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Real-time kinetic study of the reaction F+NO,
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The title reaction was studied in real time by observing infrared fluorescence resulting from the competitive
reaction F 4+ H,. With N, as a collision partner, the limiting rate constants were found to be
ky=9.8+1.6X10""" cm® molecule™?s~" and k= 3.2+0.810~"! cm® molecule ! 57}, as determined by
fitting the experimental data to Kassel, and modified Lindemann-Hinshelwood models. Measurments with
argon showed it to be slightly less effective as stabilizing the reaction complex. Calculations indicate that both
FNO, and FONO are formed in the reaction, with a product ratio of FONO/FNO, = 7.

INTRODUCTION

It has been known for some time that a variety of
atoms and free radicals can be produced via infrared
laser induced multiphoton dissociation IRMPD, =32
More recently, species generated via IRMPD have been
used in a number of chemical kinetic studies.®* One
common form of study has relied on the time dependence
of product vibrational (infrared) fluorescence to pro-
vide information about the reaction of interest.*'? The
rate information usually acquired includes: the rate of
disappearance of reactant atoms and the rate of re-
laxation of product molecules. However, two con-
straints typically limit the application of this technique:
the exoergicity and dynamics of the reaction must pro-
duce vibrationally excited products, and the Einstein
coefficient of spontaneous emission must be sufficiently
large that fluorescence is competitive with collisional
deactivation,

One possible method of circumventing these con-
straints involves the monitoring of two simultaneous
reactions,®!* The first reaction is a diagnostic, and
must satisfy the criteria mentioned above, such that

A+CEAB(Y) +Frag, (v21),

where A is generated via IRMPD., The second reaction
is unconstraned, except that it must compete with
the first:

A +D¥prod .

The diagnostic reaction is used to monitor the rate of
disappearance of the atomic species A. The change

in this rate as a function of concentration of the second
reactant can then be used to determine the rate constant
for the second reaction. This technique has recently
been demonstrated® for the competitive scavenging of

F atoms by CH, and D,.

In the case considered here, the reaction of interest
F +NO, £ products is studied in competition with the

a)current address: Rohm and Haas Co. Norristown and
McKean Rds. Spring House, PA 19477,
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diagnostic reaction F +H, - HF (v). The reaction of

F +NO, is an association reaction and therefore is de-
pendent not only on the concentration of reactants but
also the bath gas, In the remainder of this paper we
discuss the experimental technique, and results, in-
cluding the dependence on bath gas pressure and identity.
The “falloff” behavior will be compared to two proposed
fitting models.’*~* Finally, possible mechanistic im-
plications will be discussed.

EXPERIMENTAL!®

The experimental technique has been described pre-
viously.!!*'? Briefly, fluorine atoms were produced by
the infrared multiphoton dissociation of SFg. The
photolysis sources was a grating tuned CO, TEA
laser.'™® The output was constrained to be circular by
an intraactivity iris and consisted of a 45 ns spike
(FWHM) containing = 80% of the pulse intensity, followed
by a low intensity tail of 0.5 us duration. Repitition
rates were in the range of 0.5 to 0.2 Hz. Slower pulse
rates were used at higher total pressures to eliminate
dielectric breakdown in the focal region of the beam,
Pulse energies measured with a Scientech Model 360001
were ~0.8 J (£5%) at y=10.591 um. Wavelength de~
termination was accomplished with an Optical Engin-
eering CO, spectrum analyzer.

An Ar-coated Ge lens (focal length =200 mm) was used
to direct the beam into the photolysis cell, a stainless
steel flow cell fitted with NaCl laser windows and CaF,
viewing windows. Flow rates and pressure were con-
trolled with micrometering valves. Infrared fluores-
cence was viewed at right angles to the laser beam by
imaging (CaF, lens, focal length =60 mm) it onto an
InSb (SBRC) photovoltaic detector to 77 K. Additional
fluorescence was gathered by a concave Al mirror
and reflected through the cell to the detector. An
interference filter (OCLI) A, =2.410 um, X, =2.091,
2.728 um, was used to isolate the HF fluorescence;
the detector signal was coupled to a matched preamp
(SBRC) and fed into a Tektronix amplifier (7A18) for
further amplification, This signal was then digitized
and averaged by a waveform recorder/microcomputer

© 1983 American Institute of Physics
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FIG. 1. Schematic of the experimental apparatus.

interface. '’ At this point the signal could be viewed

on a second oscilloscope. Overall response time of
the system was <500 ns. An experimental schematic is
shown in Fig. 1.

Samples were prepared by freezing SFg and NO, into
an isolated cold finger of a 3 or 12 £ Pyrex bulb. Hy-
drogen and buffer gas were then added sequentially and
the warmed SF¢/NO, was allowed to mix. All gas
handling was carried out on a glass vacuum line with
base pressure =5x 10 Torr. Pressures were moni-
tored by Validyne differential pressure transducers or
a Hg manometer. Flow rates were adjusted such that
the cell volume was replaced once every two seconds,
With the laser pulse rates employed, this ensured that
the cell volume was replaced one to five times between
pulses.

The SF4 (Scott Environmental Technology) and NO,
(Matheson) were purified by repetitive freeze—pump-
thaw cycles. The H;, Ar, and N, (Matheson) were used
without further purification.

RESULTS
Kinetic scheme

Fluorine atoms were generated by the infrared multi-
photon decomposition of SF4 using a pulsed CO, laser
tuned to the P(20) line of the 00°1-10°0 transition
A=10.591 um. This process has been well-characteri-
zed by various methods and is known to produce trans-

lationally cool F atoms by both primary and secondary
processes on a time scale much faster than the subse-
quent reactions of interest.%"''18:1® Al] experiments
were carried out at ambient temperature 295+3 K.
Heating effects due to the laser have previously been
shown not to be significant.®" Initial SF, concentrations
were less than or approximately equal to the other
constituents and it is estimated that <1% dissociation
of the SFg occurs within the focal volume of the laser.?
Therefore, pseudo-first-order behavior ([F], «[NO,],
[M]) is observed. No correction was necessary for the
equilibrium between NO, and N;O, as it is >97% dis-
sociated at all pressures used.?

The kinetic scheme involves the following reactioas:

F +NO, +M 2 FNO; +M, )
F+H, 2HF(vz0)+H , 2)
HF (v>0) SHF (v - 1), @)

where the k; are the pseudo-first-order rate constants
which can be experimentally determined, The diag-
nostic reaction F +H, satisfies the criteria of producing
a vibrationally excited product which is capable of
fluorescing. In addition, this reaction has been well
studied by IRMPD-infrared chemiluminescence™*® and
other techniques.? Product energy distributions® and
the temperature-dependent thermal rates® are both
known, so the reaction provides a well characterized
diagnostic. Further, the mixture of SFgq and H, with
NO, is quite inert: no prereaction, as monitored by
total pressure and infrared spectroscopy, was observed
for periods of up to three days.

Reaction (3) is similarly well characterized under a
variety of conditions, despite the complication®® of
multiple radiative and relaxation rates from the various
vibrational levels. The observed decay is thus likely
to be multiexponential, dependent on the individual k().
This does not pose a serious problem as the various
ks(v) are likely to be similar. For the case of HF, the
ratio of ky(v)/k;(1)S 5 for v =2, 3 for a variety of buffer
gases.® Likewise the ratio of spontaneous emission
Alv~v-1)/A(v=1-~v=0)is less than 2 for v=2,3.%
Furthermore, the fraction of HF molecules which
fluoresce as compared to those which collisionally
deactivate is greater for v=1 than either v=2,3,%4%
Therefore, in the cascading single quantum drop model
of relaxation, product molecules formed in the higher
vibrational levels have the greatest probability of fluo-
rescing from the first vibrational level, regardless of
the initial distribution. If a narrow bandpass filter
centered about the v=1 - v =0 transition is used to ob-
serve the decay, the total pseudo-first-order decay
rate will approach kg(v=1). This leads to a single ex-
ponential decay with k; =k4(1). The set of reactions (2)
and (3) thus provide a near-ideal monitor of the F-atom
concentration.

The set of differential equations which describes re-
actions (1)-(3) can be solved exactly to yield the fol-
lowing expression for the time dependence of vibration-
ally excited product HF (v >0):
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F
[HF (v> o)]‘ =§+[7219—73 [e-kst_e-(k1+ka) t, @)

The apparent rate of HF formation {actually F-atom
depletion) is given by k,,, =k, +k, where k, =F,[NO,][M],
ky=k5[H,], and by =k5[M]where M will include all species
present and the %} are the appropriate ter- or bimolecu-
lar state constants. The intensity of the vibrational
fluorescence I(t) is proportional to the concentration of
vibrationally excited HF given in Eq. {4). Deconvolu-
tion of the rising and falling portions of the signal in-
tensity I(¢) will yield k,,, and k;. Details of this anal-
ysis have previously been reported.!""*2 Briefly, for
all experiments k,, >k; so that at long times Eq. (4)
reduces to

1) ock—’ia— ekt 5)
“app — *3

and at short times the difference between Egs. (4) and
(5) yields

I (t)cc——kl— g~ Faopd t ®6)
¢ kaw‘ 3

A plot of the natural logarithm of Egs. (5) and (6)
yields straight lines with slopes of —k; and —k&,,, re-
spectively. A typical signal is shown in Fig. 2, The
logarithmic plots are shown in Fig. 3, The good
linearity of these plots supports the proposed mechanism.
As a check on the consistency of these results, the
parameters generated (intercept and rising and falling
decay constants) were used to replicate the signal by
substitution as in Eq. (4). In all cases the best-fit
curve overlapped, within errors, the experimental sig-
nal, As a further test, some traces were fit via a
simplex method. 8 In cases where both methods were
used, the same results within error limits were ob-
tained.

As indicated previously, measurement of &,,, as a
function of NO, pressure allows one to determine both
k; (from the slope of the line) and k, (from the intercept).

SOT
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FIG. 2. Typical trace of HF fluorescence signal. Conditions
of the plot include: Py,=20 mT, Pyo,=75 mT, Py,=65 T,
Pgp,=35 mT; number of signals averaged= 256.
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FIG. 3. Semilog plot of the data shown in Fig. 2. The linear
decay portion has a slope of k;=11.2 ms™, while the linear
difference signal has a slope of k,,, = 31.0 ms™.

Figure 4 shows a sample plot of k,, vs NO, concentra-
tion at an N, bath gas pressure of 65 Torr. Figure 5
shows the best fit lines for k,,, vs NOQ, concentration

for a variety of other N, and H, pressures. The actual
data points have been eliminated for clarity. The inter-
cepts are the rates due to the particular pressures of Hy
in each set of experiments. The fact that sets of ex-
periments conducted at similar H, pressures extrapo-
late to approximately the same Pyo, =0 values lends
credence to the proposed mechanism. Figure 6 shows
a plot of these intercepts vs {H,], the slope of which is
k). The observed value of 2.4:0.2x10"" ¢m® mol''s™*
is in excellent agreement with the rate previously re-
ported by this method, > '® again suggesting that the
mechanism and analysis are self consistent.

The dependence of 2 =k, /INO,]concentration is shown in
Fig. 7. The slight curvature is typical of the falloff
region between third- and second-order kinetics. Over
the range of experimental data, third-order kinetics
predominates. The range of study was limited at high
pressures by the onset of dielectric breakdown and the
decrease of SF, dissociation due to pressure effects. 19

-1
kapp {ms™ )

L
100 200

[NOZ] {mtorr)

o} 50 150

FIG. 4. A plot of kg, va NO, at an N, pressure of 65 T.
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FIG. 5. The best fit lines of k,, va NO, pressures for various
N, and H, pressures; actual data points elimated for clarity.
For these curves, the experimental conditions given in the
format [curve #, Pﬂz(mTorr), Py (Torr] are: (1, 40, 20); (2,
40, 130); (3, 35, 30); (4, 35, 60); (5, 35, 100); (6, 20, 10);
(7, 20, 65).

o

The low pressure limit was imposed by the difficulty

in measuring the small value of the slope of k., vs [NO,]
at low total pressure. Higher pressure of NO, could
not be used to increase k,,, or it would contribute sig-
nificantly to the effect of the buffer gas since it can be
assumed that NO, is a2 more efficient energy trans-
ferring buffer gas than N,. %’

/:
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= $
'n
E
'y
= 20F
O
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i
'—
z
10
L 1 1 1
0 10 20 30 40

H, PRESSURE (mtorr)

FIG. 6. Plot of intercepts from Fig. 5 as a function of H,
pressure. The line is a linear regression fit to this data, and
yields a slope of ;=2.4+0.2x 107! em®mol? s,
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FIG. 7. The dependence of k on N, concentration. The lines
are the best fits of the Kassel (—) and modified Lindemann—
Hinshelwood (---) theories to the data. The best-fit averaged
rate constants determined in this manner were ky=9.8+1.6x
%107 cm® mol? s and k,=3.2+0.8x10™% em® mol?. The tri-
angle represents the Ar data.

Rate constant determination

Two methods were used to extract the limiting low
and high pressure date constants g, and k... Both in-
volve fitting the data to the shape of the pressure de-
pendence for the reverse reaction

FNO, + M~ F +NO, +M. 1)

The theory defining the pressure dependence of
unimolecular dissociation is an area of extensive study.
Several techniques for extracting the limiting rate con-
stant have been devised in recent years® because fre-
quently the experiment can only be performed in the
falloff region where neither third-nor second-order
kinetics can be isolated. Predicting the pressure de-
pendence is simpler for reaction (7) than reaction (1)
because it is dependent on the energy distribution of
only one reactant. The equilibrium constant K for
reactions (1) anf (7) is given hy K =k,/k,, is constant at
a given temperature, and is independent of total pres-
sure; therefore the pressure dependences of k; and k4
are identical.

A variety of theories can be used to predict the pres-
sure dependence of k,'%%:2%2% apd from detailed balance
it follows that k; will have the same pressure dependence
in order to maintain constant K. The pressure de-
pendence of k;, and therefore k; and k., for reaction (1),
can be obtained from the data. The two models used
to predict the shape of k,; are the modified Kassel
integrals'* and the Lindemann~Hinshelwood model
modified for collisional energy transfer.'®> We chose
these simplified approaches rather than more “exact”
calculations because of a lack of detailed information
concerning either the nature of the transition state
(vida infra) or the collisional stabilization process.

The models used can yield good estimates of the high
and low pressure limiting rate constants with even a
reasonable choice of input parameters.

J. Chem. Phys., Vol. 78, No. 11, 1 June 1983
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The Kassel integrals are dependent on two param-
eters S and B which are related to the number of oscil-
lators and Eo/k,T, respectively (E, is the threshold
energy of the reaction at 0 K), and can be used to cal-
culate the desired rate constant by

xs-le-x

k_1 ("
ko I(S) l 1+ (o/ky),y (S, B)(x/x + B

1dx ’ (8)

where

IO(S,B)=1.,—:§)- [(x-B)s"e"dx. ©

The modification* to the original Kassel?® formulation
lies in adjusting S and B to more accui'ately reflect the
reaction and to account for the collisional efficiency of
the buffer gas f,.

Details of the calculations for this approximation are
given in the Appendix. From these calculations, the
reduced falloff curve can be generated.

Limiting high and low pressure rate constants for
this model were obtained via a two-dimensional grid
search® method by systematically varying k, and k.,.
The best fit yielded

kp=0.90%10"% cm® mol2 s
and
b.=3.6x15"" em®mol2s?,

as defined by the minimum of the sum of the residuals
{the difference between the experimental and calculated
values) squared.

The second method employed the Lindemann-Hinshel-
wood mechanism modified for collisional energy trans-
fer. Troe and Luther!® have developed an expression
to predict the shape of the falloff of £ as a function of
buffer gas concentration. The usefulness of this method
has been shown by Zellner® in expressing rates of
atmospheric reactions as a function of altitude (tempera-
ture and pressure).

The expression is given below:

oo JaM]

"1k MR (10)

Fcent {1 +[10g10(k0[M]/k0)]2}-1 ’

where the appropriate value for F ., i5 0.6.%® Asin
the previous model k& was calculated at the experimental
buffer gas concentrations for systematically varied k&,
and k., and the least-squares criterion was used to de-
scribe the best fit. Values obtained for the limiting
rate constants were

ko =1.06x10"% cm®mol2 &t
and
k. =2.8x10"" cm®molts™,

We report as the best value the average of the two val-
ues with error limits equal to the range of the values

k=9.821.6x10"* cm®mol2s™

and

D. M. Fasano and N. S. Nogar: Kinetic study of F +NQ,

$e=3.220.8x10"" cmimolts? .

The experimental data and the best fit curves are shown
in Fig. 7.

A set of experiments was also performed with argon
as the buffer gas. The ratio of k,,/ky, at 50 Torr is
~0.5.which is consistent with the collision behavior of
N, and Ar in other reactions.?"® A full range study
of Ar concentrations was hindered by its low collision
efficiency (BcArzsch /2=0.15) and the onset of di-
electric breakdown due to the laser (<100 Torr Ar).

The only previous data for reaction (1) employed He
as the buffer gas. A value of

k. =6.9%x10"% cm®mol-2s™?

was obtained.?® This compares favorably with previous
results in which it is found that for a variety of sys-
tems®"% g, <B,, <py,. The data obtained in the current
work also compares favorably with the most recently
recommended results® of

Ee=1.120,6%x10% cm®moi? ™!
and

Po=1.0:0,5x10"1° em®* mol™t 57!

for reaction (1) in air. The agreement for k, is well
within the combined error limits, while for k, the
disagreement falls just outside the range of the com-
bined error limits.

DISCUSSION

Throughout this study FNO, has been assumed as
the product. It is possible, however, that the F atom
could attach to either oxygen atom of NO, to form the
isomer FONO. The existence of FONO has been
postulated.® Gas phase®‘®’ and matrix isolation
infrared spectra have been reported although subsequent
analyses have shown the spectra to be due to the iso-
electronic species HONQ; in the case of the gas phase
data and inconsistent with the proposed FONO structure
in the case of the matrix isolation data.

35(b)

In the analogous reaction of Cl1+NO; a product ratio
of CIONO/CINO, < 4 has been seen experimentally*® at
high pressure (700 Torr) and a ratio =5 has been ob-
tained theoretically®’ for the low pressure limiting rate
constant. This latter result is based on a comparison
of the calculated value of 2.3x10°% cm® mol ! 7! for the
reaction

C1 +NO; + N, - CINO, +N, (8)

with the experimentally measured rate constant being
1.6£1.0x10°% cm®mol™ &71,29:%:3 Thig difference is
beyond the range of the respective errors (approxi-
mately a factor of 2 for the theoretical calculation) and
is due to the competitive reaction to form the isomer
CIONO, since the experimentally measured rate was
based on the rate of disappearance of the Cl atom.

A detailed calculation of this type for the FNQ,/FONO
system would not yield useful results for FONO due to
the large uncertainties in assigning the necessary input

J. Chem. Phys., Vol. 78, No. 11, 1 June 1983
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values. The only values for FONO which are available
are calculated values of AH of isomerization for
FONO - FNO,, and these values vary from -1.1, -2.4,
to —25.8 kcal/mol depending on the method of calcu-
lation and the assumed molecular gemoetry. ¥***! A rate
constant which can be calculated is for the unimolecular
dissociation reaction (7), and thus related to the asso-
ciation reaction by detailed balance. The necessary
spectroscopic and thermodynamic data were obtained
from Ref, 21 and 42, and the Lennard-Jones param-
eters were estimated from data for INO, and the XNO
series: where X=F, Cl, Br, and I. A value of 2;=1.2
x107*! ¢m® mol™' s™' was obtained for reaction (1) (8.y,
=0.3). Comparing this value to the experimentally de-
rived value of 9.8 +1.6x10°* indicates that the mea-
sured rate constant is a combination of more than one
process. Most probably the formation of FNO; is in
competition with the formation of FONO. The product
ratio of FONO/FNO, is thus estimated to be 7+4. This
result may change the fit to Kassel integrals, but since
the shape of the falloff curve is not strongly dependent
on either Sy or By !* (neither of which should vary greatly
for FONO) no new calculation was attempted.

CONCLUSION

A real-time competitive kinetic technique has been
applied to study the reaction of atomic fluorine with
nitrogen dioxide. Limiting low and high pressure rate
constants were obtained by fitting the data to models of
third-order reactions. Comparison with the calculated
value for kg indicate more than a single reaction path-
way exists, most probably the formation of the structural
isomers FNO, and FONO,

APPENDIX: MODIFIED KASSEL INTEGRALS

The modified Kassel parameters Sy and By are ob-
tained from the procedure outlined in Ref. 14. The
necessary data is readily available or can be estimated.
For reaction {7) the data is given in Table I. Sy can
be obtained directly from the relation

TABLE I. Values for the determination of the modified Kassel
parameters for the reaction FNO, + N, — F + NO, + N,.

Parameter Value

v 1793, 1312, 822, 742, 570 460 cm™?

AH, — 52 keal mol®?

a(ED) 1

s 6

v 1

Uvw/ar 0.65

E, 4.50x10% em™

E, 1.82x10* em!

B’ 110

F{S, B’)

1.0562

F(Sg, By

B, 0.3

ASy 0.5

Sk 2.2 (1.65)°

By 18 (12)°

*Reference 21.
Pvalue in parentheses is the first approximation.
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Sk = Uy /kT +1, A1)

where U, is obtained from thermodynamics data
(H - H,), and the vibrational fundamentals v;.

Two intermediate parameters are then obtained, B’
and S. B’ is given by

Ey+a(E)E

kT ' “2)

B =

where E, is the threshold energy for the reaction, a(E;)
is an anharmonicity correction, and E, is the zero-
point vibrational energy. In the case of radical species
where the activation energy of the associative reaction

is small
Ey =~ AHy . (A3)

For relatively complex molecules, a(E,) is approxi-
mately unity, and

1<
Ez=§ Z;hl/i s
=

where s is the number of oscillators.
of effective oscillators given by

S=s+7r/2,

A4)

S is the number

(A5)
where 7 is the number of internal and external rotations.

F(S, B') is then obtained from Table II in Ref. 14,
By is chosen such that

F(S,B')=F(Sg, By) . (A6)

The value of Sg is affected by the collisional efficiency
of the buffer gas, 8,. From Fig. 5 in Ref. 14, AS; can
be estimated for the previously obtained values of Sy
and By. This value is added to Sy to obtain a new Sy.

A new value of By is then chosen in accord with Eq.
(A6). Using the values of Sy and By thus obtained, the
reduced falloff curve can be obtained from Table I in
Ref. 14.
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