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The reaction between NH2 and NO has been studied by time-resolved step-scan Fourier transform infrared
emission spectroscopy. We observe time-dependent emission from vibrationally excited NO, N2O, and H2O
arising from the interaction of NO with both relaxed and initially vibrationally and electronically excited
NH2, produced by the 193 nm laser photolysis of ammonia. The excited NH2 gives rise to a rapidly decaying
emission signal. The correlated time dependences of the vibrationally excited NO and N2O signals suggest
that they are formed by direct collisions of NO with the vibrationally excited NH2. There is sufficient excitation
of the NH2 to overcome the high barrier to N2O formation. The emission from vibrationally excited H2O
shows that its formation is delayed, with a significant induction period. The time dependence of the H2O
induction period matches well to the decay of emissions from theν1 andν3 bands of NH2, suggesting that the
NH2 is deactivated to its ground electronic and vibrational states before the water product is produced by
reaction with NO.

Introduction

The reaction of NH2 with NO has been widely studied due
to its importance in the thermal De-NOx process for reducing
NOx emission from stationary combustors.1-13 In this process,
ammonia is added to the exhaust gases of the combustor and
reacts with H atoms, O atoms, or OH to produce the NH2 that
subsequently reacts with NO. This process results in a net loss
of NO in the temperature range of 1100-1400 K.1,2 Recent
studies of this reaction include extensive potential energy surface
and dynamics calculations and modeling of the De-NOx

process,3-5 as well as experimental investigations probing
kinetics and energetics.1,6-10 The overall rate constant at room
temperature is 1.7× 10-11 cm3molecule-1s-1.3 There are three
exothermic reaction channels

for which the reaction pathways and energetics are shown in
Figure 1. Reaction channel 1a proceeds through a complex series
of intermediates in which all reactant bonds are broken and all
product bonds are newly formed.2-4,8 These rearrangement steps
are sufficiently fast that the chemical transformation occurs
without collision of the intermediate complexes under conditions
relevant to the De-NOx process.3

A key feature of this reaction that has not been well
understood is the temperature dependence of the branching ratio

between channels 1a and 1b. The fraction going to channel 1a
is known to decrease with increasing temperature,11 but the
change in the 1a product fraction versus temperature has proven
to be very difficult to reproduce theoretically. The calculated
branching fraction depends on a number of factors including
the “tightness” of several transition states in the system.3

Recently, more detailed calculations of the NNH+ OH channel
have provided a much improved fit to the experimental 1a
branching fraction,5 although the theory still does not match
the experimental temperature dependence completely.

Reaction 1c is expected to be unimportant in the temperature
range relevant to the De-NOx process, due to its high activation
barrier of about 130 kJ/mol. The calculated rate constant for
this branch at 1400 K is less than 10-16 cm3molecule-1s-1.3

Nitrous oxide that has been observed in previous experiments
has been attributed to secondary reactions.8
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NH2 + NO f H2O + Ν2, ∆H ) -520 kJ/mol8 (1a)

NNH + OH f N2 + H + OH, ∆H ) -27 kJ/mol8 (1b)

N2O + H2, ∆H ) -188 kJ/mol4 (1c)

Figure 1. Proposed reaction pathways and energetics of the NH2 +
NO reactions. NH2* produced by photolysis of ammonia in the present
experiments is formed with up to 250 kJ/mol of excess energy (ref
14). Other energies in the figure are taken from refs 8 and 13.
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In the present study, we observe infrared emission from the
vibrationally excited products of the reaction of NO with NH2

produced by 193 nm laser photolysis of ammonia. The NH2 is
formed initially with as much as 250 kJ/mol of internal energy.14

NH2 produced in theÃ2A1 state is almost completely collision-
ally quenched in our experiments in about 10µs. We observe
emission from vibrationally excited levels of NH2 in all three
normal modes of the groundX̃2B1 state. At the low total
pressures used the NH2(X̃) stays vibrationally excited for up to
55 µs. As we would expect, this excitation influences the
reactivity of NH2 with NO, and the lifetime of the vibrationally
excited NH2 is sufficient for the effect to be observed in our
experiments. We observe the time-dependent emission from
vibrationally excited H2O, N2O, and NO produced by this
interaction and analyze the results in light of previous studies.

Experimental Section

We observe infrared emission from the vibrationally excited
products of reactive and inelastic collisions between NH2 and
NO by time-resolved step-scan Fourier transform infrared
(FTIR) spectroscopy.15-18 Emission from NH2 radicals produced
vibrationally and electronically excited by the 193 nm photolysis
of ammonia is also observed. Using this method, emission from
many products can be probed simultaneously and the time
evolution of each spectral feature can be monitored.

Because the apparatus has been discussed in detail else-
where,19 only a brief description is presented here. A mixture
of ammonia and nitric oxide, each metered through a needle
valve, is introduced into the vacuum chamber in a effusive
source. Commercially available ammonia (99.99%) and NO
(99%) are used without further purification. Flow rates are
chosen such that the total pressure in the chamber due to the
gas flow is 7( 1 Pa with a 3:1 ratio of NO to NH3. The reaction
region is centered between the source and sink of the gas flow,
so the pressure during the reaction should be approximately the
same as the measured chamber pressure. The gases are
exhausted from the chamber by a 300 L/s roots blower and
rotary pump combination.

The reaction is initiated by the 193 nm laser photolysis pulse
creating the NH2 radical with up to 15 000 cm-1 of internal
energy.14 This is sufficient to populate its electronically excited
Ã2A1 state (T0 ) 11 123 cm-1)20 as well as the groundX̃2B1

state. Emission from the excited NH2 and products of the NH2
+ NO reaction are collected by Welsh cell optics and focused
by CaF2 lenses into a commercial step-scan FTIR spectrometer.
In step-scan mode, the interferometer mirror is stepped through
its range with a complete time history obtained at each mirror
position for typically 200 co-added laser pulses. The emission
is sampled in time steps of 2.5µs and the response time of the
detector and preamplifier is about 1µs. The data thus acquired
are assembled into interferograms for each time and are then
Fourier transformed to give spectra at each 2.5µs time delay.

Infrared emissions are detected with a liquid nitrogen cooled
InSb detector with a lower cut off reaching 50% of maximum
detectivity at 1820 cm-1. For most of the experiments presented
here, a 5000 cm-1 low pass filter is used to remove the strong
emission from the electronically excitedÃ state of NH2 and to
allow larger steps of the moving mirror (a lower Nyquist
frequency), reducing the time for data collection. Experiments
were also performed with each reagent alone to help elucidate
the origins of the observed emission bands. In addition, between
10 and 23 Pa of N2 was added in an attempt to more quickly
deactivate the excited NH2 compared to deactivation of H2O,
but these experiments resulted in significant reduction in excited

products observed without enough differential deactivation of
the NH2 to cause a discernible difference in the relative yields
or time dependences of the products.

Results

The interaction of NO with NH2 produced by photolysis of
ammonia results in infrared emission from vibrationally excited
reaction products and species excited by inelastic collisions.
Emission from vibrationally and electronically excited NH2

produced by the photolysis of ammonia is also observed. The
time dependences of these emissions shed light on the dynamics
and kinetics of these interactions.

The presence of excited NH2 in this process is a significant
factor affecting the results. Experiments performed without the
low pass filter allow the observation of the emission signal of
transitions from the excitedÃ2A1 state of NH2. The rise time
of this signal, integrated from 10 000 to 13 000 cm-1, is limited
only by the∼1 µs response time of the detection system. The
time to decay to 5% of the maximum signal is about 10µs in
the typical mixture of NH3 and NO. The emission signal from
the (v1, v2, v3) f (v1, v2, v3-1) and (v1, v2, v3) f (v1-1, v2, v3)
sequence bands of the NH2(X̃) state, integrated from 2570 to
3120 cm-1, rises to its maximum in about 10µs. This indicates
that some of the vibrationally excited ground-state radicals are
the result of deactivation of theÃ state. The decay of theX̃
state vibrational emission to 5% of its maximum is 55µs, so
the longer time behavior of the emission from products of
reactive collisions with NO can be attributed to chemistry of
the X̃ state. We believe that theÃ state has less effect on the
formation of the observed product species than the excited
vibrational states of NH2(X̃).

Figure 2 shows spectra resulting from the photolysis of
ammonia in the presence of NO obtained with 20 cm-1

resolution and the 5000 cm-1 low pass filter in place. The solid
line is the average of four 2.5µs time delays between 2.5 and
10.0 µs after the photolysis pulse and the dotted line is the
average of four time delays between 142.5 and 150µs after the
pulse. The early time spectrum shows strong emission from the
NH2(X̃) (v1, v2, v3) f (v1, v2, v3-1) and (v1, v2, v3) f (v1-1, v2,

Figure 2. 20 cm-1 resolution emission spectra from the 193 nm
photolysis of ammonia in the presence of NO obtained 10µs (-) and
150 µs (- - -) after the photolysis pulse with the 5000 cm-1 low pass
filter in place and a total gas pressure of 7 Pa. Relevant band origins:
NO(1f0) ) 1876 cm-1, N2O(100f000)) 2224 cm-1, H2O(100f000)
) 3657 cm-1, H2O(001f000)) 3756 cm-1, NH2(100f000)) 3219
cm-1, NH2(001f000) ) 3301 cm-1.

8250 J. Phys. Chem. A, Vol. 106, No. 36, 2002 Marcy et al.



v3) fundamental bands and the NH2(X̃) (v1, v2, v3) f (v1, v2-1,
v3-1) and (v1, v2, v3) f (v1-1, v2-1, v3) combination bands
created directly by the photolysis of ammonia and the quenching
of the Ã state. These NH2 vibrational emissions decay quickly
relative to the vibrational emissions from the other molecules
observed because the NH2 ν1 ) 3219 andν3 ) 3301 cm-1 bands
are nearly resonant with the ammoniaν1 ) 3336 andν3 ) 3443
cm-1 bands. At the later time (142.5-150µs), the predominant
emission is from the H2O (v1, v2, v3) f (v1, v2, v3-1) and (v1,
v2, v3) f (v1-1, v2, v3) bands at higher frequency. The emissions
near 1900 and 2200 cm-1 are due to the NO(vf v-1) and N2O
(v1, v2, v3) f (v1-1, v2, v3) bands, respectively. We have
confirmed the identity of the NO band by obtaining a spectrum
with sufficient spectral resolution (0.8 cm-1) to observe
rotational lines and match them to known transitions in NO.
We were not able to resolve individual rotational lines in the
N2O band due to a high density of states, but this emission
occurs in a region of the spectrum where no other possible
products of this reaction would emit. When experiments are
performed without the NO, only the NH2 emission is observed.
Experiments performed with NO only do not produce any
measurable signal (a noise level less than 2% of the signal with
ammonia present).

Figure 3 shows the spectrum without the low pass filter,
obtained 120µs after photolysis. Three emission features
containing the H2O (v1, v2, v3) f (v1, v2, v3-1) and (v1, v2, v3)
f (v1-1, v2, v3) bands, the H2O (v1, v2, v3) f (v1, v2-1, v3-1)
and (v1, v2, v3) f (v1-1, v2-1, v3) bands and the H2O (v1, v2,
v3) f (v1, v2, v3-2), (v1, v2, v3) f (v1-2, v2, v3) and (v1, v2, v3)
f (v1-1, v2, v3-1) bands can be seen in addition to the NO and
N2O emissions. At early times, such a spectrum without the
low pass filter is dominated by strong emission from the
electronically excitedÃ state of NH2. Figure 4 shows the time
histories of integrated regions of the spectrum, each containing
one of the three observed water bands. The spike at early time
is due to the overlapping NH2 emission. The times from
photolysis to the maximum of the broad peak of H2O emission
are 145, 105, and 85( 10 µs for the (v1, v2, v3) f (v1, v2,
v3-1) and (v1, v2, v3) f (v1-1, v2, v3) bands, the (v1, v2, v3) f
(v1, v2-1, v3-1) and (v1, v2, v3) f (v1-1, v2-1, v3) bands, and the
(v1, v2, v3) f (v1, v2, v3-2), (v1, v2, v3) f (v1-2, v2, v3) and (v1,
v2, v3) f (v1-1, v2, v3-1) bands, respectively. The times for decay

from the emission peak to 10% of the peak value are 165, 145,
and 130( 14 µs, respectively. Both the rise and decay are
slower as the energy of the transitions decreases. The deactiva-
tion of lower states is expected to be slower based on the theory
of vibrational energy transfer that shows thatkv,v-1 ∝ vk1,0, and
cascading from higher vibrational levels to lower ones will slow
the apparent production rate.

Figure 5 compares the time histories of the emission from
the four observed species obtained with the low pass filter, which
eliminates emission from the NH2(Ã) state. The spectrum is
integrated from 1830 to 1940 cm-1 for the NO emission, from
2050 to 2190 cm-1 for N2O, from 2570 to 3120 cm-1 for the
NH2(X̃) (v1, v2, v3) f (v1, v2, v3-1) and (v1, v2, v3) f (v1-1, v2,
v3) bands, and from 3450 to 3900 cm-1 for the H2O (v1, v2, v3)
f (v1, v2, v3-1) and (v1, v2, v3) f (v1-1, v2, v3) bands. The
decay rate of the integrated NH2 band is much faster than the
decays of the other vibrationally excited species, but it is still
eight times slower than the observed decay of theÃ state. The

Figure 3. 20 cm-1 resolution emission spectrum obtained with no low
pass filter 120µs after photolysis showing the stretch fundamental,
stretch-bend combination and stretch overtone of the water emission,
as well as emission from NO and N2O.

Figure 4. Time dependence of the (v1, v2, v3) f (v1, v2, v3-1) and (v1,
v2, v3) f (v1-1, v2, v3) (3375-3880 cm-1,-), the (v1, v2, v3) f (v1,
v2-1, v3-1) and (v1, v2, v3) f (v1-1, v2-1, v3) (4770-5450 cm-1,- - - - - -),
and the (v1, v2, v3) f (v1, v2, v3-2), (v1, v2, v3) f (v1-2, v2, v3) and (v1,
v2, v3) f (v1-1, v2, v3-1) (6050-6625 cm-1,-‚-‚-) emission bands of
the H2O product.

Figure 5. Time dependences of emission from H2O (3450-3900
cm-1, -), NH2 (2750-3120 cm-1, - - - - - -), NO (1830-1920 cm-1,
-‚-‚-), and N2O (2050-21 900 cm-1, ‚‚‚‚‚‚‚‚‚).
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broad peak in the NH2 trace near 90µs is due to overlap of the
water emission with this integrated band.

The NO and N2O traces are both fairly typical of emission
from species produced by direct reaction of the photolysis
product. An exponential fit to the rise of the NO signal shows
that it is 1.6( 0.1 times slower than the NH2 (v1, v2, v3) f
(v1, v2, v3-1) and (v1, v2, v3) f (v1-1, v2, v3) decay and the NO
decays 10 times slower than the NH2. The rise of the N2O signal
is even slower than the NO, likely due to significant vibrational
cascading because it must be produced highly vibrationally
excited because of the 130 kJ/mol barrier for this channel (see
Figure 1). The observed vibrational decay time of the N2O is
much longer than the rise, so contributions from deactivation
of v1 + 1 f v1 to increasing the population in v1 will slow the
rise of the signal from that of the relatively fast reaction alone.
Vibrational cascading will play a smaller role in the NO signal
because it is not necessarily produced highly excited, but it is
the likely cause of the rise being 1.6 times slower than the NH2

decay. The vfv-1 transitions from the higher vibrational levels
of NO (v > 2) are outside the range of the infrared detector.

The spike at early time in the H2O emission trace is due to
overlap of the 3450-3900 cm-1 integration window with
emission from NH2(X̃). The subsequent evolution of the water
signal shows a distinct change of curvature during the signal
rise, unlike the NO and N2O signals, and a delay of the rise,
indicating an induction period. Evidence of this induction period
can also be seen in the time traces of the other vibrational
transitions of water in Figure 4. The increased contribution from
the overlap with NH2(Ã) emission of the higher energy
transitions makes a precise measurement of the induction period
difficult and precludes an accurate comparison of the different
vibrational levels. The presence of the induction period suggests
that the observed water signal is not produced from a direct
reaction of the species formed by the photolysis of ammonia.
Instead, at least one of the reactants producing the vibrationally
excited water must be formed by some other process, as will
be discussed below, and attributed to a reaction of NO with
vibrationally deactivated NH2.

The rise and decay rates, and the amplitude of the water signal
all increase as the initial amount of added NO increases while
[NH3] is held constant, as shown in Figure 6. An increase in
total pressure, due to addition of NO and therefore collision

frequency, will increase the deactivation rate. The overtone of
the NO vibration at 3752 cm-1 is nearly resonant with theν3

fundamental of water at 3756 cm-1, so the NO will likely be
the primary deactivator of the water vibration. A higher NO
concentration will also increase the rate of reaction. Because
the rate constants for production and deactivation are similar,
each process will affect both the rising and the decaying portions
of the signal and yield the observed NO dependence. The change
in amplitude is surprising because the NO is in considerable
excess over NH2 even at the lowest concentration used. The
increase in amplitude of the signal with NO concentration
implies that the rate of production of the water increases faster
with [NO] than the rate of decay.

Increasing the initial concentration of ammonia, which causes
an increase in initial NH2 concentration, also results in increases
in the amplitude and the rise and decay rates of the water signal.
This result is expected because an increase in production rate
will increase both the rising and the decaying portions of the
time dependence, due to the similarity of the rates. A significant
increase in the rate of production with a relatively small increase
in deactivation due to the ammonia will give a greater amplitude
of the water signal.

Discussion

We have seen that the 193 nm photolysis of ammonia in the
presence of nitric oxide gives rise to infrared emission from
electronically and vibrationally excited NH2 produced by the
photolysis as well as from vibrationally excited H2O, N2O, and
NO. The decay of the electronically excited NH2 occurs before
the reactions proceed to a significant extent, whereas its ground
state vibrational decay is slow enough to observe effects on
the subsequent reactions and products. In particular, we will
show that the vibrationally excited NH2 must relax significantly
before the H2O product can be formed. This may be expected
because the reaction must pass through the series of intermedi-
ates shown in Figure 1 to produce the water product. The
excitation of the NH2 reactant also allows the formation of the
vibrationally excited N2O product and vibrationally excited NO
from energy transfer.

The excited N2O and NO have not been observed in previous
studies. The time dependence of the rise of the respective signals
suggests that they are directly produced by the excited-state NH2

+ NO reaction or inelastic collisions. There is sufficient energy
available in the excited NH2 (250 kJ/mol) to give up to v) 4
in NO by direct energy transfer, which is the most likely
mechanism producing the observed NO(v). The observed NO
signal is primarily due to the v) 1f0 transition because the
cutoff wavelength of the detector does not allow the observation
of vibrational levels higher than v) 2. The 0.8 cm-1 resolution
spectrum of NO does show several v) 2f1 lines. Any emission
from the v ) 2f0 overtone of NO at 3752 cm-1 would be
buried in the water emission band. The rate of production of
NO is 1.6 times slower than the decay of the excited NH2. This
slowing of the rise is most likely due to vibrational cascading
from higher levels in the NO.

There is also sufficient energy in the excited NH2 to overcome
the 130 kJ/mol barrier to formation of N2O + H2. The N2O is
expected to be produced highly excited via reaction 1(c). The
barrier to reaction plus the exothermicity of the reaction to form
N2O + H2 imparts a total of 318 kJ/mol, or 26 600 cm-1 to the
products, sufficient to populate up to v1 ) 12 in N2O, calculated
using the reported21 frequency and anharmonicity of N2O. The
slower rise of the N2O signal compared to the NO signal in
Figure 5 is most likely due to the greater degree of cascading
through more vibrational levels.

Figure 6. Time dependences of the water emission (3450-3900 cm-1)
with 1.6 Pa of ammonia and with 9.8 (-), 6.8 (- - -), 5.0 (‚ ‚ ‚ ‚ ‚), 3.7
(-‚-‚-), and 2.1 (‚‚‚‚‚‚‚‚) Pa of NO.
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In contrast to the emissions from the directly produced N2O
and NO, the production of H2O is delayed and the observed
time profile has a sigmoidal shape. This strongly suggests an
induction period in addition to the reactive rise of the signal
and that the observed excited water is not directly produced.
Water is expected to be a primary product of the reaction of
NH2 with NO, even though this requires a process in which all
bonds in the reactants are broken.3,4,8The presence of the excited
N2O product and NO from energy transfer are a confirmation
of the known11 shift in branching fraction away from H2O at
high temperatures, but this alone does not explain the observed
induction period of the water signal. The barrierless association
of the reactants to form the initial complex is the rate-limiting
step,3 and therefore, this association should not result in an
observed induction period.

We now consider several other possible mechanisms to
account for the induction period, concluding that the difference
in reactivity of NO with NH2 with and without vibrational
excitation is the most likely cause. The induction period could
be an indication that the water molecules that produce the
observed signal are products of a secondary reaction. However,
the only other primary channel (1b) that is expected to be
significant produces OH, which could form H2O by subse-
quently recombining with H atoms produced by the photolysis
of ammonia, or by reacting with the ammonia itself. The low
density of OH and H radicals and low total pressure makes
recombination highly unlikely. The exothermicity of the NH3

+ OH reaction is only 3300 cm-1, which is not enough to excite
even one quantum of stretching vibration in the water product.
Absorption of 193 nm photons by ammonia results in almost
unit yield of the NH2 + H products,22 so there should be little
or no excited ammonia to provide more energy to the products
of the NH3 + OH reaction. In addition, neither of these
possibilities explain the absence of the direct H2O producing
channel that has been universally observed or predicted by
previous studies.1-13

Another possible explanation for the H2O induction period
could be vibrational cascading in the water from highly excited
levels produced by the exothermic reaction to the lower levels.
Vibrational levels up to v1 or v3 ) 12 are within the 520 kJ/
mol exothermicity of the reaction without including additional
energy that may come from excited NH2. If there is significant
cascading, and if the lower vibrational levels of H2O, from which
emission is observed, are not populated directly by the reaction,
then cascading from the higher levels that are created directly
could lead to an induction period. This can be modeled with
the simplified reaction sequence

where M is most likely NO, due to the near resonance of the
NO overtone with theν3 mode of water. An equivalent scheme
would apply toν1, as well, or some combination of the two
modes. The H2O(v3 ) 1) signal will rise more slowly than the
H2O(v3 > 1) signal because it depends on both the production
and the subsequent deactivation of H2O(v3 > 1). A sufficient
number of steps in such a cascading process could produce an
effect in the H2O(v3 ) 1) population like the observed induction
period. However, the highest vibrational levels of the water will
be produced solely by the reaction and will not be subject to
this effect. If we can observe that the highest levels also have

an induction period and are not produced significantly faster
than the lower levels, then vibrational cascading cannot explain
the induction period. The 3450-3900 cm-1 region integrated
for the water band time dependence in Figure 5 contains
emission from several vibrational levels, and there is evidence
for water emission down to about 2400 cm-1. This low energy
emission at later times does not come from NH2 because its
production requires NO; it does not appear when only ammonia
is photolyzed.

Figure 7 shows the time dependence of three narrow
integrated regions of the spectrum: 2360-2420 cm-1, 3175-
3390 cm-1, and 3850-3950 cm-1. We will analyze these
regions to determine if there is a similar induction period for
the higher and lower states. The highest energy region should
contain almost exclusively emission from the (001)f (000)
transition of water (and some NH2 emission at early time). The
lower energy regions will contain emission from excited
vibrational states. The maximum energetically accessible stretch-
ing levels of water without including energy from excited NH2

are v1 or v3 )12. The off diagonal anharmonicities for H2O are
small enough that the most anharmonically shifted emission
bands will be the (12,0,0)f (11,0,0) and (0,0,12)f (0,0,11)
transitions, with origins at 2686 and 2700 cm-1, respectively,
based on published constants.21 The emission from water in the
2360-2420 cm-1 region cannot then come from stretching
transitions. The (020)f (000) bending overtone of H2O has
its origin at 3151 cm-1, and anharmonically shifted (v1,v2,v3)
f (v1,v2-2,v3) bands that are well within the available energy
can appear as low as 2400 cm-1. We know that there is bending
excitation in the water because a stretch-bend combination band
appears near 5000 cm-1 in the spectrum in Figure 3. The 2360-
2420 cm-1 region in Figure 7 will contain only emission from
the bending overtone sequence bands (and some NH2 emission
at early time).

The 3175-3390 cm-1 region lies just above the bending
fundamental and will contain emission from some of the most
highly excited stretching levels that do not overlap with the
bending overtone emission. This region of the spectrum should
have the least possible effect from vibrational cascading, while
the 3850-3950 cm-1 region will have the most. It appears that
both of these regions have induction periods, but since there is

NH2 + NO f H2O(v3 > 1) + N2 (2)

H2O(v3 > 1) + M f H2O(v3 ) 1) + M (3)

H2O(v3 ) 1) + M f H2O + M (4)

Figure 7. Time dependences of emission bands integrated from 2360
to 2420 cm-1 (-‚-‚-, multiplied by two for clarity), 3175-3390 cm-1

(- - -), and 3850-3950 cm-1 (‚‚‚‚‚‚‚‚), and signal resulting from the
subtraction of the NH2 contribution from the 3175-3390 cm-1 data
(-).
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more emission from NH2 in the 3175-3390 cm-1 region, it is
useful to subtract the NH2 contribution to more clearly see the
time behavior of the water emission. The subtraction is
accomplished by fitting a single exponential decay to the early
part of the NH2 decay curve and subtracting the fitted
exponential from the data. The result is the solid line in Figure
7. Theν1 andν3 stretches of H2O will equilibrate at a rate that
is near gas kinetic,23 so by the time the water emission is
observable there will not be any emission from states that are
highly excited in only one of these two modes. The maximum
of the water signal occurs at nearly the same time for all three
integration regions. There is a distinct change of curvature and
an induction period in the 3175-3390 cm-1 trace with the NH2
contribution subtracted. Both the rise and the decay of this signal
are slightly faster than for the 3850-3950 cm-1 region. This is
expected because the production of water in the lowest
vibrational levels is slowed by vibrational cascading, and
because the rates of production and deactivation are similar.
There appears to be a similar induction period for the 2360-
2420 cm-1 region time trace, although the low signal-to-noise
prohibits a more quantitative treatment. The overall similarity
and the presence of the induction period in all three time traces
suggest that the induction period is not due exclusively to
vibrational cascading.

An explanation for the water induction period becomes clearer
when we consider that NH2 is produced by 193 nm photolysis,
which yields vibrationally and electronically excited NH2. What
is unique to this investigation is that the total pressure in the
reaction region is low enough that the vibrationally excited
species survive for a measurable time period and the time history
of the vibrational emission provides a unique clock for monitor-
ing the formation and decay of various species. A comparison
of the rates of production and decay of the observed species
can elucidate the processes occurring. The decay time of the
emission from the NH2 (v1, v2, v3) f (v1, v2, v3-1) and (v1, v2,
v3) f (v1-1, v2, v3) sequence bands seen in Figure 5 appears to
be similar to the induction component of the water signal,
excluding the reaction contribution. We can rule out any
significant effect of the decay of the NH2 Ã state, which has
also been observed under the conditions of these experiments
to be much faster than theX̃ state vibrational deactivation, being
depleted to 5% of its maximum within about 10µs. Thus, the
electronically excitedÃ state is depleted before a significant
amount of reaction producing water takes place and does not
likely contribute to the induction period of the water signal. To
directly compare the water induction period and the NH2(X̃)
vibrational decay, we subtract the H2O signal from the 2570-
3120 cm-1 trace, leaving only NH2 signal and fit this signal to
an exponential decay in Figure 8a. The 1/e time constant of the
fit is 18 ( 1 µs. We then subtract the contaminating NH2 signal
from the 3450-3900 cm-1 integrated region time trace, leaving
only the H2O signal in Figure 8b. The induction portion of the
curve is fit with an exponential of time constant 20( 3 µs.
The later part of the water signal rise is affected by the
vibrational deactivation, which has a similar rate constant to
the reaction, in addition to the reactive production and vibra-
tional cascading of H2O(v). Fitting the entire water signal rise
would require multiple exponentials, and the number of
parameters would preclude accurate determination of any
individual component of the fit. The similarity of the decay time
for the NH2 to relax to its ground electronic and vibrational
state and the induction period of the water suggests that only
vibrationally and electronically relaxed NH2 can react with NO
to yield the H2O product.

The necessary deactivation of NH2 for the reaction to produce
water can be expected because a large fraction of any intermedi-
ate complex formed from NO and excited NH2 would return to
reactants quickly, due to the excess energy present in the system.
Progressing through the series of intermediates (see Figure 1)
to the water product with this excess energy, without dissociation
before the rearrangement is complete, would be very unlikely.
None of the previously reported experimental work involved
such a highly excited NH2 reactant. Some of this excess NH2

energy is most certainly transferred to the NO during collisions
and gives rise to the observed signal from vibrationally excited
NO. In addition, the excess energy of the NH2 is sufficient to
overcome the barrier to formation of N2O, enabling the
observation of that product in highly vibrationally excited states.

The case for vibrational relaxation of the NH2 as the source
of the H2O induction is also consistent with the observed NO
dependence of the amplitude and the temporal behavior of the
water emission signal shown in Figure 6. If water is a primary
product of the initially excited NH2 and NO and NO is primarily
responsible for the deactivation of H2O, then the peak of the
water signal should occur when

Figure 8. (a) The NH2 signal decay (2750-3120 cm-1) with the H2O
contribution subtracted for clarity (-) and an exponential with a 1/e
time constant of 18( 1 µs (- - -). (b) The water signal rise (3450-
3900 cm-1) with the NH2 contribution subtracted (-) and an exponential
fit to the induction portion with a 1/e time constant of 20( 3 µs (- - -).

d[H2O]

dt
) krxn[NH2][NO] - kdeact[H2O(v)][NO] ) 0 (5)
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wherekrxn is the rate constant for the production of water and
kdeact is the rate constant for collisional deactivation. The rate
constant for vibrational deactivation of H2O by NO has been
measured to be (2.5( 1.3)× 10-11 cm3molecule-1s-1,12 which
is the same within the error bars as the rate constant for the
NH2 + NO reaction. The increases in the rates of rise and decay
should both be linear with NO concentration, so there should
be no effect on the amplitude, and there must be an additional
increase in the production rate to cause the observed increase
in amplitude. Either the concentration of NH2 is affected by a
change of initial NO concentration, or there are additional factors
governing the water production rate that are not taken into
account by eq 5. If the NH2 must first be vibrationally relaxed
to produce water, then the increase in pressure will increase
the NH2 relaxation rate, which will both shorten the induction
period of the water and further increase its rate of production
and thus the amplitude will increase, which is what is observed.

It is highly unlikely that the observed H2O is a secondary
product of a radical-radical interaction rather than the expected
product of NH2 + NO. The emission bands that we observe
and their time dependences, including the induction period of
the H2O trace, are consistent with the idea that hot NH2

interacting with NO produces vibrationally excited NO (via
inelastic collisions) and N2O (via reactive collisions), but cannot
proceed through the necessary series of intermediates to produce
H2O. Once the NH2 relaxes to its ground electronic and
vibrational states, water is formed as a product of reaction with
NO. These results are in agreement with the known reduction
in branching to the water product with increasing temperature.
Furthermore, this process may be an additional factor, not
previously accounted for in the models, contributing to the
unusual change of curvature of the function of branching to
the water channel with temperature.
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