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The reaction of ground-state NH with NO has been investigated in solid xenon matrix. NH radicals are formed
in good yield in Xe matrix after UV photolysis of HN\Nand are reacted with NO in the matrix by annealing

the solid to 40 K. A photolabile product is formed and identifiedrassHNNO by infrared spectroscopy,
including isotope labeling and comparison with published frequencies from quantum chemical calculations.
A minor product with similar formation and photodestruction behavior is assigned @HHNNO isomer.
Cis—trans interconversion was also observed. The reaction to form HNNO is essentially activationless. Upon
photolysis at wavelengths up to 600 nm, HNNO is destroyed and converte®tolNis is the first detection

of this intermediate, which plays a role in ammonia combustion angd md@oval schemes.

Introduction at ordinary temperaturég317 A crossed-beam study of NH
(X) + NO found A-doublet preferences in the OH rotational
distribution, indicating that a planar intermediate is the precursor
to OH218 Evidence for a long-lived HNNO intermediate is also
'seen in studies of the reverse reactiont-i,0, under a variety

of conditions!®-21 In the gas phase, the intermediate fragments
faster than it can be stabilized, accounting for the lack of
observed pressure dependence of the rate coeffi&&mally,

The radicat-radical reaction between NH and NO is of
substantial pragmatic interest because of its importance in
combustion of nitrogenous fuels such as ammonia, hydrazine
and nitramine propellants? It influences the level of nitrogen
oxide (NQ) emissions from these systems and plays a role in
the Thermal DeNOx and RAPRENOx schemes to reducg NO

emissions from flue gases by reaction with ammdrtia. HNNO has been suggested to be an intermediate in the reaction

The reaction of NH with NO has been examined using several ot 5 4+ NNH. a reaction that may contribute to Nroduction
experimental and theoretical approaches. Rate constant measures fIames?3v2'4

ments have been reported by several grdupsThe case of
NH + NO contrasts with most NH reactions, for which the
reaction rate for the NH (8\) state is substantially faster than

In addition to the experimental work, several theoretical
studies have examined the energetics and dynamics for the
' : HNNO system-115192529 The studies agree on the general
the reaction rate from the NH (%&°) state. The_ reaction NH shape of the PES, including a bound minimum for HNNO, and
(X) l"f NO has a roolrn-'Ec\elmpergture rate coefficient neat 5 |gcate the barrier from HNNO to H- N2O at a lower energy
107 cm® molecule® s™!, while the NH (a) + NO rate o that to OHF N, RRKM calculations based on high-quality
coefficient is about half that value. These reactions are both ab initio energie¥25reproduce the experimental rate constants
rapid compared with NH reaction with nonradical reactants. 54 product branching ratios reasonably #&if8 The studies

Product studies have also been reported for this reaction, usinga|so concur that an activationless route to HNNO exists for both
both ground-state and electronically excited NH as the reactant.singlet and triplet NH reactions, when surface crossings are

Though some earlier authors drew contrary conclusiéfis,  taken into account, and that HNNO is bound by some 250 kJ
recent product studies approach consensus that the major produGho|-1 relative to ground-state NH- NO.11:15:25.27

on the ground-state surface is-HN>O, accounting for 76 In this study, we examine the reaction
80% of the products at a wide range of temperatéités'® The
other exothermic reaction channel, GHN,, accounts for the NH (X 32—) + NO (X 21'[) — HNNO (X 2A’) 1)

rest. Though the OH- N product channel is more exothermic,
the lower barrier and looser transition state totHN,O are using matrix isolation techniques. NH is prepared in its
thought to govern product distribution. For the excited NH (2) gjectronic ground state by UV photolysis of Hih a solid
state, electronic quenching is the major removal path (ca. 50%),yenon matrix. The heavy-atom matrix induces rapid intersystem
with the H+ N2O and OH+ N, channels nearly equal in im-  ¢yssing of the initially formed NH (8A) state to yield NH (X
portance among the chemical channels and a minoiPP- 35-) trapped in the solid at 11 K. Annealing of the matrix to
N2H channel becoming energetically accessfile. 40 K softens the matrix sufficiently to permit diffusion and
For both NH (a) and NH (X) reaction with NO, activationless  reaction with co-trapped NO. HNNO is identified as the product
formation of an HNNO intermediate is postulated as the first py its infrared spectrum and subsequent photochemical depletion

and rate-limiting step in the reaction. Several pieces of pehavior. This is the first direct observation of this species.
experimental evidence point to the existence of a bound

intermediate. The rate coefficient is temperature-independentExperimental Method

 Part of the special issue “Marilyn Jacox Festschrift’. The experimental apparatus has been described in detail

* Corresponding author. Present address: NOAA Aeronomy Lab, R/AL2, previously?_o Briefly, gaseous mixtures_ of HNO/Xe at
325 Broadway, Boulder, CO 80303. E-mail: SLaursen@AL.noaa.gov. concentrations near 2:1:400 were deposited at 0.mmol b1,
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Hydrazoic acid was generated by reaction of NaNd molten allowed once the NH has undergone intersystem crossing. We
octadecanoic acid under vacuum at about °@5 keeping thus assume that the quantum yield of trapped H atoms is low
pressures below 5 Torr to reduce the explosion hazard. Nitric and that NH is the principal reactive species trapped in the
oxide (99.5%, AGA) was purified by evaporation from a 77 K matrix after HN, photolysis. Because the infrared spectrum is
condensate. Some,® and NQ impurities were still observed  taken long after photolysis, relative to the NH{®) relaxation
after preparing the matrix and may have formed in the bulb or time in Xe3® there is no question that the NH trapped in the
during deposition. LabeletPNO (ICON Stable Isotopes, 99%  matrix and observed by IR is electronically and internally cold
N-15) and Xe (99.995%, AGA) were used as received. NH in its (X 3=7) ground state.

The xenon mixtures were deposited at-Z5 K onto a Csl When photolyzed samples are annealed to 40 K, the NH
substrate mounted on a rotatable cold head cooled by an APDpands at 3132, 3120, and 3109 ¢nadiminish in intensity and
HC-202 helium refrigerator. FTIR spectra (100 scans,400 several new features appear. These changes are displayed in
4000 cn1?) were collected at 11 K through Csl windows, using  traces b of Figures 1 and 2. In order of intensity, these include
a dry air-purged Nicolet Magna-IR 550 spectrometer at 0.5'cm  doublets at 1628.9/1627.1, 1213.4/1214.7, and 1294.5/1296.2
resolution. To generate NH via photodissociation of AN  c¢m 2 singlets at 3254.0 and 746.5 chand doublets at 2908.7/
matrices were irradiated through a fused silica window at 254 2911.6 and 2826.5/2825.1 cfn The frequencies and relative
nm (~20 nm fwhm) using a PTI 200-W Hg/Xe lamp and 0.25 intensities of these features are included in Table 1. Growth
m monochromator. In typical samplez h of photolysis were  and depletion behavior, presented in Figure 3 and discussed in
sufficient to deplete the HNabsorptions by 95% or more. more detail below, allows us to identify these bands as
Samples were slowly annealed to-4@4 K to allow diffusion representing a common molecular species, hereafter referred to
of reactants, then recooled to 11 K for further study. Subsequentas |. In experiments in which the | bands were most intense, a
long-wavelength photolyses (76@00 nm, as noted) of the  second set of bands is also observed. These are found at 1621.4/
products were conducted using the Hg/Xe lamp and monochro-1623.7/1622.3, 1166.9, 1273.4, 3158, and 712.1'cand are
mator system, using filters to remove higher order radiation. |isted in Table 2. Their growth and loss behavior (represented

in Figure 3) suggests that together they represent a second
Results species Il. Each of these bands lies close to one of the stronger
A complete list of the infrared frequencies, intensities, type | bands, within 34% in wavenumber. Their intensities

intensity changes, and band assignments for these experiment: elativ_e_ to _the t{fe I bangs _varoilefd. FOL accuracy, the_ relﬁt_ivr(]a
is available as Table S1 in the Supporting Information. Infrared 'NteNSities in Table 2 are derived from the experiment in whic
absorptions observed in HENO/Xe 2:1:400 matrices are they were most prominent, in which the strongest band of Il
assigned to isolated HN\bands near 3298, 2133, 1263, 1145 had an absorbance 66% of that of the strongest band of I. The

535 cnt?) and higher multimer&isolated NO, and NO dimers. ~ SPectra in Figures 1 and 2 show lower and more typical
The NO monomer and dimer absorptions are assigned byintensities for the type Il bands. Some studies at differing ratios

comparison with our own studies of NO/Xe matrices, including ©f HNs and/or NO were performed; product yields were lower,
15\ jsotope studies, and with literature spectra of NO aggregatesPut type | bands could still be observed. Although the
in Ne, Ar, and N matrixes3-33 |solated NO is seen at 1866.6 concentrations used in these_experlments (ca. 2:1:400) are hlgh
cm and NO dimer bands near 1854 and 1745 &mwhich for pure[y spectroscopic stpdlgs, they are cqmparaple to matrix
we have assigned to the more stabig(NO), species. The compositions fou.nd effective in other studies of bimolecular
absorptions of N@and NO impurities in the NO samples are ~ '€actions in matrices.
also identified, in multiple matrix site¥:35 Infrared absorptions of HNO®formed from reaction of NH

Upon photolysis at 254 nm, the HNibsorptions diminish (X °Z7) with oxygen impurities could sometimes be observed
substantially and new features grow in. These changes are showt these samples as well. Finally, the NO monomer absorption
in traces a of Figures 1 and 2. The most prominent of these aredecreased in intensity and the NO dimer absorptions increased
a set of absorptions at 3131.8, 3120.6, and 3109.0lcm in intensity, a process which also occurred in NO/Xe samples
previously assigned to NH in Xe matrix based on literature Without HNs. Changes in N@and NO absorptions are complex
reports and studies of HKe matrices®® This splitting of the ~ but are likewise observed in NO/Xe samples with nosHN
vibrational fundamental does not match the rotational structure Present. Traces d in Figures 1 and 2 show the infrared spectrum
for NH in Xe36-38 and is ascribed to site splittings. The nitrogen for an NO/Xe sample in the spectral regions where the bands
cage partner is present nearby in the cage and may hinderof | and Il appeared. This NO/Xe sample was prepared and
rotation3® Weak bands assigned to HORI®® and NHOH?* treated the same as samples that yielded the | and Il bands, by
can also be detected at this std@@he relative intensities of 254 nm photolysis then annealing, except thaghlds omitted
the dimer and monomer bands of NO change during photolysis, from the matrix.
with the monomer bands growing and the dimer bands decreas- When samples previously photolyzed and annealed are
ing. NO; and NO bands increase in intensity during photolysis irradiated at long wavelengths, both sets of absorptions | and Il
as well. These latter changes also occur upon 254 nm photolysisdisappear. Irradiation at wavelengths in the range-8I nm
of NO/Xe matrices with HN absent. depletes both slowly, while photolysis at waveleng##00 nm

In studies of HN/Xe matrices with no NO present, NH was causes more rapid depletion. The effect of 550 nm radiation is
the only photolysis product detected. This is consistent with shown in traces ¢ of Figures 1 and 2; the “mirror image”
literature reports that NH is the predominant product ofHN appearance of traces b and c is an identifying characteristic
photolysis in this energy reginfé Although the H+ N3 channel common to both sets of bands | and Il. However, irradiation at
is energetically accessible at 254 nm and has been reported ag00 nm depletes the type Il bands and causes the type | bands
a minor photodissociation chanrfél!* no evidence was seen to increase, a key distinguishing feature of the two sets. Loss
for formation of N, the infrared spectrum of which is knowh. of type Il bands and growth of type | bands was also seen in
Cage recombination of the ground-state radicals- i3 may samples allowed to stand overnight at 11 K after annealing.
be rapid, whereas for NH N, cage recombination is not spin- These samples were rotated out of the IR spectrometer beam



Reaction of NH (X3Z7) with NO in Xenon Matrix

J. Phys. Chem. A, Vol. 104, No. 16, 2008683

A
(d)
0.15 —
(©)
P — t-HNNO
8 0.10 (b} [}
E
@
g 0.05- (a) NH
Q
% HN,
£
@]
3 0.00- HN,
<
-0.05 —
| | | | |
3350 3300 3250 3200 3150 3100
Wavenumber, em’
B 0.140 C NO,
0.1
0.135 —
NO, (d)
> 0.130
g 009 (c)
£ 0.125- ¢-HNNO
Y
Q
S 0.120 — M
] -0.1 (b)
o
8 0.115 —
£ 0
(a)
01 10 - -0.2 -
01 05 T I T T T T l T T T T T T T T T I 1
2900 2800 1650 1600 1550

-1
Wavenumber, cm

Figure 1. IR spectrum of HNNO. FTIR difference spectra{@ of a HNo/NO/Xe 2.8:1:395 matrix (3.88 mmol) at 11 K. Plot A shows spectra
in the region 3356:3080 cn1?, plot B 2920-2800 cn1?, plot C 1656-1540 cnt. Trace labels for all plots: (a) change, from deposition, upon
2.0 h photolysis at 254 nm; (b) change of sample a upon annealing to 44 K; (c) change of sample b upon 2.0 h photolysis at 550 nm. (d) FTIR
difference spectrum of a NO/Xe 1:393 matrix (2.07 mmol) at 11 K. Change upon annealing sample to 40 K, after 2.0 h photolysis at 254 nm, for

comparison with (b). & transHNNO; ¢ = cisHNNO.

but indirect room light was not excluded. This distinguishing
growth/loss behavior of type | and Il bands is shown in the
spectra of Figure 4 and depicted quantitatively in Figure 3.
The loss of bands | and Il upon further photolysis is
accompanied by slight growth of® bands at 1280 and 2218
cmL. Since NO absorptions are present initially from impurities
in the NO, and increase in intensity during photolysis, their

15N-labeled nitric oxide was used in some experiments. In
matrixes of HN/1®NO/Xe 2:1:400, infrared bands with the same
growth and loss behavior are observed. After 254 nm photolysis,
the split NH absorption near 3133 cfis observed; it is
depleted upon annealing as infrared bands with behavior like
the I and 1l bands grow in. Isotope-shifted bands corresponding
to product | are seen at 1594.7/1593.8, 1212.9/1211.6, 1285.2/

relative increase is small, but the fact of an increase is 1283.2, 3253.6, and 742.9 cf The isotope shifts (expressed
reproducible. This behavior is included among the growth curves as the isotope shift ratiog4/v15) are included in Table 1. Shifted

in Figure 3. Absorption bands of HONO grow in due to
photolysis of HNOC®

IR bands corresponding to product Il are observed at 1590.7/
1589.5/1588.6, 1163.8, 1260.7, 3156.9, and 706.7cnime
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Figure 2. IR spectrum of HNNO. FTIR difference spectra for the samples in Figure 1. Plot D shows spectra in the regiot IE£26nT?, plot
E 800-700 cnt. Trace labels are the same as in Figure 1.
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Figure 3. Growth and loss of HNNO as a function of sample treatment. Absorbance of selected bands measured as peak height for changes in a
HN3/NO/Xe 2.3:1:401 matrix (4.0 mmol) at 11 K upon photolysis and annealing sequence as described in text. Open symbols with dashed lines
refer totransHNNO: circles= 1628 cnt! absorption; triangles- 1213 cnt! absorption; diamonds 1294 cnt! absorption; squares 746 cnT?

absorption. Solid circles with a solid line referdis-HNNO, 1621 cn1! absorption. Stars with dotted line refer to the change in ti@ &bsorbance

at 1280 cmi?, expressed as the difference in absorbance from the sample initially deposited.

isotope shift ratios for these bands are included in Table 2. Bandsdefinitively as type | or Il. They are listed with the type | bands

at 2821.5/2814.1 and 2756.0/2747 .6 ¢rexhibit the behavior in Table 1. FTIR spectra for &NO labeling experiment are
common to types | and II, growth upon annealing and loss upon shown in Figure 5, traces—& and again display the “mirror-
long-wavelength photolysis, but were too weak to be identified image” appearance that is characteristic of the bands | and II.
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TABLE 1: Comparison of Experimental Frequencies, Intensities, and"“N/1*N Isotope Ratios for Isomer | with Calculated
Frequencies fortrans- and cisHNNO?2

CCI—-CASSCF MP2 6-31G
experiment Walche® Durant® HF 6-311G
i 8
v(14) A 14/15 v(14) v(14) v(14) v(14) Harrisorf®
mode isotopomer v(15) rel. ratio trans cis trans cis v(14)
v1NH str HNY“NO 3254.0 18 1.0001 3311 3160 3713 3600 3568
HNNO 3253.6 16
v, NN str HNM“NO 1628.9 100 1.0208 1628 1630 1562 1640 1669
1627.1 81 1.0209
HNNO 1594.7 100
1593.8 77
v3NO str HNMNO 1296.2 40 1.0086 1382 1373 1422 1449 1450
1294.5 55 1.0088
HNINO 1285.2 46
1283.2 69
v4HNN bend HN“NO 1214.7 56 1.0015 1228 1201 1125 1167 1178
1213.4 65 1.0015
HN?NO 1212.9 56
1211.6 61
vg torsion HN“NO 746.5 10 1.0048 797 771 1005 941 925
HNINO 742.9 13
vsNNO bend HN“NO n.o. 549 589 322 353 448
HNNO n.o.
v2+wvscomb. HN“NO 2911.6 wk
2908.7 wk
HN'NO 2821.5?
2756.0?
vz + vacomb. HN“NO 2826.5
2825.1

aThe top row in the section for each mode refers to the normal*N@ isotopomer. 14/15 ratio as described in the téxtel. = relative
absorbance as peak height, scaled suchAhaftthe NN stretching mode for isomer | (strongest observed bandp0. wk = weak; n.0.= not
observed.

TABLE 2: Comparison of Experimental Frequencies, Intensities, and“N/*N Isotope Ratios for Isomer Il with Calculated
Frequencies fortrans- and cisHNNO?

CCI-CASSCF MP2 6-31G
experiment Walch?® Durant® HF 6-311G
i 8
v(14) 14/15 v(14) v(14) v(14) v(14) Harrisort®
mode isotopomer v(15) Arel. ratio trans cis trans cis v(14)
v1NH str HNMNO 3158 v. wk 1.0003 3311 3160 3713 3600 3568
HNNO 3156.9
2NN str HN“NO 1623.7 71 1.0207 1628 1630 1562 1640 1669
1622.3 61 1.0206
1621.4 76 1.0206
HNINO 1590.7 100
1589.5 54
1588.6 55
v3NO str HN“NO 1273.4 23 1.0101 1382 1373 1422 1449 1450
HNNO 1260.7 20
v4HNN bend HN“NO 1166.9 24 1.0027 1228 1201 1125 1167 1178
HNNO 1163.8 44
vetorsion HN“NO 712.1 5 1.0076 797 771 1005 941 925
HNINO 706.7 5
vsNNO bend HN“NO n.o. 549 589 322 353 448
HNINO

2 The top row in the section for each mode refers to the normafN@ isotopomer. 14/15 ratio as described in téxtel. = relative absorbance
as peak height, scaled such ti#abf NN stretching mode (strongest observed band for Isomet 1PO. v. wk= very weak; n.o= not observed.

The frequencies and assignments of other bands observed irfor the NG, and NO impurities help identify these bands as

these experiments are included in Table S1 of the Supportingwell. The spectrum of a®PNO/Xe 1:400 sample treated in the

Information. same manner as the HI¥PNO/Xe samples is shown in trace d
15N isotope studies were also performed on matrices contain-of Figure 5. The sample has been annealed following 254 nm

ing only NO and Xe to assist in identifying the bands of NO photolysis, conditions which produce species | and Il in xenon

dimers. Spectra from a mixed-isotope study using B4NO matrices containing HNalong with NO.

and15NO clearly identify the dimers by the spectral splitting

into three bands due to singly and doubly labeled symmetrical piscyssion

dimers. Isolated®NO is seen at 1833.8 crh, and the ¥*NO),

bands shift to near 1822 c¢rh(1840 cnt? in the mixed dimer) Spectroscopy. Spectroscopy and Reactions of Nitrogen

and 1715 cm?! (1727 cntlin the mixed dimer). Isotope shifts ~ Oxides. The purpose of this section to identify the matrix
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Figure 4. Cis—trans isomerization of HNNO. FTIR difference spectra
of a HNg/NO/Xe 2.3:1:401 matrix (4.0 mmol) at 11 K. Plot A shows
spectra in the region 165540 cnt?, plot B 1320-1150 cm't. Trace
labels for both plots: (a) change upon annealing to 40 K, after 3.0 h
photolysis at 254 nm; (b) change of sample a upon holding overnight
at 11 K; (c) change of sample b upon 1.0 h photolysis at 600 nm.

chemistry of the nitrogen oxides to the extent needed to
distinguish it from reactions involving the NH reactant, since

Laursen et al.

regiorf® but would be expected to show isotope shifts involving
two nitrogen atoms. The isotope shift ratios for Nahd NO
impurities are in good agreement with published isotope shift
data for'5N-labeled specie¥.3°

Upon 254 nm photolysis, the dimer bands decrease in
intensity and the monomer band increases in intensity. Annealing
regenerates the dimers at the expense of the monomer. The
changes in BD and NQ are complex, depending on the detailed
deposition conditions, temperature history, and concentration
of the sample, but in general the amounts of both species
increase upon 254 nm photolysis and changes occur as well
upon annealing, particularly site interconversion. The major
processes observed here are consistent with the observations in
Ne and N matrix33 (NO), photodissociates to NO under UV
irradiation and the dimers reform upon annealing. Photoreaction
of dimers to form both N@and NO in the matrix has also
been reported, although the specific processes that lead to each
product are matrix- and temperature-dependefihe use of
xenon matrix may further complicate both the spectroscopy and
the dynamics of dimer association, dissociation, and reaction,
as the binding energy of NO with Xe may be comparable orin
excess of that of the NO dimer, about 2.0 kJ mMdf Xenon
complexes may form with the other nitrogen oxides, especially
NO,, and may explain the multiple trapping sites that are evident
in the spectrum and undergo interconversion during photolysis
and/or annealing.

While the changes observed for the nitrogen oxides are
complex, they can be clearly distinguished from the behavior
of the absorption bands described above and designated | and
[I. In contrast with the nitrogen oxide bands, the | and Il bands
(1) appear only when HNand NO are both present in the
matrix, (2) are visible neither upon initial deposition nor after
either 254 nm photolysis or annealing of a matrix after
deposition, (3) appear only after a matrix is treated by 254 nm
photolysis then annealing, in that order, and (4) can then be
destroyed by irradiation at wavelengths of 500 to 600 nm.

Assignment of Bands of Product The evidence above
indicates that NH and NO patrticipate in the reaction and that a
stable species is formed that can then be destroyed by a low-
energy photochemical process. The reaction expected to occur
between ground-state NH and NO is the activationless addition
to form HNNO. The conditions of appearance and disappearance
of | are consistent with formation of a stable radical such as

both NH-dependent and NH-independent processes occur undeHNNO. As will be shown, the infrared spectrum of product |

our experimental conditions. One prominent process for which
evidence is visible in the initial sample is NO dimerization. The

is consistent with bent planar HNNO in a groutid state, the
structure of which is best represented, in a valence-bond model,

spectroscopy and reactions of NO dimers have been studied inby the structure below. To support this conclusion, the assign-

detail in other matrice%23and these findings can be used to
assign and interpret the observations in Xe. The vibrational
bands for the NO dimers are readily identified by their isotope
shifts in the experiments usid@NO or a mixture of“NO and
15NO. The isotope shift ratio of 1.018 for both bands of the
doubly substituted NO dimer near 1854 and 1745 tris
identical to the ratio observed for NO monomer at 1866 tm
The isotope shift ratio for the mixee™NO—1NO dimer is
1.0076 for thev,; symmetric stretch and 1.0102 for the

ments of individual vibrational modes are now discussed.

N\..

o

N

N

The strong bands at 1628 and 1294 ¢rare assigned to the
v, and vz NN and NO stretches. Both bands are split into
doublets, with a splitting of about 2 crhas is typical of site

antisymmetric stretch; the product of these shifts is 1.0179. Only splittings in xenon matrix. These bands lie strikingly close to

the more stableis-(NO), species is identified; although several
other bands occur in the NO stretching region and exHihiO

the corresponding antisymmetric and symmetric stretches of the
isoelectronic molecule Nat 1618 and 1318 cm (in the gas

shifts near 1.018, suggesting they contain an NO chromophore,phase)® The 1°NO isotope shift ratio of 1.0208 for the 1628
none had an isotope substitution pattern that identified them ascm™ band and 1.0088 for the 1294 cfband are also very

dimers. They may be due to complexes of NO with other
species, perhaps an N&Xe complex or NO-HNs. Other
nitrogen oxides, for example &3, have bands in the same

close to the isotope shift ratios of 1.0241 and 1.0092' %k
labeled NQ.35 The NN bond can be considered a double bond
by comparison with the similar frequencies of the=N
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Figure 5. Isotope labeling of HNNO. FTIR difference spectra-@ of an HNy'>NO/Xe 2:2:400 matrix (3.72 mmol) at 11 K. Plot A shows
spectra in the region 1640530 cnT?; plot B 800-700 cnt?; plot C 1316-1160 cnt?. Trace labels for all plots: (a) change from deposition upon

2.0 h photolysis at 254 nm; (b) change in sample a upon annealing to 42 K; (c) change in sample b upon photolysis to total photodepletion of
HNNO. (d) FTIR difference spectrum of ®NO/Xe 1:399 matrix (2.11 mmol) at 11 K. Change upon annealing sample to 40 K after 2.25 h
photolysis at 254 nm, for comparison with (b).

stretching vibrations of NNklat 1574 cm® (Ar) and HNNH frequency band is labeled as the NN stretch, but clearly the
at 1529 cm! (N).31 It is quite distinct from the KN stretch two stretching modes are strongly coupled as in,NO

of N2O (2224 cm* gas§* and the N=N stretch (2133 cm) The vibrational frequencies for HNNO have been calculated
and N-N stretch (1145 crm?) of HN3 (Xe, this work). The NO  py several worker$>2548Because of the treatment of electron
bond has partial double bond character if the stretching correlation, the CCI/CASSCF calculations by Wafklare
frequency is judged in comparison with thes® bond of HNO expected to predict the vibrational frequencies for this radical
at 1565 cm? (gas)# the N=0 stretch of HONO (cis 1626, better than the MP2 calculations of Durkrand the Hartree
trans 1680 cm' in Xe), the N=0 stretch of HOONO at 1704  Fock method of Harrison and Maclag#iThus, our discussion
cm™! (Ar),%” and the N-O stretch of HONO (cis 842, trans  focuses on the calculations by Walch, but the other published
791 cntt in Xe). The NN bond is expected to have more values are included in Tables 1 and 2 as well. As seen in Table
double-bond character than the NO bond and thus the higherl, the calculated NO and NN stretching frequencies for either
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transHNNO or cissHNNO are in quite good agreement with  isomer of HNNO. The isotope shift ratios of Il are similar to
the observations. those of | but sufficiently different that it is clear they are not

It follows from the stretching band assignments that the the same molecule. Thus, the spectroscopic arguments presented
absorption at 2908 cm is due to the combination bang + above for the identification of I with HNNO apply equally to
vs, close to the sum of the fundamental frequencies at 2922 the bands of Il. The frequency differences observed between
cm 1, and also very close to the analogous N@mbination ~ corresponding bands of | and 11{%0 cnt* for the fingerprint
bandv; + vs at 2907 cm.#? In isoelectronic molecules such ~ region, 100 cm? for the high-frequency bands) are consistent
as NG and the CG~ ion5° this combination band is stronger ~ with the splittings observed for geometric isomers of similar
than thev; and v, fundamentals. Thus, for HNNO it is not  planar, tetraatomic molecules such as HON®.The splittings
surprising that this combination band is sufficiently intense to are larger than expected for matrix site splittings.
be observed. The band at 2826 ¢nis assigned to the; + v, The type Il bands vary in intensity relative to the type | bands
combination band, near the frequency sum of 2842%cm  and were not observed at all in some experiments. Although
Absorptions at 2821.5/2814.1 and 2856.0/2747.6 crare frustrating attempts to gather more information about this
observed in thé>NO-labeled experiment. If these are assigned species, this observation is consistent with the identification of
to the two combination bands, the observed isotope shift ratios, Il as a second, less stable isomer of HNNO. If the | and Il bands
1.032 and 1.026, respectively, are rather large compared to therepresent two isomers with a small energy difference, both
shift ratios expected from the sums of the shifted frequencies. formed in a reaction with a larger exothermicity than the barrier
However, it may be that these bands do not correspond to thepetween them, their relative population will be sensitive to the
same set of bands, | or Il, if isotope labeling alters the relative temperature history of each sample during the annealing process.

intensities of the combination bands. Formation of the two isomers in a matrix may also be influenced
The 3254.0 cm?! absorption is assigned to tig NH stretch. by the microscopic site distribution of the NH and NO
The frequency is comparable to HMt 3298 cm? (Xe) and precursors, itself a function of the details of matrix preparation

free NH at 3131 cm! (Xe). Its lack of an isotope shift shows and photolysis. These microscopic variables undoubtedly vary
that this mode is largely uncoupled to the other vibrations. The among samples whose gross properties (concentration, maxi-
observed value lies between the computed valuesifsrand mum annealing temperature, annealing time) are nevertheless

transHNNO .25 similar. Finally, we observed interesting behavior upon 700 nm

The band at 1213.4 cm is assigned to the, HNN bend. photolysis or IOF0|0”969| storage at 11 K of a samp!e containing
Its frequency is similar to the HNN bend in HN1263 cnrl both | and Il bands (Figure 4, trace a). As seen in trace b of
in Xe, this work), the HN rocking motion of HNN (1288 cnt?, Figure 4, the bands of Il disappear, while the | bands increase

An),3 and the NH bend of H&NH (1313 cnt?, Ar).3! The in intensity. The simplest explanation for this behavior is a
small N isotope shift (1.0015) reflects the fact that most of conversion of Il to |, a process evidently requiring less energy
the atomic motion is in the light H atom. The experimental than destruction of both I and Il (Figure 4, trace c; Figures 1
frequency is in good agreement with the calculated frequency and 3). On the basis of the combined spectral and chemical
for either HNNO isomer. The remaining band at 746.5 is evidence, we conclude that the bands of Il are those of a second
assigned to thes out-of-plane mode, with a modest isotope HNNO isomer.
shift (1.0048). It is comparable to the torsional mode of HNOO  Which Isomer is WhichPhe discussion above identifies both
at 764 cnt! (Xe).3° HN3 at 607 cnt?! (gas)3® and HONO at | and Il as HNNO isomers but has not yet addressed which
638 cnr! (cis, Ar) and 549 cm! (trans, Ar)*0 Again, the isomer is which. The calculated frequencies do not appear to
experimental frequency for this mode is consistent with the settle the matter, since the observed infrared bands agree
calculated frequency for eithers- or transHNNO. The NNO reasonably with the calculated vibrational spectrum of either
bend is not observed. It is calculated by Walch to fall at 549 cis- or transHNNO. However, the calculations do help address
cm™! (trans) and 589 cmt (cis). this issue if we consider the relative frequenciescisf and

On the basis of this spectroscopic evidence, we conclude thattransHNNO rather than the absolute magnitudes of the
the absorptions labeled | belong to an isomer of the radical frequencies. If we consider the frequency differences observed
intermediate HNNO, formed from the reaction of ground-state for the five bandsAvex, = (v — vi), expressed as a percentage
NH with NO. of v, we find that Ave,p, is always positive; that is, the |

Assignment of Bands of Product The bands in the set  frequencies are always higher. The differences show the
designated Il have the same “mirror-image” behavior as the following pattern: thev, bands are almost the same,, =
bands of I; they appear upon annealing a matrix containing NO 5 ¢nT* or 0.3%), a modest difference of abotil.6% is seen
and trapped NH and disappear upon irradiation at wavelengthsin vs, and larger differences of 3—5% are observed for, vs,
as long as 600 nm. It is clear that they, like I, belong to a stable @nd ve. When these are compared to the differences in the
transient that is readily destroyed by a low-energy photochemical calculated frequencies faris- and transHNNO,?> Aveaic =
process. The bands also lie close in wavenumber to the first set(Vrans — vcis), it is seen that the trans frequencies are always
of bands, identified as HNNO. Bands at 1623 and 1273%cm the higher ones, except fos where the difference is essentially
lie within 5 and 23 cm?, respectively, of the features of | 20 Aveac= —2 ¢t or —0.1%). Moreover, the differences
assigned to the NN and NO stretches. A band at 3158 ¢sn ~ ¢an be grouped in the same way, a near-zero differeneg, in
less than 100 crr# (3%) from the band of | assigned to the NH @ modest difference ims of 0.7%, and larger differences of
stretch of HNNO. Bands also lie close to each group | absorption 72—-5% invi, v4, andve. Thus, the pattern of cistrans splitting
assigned to a bending vibration of HNNO. The feature at 1167 in the calculated frequencies is quite similar to the pattern of

cm1 Corresponds to the 1214 ciband assigned to the HNN =1 Spllttlng in the eXperimental frequencies if | is identified
bend, while the absorption at 712 chlies near the | band ~ astransHNNO and Il ascis-HNNO.
assigned to the torsion at 746 chSince HNNO is expected Thermodynamic evidence is consistent with this assignment

to be a planar molecule with cis and trans isomers, the similarity of isomers. The trans isomer is calculated to be more stable by
of the infrared spectra of | and Il suggests that Il is, like I, an about 24 kJ moit.1525Qur observations support the interpreta-
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Figure 6. Energy level diagram for the HNNO system. Energies taken from “best estimate” energies from Bradley et al., ref 27, and, where “best
estimate” values were not available, from Walch, ref 25. The HNKD (P) energy is from Bozzelli & Dean, ref 23.

tion that | is the more stable isomer; it is initially formed in  then collided very gently at temperatures no higher than 45 K.
greater guantity (assuming comparable IR absorptivities), and The surrounding matrix cage both sustains the collision complex
Il'is preferentially converted to I, rather than the reverse reaction, long enough for reaction to occur and effectively removes
when activation energy is available. On the basis of the energy so that the complex does not dissociate from the reaction
spectroscopic and thermochemical arguments, we assign the se¢xothermicity.

of bands | taransHNNO and the Il bands toissHNNO. High-
level calculations of the vibrational frequencies of the isotope-
substituted species would be helpful in confirming this assign-
ment.

Reaction Chemistry of HNNO. From the experimental

Theory predicts that HNNO should also be formed in the
reaction of NH (a'A) with NO, but HNNO was not observed
in the argon matrix studies by Yokoyama et‘aOther than
the use of Ar matrix, their experiments were quite similar to
the present work, using 254 nm photolysis of +H&s the NH

evidence, some information about the thermochemistry of the source and comparable HNO/rare gas ratios. It is likely that
novel species HNNO can be deduced and compared withHNNO was not formed in those experiments because the
theoretical predictions. The energy level diagram calculated for reaction exothermicity for formation of HNNO from NH
this system is shown in Figure 6 and should be referred to during (a *!A) + NO, over 400 kJ mol, made it impossible for the

the following discussion. We have used the “best estimate”
energies from Bradley et &7, which draw on published
calculations by Walc¥ and Durant® The latter calculations

use different methods, both of which are expected to give high-

HNNO intermediate to be stabilized.

Annealing of the matrix to 4644 K maximizes the yield of
HNNO. Higher temperatures increase the prevalence of side
reactions such as dimerization of NO and formation of,NO

quality energies for the stationary points, and the agreementinfrared absorptions of the HNNO complex are detected at lower
between these two reports is generally very good, as discussedemperatures, 2030 K, during the annealing process, suggesting

by Durant.

Formation and Trapping of HNNQAccording to Walcr®
the reaction of NH (X3Z7) with NO is activationless on the
2A" surface because the singly occupied N@dbital lies in
the same plane as the HWO supermolecule. The small barrier
on the ground’A’ surface arises because the singly occupied
orbital is perpendicular to the plane, thus NH is adding to an
NO & bond. Thus, reaction 1 proceeds initially on the’
surface. Crossing to the lower-energi’ surface is made
possible by out-of-plane motions that break Gesymmetry.

The exothermicity of reaction 1, nearly 260 kJ miglis more
than sufficient to overcome the barriers to the energetically
accessible final products, H N,O or OH + N. In the gas
phase, fragmentation of the HNNO is rapid and only final
products are observéd®1In contrast, the matrix experiments
use conditions that make it possible to trap HNNO. Both
reactants are internally and translationally precooled to 11 K,

that the small barrier to HNNO formation is associated with
diffusion and/or reorientation of the reactants in the matrix and
not with a barrier intrinsic to the reaction. Atoms similar in
size to NH, such as fluorine and oxygen, are quite mobile in
matrices’52 and O fP) atoms, isoelectronic with NH, are
known to escape the matrix cage with a low activation
energy®3%4 Similar annealing temperatures are optimal in
forming HNOO from NH (X) + O, in Xe, a reaction also
expected to be activationle¥s.

Annealing can mobilize other atoms and small molecules
besides NH, so the possibility of other reactions must be
considered. Reaction of H N;O is one alternate route to
formation of HNNO, since BO was an impurity in most
samples. Formation of H atoms is thermochemically feasible
from HNj3 photolysis, though the absence of &bsorptions after
photolysis indicates that this is at best a minor channel in the
matrix. Further evidence for H atoms in these samples might
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be sought from the formation of HXeH, which is known to occur no HNNO is observed after the initial photolysis. Apparently
readily when H atoms are mobilized in Xe mat?he® The direct reaction of NH (a) with NO is slower than quenching in
strongest absorption of this species, at 1166 %ries close to Xe. Gas-phase workers have taken advantage of the same
an absorption we have assignedcissHNNO. However, the phenomenon, adding small amounts of Xe to a reaction mixture
disappearance of this feature upon long-wavelengtk €00 to convert NH (a) to NH (X) in the presence of N&?
nm) photolysis is not consistent with the resistance to photo- Formation of small amounts of HONO and MNBH, produced
bleaching by a broadband visible source that has been de-by the well-known reactions of NH (&\) with matrix impurities
scribed?® and HXeH should not exhibit the isotope shift we O, and H0,30:63-66 shows that chemical reactions of NH (a)
observe whed®NO is used. Thus, although we cannot rule out more rapid than that with NO can still compete with quenching
formation of H atoms in these samples, we have no good in Xe.
evidence for such a process. More importantly, as Figure 6 While the effect of Xe on NH electronic states most likely
shows, there is a barrier to formation of HNNO fronHHNO. explains the ability to produce HNNO in Xe matrix, the solid-
Thus, although the annealing temperatures used are sufficienistate structure of xenon may also play a role. Imidogen radicals
to mobilize any H atoms that may be trapped in the matrix, may be more mobile in Xe than Ar due to the larger cage size
they are not sufficient to overcome this barrier. Together these and the heterogeneity (probably substantial) of the polycrys-
factors argue against ht N>O as a source of HNNO in these talline matrix. Xenon matrix can be warmed to a higher
experiments. temperature than an argon matrix, so it is possible to anneal

Photolysis of NQ or N,O could provide another reactive and induce reaction without affecting the sample’s optical clarity
radical, O #P), that would be invisible in the matrix. Reaction too much. Complexation with xenon may help stabilize the
of O with NNH might also yield HNNO in an exothermic intermediate once it is formed. Xenon-doping experiments in
reaction. However, there is no straightforward route to produce other matrix materials might shed some light on these issues.
the other reactant, NNH, via 254 nm ihotolysis. Moreover, In sum, to maximize our chances of detecting HNNO, the
NNH is believed to be unstable relative te N H.2324 The experiments reported here were performed in solid xenon matrix,
simplest explanation that is consistent with all our observations, where NH g=-) could be selectively produced, where the only
including direct observation of the loss of NH upon annealing, barrier to reaction with NO should be due to diffusion of the
is that NH is mobilized upon annealing and is the major reactive reactants in the solid, and where the intermediate would be
species. rapidly cooled, preventing fragmentation.

The use of xenon matrix in these studies is not gratuitous. Reaction of HNNO to Form Product#t the photolysis
Its most important role appears to be in preparing the NH (X) energies at which photodepletion of HNNO is first observed,
reactant. HN photodissociates to form electronically excited the major product of HNNO destruction in these experiments
NH (a 'A). Electronic quenching of NH (a) is very slow, on appears to be D, with an H atom presumably trapped nearby
the order of a second in solid argghand numerous studies in the matrix cage. BD + H is also the major channel in the
show that NH (&'A) is very reactive in a matrix. Thus, in the  gas phase, though O N is also detected. Both channels are
argon matrices commonly used in matrix isolation, chemical energetically accessible 4t= 600 nm (200 kJ mott). The
reaction of NH (a) will take place faster than intersystem OH absorption at 3530 ct# in Xe®” was not observed in these
crossing. Very little NH will escape reaction to become trapped experiments; however, detection sensitivity in this region was
in the matrix in the ground electronic state and thus become low in many samples after annealing, due to increased matrix
available for reaction upon annealing. In xenon matrix, however, scattering in the high-frequency region. It is also possible that
the external heavy-atom effect enhances the rate of intersystemOH production is particularly inhibited in the matrix. From
crossing from the initially formed singlet to the ground triplet geometric considerations, this-HNNO isomer is the necessary
surface of NH, and indeed the NH (a) lifetime in solid Xe shows precursor for the 1,3-hydrogen transfer to form GHN,. In
evidence for a strong external heavy-atom effédtvidently the gas phase, reaction of an equilibrium mixture of cis and
intersystem crossing becomes competitive with bimolecular trans isomers would be expected, since the barrier to product
reaction, so that significant amounts of NH (X) are trapped. formation is higher than the barrier to isomerization. But at the
This interpretation is further supported by studies of sHN low temperatures of the matrix, the equilibrium may strongly
photolysis in Ar and Xe, in which the relative IR intensity of favor the lower energy isomer even if the energy difference is
NH product is indeed higher in Xe than in AfBecause NHis  very small. Thus, it is possible that all the starting material is
a weak IR absorbé® the amount of trapped NH observed in in the trans form at the time of reaction and the GHN,
Xe represents a substantial fraction of the photolyzed.HN channel is not available. Another difference between these

Substantial matrix effects on product yields in bimolecular €xperiments and previous work is that the energy needed to
reactions, including those of NH, have been observed pre- overcome the barrier from HNNO to final products is delivered
viously3059-62 |n our previous studies of the reaction of NH photochemically rather than as thermal energy. The reaction
with Oy, the Ar matrix yielded mostly HONO and only very may be governed fully or partially by the contours of the
small amounts of HNOO, while in Xe the relative yields of potential energy surface of the absorbing excited state of HNNO,
these species were completely rever¥edONO is produced which has not been characterized, rather than by the ground-
upon initial 254 nm photolysis by reaction of NH {A) with state surfaces discussed here.
0O,, while HNOO is produced by reaction of NH (3&7) with Barriers to reaction can be estimated from the photolysis
O, upon annealing. Thus, in that example, the relative impor- energy required to cause reaction. At 700 nm,—tians
tance of electronic quenching vs chemical reaction of the initially isomerization occurred but there appeared to be no net loss of
formed NH (a) radicals was reversed upon changing the matrix HNNO nor formation of other products (without knowing IR
material from Ar to Xe. In the reaction of NH with dimethyl-  absorptivities we cannot confirm mass conservation in the
acetylene, the major product in Xe was not observed at all in HNNO isomerization, but the increase in trans absorbance is
Ar, reflecting different chemical reaction channels available from roughly equal to the decrease in cis absorbance). This photon
the singlet vs triplet reaction surfac®sln the present work, energy, equivalent to 171 kJ md| exceeds the barrier to
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isomerization computed as 105 kJ mbby Durant® and 85 Finally, we have demonstrated the use of a solid environment
kJ mol~* by Fueno et al! The possibility of isomerization  to selectively influence the dynamics of a chemical reaction
occurring at even lower photon energies is intriguing but was and steer its product distribution toward a desired or unusual
not investigated fully. We do not assume that isomerization seenproduct. As exhibited in this study, such a strategy may be
upon storage for several hours at 11 K indicates a very low particularly useful in the study of radicatadical reactions and
barrier to isomerization, but rather that energy was available thus may facilitate the design of systems to store free radicals
from some source not accounted for. Infrared radiation from in solids for use as high-energy and high-density propellants.
the spectrometer source beam can be excluded as a cause, so
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