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Summary 

The photochemical reaction between SF4 and fluorine at 365 nm was 
investigated in the temperature range 213 - 244 K. It is a chain reaction of 
medium length. SF, and small amounts of S2F,, are the only reaction 
products. The experimental results can be quantitatively explained by the 
following mechanism : 

F, + hv - 2F 

SF, + 

SF, f 

SF, + 

SF, + 

SF, + 

F+F 

F2 - SF5 

F - SF, 

F,-SF 6 

(1) 

+F (0 

+F 

(2) 

(3) 

SF, - S2F10 (4) 

F-SF6 (5) 

+M-F,+M (6) 

Under the conditions of this investigation reaction (1’) makes only a small 
contribution to the total initiation rate. In general more than 80% of the 
chain carriers are consumed by reaction (4): 

k3 = 104.18 i 0.01 
4.0 f 0.2 kcal mol-i 

k41 ‘2 

M-1 it s-1 f2 

RT 

At 225.2 K k,’ = 1.0 X 10m4 M-’ s-i. In combination with the previously 
measured values this gives 

k,, = 10’0.20 f 0.07 
14.6 + 0.5 kcal mol-’ M-1 s-1 

RT 

For E4 * 0, E3 = 4.0 f: 0.2 kcal mol-l and E, = 2.0 f 1.5 kcal mol-‘. 
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1. Introduction 

Several reactions in which SF5 radicals appear as intermediates have 
been investigated in our laboratories during the last few years [ 1 - 9). Among 
these, the thermal reaction between SF4 and fluorine has been thoroughly 
studied in the temperature range 270.6 - 297 K [ 81. It is a chain reaction 
of moderate length. A mechanism describing the experimental -data quanti- 
tatively has been proposed. Under the conditions of the experiment at least 
80% of the chain carriers were consumed by the reaction SF, + F + SF6. 
However, no data for the photochemical reaction, which was investigated in 
the work reported here, exist in the literature. 

2, Experimental details 

2.1. Apparatus 
In order to reduce the influence of the thermal reaction to a minimum, 

it was necessary to work at low temperatures. Consequently, the experi- 
ments were carried out in the temperature range 244 - 213 K. 

Since the pressure decreases as the reaction proceeds, it was decided to 
monitor its progress by pressure measurements at constant temperature 
and volume. A conventional apparatus for this type of reaction, which has 
been described in detail in ref. 10, was used. 

The reaction cell was a quartz cylinder 10 cm long with, plane parallel 
windows 5 cm in diameter. It was connected to a quartz U-tube where the 
reacting mixture could be frozen out and later distilled. The temperature 
was controlled with a Lauda UK 80 cryostat to kO.1 K. In order to avoid 
moisture condensation on the cell windows, additional windows were 
attached at the back and front of the cell. The closed compartments formed 
in this way were kept dry with silica gel, and the outer windows could be 
heated. 

A high pressure mercury lamp (Osram HBO ZOO) was used as the light 
source. The 365 nm line was selected by putting a combination of two glass 
filters (Schott-Mainz UG2 and WG3) in the light path. The light intensity 
was measured using an F,O actinometer Ill] and was periodically checked 
because of lamp aging. 

2.2. Purification of gases 
SF, was a technical product of DuPont de Nemours. It contained 

about 20% SOFz and was purified by low temperature distillation in a 
Podbielniak apparatus [12]. The final product contained less than 1% SOF2 
as demonstrated by IR measurements. The fluorine (Air Products) contained 
small amounts of HP and oxygen. It was purified by passing it through a 
Pyrex spiral cooled at liquid oxygen temperature. F20 (Allied Chemicals) 
contained some fluorine, oxygen and other fluorine oxides. It was purified 
by distillation at liquid oxygen temperature and condensed in liquid air; 
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since it was the volatile fraction it was continually pumped off. CF, {Mathe- 
son) was condensed in liquid oxygen and the volatile fraction was removed. 

3. Experiments and results 

Preliminary experiments showed that the only reaction products were 
SF6 and S,FlO. They were separated by distillation at 163 K and identified 
by their IR spectra. The SF, corresponded almost exactly to the pressure 
decrease, while the amount of &F,, was a factor of 10 - 20 less. 

A short induction period was observed in most experiments. It was 
proved to be due to the added fluorine, which obviously contained a small 
amount of an impurity which was rapidly consumed. The pressure decrease 
during this period was a few per cent of the total pressure of the reactants. 
This decrease was taken into account in the determination of the correct 
pressure of the reactants at the beginning of the reaction. The reproducibil- 
ity of the experiments was very good. 

As discussed above, the overall stoichiometry of the reaction can be 
described by the following equations: 

SF4+F,--SF 6 (90% - 95%) 

2SF4 + F, - S,F,, (10% - 5%) 

The pressure decrease can be related to either the formation of products 
or the consumption of the reactants: 

-AP = NSF63 + 2WW’101 = -A[SFJ = -A[F,] + A[S,F,,] 

According to the preceding equation the SF4 pressure at any time can be 
directly obtained from the pressure decrease, whereas in order to deter- 
mine the fluorine pressure the amount of S2F,, produced during the cor- 
responding time must -be known. Since this amount is always very small, 
and is negligible in the initial stages of the reaction, the first time interval 
after the induction period was taken into account in every experiment and 
the S2Fi0 formation was ignored. 

Most of the experiments were carried out at 225 K, although some 
were performed at 244 and 213 K. The fluorine and SF, pressures were 
varied from 20 to 200 Torr. Some experiments were carried out in the 
presence of up to 500 Torr of CF4 as an inert gas. In others the light inten- 
sity was reduced to one-third of its normal value by inserting a blackened 
mesh filter into the light path. 

The reaction rate, which was determined by measuring the total pres- 
sure decrease, was found to be approximately proportional to the square 
root of the absorbed light intensity and the fluorine pressure: 

v=- A~sF41 = _ pp e k1 

At At 
ad’* CFJ 
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The reaction rate decreased slightly with increasing total pressure, whereas 
the SF, pressure did not affect the rate at 213 K but had a small increasing 
effect at higher temperatures. The quantum efficiency of SF4 consumption 
was generally between 10 and 90 molecules quantum-i. A relatively small 
dark reaction due to thermal initiation was observed. It was measured peri- 
odically in almost all the experiments. 

The experimental results for the initial conditions, i.e. with no correc- 
tion for S2Fio formation, are given in Tables 1 and 2. In these tables [FJ, 
[SF,] and P represent the mean pressures of the reactants and the mean 
total pressure during the reaction time At. AP is the total pressure difference 
in this interval, z is the mean absorbed light intensity, which is calculated 
as the light absorbed at the mean fluorine pressure, u,,~ is.the experimental 
reaction rate -AVAt, uC,iC and &0 are rates calculated using the method 
described in Section 4 and f is a parameter that will be defined later. 

Since we had to work at low temperatures and the outer windows of 
the cell were heated, the effective reaction temperature Z& differed from 
the measured value 7’,,,, which was the temperature of the liquid sur- 
rounding the cell. The former was measured using the reactor itself as an 
ideal gas thermometer at constant volume. The temperature obtained in this 
way was used. 

4. Discussion of the results 

It can be deduced from the quantum efficiency measurements that the 
reaction proceeds via a chain of medium length. The primary process after 
light absorption is the dissociation of the fluorine molecules: 

F2 + hu - 2F (1) 

This is accompanied by the thermal initiation step [8] : 

SF4+ F2-- SF5 + F (0 

The rates of these two reactions can be readily evaluated because both the 
incident light intensity and the fluorine extinction coefficient at 365 nm 
[ 131 are known and the rate constant for reaction (1’) has been measured in 
previous work [14]. Its extrapolated value was used in the preliminary 
calculations. 

The following two steps are the same as those in the thermal reaction: 

SF4+ F - SF, AH, = -65 + 7 kcal mol-’ 115 - 171 (2) 

SF, + I?*- SF, I- F AH3 = -40 + 6 kcal mole1 [15 - 171 (3) 

These reactions are highly excthermic, so that the back reactions do not 
have to be considered and no product effect is to be expected (SF6 acts as 
an inert gas in most chemical systems). 
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Three pathways for the termination reaction are possible: r 

SF,+ SFs - S25’1o AH4 = -28 * 6’ kcal mol-’ [ 151 (4) . . 

SFs + F - SF6 -LHs =.-78 f 2 kcal mo1-l [15 - 171 (5) 

F+F+M+ F, + M w, = -33 f 2 kcal mol-1 [163 . . .. (6:) 

The .first of these justifies the formation of S,F,, and must therefore be 
considered in the actual reaction scheme, 

When only ,reactiuns ( 1) - (4) are taken into account we obtain, as- 
suming quasi-stationary state conditions, 

dCSF,I h3 - -= u = 

dt 
- ~il’~[F,] + 2Vi 
khl ‘* : 

vi = Iabs + kdSF,IC%~ (I? 
If (4) were the only termination step, the parameter f (see Table 1) defined 

by 

#= 
V-2Vi 

Vi1’*[F2] 
(III) 

should be a constant equal to k3/k4 l’*_ Table 1 shows that, although-this 
is true within about f lo%, a systematic decrease of f is seen as the ratio of 
[FJ to [SF,] increases. This tendency increases with temperature. If all 
the chain carriers are consumed in reaction (5) the- reaction rate should be 
proportional to Iabs1’2[F2]1’2[SF4]1’2, whereas if they are consumed in 
reaction (6) exclusively the rate should be probortional to I&s’ /‘[SF,]. 
Obviously none of these equations agrees with the experimental evidence. 

In order to explain the experimental results quantitatively at least 
one of the pathways (5) or (6) must be taken into account, although .it can 
be deduced from the ,above discussion that (4) is the principal termination 
reaction ,(f is constant to a first approximation). Therefore only a. small 
correction term is expected. ; 

The reaction scheme with all three termination reactions can be solved 
by assuming a very long chain length, i.e. by assuming’ that the rates of 
the initiation and termination reactions are negligible compared with ‘the 
chain propagation rates. The.following rate equation is obtained: 

v=- dESF41 = k3 j,_‘/? F k3k, [F2] 

dt k,i/2 ’ [ 4 

ka2k6 [Ml [F2]* :!‘* ’ 
* 1+--+- 

kzk4 EsF4l b2k4 w%12 f 
(IV) I 

This expression explains ,the negative influence of the total pressure on the 
reaction rate and the decrease of f with increasing [ F2] /[ SF4]. 

.However, the chain length is not very great, and therefore eqn. (IV) 
will show systematic deviations if it is employed to determine the constant 
k of’ eqn. (I). A direct extrapolation of f to [ F2]/[SF4] + 0 is inaccurate 



because of the curved lines obtained in the representation. In order to ob- 
tain the correct values for the rate constants a more exact method of calcula- 
tion must be used. 

At 280 K reaction (5) is by far the most important termination, with 
a maximum of 20% of the chain carriers being consumed in reaction (4) 
and a negligible quantity in reaction (6) [8]. Under our experimental condi- 
tions, however, reaction (4) is the most important termination and the other 
two have only a second-order effect. Reaction (6) remains unimportant at 
lower temperatures where the pressure effect is very small (see Table 2). 
The second-order effect was therefore assigned to the influence of reaction 
(5) only. 

The reaction rate for the mechanism involving reactions (1) - (5) was 
obtained numerically by employing an iterative calculation method under 
the quasi-stationary state assumption. It can easily be demonstrated that 
the numerical value of the reaction rate depends only on the values of two 
independent constants which are defined as 

k3 
k,= - 

kql I2 

k3ks 
k,, = - 

k&4 

The value for k 1’ obtained in previous work [ 141 was used: 

kip = (9.66 f 0.42) X lo7 exp 
11.9 * 0.6 kcal mol-’ 

- M-1 s-1 
RT 

Values were assigned to k, and kb for each temperature, and the reac- 
tion rates were obtained numerically for the conditions corresponding to 
the experiments listed in Table 1. The values of k, and k,, were varied 
systematically. The minimum value of the mean-square relative difference 
between the experimental and calculated rates was taken as the best fit 
criterion for their adjustment at each temperature. The zone in the rate 
constant space which provided an adjustment with a mean quadratic error 
within a difference of 10% of the minimum value was used to define the 
uncertainty in the determination of the constants. The error surface has a 
deep minimum in the k, variation direction, while kb has a large error 
because, as noted above, reaction (5) has only a second-order effect on 
the kinetics. 

The calculation scheme described can now be used to calculate the 
fluorine pressure throughout an experiment, and the data for the dark 
reaction can be used to obtain k,’ at 225 K. The rate expression for the 
thermal reaction (eqn. (V)) can be derived directly from eqn. (XV) by putting 
u~=O and Vi = k Ir [SF,] [ FJ. It is not worth performing a least-squares 
numerical calculation because we are looking for a small correction term 
only and eqn. (IV) is an adequate approximation: 



(VI 

Wv 
l/2 l/2 

V= 

k4 

1,2 [SF4]“2[F2]3’2 1 + z $,) 
( 14 4 

k,ek2k, If2 
= 

( > k5 
[SF4][F2] 

( 
1 + 2 z -1’2 

) 

which can be rearranged to give 

([SF4J[FJ)“= k,,;2k3 + __& # (VU 

A value of k 1’ = 1.0 X 1O-4 M-’ s-l = 4.3 x 10B7 Torr-l min-l at 225 K is 
obtained from the slope of the straight line ( [ SF43 [ F2 J/u)~ uerms fSF,]/[F2] 
shown in Fig. I by using the preliminary value of k, = 2.0 M-“2 s-“~. 

When this value is combined with those measured previously [14] and 
the Arrhenius parameters are calculated, we obtain a new expression for k lf : 

kl, 
= 1()10.20* 0.07 exp - 

( 

14.6 + 0.5 kcal mol-’ 

RT ) 
M-1 s-1 

This was used to recalculate k, and kb but modified them only slightly. 
The values obtained in the way described are listed in Table 3 and 

give the following value for k, : 

k,= 10 4.1s*o.o1 exp 4.0 + 0.2 kcal moT1 _ 

RT 
M-112 *---l/l 

Fig. 1. Thermal reaction at 226.2 K. The rate con&ant for the thermal primary process 
obtained f’rom the slope of the straight lfne with k$k41’a = 0.194 T~rr-“~ min-I” ie 
kls = (4.3 5~ 0.3) x lO-‘T~rr-~ min-’ - (1.0 *O-l) x 10e4 M” 8-l. 
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TABLE 3 

k, and k, best fit values at various temperatures 

ka 
W- ,I l/Z s-l/2 

kb 

: 213.3 0.079 + 0.001 1.18 +O.Ol 0.012 
225.2 0.134 + 0.004 2.05 + 0.06 0.050 
243.9 0.242 + 0.002 3.85 * 0.03 0.061 

-. 

The reaction rates cala:ulated using the best fit values of 112, and k,, are listed 
in Table 1, tenth column. The agreement with the experimental rates is 
quite satisfactory. ; 

ConSidering the values in Table 3 we might object to the exclusion of 
reaction (6) in the calculations. This criterion can, however, be justified. 

. The calculation method outlined above was applied to restricted sets of 
experiments, namely those with [ FJ/[SFJ less than 4, 3 and 2. Especially 
in the last case reaction (6) can be safely excluded. The best fit in the three 
cases agreed within the .error limits given, above -with the values of k, given 
in Table 3 and )2,, did not undergo any substantial changes (for [FZ] /[ SF41 < 
4, kb was ‘0.000 at 213 K, 0.041 at 225 K and 0.073 at 244 K; for [F,]/ 
[SF,] < 2, kb was 0.000’ at 213 K; 0.090 at 225 K and 0.12O.at 244 K). 
The fates calculated for all experiment% with the k, arid k,, values fitted to 
the experiments with [ F2] / [SF,] < 2 are listed in Table 1, eleventh column. 

The uncertainty of the relative importance of reaction (6) at big+ 
[F2]/[SF4] ratios remains. This problem can be solved by a systematic 
investigation of the pressure effect. The numerical analysis itself, which 
is regarded as an extrapolation method, seems to be reliable for k,. com- 
putation_ 

Although reaction (4) is the most important termination path under 
our conditions, reaction (5) is the most important near 270 K [S] so that 
a relative rate inversion between these two reactions must take place at an 
intermediate temperature. If the chain is assumed to be very long, we obtain 

v4 k&4 [=‘,I 1 [SF41 -=--c-P 
us k&s [F,l kb CFz3 
In order to account for the inversion, the activation energy of kb given by 

Eb =@3+ES)-&+E4) (7) 

should be greater than zero. This is in agreement with the tendency of kb 
to increase with temperature. 

In the study of the thermal reaction between SF4 and fluorine near 
270 K [a], reaction (4) was neglected in the calculations although it was 
reported, to contribute abovt* 15% to the total termination rate. If we now 
take it .into account, the secondarder rate constant can be reinterpreted 
from eqn. (V) as 
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V 
k exp = 

[SF41 IF23 

= (k1~~3)“2(V~~-U~)1’2~ (long chain) WI) 

The positive contribution of the increase in vs/vq with temperature to the 
global activation energy is evident from this equation. If we use the expres- 
sion [S] 

k exp = (3.85 + 0.20) X IO8 exp 
10.8 f 0.7 kcal mol-’ 

- M-r s-1 
RT 

and assume that 80% of the chain terminations proceed through reaction 
(5) at 270 K and 95% proceed through this reaction at 297 K, we obtain 

E2 + E3 - E5 = 6.0 + 1.5 kcal mol-’ 

(E,! is assumed to be 14.6 f 0.5 kcal mol-‘). 
From k, we have 

&-$BEq = 4.0 f 0.2 kcal mol-’ 

If we assume zero activation energy for reactions (4) and (5) and use the 
last two equations, we obtain 

Es = 4.0 * 0.2 kcal mol-i 

E, = 2.0 f 1.5 kcal mol-l 

Furthermore, with k4 < 10’ M-l s-l [ 3,4], E4 = 0, and when the expression 
for ka is taken into account the pre-exponential factor for reaction (3) is 

A3 < 4.8 X 10’ M-l s-l 

In view of the very different experimental conditions under which 
the experiments were carried out, the agreement between the data for the 
thermal [8] and the photochemical reactions between SF4 and fluorine is 
quite satisfactory. 
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