0 (141) 1363.9 (133) 1303.5 (101) 1307.8 m ns(CF2), n(C–C )
1360.6 (311) 1350.9 s nas(CF2) 1216.3 (461) 1238.7 (390) 1230.0 (46) 1253.3 (382) 1262.0 vs nas(CF2)
1305.8 (46) 1301.2 w nas(CF2) 1205.8 (266) 1198.9 (198) 1181.9 (434) 1156.1 (333) 1166.4 s nas(CF3),
1212.4 (191) 1215.1 s n(CF) 1177.2 (48) 1158.9 (305) 1159.5 (309) 1126.9 (230) 1149.1 m nas(CF3), n(C–C )
1009.6 (269) 1007.7 s ns(CF2), ns(C– C) 856.7 (123) 1106.4 (195) 1067.5 (263) 1010.8 (305) 1009.3 m ns(CF2), ns(CF3)

729.7 (0) ns(CF2), ds(CF2) 819.2 (39) 778.9 (2) 843.6 (12) 808.4 (5) d(CCC), ns(CF2)
575.4 (2) 581.2 vw das(CF2) 760.9 (4) 636.7 (0) 718.2 (26) 688.9 (14) 698.3 w ds(CF3), d(CCC)
572.2 (0) rr(CF2) 750.6 (1) 625.6 (2) 637.1 (0) 633.0 (17) rr(CF2)
451.4 (12) rw(CF) 568.3 (1) 575.9 (13) 577.6 (1) 599.1 (7) 598.5 w ds(CF2), ds(CF3)
397.7 (4) rw(CF2) 541.9 (15) 513.1 (6) 494.1 (2) 577.9 (0) das(CF3), rw(CF2)
381.1 (1) rr(CF2) 439.6 (3) 484.7 (2) 408.7 (1) 523.5 (3) 530.8 vw rr(CF3)

E (hartrees) –6 13.5879 –61 3.5386 – 613.5692 – 613.5707 –6 13.5828
DE/kJ mol–1 12.9 4.9 4.5 1.3
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