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Thermal decomposition of nitrogen trifluoride in shock 
waves 

P. J. Evans* and E. Tschuikow-Roux 

Department of Chemistry, University of Calgary, Calgary, Alberta T2N 1 N4, Canada 
(Received 19 April 1976) 

The thermal decomposition of nitrogen trifluoride has been reinvestigated behind incident shock waves in 
dilute (1%) NF3/Ar mixtures over the temperature range 1150-1530 K and at 0.80-1.81 atm total 
pressures. The reaction kinetics were followed by monitoring NF2 radical concentrations in absorption at 
260 nm. In several experiments, the infrared emission at 5.17 ,... was also monitored. Under the 
experimental conditions used, the reversible dissociation NF3+M~NF2+F+M is known to be first order 
in both NF3 and Ar concentrations, and the low pressure limit second-order rate constant was found to be 
kl (cm3 mol-I S-I) = 10 16.61 ±O.13 Xexp[ -(48.0±0.8 kcal mol-I)! R T] using an approximate iterative procedure. 
A numerical solution of the differential rate equation yielded comparable results. The temperature 
dependence of the absorption coefficient for NF2 and the equilibrium constant were also determined. 

I. INTRODUCTION 

The thermal decomposition of nitrogen trifluoride 
has been reported in several previous studies. 1-3 Mac
Fadden and Tschuikow-Rouxl (MT-R) showed that for 
dilute (1%) NF3/ Ar mixtures in the temperature range 
1050-1400 K and 2.7-6.0 atm total pressure the prin
cipal reaction is the reversible dissociation NF3 +M 
<=' NF 2 + F + M. The reaction kinetics were fOllowed by 
monitoring the NF2 radical concentration in absorption 
behind incident shock waves, and it was shown that the 
rate was first order in NF3 and Ar concentrations. It 
was noted that the observed activation energy of 30.1 
kcalmol-I was much lower than the bond dissociation 
energy D(F2N-F) = 57 kcal mol-I, 4 an observation which 
could not be adequately correlated with theoretical mod
els. MT-R nevertheless concluded that their rate ex
pression provided an empirical relation for the rate of 
dissociation of NF3. 

The work by Schott et al. 2 dealt mainly with the ex
ploratory reaction kinetics of shock heated NF3/H2 and 
N2F4/H2 mixtures in argon, and no Arrhenius param
eters were reported for the thermal decomposition of 
pure NF3 in argon. However, a value of the second
order rate constant for NF3 decomposition at 1400 K 
and 0.7 atm total pressure was given by Schott et al. as 
k =4.75 x10B cm3 mol-I S-I, which compared within a 
factor of 2 with the value calculated from the Arrhenius 
expression of MT-R. 

More recently, Dorko et al. 3 studied the decomposi
tion of nitrogen trifluoride over a wide range of pres
sures (0.8-60 atm) and much higher temperature (1500-
2400 K) in the reflected shock region by monitoring the 
emission decay from the VI + V3 combination band of 
NF3 at 5.18!l. The reaction kinetics were analyzed in 
terms of the Lindemann mechanism of unimolecular 
reactions and the first-order rate constants when di
vided by total concentrations yielded the Arrhenius ex
pression k =1014

'7 exp[- (56. 3 kcalmorl)/RT] 
cm3 mol-I S-I. The proximity of the activation en-
ergy to the N-F dissociation energy in NF3 was cited by 
Dorko et al. in support of their data. This r.esult will 
be discussed further below, but it may be noted here 
that the Arrhenius expression over the entire pressure 

dependent domain is of doubtful utility. FurthermJre, 
the numerical values of the rate constants in the work 
of Dorko et al. are more than two orders of magnitude 
lower than those reported by other investigators. In 
view of these discrepancies it was felt appropriate to 
reinvestigate the shock tube decomposition of nitrogen 
trifluoride. The spectrophotometric method employed 
was similar to that used in the earlier study. I 

II. EXPERIMENTAL SECTION 

A detailed description of the aluminum shock tube 
(80 mm i. d.) has been reported previously. 5 In the 
present work, the lengths of the driver and driven sec
tions were 1.83 and 4.47 m, respectively. Aluminum 
diaphragms of 0.215 mm thickness were used in most 
experiments. 

Incident shock velocities were measured by means of 
three Kistler pressure transducers (Model 603 A) which 
were located 0.40, 0.60, and 0.80 m from the endplate. 
The signals from the transducers were fed to two uni
versal counters (Hewlett-Packard, Model 5325 A), 
which provided a direct measurement of the shock tran
sit times. 

The reaction kinetics were monitored by following the 
light absorption at 260 nm as a function of time. The 
absorption at this wavelength has been shown to be due 
to the NF2 radical. 6(a) All absorption measurements 
were made 38 mm :lownstream from the last pressure 
transducer. 

The spectrophotometric detection system consisted 
of a xenon arc lamp (Hanovia, Model 538 C-1), two 
quartz lenses to focus the light beam, two 1 mm slits 
at each window of the shock tube, a O. 35 m plane grat
ing monochromator (Heath, Model EU-700), and a 
photomultiplier module (Heath, Model EU-701-30). The 
latter unit was equipped with an RCA lP28A photomulti
plier tube. The photomultiplier output was passed 
through a preamplifier (Analog Devices, Model 46J) and 
displayed on an oscilloscope where it was recorded 
photographically. The effective time resolution of the 
above detection system was determined to be the transit 
time of the shock front across the 1 mm slits, which 
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was typically less than 1 J.1.S. 

In most experiments, the photomultiplier output was 
recorded on two oscilloscopes which had different time 
base settings. The oscilloscope with the faster sweep 
rate was used for the rate constant determination, 
while the one with the slower setting was used to de
termine the NF a absorption when the reaction had reached 
equilibrium. 

In several experiments, the progress of the reaction 
was also monitored by means of infrared emission si
multaneously with the ultraviolet absorption measure
ments. For these experiments, a liquid nitrogen cooled 
InSb detector (Texas Instruments) was used to monitor 
the emission. An interference filter centered at 5.17 J.1. 

with a 0.22 J.1. bandwidth was used to select the wave
length region of interest. 

Nitrogen trifluoride (Air Products) of 99.8% purity 
was used without further purification. A mass spectrum 
of this gas indicated trace impurities of Na and NaO. 
Argon (Canadian Liquid Air) of 99.995% purity was used 
as a diluent gas. Reaction mixtures of 1% NFa in argon 
were prepared in stainless steel tanks and allowed to 
mix prior to use. Mass spectrometric analysis of the 
reaction mixtures indicated the absence of major or un
expected impurities. Tetrafluorohydrazine (Air Prod
ucts) of 99.8% purity was used to prepare the 0.25% 
NaF4 in argon mixtures. 

Frozen and equilibrium conditions behind the incident 
shock wave were calculated from the shock velocity and 
initial test gas composition using a NASA computer pro
gram7 and JANAF thermochemical data. 8 

III. KINETIC ANALYSIS 

The method of data reduction used in this study is 
similar to that detailed previously, 1,5 and only a brief 
description is given here. The primary reaction under 
the conditions of the present study has been shown1, a to 
be the reversible reaction 

k1 

NFa +M"""'NFa +F +M. (Rl) 
k_1 

Schott et al. a have shown that the inclusion of the reac-
tions 

2F"'"'- Fa, 

NFz=NF+F, 

NF=N+F, 

(R2) 

(R3) 

(R4) 

in postshock equilibrium calculations resulted in NF2 
concentrations that were only slightly different from 
those calculated without these reactions. Similar equi
librium calculations performed in the course of this 
work confirmed this result. 

The rate expression for the decomposition of NFs via 
Reaction (Rl), is given by 

d[NFs] 
- dt =k1[NFa] [M] - k_1 [NF2] [F] [M], (1) 

p 

where the concentrations refer to the region behind the 
incident shock, [M] is the total gas concentration, and 
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FIG. 1. Plot of absorption coefficient E vs incident shock tem
perature T 2• 

tp is the particle time. Using the relations a = [NFa]! 
PadNFah, Kc =k1/k_1, and tp = P21t, where a is the frac
tion of NFa dissociated, P21 is the density ratio across 
the shock front, Kc is the equilibrium constant, t is the 
laboratory time, and the concentration subscript 1 
refers to the region ahead of the shock front, Eq. (1) 
can be written as 

da =k1~1 [M]l (1- a) -k1~1 [M]l [NFa]l aa/Kc • 
dt 

The integration of Eq. (2) yields1 

Int~~:~~l] =a~dMhk1t, (a<cp); 

where a = (1 +4/b)1/Z, b =Kc/ P21 [NF3h, IP = (a + 1) b/2, 
and,<p = (a -1) b/2. From the linear plots of In[(l 
+ aIP-1)/(1 - a<p-1)] vs t, the rate constant for the for
ward reaction, kl> can be calculated. 

IV. RESULTS AND DISCUSSION 

A. Absorption coefficient of N F 2 

(2) 

(3) 

The absorption coefficient of NF 2 in the temperature 
range 1140-1500 K was measured in a series of shock 
tube experiments on a 0.25% N2F4-99. 75% Ar mixture. 
In the above temperature range the N2F 4 is completely 
dissociated to NF 2, and the absorption coefficient of 
NF 2 was calculated by means of the relation 

(4) 

where 10 and 1 are the incident and transmitted light in
tensities respectively, E: is the absorption coefficient, 
and 1 is the path length of the absorbing medium. The 
results of these experiments are presented in Fig. 1 as 
a plot of E: vs temperature behind the incident shock, 
T 2 • The line shown in this figure is a least squares fit 
to the experimental points and over the temperature 
range can be represented by the equation 

E:(l mol-1 cm-1) = 1344.5 - O. 4659T2 • (5) 

In addition to the above shock tube experiments, two 
rOOm temperature measurements of the absorption 
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TABLE I. Absorption coefficients for NF2• 

Method of Temperature 
<Oiter mort cm-!) measurement range (K) Ref. 

1089 SpectrophotometriC 298 6 
N2F4/NF2 equilibrium 

537 Shock heated 358-701 9 
N2F4 -Ar mixtures 

276-317 Shock heated 554-738 ]0 

N2F4-Ar mixtures 

309 N2F4 in heated 293 11 
flow system 

603 Shock heated 800-1400 1 
N2F4-Ar mixtures 

~ 550 Shock heated 527 -1935 2 
N2 F4 -Ar mixtures 

1070 Spectrophotometric 298 This 
N2F4/NF2 equilibrium work 

1344.5-0.4659T Shock heated 1140-1500 This 
N 2 F 4 -Ar mixtures work 

spectrum of NFz in the NzF4=2NFz system6 were per
formed on a Cary 15 spectrometer equipped with a 10 
cm quartz gas cell. The total pressures of NzF 4 in 
these experiments were 121 and 400 Torr. By using 
Eq. (4) and calculating equilibrium NF2 concentrations 
from JANAF equilibrium constants, E values of 1057 
and 1082 I mol-1 cm -1 were obtained. These values com
pare favorably with the value of 12061 mol-1 cm- l cal
culated from Eq. (5) at 298 K (linear extrapolation). 
Thus the two independent determinations are in satis
factory agreement. 

The above room temperature results are also in good 
agreement with the first measured value of the NF2 ab
sorption coefficient by Johnson and Colburn. 6 These 
authors reduced their data by means of the decadic form 
of the Beer-Lambert law6 (b) 

(6) 

where K = E/2. 303 is the absorptivity. They obtained a 
value of K = 565 1 mol- l cm- l at 298 K based on an experi
mentally determined equilibrium constant for the reac
tion N2F4 = 2NF2. If the above absorptivity is recalcu
lated using the JANAF data, a value of 473 I mol- l cm- l 

is obtained. The absorptivity of 473 1 morl cm-l is 
equivalent to an absorption coefficient E: = 1089 I 
mor l cm- l

• Thus the room temperature results 
of the present study are in close agreement with the 
earlier results of Johnson and Colburn. 6 

Other published values of the NF2 absorption coef
ficient are listed in Table I. The values given in Refs. 
10 and 11 were determined by using broadband inter
ference filters as a means of wavelength selection. 
Since the use of such filters violates the conditions re
quired for the application of Beer's law, 12 the values 
from these sources cannot be compared di~ectly with 
the other values listed in Table I. Therefore, these 
two results will not be considered further. The results 
of Refs. 1,2, and 9, which are all of a similar magni-

tude, do not agree with those obtained in the present 
study or with the room temperature value of Johnson 
and COlburn6 ; the apparent agreement citedl ,2,9 with the 
value of the latter authors (K = 565 1 mol- l cm- l

) is fortu
itous in view of the difference in logarithmic base used. 

The difference between the E values reported by pre
vious investigators, 1,2,9 and those of the present work, 
is attributed to the higher NF2 concentrations used in 
the earlier studies, in as much as the variation of op
tical density with concentration becomes nonlinear, and 
hence the Beer-Lambert law is no longer applicable. 
The occurrence of this effect in the case of NF2 has 
been reported by Schott et al. (cf. Fig. 3, Ref. 9). 

B. Thermochemical data 

The equilibrium NF2 concentrations determined from 
the experimental data by using Eqs. (4) and (5) were 
significantly different from the values computed using 
the JANAF thermochemical data. 8 This fact suggests 
that errors may exist in the JANAF data for one or 
more of the speCies involved in Reaction (R1). 

If the equilibrium transmitted light intensities from 
the NF3 experiments are reduced with the use of Eqs. 
(4) and (5) to give NF2 concentrations, equilibrium 
constants Kc for Reaction (R1) can be calculated from the 
relations 

Kc = [NF2]eq [F]eq/[NF3].q, 

[NF2Jeq =[Fjeq = (EZ)-lln(Io/I), 

[NF3]eq = P21,eq[NFa]1 - [NF2]eq, 

(7) 

(8) 

(9) 

where the subscript eq denotes conditions at equilibrium 
and PZ1,eq is the corresponding density ratio across the 
shock front. The results of these calculations are pre
sented in Fig. 2, where logloKc is plotted against the 
inverse of the equilibrium temperature T 2, 8q' The 
least squares line through the data pOints is represented 
by the equation 

loglOKc =6.1096 -12951/Tz,eq' (10) 

Also plotted in Fig. 2 is the equilibrium constant for 
Reaction (H1) determined from the JANAF tables. 8 

Within the scatter of the experimental data, the two 
lines are parallel and the displacement corresponds to 
a Gibbs free energy difference of ~ 2.6 kcal mol- l 

• 

An examination of the JANAF tabulations8 for the 
species involved in Reaction (R1) revealed that the NF3 
and F atom data contains relatively small errors. How
ever, this was not the case with NF2, and the previously 
discussed differences are attributed to uncertainties 
associated with the thermochemical data of this species. 

In the following rate constant analysis, Eq. (10) was 
used to determine values of the equilibrium constant. 

C. Rate constant 

The procedure outlined in Sec. III for obtaining the 
second-order rate constant from the integrated rate ex
pression given by Eq. (3) is only exact for constant tem
perature and density conditions in the reaction zone 
(i. eo, frozen conditions). Since the latter criteria were 
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FIG. 2. Temperature dependence of the measured equilibrium 
constant Kc(mol r1) for the reaction NF3 o=NF2 + F. Upper line 
based on JANAF thermochemical data. 

not strictly satisfied in the present experiments, two 
methods were employed to reduce the data, both of which 
take into account the endothermicity of the reaction. 

Both methods require expressions which describe 
the variation of gas properties as the reaction pro
gresses. With the aid of the aforementioned computer 
program,7 it was possible to calculate density ratio and 

FIG. 3. Sample oscillogram of NF2 absorption at 260 nm for 
1%NF3-Ar mixture. The base line corresponding to zero trans
mission (top of graticule) is also shown. For this experiment, 
PI =60 torr, T1 =297 K, Ut =1070 ms-I and T 2;tz=1282 K. 

Vertical Scale = 1. 0 V div-1, horizontal scale = 20 J.I S div- t • 
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FIG. 4. Plot of In[(l. + 0i1jJ-1)/(1 _Oi¢-I)] vs apl1[Mht for the ex
perimental profile presented in Fig. 3. 

temperature changes as a function of the degree of dis
sociation a. For the 1% NF3 in argon mixture, the 
least squares expressions for theS'e changes were found 
to be 

- AT2 =0. 5560 +95. 57a -1. 905a2 (11) 

and 
AP21 =0.003389 +0. 3900a -0.092250:2, (12) 

where - AT 2 is the temperature decrease and Ap21 is 
the density increase corresponding to the degree of dis
sociation a. The temperature and density ratio in the 
reaction zone are now determined by means of the re
lations 

(13) 

(14) 

where T2,fZ and P21,fz are the frozen values of the tem
perature and density ratio, respectively, and T2 and P21 
are the instantaneous values. Since the NF2 absorption 
profiles yield values of a as a function of time, Eqs. 
(11)-(14) also express the time dependence of the tem
perature and density ratio. 

Initially, the experimental absorption profiles were 
reduced by an approximate iterative procedure based 
on Eq. (3). By using Eqs. (4), (5), and (10)-(14), val
ues of a, b, l/!-l, cp-l, and P21 in Eq. (3) were evaluated 
at each measured point of the experimental profiles. 
By this means, the left and right hand sides of Eq. (3) 
were evaluated at each point and plots of In[(l + al/!-l)/ 
(1 - acp-l)] vs apMMht were constructed. 

A typical oscilloscope record of the NF2 radical ab
sorption and the base line corresponding to zero trans
mission is shown in Fig. 3 and a plot of Eq. (3) for this 
experiment is presented in Fig. 4. The slope of the 
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TABLE TI. Rate constant results. 

[M]! x lOG T 2,fZ Tm k! X 10-7 

wt (molcm-:l ) (K) (K) (cm3 mol-! s-l) 

3.17 4.23 1149 1144 3.1.1 
3.18 4.25 1.156 1151 3.22 
3.21 4.07 1168 1162 3.91 
3.24 3.97 1191 1184 3.78 
3.28 3.87 1204 1196 7.45 
3.30 3.71 1217 1209 9.28 
3.33 3.55 1235 1226 10.8 
3.31 3.63 1240 1230 10.5 
3.36 5.44 1255 1246 16.4 
3.37 3.28 1255 1244 18.3 
3.37 3.26 1271 1259 18.7 
3.40 3.28 1272 1260 20.1 
3.38 3.26 1277 1265 20.3 
3.37 3.24 1282 1269 20.4 
3.45 3.01 1303 1289 32.1 
3.44 3.00 1309 1295 38.3 
3.51 2.78 1341 1324 55.4 
3.50 2.71 1349 1332 51. 7 
3.53 2.73 1356 1338 53.8 
3.62 2.45 1423 1402 133 
3.66 2.18 1439 1418 174 
3.66 2.28 1444 1423 183 
3.69 2.18 1462 1440 189 
3.72 2.08 1478 1456 272 
3.78 1. 91 1518 1495 385 
3.79 1. 96 1528 1505 415 

alncident shock Mach number. 

plot in Fig. 4 yields directly the second-order rate con
stant kl for Reaction (R1). 

The results of this analysis are listed in Table II and 
the temperature dependence of the rate constants is 
shown in Fig. 5. The temperature T m used in Fig. 5 is 
the mean of the frozen shock temperature (correspond
ing to zero reaction at t =0) and the temperature at the 
final point (e. g., Fig. 4) used in the determination of 
the rate constant. It is felt that this mean temperature 
is a more meaningful parameter than the frozen tem
perature because it accounts for the temperature varia
tion due to the reaction. 

A least squ~es fit to the data of Fig. 5 gives the 
Arrhenius equation 

k l (cm3 mOriS-I) 

= 1016•61±O.13 exp[ (- 48. 0 ± 0.8 kcal mol-1 )/RT], (15) 

where the error limUs are standard errors.. The 95% 
confidence limits for 10glOA (cmS mol-1 S-l) and Ea are 
± O. 27 and ± 1. 6 kcal mol-1, respectively. 

Two main criticisms may be directed at the above 
method. Firstly, the point by pOint adjustment for the 
temperature and density variations in the reaction zone 
is not consistent with the assumptions made in obtain
ing the integrated rate equation, Eq. (3), and may in
troduce an undetermined bias into the rate constant re
sults. Secondly, the above method neglects the tem
perature dependence of the rate constant during the 
course of the endothermic reaction. However, as shown 
below, the use of these approximations is not serious in 

the case of high dilution. 

In order to determine the effect of these approxima
tions on the rate constants, a second method of data re
duction was used. A computer program was written to 
calculate, by a least squares method, the Arrhenius 
parameters A and Ea which best fitted the experimental 
data. By this method, it was possible to explicitly ac
count for the temperature variation of the rate constants 
throughout the reaction zone. The differential rate ex
preSSion, Eq. (2), and Eqs. (4), (5), and (10)-(14) 
formed the basis of this program, together with the sub
routine ZXSSQ (International Mathematical and Statisti
cal Libraries, IMSL Library 3, 5th ed., 1975), which 
determined the minimum of the sum of squares. Input 
data consisted of the experimental conditions for each 
run (T2,fz, P21,fzo [Mh, [NFsll' and 10 ) and the trans
mitted light intensity versus time data. The Arrhenius 
parameters which best fitted the experimental data were 
found to be 10gloA (emS mol-l sol) == 16. 79 and Ea == 49.1 
kcal mol-1 • 

A comparison of these Arrhenius parameters with 
those of Eq. (15) shows that the two methods of deter
mining the rate constant yield comparable results. The 
experimental activation energies agree to within the ex
perimental error, which justifies the approximate itera
tive method. 

D. Comparison of rate constants 

A summary of existing rate constant data for the dis
sociation of NF3 is presented in Table III. For compari
son purposes, the rate constants at 1100 and 1400 K are 
also shown. 

Apart from the results of Dorko et aZ. 3 the rate con-

10.0 

~ 

'u 

'" 9.0 I/l 

"';" 

'" "0 
E 

,., 
E 
u 
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.>t! 

52 8.0 
<!) 

0 
....J 

7.0L-___ .L-.-__ ....l ___ ..L. ___ l..... __ --'-' 

70 

10
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KI Tm 

FIG. 5. Temperature dependence of the low pressure second
order rate constants k j for the dissociation of 1% NFa in argon. 
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TABLE III. Comparison of rate constants for dissociation of 

NF3• 

logi.,A(cm3 mari S·i) E.(kcai mal· i) 

J3.10±0.02 30.1 U.3 

a a 
14.7b 56.3b 

12.84' 38.6' 
15.36 40.7 
IS.6PO.13 48.0±0.8 
16.79 49. I 

1100 K 

1.32x]07 

a 
3.26 x 103 

1.48 x l0" 
I. 89 x 107 

1.18 x 107 

1.08 X ]07 

1400 K 

2.52 X 10 8 

4. 75x 108 

8.14x10" 
6.51xIOh 

1.02xl0' 
1.30xl0' 
1.33x10' 

Ref. 

3 
d 
This work& 
This work! 

aReference 2 gives only one numerical value of the rate constant 
at 1400 K. 

bArrhenius parameters for k2nd o_r obtained for representative 
data over the pressure range 0.8-60 atm. Notation is that 
used in Ref. 3. 

"Estimated low pressure limit second-order rate constant k •• 
dUnpublished work of Breshears, Bird, and Schott cited inRef. 3. 

'Iterative method. 
fNumerical integration method. 

stants at 1000 and 1400 K are in reasonable agreement. 
At 1100 K, the rate constants from MT-R'Sl work and 
the present study are in good agreement. However at 
1400 K, agreement between the two studies is relatively 
poor, and this is now attributed to an insufficiently fast 
detection system risetime. The effects of this deficiency 
become more pronounced in the rate constant measure
ments at higher temperatures. 

The results of the present study and the unpublished 
work of Breshears, Bird, and Schott are in good agree
ment. However, a detailed comparison is not possible 
at the present time. 

The rate constant data of Dorko et al. 3 differs sig
nificantly from the other data in Table m. The Arrhe
nius parameters for their ka•d or<lor (third entry, Table m) 
have no significance, since the rate constant data span 
the entire falloff region (see Fig. 2, Ref. 3), and in the 
general pressure regime both kUDI and kane! or_ = kual/[M] 
are functions of both temperature and pressure. The 
proximity of the value of the activation energy to 
D(FaN-F) must therefore be conSidered fortuitous and 
needs no further elaboration. From a series of plots of 
1/kUDI vs 1/ P at approximately the same temperature, 
Dorko et al. also obtained the low pressure limiting rate 
constant ka (fourth entry, Table m), and by extrapola
tion to infinite pressure, the high pressure unimolecular 
rate constant, k~DI' Withinihe framework of the simple 
Lindemann model this approach is legitimate, though for 
diagnostic purposes a plot of kunl vs 1/ P, 13 or in the 
case of k~DI an empirical plot of kunl vsp-1 fa 14 would 
have been more appropriate. Moreover the scatter in 
the data (Fig. 4, Ref. 3) is such as to render the ex
trapolation of the limiting slope practically insignificant 
and is one possible reason for the very low preexponen
tial factors for the limiting values of the rate constants 
k" and k:nl = 1011 •3 exp(- 56 500/RT)s-1. Such a low pre
exponential factor would require a large negative entropy 
of activation (~S· =-12.6 e.u.), whereas a negative ~S* 
for a simple bond fission reaction in the gas phase 
is physically impossible. It may be noted that the 
lowest theoretical A factor corresponding to an un
realistic tight activated complex for which ~sf = 0 is 

given by A= (ekT/h)exp(~Sf /R)= 1014• 05 S·1 at 2000 K 
which is some three orders of magnitude higher than the 
reported value. 3 

Since these differences appeared to be too large to be 
attributed solely to experimental errors, and in view of 
the fact that in 'the temperature range of the study of 
Dorko et al. the product NFa radical is known to disso
ciate to NF + F, 15 an alternative explanation was sought. 
In several experiments in the temperature range 1650-
1800 K, the ultraviolet absorption at 260 nm and infra
red emission at 5. 17 J.l. were monitored simultaneously. 
The results of one such experiment are presented in 
Fig. 6. It can be seen from this result that the two 
records vary in a similar manner throughout the relaxa
tion zone. This indicates that the same species may be 
responsible for both the absorption and emission. Since 
the former is known to be due to the NF 2 radical, the in
frared emiSSion may result from a 2V3 transition of NFa, 
which lies in the wavelength region monitored by both 
Dorko et al. 3 and in the present work. However, the 
above assignment, which is based on the observed V3 

band of NFa, 16.17 must be considered tentative because 
no observations of the overtone band of NF2 appear to 
have been reported. 

The above explanation of the ir emission signal is 
also consistent with the induction period observed by 
Dorko et al. in the temperature range 1500-1800 K. 
Since at lower temperatures the dissociation of NF2 is 
slower, it is reasonable to expect a maximum to occur in 
the ir emission profile similar to that described in Ref. 3. 

E. Comparison with theory 

It is instructive to compare the experimental value 
of the activation energy with theoretical prediction. 
From the definition 

dIn kp _ O( ) 
- d(l/RT) -E a theor (16) 

where kp is the RRKM theory. 18 low pressure second-or-

FIG. 6. Oscillogram of NF2 absorption at 260 nm (lower trace) 
and infrared emiss ion at 5. 17 J1. (upper trace); PI = 40 torr, T I 
=294 K, ul =1290 m s-1 and T2>fz=1720 K. Writing speed 20 
J1.s div. -I. 
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TABLE IV. Input parameters and energy contributions to the 
activation energy, E~(theor). 

Molecular parameters 

Eo, kcal mort (al 

wI' cm-! (b) 

E z , Iecal mort 
s 
f3 (c) 

a
NF2

, cm3 (d) 

a F , cm3 

AL , erg cm6 (e) 

R e , cm 

57 ±2 
493(2), 647 
908(2), 1032 

6.40 
6 
0.90lI 
1. 87 x10-24 

0.47 X 10-24 

38.62 x 10-60 

1.37! X 10-R 

Temperature dependent quantities at 1300 K 

a(!) 

« R(5 », cmZ(g) 
p(g) 

W(g) 

(s -l)/yRT, Iecal morHg) 

-Eo,rob kcal morHh) 
- ( En .•. ), kcal mol-HI> 
« L:ili 2 ))112, Iecal morHj) 

aEo""D'O (NFz-F). 

0.9836 
10.224 x 10-16 

4.439 
24.50! 
0.592 

1. 23 
2.20 
0.63 6 

bVibrational frequencies for NF3 molecule. 

Ref. 

26 
27 

22 

29 
25 
27 

22 

CFrequency dispersion parameter, f3 = (s -1) L: wl/ (L:w,)2. 
dPolarizability of NFz estimated from atomic polarizabilities 
for F and N atoms, Ref. 28. 

• Attraction constant for a London dispersion force, AL = [(3elf/ 
2m!/2)a! 0'21/ [(a !/N!)1/2 + (a2/N2)1I21, where me is the elec
tronic mass, subscripts 1 and 2 refer to F atom and NF2 radi
cal, and N is taken as the sum of outer shell electrons. 

!Quantum correction factor to the zero point energy, a = 1 
- f3 exp{ - 2.419[ (Eo + C:.EJ +Et)/ E.1 1/4 }, where AEj = - pRTl/2, 
Et=RT, and l=2. 

gSee text for definition. 
bCalculated from Eq. (20). 
ICalculated from Eq. (24). 
j Calculated, see text. 

der rate constant with more recent refinements, 19-24 we 
obtain the theoretical Arrhenius activation energy 

• 
E~(theor) =Eo+ tRT+ (s -1}y RT -RT"L: (IfJ- H8)/RT 

j'1 
+Eo,rot+<En ••• > • (17) 

In Eq. (17), Eo is the critical energy, s is the total num
ber of vibrational degrees of freedom, 'f,(Jtl-lflo}/RT de
notes the corresponding harmonic oscillator functions, 
Eo,rot is the rotational contribution to the activation en
ergy from the centrifugal correction,19 (E .... .> is the 
possible contribution at low pressures from the non
equilibrium weak collision correction, 20,21 and y reflects 
contributions from higher order terms in the rate con
stant, 5 

y=w- 1+(n-2)W-2+(n2 -6n+6)W-S+'" , (1S) 

W= (Eo+a Ez)/RT , (19) 

where n=S -1; E.(=t'f,hcw.) is the zero point energy 
and a is a quantum correction factor. 22,23 

The centrifugal contribution to the Arrhenius activa
tion energy has been derived by Waage and Rabinovitch19 

as 

Eo,rot = - npRT/(W +np) 

p=(It /I)-l 

(20) 

(21) 

where f II is the ratio of the principal moments of in
ertia for adiabatic rotations for activated complex and 
molecule. An alternate approximation for Eo,rot due to 
Hay and Belfordz4 gives E o,rot=-npRTWI(W+1)Z",-npRTI 
(W + 1). If molecule and complex are treated as a quasi
diatomic speCies, f 11= «R~»/R!. where R. is the 
equilibrium internuclear distance in the molecule (i. e. , 
the NFz-F bond length) and «R~» is the corresponding 
apparent square of the distance19

(b) in the complex. For 
a London dispersion force between two particles19

(b) 

«R~» = 1. 354(2AdkT)1/3 (22) 

where AL can be evaluatedZ5 from polarizability data. 

Troe and WagnerZO,21 have shown that for an exponen
tial model of collisional transition probability the rate 
expression contains a collision efficiency factor P t.E2 

= (1 + RT/ O!E)"Z, which corrects for nonequilibrium effects 
and departures from the strong colliSion assumption, 
where O!~= (A~)/2 and (AE2) is the mean squared en
ergy transferred per collision. It has been further 
shownzo,z1 that (A~)I 12 ex: T1 12, hence we obtain a con
tribution to the Arrhenius activation energy 

(23) 

The necessary input data and the contributions to the 
activation energy are collected in Table IV. The ac
tivation energy in kcal mor l evaluated from Eq. (17) 
at 1300 K is 

E;(theor) = 50.2 + (En.e) , (24) 

using the Waage and Rabinovitch19 formulation for the 
centrifugal contribution. The expresssion for Eo, rot of 
Hay and Belford leads to E:(theor) = 49. 3 + (En •• .>, and 
both formulations lead to gratifying agreement with the 
observed activation energy of 4S. 0 ± 0.8 kcal mor1, 
since (En •• .> provides a negative contribution, Eq. (23). 

From Eq. (23) we note that for «t.E2»1/2»RT, 
(En •• .> = - f2 (R T)2 /«AF) )I/Z, which corresponds to the 
strong collision limit. For (t.E2)I/Z«RT, we obtain 
in the "weak collision limit" (En .• .>=-RT, which is a 
maximum negative contribution to the activation ener
gy (- 2. 6 kcal at 1300 K). An estimate for (t.E2)11 Z 
can be obtained from Eq. (2~) by equating E: (theor) 
=E:(obs)=4S.0±0.S kcalmol- l

• We thus obtain 
(AF)I/2=0.64 kcalmor 1=0.245 RT at 1300 K, a most 
reasonable value. 

The observed preexponential factor for NF3 decom
position of logA cm3 mol- l S-1 = 16.61 is in line with other 
high temperature studies of four and five atom mole
cules such as NH3 [10gA(cm:3mor1s-1)=16.39],20 
(CN)z(16.60)/0 N02CI (16. 46),20 H20 2 (16. 67),20 and 
CH4 (17. 3). 30 
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The decomposition of 0.25%, 0.50%, and 1.00% NF3 in argon was studied in a reflected shock wave. In 
these dilute mixtures the unimolecular decomposition pathway can be studied independently of other modes 
of decomposition. The temperature range of the study was l500-2400 oK and the total pressure range 
was 0.8-60 atm. The total gas concentration behind the reflected shock ranged from 5X to-6 to 3.6X to-4 

mollcc. Kinetic measurements were made by following the decay of emission of the V3+V[ combination 
band of NF 3 at 5.18 ).1,. The unimolecular rate constants of the Lindemann mechanism were obtained from 
the emission decay data and were converted to second order rate constants by dividing by the total gas 
concentration. The Arrhenius parameters calculated by a least squares analysis of the second order rate 
constants are given as k = to[4.7 exp( - 56 3001 R n cc/mol sec. The activation energy for the reaction is very 
close to the first N-F bond energy of 57 kcallmol. Calculations using the Slater integral were in good 
agreement with experimental results. The results suggest that under the reported conditions vibrational 
equilibrium is not maintained during reaction. 

INTRODUCTION 

In a continuing effort to separate the unimolecular de
compositions of molecules from the other pathways for 
decomposition which they often exhibit a study was con
ducted on dilute mixtures of nitrogen trifluoride (NFs) in 
argon. A shock tube was used to cause the decomposi
tion to occur and the observance of the decay of intensity 
of the infrared emission from NFs was used to deter
mine the kinetics of the decomposition. This technique 
has been used previously to study similar decomposi
tions. 1•2 

A recent study of the shock induced decomposition of 
NF3 s has been reported by MacFadden and Tschuikow
Roux (MT-R). They performed an analysis on the as
sumed equilibrium 

(1) 

They were able to establish an approximate first order 
dependence of the decomposition on argon. They also 
reported an Arrhenius expression for k M• Their expres
sion is puzzling, however, because the activation energy 
(30.1±2.3 kcal/mol) is lower (for their experimental 
conditions) by a factor of about 10RT than the bond ener
gy reported by Kennedy and Colburn4 for the first NF 
bond (57.1 ± 2.5 kcal/mol). 

The present report details the analysis of this system 
assuming a unimolecular decomposition according to 
the Lindemann mechanism. 5 

EXPERIMENTAL SECTION 

The stainless steel shock tube employed has been de
scribed elsewhere. 1 The test gas m-ixt~res ranged from 

0.25% to 1% NF3 (97.5%) in argon (99.999%). The gas 
mixtures were prepared in stainless steel containers. 
Kinetic measurements were made for the reaction oc
curring behind the reflected shock by means of infrared 
emission measurements. 1 For this purpose CaF2 win
dows were placed in the flat wall of the shock tube 12 
mm from the end flange of the driven section. Shock 
parameters were calculated for the specific gas mix
tures from the initial shock velocity assuming frozen 
chemistry. Heat capacities for NF 3 were obtained from 
the JANAF tables. 6 The total gas concentration behind 
the reflected shock ranged from 5 X 10-6 to 3.6 X 10-4 mol! 
cc. The temperature range was 1500-2400 OK and the 
total pressure range was 0.8-60 atm. A total of five 
hundred shocks were used in the analysis. 

The emission from the shock tube was focused by 
means of a CaF2 lens system onto an infrared detector. 
A filter was placed in the beam prior to its entry into 
the detector. An interference filter transmitting at 
5.25 fJ. (half-bandpass width of 0.7 fJ.) was used in con
junction with an indium antimonide detector (Barnes 
Engineering) cooled with liquid nitrogen. Nitrogen tri
fluoride has a combination band (vs + VI) at 5. 18 fJ.. 7 

Neither the NF2 nor N2F4 exhibit any absorption bands 
in this region of the spectrum. 8 This band was used for 
the kinetic studies. The signal from the IR detector 
was fed through an impedance matched preamplifier 
(Perry Associates) into an oscilloscope (Tetronix model 
555), which was triggered by the heat gauge at the last 
velocity station. A time mark generator was used to 
determine time on the oscillogram. The curves obtained 
on the oscilloscope traces exhibited the expected decay 
at temperatures above 1800 OK. Below this temperature 
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an induction period was observed. The induction period 
is characterized by a maximum in the emission curve. 
This portion of the curve is followed by the exponential 
decay portion, which is expected for simple, unimolec
ular reactions. The induction period ranged from a few 
f.lsec up to about 30-40 f.lsec. This phenomenon has 
been observed previously for other systems. 9,10 

The oscillograms were reduced by plotting the loga
rithm of the intensity versus time. These plots pro
duced straight line portions for the first 15%-25% of the 
curve for the total observation time after the induction 
period. Rate constants were calculated from the slopes 
of the straight line portions. These constants were 
designated kuni' Total and NF3 gas concentrations were 
calculated at reflected shock conditions under the as
sumption that the gases were ideal. 

RESULTS AND DISCUSSION 

The Lindemann mechanism for the system under 
study is 

NF3+M~NFr+M, 

NFr~NF2+ F. 

The rate expression for the decomposition of NF3 as
suming this mechanism is 

- d[NF3 ] _ kgke[M] [NF3] 

dt - kAM] + ke 

(2) 

(3) 

(4) 

where k., kd , and ke are the rate constants for activa
tion, deactivation, and decomposition, respectively, 
and [M] and [NF3] represent total and nitrogen trifluo
ride concentrations, respectively, in mol/cc. 

In order to establish the validity of this analysis for 
the data obtained in the present case it must first be 
shown that at a given constant [M] a plot of log[NF3] 
versus time produces a straight line. This was shown 
to be true for the first 15%-25% of reaction for all of 
the data reduced. After this initial reaction period, 
most likely the reverse reaction begins to playa signi
ficant role in the reaction scheme; and also the interac
tion of NF3 with reaction products may become impor
tant. 3 In any event the log plots begin to deviate from a 
single, straight line. In addition to this first consider
ation, in order to preclude the interference of a reac
tion for decomposition which is bimolecular in NF3 it 
must be shown that there is no dependence of kUni on the 
NF3 concentration. Figure 1 shows an Arrhenius plot 
of data of kuni ' The upper line represents the best 
straight line fit of data obtained under conditions of con
stant [M] with a variation in [NF3] of a factor of 4. The 
data show that kUni is not dependent on [NF3]. 

In contrast to this result, the concentration depen
dence of kunl on [M] can be seen by a comparison of the 
two lines. The ratio of total gas concentrations for the 
data is 6. 8. The best straight line fits of the two data 
sets produced the result that the data points are sepa
rated by a factor of 5. 5. From a comparison of these 
two numbers the decomposition rate is shown to have a 

power dependence on [M] of 0.84. This result is simi
lar to that found by MT-R. 3 For the conditions of their 
experiment they obtained a total gas concentration de
pendence of 0.93. 

The slight discrepancy between the two numbers is 
not surprising since conditions are different. MT-R 
reported experiments in a lower pressure regime (2.7-
6.0 atm), 3 in which the reaction is closer to the bimo
lecular region. In the present experiments the smaller 
concentration dependence [M] indicates that the reaction 
is being observed closer to the high pressure (first
order) region. From these results, then, it is clear 
that within the scatter band of the shock tube analysis 
the rate is independent of [NF3] and dependent on [M]. 

It is to be noted, however, that the analysis assuming 
the Lindemann mechanism can only be approximate in 
the present case. Since at the lower temperatures an 
induction period was observed on the oscilloscope trace, 
it is known that the reaction proceeds by a mechanism 
more complex than that postulated for the simple mech
anism. The nature of the induction period is not yet 
completely clear. However, there is evidence to sug
gest that a low lying vibrational state of the molecule 
can serve as an intermediate in unimolecular shock 
tube reactions. 1,10 Since in the present case the induc
tion period was only detectable at the lower tempera
tures, and even then, for a relatively short period of 
the reaction time, it is felt that such a simple analysis 
is justified. 

The rate constants were converted into second order 
rate constants (k2ndorder) by dividing each by [M]. Rep
resentative results are displayed in Fig. 2. The Ar
rhenius parameters calculated by a least squares analy
sis of the data are 

5.5+----+---1-----+-----+---+ 

5.0 

(!) 

9 4.0 

3.5 

4.5 5.0 5.5 6.0 6.5 
104/ TOK 

FIG. 1. A plot of logkunl vs l/ToK. The upper line repre
sents the best straight line fit of data taken at a total gas con
centration of 19x 10-6 mol/cc (± 10%) for 0.25% NF3 (0), 
0.50% NFs (0) and 1.00% NFs (~l. The lower line represents 
the best straight line fit of data taken at a total gas concentra
tion of 130x 10-6 mol/cc (±10%) for 0.25% NFs (_) and for 1.00% 
NFs (e), The separation between lines is 0.74 log units. This 
separation corresponds to an argon power dependence of 0.84. 
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FIG. 2. An Arrhenius plot of representative data for k2ndordor 
for the pressure range 0.8-60 atm. (The units of the rate 
constant are ccl mol, sec.) 

k2nd order = 1014• 7 e-563001RT cc/mol' sec. (5) 

The activation energy is encouragingly close to the bond 
energy of the first NF bond4 and the frequency factor is 
within the expected range for a bimolecular reaction. 11 

These results are, however, substantially different 
from those reported by MT-R.3 In order to test for the 
reasonableness of the present results using the assump
tion of the Lindemann mechanism a further treatment of 
the data was performed in order to determine the rate 
constants in the high and low pressure regions. 

The data were analyzed in two different ways. Initially 
a series of plots of logkunl vs logp12 were prepared for 
selected shock results obtained at the same temperature. 
Figure 3 shows a typical plot. The data are clearly in 
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FIG. 3. A plot of logkual vs 10gPs obtained at 2000 ± 20 oK. 
The straight line portion of the curve is the best straight line 
fit of the data with slope unity. The bend in the curve occurs 
near 10 atm. 
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FIG. 4. A plot of 11klDli vs liPs obtained at 2000 ± 20 oK. 

the fall.-off region. At the lower pressures a straight 
line of slope unity provides an approximate fit of the 
data. This result is consistent with the Lindemann 
mechanism. 12 At pressures near 10 atm, kunl becomes 
less dependent on pressure and the increasing slope of 
the curve becomes very _evident. However, the kunl has 
not become independent of pressure even at the maxi
mum pressure of the study which was 60 atm. This re
sult is as expected for a molecule with 4 or 5 oscilla
tors. 12 

Since the experiments were performed in the fall-off 
region a quantitative analysis of the data was made on a 
series of plots of l/kunl vs 1/ p12 for selected shock re
sults obtained at the same temperature. Representative 
results are shown in Fig. 4. The straight line was drawn 
in such a way as to give the best fit through the points 
in the high pressure region (i. e., at the limit of the data 
pOints). In this way the line corresponds to the line of 
limiting slope. 12 This procedure allows a determination 
of k. and of kunl (equivalent to k.k/kd ). The pro-

0'=00) 
cedure seems to be valid only when applied to the fall-
off region. From the limiting slope of the line through 
the data pOints at high pressure k. can be estimated, and 
from the intercept of the line it is possible to estimate 
kUnl(F=oo)' Equations (6) and (7) give the Arrhenius pa
rameters which were determined by reducing the results 
of a series of such plots. 

k. = 1012. 64 e-36 600lRT cc/mol . sec, 

k = 1011• 3 e-56 500lRT sec-1 
uni(p=IIO) 

(6) 

(7) 

These results must be taken to be reasonable estimates 
of the high and low pressure rate constants since the 
exact analytical function to correlate the data could not 
be determined. It is to be noted, however, that the high 
pressure activation energy is very close to the bond 
strength of the initial NF bond. 4 Also the decrease in 
activation energy from the high to the low pressure 
value (17.9 kcal/mole) corresponds to a decrease of 
about 4RT in the temperature range under consideration. 
This decrease is as expected from the simple Hinshel
wood-Lindemann theory [Eoo - Eo = (S_1)RT).12 
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The frequency factors in both cases are somewhat 
lower than expected for the corresponding uni- or bimo
lecular values. Since in the Lindemann mechanism the 
high pressure rate constant is a composite of three rate 
constants this result is not disturbing. However, for 
the low pressure results it is felt that the value is some
what low. 

A comparison of present results with previous results 
is instructive. Two determinations of the low pressure 
rate constants have been made. MT-R3 obtained the 
Arrhenius expression 

k = 1013.1 e-30 1001 RT cc/mol . sec. (8) 

As previously noted the activation energy seems too low 
even if allowance is made for the inadequacy of the sim
ple Lindemann mechanism in predicting the difference 
between high and low pressure activation energies. 
Since their lowest pressure was 2.7 atm, most likely 
they were not entirely in the low pressure regime. In
deed the dependence on [M], reported as 0.93, indicates 
that this was the case. 

In a more recent study Breshears, Bird, and Schott13 

obtained an expression for the low pressure Arrhenius 
equation which is shown as 

k = 2.31 X 1015 e-40 700lRT cc/mol . sec. (9) 

This equation was determined over the temperature 
range 1300-2200 OK for a pressure range of 0.1-0.5 
atm. The difference between high and low pressure ac
tivation energies corresponds to about 4RT. This dif
ference is in good agreement with the simple theory. 
The present results correspond to this value of the low 
pressure activation energy within experimental error. 
However, it must be noted that there is a significant dif
ference between the frequency factors in the two cases. 

NUMERICAL ANALYSIS 

In order to further test the reasonableness of the val
ues obtained under the assumption of a unimolecular de
composition, calculations of the rate constants were at
tempted by the use of the Kasselu integral (the classical 
RRK approach), 12 the Slater integral, a and by a mOdi
fied RRKM approach. 12 

The Kassel integral proved to be quite inadequate for 
the task of calculating reasonable rate constants since 
it underestimated the experimental constants by several 
orders of magnitude. This observation has been made 
previously in connection with other unimolecular decom
positions. 15 In addition, the shape of the calculated 
curve was so significantly different from the experimen
tal curve that it precluded the use of a parametriC ap
proach toward convergence. 

A modified RRKM approach was used in order to over
come somewhat the limitations of the Kassel method. 
The approach taken is similar to the method developed 
by Bunker. 12.16.17 The three terms which must be evalu
ated are the collisional frequency w, the rate constant 
for decomposition kE' and the probability that a mole
cule will have sufficient energy to react P{E) dE. 

Collisional frequency was calculated as a product of 

the collision number Z (obtained by kinetic gas theory 
with no repulsive potential) and the reacting gas concen
tration [M]. The collision is assumed between NF3 and 
argon. The cross sectional diameter for collision was 
taken to be 3.1 A. The expression for Z is 

Z = 5. 233x 1012 Tl/2 cc/mol· sec. (10) 

The expression utilized for kE is 

kE= (&) ( ~!/i ) (E-Ec+E~';l). 
Qr II j Vj+ E+Ez 

(11) 

If it is assumed that the rotational levels do not change 
during the activation process then the ratio of partition 
functions (Qr+/Qr) becomes the ratio of the square roots 
of the products of the moments of inertia. The molecu
lar dimensions for the ground state molecule were ob
tained from a report by Schomaker and Lu. 18 It was as
sumed that the reacting NF bond length had increased 
in the transition state from 1. 37 to 1. 67 A. Based on 
this assumption the ratio of the rotational partition 
functions was calculated to be 1. 29. 

In order to determine the ratio of vibrational funda
mentals the data of Popplewell, Masri, and Thompson19 

on the vibrational fundamentals of NF3 were used for the 
ground state. It was assumed that the vibration due to 
the NF stretch (Vt) becomes the reaction coordinate. It 
was further assumed that in the transition state the de
generacy of V3 and V4 is destroyed and that the two de
generate vibrations are split by 200 cm-t . The funda
mental V2 remains unchanged. It is felt that these as
sumptions provide a reasonable estimate of the desired 
ratio. The final result for the ratio of vibrational funda· 
mentals is 3.266 X lOt3 sec-to Tl\e ground state energies 
E z+ and E z were calculated to be 4929 and 6403 cal/mOl, 
respectively. Ee was taken to be 57 kcal/mol, the value 
accepted for the bond strength of the first NF bond. 4 On 
multiplying together the ratios for rotation and vibra
tion and designating the product as D, a value for D of 
4.213 x 1013 sec-1 was obtained. The expression used 
for the energy probability is the usual one developed by 
RRK for a classical modeI12.16.17 and will not be re
peated here. 

The final nondimensionalized equation is shown by 

",X S-1e-X(X- b+C)S_ldX 
k D ( X+e 

un! (S-l)1 Jb l+~(X-b+C)S-l' (12) 
Z[M] X+ e 

where X=E/RT, b=EclRT, C=Ez+/RT, and e=Ez/RT. 
The value of [M] was calculated as (0.01) P/RT. The 
factor 0.01 was included in order to correct for the fact 
that only about 1% of the actual collisions which occur 
are between NF 3 and argon. 

Equation (15) was solved by means of a numerical in
tegration using program KUNI written for a CDC 6600 
computer.20 A plot of logkuni vs 10gP at 2000 OK based 
on the results of these calculations is presented as part 
of Fig. 5. A parametric approach was used in order to 
produce the best fit of the calculated curve to the data. 
The value of s was varied from 6 (the value required by 
the RRKM approach) to 2. The closest fit occurred 
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FIG. 5. Dependence of rate constant on pressure. Curve A 
is a plot of calculations based on the RRKM approach. Curve 
B is a plot of calculations based on the Slater integral. The 
pOints (0) are for the data taken at 2000 ± 20 oK. 

when s was taken as 4. This is the curve shown in Fig. 
5. The shape of the curve, however, was not appre
ciably altered by this procedure. On comparison of the 
calculated results with the experimental points, it is 
immediately evident that while the calculated rate con
stants are of the right. order of magnitude and give a 
reasonable estimate of the experimental rate constants 
at lower pressures, the calculated curve does not cor
rectly reproduce the lessened pressure dependence of 
the experimental data points at higher pressure. 

The final approach taken utilized the Slater integral14•
21 

in order to calculate the theoretical rate constant curve. 
The nondimensionalized equation used is 14 

k 1 i'" Xlf2(n - 1) e-x dX 
k", '" r[(n+ 1)/2] 0 1 + (x(lJ2J(n-i>!o) , 

(13) 

where X", (E - Eo)/RT and n '" the number of nongenerate 
vibrational modes in the molecule (taken to be 4 for NF3). 

A simplified, though reasonable, estimate of 0 was 
taken as 

e '" 10Z[M] b1f2 (n-ll , 

A 
(14) 

where A is the high pressure Arrhenius frequency factor, 
Z is the collision number, [M] is the gas concentration, 
and b",EjRT. The values for Eo and A were taken to be 
the experimentally determined high pressure Arrhenius 
parameters, 56.5 kcal/mol and 1011•

3 sec-I, respective
ly. Z and [M] were calculated as previously discussed. 
The factor 10 was included in order to give the closest 
correspondence between the calculated and experimental 
values for the rate constants. This technique has been 
used previously with the Slater integral. 14 

The numerical integration to solve Eq. (14) was per
formed with program KUNI. 20 A representative plot of 

logkunl vs logP at 2000 0 K is included in Fig. 5. The co
incidence of the calculated curve with the experimental 
data points is excellent. Of course it must be borne in 
mind that a parameter was added to insure this result. 
The most significant correspondence is the correct re
production by the calculation of the bend in the data 
points at higher pressure. 

Based on the results presented it can be seen that a 
good estimate of the actual rate constant can be obtained 
by using the Slater integral in the parametric form pre
sented as Eq. (13). It is somewhat puzzling that a cal
culation based on the modified RRKM approach should 
correspond less well than a calculation based on the 
Slater approach for a situation involving equilibrium 
heating. It is tentatively suggested that in the present 
experiment, vibrational equilibrium is not being main
tained. Some evidence to support this suggestion was 
presented in the experimental section. The presence of 
an induction region at the lower temperatures suggests 
that NF 3 decomposition under present conditions is pro
ceeding similarly to other systems where this vibration
al nonequilibrium has been reported. 1o Even in the re
gion where the induction period is not evident under ex
perimental conditions, the theoretical analysis suggests 
that vibrational equilibrium is not being maintained. 
This means that the Slater approach, based as it is on 
vibrational nonequilibrium, is a more adequate model in 
the present case. However, it must be considered that 
arguments based on the classical models employed in the 
present analysis must ultimately be verified by a strict 
quantum mechanical analysis. In the meantime it is rec-
0mmended that calculations to estimate kunl under any 
desired conditions of temperature and pressure should 
be performed with the Slater integral. 
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NF3 decomposition behind shock waves 
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The rate constant of the NF3 dissociation reaction in a helium mixture in the low-pressure limit was directly measured in a 
shock tube by a UV absorption method. The rate constant may be expressed as K= 10’4~3s~0~07 exp{- [36600+2100 (cal/mol)]/ 
RT) cm3/mol s in the temperature range 1050-1600 K. Levels of the NFs stationary dissociation fraction were also measured as 
a function of the initial temperature of the mixture behind the shock wave. It increases monotonically with temperature and 
reaches 50% of the value at 1600 K, which corresponds to high NFI concentration up to 2 x 10” cme3. 

1. Introduction 

Nitrogen trifluoride decomposition provides a sig- 
nificant source of fluorine atoms and NF2 radicals 

for several branches of physico-chemical investiga- 
tions, such as chemically pumped lasers for the IR 

spectral region [ 11, the generation of inert gas ex- 
timers [ 21, and the elaboration of chemical lasers 
for the visible spectral region [ 31. The kinetics of 
NF3 decomposition has not been accurately studied 
previously. In [ 41 the rate constant for NF3 decom- 
position in a helium mixture has been measured in 
an electric discharge at 298 K. In refs. [ 5-8 ] decom- 
position of NF, in an argon mixture was studied in 
the shock tube, and the treatment of the experimen- 
tal results was carried out by using an NF3 decom- 
position mechanism description in terms of two 
reactions: 

NF,+M+NF,+F+M, (1) 

NF2+F+M+NF3+M. (2) 

Other reactions which may occur in this system [ 51 
were supposed to be negligible in the experimental 
conditions. Values of rate constants gained by dif- 
ferent authors [ 5-81 are not in satisfactory agree- 
ment. These values at 1500 K vary from 3.5x lo6 

Correspondence IO: N.N. Kudriatisev, Moscow Institute of 
Physics and Technology, Dolgoprudny, Moscow Region 14 1700, 
Russia. 

cm3/mols [6] to 4.5~10~ cm3/mols [7]. 

2. Experimental apparatus 

In the present work thermal NF3 decomposition in 
a helium mixture was studied behind reflected shock 
waves. The NFI radical concentration was moni- 
tored by UV absorption at 260 nm. Shock waves were 
generated in the stainless-steel shock tube (70 mm 
in diameter). Lengths of the driver and driven sec- 
tions were 1 and 3.9 m, respectively. The gas tem- 
perature behind the reflected shock wave was cal- 
culated from the velocity of the incident shock wave 
measured on the 378 mm long base by means of two 
piezoelectric gauges. Pressure in the reacting mixture 
was measured by a piezoelectric pressure gauge lo- 
cated near the endplate. The spectrophotometric de- 
tection system consisted of a deuterium discharge 
lamp, quartz lenses to form the light beam, a 0.25 m 
grating monochromator and a photomultiplier. Sig- 
nals from the photomultiplier and pressure gauge 
were displayed on the memorizing oscilloscopes. 

3. Results 

A mixture of NF3 and helium in the ratio 1: 10 was 
used in our experiments. Typical oscillograms of ab- 
sorption and pressure behind the reflected shock 
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waves are represented in fig. 1 ( (a) absorption, (b) 
pressure)). The time interval A-B on the oscillo- 
grams is considered to be a period of stationary con- 
ditions behind the reflected shock wave. The pres- 
ence of a stationary plateau on the pressure 
oscillogram is connected with the isobaric progress 
of the chemical reactions. 

The absorption oscillograms at the initial period 
of time have a linear region. Then the rate of in- 
crease of absorption becomes smaller, before reach- 
ing its stationary level. The duration of the existence 
of stationary conditions decreased from 780 to 450 
us and the duration of the linear region on the ab- 
sorption oscillograms decreased from 80 to 10 us with 
increasing temperature from 1050 to 1600 K. UV 
absorption in this system results from the NF2 rad- 
ical absorption band with its maximum near 260 nm 
[ 9, lo]. The slope of the linear region on the ab- 
sorption oscillogram is connected with the rate of re- 
action (1) at the initial time. Both the decrease in 
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Fig. 1. Typical oscillograms of absorption and pressure behind 
the reflected shock wave; (a) absorption, (b) pressure. 

the NF2 formation rate and stabilization of its con- 
centration are caused by the influence of secondary 
reactions [ 51. In such a manner, the values of the 
rate constants were measured in the temperature in- 
terval from 1050 to 1600 K and pressure interval 
from 0.7 to 2.3 atm. A plot of log K versus 104/T is 
in fig. 2. The values of rate constants at different 
pressures and the same temperature coincide within 
experimental error. From this it follows that reaction 
( 1) proceeds as a second-order reaction in these 
conditions. The temperature dependence of the rate 
constant may be represented as 

Xexp _36600?2100 (cal/mol) 
RT > 

cm3/mol s 

for T= 1050-1600 K 

Comparison of the rate constant with the results 
of refs. [ 5-81 shows discrepancies both in the pre- 
exponential factor and activation energy. However, 
NF3 was diluted by another inert gas (argon) in refs. 
[ 5-8 1. Furthermore, the authors of refs. [ 5-8 ] used 
simplified kinetic models for NF3 decomposition in 
treating their oscillograms. In the present work di- 

3 , lo4/T. K 

6 7 8 9 10 

Fig. 2. Experimental values of log K versus IO“/ T ( 0 ) K is the 
rate constant of the dissociation reaction NFp+M-+NF2+F+M, 
T is the temperature behind the reflected shock wave. The best- 
tit straight line corresponds to an Arrhenius dependence 
K=10’4~‘8’0~07exp{ - [36600+2100 (cal/mol)]/RT) cm’/mols 
in the temperature range 1050-l 600 K. 

259 



Volume 193, number 4 CHEMICAL PHYSICS LETTERS 29 May 1992 

rect measurements of the dissociation reaction ( 1) 
rate were actually performed. 

The levels of stationary NF2 UV absorption were 
also measured in our experiments. Experimental data 
are represented as a plot of the stationary dissocia- 
tion fraction a! versus the initial temperature behind 
the reflected shock wave in fig. 3. The dissociation 
fraction monotonically increases to the 50% level with 
temperature increasing to 1600 K. This level corre- 
sponds to the high concentration of NF2 radicals 
2~ 10” cmW3. It is necessary to mention that such 
an NF2 concentration is supposed to be enough for 
the experimental realization of chemically pumped 
visible NF-IF laser models [ 3 1. The use of NF, dis- 

I dv% 

50 

t l Y 

Fig. 3. Experimental values of the NFs stationary dissociation 

fraction versus 1 04/T ( 0 ) T is the temperature behind the re- 

flected shock wave. 

sociation as a source of fluorine atoms and NF2 rad- 
icals permits us to avoid the use of the unstable and 
expensive reagent tetrafluorohydrazine N2F4. 

4. Conclusions 

The rate constant of the NF3 bimolecular disso- 
ciation reaction was measured by utilizing the shock 
tube technique in the temperature range from 1050 
to 1600 K. Thermal NF3 decomposition provides ef- 
fective production of NF2 radicals and fluorine 
atoms. 
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