
Russian Chemical Bulletin, Vol. 42, No. 2, February, 1993 247 

8. E. D. Mikhalchenko, V. Z Fridman, and V. V. Nikitenko, 
Neftekhimiya [Oil Chem.], 1990, 30, 73 (in Russian). 

9. A. A. Davydov, IK-Spektroskopiya v Khimii Poverkhnosti 
Okislov [ IR Spectroscopy in the Chemistry of Oxide Surfaces], 
Nauka, Novosibirsk, 1984 (in Russian). 

10. V. I. Nefedov, Rentgeno-Electronnaya Spektroskopiya 
Khimicheskikh Soedinenii [X-Ray Electron Spectroscopy of 
Chemical Compounds], Khimiya, Moscow, 1984 (in Russian). 

11. B. Simon and J. Cocharn, J. Chem. Soc., Faraday Trans. 1, 
1985, 81, 2179. 

12. D. Briggs and M. P. Seah, Practical Surface Analysis by 
Auger and X-Ray Photoelectron Spectroscopy, John Wiley & 
Sons, New York, 1983. 

13. L. B. Orlova, Yu. A. Lokhov, K. G. lone, and A. A. 
Davydov, Izv. Akad. Nauk SSSR, Set. Khim, 1979, 1937 
[Bull. Acad. Sci. USSR, Div. Chem. Sci., 1979, 28, 1794 
(Engl. Transl.)]. 

14. P. Hardeveld and F. Hartog, Adv. CataL, I972, 22, 75. 
15. A. A. Solomennikov, Yu. A. Lokhov, A. A. Davydov, and 

Yu. A. Ryndin, Kinet. Katal., 1979, 20, 714 [Kinet. CataL, 
1979, 20, No. 3 (Engl. Transl.)]. 

16. A. A. Davydov, J. Chem. Soc., Faraday Trans. 1, 1991, 87, 
913. 

17~ A. A. Davydov, V. Z. Fridman, and E. D. Mikhalchenko, 
Izv. Akad. Nauk SSSR, Ser. Khim., 1991, 2718 [Bull. Acad. 
Sci. USSR, Div. Chem. Sci., 1991, 40, 2336 (Engl. Transl.)]. 

Received January 20, 1992 

Low-temperature addition of molecular fluorine 
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Calorimetry and ESR spectroscopy were used to study the low-temperature fluorination 
(77--300 K) of unsaturated perfluorohydrocarbons. In the soIid phase at 77--100 K (glassy or 
crystalline state) fluorination does not occur. On transition from glassy systems to the 
overcooled liquid state formation of molecular complexes in which fluorine is attached to the 
>C=C< bond becomes possible. These complexes are stabilized on crystallization of the 
system; with a further increase in temperature, efficient addition of molecular fluorine takes 
place in the crystal phase. However, the addition of fluorine by some chain or carbene 
mechanism must not be ruled out for such systems. Thus, in the case of hexafluoropropylene 
trimer, the addition proceeds as a chain reaction producing long-living free radicals at the 
initial stage. 

Key words: unsaturated perfluorohydrocarbons; low-temperature fluorination; calorimetry; 
ESR study. 

The in teract ion of  fluorine with perf luorinated olefins 
can proceed according to the following substantially 
different mechanisms.  

1. Molecu la r  addi t ion  

"~C _/" +F2 ~C C j "  
F F 

2. Chain- l ike  addi t ion 

\ ~ ~C_C ../ ~ C = C \  + F / ' l  
F 

) C - (~ j+  F2 " ~C--C ~ + F 
F F F 

Translated from lzvestiya Akademii Nauk. Seriya Khimicheskaya, No. 2, pp. 292--295, February, 1993. 
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3. Carbene  format ion  

/ >CF :C< / C = C x  + F = + 

:C< + F2 = >CF 2 

Experimental 

>6F + F2 --- >CF2 + F 

These paths  lead to different sets of  final products ,  
which suggests different energetics of  each of  the proc-  
esses. The heat  effects that  should accompany  the possi- 
ble paths  can be assessed. The  following heat  values 
(AH) were used for the  assessments: rupture  of  C - - F  
bond,  124.5 kcal  mo1-1 ;1 dissociat ion of  F 2 molecule  
into atoms,  37 kcal  mol-1; z rupture Of C - - C  bond  (in 
hexaf luoroethane) ,  96 kcal tool - l ;  3 rupture of  > C = C <  
bond (in te t raf luoroethylene) ,  76 kcal mo1-1. 4 The heat  
effects o f  the  two former  addi t ion paths are close to 
115 kcal mo1-1 which is in a satisfactory agreement  with 
the  value of  ~107 kcal mo1-1 assessed in ref. 5. 

Carbene  format ion  (the third react ion path)  proceeds 
with a substant ial ly different heat  effect. This value is 
assessed to be about 174 kcal mo1-1 (with respect to one 
mol  of  f luor ine)  which  is much  grea ter  than  the 
exothermic  effects in the  former two transformations.  As 
a consequence,  ca lor imetr ic  measurements  can provide 
informat ion on the contr ibut ion of  each path of  fluorine 
addi t ion to the f luorinat ion process as a whole. In addi-  
t ion,  react ions that  proceed according to the three paths 
are accompan ied  by format ion  of  different radical  inter-  
mediates  whose l ifetimes can vary significantly. There-  
fore, ESR spectroscopy can also be very informative for 
studying the mechan i sm of  f luorination.  

Here  we repor t  the results of  calor imetr ic  and ESR 
studies of  the  addi t ion  of  molecular  f luorine to unsatu-  
rated perf luorohydrocarbons  at low temperatures.  

160 180 
I I I 

Tetrafluorethylene (TFE), hexafluoropropylene (HFP), the 
dimer and the trimer of hexafluoropropylene (DHFP and 

THFP, respectively), perfluorobenzene, and perfluoro-p-xylene 
were used in the study, All the compounds contained no less 
than 99 % of the main compound. A weighed specimen of a 
perfluorohydrocarbon (ca. 10 .3 mol) was placed into a calori- 
metric quartz tube and degassed to 10 .3 Torr using a vacuum 
pump. Then the tube was cooled to 77 K, filled with gaseous 
fluorine (ca. 10 .5 mol), and sealed by means of a vacuum 
valve. The tube thus prepared was left to thaw in a calorimetric 
unit, and the heat effects produced by the phase transitions and 
the fluorination reactions were monitored. 

ESR spectra were recorded using an ESR-21I radiospectro- 
meter. Samples were placed into a thermostat, kept for 8--10 
min at a desired temperature, and then rapidly cooled to 77 K. 
All the ESR spectra were taken at this temperature. 

Results and Discussion 

As the first s tep ,  the calor imetr ic  analysis of  the 
phase changes of  T H F P  was carried out in a tempera ture  
range of  77--200 K. On rapid freezing to 77 K the whole 
of  T H F P  adopts a glassy state. In the course of  thawing 
in the calor imeter ,  its t ransit ion from the glassy state to 
the overcooled liquid state can be observed at Tg-  150 K 
as a typical ly steep, s tep-l ike change in heat  capacity 
followed by another  t ransi t ion to the the rmodynamica l ly  
stable liquid state which takes place without  crystal- 
l izat ion and, hence,  without  melt ing of  the sample 
(Fig. 1, 1). 

Fluor ine  does not react with glassy T H F P  at 77 K. 
On heating the sample in the calor imeter ,  no heat  is 
released when the system passes to the overcooled liquid 
state. With a further increase in tempera ture  a region of  
heat evolution is observed which is associated with the 
addit ion of  fluorine (Fig. 1, 2). The integral heat  evolu- 
t ion corresponding to this peak is not  high (-1.6 cal g- i  ) 
and already ceases at ~200 K. 

Simultaneously,  the dynamics of  the  format ion of 
paramagnet ic  sites were moni tored  under  identical  ex- 
per imental  condit ions during thawing of  the  T H F P - - F  2 
mixture in an ampule  placed into the resonator  of  the 
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Fig. 2. Temperature dependence of the concentration of free 
radicals in the THFP+F 2 (3 mol. %) system. 

Fig. 1. Calorimetric thawing curves of THFP (1) and THFP+F 2 
(1 mol. %) (2) samples. 
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ESR radiospectrometer. The dependence thus obtained 
is shown in Fig. 2. The onset of the formation of free 
radicals occurs at ~115 K. There appears a poorly re- 
solved doublet ESR spectrum, which can be assigned to 
a radical resulting from the addition of a fluorine atom 
to the double bond of THFP; this process has been 
described earlier. 6,7 

(F3C)2C=C(CzFs)CF(CF3) 2 + F = (F3C)2CFC(CzF~)CF(CF3) 2 
1 

Free radicals of this type are incapable of  recombina- 
tion even in the neat liquid state at ~293 K, and they 
have an infinite lifetime. Their concentration remains 
practically constant up to 200 K, and it is only at higher 
temperatures that it rises sharply to reach 1.4.10 ~9 g-~ at 
-293 K (see Fig. 2). 

Thus, virtually no formation of radicals takes place in 
the temperature range where heat evolution is observed. 
It seems reasonable to attribute this heat evolution to the 
addition of fluorine to the double bond. The addition is 
likely to proceed via molecular complexes formed in the 
solution. As the temperature increases, the steady-state 
concentration of such complexes decreases and hence 
the rate of this addition decreases as well. 

At more elevated temperatures (>_200 K) there begins 
the addition of atomic fluorine to give type ! radicals at 
the first stage of a chain reaction. These radicals are of 
low reactivity and can react only with fluorine. However, 
under these conditions the chain reaction cannot go on 
due to the depletion of fluorine and thus stops after the 
formation of radical 1. 

From the ESR measurements it can be calculated 
that the formation of type 1 radicals consumes 1.7.10 -5 
mol of fluorine. Since the starting amount of fluorine 
was 3.5-10 -5 tool, the low-temperature addition of fluo- 
rine must consume 1.8.10 -5 mol of fluorine, with heat 
evolution of 2 cal (see Fig. 1). On the basis of these data, 
the specific heat of molecular addition of fluorine to the 
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Fig. 3. Calorimetric thawing curves of DHFP (1) and 
DHFP+F 2 (1 tool. %) (2) samples. 

do~bte bond of THFP can be calculated. The value thus 
obtained ,(,AH ~ 111 kcal tool -l) is in good agreement 
with the results of calculations and with the literature 
data cited above. 

Thus, the following picture of the low-temperature 
fluorination of THFP begins to emerge. Virtually no 
fluorination of glassy THFP takes place. With increasing 
temperature, upon the transition of the system to the 
overcooled liquid state, the dissolution of gaseous fluo- 
rine in the liquid and the formation of molecular com- 
plexes become possible; molecular addition of fluorine 
to THFP is likely to proceed through these complexes. 
Naturally, as the temperature rises, the solubility of 
fluorine in the liquid and hence the concentration of 
molecular complexes decrease. This is why only about 
half of the starting amount of fluorine is consumed in 
the molecular addition. The chain addition of atomic 
fluorine under the conditions studied does not proceed 
beyond the first step, which affords only type 1 radicals. 
This reaction consumes the rest of fluorine. It should be 
noted that a similar picture is also observed for the 
fluorination of THFP under more severe conditions, a 

More complex phase transitions occur in the case of 
DHFP. On rapid freezing to 77 K, the whole of DHFP 
adopts the glassy state. When the resulting sample is leR 
to thaw in the calorimeter, a transition from the glassy 
state to the overcooled liquid state is observed at ~ 100 K. 
This is followed by the crystallization of the sample at 
~125 K with heat evolution and subsequent melting at 
160 K (Fig. 3). 

Fluorine does not react with DHFP at 77 K. No heat 
evolution is observed on heating DHFP in the calorim- 
eter as the system passes to the overcooled liquid state. 
On further warming the crystallization of the system 
takes place, followed by heat evolution associated with 
the addition of fluorine. Heat evolution is also observed 
after the melting of the system (see Fig. 3). Fluctuations 
in the fluorination rate reflect the heterogeneous nature 
of the process. 
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Fig. 4. Temperature dependence of the concentration of radi- 
cals R l (1) and R 2 ( 2 )  in the DHFP+F 2 (4.5 mol. %) sygtem. 
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Fig. 4 presents the temperature dependence of para- 
magnetic centers in the course of low-temperature fluori- 
nation of DHFP. Crystallization of DHFP leads to the 
formation of paramagnetic centers. Two doublets with 
18.1 mT and 5.28 mT splittings are observed in the ESR 
spectrum recorded at 77 K. As the temperature rises, the 
accumulation of radicals passes through a maximum. 
The decrease in their concentration above 215 K may be 
associated with the decay of the first type of radicals. The 
doublet ESR spectrum of such radicals having 18.1 mT 
splitting and 21.6 mT half-height width was previously 
attributed to the perfluoroalkyl radicals with one ct-atom 
of fluorine. 7 Their formation is due to the addition of a 
fluorine atom to the double bond of DHFP. 

(F3C)2CFCF=CFCF 3 + F : (F3C)2CF(3FCF2CF3 
R 1 

These radicals are incapable of recombining at low 
temperatures. The concentration of R 1 radicals reaches a 
maximum at 215 K (Fig. 4, 1) and their decay is 
probably associated with the addition of fluorine atoms. 

The concentration of radicals displaying a doublet 
spectrum with 5.28 mT splitting remains constant at 
temperatures above 215 K (Fig. 4, 2). The ESR spec- 
trum of this radical is similar to that of the R 2 radicals 
formed on fluorination of THFP as the result of second- 
ary transformations, where traces (-0.03 %) of a DHFP 
isomer may be involved. 

Similarly to the case of THFP, the appearance of 
radicals upon fluorination of DHFP is observed at higher 
temperatures than those at which heat evolution is regis- 
tered by the calorimetric curves of fluorination. After the 
transition of D H F P  to the overcooled liquid state, the 
formation of the D H F P - - F  2 molecular complex be- 
comes possible. However, in contrast to THFP, these 
complexes do not decompose at elevated temperatures, 
but rather stabilize due to the crystallization of the 
system. Further warming leads to the molecular addition 
of fluorine to the double bond of DHFP with concomi- 
tant heat evolution that is recorded by the calorimeter. 

The amount of heat evolved on fluorination of DHFP 
is over an order of magnitude above that registered in the 
course of fluorination of THFP under similar conditions. 
On the other hand, the concentration of radicals in a 
sample of DHFP is almost three orders of magnitude 
below that registered for THFP. Therefore, a possible 
contribution of the carbene and chain mechanisms in the 
process of DHFP fluorination must not be ruled out. 

Thus, the dissolution of fluorine in an overcooled 
liquid brings about the formation of a molecular com- 
plex. Naturally, the concentration of such complexes 
decreases with the increase in temperature. However, as 
the system crystallizes, the complexes become more 
stabilized, which provides for more efficient addition of 

molecular fluorine to the >C=C< bond. In fact, when 
crystalline perfluorobenzene is warmed up in a calorim- 
eter in the presence of fluorine, a minor heat evolution is 
observed at 170--180 K which is likely to be associated 
with the addition of fluorine from t h e  surface of the 
polycrystals. On further heating of the sample, only 
melting of perfluorobenzene is observed at 269 K. 

On the other hand, in the case of perfluoro-p-xylene, 
just as in the case of DHFP, no heat evolution is 
observed on the transition of the system to the overcooled 
liquid state @150 K). Then, following the crystallization 
of the system, intensive heat evolution takes place on 
further warming. This heat evolution, associated with 
fluorination, ceases after melting (rap ~220 K). The total 
heat evolved is much higher in this case than for the 
fluorination of crystalline perfluorobenzene. 

On cooling to 77 K, TFE and HFP become crystal- 
line (mp = 142 K and 115 K, respectively). If they are 
re-melted in the presence of fluorine, spontaneous fluori- 
nation occurs at 84 K, followed by explosion. Therefore, 
the kinetics of their fluorination could not be studied. 

Thus, steady warming of the solidified unsaturated 
perfluorohydrocarbons from 77 K to 200--300 K under 
gaseous fluorine results first in the dissolution of F 2 in 
the former (as the system passes to the liquid state or to 
an overcooled liquid state). Then there follows the for- 
mation of molecular complexes, and it is via these 
complexes that the addition of molecular fluorine to the 
double bond takes place. With a further increase in the 
temperature, the solubility of fluorine diminishes, and so 
does the concentration of the complexes. However, in 
some of the systems crystallization can stabilize the 
molecular complexes, which enhances fluorination effi- 
ciency. At higher temperatures chain-like fluorination 
occurs. It can be arrested at the stage of the formation of 
<,sluggish,> radicals. In some cases the carbene mecha- 
nism of addition cannot be ruled out. 
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