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Abstract. Gas-phase NMR complemented with a high-temperature probe makes
possible quantitative kinetic studies of homogeneous vapor-phase reactions with
unprecedented ease, as demonstrated with a study of the thermal fragmentation of
hexafluoropropylene oxide. The reaction follows strictly first-order kinetics, is
unaffected by surface chemistry, and the resulting Arrhenius activation parameters
compare well with those obtained by more laborious classical methods of gas-phase
reaction kinetics. The fragmentation kinetics is also unaffected by the presence of
oxygen. The profiles for the evolution of the final products in this case show very
graphically that singlet difluorocarbene, one of the initial products of the fragmenta-
tion of hexafluoropropylene oxide, does not react with oxygen, a ground-state

triplet, at chemically significant rates.

INTRODUCTION
We have recently shown that gas-phase NMR, well-
established for physical studies' but singularly over-
looked for reaction kinetics,? could be used to follow the
kinetics of hydrogenation of simple fluoroolefins, e.g.,
perfluoro-2-pentene, over palladium supported on alu-
mina.> We argued that gas-phase NMR represents a
powerful new technique for heterogeneous catalysis.
Now we demonstrate that with the addition of a com-
mercial high-temperature probe with an upper tempera-
ture limit of 400 °C, gas-phase NMR makes possible
quantitative kinetic studies of homogeneous vapor-
phase reactions with unprecedented ease, dispelling the
firmly entrenched idea that quantitative kinetics re-
quires tedious and time-consuming effort. Kinetic mea-
surements are often crucial to optimize synthetic proce-
dures, to establish reaction mechanisms, or to improve
industrial processes involving vapor-phase chemistry.
They are now made easy largely because of the automa-
tion of modern NMR spectrometers that allows the unat-
tended acquisition of spectra according to a predeter-
mined time schedule and the automatic processing of a
large number of spectra. We have chosen for this dem-
onstration the kinetics of the thermal decomposition of
hexafluoropropylene oxide because the activation pa-
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rameters for its thermal decomposition have been deter-
mined by classical methods of gas-phase kinetics,* allow-
ing an assessment of the validity of the new methodology.

Although in the present work we use fluorine NMR
detection, we routinely carry out gas-phase NMR stud-
ies using proton detection. Fluorine detection has cer-
tain advantages for gas-phase work, however, because
of very short longitudinal relaxation times T, caused by
spin-rotation relaxation, of the order of tens of millisec-
onds for fluorines observed in the vapor phase com-
pared to approximately 1 s for protons. The short T,’s
allow fast signal averaging (hundreds of transients in
less than a minute) to regain the signal-to-noise ratio lost
by linebroadening in the vapor phase and fast acquisi-
tion of kinetic data. Because of the high-temperature
probe, gas-phase NMR for chemical reaction kinetics is
not limited to substances that are gases at room tempera-
ture, but can be used with liquids above their boiling point
and even solids with either substantial vapor pressures at
elevated temperatures or that evolve volatiles on heating.
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Hexafluoropropylene oxide (HFPO) is a key inter-
mediate for the fluoroproducts industry.® It is used, inter
alia, for the manufacture of inert oligomeric fluoroether
fluids (Krytox®) and for the production of perfluoro-
vinylether monomers essential for the modern fluoro-
polymer industry. It is a colorless gas with a boiling
point of ca. —27 °C, completely stable at room tempera-
ture. Above ~150 °C, however, it undergoes a
unimolecular fragmentation producing difluorocarbene,
CF,, in its singlet electronic state,*’ and trifluoroacetyl
fluoride (eq 1).2 The major products of this pyrolysis are
tetrafluoroethylene (TFE), produced by recombination
of two difluorocarbenes, and perfluorocyclopropane
(PFCP) arising by addition of a CF, carbene to TFE
(eq 2).
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The pyrolysis of HFPO is indeed an excellent source of
difluorocarbenes for various synthetic purposes. For ex-
ample, it has found applications in the synthesis of
various fluorocyclopropanes,’ as a route to fluorinated
polymers by difluorocarbene addition to polydienes,!”
as a method of growing (CF,) thin films on various
surfaces for electronic applications,!' and to produce
new fluorinated materials by multiple addition of
difluorocarbenes to the double bonds of fullerenes.!?
Compared to carbene itself, CHZ, a ground-state elec-
tronic triplet, difluorocarbene is strongly stabilized in
the singlet state, and therefore much less reactive, by the
back donation of lone-pair electron density on the o
fluorine into the the empty m-orbital of the carbene
center, as shown below. This stabilization is also re-
sponsible for the reversibility of the CF, addition to TFE
(eq 2) so that, at sufficiently elevated temperatures,
PFCP itself becomes a useful source of difluorocarbenes."

In the published kinetic study of the pyrolysis of
HFPO,* rate constants were obtained by the time-hon-
ored method of following the rate of pressure increase in
a 500-cc Monel or Pyrex bulb containing HFPO at
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certain initial pressures (10 to 100 Torr) and submerged
in a molten salt bath in the temperature range 140 °C to
260 °C. The method is not easy to apply since the
composition of the gas, that is, the relative amounts of
TFE and PFCP, must be known at each time point and
account must be made of any loss of CF, carbenes
through polymerization. The following Arrhenius acti-
vation parameters were obtained: E, = 36.3 kcal/mol and
log(A) = 13.2. The activation energy for the thermal
decomposition of HFPO was also estimated in two stud-
ies concerned primarily with the chemical vapor deposi-
tion of (CF,), films.'>!* In the first, the rate of (CF,), film
deposition was followed as a function of the tempera-
ture of a hot filament over which HFPQO thermally de-
composed, while in the second, the intensity of the
fluorescence excitation spectrum of CF, carbenes exit-
ing a pyrolysis nozzle was measured at different nozzle
temperatures. The reported values of 29 kcal/mol and
31 kcal/mol, respectively, are undoubtedly too low
since they are quite close to the Arrhenius activation
energy reported for the homogeneous thermal fragmen-
tation of tetrafluoroethylene oxide!® (31.6 kcal/mol,
log(A) = 13.7), which proceeds at lower temperatures
(120 °C to 140 °C) than that of HFPO. In the latter
study, the kinetics was followed either by ex situ gas-
chromatographic analysis or infrared spectrophotometry.

EXPERIMENTAL SECTION

The NMR reaction vessel is an ampoule made from a short
section of a 10-mm NMR tube with a coaxial 5-mm tube
extension to allow quick attachment to a high-vacuum system
via an O-ring adapter for sealing NMR tubes (Fig. 1). The gas-
phase NMR ampoules are now available commercially at low
cost (New Era Enterprise, Vineland, NJ 08360-0425). Gases
are metered using the ideal gas law by isolating a 53-mL bulb
with the appropriate pressure measured with an MKS Baratron
capacitance pressure transducer, followed by bulb-to-bulb
transfer. Oxygen is introduced semiquantitatively by measur-
ing the pressure drop in the vacuum manifold of known vol-
ume when the stopcock isolating the ampoule kept in liquid
nitrogen is carefully partially opened. Because oxygen has a
finite vapor pressure at the temperature of liquid nitrogen,
some of it is left behind when the ampoule is sealed with a
propane torch. When all gaseous reactants and any internal
standard gas (typically inert CF,) are loaded, the ampoule is
sealed off with a flame at its neck so as to leave a short stub
which facilitates the attachment of the ampoule to a matching
stub of the sample holder by means of a short piece of heat-
shrink Teflon® tubing (Fig. 1). The latter is surprisingly effec-
tive even at probe temperatures close to 400 °C, where it
softens but continues to hold the ampoule. The main purpose
of a short ampoule is to ensure that the reacting system is at a
reasonably constant temperature, although we measure tem-
perature gradients of 2— 3 °C inside the ampoule (vide infra).
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Fig. 1. Diagrams of the gas-phase NMR ampoule attached to a
vacuum system before being sealed off with a propane torch
(left) and seated in a commercial high-temperature NMR
probe (right).

Caution: Great attention must be paid not to create exces-
sive pressures in sealed ampoules at elevated tempera-
tures.

A safe upper limit of 250 pumol of volatiles is obtained from
the ideal gas law with an ampoule volume of 3.8 mL and with
a safe internal pressure of 3 atm at 400 °C, as repeatedly
observed in our hands. Consideration must also be given to the
stoichiometry of the vapor-phase reactions. In the present
work, the ampoules were loaded with 78 pumol of pure HFPO
and 78 pmol of CF, (both DuPont products), with the latter
serving as inert diluent and internal concentration and chemi-
cal shift standard (8 = —63.5 ppm, assumed temperature-inde-
pendent). Together these materials generate an ampoule inter-
nal pressure of 1 atm at 25 °C and 1.6 atm at 200 °C by the
ideal gas law. The ampoules were thoroughly dried in a
vacuum oven to minimize the reaction of CF,COF with
adsorbed water, with concomitant generation of HF. Produc-
tion of the latter causes etching of the ampoules and is indi-
cated by the detection of SiF,(8 =-167.7 ppm). Only traces of
the latter were observed with dried ampoules.

The high-temperature probe is a commercial'® 10-mm
probe for a 300-MHz wide-bore magnet with an upper tem-
perature limit of 400 °C. Heating is achieved by flowing into
the probe hot nitrogen gas whose temperature is regulated by a
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controller. Another nitrogen flow in an anular space is used for
cooling the probe externals and the exiting hot gas in the upper
stack. The probe comprises also a cylindrical Macor ceramic
head which thermally seals the heated probe compartment and
which accepts a flanged 10 mm OD by 8 inch Pyrex test tube.
Our ampoule arrangement in effect duplicates the 10 mm by 8
inch test tube provided with the high-temperature probe, de-
parting from its geometry only by having a break in the middle
where the ampoule and the necked-down upper tube, flanged
exactly as the original test tube to fit into the Macor head, are
joined by the Teflon® sleeve (Fig. 1). The latter allows minor
adjustments in the total length so that the bottom of the am-
poule is at exactly the same depth as the manufacturer’s test
tube bottom to insure reproducibility of the internal tempera-
ture. The latter was measured with a thin thermocouple posi-
tioned in the center of a dummy ampoule identical to those
used for actual kinetic runs except for a small hole at the end of
the 5-mm stub. Measurements were carried out for different
flow rates of both the heating and cooling nitrogen streams, as
well as with different positioning of the thermocouple tip
along the axis of the dummy ampoule in order to map out the
temperature inside the probe. For the nitrogen flows used in
this work, the temperature in the center of the ampoule (at
1 atm air) is given as a function of the temperature read by the
external thermocouple T(set) by the expression T(°C, corr.) =
T(set) + 1.907 — 2.21 x 102 T(set) — 3.618 x 10-* T(set)? valid
for 75 °C > T(set) > 375 °C. Thus, a correction of -4 °C must
be applied for a set temperature of 200 °C and -5 °C at 230 °C.
Repeated calibrations indicate that the temperature in the am-
poule is defined within 1 to 2 °C. To initiate a kinetic run, the
Macor head carrying the sample assembly is pneumatically
lowered into the probe kept at the desired temperature. Auto-
matic NMR data acquisition starts as soon as the sample is
seated in the probe according to a script that defines the time
steps in the repetitive spectral sampling.

The spectra are obtained with a GE NMR Instruments
Omega 300 spectrometer using a SunOS Release 4.03e operat-
ing system based on a Sparc-1 computer. No field lock is used,
and the ampoules are not spun. A small flip angle of the
magnetization vector (typically 10°-15°) is used for a more
uniform power distribution over the wide "F NMR spectral
widths. Very short pulse delays of 50 ms allowed the acquisi-
tion of 512 transients in about 1 min.

RESULTS AND DISCUSSION
The gas-phase F NMR spectrum of a 1:1 molar mix-
ture of HFPO (78 umol) and CF, (78 umol) as diluent
and internal standard at approximately 1 atm total pres-
sure before reaction at 25 °C is shown in Fig. 2. The
resonance for CF, is exceptionally broad (150 Hz) be-
cause of its spherical shape and relatively small moment
of inertia. The four main absorptions for HFPO are
assigned as indicated in Fig. 2 (6 = —78.2 ppm (CF;,
Av,, ~ 30 Hz), -111.4 ppm, -114.9 ppm, and
-158.0 ppm).'” The resonances for the unique fluorines
are broader than the CF, fluorine resonance because of
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Fig. 2. Gas-phase F NMR spectra of a 1:1 molar mixture o
hexafluoropropylene oxide and CF, at | atm total pressure a
25 °C before reaction (top) and after 20 min at 215 °C (bottom)

unresolved splittings. The spectrum acquired afte:
20 min at 215 °C (Fig. 2) shows the loss of HFPO' anc
the formation of the main products of decomposition
CF,COF (3 = 12.9 ppm and —74.9 ppm (CF,)), TFE (8 =
—-134.7 ppm), and PFCP (8§ = -158.5 ppm (Av,, ~
20 Hz). The time dependence of the normalized intensi-
ties (for a single fluorine) of the CF; resonances for
HFPO and CF,COF is plotted in Fig. 3 together with the
intensity of the CF, absorption normalized (for a single
fluorine) to 100. The latter is invariant with time since
CF, is inert under the reaction conditions. Points ac-
quired in the first 3—4 min are discarded since the am-
poule is not yet at thermal equilibrium.'” The time evo-
lution of the normalized intensities for TFE and
perfluorocyclopropane (for a single fluorine) are also
shown in Fig. 3. While the shape of the TFE and PFCP
profiles are reliable and chemically significant, the in-
tensities are not exactly comparable to those of HFPO
and CF,COF in Fig. 3. This is because of the gradual
drop in RF power, and therefore signal intensity, away
from the central region of the spectrum where the carrier
frequency was placed (between the CF; fluorine reso-
nances of HFPO and CF,COF). Corrections for this
effect can be carried out when needed.

Both the disappearance of HFPO and the appearance
of CF;COF follow strictly first-order kinetics and can be
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Fig. 3. Reaction profile for the thermal decomposition of
78 pmol hexafluoropropylene oxide at 215 °C in the presence
of 78 umol inert CF, diluent and internal standard. The points
for HFPO and CF,COF were least-squares fitted by simple
exponential functions appropriate for first-order Kinetics.

fitted by simple exponentials to obtain the first-order
rate constants (Fig. 3). The experiment was repeated at
different temperatures, and the strict first-order behav-
ior for the disappearance of HFPO at these temperatures
is shown by the linearity of the In([HFPO] / [HFPO],)
vs. time plots in Fig. 4. The slopes of these lines give the
following rates: 6.827 x 107 s (190 °C), 3.348 x 10~ s
(210 °C), 8.100 x 10~ 57! (220 °C), and 1.805 x 103 s
(230 °C). An Arrhenius plot using these data gives an
Arrhenius activation energy E, = 37.9 kcal/mol and
log(A) = 13.7. The Arrhenius plot (Fig. 4) obtained by
applying the temperature correction discussed in the
Experimental Section yields the slightly different acti-
vation parameters of E, = 38.7 kcal/mol and log(4) =
14.2. An Eyring plot of the same data yields the follow-
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Fig. 4. Semilog plots showing the first-order kinetics of the
thermal fragmentation of hexafluoropropylene oxide and the
Arrhenius plot obtained from the corresponding rate con-
stants. The temperatures used for the Arrhenius plot have been
corrected for the temperature gradient in the NMR probe.

ing activation parameters: AG” = 36.0 kcal/mol, AH" =
37.8 kcal/mol, AS” = 3.8 e.u. The major source of error is
clearly the uncertainty in the temperature and the slight
temperature gradient in the ampoule (see Experimental
Section). An idea of the possible error in E, can be had
by comparing the values obtained with and without the
temperature correction (37.9 kcal/mol vs. 38.7 kcal/
mol). We consider, therefore, that the activation energy
is known well within £ 1.0 kcal/mol.

Our activation parameters, with or without the tem-
perature correction, indicate slightly slower kinetics
than was obtained by pressure measurements* (E, =
36.3 kcal/mol, log(A) = 13.2). This is surprising since
the opposite would have been anticipated by possible
catalysis by the glass walls (potentially more important
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in a reactor of only 3.8 mL volume compared to one of
500 mL volume). We exlude wall catalysis since we
obtained exactly the same rate of HFPO disappearance
at 200 °C in experiments in which we deliberately added
100 mg of crushed ampoule glass to the ampoule reac-
tor. Indeed, neither the addition of 100 mg of powdered
nickel metal as a potential catalyst to the bottomn of the
ampoule nor the addition of approximately two equiv of
oxygen had any measurable effect on the rate. We con-
clude, therefore, that we are measuring the rate of a
homogeneous unimolecular decomposition unaffected
by surface or other kind of chemistry. The discrepancy
is probably due to the presence of a buffer gas in our
work and to the different initial pressures of HFPO,
which are higher in our case to obtain satisfactory sig-
nal-to-noise ratios but also to bring us closer to practical
synthetic chemistry where accurate rates are needed for
optimization of chemical processes.

Our study of the thermal decomposition of HFPO in
the presence of two equiv of oxygen at 210 °C (Fig. 5)
illustrates the value of reaction profiles for the various
reaction components, easily obtainable by gas-phase
NMR, for mechanistic considerations even when these
profiles are not entirely calibrated to reflect accurate
concentrations in the vapor phase because of problems
associated with uneven RF power distribution over the
entire width of the spectrum or with different T, relax-
ation times for different resonances, both of which can
be dealt with. In this decomposition, where HFPO dis-
appears at exactly the same rate as it would disappear
without added oxygen and where the formation of
CF,COF is also unaffected, a new fluorine resonance
appears at & = —26.3 ppm with a kinetic profile (normal-
ized for a single fluorine but uncalibrated), shown in
Fig. 5 belonging to carbonyl fluoride (COF,). The addi-
tion of oxygen profoundly affects the profiles for the
formation of TFE and PFCP, as can be seen by compar-
ing the bottom panels of Figs. 3 and 5. The mechanistic
question arises of how carbony! fluoride is formed.
Since difluorocarbene, in spite of its stabilization men-
tioned above, is still a short-lived intermediate born in
this case surrounded by oxygen molecules, one might
imagine that the first step in the formation of COF, is the
union of difluorocarbene with oxygen to form an inter-
mediate CF,00 which might be a diradical® or even a
cyclic difluorodioxirane.? Comparison of the reaction
profiles for TFE formation in the absence (Fig. 3) and
presence of oxygen (Fig. 5), however, excludes any
appreciable direct reaction of difluorocarbene with oxy-
gen since the initial rate of formation of TFE is practi-
cally unchanged by the presence of oxygen. In other
words, although surrounded by oxygen molecules, CF,
carbenes in very low concentrations (no detectable
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Fig. 5. Reaction profiles for the thermal decomposition of
78 umol hexafluoropropylene oxide at 210 °C in the presence
of 2 equiv oxygen. The points for HFPO and CF;COF are
least-squares fitted by simple exponential functions appropri-
ate for first-order kinetics.

NMR absorption) have the time to dimerize to form
TFE. Carbonyl fluoride must then be formed by subse-
quent reaction of TFE with oxygen and, accordingly, the
concentration of TFE goes through a maximum to drop
down to zero as the reaction progresses (Fig. 5). The
drop in perfluorocyclopropane concentration in Fig. 5 is
also related to the reaction of TFE with oxygen since, as
was noted above, perfluorocyclopropane itself decom-
poses thermally to TFE and difluorocarbene with
known kinetics.?? The TFE formed by this route will
also react with oxygen causing the consumption of
perfluorocyclopropane. The low reactivity of singlet
CF, carbene has been noted before in flash photolysis
studies? and is an example of a spin-forbidden reaction
since excited triplet CF, does react readily with oxygen.?
Our gas-phase NMR results underscore the value of
39
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detailed kinetic reaction profiles, so easily obtainable by
our technique, in providing chemical, kinetic, and
mechanistic information that would be very laborious to
obtain by other means.
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