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ABSTRACT: The oxidation of perfluorobutene-2 (C4Fg) initiated by trifluoromethyl hypofluorite
(CF3OF) in presence of O, has been studied at 323.1, 332.6, 342.5, and 352.0 K, using a conven-
tional static system. The initial pressure of CF;OF was varied between 4.8 and 23.6 Torr, that
of C4Fg between 48.7 and 302.4 Torr, and that of O, between 51.5 and 270.4 Torr. Several runs
were made in presence of 325.5-451.2 Torr of N,. The main products were COF,, CF3C(O)F, and
CF3OC(O)F. Small amounts of compound containing —CF(CF3)—O—C(O)CF; group were also
formed, as detected by '*C NMR spectroscopy. The oxidation is a homogeneous short-chain
reaction, attaining, at the pressure of O, used, the pseudo-zero-order condition with respect
to O, as reactant. The reaction is independent of the total pressure. Its basic steps are as fol-
lows: the thermal generation of CF;O" radicals by the abstraction of fluorine atom of CF;OF by
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C4Fg, the addition of CF;0" to the alkene, the formation of perfluoroalkoxy radicals RO* in pres-
ence of O,, and the decomposition of these radicals via the C—C bond scission, giving products
containing —C(O)F end group and reforming RO" and CF30" radicals. The mechanism consis-
tent with experimental results is postulated. © 2003 Wiley Periodicals, Inc. Int ] Chem Kinet 35:

532-541, 2003

INTRODUCTION

In recent years the fluorine chemistry has been continu-
ously growing in areas such as new fluoropharmaceuti-
cals, nonsoluble, noncorrosive biocompatible materials
for implants in medicine, agrochemicals, alternative re-
frigerants, paints, electronics, surface coatings for cor-
rosion and moisture protection, and high performance
lubricants.

The fluid perfluoropolyethers are used as lubricants
for the computer hard disks because of their good per-
formance as a protective layer between the hard disk
surface and the magnetic head. The major route utilized
for their commercial production is the photooxidation
[1-5] of perfluoroolefins (CF,CF,, CF;CFCF,) in lig-
uid phase at 233 K or lower, initiated by UV light.
These lubricants are mixtures of species with different
relative molecular masses, containing —CF,—O— and
—CF(CF3)—0— groups.

In the gas-phase photooxidation of perfluoro-
propene at 303 K [2], the main reaction products re-
ported were COF,, CF3C(O)F, CF3;0C(O)F, and CF3
OCF,C(O)F and a mixture of two series of telomers,
CF;0(CF,0),C(O)F and CF3;O(CF,0),CF,C(O)F,
where n = 1-12. The formation of CF;C(O)F and
CF;0C(O)F was observed in the mercury-photo-
sensitized oxidation of perfluorobutene, C4Fg [6].

It was found that in the photooxidation of liquid hex-
afluorobutadiene, C4F¢, more than 50% of diolefin was
converted, through a kinetically complicated process,
into a high relative molecular mass liquid polyethers,
having a complex chain structure with C(O)F end group
[2,7].

The use of chemical initiators, instead of UV light,
for synthesis of perfluoropolyethers has significant
practical and technological advantages. Itis an interest-
ing alternative offering a better control over the struc-
ture and relative molecular mass of the products. The
possibility of synthesis of simpler molecules provides
useful tools for the studies of the unique properties
of perfluoropolyethers attributed to their different seg-
ments and end groups. The chemical initiator must be
able to generate free radicals that should be either ca-
pable of direct addition to the double bond or to do so
after their reaction with oxygen. Recently the fluorine-
initiated liquid-phase oxidation of C,F4 was reported
in the literature [7,8].

The stable and easily handled trifluoromethyl hy-
pofluorite, CF;OF, containing a weak O—F bond, is a
versatile and selective fluorinating agent [9]. The value
of 43.5 kcal mol~! was determined for the dissociation
energy of O—F bond [10-12]. The thermal addition of
CF;OF across the double bond of a variety of olefins
belongs to a very interesting class of reactions, where a
saturated compound with a relatively weak bond initi-
ates a series of reactions, important from the synthetic
and mechanistic point of view.

In this work the investigation of the thermal gas-
phase oxidation of C4Fg in the presence of CF;OF has
been undertaken to study the use of chemical initiators
in the oxidative processes of fluoroolefins, leading to
the formation of compounds containing the C—O—C
ether groups.

EXPERIMENTAL

The reaction proceeded with pressure decrease. The
experiments were performed in a grease-free static sys-
tem allowing pressure measurements at constant vol-
ume and temperature. Two reaction vessels were used:
a spherical quartz bulb with a volume of 270 cm?®
(surface-to-volume ratio, S/V = 0.75 cm™') and an-
other one of similar dimension filled with small pieces
of quartz tubing (S/V =4.7 cm™!). The pressure was
measured with a quartz spiral gauge and the tempera-
ture maintained within +0.1 K using a Lauda thermo-
stat. Infrared spectra were recorded on a Perkin-Elmer
325 spectrometer and a Perkin-Elmer 1600 Series FTIR
spectrometer, using 10-cm cells provided with NaCl
and KBr windows, respectively. The resolution of the
reported wave numbers was 1 cm™!.

All reactants were purchased commercially. CF3OF
(PCR, 97-98%) was washed with 0.1 mol dm—3 NaOH
solution and filtered at 80 K [13]. C4Fg (PCR, 97—
98%) was purified by repeated low-pressure trap-to-
trap distillations on a vacuum line, the middle fraction
being retained each time. The purified reactants were
spectroscopically pure. O, (La Oxigena, 99.99%) and
N, (La Oxigena, 99.9%) were bubbled through 98%
analytical-grade H,SO,4, and passed slowly through
a Pyrex coil at 153 K and at liquid-air temperature,
respectively.

The reaction was followed, measuring the con-
sumption of C4Fg as a function of time. Twenty-nine
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experiments were carried out at 323.1, 332.6, 342.5,
and 352.0 K. The initial pressure of CF;OF was varied
between 4.8 and 23.6 Torr, that of C4Fg between 48.7
and 302.4 Torr, and that of O, between 51.5 and 270.4
Torr. Several experiments were carried out in presence
of 325.5-451.2 Torr of N,. Two experiments were car-
ried out in the reactor with S/V =4.7 cm™!.

The reaction is a homogeneous chain reaction, with
a very short chain length. Its course does not change
on increasing the surface-to-volume ratio. Under the
conditions of our work the reaction was independent
of the total pressure and attained the pseudo-zero-order
condition with respect to O, as reactant.

In absence of CF;OF, no reaction was observed be-
tween C4Fg and O, after several hours.

In presence of CF;OF, the following products
were detected by infrared spectroscopy: COF, [14],
CF;C(O)F [15], and CF;0C(O)F [16-18]. Small
amounts of an unknown compound X, containing
—CF(CF3)OC(O)CF; group, were also formed, as de-
tected by '>C NMR spectroscopy.

In the '3C NMR spectrum of a sample containing the
unknown compound X (C(1)F;C(2)(O)OC(3)FC(4)
F;—), obtained at room temperature and in a CDCl3
solution, using a Bruker AC 250 NMR spectrometer,
four signals were observed: 6 = 114.49 ppm (c, C(1),
1JC]: = 284.67 HZ), 6 =161.79 Ppm (C, C(Z), 2JC]: =
43.87 Hz), 6 = 137.04 ppm (cd, C(3), ' Jcr = 296.59
Hz, 2Jcp = 2.86 Hz), 6 = 119.04 ppm (dc, C(4),
Ycr = 269.65 Hz, 2Jcr = 10.96 Hz).

No absorption bands between 1450 and 1650 cm™!
were found in the infrared spectra obtaine% It indi-

cates that the perflurobutene epoxide, CF3 Clé—\CF CF;,
did not form in the reaction course. A strong ab-
sorption band in this frequency range is characteristic
of perfluorinated olefin epoxides, not being produced
by other perfluorocarbon compounds. Neither was the
very strong band of CF300CF; at 1166 cm™' [19,20]
observed.

To analyze the reaction mixture of each experiment
and to follow the consumption of the reactants as a func-
tion of time, the reaction vessel was rapidly cooled to
liquid-air temperature at selected intervals of reaction
time and the mixture separated by fractional conden-
sation. The nonconsumed O, and any N, if present,
were separated as volatile at liquid-air temperature as
the first fraction Fr;. The second fraction Fr,, volatile
at 123 K, consisted of CF;0F and COF,. To deter-
mine the concentration of COF, in this fraction, an
infrared calibration curve was obtained using the pure
compound, thereby allowing conversion of the absorp-
tion intensity at 1942 cm™! to the pressure of COF,.
The amount of CF;0F was obtained by difference. In

the third fraction Fr3, volatile at 163 K, in addition to
the infrared absorption bands of CF30C(O)F, a small
band at 1830 cm™' was also observed. It can be at-
tributed to the C=0 group present in the —CF(CF3)
OC(O)CF; group of the product X. It was reported
that the absorption band corresponding to C=0 group
of the compound (CF3),C(F)OOC(O)CF; appeared at
1849 cm~! [21]. The fourth fraction Fry, remaining as
residue at 163 K, consisted of nonconsumed perfluo-
robutene.

The amounts of CF3OF consumed correspond clo-
sely to the calculated ones using the expression [CF3-
OFJconsum = [CF30F]; x {1 — exp(—k1 A7[C4Fg]m)},
where At is the reaction time, [C4Fg],, is the mean
pressure of perfluorobutene within the interval Ar,
and k; = (5.3440.3) x 10°exp(—(13.9 £ 0.8) kcal
mol~!/RT) dm> mol~' s~! is the rate constant for the
gas-phase addition of CF3OF to the double bond of
C4Fg in absence of O,, obtained previously [22].

RESULTS

The analytical data of 23 selected experiments are sum-
marized in Table 1.

The reaction mechanism proposed to explain the ex-
perimental results is presented in Table II. In this mech-
anism the considered telomerization steps, initiated by
the addition of radical CF30C(O)'FCF; to olefin and
giving CF;0(CF(CF3)0),,C(O)F, where n = 1,2...,
were not included. These telomerization steps should
occur only to a very small extent, not affecting substan-
tially the interpretation of the experimental results.

The corresponding global reaction for telomeriza-
tion can be written as

CF;0C(0)’FCF; + nCF;CFCFCF; + nO,
— CF30(CF(CF3)0),C(O)F 4+ nCF;C(O)F + CF5’

It was reported that the fluoroformate group of the
perfluoropolyethers containing C(CF3)F—O—C(O)F
end group decomposes thermally to give —C(O)CF;
group and C(O)F; [2]; then the formation of compound
X containing —C(CF3)F—O—C(0O)—CF; group can be
explained by the following global reaction:

CF;0(CF(CF;)0),C(O)F
— CF;0(CF(CF;)0),-1C(O)CF; + COF,
where n = 2.
Applying the steady-state approximation to the pro-

posed mechanism, the following expressions were ob-
tained for the consumption of perfluorobutene-2 (C4Fs)
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Table I The Mechanism for the Oxidation of C4F,-2 Initiated by CF;OF Proposed to Explain the Experimental Results

CF;0F + CF3CF=CFCF3 — CF3CF,C'FCF3 + CF;0’

CF5;CF,C(0)’FCF3 — CF3CF, 4+ CF;C(O)F
CF;CF, + 0y + M — CF;CF,0," + M
CF3;CF,0," + RO, — CF3CF,0" + RO + O,
CF;CF,0" — CF3" + COF,

CF3. +0;+M — CF302. +M

9. CF30; +R0O; — CF30"+ RO + O,

10. CF30’ + CF3CF=CFCF; — CF30CF(CF3)C'FCF;

PN R LD

CF;CF,C’FCF; 4+ O, + M — CF3CF,C(0,)'FCF; + M
CF3CF,C(0,)'FCF3 + RO, — CF3CF,C(O)'FCF; + RO + 0,

11. CF30CF(CF3)C'FCF;3 + 03 + M — CF30CF(CF3)C(0,)'FCF3 + M
12. CF30CF(CF3)C(05)'FCF; + RO, — CF30CF(CF3)C(O)'FCF3 + RO + O,

13. CF30CF(CF3)C(O)'FCF3 — CF30C'FCF;3 + CF3C(O)F
14. CF30CF(CF3)C(O)'FCF3 — CF3" + CF30CF(CF3)C(O)F

15. CF30C’FCF; + 0, + M — CF30C(0,)'FCF; + M

16. CF30C(02)'FCF3 4+ RO, — CF30C(0)'FCF;3 + RO + 03

17. CF30C(0)'FCF; — CF;" + CF30C(O)F

18. CF3CF,0" + CF3CF=CFCF3; — CF3CF,OCF(CF3)C'FCF3

19. CF3CF,OCF(CF3)C'FCF3 + 05 + M — CF3CF,0CF(CF3)C(02) FCF3 + M
20. CF3CF,OCF(CF3)C(0,)'FCF; 4+ RO, — CF3CF,OCF(CF3)C(0)’FCF; + RO + 0,
21. CF3CF,0CF(CF3)C(O)FCF3 — CF3CF,OC'FCF;3 + CF3C(O)F

22. CF3CF,0CFCF; + O3 + M — CF3CF,0C(0,)'FCF3 + M

23. CF3CF,0C(0,)'FCF;3 + RO, — CF3CF,0C(0)'FCF3 + RO + O,

24. CF3CF,0C(0)FCF; — CF3’ + CF;CF,0C(O)F
25. R+ CF30F — RF + CF;0°
26. R'+R" — Recombination products

In this mechanism R' = CF;’, CF;C'F,, CF;CF,C FCF;, CF;0C F(CF;), CF;OCF(CF;)CFCF;, CF;CF,OCF(CF;), or CF;CF,0OCF

(CF3)C'F(CF;).

and that of CF;0F:

—d[C4Fg]/dt = —n d[CF;0F]/d¢
= M [CF;0OF][C4Fg] D
—d[CF;0F]/dt = k;[CF;0F][C4Fg]

+ k25 [R'][CF;OF] an
where the kinetic chain length A\ = n+y is the ratio be-
tween the consumption rate of perfluorobutene and the
rate of initiation k;[CF3OF][C4Fg], and 7 is the ratio of
the rate of consumption of CF;OF to that of initiation.

Taking into account that the termination rate k¢ [R]?
is equal to that of initiation, and that reaction (7) is more

rapid than reaction (18), the following expression was
obtained for A:

A = (14 kio[CF;0°])/ k1 [CF;0F]
= n{1 + ks(kykae) " ([CF30F]/[C4F3])*}
(1D
nky = k = (A[C4Fs]/ At)exp/{[CF;OF][C4Fs]
x (1 + kas(kikae) " (ICF;0F]/[C4F5])™)}
(Iv)

where (A[C4Fg]/Af)exp is the experimental consump-
tion rate of C4Fg.

The constants k at different temperatures were es-
timated plotting (A[C4Fgl/At)exp /([CF30F][C4F3]) as
a function of ([CF3OF]/[C4F3])*>. Subsequently the
constant k' equal to kys(k1kse) %> was determined as a
slope, plotting (m — 1) vs. ([CF; OF]/[C4F3])%, where
m = (A[C4F3]/At)exp/ k (ICF30F][C4Fs]). The plot is
illustrated in Fig. 1. As can be seen from this plot, ' is
equal to 0.5 and does not depend on temperature.

In order to derive k»s, the rate constant for the ab-
straction of fluorine atom from CF;OF by perfluo-
roalkyl radicals, from the value of k', ky¢ was assumed
to be equal to the collisional frequency factor, 10'° dm?
mol~! s~!, and k; was calculated using the expression
obtained previously in the study of the thermal gas-
phase addition of CF3;OF to C4Fg in absence of O,
[22]:

ki = (5.344+0.3) x 10® exp(—(13.9 £ 0.8)
kcal mol™!/RT) dm® mol™! s™! (V)

The kps values of (2.32+0.7) x 103, (3.16 +
0.9)x 103, (4.27+£1.2) x 103, and (5.63 £ 1.5) x 10°
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0.25}

0.20F

m-1

015¢
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01 02 03 04 05 06 07

(ICF30F]/[C4Fg])0-®

Figure 1 Plot of (m — 1) vs. ((CF30F]/[C4F3])?®, where
m = (A[C4F3]/At)exp/ k[CF3OF][C4Fg]. The value of the
slope is equal to k' = kps(k1kae) 0.

dm?® mol~! s~! were obtained at 323.1, 332.6, 342.5,
and 352.0 K, respectively. The Arrhenius plot of ks
is illustrated in Fig. 2. The temperature dependence of
kys can be expressed by:

kys = (1.14+0.5) x 10% exp(—(6.94+ 1)
kcal mol_l/RT) dm? mol™! s7! VD

The respective preexponential factors found for the
abstraction of fluorine atom from CF;OF by radicals
CF;0CHCICCI," [23] and CF30CC1,CCl,’ [24] were

88

o
o

E =6942 cal/mol
A=1.14x10%dn’mol”'s™

o™ o™ ™
o N S

In(k 25 /dm 3 mol -1s-1)

N
<)
T

7.6 1 1 1 1 1 1
280 285 290 295 300 305 310 315

(103/T)/K1

Figure 2 Arrhenius plot of rate constant k5.

(3.0+2) x 10% and (3.7 £ 0.5) x 10° dm> mol~' s~!,
and the corresponding activation energies were 5.62 £+
2.4 and 6.0 £ 1.1 kcal mol ™!, respectively.

As the termination rate (kys[R]?) and k' are inde-
pendent of temperature, the value of 6.95 kcal mol ™!
for the activation energy FE,s was obtained using
therelation £y = Ey5 — 0.5E — 0.5E 56, where E| =
13.9 kcal mol~!, E» =~ 0, and Ep ~ 0.

The constants k at different temperatures were recal-
culated for each experiment, replacing ks (k; k)"0 in
Eq. (IV) by the obtained value of " and using rate con-
stants k; calculated by Eq. (V). They are summarized
in Table III.

The following mean values for k& were ob-
tained: k(323,1 K) = “4.7+£0.9) x 1073 dm® mol™!
s7!, k@saek) = (9.4 £1.9) x 1073 dm? mol~! s71,
kaas k) = (1.92£0.2) x 1072 dm?® mol~! s7!, and
k(352‘0 K) = (4.54 £0.8) x 1072 dm> mol~! s~1.

DISCUSSION

The synthetic aspects of the thermal addition of CF30F
to several haloalkenes have been reported by Johri
and DesMarteau [25] and Sekiya and Ueda [26]. In
their works the trifluoromethylhaloalkyl ethers were
the main products. The observed reactivity and the low
stereo- and regioselectivity indicated that these reac-
tions occurred via a free-radical mechanism.

To investigate the kinetic and mechanistic aspects
of the addition of CF;OF to alkenes in the gas phase,
the reactions of CF;0F with C3F¢ [27], C4Fg [22],
CF,CCl, [28], CHCICCI, [23], and CCI,CCl; [24] in
absence of O, and with CF,CCl, [29], CHCICCI, [30],
CCI,CCl, [31], and C3F [32] in presence of O, have
been studied.

The primary path in these gas-phase reactions is the
homolytic cleavage of the O—F bond in a bimolecular
reaction between CF;OF and alkene (A), giving rad-
icals CF30" and F(A)'. The radicals CF30" add rapidly
to the double bond, forming CF30(A)". The reaction
of CF;OF through the homolytic cleavage of its O—F
bond was confirmed in the study of the addition of
CF;OF to a series of electron-poor haloalkenes (A) in
a nonpolar solvent [33]. The CF30(A)" intermediate
radicals were observed by electron paramagnetic
resonance and electron-nuclear double resonance
techniques in the reaction systems CF;OF + per-
fluoroalkenes [33,34]. It indicates that when the
reactant—solvent interaction is weak, the gas-phase
reaction dynamics rules may be carried over to the
solution reactions [35], suggesting that, in this case, the
mechanism valid for the liquid-phase reaction does not
differ substantially from that for the gas-phase reaction.
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Table III Constants k and n = k/k; at Different Temperatures

No. of Run T (K) At (min) CF3OF; (Torr) CF30F; (Torr) CaFsi (Torr) CaFsg (Torr) Og; (Torr) & (10° Torr™! min™!) n
26 323.1 303.9 19.8 16.4 97.8 38.8 81.3 1.44 2.25
27 323.1 237.0 12.0 10.4 89.3 85.5 81.1 1.39 2.17
28 323.1 449.8 11.5 10.5 58.8 54.1 51.5 1.37 2.14
2 3326 27.0 23.6 224 94.8 92.8 270.4 2.75 2.39
3 332.6 358.6 14.6 6.4 204.8 183.6 154.8 2.60 2.26
4 3326 2262 13.0 9.0 100.3 92.7 99.1 2.71 2.36
22 332.6 123.3 19.5 16.5 100.5 93.6 102.0 2.66 2.31
23 332.6 1240 134 8.8 302.4 289.5 153.6 2.89 2.51
24 3326 191.0 8.5 53 198.9 191.3 150.6 2.70 2.35
6 342.5 188.0 14.2 8.6 100.6 84.6 118.0 5.33 2.60
7 3425 181.3 11.7 5.5 202.5 184.3 149.8 5.44 2.65
8 3425 298.5 6.5 2.0 200.6 186.2 150.6 5.39 2.63
9 3425 187.0 20.0 16.8 48.7 37.9 71.5 5.47 2.67
10 3425 130.0 19.7 15.1 102.2 88.0 106.9 5.48 2.67
11 3425 2394 4.8 3.1 88.0 83.3 100.6 5.30 2.59
12 352.0 134.8 11.0 7.0 102.4 86.4 111.6 12.1 3.50
13 352.0 70.5 19.1 14.9 100.9 84.7 113.6 12.0 3.47
14 3520 170.8 11.3 8.7 51.2 38.9 69.2 12.9 3.73
15 352.0 1954 6.5 34 102.1 89.0 101.7 12.6 3.64
164 352.0 58.3 20.0 16.2 101.3 86.3 111.6 124 3.58
18 3520 116.0 7.1 3.3 200.7 185.5 159.7 12.1 3.50
19 352.0 125.0 10.4 7.0 100.8 85.8 262.6 12.8 3.70
207 352.0 59.8 19.9 16.0 101.5 86.3 109.0 124 3.58

Note: At is the reaction time. The subscripts i and f signify initial and final, respectively.

@ 451.2 Torr of N, was present.

? The surface-to-volume ratio of the reaction vessel used in this experiment was 6.3 times greater.

In absence of O, the radicals CF30(A) abstract flu-
orine from CF;OF, regenerating CF;O" and initiating
the chain reaction with trifluoromethylhaloalkyl ethers,
CF;O(A)F, as the main products.

In presence of O, the radicals CF;0(A)" react
rapidly with O,, leading to the formation of haloalkoxy
radicals CF30(A)QO’, which initiate a series of reactions
giving as the main products compounds containing the
—C(0)X end group, where X = Cl or .

The products formed in the gas-phase oxidation of
C;Fg, initiated by CF;0F [32], are COF,, CF3C(O)F,
CF;0C(O)F, and a perfluorodiether, CF;OCF,OCF,
C(O)E.

At the temperature used in this work CF;OF and
perfluorobutene-2 are stable molecules and the reac-
tion is homogeneous; thus it can be concluded that
the primary process of this reaction is a bimolecular
reaction between CF3OF and C4Fg, in which the ho-
molytic cleavage of a rather weak bond O—F of CF;OF
occurs, generating F(C4Fg)" and CF;0O’ radicals. The
CF;0’ radicals add rapidly to the double bond of per-
fluorobutene, forming CF30(Cy4Fs)’ radicals. The lack
of formation of CF300OCF; confirms what was reported
earlier, that the addition of CF;0’ to the double bond of
alkenes is considerably faster than any other reaction

of CF;0' [36-41]. The values of the order of 10'° dm?
mol~! s~! were determined for the addition of CF;0"
to several alkenes [38—41].

The study of the equilibrium of R*+ O, — RO’
[42] indicates that at the pressure of O, used in our
work, the CF30(C4Fg)" radicals and other perfluo-
roalkyl radicals generated in this reaction system re-
act rapidly with O,. The high pressure limit values
of 1.5 x 10 and 1.26 x 10° dm® mol~! s~! were re-
ported for the rate constants for the O, addition to CF5’
[43] and CF;CFHO' [44], respectively. The rate con-
stants for the reactions of haloalkyl radicals with O,
exceed those of fluorine atom abstraction from CF;OF
by several orders of magnitude [23,24,45,46]. Then the
contribution of reaction (25) to the disappearance of
CF;O0F and to the generation of CF;0’ radicals must
be very small, notwithstanding these few radicals con-
tributing to initiate new chains. The CF;OF is con-
sumed principally by reaction (1). The amounts of
CF;O0F consumed correspond closely to the calculated
ones using k1, the rate constant obtained previously for
the gas-phase addition of CF;OF to the double bond of
C4Fg in absence of O, [22].

The laclé of formation of perfluorobutene epox-

2N
ide CF3CF—CFCF; indicates that the perfluoroalkyl
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peroxy radicals do not add to the double bond at the con-
ditions used in our work, disappearing preferentially by
their self-reaction to give perfluoroalkoxy radicals. The
available data for the addition of methyl peroxy radicals
to alkenes [47], giving epoxy compounds as products,
indicate that the rate constants for these additions are
several orders of magnitude smaller than those for the
self-reactions of peroxy radicals.

The perfuoroalkoxy radicals decompose via the
C—C bond cleavage [48,49], this decomposition be-
ing the atmospheric fate of these radicals. The perflu-
oroalkoxy radicals containing ether groups and a rel-
atively weak (3-bond C—C in the —OCR,—C(O)FCF;
group, where R = F or CF;, decompose principally
by the B-scission, giving shorter perfluoroalkyl rad-
icals and CF3C(O)F as products [2,3]. Rates of {3-
scission are determined by the stability of the rad-
icals produced, depending on the nature and degree
of substitution at the radical center [3,50]. It appears
that the oxygen atoms attached to the adjacent car-
bon atoms in the C—C bond, as in the —OC—C(O)
group of the CF30CF(CF3)C(O)'FCF; radical, en-
hance the weakening of this bond, favoring [3-scission
(reaction (13)). In the study of the thermal gas-phase
oxidation of C;Fg, initiated by CF;OF [32], it was
found that the radical CF;OCF,C(O)'FCFj3, analogous
to CF;0CF(CF;)C(O)'FCF3, also decomposes prin-
cipally by the B-scission of the C—C bond of the
—OC—C(O) group, giving R" and CF;C(O)F as prod-
ucts. The decomposition rates of fluorinated alkoxy
radicals are very sensitive to change in molecular con-
figuration. The CF;CF,CFHO' radical decomposes 17
times more rapidly than the CF3;CFHO' radical [51].
CF;CF,CFHO' can be viewed as CF;CFHO'™ with one
fluorine atom substituted by a CF3 group.

Reaction (14) was proposed as an alternative
route of decomposition of the radical CF3;OCF
(CF3;)C(O)'FCF3 by the a-scission, giving CF;™ and
CF;0CF(CF3)C(O)F, but it is not expected to occur to
a great extent. No absorption bands that could be as-
cribed to CF;OCF(CF;)C(O)F were observed in the IR
spectra of the reaction products.

The cleavage of the O—C bond in the C—O—C ether
group is not expected, as the activation energy for the
scission of O—C bond in perfluorinated ethers is rather
high, near 100 kcal mol~' [52]. Then the principal
route of decomposition of radicals CF;0C(O)'FCF;
(reaction (17)) and CF;CF,0OC(O)FCF; (reaction
(24)) is the a-scission, giving CF3;OC(O)F and
CF;CF,0C(O)F, respectively, and radicals CF3°, which
reform the chain carriers CF;0".

The extrusion of the fluorine atom adjacent to the
oxygen atom is unlikely because these processes are
highly endothermic [53].

It appears that the amounts of CF;CF,OC(O)F
formed through reaction sequence (18)—(24) were too
small to be detected, suggesting that in the temperature
range used in this work, the thermal decomposition of
CF;CF,0' radical to give COF, and CF;' is more rapid
than its addition to the double bond of perfluorobutene.
It was found in the studies of oxidation of CF3CF,H
(HFC-125) [54-56], in the study of the self-reaction
of CF;CF,0," radicals [57], and that of the reaction of
CF;CF,0;" with NO [58], that the CF3CF,0’ radical
was formed as a short-lived intermediate, whose fate
was decomposition via C—C scission to give COF, and
CF;'. The rate constant value of 5.3 x 10° s~! was cal-
culated for the decomposition of CF3CF,0" at 300 K
[59]. It was also determined from the pulse radiolysis
experiments at 296 K that CF3CF,CF,O’ radicals de-
compose with a rate greater than 1.5 x 10° s—' [48].
The decomposition rates of perfluoroalkoxy radicals
increase with temperature.

The rate constant k,s was considered to be indepen-
dent of the perfluoroalkyl radical structure. This suppo-
sition is supported by the room temperature values of
the rate constants for the abstraction of a fluorine atom
from CF;0F by CF;5" [45] and C,H5" [46], reported to
be 2 x 10° and >6 x 10* dm? mol~! s7!.

Reaction (26) was proposed as chain termination. As
no products of this reaction were detected, it indicates
that in comparison with other products, only very small
amounts of these compounds were formed.

The CF;0O’ radicals are generated by reaction (1),
by the o C—C scission of perfluoroalkoxy radicals in
presence of O,, and by the abstraction of the fluorine
atom from CF;OF by R’

CONCLUSION

Our work demonstrates the possibility of activating the
complex mechanism of oxidation of fluorinated olefins
with molecular oxygen by employing such a simple
chemical initiator as CF;OF, thus offering an alterna-
tive to UV radiation. It also shows that this singular
oxidation mechanism has common characteristics as
compared with those for the oxidation of fluoroolefins
of different monomer structures. The efficiency of the
initiator to produce perfluoroalkylpolyethers with con-
trolled molecular mass depends on the competition be-
tween the rate of C—C bond scission of the perflu-
oroalkoxy radicals formed and their rate of addition
to the olefin monomer. The lack of appreciable quan-
tity of telomeric products containing ether group in the
CF;O0F + C4Fg-2 + O, system studied indicates that
within the temperature and pressure range used in our
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work, the principal route of disappearance of perflu-
oroalkoxy radicals CF;CF,0" and CF;0C(O)'FCF; is
their decomposition giving CF; 4+ COF, and CF; +
CF;OC(O)F, respectively.
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