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Abstract 

The hydrogen and chlorine atom abstraction reactions from CH3CI by CF3 radicals pro- 
duced by the photolysis of hexafluoroacetone (HFA) and CF31 were studied relative to the 
recombination of CF3 radicals: 

(4) 
CF3Cl+ CH3 

CF3 + CH3Cl 

The Arrhenius parameters obtained in the temperature range 416 to 578 K are: 

Log k3/k:/*[cm3/* mol-'" s-'"] = (5.39 + 0.10) - (10490 + I50)/@ 
Log k4/ki"[cm3/2 mol-'/2 s -'/* ] = (4.52 + 0.11) - (13370 + 250)/6 

where 0 = 2,303.RT cal mol-' and k2 is the recombination rate constant for the CF3 radicals. 
The factors that influence the transfer processes of chlorine and hydrogen are analyzed in a 

series of reactions of halomethanes with CF3 and CH3 radicals. 0 1993 John Wiley & Sons, Inc. 

Introduction 

Atmospheric pollution problems due to the incorporation of freons into 
the high atmosphere and of active haloalkanes into the troposphere produce 
the need to undertake systematic kinetic studies in order to understand the 
factors that influence in the reactivity of these species with the free radicals 
present in the different layers of the atmosphere. Kinetic studies on this 
series of compounds and the interpretation of the factors that govern the 
dynamics of these abstraction reactions will undoubtedly contribute to im- 
prove the predictive capacity for controlling the evolution of contamination. 
Hence, the abstraction reaction of an atom from a substrate by atoms or 
free radicals has been widely studied, especially the hydrogen atom transfer 
reactions. 

With the haloalkanes, halogen, and hydrogen atom abstraction processes 
occur with different rates [ l l .  Thus, when the number of hydrogen atoms 
in the molecule increases the analytical difficulties to evaluate the rate of 
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the halogen atom transfer increase. This situation has led in some cases 
to estimate the values of the kinetic parameters for this type of reactions. 
The only values calculated, for example, for the hydrogen and halogen 
atom transfer of the halomethanes, CH3X (X = F, C1, Br, I) by the CF3 
radical are those obtained by Whittle et al. [l(a),21. Thus, the values of 
the activation energy obtained by Whittle for the halogen atoms transfer 
reaction from CH3Cl by CF3 radical is only a rough estimation; whereas 
with CH3Br, Whittle obtained two values for the activation energy, one 
at  low pressure (25 torr) and another a t  high pressure (180 torr). In the 
iodine atom transfer reaction from CH31 by CF3 radical several products 
were observed from secondary reactions. Also, Whittle et al. [ l(a)] measured 
the hydrogen atom abstraction reaction from CH4 by CF3 radicals obtaining 
an activation energy (Ea (HI = 11.2 Kcal/mol) that he reevaluated later 
[31 as Ea (HI = 12.5 Kcal/mol. So, it should be pointed out the scattering 
of values and their uncertainties from the analytical difficulties that arise 
in these systems to determine the kinetic parameters by the conventional 
competitive method. 

On account of all the above stated, we thought of interest to measure the 
transfer reactions of the H and C1 atoms from CH3C1 by CF3 radicals in order 
to obtain the kinetic parameters for these reaction channels and to analyze 
reactivity correlations as a continuation of our previous work about the 
abstraction reactions of C1 atoms by CF3 radicals from chlorofluoromethanes 
HI. 

Experimental 

All experiments and procedures were performed as previously reported 
[4]. CF31 and hexafluoroacetone (HFA) were used as radical sources. The 
photolytic reaction was initiated using a high pressure mercury lamp (Osram 
HBO 500W) and a Corning Pyrex glass plate 7740 was used to remove wave- 
lengths lower than 300 nm. The mixtures were heated and irradiated in a 
cylindrical quartz cell, 190 cm3 volume, placed in a horizontal electric metal- 
block furnace. After photolysis, the total content of the cell was collected at  
77 K and analyzed by gas chromatography using a KONIK chromatograph 
equipped with a flame ionization detector. The products were separated on 
a 2.5 m column filled with Porapak T(H-Merck, 100-120 Mesh). Products 
identification was made by comparison of the retention times with authentic 
samples and confirmed by IR spectroscopy. 

CF31, HFA, and CH3Cl (PCR Research Chem) were trap-to-trap distilled 
under vacuum in order to ensure the removal of impurities. The middle 
fractions were retained and stored at 77 K. 

The HFA (pressure range between 20 and 50 tom) was photolyzed in the 
presence of CH3C1 (15 to 50 torr) in the 416 to 636 K temperature range, 
whereas the CF31 (25 to 60 torr) was photolyzed with CH3C1 (20 to 60 ton-) 
between 445 and 558 K. The conversions, calculated from the yield of CF3H 
were kept below 3% to reduce the influence of possible secondary reactions. 
Besides, when the pressure of CH3C1 was 100 torr, no changes in the rate 
constants for the hydrogen and halogen transfer reaction were observed. 
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Results and Discussion 

When the CF3 radicals are generated by the photolysis of HFA the main 
reactions are: 

(1) CF3COCF3+ h v  - 2CF3 + C O  

(2) CF3 + CF3 - C2F6 

If CH3C1 is added, both reactions, the abstraction of H and C1 atoms, can 
take place: 

(3) fCF3H + CHBCl 

(4) 
CF3C1+ CH3 

CF3 + CH3Cl 

When the CF3 radicals are generated by the photolysis of CF31 the following 
reactions are relevant in addition to reaction (2): 

(5) CF31 + hv - CF3 + I 

(6) I + I + M - I 2 + M  

Also, some reactions with iodine participation such as the following can 
be taken into account: 

(7) R + 12- R I  + I 

(8) R + I - R I  

(9) 

where R and R’ = CF3, CHZC1, and CH3 radicals. 
It is well known [5] that the participation of iodine atoms in the hydrogen 

abstraction reactions decreases the influence of secondary reactions on the 
formation of extra CF3H. However, there would be other probable reactions 
that would contribute to the formation of extra CF3H [6] such as: 

R’ + R I  - R’I + R 

110) 

(11) 

I + CH3Cl __* I H  + CH2C1 

CF3 + I H  - CF3H + I 

In view of the photolysis conditions in which the runs are performed (con- 
versions lower than 3% at temperatures lower than 578 K), the participation 
of the iodine atom has been neglected because no significant differences were 
found using (CF3)zCO as a radical source. Therefore, the validity of the 
kinetic equations studied would still hold. 

In this way and if CF3H and CF3Cl are formed only from reactions (3) and 
(41, then the resulting rate expressions are: 

(12) 

(13) 

k3/k:‘2 = R C F ~  H /REF, [c H 3c 11 

Wk:” = RCF,CI/R!:F,[C H3C 11 

(14) k3 / k4 = R C F3 H / R C F,C 1 
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with k = rate constant and R = rate of formation. 
When HFA was used as the source of CF3 radicals, the main products were 

CzFs, CF3C1, CFsH, and CO, while with CF31 the same halogenated products 
were obtained in addition to 12. No reaction products were detected in the 
blank experiments when the CH3Cl was photolyzed alone ( A  > 300 nm) 
or when mixtures of HFA + CH3C1 or CF3I + CH3C1 were left in the 
reaction vessel in the dark for periods similar or longer than those of the 
experiments. Also, no significant amounts of products, other than those 
already mentioned, were observed under the present experimental conditions 
and in the temperature range 416-578 K. 

The plots of RcF~H/RC*F~ and RCF,CI /RC~F~ vs. concentration of CH3C1 
(Figs. 1 and 2), at each temperature, show linear dependencies with zero 
intercepts. From the slopes of these plots, the experimental rate constants, 
kexp. = k,/k;“, were calculated. A least squares analysis of these results in 
the temperature range between 416 to 578 K shown in the Arrhenius plot 
(Fig. 1) yields the following expressions: 

log k3/k:12[~m312 mol-112 s - ” ~ ]  = (5.39 + 0.10) - (10490 + 150)/0 

log k4/k:12[~m312 mol-’” s - ~ ’ ~ ]  = (4.52 + 0.11) - (13370 + 250)/8 

k3/k4 = (7.4 + 0.2) exp[(2880 + 200)/RT] 

where e = 2.303.RT (kcal/mol) and the errors limits are one standard devia- 
tion. The kinetic parameters for the hydrogen atom abstraction satisfactorily 
agree with those obtained by Whittle [71, whereas the Ea for the abstrac- 
tion reaction to the chlorine atom is lower than the estimated value of 
217  kcal/mol [71, which seems to be high. 

112 112 

In Figure 3 is also observed a curvature at temperatures higher than 578 K 
suggesting that extra CF3H and CF3C1 is formed, so eqs. (71, (81, and (9) are 
no longer valid. A possible explanation of this curvature at high temperatures 
could be due that, both k3 and k4, increase, so that the rates of formation 
of the radicals CH3 and specially CH2C1 (which is favored over reaction (411, 
increase their stationary concentrations. 

The reactions of the CH2CI and CH3 radicals obtained from reactions (3) 
and (4) could be the following: 

(15) 

(16) 

(17) 

(18) 

CH2C1 + CH2Cl __* CH2CICH2Cl 

CH2CI + CF3 - CH2ClCF3 

CH2Cl + CH3 - CH2ClCH3 

CF3 + CH3 C CF3CH3 

. . . . .  . . . .. 

(19) 

(20) 

CF3 + CH2ClCH2Cl - CF3H + CHClCH2CI 

CF3 + CH2ClCH2CI - CF3Cl + CH2CH2CI 

No attempt was made for the determination of any of the reactions 
products (15-20) because their retention times were either similar to those 
of the unreacted materials or too long to allow a good analysis. Nevertheless, 
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Figure 1. 
mol/cm3). (a) CF3 radicals generated by photolysis of CF3I. 

Plot of R c F ~ H / R ~ : ~ ~  (units of lo5, m01”~ cm3’* s ” ~ )  vs. [CH3Cl] (units of lo6, 

some of these secondary processes would significantly occur at temperatures 
higher than 578 K and at  conversions higher than 3% (as in the case of 
the temperatures measured at 606 and 636 K) due to the appearance of 
CF3CH3 and CH2ClCHZC1 among other reaction products which were not 
identified in the chromatographic runs. However, as in most experiments the 
conversion percentage was maintained below 3% (all experiments were made 
at temperatures lower than 578 K), the participation of these products in 
secondary reactions yielding extra CF3H or CF3C1 was completed discarded. 

The kinetic parameters of transfer reactions are generally explained in 
terms of polar effects and enthalpy changes. As it is well known, data 
on reaction rates for halogen atom abstraction reactions are very scarce 
mainly due to the fact that the competitive transfer of the hydrogen atom 
in haloalkanes is the predominant reaction pathway. In the case of the 
halogen atom abstraction reaction with nucleophilic or electrophilic radicals, 
the polarizability of the halogen atom in the transition state would make 
the polar effects relatively more important than in the hydrogen atom 
abstraction reaction. 

For the halogen atom abstraction by the CF3 radical (Table I) the Ea 
decreases with the increase of the size of the halogen atom. Thus, a decrease 



358 TACCONE, OLLETA, AND SALINOVICH 

I /2 Figure 2. 
mol/cm3). (a) CF3 radicals generated by photolysis of CF31. 

Plot of R c F , c I / R c ~ F ~  (units of lo7, rno1’’’ crn3/* s’”) vs. [CHaCl] (units of lo6, 

of 10.1 kcal/mol in the Ea from CH3C1 to CH31 is accompanied by a decrease 
of 27.4 kcal/mol in the dissociation energy D(C-X) favoring the halogen 
abstraction, thus we can represent this as: 

6 - s+ s- 6+ 
F3C - x -  c H3 

The same considerations are observed for the halogen transfer from 
chlorofluoromethanes, CF3X (X = C1, Br, I), by the CH3 radical, Table I, 
taking into account the data obtained by Sidebottom [SI, where Ea and 
D(C-X) decrease with the increase of the halogen size in going from CF3C1 
to CF31. The electronegativity of the halogen atom decreases with the size of 
the atom, and it will be more polarizable by the inductive effect of CF3 and 
the halogen (X) becomes relatively more positive decreasing its electronic 
density and favoring the abstraction reactions by the nucleophilic radical 
CH3. 

In the hydrogen atom transfer of the halomethanes, CH3X (X = H, C1, 
Br, I) by the CF3 radical, Table I, the Ea decreases with the increase of the 
halogen size, whereas, the D(C-H) slightly increases. This could be due to 
a reduced repulsion between the CH2X-H molecule and the CF3 radical as 
a result of an increase of the electronic density on the hydrogen atom with 
the increase of the halogen size. 



EVALUATION OF KINETIC PARAMETERS 359 

A 

2 . 5  I I I 1 I I , I 

0.0015 0.00 1 7  0.00 19 0.002 1 0.0023 0.0025 

I / T  ( K) 

Figure 3. Arrhenius plot for the reaction CH3Cl + CF3 Curve A: Hydrogen abstrac- 
tion reaction: A-with CF31; +-with HFA; and x-Ref. 1. Curve B: Chlorine abstraction 
reaction: +-with CFsI and 0-with HFA. 

A different situation is observed for the hydrogen atom abstraction from 
halomethanes by CH3 radical (Table I). In this serie there are some uncertain 
values, one is the corresponding to CH3Br (Ea(H) = 10.1 kcal/mol), obtained 
by Steacie et al. [9], because he had problems with the experiments as there 
was always an extras CH4 [lo]. The corresponding value to CHJ reported 
by Benson et al. (Ea(H) = 13.7 kcal/mol) is an estimation only, on basis of 
the values obtained by Steacie et al. [91; then it was recalculated by Kerr and 
Personage (Ea(H) = 12.3 kcal/mol) [ l l l .  The Ea apparently increases with 
the increase of the halogen size and the D(C-H). This variation could be 
due to the increase of the polar repulsive effect with the CH3 radical because 
of an increase of the electronic density on the hydrogen atom, and also an 
increase of the steric effect in the halomethane [121, for the increase of the 
halogen size. So in this way the reactivity for the nucleophilic radical CH3 
decrease along this serie. 

Also, it should be noted for the hydrogen atom abstraction reactions that 
the Ea is always lower with the electrophilic radical CF3 than with the 
nucleophilic radical CH3. This can be due, as suggested by Tedder [12,131 
to the fact that in the transition state the repulsion between the molecule 
formed and the new radical produced is more important than the repulsion 
effects between the attacking radical and the substrate. 

Several methods [141 have attempted to develop relationships or correla- 
tions to predict the Ea of transfer reactions in general and do not applicable 
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TABLE I. Activation energies for the hydrogen and chlorine atom abstraction reactions from 
halomethanes by CF3 and CH3 radicals. 

CF3d CH3d 
Ea(H) Ref. Ea(X) Ref. Ea(H) Ref. Ea(X) Ref. D(C-HH)a.d D(C - X)a,d 

CH4 11.2 
12.5 

CH3F 11.2 

CH3Br 10.4 
C H ~ I  7.5 

CH3Cl 10.6 
10.5‘ 

CH2Cl2 7.6 
6.3 

CHC13 6.6 

cc14 - 

CFC13 - 

CFzClz - 
CF3Cl - 
CF3H - 

CF3Br - 
CF3I - 

[1,161 - 14.6 [171 
[31 
121 - 8.7 [91 

111 8.3 [ l ]  10.1 [91 
[ l l  3.3 [ l l  13.7 [151 

12.3 [ l l ]  
[l] 13.4‘ 9.4 191 

11.6 1101 
[71 11.8 [71 7.2 [91 

[161 12.0 [71 9.0 [lo] 
[71 11.0 1191 5.8 191 

6.7 1101 

11.4 [11,18a] 

10.4 17,201 - 

14.9 [41 - 

16.9 [41 - 
- - 

- 10.4 [18bl 
12.0 [ l l ]  

- - 

- 

- 

- 

- 

- 

- 

- 

9.9 
10.1 
10.7 
11.3 
11.8 
- 

9.3 
4.3 

105.1 - 

100.0 - 

102.0 70.9 
103.0 57.2 

101.0 84.6 

98.0 80.1 

96.0 77.6 

1231 - 70.0 
[I01 
181 
[Sl 
181 - 85.gb 

74 
76 

106.7 - 

- 

- 

[81 - 70.6 
[81 - 55.0 

aRef. 1211. 
bRef. [221. 
CThis work. 
dEa and D(C - X) in kcal/mol. 

only to related series. The difficulty of all these methods is in the scarcity 
of complementary data (such as electronic affinities, vibrational frequencies, 
polarizabilities, etc.) necessary to solve the proposed equations. The Evans- 
Polanyi relation is applicable quite well in homologous series of strongly 
related compounds it is known that there are many exceptions to this 
equation, so its generalization is difficult. For the halogen and hydrogen 
abstraction reactions by CF3 and CH3 radicals, it can be observed in Table I, 
for the halomethanes and for chloromethanes and chlorofluoromethanes, 
that in general the Ea(H,Cl) increase with the increase of D(C-Cl) or 
D(C-H). Therefore, these experimental results suggest that the Evans- 
Polanyi equation could be applied reasonably well. In Figure 4 are plotted 
the Ea vs. the halogen or hydrogen atom transfer reaction by CH3 and 
CF3 radicals. The differences in the different experimental values of Ea 
and D(C-X) and their uncertainties must also be considered, since it 
is difficult to evaluate correctly if the Evans-Polanyi equation is applica- 
ble in some series. Thus, the chlorine atom abstraction in the reaction 
CH3 + CF3C1 (Ea(C1) = 11.8 kcal/mol) [81, which is common to the series 
(Fig. 41, (FICH3 + CF,Cl4 - , and (D)CH3 + CF3X (X = C1, Br, and I) seems 
to have a rather low Ea value. For this reason it is not possible to state that 
the series (D) has a lineal behavior of the E.P. equation whereas in the series 
(F) it is possible to observe a lineal behavior of the E.P. equation. 
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Figure 4. Evans-Polanyi plot for the hydrogen and chlorine abstraction reactions 
by CF3 and CH3 radicals (1). A: 0-CF3 + CJ-LnC14-n; B: +-CH3 + c&cl4-.; 
C: O-CF3 + CH3X; D: x-CH3 + CF3X; E: A-CFs + CFnC14-n; and F: V-CH3 + 
CF,C14 - n. (1) Where the abstracted atom is underlined. 

Acknowledgment 

The authors wish to thank the Consejo Nacional de Investigaciones 
Cientificas y Tecnicas (CONICET) and the Consejo de Investigaciones 
Cientificas y TecnoMgicas de la Provincia de CBrdoba (CONICOR) for 
financial support through the Instituto de Investigaciones en Fisicoqurmica 
de Cordoba (INFIQC) and Dr. Silvia Lane for her valuable suggestions. 

Bibliography 

111 (a) W. G. Alcock and E. Whittle, Trans. Faraday SOC., 61,244 (1965); (b) M. G. Evans 

[21 R. D. Giles, L.M. Quick, and E. Whittle, Trans. Faraday SOC., 63, 662 (1967). 
[31 G.A. Chamberlain and E. Whittle, J .  Chem. SOC. Farad. Trans. Z, 68, 888 (1972). 
[41 R. A. Taccone, 0. Salinovich, and E. H. Staricco, Znt. J .  Chem. Kinet., 19, 627 (1987). 
[51 M. H. Aucan, E. Potter, and D. A. Whytock, J.  Chem. SOC. Faraday Trans. Z, 69, 

161 E. R. Morris and J. C. J. Thynne, Trans. Faraday SOC., 64, 414 (1968). 
[71 W. G. Alcock and E. Whittle, Trans. Furaday SOC., 62, 134 (1966). 
[81 H. Sidebottom and J. Treacy, Znt. J.  Chem. Kinet., 16, 577 (1984). 
T9l F.A. Raal and E. W.R. Steacie, J.  Chem. Phys., 20, 578 (1952). 

and M. Szwarc, Trans. Furaday SOC., 57, 1905 (1961). 

1811 (1973). 

[ lo] K.V. Machen and H.W. Sidebottom, Znt. J .  Chem. Kinet., 11, 511 (1979). 
1111 J.A. Kerr and M. J. Personage, Evaluated Kinetic Data on Gas Phase Hydrogen 

Transfer Reactions of Methyl Radicals, Butterworths, London, 1976. 



362 TACCONE, OLLETA, AND SALINOVICH 

[121 J .M. Tedder, Tetrahedron, 38, 313 (1982). 
[131 J .M. Tedder, Quart. Reu., 14, 336 (1960). 
[141 Z.B. Alfassi and S. W. Benson, Znt. J .  Chem. Kinet., 5,  879 (1973). 
[151 (a) S. Furuyama, D.M. Golden, and S. W. Benson, Znt. J.  Chem. Kinet., 1,283 (1969); 

(b) T. Kagiya, Y. Sumida, and T. Inone, Bull. Chem. SOC. Japan, 42, 2422 (1969); 
(c) M. G. Katz and I. A. Rajbenbach; Znt. J.  Chem. Kinet., 10, 955 (1978). 

[161 H. H. Carmichel and H. S. Johnston, J.  Chem. Phys., 41, 1975 (1964). 
[171 P. Gray, A.A. Herod, and A. Jones, Chem. Rev., 71, 247 (1971). 
[181 (a) H.O. Pritchard, J . T .  Bryant, and R. L. Thommarson, J.  Phys. Chem., 69, 664 

(1965). (b) H. 0. Pritchard and R. L. Thommarson, J.  Phys. Chem., 68, 568 (1964). 
[191 W. G. Alcock and E. Whittle, Trans. Faraday SOC., 62, 664 (1966). 
[201 C. M. Vohringer and E. H. Staricco, Znt. J.  Chem. Kinet., 16, 1351 (1984). 
[211 D. F. McMillen and D. M. Golden, Ann. Rev. Phys. Chem., 33, 493 (1982). 
[221 R.A. Taccone, 0. Salinovich, and E. H. Staricco, Znt. J.  Chem. Kinet., 21,331 (1989). 
[231 I. Matheson, J. Tedder, and H. Sidebottom, Znt. J .  Chem. Kinet., 14, 1033 (1982). 

Received May 26, 1992 
Accepted November 2, 1992 


