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Determination of the Rate Constant for the NH,(X?B;) + NH,(X’B,;) Reaction at Low
Pressure and 293 K
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The rate constant for the reaction NHy(X?B,) + NH,(X?B;) — products was measured in CF;, N, and Ar
carrier gases at 293 £ 2 K over a pressure range from 2 to 10 Torr. The NH, radical was produced by the
193 nm photolysis of NHj dilute in the carrier gas. Both the loss of NHj and its subsequent recovery and the
production of NH, and subsequent reaction were monitored simultaneously following the photolysis laser
pulse. Both species were detected using quantitative time-resolved high-resolution absorption spectroscopy.
The NH; molecule was monitored in the NIR using a rotation transition of the v; + v; first combination band
near 1500 nm, and the NH, radical was monitored using the !2,; <— '3 rotational transition of the (0,7,0)A%A
< (0,0,0) X?B, band near 675 nm. The low-pressure rate constant showed a linear dependence on pressure.
The slope of the pressure dependence was dominated by a recombination rate constant for NH, + NH, given
by (8.0 £ 0.5) x 107%, (5.7 £ 0.7) x 107, and (3.9 & 0.4) x 1072 cm® molecule % s~! in CF,, N,, and
Ar bath gases, respectively, where the uncertainties are £20 in the scatter of the measurements. The average
of the three independent measurements of the sum of the disproportionation rate constants (the zero pressure

rate constant) was (3.4 £ 6) x 10™'% cm?® molecule™

measurements.

I. Introduction

The amidogen radical, NH,, plays an important role in
combustion chemistry.! The most significant reaction? of NH,
is the multichannel reaction with NO in which the dominant
channel products are N, and H,O, converting a major pollutant,
NO, into N,. On the other hand, the secondary channel,
producing N, + H + OH, generates enough chain carriers, H
and OH, under appropriate conditions to sustain the oxidation
of an additive, usually NH;. Several major NOx abatement
processes are based on this reaction. The thermal deNOy and
NOxOUT processes use the addition of NH; and (NH,),CO,
respectively, to remove NOy from combustion exhaust gas
streams.® The devolatilization of fuel-fixed nitrogen as HCN
and NH; is a major source of NOy pollutants in combustion.
With the increased use of biomass fuels and their larger nitrogen
content than coal or hydrocarbon fuels, the combustion chem-
istry of NH; will become a more important issue.*

The pyrolysis and combustion chemistry of both NH; and
N,H, have received renewed interest and detailed chemical
models simulating their chemistry have raised important issues
about our understanding of these processes.*® Reactions involved
in the high temperature pyrolysis of NH; have been discussed
by Davidson et al.” At lower combustion temperatures, Allen
et al.® showed that N,H, and NH, species can be important even
when simple fuels interact with nitrogen containing compounds
such as N,O. However, many of the reactions involving the
NH, radical, especially those involving other transient species
are not well characterized.> A recent study’ of the low
temperature oxidation chemistry of NHj detailed a complete

* To whom correspondence should be addressed. Fax: (630) 252-9292.
E-mail: rgmacdonald@anl.gov.

" Current address: National Renewable Energy Laboratory, National
Bioenergy Center, 1617 Cole Blvd., Golden, CO 80401.

10.1021/jp8083524 CCC: $40.75

I's7! where the uncertainty is +20 in the scatter of the

reaction mechanism describing this system, and illustrated the
sensitivity of the system to either the generation of NO or N».
The oxidation chemistry of NHj is also important in atmospheric
chemistry;!® however, the important atmospheric reactions of
the NH, radical are similar to those in combustion chemistry,
involving reactions with transient atmospheric species such as
NOz, NO, and HOz.

In the present work, the rate constant for reaction 1, &, the
self-reaction of NH,(X?B,),

NH, + NH, — NH(X’X") + NH, (1a)
—NNH, +H, (1b)
—N,H,(cis) + H, (Ic)
—N,H,(trans) + H, (1d)

2 NH, M (le)

was measured at 293 K in a low-pressure regime where three-
body recombination dominates the falloff kinetics. Reaction 1
is a radical—radical reaction where the interaction is character-
ized by two potential energy surfaces (PESs) of *!A’ electronic
symmetry. Reaction la occurs on the triplet PES and the other
channels on the singlet PES. At room temperature, Dransfeld
et al.!' experimentally established an upper limit of &, to be
3.0 x 107" cm® molecule™ s.”! At temperatures above 2000
K, Davidson et al.” found this channel to dominate. Theoretical
calculations'? of k;, support the relatively high activation barrier
for this reaction determined by these workers. The dispropor-
tionation reactions, 1b—1d, and the recombination reaction le,
have only been investigated between temperatures of 300 and
500 K.
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Reaction 1 has been studied by a variety of techniques to
both initiate the reaction and monitor the NH, concentration;
however, there is considerable uncertainty in the rate constant
measurements describing this system. Gordon et al.'* used pulse
radiolysis of NHj; to create the NH, radical and kinetic
absorption spectroscopy to monitor its temporal concentration
over the pressure range from 250 to 1520 Torr. Khe et al.'
used flash photolysis of NH; dilute in N, and Ar and monitored
NH, using kinetic absorption spectroscopy, and studied reaction
1 over the pressure range of 0.3 to 1000 Torr and temperatures
between 300 and 500 K. At low pressures falloff effects are
small and the reaction rate can be approximated by the sum of
all the disproportionation rate constants, k= ky, + ky, + ki +
kiq and the three-body recombination rate, k. o[M], where [M]
is the concentration of the third body. These workers provided
estimates of k{ and kj. in NH3, N,, and Ar. The high-pressure
limiting rate constant, kj.., Obtained by these workers was
substantially smaller than the value obtained by Gordon et al.'?
Lozovskii et al.'"> used flash photolysis of NH; dilute in N, and
Ar and intracavity laser absorption spectroscopy to measure the
NH, concentration at given delay times from the initiating flash.
These workers found k.o values for N, and Ar in agreement
with Khe et al.'"* but a higher value for k... Patrick and
Golden'® used 248 nm laser photolysis of O; to initiate reaction
1 following the O('D) + NHj reaction in O3/NH3/N, mixtures
and high-resolution time-resolved laser-absorption spectroscopy
to monitor NH; as a function of temperature at 200 Torr total
pressure. Their measurements were in agreement with Khe et
al.'* at the same total pressure. Fagerstrom et al.'” used pulsed
radiolysis of NHj dilute in SFq and kinetic absorption spectros-
copy to monitor the NH, concentration to study reaction la as
a function of temperature from 300 to 500 K and a pressure
range from 150 to 760 Torr. These workers used a Troe falloff
analysis'® of their own and a selection of previous data to extract
broadening factors, Fe.n, and limiting rate constants for high
pressure, ki and low pressure, k;. conditions in four collision
partners, NHj, SF¢, N,, and Ar. This analysis gave values of
kieo for N, and Ar a factor of 2 larger than found by Khe et
al.'"* The analysis of Fagerstrom et al.'” has apparently reconciled
the disagreement among the various works about the correct
value for kj... Stothard et al.!® used a fast flow discharge
technique in F/NH3/He and mass spectrometry detection to study
the disproportionation channels at 300 K. They observed a mass
30 product from reactions 1b-1d at 0.5 and 0.75 Torr pressure,
but followed the reaction by monitoring the decay of NH,. Their
kJvalue was similar to Khe et al.'*’s value.

All previous studies of reaction 1 relied on some indirect
method to calibrate the observed NH, absorption signals into
an absolute concentration measurement. In particular, Khe et
al.'* used H atom scavenging by isobutane to generate H,, and
measured the concentration of H, by mass spectrometry fol-
lowing 100 photolysis flashes. They also used the decrease in
the rate of the NH, + NO reaction following successive
photolysis flashes as the NO was consumed in the subsequent
chemistry to calibrate the initial NH, absorption signal. Both
methods gave similar values for the NH, absorption coefficient.

In the current work, reaction 1 was studied in the low-pressure
regime, 2 to 10 Torr, in dilute NH3 mixtures in CF4, Ny, or Ar
to determine kY, and k.o in each gas at 293 K. The reaction
was initiated by 193 nm excimer laser photolysis of NHj to
generate NH, and an H atom. Both temporal concentration
profiles of NH; and NH, were simultaneously monitored by
high-resolution, time-resolved, laser-absorption spectroscopy
following the photolysis laser pulse. The initial loss of NH; was
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assumed equal to the initial production of NH, in order to
calculate the peak absorption coefficient of NH,. Ammonia was
detected using a rotational transition of the v; + v; combination
band near 1500 nm, and NH, was detected on the '2,; — '35
rotational line of the (070)A%A; < (000)X*B; at 675.65 nm.
The absorption coefficient at line center of the NHj; transition
was measured in separate experiments.

II. Experimental Section

The experimental apparatus used in this work was similar to
that described previously?® except two tunable external cavity
diode lasers were used to simultaneously monitor the concentra-
tion of NH, and NH;. Briefly, the transverse flow reaction
chamber consisted of a rectangular stainless steel vessel,
containing a Teflon box of dimensions 100 x 100 x 5 cm?.
Two side chambers contained White cell optics so that the probe
laser radiation could be multipassed through the rectangular
photolysis volume. The gases flowed continuously at total flow
rates between 200 and 600 sccm, and their partial pressures
determined from their measured flow rates and the total pressure.
Except for NHj, the flow of each gas was monitored by
calibrated digital flowmeters. The gases were used without
further purification. The NH; was admitted to the reaction
chamber from a separate glass vacuum line from a large 20 L
storage bulb with a coldfinger kept at —40 °C using a NestLab
Model CB-60 CryoCool bath. This arrangement provided a
small, constant flow of 0.5 to 3.0 standard cubic centimeters
per minute (sccm) of NHj over the duration of an experiment.
The NH; flow was measured in situ from the pressure rise in a
calibrated volume. The gases used were supplied by AGA
having the following purities: Ar, 99.995%, CF,, 99.95%, N,,
99.995%, and NHj;, 99.99%.

The photolysis laser was a Lambda Physik Compex 205
excimer laser operating at a wavelength of 193 nm. The ArF
laser fluence was varied using fine mesh stainless-steel screens.
The attenuation of the photolysis laser by UV absorption of
NH; was directly monitored, and it was always less than 50%.

The two probe lasers were continuous-wave external-cavity
diode lasers, Environmental Optical Sensors Model 2010-ECU.
One laser operated in the red spectral region from 670 to 680
nm, and was used to monitor the NH, radical on the 2, —
135, rotational line of the (0,7,0)A%A; < (0,0,0)X*B, electronic
transition near 675.65 nm. The other laser operated in the near-
infrared region from 1460 to 1520 nm and was used to monitor
the NH; molecule using a rotational transition of the (1,0,1,0)
~— (0,0,0,0) combination band near 1494.12 nm. Separate
Burleigh SA Plus scanning Fabry—Perot spectrum analyzers
with a free spectral range of 2 GHz and a finesse of 300
continuously monitored the mode quality and the frequency
stability of each laser. The output beams of the probe lasers
were spatially overlapped by a dichroic mirror, and separated
into two beams by a beam splitter; one beam entered a Burleigh
WA150 IR wavemeter, and the other passed through the reaction
zone using the White cell optics. After exiting the White cell,
another dichroic mirror directed each laser beam to the ap-
propriate detector, a New Focus Model 2051 Si photodiode and
a Model 2053 InGaAs photodiode. The temporal dependence
of the NH, and NH; concentrations were monitored simulta-
neously following the photolysis laser pulse. Differential detec-
tion of the small NH; absorption signal improved the signal-
to-noise for NH; detection. The incident NH; probe laser
intensity was measured using a boxcar averager triggered one
millisecond before the photolysis laser. The NH, absorption
signal was much larger than the NH; signal, and the probe laser
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intensity could be determined directly from the transient NH,
signal using the DC mode and the pretrigger feature of the
transient recorder. The NH; absorption signal was small and it
was necessary to remove oscillations due to thermal lensing
and refractive index changes in the optical elements. The probe
laser was tuned to a nearby wavelength region of zero
absorption, and a background trace recorded and subtracted from
the signal plus background profile in the data analysis.

Initially, the data collection was done using a LeCroy Model
9410 digital scope under the control of a laboratory PC but later
the data acquisition system was up-graded to a National
Instruments PXI system with multiple AD, DA and high-speed
digitizer boards. The temporal absorption signals were recorded
using a National Instruments Model 5122 14-bit transient
recorder and the data acquisition was controlled using Labview
software.

III. Results and Discussion

A. Concentration Measurements of NH; and NH,. The
nominal bandwidth of the radiation emitted by each probe laser
(full width half-maximum< 5 MHz) was much narrower than
the Doppler-broadened spectral features of the probed species,
X, so that the observed absorbance at frequency, v, A(v) is given
by the Beer—Lambert law?!

A(v) = In(1(v)/1I(v)) = ox(VI[X] (ED)

where Iy(v) is the initial laser intensity, /(v) the transmitted laser
intensity, ox(v) the absorption coefficient at v for species X, /
the path length, and [X] is the concentration of X in molecules
cm ™3, The absorption coefficient is related to the transition line
strength j <— i, Sy, by the normalized line shape function, g(v),
ox(v) = S;g(v). Under the conditions of the present experiment,
g(v) is given by a normalized Doppler profile, g(v) = +/[In (2)/
7)/lop exp(—In(2)(vy — v)*op?)], where op is the half-width
half-maximum (HWHM) Doppler width and v, is the frequency
at line center.

Ammonia was detected using the largest feature in the first
v1 + v; combination band spectral region accessible with the
NIR diode laser. This feature has been assigned as a blended
inversion doublet "R¢(6) rotational transition and labeled line
number 1101 by Lundsberg-Nielsen et al.?? A typical wavelength
scan over this spectral feature is shown in Figure la using a
flowing NH3/Ar gas mixture. However, the assignment of this
transition is tentative. Weber et al.2* have also used this spectral
region to probe the concentration of NHj, and have reported
measurements of ong3(vy) for other NHj; transitions in this
region. These workers found that the assignment of some of
the NHj; transitions was inconsistent with the measurements of
their temperature dependence of the absorption coefficients. We
have observed a similar behavior for the NHj; transition used in
this work so that the assignment may be in error. In any case,
the concentration of NH; was determined using an experimen-
tally measured value for onus(vo) for the transition shown in
Figure la. These measurements were made in either static or
flowing mixtures of NH3/Ar at total pressures less than 4 Torr
and partial pressures of NH3, Pyus, between 0.06 and 0.16 Torr.
Table 1 summarizes the results of these measurements.

The laser photolysis of NHj3 at 193 nm generated the NH,
radical and an H atom.?* The NH, radical temporal concentration
dependence was monitored® on the !2,; < !33; rotational
transition of the (0,7,0)A’A; < (0,0,0)X*B, electronic transition
at 675.65 nm. Figure 1b shows a wavelength scan over the
spectral region around this rotational transition. As shown in
Figure 1b, this spectral feature is isolated from other NH,
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Figure 1. (a) Typical wavelength scan over the absorption feature of
NHj;. The open circles (O) are the experimental points and the line is
a fit to the spectrum assuming Gaussian line profiles. The upper trace
is a simultaneous recording of the transmission peaks of an etalon with
a FSR of 0.0645 cm™'. The line width (HWHM) is 0.00940 cm™',
(Doppler value 0.00995 cm™!). (b) A wavelength scan over two
rotational lines of the NH, electronic (0,7,0)A%A; — (0,0,0)X?B, F;
spin manifold showing that the '2,; < '3,; line is well separated from
other transitions in this spectral region. The open circles (O) are the
experimental points and the line is a fit to the spectrum assuming
Gaussian line profiles. The upper trace is a simultaneous recording of
the transmission of an etalon with a FSR of 0.0647 cm™!. The HWHM
of the stronger absorption peak is 0.0232 cm™! (Doppler value 0.0227
cm ™).

TABLE 1: Summary of the Measurements of the Peak
Absorption Coefficients for NH; and NH.,.

molecule wavenumber om(vo)
(M) transition (em™) (cm? molecule™")
NH; (1,0,1,0) < 6691.83 (1.92 £ 0.21)°
(0,0,0,0) x 1077
Ve =1 ()
NH, (0,7,00AA, — 14800.59 (1.19 £ 0.18)
(0,0,0)X’B, x 107"
125 — 133

¢ Uncertainties: £20 in the scatter of the data.

transitions. The peak absorption coefficient of this transition,
onm(Vo), was determined using eq El after equating the initial
loss of NH;, A[NH;]o, by photolysis to the initial production of
NH,, [NH,]o. The temporal absorbance profiles were extrapo-
lated to time zero by fitting each profile to a series of exponential
terms neglecting the first few 10s us of the profile depending
on the total pressure. Table 1 summarizes the results of the
measurements for onpa(vo). The calibration procedure for the
determination of onua(vo) assumes that the population of both
NH; and NH, have equilibrated to the bath gas temperature,
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TABLE 2: Complete Chemical Model Describing the NH, + NH, Reaction System at 293 K

no. reactants products k (cm?® molecule™! s~1)*b ref
la NH, + NH, — NH(X’X") + NH; 3.0 x 1071 11

1b — NNH, + H, this work®
lc i Nsz(CiS) + H,

1d — N,Hs(trans) + H,

le NH, + NH, + M — N,H, + M measured this work
2a NH, + H — NH + H, 5.0 x 107 36

2b NH, +H+ M — NH; + M 6.0 x 1073 [M}¢ 13

3 NH, + NH — N,H, + H 1.3 x 10710 11

4a NH + NH — N, +2H 34 x 10712 37

4b — NH, + N 43 x 10783 38

5 NH + H — N+ H, 32 x 10712 39

6 H+H+M — H, + M 1.0 x 1073 40

7 H+N2H2 - H+H2+N2 3.0 x 10_13 41

8 H+ N2H4 - H2 + N2H3 1.5 x 10_13 42

9 NH, + N,H, — NH; + NyH3 53 x 10783 43
10a H+N2H3 - H2+N2H2 1.7 x ]O_ll 6
10b — NH, + NH, 2.6 x 10712 43
11 NH + N,H; — N,H, + NH, 33 x 107! 6
12 NHZ + N2H3 - N2H2 + NH; 2.8 x 10_12 6
13 X — X(diffusion) optimized see text

@ Second-order rate constants units cm?® molecule™!

s.”!. ? Third-order rate constants units cm® molecule™ s~!. ¢ The sum of the second-order

processes, ki= ki, + ki, + ki + kig. ¢ Third body efficiency of CF, assumed equal to NH;.

TABLE 3: Summary of the AH'%(X) of the Species in the
NH, + NH, Reaction Model in Table 2

AH: 504(X) AH’ o(X)
species (kJ mol™1) (kJ mol™1) ref

N,H, 96.7 + 4 111 +4 44
N,H; 225+ 4 235+ 4 44
NNH, 308 & 12° 45
NoHy(cis) 201 +4 230+ 4 44
N,Hs(trans) 223 +4 209 + 4 44
NH; —45.94 £ 0.35 —38.95+0.35 46
NH, 186.2 + 1 189.5 47
NH 359.6 £0.3 359.3+0.3 44, 48
N, 0 0

N 472.68 £ 0.4 470.8 £ 0.4 46
H, 0 0

H 217.998 + 0.006  216.035 4+ 0.006 46

@ Uncertainties in theoretical calculations taken as + 4 kJ mol™!
unless specified in the calculation. ” Level of theory G3B3.

and the measured loss of each NH; molecule results in the
production of a single NH, molecule.

There is evidence?®?” that NH is formed in 193 nm photolysis
of NHj at laser fluences greater than 3 mJ cm™%; however,
Stephens et al.”® could not detect NH under conditions similar
to those in the present work, indicating that this yield is small.
Other experiments®*3° indicate the yield of electronically excited
states of NH is also small. As will be discussed in section II1.D,
the rate constant measurements reported in this work were
independent of ArF laser fluence varying from 1 to 30 mJ cm ™2,
again implying the influence of any NH produced in the
photolysis was small. Recently, we have measured?! the yield
of NH, [NH]/[NH,], to be less than 0.002 in a CF, bath gas
confirming that NH produced in the photolysis of NH; has a
negligible effect in the current experiments.

The 193 nm photolysis of NH;3 does produce NH, with a
highly excited internal energy distribution’? and equilibration
of the internal degrees of freedom of NH, must be complete
for Equation El to be applicable. Fortunately, the vibrational
relaxation® of NH(0,2,,0) is rapid even in He and especially
so in CF,. Recently Yamasaki et al.** have measured the
vibrational relaxation rate constant for NH,(0,1,0) by CF, to
be 3.2 x 107" cm?® molecule™! cm™3. The initial measurements

of reaction 1 were made with CF, as the bath gas, thus ensuring
rapid equilibration of the internal degrees of both NH, and NHs.

B. Reaction Mechanism. As described in recent works,?*3
the rate constant was determined by minimizing the sum of the
squares of the residuals between the observed NH, temporal
concentration profile to one generated from a model simulation
of the reaction kinetics. In order to determine the contribution
a particular reaction, Y + Z, makes to the production or removal
of a given species, X, the integrated reaction contribution factor,
IRCF%. 7, was calculated for each species and reaction in the
reaction mechanism. The IRCF¥. is the flux of species X that
passes through reaction Y + Z, where Y or Z could be X, over
a time interval t. The IRCF¥,, was expressed as a fraction of
the total concentration of species X produced or removed in
the system.

Table 2 summarizes the complete reaction sequence
involving the NH, radical following the 193 nm laser photo-
dissociation of NHj, and Table 3 lists the enthalpies of
formation**™* for each species. At 293 K, the number of
reactions that contribute most to the chemistry is much smaller
than the complete mechanism in Table 2. The following
reactions account for almost all of the chemistry:

36—43

193 nm «
NH, — NH, + H
NH,+NH, =~ NH(X’2")+NH, AH’, =-58kJ mol”'
(la)
—NNH,+H, AH’,=—70kJ mol™' (1b)
—N,H,(cis)+H, AH’,=—148kImol™"  (lc)
—N,H,(trans)+H, AH’,=—170kImol”" (1d)

M] .
— N,H,+M AH’, =—267 kI mol (le)

NH, + H—~NHQBZ)+H, AH’,=—46kJ mol ' (2a)
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M 1
—NH,+M AH’,, =—444.1 kJ mol (2b)

NH,+NH—N,H,+H AH’ =—124kImol”" (3)

X — diffusion (13)

In fact, reactions la and 13, the loss of NH, by diffusion,
make the largest contribution to the reactive flux of NH, in the
system. It is important to be aware that many of the rate
constants for the reactions in Table 2 are from theoretical
calculations or extrapolations from high temperature model
simulations, and have not been determined experimentally at
293 K. Reaction 1a has been discussed in the introduction and
makes a negligible contribution to k. Dransfeld et al.'' have
made the only measurement of k;. If there was a significant
source of NH(X?Z") in the system, reaction 3 could contribute
significantly to the initial removal of NH,, perturbing the
determination of [NH,]o. As noted in the previous section, the
photolysis of NH3 was not a significant source of NH; thus, the

10 4 (a) i
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Figure 2. Determination of kNH
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only source of NH was reaction 2a. However, k,, used in the
model simulations was too small to be significant. There are
no experimental measurements of k,, at 300 K. The value in
Table 2 was taken from a high- level theoretical calculation of
Linder et al.’® for the temperature range 500 to 3000 K. The
theoretical calculated rate constants agreed with available high
temperature measurements in both the forward’ and reverse®
directions; as well, they included tunneling effects important at
low temperatures. The high temperature results of Davidson et
al.” gives ks equal to 1.3 x 107" ¢cm® molecule™" s7! at 293 K,
but this value only results in few percent increase in the loss of
NH, by reaction 2a. There have been no measurements of k,
with CF, as a collision partner and only a few measurements
in other bath gases, but even at the highest pressures used in
this work reaction 2b only contributed a few percent to the
production of NHj. The rate constant estimates for the other
reactions in the detailed mechanism listed in Table 2 were taken
from extrapolations of rate constant expressions from Konnov
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and k; at Pcpy = 2.433 and Pyyz =0.0052 Torr and 292 K. All four panels were obtained under the same

experimental conditions except different ArF laser fluences, as indicated. (a) The temporal concentration profile of NH; is shown. The open circles
(O) are the experimental data shown every 10th data point and the solid curve is the model fit to the data. The contributions due to reaction la and
diffusion are indicated by the ICRF¥,, fractions in the legend. (b) The temporal concentration profile of NH; recorded on the same ArF laser pulse
as the NH, profile in panel (a). The open squares () are the data shown every 10th point, and the solid line is the diffusion rate constant describing
the replenishment of NH; from the surrounding gas. (c) Same as panel a except for an ArF laser fluence of 5.0 mJ cm™2. (d) Same as panel a except

the ArF laser fluence was 1.9 mJ cm 2.
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Figure 3. Similar to Figure 2 except at Pcry = 6.57 and Pnyz = 0.0093 Torr and 293 K. The influence of diffusion is reduced compared to reaction
la. The figure shows that k; is independent of the nominal ArF laser fluence and hence NH concentration. (a) Temporal dependence of NH, similar

to Figure 2a. (b) Temporal dependence of NH; similar to Figure 2b. (c) Same as part a except the ArF laser fluence was reduced to 6.3 mJ cm

-2

(d) Same as part a except the ArF laser fluence was reduced to 1.5 mJ cm™2. Note, for panel d, kN3 x> = 0.50 and reaction 1a and diffusion made

similar contributions to the removal of NH,.

and Ruyck>® based on model simulations of NH; and N,H, high
temperature pyrolysis and combustion processes.

Diffusion is an important removal process for many species
in the reaction mechanism. As discussed in recent work,” the
diffusional loss process for each species was treated as a first-
order removal process with a rate constant, kXg = Geom D,
where Geom is a geometrical factor and D% is a binary diffusion
constant for species X. The binary diffusion constants were
calculated using the procedure of Fuller et al.,’! and the Geom
factor was determined from the measured k)i° and calculated
DY, The value of DYiwas taken from the experimental
measurements of Lynch and Michael. > As noted above, reaction
2b was the only reaction that contributed to the production or
removal of NHj so that diffusion of NH; from the region outside
the photolysis region was the only significant process that
contributed to the replenishment of the NH; concentration. The
geometry of the reaction chamber and photolysis zone produced
a diffusion process that should be described by two modes of
diffusion, with fast and slow exponential time constants.
However, to facilitate the description of the diffusion process
in the numerical simulation of the experiment, it was necessary

to make the approximation of a single exponential decay term
and to limit the time interval of the simulation to 8 ms.

C. Determination of k;. Typical NH, temporal concentration
profiles are shown in Figure 2 at a low total pressure of 2.4
Torr of CF4 and in Figure 3 at a higher pressure of 6.6 Torr.
Figure 2b shows the NH; temporal concentration profile
recorded on the same photolysis laser pulse as the NH, profile
shown in Figure 2a. As mentioned in section III.A, the initial
decrease in NH3 concentration was used to calculate onga(vo)
for the NH,; transition. Similarly, Figure 3b shows the NHj
concentration profile recorded simultaneously with the NH,
profile shown in Figure 3a. The computer generated NH,
concentration profiles for the optimum determination of &, are
shown as the solid lines in Figures 2 and 3. The deviation
between the experimental and computer generated profile at long
times is due to the use of a single exponential decay rate constant
to describe the diffusional loss process used in the model
simulations, as discussed in section IIL.B.

Initially, kX was taken to be equal to kY5; however, at low
initial concentrations of NH, and especially at low pressures,
2—4 Torr, the values of k; were scattered and larger than
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TABLE 4: Summary of Experimental Conditions and
Measurements of k; in CF4 at 293 + 2 K

partial

pressure (Torr) ki X Pcpa
_— range [NH,], (107" cm® molecule™ s7!
Pcrs Panuz (10" molecules cm™) Torr™)
9.89  0.0065 0.28—1.20° 2.86 (0.20)"
9.11 0.0065 0.28—1.09 2.21 (£0.14)
8.02  0.0066 0.32—1.38 1.80 (£0.13)
7.99  0.0065 0.27—1.23 2.34 (£0.38)
7.69  0.0099 0.55—2.46 1.86 (£0.15)
7.50  0.0044 0.32—1.35 2.04 (£0.12)
7.49  0.0096 0.55—2.45 1.59 (£0.21)
6.97 0.0063 0.33—1.86 2.09 (£0.16)
6.87 0.0066 0.33—1.39 1.82 (£0.075)
6.57 0.0093 0.28—4.11 2.03 (£0.15)
5.52  0.0094 0.28—2.16 1.63 (£0.30)
4.81 0.066 0.33—1.39 1.23 (£0.079)
439  0.010 0.59—3.8 1.24 (£0.14)
3.98 0.0065 0.12—1.2 1.03 (£0.36)
391 0.0066 0.33—1.39 1.02 (£0.14)
3.25 0.0062 0.63—2.7 0.918 (£0.13)
2.53 0.0067 0.094—1.32 0.656 (+0.26)
2.50  0.0055 0.40—3.31 0.819 (£0.26)
2.44  0.0052 0.21—1.06 0.813 (£0.091)
2.10  0.0053 0.23—1.07 0.639 (£0.18)
2.08 0.0058 0.45—2.33 0.491 (£0.42)

¢ Multiple rate constant measurements were made with the same
flow conditions. ? Uncertainty is +20 in the scatter of the data.

measurements at higher NH, concentrations for the same flow
conditions. Reaction la is a second-order rate process so that
as the concentration of NH, decreases, over a fixed time interval
t, the flux of NH, radicals removed in reaction 1 also decreases,
and first-order rate processes dominate the radical removal
because the rate of the first-order process is independent of the
instantaneous radical concentration. Diffusion is the only first-
order removal process for NH,, as shown in Table 2. At
pressures near 2 Torr and small initial NH, concentrations,
diffusion can account for more than 90% of the removal flux
of NH,, as indicated in Figure 2d by the value of IRCFi?;
however a single combination of k; and k}H? values describes
the system. By varying the initial concentration of NH, by
attenuating the photolysis laser intensity, under the same flow
conditions, the relative contribution of reaction la and diffusion
to the removal of NH, can be varied and the optimum
combination of k; and A3 determined. The following procedure
for determining this optimum combination of k; and k}i* was
adopted. For each initial NH, concentration, the value of k; that
provided the best fit to the NH, profile was determined for a
fixed value of kNH?, starting at kXH? = kNH. The value of kYH?
was incremented and the calculation repeated for the optimum
value of k;. As the initial NH, concentration decreased, the slope
of a plot of k; against k§}? became increasingly more negative
because of the larger contribution by diffusion to NH, removal
flux at smaller concentrations. Generally, four to five initial NH,
concentrations were analyzed at each flow condition. The region
in (k;, K5 coordinate space where all the plots of k; vs
K¥Hintersected or nearly so defined the best combination of k;
and KNH? values that fit all the experimental profiles for that
flow condition. The value of k\#? was found to be (1.37 & 0.1)
x kNH3, where the scatter is &+ two standard deviations, +20.
At higher pressures, the contribution of diffusion to NH, removal
becomes less significant, even at small initial NH, concentra-

tions, as seen by comparing the IRCF3} in Figures 2d and 3d.

At pressures greater than 4 Torr, KYH was still assumed to be

1.37 x kM.

Bahng and Macdonald

The experimental data for the determination of k; with CF,
as third body are summarized in Table 4. The measurements of
ki were made at a temperature of 293 & 2 K. The third column
in Table 4 lists the range of initial NH, concentrations achieved
by attenuating the photolysis laser intensity for fixed flow
conditions. The value of k; reported in the last column of Table
4 was the average of all the data recorded at that flow of
reagents. Generally, determinations of k; were made for at least
three different initial NH, concentrations, and then repeating
the measurements.

Figure 4 shows typical NH, concentration profiles with Ar
as the bath gas for a similar total pressure as in Figure 3. Parts
a and b of Figure 4 were obtained in NH3/Ar mixtures, and
were recorded simultaneously. These figures illustrate the large
nonequilibrium population distributions in both the NH, and
NHj; population manifolds. The initial portion of both profiles
is shown every data point, at 10 us interval, for the first 500
us. The initial loss of NHj3 concentration and its rapid recovery
was unexpected. One possible explanation is the repopulation
of vibrational energy levels of ground-state NH; from fluores-
cence or collisional quenching of the predissociative NH3(A'A;)
electronically excited state. With the addition of a small amount
of CF, (Pcrs = 0.121 Torr), Figure 4c, the induction time was
reduced dramatically to 30 us, and with the further addition of
CF; (Pcps = 0.439 Torr), Figure 4d, was almost eliminated.
The NH; profiles (not shown) recorded along with the NH,
profiles in Figure 4, parts ¢ and d, showed an even more
dramatic reduction in the initial NH; population transient. Note,
in all the fits to the data, the fitting procedure did not start at
time zero but was delayed an appropriate amount depending
on the duration of the observed induction time. As indicated in
the labels in Figure 4, the measured value of k; was independent
of CF, concentration strongly indicating that the internal degrees
of freedom in NH; had equilibrated after an appropriate delay.
The measurements in N, were made in a similar fashion to those
in Ar. Similar to Table 4 for CF,, the conditions of the
experiment and the results of the measurement for k; are
summarized in Table 5 and Table 6 for Ar and N, as carrier
gas, respectively.

The overall rate constant for reaction 1 is composed of a
pressure independent, k§ = 3 ¢_ , k;;, and a pressure dependent
term, ki [M], so that k; = kY + ki.o[M]. A plot of k; against
third body concentration yields a straight line of intercept equal
to kY and slope equal to kieo. At the low pressures used in the
experiment, reaction le is close to the three-body recombination
pressure regime, and k. is almost a linear function of pressure.
In general, the observed rate constant for a radical recombination
rate constant, k, over an extended pressure range is expressed
as

k[MIk,
k ko[M] + kche“‘ (E2)
where ky and k. are the low-pressure recombination and high
pressure second-order rate constants, respectively, and Feep iS
a falloff broadening parameter.>
Parts a—c of Figure 5 show the plots of k; as a function of
carrier gas pressure in CF,, Ar, and N,, respectively. In parts b
and c of Figure 5, the contribution from the small partial pressure
of CF, has been subtracted. In each figure, the solid line is a
linear least-squares fit to the data for the respective collision
partner, and the dashed line is a fit to the same data using eqn
E2 with the parameters summarized in the figure caption. The
high-pressure limiting rate constant and F.., were taken from
the analysis of Fagestrom et al.,'” discussed below. As can be
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Figure 4. Influence of Pcgy on the determination of k; in Ar. (a) The temporal concentration profile of NH, is shown with no CF,. The Pag = 5.99
and Pxpsz = 0.0067 Torr. The ArF laser fluence was 10 mJ cm™2. The data points are shown every point (@), at 10 us intervals, for the first 500
us and every 10th data point (O) for the rest of the profile. The solid line is the model fit to the data giving k; = 6.6 x 1072 cm® molecule™" s7'.
(b) The temporal concentration profile of NH; recorded simultaneously with the NH, trace in panel a. The data points are shown every point (H),
10 us, and every 10th point (O), as in panel a. The transient perturbation in the NHj internal state distribution is of similar duration as the one for
NH, in panel a. (c) Similar to (a) except Par = 6.02, Pcps = 0.121, Pyuz = 0.0055 Torr and only the first 100 us are shown every data point. The
ArF laser fluence was 12 mJ cm™2. (d) Similar to part c, except Pag = 5.60, Pcps = 0.439, and Pxps = 0.0055 Torr. The ArF laser fluence was 12

mJ cm™2.

seen from the Figure 5, within the scatter of the data, the rate
constants are linear functions of pressure; however, as evidenced
by the dashed line fit to the data in CF,, Figure 5a, k; has a
more complicated pressure dependence than linear. A detailed
master equation treatment of the data is not warranted at this
time due to the scatter in the data and the uncertainty in ke w,
as will be discussed in the next section. The intercepts of the
plots provide an estimate of the sum of the two-body rate
constants, k7, and the slope the determination of the three-body
recombination rate constant for each bath gas, ki.o. The
measurements of &} and k. for each carrier gas are summarized
in Table 7 along with a comparison to previous measurements.

D. Comparison with Previous Work. As mentioned in the
Introduction, reaction la has been studied under a variety of
conditions over the last several decades with some uncertainty
among the various investigators about the value of kjce.
Fagerstrom et al.!” have reconciled some of the available data
by combining their own measurements with those in the
literature to construct theoretical falloff curves based on Troe’s

and co-workers’!'®* description of the falloff kinetics. This
analysis requires the calculation of a strong collision low-
pressure limiting rate constant, k3G, the determination of the
collisional efficiency factor, f,, to calculate the low-pressure
rate constant, kiwco = S kieco, and the calculation of the high-
pressure limiting rate constant, Kieco. AN important parameter
in this analysis is o, an interpolation “looseness” parameter
describing the transition state for the recombination process.
Fagerstrom et al.!”’s analysis yielded the ratio a/f equal to 0.65,
where 8 (8 = 1.89 A™") is the Morse potential distance
parameter describing the chemical bond between the radicals.
This value for o/ is larger than the average value found in the
systematic investigated by Cobos and Troe,> comparing similar
calculations to experimental falloff cures for a variety of
systems. The parameters that described the system were as
follows: kigeco = 1.2 x 10719 cm?® molecule ™! s7!, B. = 0.0458,
0.112, 0.0222, and 0.0396 for SFs, NH3, Ar, and N, respec-
tively, and the ko for each collision partner listed in the Table
7. As can be seen from Table 7, the measurements of k. for
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TABLE 5: Summary of the Experimental Conditions and Measurements of k; in Ar at 293 + 2 K

partial pressure (Torr)

k(I) + kllxer,OPAr + k?e%t}::CFi]

range of [NH,]o (107" cm® molecule™! s

Par Pcrs P (10" molecules cm™) Torr™)
9.35 0.454 0.0066 0.36—1.61¢ 1.29 (£0.18)"
8.53 0.454 0.0066 0.36—1.66 1.33 (£0.26)
7.70 0.439 0.0067 0.36—1.80 1.22 (£0.25)
6.74 0.286 0.0095 0.47—3.50 0.814 (£0.18)
6.59 0.437 0.0067 0.38—0.825 0.901 (£0.18)
6.57 0.422 0.0095 0.73—2.74 1.06 (£0.22)
6.02 0.121 0.0055 0.49-2.10 0.750 (£0.13)
5.90 0.245 0.0055 0.49—1.89 0.744 (£0.11)
5.78 0.375 0.0055 0.43—1.87 0.698 (£0.17)
5.60 0.439 0.0067 0.35—1.49 0.827 (£0.13)
4.55 0.437 0.0067 0.36—1.52 0.701 (£0.25)
3.82 0.133 0.0059 0.55—2.44 0.385 (£0.11)
3.77 0.190 0.0060 0.56—1.18 0.409 (£0.13)
3.63 0.433 0.0067 0.31—1.65 0.544 (+0.067)
3.48 0.422 0.0061 0.55—2.34 0.495 (£0.058)
2.80 0.433 0.0066 0.35—1.52 0.448 (+0.035)
2.72 0.215 0.0070 0.51—-0.73 0.317 (£0.080)
9.75 0.0 0.0066 0.32—1.35 1.19 (£0.14)
9.05 0.0 0.0067 0.68—0.85 0.963 (£0.17)
7.99 0.0 0.0067 0.35—1.57 0.963 (£0.17)
7.00 0.0 0.0067 0.34—1.42 0.794 (£0.11)
6.77 0.0 0.0091 0.27—3.12 0.622 (£0.22)
6.15 0.0 0.0054 0.48—2.00 0.584 (£0.12)
5.99 0.0 0.0063 0.30—1.29 0.664 (£0.11)
4.03 00. 0.0067 0.30—1.39 0.510 (£0.089)

@ Multiple rate constant measurements were made with the same flow conditions. ? Uncertainty is & 20 in the scatter of the data.

TABLE 6: Summary of the Experimental Conditions and Measurements of k; in N, at 293 + 2 K

partial pressure (Torr)

range of [NH,],

k(l)—"_ kIl\Iez,OPNZ—’_ le58PCF4

Pao Pcrs Pams (10" molecules cm™) (107" cm?® molecule™ s™! Torr™1)
9.76 0.448 0.0067 0.35—1.45° 2.09 (£0.081)"
9.39 0.433 0.0065 0.37—1.72 1.99 (£0.07)
8.25 0.441 0.0066 0.36—1.72 1.97 (£0.21)
6.99 0.428 0.0066 0.66—1.58 1.54 (£0.12)
6.54 0.423 0.0065 0.81—1.63 1.54 (£0.098)
6.02 0.432 0.0066 0.72—1.67 1.43 (£0.15)
5.50 0.432 0.0066 0.70—1.49 1.48 (£0.069)
4.59 0411 0.0064 0.76—0.95 1.07 (£0.13)
3.80 0.406 0.0063 0.66—0.83 0.921 (£0.12)
3.55 0.396 0.0061 0.61—1.37 0.966 (£0.12)
9.65 0.0 0.0067 0.45—1.81 1.68 (£0.14)
8.66 0.0 0.0067 0.46—1.85 1.52 (£0.24)
7.99 0.0 0.0067 0.41—1.85 1.48 (£0.24)
6.93 0.0 0.0067 0.41—1.79 1.08 (£0.072)
5.97 0.0 0.0066 0.44—1.85 0.880 (£0.12)
4.98 0.0 0.0066 0.44—1.87 0.694 (£0.15)
3.99 0.0 0.0066 0.44—1.83 0.581 (£0.085)

@ Multiple rate constant measurements were made with the same flow conditions. ”? Uncertainty 4-2¢ in the scatter of the data.

Ar and N, reported in the present work are about a factor of 5
larger than those determined by Fagerstrom et al.,!” although
the relative efficiency for these two collision partners agree
within experimental error. The experimental measurements of
Khe et al.'* for N, and Ar as third bodies are about a factor of
2 smaller than those found in the analysis of Fagerstrom et al.!”
Thus, the difference between the measurements of the present
work and the previous experimental measurement of Ky 1S
even larger than suggested by the summary in Table 7.

As just noted, prior to the work Fagerstrom et al.!” the
determinations of Ky . were scattered, ranging from 2.5 x 107"
to 1.3 x 107'° cm® molecule™! s, ! illustrating the difficulty in
determining accurate rate constants for radical—radical reactions
and especially determining the high-pressure limiting rate
constant. Previous studies of reaction la used a variety of

techniques to initiate the reaction: pulse radiolysis,'*!” flash
photolysis,'*!> or laser initiated reaction,'® and a variety of
methods to monitor the temporal concentration of the NH,
radical: white light absorption spectrophotometry,'>'*!7 intra-
cavity laser absorption,'> or high-resolution laser absorption
spectroscopy,'® all using rotational lines of the (0,9,0)A%A; <
(0,0,0)X2B; vibronic band. The experimental challenge is to
convert the observed NH, absorption signals into absolute
concentration measurements. In all cases, this was done in an
indirect manner and by necessity in separate experiments. In
the current work, these problems were over come by directly
observing the temporal NH, concentration profile according to
eq E1 and monitoring directly the initial loss of NH; and the
production of NH, simultaneously on the same excimer laser
pulse. Furthermore, there was no ambiguity in defining the



NH,(X?B)) + NHx(X?B,) Reaction

TABLE 7: Comparison of k; Determined in This Work and
Previous Measurements at 293 K

carrier K10 B cem? kieo (107 cm®
gas molecule™ s71) molecule™? s71) ref
CF, 6.2 + 8.8 8.04 + 0.46 this work
SF¢ 204041 17
NH; 52422 17
N, 39+1.6 574+0.7 this work
1.4 4+ 0.58 17
Ar 0+7.5 3.94 + 0.37 this work
0.70 £ 0.30 17
NH3/No/Ar 14 14
He 1345 19

¢ Uncertainties 20 in the of scatter of the data

optical path length through the photolysis region: it was
completely defined by the distance between the UV—IR dichroic
mirror and the ZnS plate placed on the optical axis of the white
cell.

Figure 6 compares the measurements of k;. made in the
present work in N, Figure 6a, and Ar, Figure 6b, as collision
partners to the available data for these two systems over the
complete experimental pressure range. The results of the
theoretical Troe analysis for &2 and k{{ performed by Fagerstrom
et al.,'” as just discussed, are shown by the solid lines in Figures
6a and 6b. The dashed lines in Figure 6 are the predicted falloff
rate constants calculated using the values for k)2  and k7Y ¢ listed
in Table 7 instead of those used in the Troe fit to the data by
Fagerstrom et al.'” It is clear from Figure 6 that the results of
the present work differ from previous low-pressure measure-
ments by a factor of 10. However, the revised falloff curves,
calculated using the experimentally determined k{2 ¢ and ki,
0"values, predict high-pressure rate constants that are within a
factor of 2 of the measurements of Lozovskii et al.! for the
respective third body. Using the results of Fagerstrom et al.!”
and the values of k{2 and k{¢" o measured in this work, new
values of 3. were calculated to be 0.17 and 0.11 for N, and Ar,
respectively, and are closer to expectations™ for . than the
original estimates of Fagerstrom et al.'’

The determinations of the total disproportionation reaction
rate constant, k9, determined in the present and previous work
are also included in Table 7. Khe et al.'"* measured kjin the
same manner as determined here, and obtained the same
intercept in each carrier gas they examined, NH3, N,, and Ar.
As noted above, their measurement of kiyeco, in Ar and N is
almost a factor of 8 smaller than measured here, see Table 7
and the previous paragraph. The average of the values for the
three gases examined in the present work gives k! = (3.4 & 6)
x 1071 cm® molecule™ s7!. Although these measurements
probably agree within the experimental scatter, it is not clear
how to compare the two measurements in light of the large
discrepancy between the kj..o determinations. A more direct
measurement of k{ is provided by the work of Stothard et al.,'
also included in Table 7 and discussed in the introduction. These
measurements were made at He pressures of 0.53 and 0.75 Torr,
and guided by the results of Khe et al.'* for k.o in Ar, the
recombination reaction in He was assumed negligible. However,
using the results reported here for k.. in Ar and accounting
for the reduced collisional efficiency of He compared to Ar,
50%, the recombination reaction would still contribute over 30%
to the measured decay of NH, in their experiments. If the
measurements of the present work are correct, the measurements
of kY by Stothard et al."” have over estimated k!, in closer
agreement to the value of k9 determined in the present work.
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Figure 5. Summary of the pressure dependence of k;. The experimental
data are summarized in Tables 4, 5, and 6 and the values of the slopes
and intercepts from the least-squares fits in the figures are given in
Table 7. (a) CF; as the third body (A). The error bars are the scatter in
the data at the & 20 level of confidence from at least six independent
measurements. The solid line is a least-squares fit to the data. The
dashed line is ki, given by eq E2 with kffff = 1.6 x 1072 cm®
molecule™ 57!, ke = 1.2 x 107'% cm® molecule™ s,”! and Feeny =
0.7. (b) Similar to (a) only Ar as the third body. The open circles, (O),
were measurements of k; in NH;/Ar mixtures and the solid circles, (°),
were made with small amounts of CF, added. The dashed line is k.
given by eq E2 with ki= 8.0 x 1072 cm® molecule 2 s, koo = 1.2
x 1071% cm® molecule ™! s,”! and Fe, = 0.55. (c) Similar to (b) except
N, is the third body. The open squares, (O0), were measurements of k;
in NH3/N, mixtures and the solid squares (M) were made with small
amounts of CF, added. The dashed line is k. given by eq E2 with k)3,
= 1.0 x 1072 cm® molecule 2 s, kjeeo = 1.2 x 107" cm? molecule™!
s, " and F. = 0.6.

E. Estimated Uncertainty in k;. As indicated in Figures 2,
3, and 4, the model simulations of the experimental profiles
included the calculation of IRCFs for each reaction in Table 2,
and showed that reaction 1 and kNH? accounted for over 95%
of the removal of NH, while reaction 2a accounted for most of
the remainder. The scatter in the data for k; reported in Tables
4, 5, and 6 resulted in the average of the values of k; obtained
under varying initial concentrations of NH, but under the same
flow conditions, and hence, reflects the influence of both kYH?
and k;. The scatter in the determination of kX was 4+ 7.5% at
the 20 level of confidence as discussed in Section III C. The
average uncertainty in scatter of the measurements of k;
summarized in Tables 4, 5, and 6 was taken to be £ 17% so
that the combined uncertainty from the model simulations was
+19%, assuming the uncertainties are uncorrelated.

The determination of k; requires knowledge of the NH,
concentration. The largest contributor to the uncertainty in the
determination of onmp(vo) was tuning the NH; probe laser
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Figure 6. (a). Comparison of the results of this work with previous
experimental data for reaction le with N, as a third body. The symbols
are: filled squares (M), this work, open squares (0), ref 14, and right
side up triangle (A), ref 15. The solid line (—) is the result of the Troe
analysis by Fagerstrom et al.'” for k. based on eq E2. The dotted
horizontal line references the value of ki, . determined by Fagerstrom
et al. The dashed line (- - -) is the same Troe analysis except ki, o for
N, given in Table 7 was used instead of the value determined by
Fagerstrom et al. (b) Similar to part a, except Ar is the third body. The
symbols are as follows: filled circles (@) this work, open circles (O),
ref 14, and upside down triangle (V), ref 15. The lines are the same as
in part a, except the ke, ¢ from Table 7 for Ar was used in the Troe
analysis.

frequency to the peak of the weak NH; absorption feature.
Although boxcar averaging enhanced the signal-to-noise of the
NH; absorption signal, noise due to pulse-to-pulse fluctuations
of the excimer laser intensity could not be completely sup-
pressed. The NH, absorption signal was calibrated assuming
that the initial loss of NHj resulted in the initial production of
NH,. Combining the uncertainties in the determination of the
NH; and NH, absorption coefficients summarized in Table 1
gives the total uncertainty in the determination of the NH,
concentration as &+ 19%, at the +=20 confidence level.

Other possible influences on the determination of rate
constants for second-order rate process have been discussed in
a recent work.?’ As a precaution, the partial pressure of NH;
was always small so that the excimer laser attenuation was never
more than 50%. This also reduces the possibility of distortions
in the NHj concentration distribution along the photolysis axis
due to saturation effects of the photolysis laser intensity.>

Uncertainties in path length and pressure measurements were
less than a few percent and did not contribute significantly to
the total uncertainty dominated by the scatter in the data, the
determination of AY{? and the uncertainty in the NH, concentra-
tion. Combining these three uncertainties gives a total uncer-
tainty in the measurement of k; of +27%, including systematic

and random errors at the 20 level of confidence.

Bahng and Macdonald

IV. Summary

The rate constant measurements for reaction 1 exhibited a
linear dependence on pressure, Figure 5, with slopes determined
to be 8.0 x 1072 in CF4, 5.7 x 107® in Ny, and 3.9 x 107%
cm® molecule 2 s™! in Ar. The uncertainty in these rate constant
measurements was estimated to be £27%, including random
and systematic errors. The reaction was initiated by 193 nm
laser photolysis of flowing dilute NH; mixtures in the carrier
gas. The measurements were made by simultaneously monitor-
ing NH; and NH, temporal concentration profiles using time-
resolved high-resolution absorption spectroscopy. These mea-
surements are a factor of 8 larger than previous determinations'*!?
of these rate constants, as summarized in Table 7. The average
intercept of the linear plots of k; as a function of pressure of
the carrier gas represents k{, and was found to be (3.4 & 6) x
107" cm3 molecule ™' s™', where the uncertainty is the scatter
in the data at the 20 level of confidence. This measurement is
almost a factor of 4 smaller than several previous determina-
tions'#!? but within the scatter of the experimental measurements.
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