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ABSTRACT: The first experimental study of the low-temperature kinetics of the gas- /| % | INOJ
phase reaction between NH, and NO has been performed. A pulsed laser photolysis- 5 0

5.8x10"

laser-induced fluorescence technique was used to create and monitor the temporal s
2.3x10

decay of NH, in the presence of NO. Measurements were carried out over the
temperature range of 24—106 K, with the low temperatures achieved using a pulsed
Laval nozzle expansion. The negative temperature dependence of the reaction rate
coefficient observed at higher temperatures in the literature continues at these lower
temperatures, with the rate coefficient reaching 3.5 X 107'° cm® molecule ™ s™" at T =
26 K. Ab initio calculations of the potential energy surface were combined with rate
theory calculations using the MESMER software package in order to calculate and
predict rate coefficients and branching ratios over a wide range of temperatures, which T T T T T T
) . . . , 0 100 200 300 400 500
are largely consistent with experimentally determined literature values. These t/ s
theoretical calculations indicate that at the low temperatures investigated for this
reaction, only one product channel producing N, + H,O is important. The rate coefficients determined in this study were used in a
gas-phase astrochemical model. Models were run over a range of physical conditions appropriate for cold to warm molecular clouds
(10 to 30 K; 10* to 10° cm™), resulting in only minor changes (<1%) to the abundances of NH, and NO at steady state. Hence,
despite the observed increase in the rate at low temperatures, this mechanism is not a dominant loss mechanism for either NH, or
NO under dark cloud conditions.
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1. INTRODUCTION to several high activation barriers on the potential energy surface
(PES) leading to this channel that lie above the NH, + NO
entrance channel.'®*”*"* After the initial association of NH,
with NO, the reaction is believed to take place as a single

The reaction between NH, and NO, k,, plays an important role
in the thermal DeNO, process, ” in which NO, is thermally
removed by NHj, and as such has been studied extensively both

experimentally6_25 and theoretically.10’24_36 The reaction has elementary step without collisions, as evidenced by numerous

three main product channels theoretical studies which indicate that the lifetimes of the

AFP o) (k) mol) intermediates are shorter than the time between collisions at

NHy+NO  — Na+ HaO 468 s (R1a) temperatures and pressures of interest and by experimental

studies which indicate that the rate coefficient is independent of

—N0FH: "192 fae R1b) pressure between a few Torr and an atmosphere.'®**** The

— HN2 + OH 7 e (Rlc) HN, radical formed via channel Rlc has been shown both

Product channel Rla, which involves breaking all three experimentally’” and theoretically*****” to have a short lifetime

chemical bonds in the reactants and forming three new chemical (<0.5 ps) and promptly dissociates to H + N, by tunneling
bonds in the products, is chain terminating, converting two through a small potential energy barrier.

radical species (NH, + NO) into two closed shell species (N, +
H,0). Conversely, the product channel Rlc is chain
propagating, as it produces two new radical species (HN, +
OH). As such, the branching ratio (BR) between channels R1a
and Rlc, a = k;/k; (where k, is the sum of all product channels,
ky = ky, + kyp, + ki), plays an important role in determining the
effectiveness of the NH; reducing agent in the DeNOx cycle.
Both experiment and theory suggest channel Rlb to be
insignificant even at very high temperatures; this is despite the
N,O + H, channel itself being 192 k] mol ™" exothermic, and due

Looking at the available experimental data on the reaction,
measurements have been made over a wide range of temper-
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atures, from 200 K up to around 2800 K. These measurements
can be broadly divided into two groups: the lower temperature
range up to around 1000 K; in which experiments are carried out
in reactors or flow cells and the reaction is monitored
directly,>®!*1#151018212425 41§ the higher temperature range
around 1000 K and above, in which experiments are carried out
in shock tubes or flames and in which the data requires
intergpretation usin% high-temperature kinetic model-
ing. /Ot VIBIBITI9202253 Although there are some discrepancies
in the rate coefficients determined in some earlier works, more
recent works from both groups are typically in good agreement
and show that the reaction has a negative temperature
dependence, with the rate coefficient falling from around 3 X
107" to 1 X 107"* cm® molecule™ s™' between 200 and 2500 K.
The BR between channels R1a and Rlc has also been examined
in a large number of experimental studies; "' ~''%?97*%?% again
despite a number of discrepancies in some of the earlier works, it
is now clear from a number of more recent studies that the BR
increases from around 0.1 at room temperature to around 0.8 at
2500 K. Of the numerous theoretical studies investigating the
reaction, only a limited number have attempted to predict this
BR.'%?%?1%* These studies again indicate that the BR v increases
with increasing temperature.

Both NH, and NO have been detected in a variety of
astrochemical environments, with nitrogen hydrides and
nitrogen oxides both thought to play important roles as nitrogen
reservoirs and to potentially participate in the formation of more
complex species. NH, radicals have been detected in diffuse
molecular clouds™ and in high-density star-forming and
protostellar regions.*' Models are often unable to explain both
the absolute and relative abundances of the NHx hydrides,”" and
gas phase reactions with species such as NO may help to resolve
these discrepancies. For example, a gas-phase only model of a
diffuse molecular gas cloud underpredicts the observed
abundances of both NH and NH, by factors of between 10
and 100, while including processes on dust surfaces increases the
abundances of these two species, also results in a failure to match
the high NH/NH,; ratio observed.”' NO, after its first detection
toward SgrB2 in 1978,** has been detected in dark clouds, star-
forming regions, protostellar envelopes, and nuclei of starburst
galaxies (e.g.""~""). Despite the possible importance of the
reaction between NH, and NO in affecting the partitioning of
nitrogen between different reservoirs (being a reaction that
converts a nitrogen hydride and a nitrogen oxide into N,), the
absence of the reaction in the Kinetic Database for
Astrochemistry™® suggests the reaction is likely missing in
many astrochemical models. The reaction is, however, included
in the UMIST Database for Astrochemistry (UdFA), with the
recommended rate coeflicient listed as appropriate at temper-
atures from 210 K upward.

In this paper, we present measurements of rate coeflicients for
the reaction between NH, and NO in the temperature range
24—106 K, collected using a pulsed laser-photolysis laser-
induced fluorescence (PLP-LIF) technique coupled with a Laval
nozzle to achieve the low temperatures relevant to the ISM. We
also perform a theoretical investigation into the reaction,
recreating the ab initio results of an earlier study to produce a
PES and combining this with reaction rate theory using the
MESMER software package®” to calculate both rate coefficients
and BRs over a wide temperature range. These data were then
incorporated into a single-point gas-phase model for cold to
warm molecular cloud conditions, and the new results were
compared with those predicted by current models.>
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2. METHODOLOGY

2.1. Experimental Study. The use of a Laval nozzle
expansion coupled with a PLP-LIF technique has been
employed by this group to study the kinetics of a range of
neutral—neutral reactions at very low temperatures, including
reactions of OH with unsaturated hydrocarbons®' and oxy-
genated volatile organic compounds,””~>° 'CH, with atmos-
pheric gases and hydrocarbons,””*” both CH>® and CN*’ with
CH,0, and NH, with CH,0.% In the current study, we employ
the same technique to study the low-temperature kinetics of the
reaction of NH, with NO. As the experimental apparatus
employed in the current and previous studies has been discussed
in detail elsewhere,” ~>* only a brief overview is given here.

The reagent and bath gases were combined in a mixing
manifold using calibrated mass flow controllers (MFCs; MKS
Instruments) prior to being entered into a 2 L gas ballast tank.
The NO reagent was introduced as a pure gas, while the NH;
precursor was introduced as either a pure gas or as a dilute
mixture of between 10 and 50% in Ar. Following the gas ballast,
the reaction mixture was introduced to a 1 cm® stainless-steel
reservoir via two pulsed solenoid valves (Parker 9 series) fired at
a repetition rate of either S or 10 Hz with a pulse duration of
around 10 ms. Each pulse of gas underwent a controlled
expansion through a convergent-divergent-shaped Laval nozzle
into a low-pressure stainless-steel cylindrical chamber (~775
mm length by 240 mm diameter), resulting in a thermalized low-
temperature gas flow. A range of nozzles were employed during
the experiments to achieve flow temperatures of between 24 and
106 K. The temperature and density profile of the flows were
characterized by impact pressure measurements using a Pitot
tube, and the temperature of several of the jets was confirmed by
rotationally resolved LIF spectroscopy.”®*® The pressure in the
vacuum chamber, as measured by two calibrated capacitance
manometers (Leybold Ceravac CTR100N 0—10 Torr and
Laybold Ceravac CTR90 0—1000 Torr), was typically in the
range of 0.2—1.5 Torr depending on the nozzle and flow
conditions employed and controlled by adjusting the pumping
speed on the screw pump (Edwards GXS160).

NH, radicals were generated from the PLP of NH; at 213 nm
(Reaction R2) by the fifth harmonic of a Nd/YAG laser
(Quantel Q-smart 850), with a typical pulse energy of ~10 mJ.
The photolysis laser was introduced colinearly with the axis of
the expanded gas flow to produce a uniform radical density. NH,
radicals were observed by time-resolved LIF spectroscopy,
probin§ the A%A, (0,9,0) < X*B, (0,0,0) transition near 597.6
nm®"° using the output of a Nd/YAG-pumped dye laser (a
Quantel Q-smart 850 pumping a Sirah Cobra-Stretch). The
probe laser was introduced perpendicularly to the photolysis
laser beam, crossing the gas flow at the furthest distance from the
exit of the nozzle before the flow broke up due to turbulence.
This point was determined from impact pressure measurements
as the point at which the density of the flow begins to sharply
decline and was typically between 10 and 30 cm, depending on
the nozzle and bath gas used. The nonresonant fluorescence at
~620 nm was collected via a series of lenses through an optical
filter (Semrock Brightline interference filter, A, = 620 nm,
fwhm = 14 nm) and observed by a temporally gated channel
photomultiplier (CPM; PerkinElmer C1952P), mounted at 90°
to both laser beams. The signal from the CPM was recorded
using a digital oscilloscope (LeCroy Waverunner LT264) and
sent to a computer using a custom LabView program. The
temporal evolution of the LIF signal was recorded by varying the

https://doi.org/10.1021/acs.jpca.3c03652
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time delay between photolysis and probe lasers. A typical time-
resolved LIF profile (Figure 1) consisted of between 110 and
165 delay steps and resulted from the average of between 6 and
15 individual delay scans.

NH; + hv - NH, + H (R2)
® INOJ
= : o 58x10™
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Figure 1. NH, (v = 0) LIF signal following PLP of NHj at various
[NO], given in units of molecules cm™. Solid lines are fits of eq E1 to
the data. T = 28.2 K, total Ar density = 3.20 X 10'® molecules cm™.

Photolysis of NH; produces both ground and vibrationally
excited NHZ,(’Z’63 and, as a consequence of this, the profiles of
NH, (v = 0) exhibit a growth resulting from the relaxation of
vibrationally excited NH, (see Figure 1). In experiments in
which only the NH; precursor and the bath gas were present,
this growth was on the order of 20,000 s indicating that it
takes ~170 us for 95% of the vibrationally excited NH, to be
relaxed down to v = 0. This posed a problem for kinetic
measurements of NH, in our system, as the time scale for kinetic
experiments was restricted by the length of the uniform
supersonic flow, with dynamic times in our system ranging
from ~200 to 500 yis depending on the nozzle and bath gas used.
Therefore, the addition of a species effective in the vibrational
relaxation of NH, was required in order to measure accurate rate
coefficients for the removal of NH, (v = 0). Yamasaki et al.%*
have shown that CF, efficiently accelerates vibrational relaxation
of NH,. We have found that CH, is also eflicient at relaxing
vibrationally excited NH,. By adding up to 3% CH, to our flows,
we achieved a growth of the NH, (v = 0) signal on the order of
between 50,000 and 100,000 s~* (depending on the particular
flow), allowing us to effectively monitor the removal of NH, (v =
0) within the time scales of our experiments. To ensure adding
up to 3% CH, to our flows did not significantly affect the
temperature and density profiles of our low-temperature gas
flows, several flows were characterized by impact pressure
measurements both with and without 3% CH, present; the
temperatures and densities determined for the flows with CH,
present were shown to be within 5% of those determined
without CH, present.

2.2. Materials. N, (99.9995%, BOC), Ar (99.9995%, BOC),
NH; (99.98%, BOC), and NO (99.5%, BOC).

2.3. Theoretical Calculations. All electronic structure
calculations were carried out using the Gaussian 09 suite of
programs.6> Geometric structures of the stationary points
[reactants, products, and intermediates, including adducts and
transition states (TSs)] given in Diau and Smith®” were
optimized at the B3LYP/6-311G(d,p) level®*™® to obtain
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vibrational frequencies, rotational constants, and electronic and
zero point energies (ZPEs). TSs were found to have only one
imaginary vibrational frequency, while for the reactants,
products, and intermediates, all of the vibrational frequencies
were positive. Diau and Smith*” also demonstrated that the TSs
were connected to their designated intermediates by IRC
calculations. ZPEs obtained from the harmonic frequencies were
corrected with a scaling factor of 0.967 for B3LYP/6-
311G(d,p).” Rate theory calculations to predict rate
coefficients and BRs were performed using the master equation
solver for multi-energy well reaction (MESMER) program.*’
Further details of the parameters used in the MESMER program,
such as the energy transfer parameters AEg,,, are given in the
MESMER input file attached as part of the Supporting
Information. However, as discussed below, as the reaction
between NH, + NO is effectively pressure-independent over
pressure ranges of interest, the choice of the magnitude of the
energy transfer parameters does not play a role in the rate
coeflicients and BRs calculated.

3. RESULTS

Typical NH, LIF profiles produced following the photolysis of
NH; can be seen in Figure 1. As can be seen from these profiles,
there is an initial growth of the NH, signal with no instant signal
observed. As discussed above, this growth in the NH, (v = 0)
signal is due to relaxation of vibrationally excited NH, produced
following photolysis of NH;. Relaxation of vibrationally excited
NH, occurs via a cascade, such thatv=x > v=x—1->v=x—
2 —--— v = 0. As such, the growth of the NH, (v = 0) signal is
not strictly a single exponential growth. However, as higher
vibrational levels are relaxed faster than lower levels (for a
particular collider),’® the relaxation of NH, (v = 1) to NH,
(v = 0) is the rate-limiting step, and as such, the growth of the
NH, (v = 0) signal can be treated as a single-exponential growth
(R3)

krel
NH, (v > 1) + X % NH,(v = 0) + X (x3)

where X can be CH,, the bath gas, NH;, and the coreagent R
under investigation. In ;)ractice, relaxation by the bath gas
(either Ar or N,) is slow,”"””* necessitating the addition of CH,
to our flows to promote efficient vibrational relaxation. Reaction
R3, together with the reaction for the removal of NH, (v = 0)

k,
NH,(v = 0) + NO — products (R1)

and as experiments were carried out under pseudo-first-order
conditions (i.e., [NH,] < [NO] and [CH,]), the temporal
evolution of the NH, (v = 0) LIF signal is given by

’
rel

k
[NH, (v = 0)], = (/7

’
obs krel

][NHz(V > 1)]0

(exp™" — exp™*o>") (E1)

and

(;bs = kl[NO] + k{oss (EZ)

where k" and kg, are the pseudo-first-order rate coefficients
for the reactions producing and removing NH, (v =0), [NH, (v
> 1)], is the initial amount of NH, (v > 1) produced following
photolysis of NH; that is subsequently relaxed down to NH, (v
=0), and ky,,’ is the total rate coefficient for other loss processes
of NH, (v = 0), such as diffusion out of the probe laser beam

https://doi.org/10.1021/acs.jpca.3c03652
J. Phys. Chem. A 2023, 127, 7205-7215
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volume. Equation E1 was fitted to the NH, (v = 0) LIF profiles,
and the parameters k., k.., and [NH, (v > 1)], were
extracted. When fitting these NH, profiles, the k" values were
fit globally; that is, for a certain experimental run in which the
total pressure, temperature, precursor concentration, and [CH4]
were kept constant, all the NH, profiles were fit using a single
k. value that was allowed to float. As can be seen from Figure 1,
the NH, traces are satisfactorily fit using a biexponential
function, indicating the validity of treating the growth of the
NH, (v = 0) signal as a single process. Plotting k., vs [NO]
should then yield a straight line as given by eq E2, with a gradient
equal to the bimolecular rate constant, k;, and intercept ki’
Examples of such bimolecular plots can be seen in Figure 2. As

a) Ar bath gas %
164 = 28K %
A 60K
o 12 :
e z %
£ 8
4_
0-— T T T T T
0 1x10"  2x10™  3x10"  4x10®  5x10™
[NO] / molecule cm™
304 b) N, bath gas
= 66K
254 4 85K
v 106 K
"'ju) 20
Q
~, 15
N
104
54
0-+—

0.0 2.5x10"® 5.0x10™ 7.5x10"® 1.0x10™

[NO] / molecule cm™

’

Figure 2. Bimolecular plots of k., vs [NO] collected at various
temperatures, using either (a) Ar or (b) N, as a bath gas. The solid
symbols indicate the linear range from which the bimolecular rate
coefficient, k, is determined, while the open symbols demonstrate
curvature caused by the presence of NO dimers and are excluded from
the linear fit. No curvature was observed when N, was used as a bath

gas.

can be seen from Figure 2, in some of our bimolecular plots, we
observe a curvature in the k.’ values at high [NO]. We attribute
this curvature to the presence of NO dimers, which are formed
in our low-temperature flows at high [NO]. The [NO] at which
NO dimers appear in a particular flow will depend on the bath
gas used and the temperature and density of the flow, with
dimers more likely to form at lower temperatures, higher
densities, and with heavier bath gases that act better as third
bodies. Indeed, we only observe this curvature in our lowest
temperature flows that use Ar as a bath gas, while no curvature
was observed in our higher temperature flows using N, as a bath
gas. The negative curvature at higher [NO] implies that NO
dimers do not remove NH, fast enough to counterbalance the
loss of NO monomers (i.e., that the NO dimer removes NH, less
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than twice as fast as the NO monomer). In bimolecular plots in
which curvature was observed, only the linear part of the plot
was used to determine k, (e.g, solid points in Figure 2), while
the other points were excluded (e.g., open points in Figure 2).

An alternative explanation for the curvature that we observe in
some of our bimolecular plots is that it is the result of our data
fitting procedure rather than due to the presence of NO dimers.
At higher [NO], when the kinetic decays become faster, it may
be that the NH, (v > 0) relaxation is not complete, resulting in
NH, (v = 0) decays that may appear slower than expected. To
determine if this is the case, we have also fit single exponentials
to the NH, traces at long times (i.e., from times at which all of
the NH, (v > 1) should have been relaxed). Rate coefficients, k;,
determined fitting single exponential decays to the data were
typically within 10% of those determined when using
biexponential fits, with many values in much better agreement.
In addition, we typically still observe a curving over of the
bimolecular plot at higher [NO] when using data fitted with a
single exponential as well as when fitted with a biexponential. As
such, it is likely that this curving over is in fact a result of NO
dimerization rather than an artifact of our data fitting procedure.
This NO dimerization has not been reported in other low-
temperature gas expansion experiments using a Laval nozzle,”*”
7> although the characteristics of each low-temperature
expansion do differ. NO dimers do, however, form readily in a
number of low-temperature molecular beam experiments
(e.g.76'77), although it should be noted that the temperatures
in these experiments are likely significantly lower in our low-
temperature flows. The NO dimer itself also has a relatively large
binding of ~14 kJ mol™" for such a small molecule.”® In either
case, whether this curving over is the result of NO dimers or a
data analysis artifact, it is the result of a deviation from the true
rate coefficient, warranting the exclusion of these points from the
bimolecular plot in our determination of k;.

The bimolecular rate coefficients for the reaction of NH, with
NO (k;, Reaction R1) determined in this study are presented in
Table 1 and compared with some of the more recent literature
data in Figure 3. The errors reported are the 1 ¢ confidence
intervals of linear least-squares fits of the bimolecular plots and
do not include systematic errors. No change in the rate
coeflicient was observed as the total pressure of the flows varied
by around a factor of 4, which is consistent with previous studies
of the system.'"**

There have been many previous studies investigating the
removal of NH, with NO over temperatures ranging from 200 to
2500 K, employing a range of experimental techniques, with the
results presented here being the first low-temperature measure-
ments below 200 K. Figure 3 presents some of the more recent
temperature-dependent rate coeflicients given in the literature.
The highest temperature data above ~1200 K are from two
shock tube studies carried out by Song et al,,"*?° in which the
NH, is detected using frequency modulation absorption
spectroscopy, and from a study by Vandooren et al,”” in
which either the NO consumption or N, production in a low-
pressure ammonia-nitric oxide flame was monitored by mass
spectrometry, with the rate coeflicients extracted following high-
temperature kinetic modeling of the data. The midtemperature
range data between ~200 and 1100 K come from three studies
by Wolf et al,,”® Diau et al,,'® and Park and Lin,"® who, following
PLP of NH; in the presence of NO, monitor either the removal
of NH, or the growth of H,O using LIF, cavity ring down
spectroscopy, and mass spectrometry, respectively.

https://doi.org/10.1021/acs.jpca.3c03652
J. Phys. Chem. A 2023, 127, 7205-7215
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Table 1. Rate Coeflicients for the Reaction of NH, + NO and Relevant Experimental Conditions

bath Niow"/10' dynamic
~T/K  T%/K gas molecules cm™ time/us
26 28 +2 Ar 32+04 ~500
26+2 Ar 42+05 ~500
262 Ar 62+0.5 ~500
24+2 Ar 7.7 £ 0.6 ~500
41+3 Ar 8.6 £0.8 ~250
49 £ 4 Ar 63+08 ~225
60 + 8 Ar 79 £ 1.S ~270
66 69 +2 N, 22+02 ~400
66 +2 N, 3.7+02 ~400
63+2 N, 49 £ 04 ~400
64 +2 N, 6.5+ 04 ~360
85 +2 N, 7.5+ 04 ~180
91+6 N, 49 £09 ~280
106+9 N, 67+ 15 ~200

[CH,]/10" [NO] range”/10% k,(T)¢/1071° :
molecules cm™ molecules cm ™ cm?® molecule™ s~
0.63 2.8 (4.9) 3.6+0.1
0.83 2.4 (3.8) 3.8+02
1.3 22 (6.2) 34+05
1.6 2.6 (8.5) 344058
1.3 3.3(5.9) 25+02
1.2 32(3.7) 29+02
1.3 2.9 (4.6) 2.0 +0.1
0.43 10.3 2.1+0.1
0.71 11.0 23 +0.1
0.97 9.1 2.4 +0.1
1.3 115 22+0.1
12 45 1.5+0.1
0.90 2.5 14 +0.1
12 3.6 0.95 + 0.05

“Uncertainties in each value of T and N, are +1 ¢ (the standard deviation) of the measured temperature and density along the axis of the Laval
expansion. bGives the [NO] range from 0 to the stated value that was used in determining k,, while the value in brackets gives the full range of
[NO] used in the experiment (if different). “Uncertainties for each value of k(T) reported at the 1 & level for the linear least-squares fitting of the

pseudo-first-order rate coefficients as a function of [NO].
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Figure 3. Temperature dependence of the rate coefficient for NH, +
NO (Reaction R1). Blue squares: this study. Red quard triangles:
Wolf, 1997.%° Yellow downward triangles: Park, 1997. 6 Turquoise left
pointing triangles: Diau, 1994.'° Purple diamonds: Vandooren, 1994.>*
Green circles: Song, 2000"? and 2001.*° Black stars: MESMER rate-
theory predictions; see Section 4 for details. The inset is zoomed in over
the temperature range investigated in this study. Blue and red dotted
lines are the parametrized fits to the low- and high-temperature data.
The green dashed line is a parametrized fit to all the data (see text).
Errors have been left off the main plot for clarity.

As can be seen from Figure 3, our low-temperature data follow
the general trend of the higher-temperature data, with the rate of
removal of NH, by NO increasing with decreasing temperature.
Parameterizing the data over the entire temperature range did
not give a satisfactory fit to the low-temperature data obtained in
this study (see dashed green line in the inset of Figure 3). In
particular, an all-temperature parametrization does not take into
account the apparent slowdown in the increase in rate coefficient
with decreasing temperature, and extrapolating such a fit down
to 10 K yields a rate coeflicient that is around 4 times faster than
that measured at 25 K and that is approaching the theoretical
classical capture theory collision limit (estimated to be 107 cm?
molecule™ s7! at 10 K, by comparison with a similarly sized
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system).”” Instead, both the low-temperature data below 110 K
and the high-temperature data above 200 K were parametrized
separately (eqs E3 and E4) using a modified Arrhenius
expression, giving the blue and red dotted lines shown in Figure
3, respectively. This resulted in a significantly better fit of the
low-temperature data provided in this study and takes account of
the apparent slowdown in the increase of the rate coefficient.
Additionally, extrapolation of the low-temperature parametrized
fit yields a rate coeflicient at 10 K around twice as fast as that
determined at 25 K, and that is well below the theoretical
collision limit. All experimental data points were given a 10%
error when parametrizing the data to ensure no one data point at
a particular temperature was overly weighted. With the
exception of the Vandooren et al. data, which report
considerably larger rate coeflicients than the other studies over
a similar temperature range, the majority of the experimental
data points lie within 20% of the parametrized rate coefficients,
with most deviating by only a few percent. The low- and high-
temperature parametrized rate coefficients are given by (errors
are 1 0):

ki +n0)(10 < T/K < 110) = (620 + 1.02)

XIO_M % (T/300)(—0,70410.089) (E3)
knm,+n0)(10 < T/K < 2510) = (9.67 + 1.63)
%1012 x (T/300)(—1.0810.08) x eXP[(129156)/T] (E4)

4. DISCUSSION

4.1. Theoretical Calculations. For the reaction between
NH, and NO, there have been several theoretical investigations,
with a number of PESs calculated at various levels of
theory.'”**™® For this study, we have taken the structures
given in Diau and Smith”” and optimized them at the B3LYP/6-
311G(d,p) level in order to obtain vibrational frequencies,
rotational constants, and electronic and ZPEs, details of which
can be found in the MESMER input file, which is included in the
Supporting Information. The calculated energies and vibrational
frequencies are in excellent agreement with those reported by
Diau and Smith® using the same level of theory. Table S1
compares our calculated energies to some of the more recent
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J. Phys. Chem. A 2023, 127, 7205-7215


https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.3c03652/suppl_file/jp3c03652_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.3c03652/suppl_file/jp3c03652_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c03652?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c03652?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c03652?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c03652?fig=fig3&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.3c03652?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry A

pubs.acs.org/JPCA

NH, + NO

-100

-200

-300

Relative Energy / kJ mol’

-400

-500

Reaction Coordinate

Figure 4. PES for NH, + NO, determined at the B3LYP/6-311G(d,p) level of theory. The N,O + H, product channel (R1b) and the TSs and
stationary points leading to it have been excluded (see the text for details).

L . 29,31
calculated energies in the literature. 231 As can be seen from

Table S1, although B3LYP/6-311G(d,p) could be considered a
relatively low level of theory by modern computational
standards, the energies calculated at this level of theory are in
reasonable agreement with those from higher-level calculations.
Comparing the energies of the adducts 1—5 and the TSs a—f
(see Figure 4), the B3LYP energies are typically within 15 kJ
mol ™ of those calculated at the G2M(CC1) level of theory” by
Diau and Smith® and in even better agreement with those
calculated at the CCSD(T)/aug-cc-pVTZ level of theory by
Fang et al,”' being within 9 kJ mol ™. Comparing the energies of
the key three stationary points (TSs c and e, and the HN, + OH
exothermicity, see discussion below), we typically see even
better agreement between the B3LYP and higher-level
calculations, and indeed, when fitting these parameters to the
experimental data (see below), only minor adjustments to these
energies are required. As such, we have chosen not to refine the
B3LYP energies by carrying out higher-level electronic energy
calculations.

The NH, + NO PES is complex, with many deep potential
wells and large barriers and three possible product channels

AH° k) (kJ mol™!)

NH, +NO  — Ny +H,0 - 468 (R1a)
S N20 + Ha 2192 (R1b)
— HN, + OH +75 (Rlc)

A schematic of the full PES for the reaction can be seen in the
Supporting Information (Figure S2). As discussed above, the
TSsleading to the N,O + H, product channel (R1b) all lie above
the NH, + NO entrance channel. As such, both experiment and
theory suggest channel R1b to be a very minor channel, even at
temperatures as high as 2500 K. Indeed, preliminary MEMSER
calculations carried out using the full PES indicated that channel
R1b accounts for less than 0.2% of the total rate coefficient at
2500 K. As such, all further MESMER calculations were carried
out using the reduced surface shown in Figure 4, in which the
stationary points leading to channel R1b are excluded. As can be
seen from Figure 4, the reaction is initiated by the barrierless
addition of NH, to the NO to form the adduct H,NNO
(structure 1, Figure 4). This adduct undergoes a H atom shift
followed by a series of cis—trans isomerizations, giving rise to
four distinct HNNOH isomers. All four of these isomers
(structures 2—S in Figure 4) may undergo an endothermic,
barrierless bond fission to form the products HN, + OH, while
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only one of the isomers (no. S) is configured correctly to form
the N, + H,O products via a four-membered ring TS.

4.2. Rate Theory Calculations Using MESMER. Using the
program MESMER, we can fit the experimental data by allowing
various parameters used in the rate theory calculation or features
of the PES itself to be adjusted. In this manner, we are able to
improve the agreement between the experimental and calculated
rate coefficients and BRs. Rather than fitting all of the available
experimental data, in order to reduce the computational time
required when carrying out the rate theory calculations, fitting
was carried out using only a limited number of rate coefficient
and product BR values, as given by the parametrized fits (eqs
E3—ES) to the experimental data (see Figures 3 and S). The
temperatures and values used in the fitting, together with the
MESMER predicted values, are given in Table 2. The
parameters that were adjusted, together with the values obtained
from the fitting, are given in Table 3. Initially, each parameter
was fitted independently to assess its effect on the predicted rate
coeflicients/BRs, before a final fitting was carried out in which all
the parameters were floated together. When parametrizing the
experimental BR data from the literature (see Figure S), each
data point was given a + 0.1 error to ensure no one data point at
a particular temperature was overly weighted, giving (errors are
10)

a (300 < T/K <2500) = (0.0811 + 0.021)

><(T/300)1'12i0'10 x eXp[(ZSil33)/T] (E5)
The key parameter adjusted when fitting the experimental rate
coefficients were the inverse Laplace transform (ILT)
parameters for the initial association reaction of NH, with
NO, which take the form of a modified Arrhenius function A(T/
300)" (with the activation energy being set to zero for the
barrierless process). The final fitting returned values of A, = 2.02
x 107" cm® molecule™ s7! and n, = —0.977 for the initial
association reaction of NH, with NO, giving a satisfactory fit to
rate coefficients over almost the entire temperature range (60—
2500 K, see Figure 3), with the predicted rate coefficients
obtained using these A and n values typically being within 10% of
the rates given by the parametrized fits (eqs E3 and E4; see Table
2). Due to the NH, + NO PES containing many deep wells,
MESMER was unable to predict or fit rate coeficients and BRs
below 60 K.
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Figure S. Experimentally determined BR a = k,./k; as a function of
temperature. Experimental error bars have not been included for clarity
but are quoted below where given. Red upward triangles: Wolf, 1997,
error given as +0.03.> Yellow downward triangles: Park, 1997, errors
not given.16 Purple diamonds: Vandooren, 1994, errors not jven.””
Green circles: Song, 2000" and 2001, errors not given. ° Blue
hexagons: Halbgewachs 1996, average quoted error +0.01."> Orange
stars: Glarborg 1997, average quoted error +0.03."" Light green left
facing triangles: Deppe, errors not given, 1997.° Brown pentagons:
Votsmeier, 1999, estimated average error +0.05.>° Black stars:
MESMER predictions. The red dotted line is a parametrized fit to
literature data (eq ES). The inset shows the temperature dependence of
the rate coeflicients over the temperature range T = 110—2510 K for;
black dotted line: total NH, + NO removal rate coefficient (k;). Red
dashed line: product channel was N, + H,O (k,,, eq E6). Blue dot dash
line: product channel HN, + OH (k,, eq E7).

We have identified several parameters that are likely to affect
the BR a for the HN, + OH product channel predicted by
MESMER. Key among these are the reverse ILT parameters
used for the rate coefficients of the barrierless dissociation
reactions of the four HNNOH isomers (nos. 2—5 in Figure 4).
These parameters, A, and n,, again take the form of a modified
Arrhenius function, A(T/300)". Although the A and n
parameters for the dissociation reaction of each distinct
HNNOH isomer could be varied individually, we have used
the same A and n values for all four reactions due to the similarity

in the dissociation reactions, as has been done in previous
theoretical investigations.zs’34 Indeed, in the more recent
theoretical investigation of this reaction by Fang et al,”' in
which they do treat the dissociation of the cis and trans isomers
separately, they indicate that the dissociation rate coeflicients are
typically within 30% of one another, indicating that this
simplification should not represent too large an error. Fitting
of the experimental data returned values of A, = 1.30 x 107"
cm® molecule™ s7' and n, = —0.079, indicating little
temperature dependence on the dissociation rate. In addition
to the reverse ILT parameters, two other parameters have been
shown to be important factors in determining the BR @; the HN,
+ OH endothermicity and the heights of the barriers linking the
cis—trans isomers (TSe and TS«:).31’34 When adjusting these
parameters, we treat the cis—trans isomer barriers as a pair,
allowing the energies of both to move up or down in tandem
while maintaining the absolute difference in energy between the
two T'Ss, as attempting to float both TSs independently resulted
in significantly larger errors in all of the fitted parameters,
suggesting that the results were not defined. These two
parameters (the HN, + OH endothermicity and the TSe/TSc
barrier heights) in some ways compensate each other. For
example, by lowering the heights of the TSe/TSc pair, we
effectively promote the cis—trans isomerization processes,
leading to adduct S, which promptly dissociates to N, + H,O,
resulting in a decrease in a. However, this may be countered by
decreasing the HN, + OH product endothermicity, which in
effect promotes this channel, resulting in an increase in a. How
these two parameters are adjusted has also been shown to affect
the shape of the BR vs T plot (Figure S) by affecting how «
increases with temperature. The best fit to the experimental data
required increasing the HN, + OH exothermicity by 2.1 kJ
mol™" (from 7.5 to 9.6 k] mol™") and decreasing the heights of
the TSe/TSc pair by 4.1 k] mol ™" (from —26.7 to —30.8 k] mol ™
and from —362 to —40.3 k] mol™' for TSe and TS,
respectively). These are much smaller changes than those
made by Fang et al,,*" in which they move the ZPEs of the HN, +
OH channel and the TSe/TSc pair, as calculated at the
CCSD(T)/aug-cc-pVTZ level of theory, down by 7 and 17 kJ
mol ™!, respectively. This in effect moves their values from being
around 5 kJ mol™" higher than our calculated values to around 6
kJ mol™" lower than our values following fitting. It should be

Table 2. Comparison of the Rate Coeflicient for the NH, + NO Reaction and BR & = k,./k; Calculated Using MESMER with the
Values Given by the Parametrized Fits to the Experimental Data (eqs E3—ES)

T/K k;/cm® molecule™ s~ BR @ for HN, + OH product channel (R1c)
parameterized fits” MESMER % difference (%) parameterized fit MESMER difference
60 1.92 x 10710 226 X 1071 17.7 0.000
90 1.45x 1071 9.27 x 1071 36.1 0.000
180 344 x 1071 3.11x 1071 9.6 0.000
300 1.49 x 1071 1.53 x 1071 2.7 0.075 0.008 0.067
500 7.19 X 10712 7.64 x 10712 6.3 0.137 0.058 0.079
750 426 x 10712 441 x 10712 3.5 0.220 0.175 0.045
1000 2.99 x 10712 3.00 X 1072 0.3 0.306 0.308 0.002
1250 228 x 10712 224 % 10712 1.8 0.395 0.432 0.037
1500 1.84 x 1072 1.79 x 10712 2.7 0.487 0.536 0.049
1750 1.54 x 10712 1.50 x 10712 2.6 0.580 0.620 0.04
2000 1.32 x 10712 1.31 x 10712 0.8 0.675 0.685 0.01
2250 L.15x 1072 1.17 x 1072 1.7 0.772 0.735 0.037
2500 1.02 X 10712 1.07 x 10712 4.9 0.870 0.773 0.097
“Rate coefficients calculated using both the low (<110 K, E3) and high (>110 K, E4) temperature parametrized fits.
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Table 3. Parameters Adjusted during the Fitting to the Experimental Data in the Rate Theory Calculations together with the
Values Obtained from the Fitting (Errors are 1 6). See Text for Details

parameter B3LYP” GM2° ccsDp(T)? fitting®
A,/cm® molecule™ s7! (212 £ 0.11) x 107" (1.81 +0.07) x 107" (295 +£023) x 107" (2.02 +£0.19) x 107"
ny —0.960 + 0.040 —1.090 + 0.030 —0.774 + 0.059 —0.977 + 0.044
A,/cm?® molecule™ s7! (8.12 £ 1.41) x 107" (3.97 £ 0.90) x 107! (125 £ 0.26) x 107" (1.30 £+ 0.69) x 107!
", —0.101 + 0.034 —0.075 + 0.031 —0.198 + 0.149 —0.079 + 0.069
HN, + OH ZPE/kJ mol-' 7.5 (fixed) 15.1 (fixed) 10.5 (fixed) 9.6 + 3.5
TSe ZPE/kJ mol™ —26.7 (fixed) —33.9 (fixed) —18.4 (fixed) —30.8 + 8.4
TSc ZPE”/k] mol™! —36.2 (fixed) —45.6 (fixed) —32.6 (fixed) —40.3 + 8.4 (linked”)
1 (degrees of freedom)“ 1.127 (19) 0.983 (19) 1.070 (19) 1.293 (17)

“Values given are y*/degrees of freedom (experimental points minus parameters, given in brackets). Values obtained using B3LYP/6-311G(d,p)
energies. “Values obtained using G2M(CC1) energies.” 4Values obtained using CCSD(T)/aug-cc-pVTZ energies.”’ “Values obtained using
B3LYP/6-311G(d,p) energies and allowing the energies of the key stationary points to float. "TSs e and ¢ were not floated independently. Instead,
TSe was allowed to float while TSc was derived from TSe, meaning both would move up and down in step with each other.

noted that at the level of theory employed in this study, we
would expect errors of around 10 kJ mol™ in our calculated
energies.

In addition to floating all of the parameters discussed above,
we have also carried out some additional runs in which we only
allow the ILT parameters to float while fixing the energies of the
stationary points on the PES to either the B3LYP/6-311G(d,p)
values determined in this study, the G2M(CC1) values
determined by Diau and Smith* or the CCSD(T)/aug-cc-
pVTZ values determined by Fang et al.”' in order to compare
the surfaces from the three levels of theory. Table 3 gives the
values of the fitted parameters together with the goodness of
each fit (the y* values). As can be seen from Table 3, we were
able to obtain reasonable fits to the experimental data by fitting
the ILT parameters only when using energies from all three
levels of theory, with only a slight improvement to the fit when
using the higher levels of theory. This is unsurprising
considering how similar the energies of the stationary points
are at each level of theory (Table S1). What is slightly surprising
is that we actually see a small decrease in the quality of the fit
when allowing all of the parameters to float when using the
B3LYP energies; we put this down to the fact that there are now
more degrees of freedom and that the parameters we chose to
float (the HN, + OH endothermicity and the TSe/TSc barrier
heights) only required minor adjustments to achieve a good fit
to the experimental data.

BRs predicted by MESMER using the values obtained from
the fitting of the experimental data are given in Table 2 and
shown in Figure S. As can be seen from Figure 5, there is
reasonable agreement between the experimental and calculated
BRs over the entire temperature range of available experimental
data (300—2500 K), with the predicted BRs lying within +0.1 of
the parametrized experimental values (eq S; see Table 2). The
largest discrepancies between the experimental and theoretical
BRs appear at both the high and low ends of the temperature
range, with the predicted BRs showing a more pronounced
sinusoidal shape than is reflected by the experimental data. Fang
etal.”" also noted the difficulty in calculating a BR that is in good
agreement with the literature data at room temperature,
suggesting the possibility of experimental error in the room-
temperature measurements or other possible shortcomings in
the theoretical model, such as understanding the dissociation
rates of the different isomers or the treatment of the density of
states of some of the TSs, which is used in the calculation of the
rate coefficient. However, despite these shortcomings, we are
able to predict temperature-dependent BRs that are largely
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consistent with experiment. Extending the temperature range
over which we predict BRs down to 60 K, we can see that as the
temperature drops to 180 K and below, the BR « has reached
zero, indicating that the endothermic HN, + OH product
channel (R1c) is unviable at these low temperatures; conversely,
the BR for the low energy channel producing N, + H,O (R1a)
reaches 1 at 180 K and below. As such, the low-temperature
parametrized fit given in Section 3 can be taken as having only
one product channel, R1a, producing N, + H,O.

In order to produce rate coefficient expressions for the two
product channels open at higher temperatures, we have applied
the BRs predicted by MESMER to the rate coeflicients given by
the high-temperature parametrized fit in Section 3 (eq E4) to
give channel-specific rate coefficients. These channel-specific
rate coefficients can be parametrized as (see inset Figure S;
errors are 1 ¢ level of a least-squares fit to the data)

knm, +n0—N,+1,0)(110 < T/K < 2500) = (2.37 + 0.40)

XIO_M x (T/300)—2.0810.09 x eXp[(—115:40)/T]
(E6)
kN, +NO—Hny +or)(110 < T/K < 2500) = (623 + 0.67)

Xlo—lz x (T/3OO)—0.69610.056 X eXp[(—llS}iZé)/T] (E7)

These rate coeflicients and BRs predicted by MESMER are, in
effect, the zero pressure rate coefficients and BRs that are
applicable to the interstellar medium (ISM). This was confirmed
by the fact that rate coefficients and BRs calculated between 60
and 2500 K were shown to be pressure independent over the
range 1 X 10" to 1 X 10*° molecules cm™>; only at pressures of 1
x 10*! molecules cm™ and above was any pressure dependence
observed.

4.3. Astrochemical Implications. The rate coefficients and
product channels for the NH, + NO reaction were added to a
chemical network used for modeling interstellar and circum-
stellar material.*’ The gas-phase chemistry in this network is
based on the Ratel2 release of the UMIST Database for
Astrochemistry.”® A series of single-point gas-phase only
chemical models were run, covering the temperature (10—30
K) and density (10*—10° molecules cm ™) ranges typical of cold
to warm molecular clouds. Fully shielded conditions were
assumed (i.e, a high visual extinction), and a cosmic-ray
ionization rate of 1.3 X 107 s was used. Initial abundances are
taken from Table 3 in McElroy et al.”” The models were run
until a time of 10® years to steady state. A comparison of the
results obtained with and without the updated rate coefficients
showed no major changes in the abundances of the reactants
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(NH, and NO) nor products (H,O and N,), with maximal
differences on the order of ~1%. At a temperature of 10 K,
Ratel2 adopts a recommended rate coefficient of 1.49 X 1072
cm® molecule™ 57!, which is around 450 times lower than the
updated value from this work (6.70 X 107'° cm® molecule ™' s™").
The fact that no species involved in the reaction mechanism
exhibits major changes in their abundances using this faster rate
coefficient shows that this reaction is not a major loss
mechanism for NH, nor NO and, correspondingly, is not a
major production mechanism for H,O nor N, under molecular
cloud conditions. Inspection of the dominant reactions at 10 K
and at steady state showed that loss of NH, is dominated by
reaction with O to form OH or HNO, whereas loss of NO is
dominated by reaction with atomic N to form N,.

5. CONCLUSIONS

The reaction between NH, and NO has been studied
experimentally over the temperature range 24—106 K using a
pulsed laser-photolysis laser-induced fluorescence (PLP-LIF)
technique coupled with a Laval nozzle expansion in order to
reach the low temperatures of the ISM. The reaction has been
shown to have a negative temperature dependence, in agreement
with higher temperature literature data over the temperature
range 200—2500 K. Ab initio calculations of the PES of the NH,
+ NO system were carried out, with the structures of the
stationary points on the PES given in Diau and Smith®
optimized in order to obtain vibrational frequencies, rotational
constants, and electronic and ZPEs. Using this surface, rate
theory calculations were carried out using the MESMER
software package. Experimentally determined rate coefhicients
and BRs have been used to fit the calculated PES. Good
agreement between the calculated and experimental rate
coefficients was obtained over the entire temperature range by
simply adjusting the ILT parameters for the initial association
reaction of the NH, with NO. Fitting to the experimental BRs
from the literature required only minor adjustments to the
calculated PES to be made, moving the HN, + OH
exothermicity down by 2.1 kJ mol™!, and the TSe and TSc
pair (which control the cis—trans isomerization reactions of the
HNNOH adducts) down by 4.1 k] mol™. In this manner, we
were able to predict BRs that are largely consistent with
experimentally determined literature (within +0.1) values over a
wide range of temperatures. The calculated BRs show a more
pronounced sinusoidal shape than is reflected in the
experimental data; as such, the largest discrepancies occur at
both the high (2500 K) and low (300 K) temperature ends of the
temperature range. Extending the temperature range over which
we predict BRs down to 60 K, we see that at 180 K and below,
the HN, + OH endothermic product channel is no longer open,
and the reaction proceeds along the low-temperature channel,
forming N, + H,O. Despite the relatively fast reaction rate
measured at low temperatures in this work (~107'" cm® s7"),
inclusion of the new rates in astrochemical models showed that
this reaction is not an important loss mechanism for NH, nor
NO under molecular cloud conditions; however, the impact of
the newly measured rate constant should be tested in other low-
temperature astrophysical environments in which radical species
are abundant, e.g., photon-dominated regions or the outer winds
of AGB stars.
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