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Thermochemistry of N3O,

John W. Torchia,™ Kelly O. Sullivan,* and Lee S. Sunderlin*T

Department of Chemistry and Biochemistry, Northern lllinois dénsity, DeKalb lllinois 60115, and
Department of Chemistry, Creighton Wersity, Omaha Nebraska 68178

Receied: July 8, 1999; In Final Form: October 1, 1999

N3O.~ has been formed by the addition of 0.4 Torr af\to a flowing afterglow apparatus. Energy-resolved
collision-induced dissociation of this anion gives N&s the dominant product. @nd NO™ are also observed,
and there is indirect evidence for electron detachment. The-N\@QO bond energyt0 K is measured to be
0.76 + 0.10 eV. Ab initio calculations at the MP2/aug-cc-pVDZ level give a bond strength of 0.78 eV, in
good agreement with the experimental results. The predominance ofoM& N,O~ is consistent with a
metastable PbD~ anion. The results suggest that dissociative photodetachmenOef Nives highly internally
excited products.

Introduction of argon in promoting formation of D, suggests that the

The oxides of nitrogen are known for their unusual electronic third body acts as a collisional cooling agent rather than a
properties. For example, NO has a remarkably small electron catalyst.
affinity of 0.026 e\t (1 eV = 96.485 kJ/mol). NO is classically Recent work has suggested that there are several isomers for
unbound, and zero point energy effects are responsible for thethe NeO~ anion? Coe et al. observed a weakly bound
positive electron affinity>.N,O, on the other hand, has a electron (NO™)N2O cluster, identified by a photoelectron spectra very
affinity of —0.15 eV N,O~ is metastable because of the large similar to that seen for NQ'° A bond energy of 0.22 eV was
geometry difference between the bent anion (bond angl®)133 estimated from the shift in the peaks of the spectra. Hayakawa
and the linear structure of neutrap®. This study explores the et al. observed BD,~ but not NO in an NO buffer at
thermodynamics of the anionic heterodimer of these two species,atmospheric pressure at temperatures from 300 to 560 K,

N3Oz~ o . . . o indicating thatAG for reaction 4 is negative in this temperature
The dinitrosoamide aniochNsO,~, is a terminal ion observed  range. This demonstrates the existence of gd,Nisomer with
in the reactions of nitrogen oxides. Moruzzi and D&Kiinst a bond enthalpy significantly stronger than 0.22 eV.

observed MO, in drift cell experiments, and postulated the

; . Continetti and co-workets studied NO,~ using coincident
following mechanism.

photoelectron and photofragment translational spectroscopy.

NO™ + N,O0= (N,0, )* (1) They observed the weakly bound complex.seen by Coe et al,,
as well as at least one more strongly bound isomer. For a photon
(N30, )* + N,O—N,0,” + N,O 2) energy of 4.66 eV, the maximum total (electran neutral

fragment) translational energy release observed was 2.7 eV.
Parke$8 observed NO,~ as a product of an overall third-order ~ Continetti et al. reported the difference between these two
reaction of NO with N,O and either C® or another NO energies, 2.6 0.2 eV, as the stability of O, relative to the
molecule (reactions 3 and 4) and measured the rate constantlecomposition products of NO 0, and €. They derived this

value on the assumption “... that some of the NON,O

NO + N,O0+ CO,— N;0, + CO, 3 products are produced with no internal excitatiorf2.For a
_ _ photon energy of 3.49 eV, the maximum neutral fragment
NO +2N,0—N;O, +N,O (4) translational energy was ca. 1.5 eV, again around 2.0 eV less

than the photon energy. However, for a photon energy of 2.33
eV, the maximum neutral fragment translational energy release

for reaction 4 a%, = 8.5 x 1073 cf s~ at 298 K. Viggiano was ca. 1 eV. This suggests that an isomer with a maximum

and co-workersmeasured a moderately negative temperature pond energy of ca. 1.3 eV exists. The.small s'lgnal fOI’.thIS fegture
dependence for reaction 4, consistent with the presumed the translational energy spectra is consistent with a minor
temperature dependence of the equilibrium for reaction 1. At 'SOMer.
193 K, Ferguson and co-workers measured a very similar rate  Computational studies of this molecule have been limited.
constant of 7.1x 10739 cm® s~ for reaction 5, the analogous Hiraoka et al. obtained bond energies of 1.25 eV for singlet,
association reaction with Ar as the third bddjhe effectiveness covalently bound BO,~ and 0.21 eV for a triplet NO—N,O
cluster at the MP2/6-31G(d)//R(O)HF/6-33-G level? Density
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neutral NO; is covalently bound, but unstable with respect to
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NO™ + N,O + Ar —N,O, + Ar (5)
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This study was undertaken to measure the bond energy in o(E) = 0,2 [gPo(E.E)E + E — E;)VE] (6)
N3O,~ through a different route, namely determining the
translational energy required for collision-induced dissociation.
Further ab initio calculations have also been performed, both
to aid in the experimental data analysis and to confirm the
thermochemical conclusions.

at center-of-mass enerdy Er is the desired threshold energy,
0, is a scaling factorn is an adjustable parametd?®;, is the
probability of an ion with a given amount of energy dissociating
within the experimental window (ca. 30s), andi denotes

. ) rovibrational states having energy and populatiory; (Zg =
Experimental Section 1). The CRUNCH program written by Professor P. B. Armen-
trout and co-workers is used in the threshold analysis described

6 X U LA
these experiments consists of an ion source, a flow reactor, anoabovel. tDOfP'er brc(;at?]enmg, thitklneglct\:nergy d'l,?trl'b%t.'on of
a tandem mass spectrometer comprising a quadrupole mas%.he reatchan lon, anl € Compf('j'?n be theegRTJuNgl-? Issocla-
filter, an octopole ion guidé} a second quadrupole mass filter, lon pathways are also accounted for by the INLH program.
and a detector. This instrument has been described in detail Po IS calculated using the RRKM formalism. If it is assumed
previously?s a brief description follows. that the transition state for loss ofz_ is _quse (prodtjlct-lyke),_

. . . . the calculated effect of delayed dissociation (the kinetic shift)

The flow tube is a 92 cnx 7.3 cm i.d. stainless steel pipe

o : . is less than 0.01 eV. It is possible that a change of spin from
with five neutral reagent inlets. Usually, the bulk of the gas in . M
- - . reactants to products (discussed below) leads to inefficient
the flow tube is He, and ion precursors are present in trace

amounts. In the present experiments. partial pressures of 0.3 dissociation. However, even assuming that the dissociation
) P p P P "~ efficiency is a factor of 19less than predicted by RRKM, the

0.5 Torr of NO and 0.6-0.2 Torr of helium were used. The L e L L

. . kinetic shift is still less than 0.01 eV. Thus, the kinetic shift is

ion signal was strongly dependent on the pressure,0f, ldnd

nearly independent of the pressure of He. This behavior is neglr:glble"_fo_r this system. infl the ob d
consistent with the kinetics observed previously. € colision gas pressure can INfuence e obServed cross

. : . . sections because of secondary collisions. This is accounted for
The lon source 1s a de discharge typically operate_d at 1500 by linear extrapolation of data taken at several pressures to a
V with 4 mA of emission current. The gas ﬂ.O\.N velocity is 40 zero pressure cross sectinThe uncertainty in the reaction
m/s_ \_/vhen Fhe buffer gas is mostly.@, giving over .16 thresholds due to the internal energy of the reactant ions is
collisions with the neutral PO or He to thermalize the ions. estimated by determining the threshold by assuming all of the
lons are sampled from the flow tube into the main chamber, cajculated frequencies are in error by10%. Also, the
which contains the tandem mass spectrometer. This chamber igyncertainty in the energy scale is 0.15 eV in the lab frame. These
differentially pumped to pressures sufficiently low that further ncertainties are combined with the standard deviation of the
collisions of the ions with the buffer gas are unlikely. The thresholds derived from different data sets to give the overall
operating conditions for the first quadrupole were set to ensure yncertainty in reaction energetics.
that only ions ofm = 74 u were allowed to pass info the  cgjjisional reheating can potentially affect the measured
octopole, which passes through a gas cell filled with argon for ,resholds. This occurs when ions gain energy from collisions
the CID experiments. The intensities of the products and \yith the buffer gas during extraction from the flow tube. While
unreacted ions are measured by the second quadrupole and thgyis s generally not a problem for light buffer gases such as
electron multiplier detector. The resolution of the second pe the use of a high pressure 0§ means that collisional
quadrupole was left as low as possible to improve collection peating is more likely. Changing the accelerating potentials on
efficiency and reduce mass discrimination. These operating {he first few ion optics elements, where the ions are extracted
conditions gave typically 50 000 ions'sof the NsO;™ reactant.  from the flow tube, had no measurable effect on the observed
Threshold Analysis. The threshold energy for a reaction is  reaction threshold, suggesting that collisional reheating is minor
determined by modeling the intensity of product ions as a for the present experiments.
function of the reactant ion kinetic energy in the center-of-mass Computational Methods. All ab initio calculations were
(CM) frame, Ecu. The translational energy zero of the reactant performed using the GAUSSIAN94 suite of prografrsinning
ion beam is measured using the octopole as a retarding fieldon a Digital Alpha 433au workstation. Calculations were
analyzerl.“vle The first derivative of the beam intenSity as a performed using Dunning's aug-cc-pVDZ basis set for nitrogen
function of energy is approximately Gaussian, with a full-width  and oxyger?® This double¢ quality set is formed from a
at half-maximum of typ|Ca”y 1.0 eV for these experiments. The (934p1d) pr|m|t|ve set contracted to [352p1d] and augmented
laboratory energ¥ia is given by the octopole rod offset voltage  py a diffuse (1s1pld) set. Spherical harmonic forms for the d
measured with respect to the center of the Gaussian fit. functions were employed. Electron correlation was built onto
Conversion to the CM frame is accomplished by us&&f = UHF wave functions using the MP2 level of theory. Analytic
Eiapm/(m + M), wherem andM are the masses of the neutral  gradients were used to optimize the geometry and determine
and ionic reactants, respectively. This energy is corrected atthe vibrational frequencies of all isomers calculated. The stability
low offset energies to account for truncation of the ion bé&m. \yas determined by comparison to an asymptotic limit of NO
Total cross sections for reactiometa, are calculated using + N;O calculated at the same level. Both singlet and triplet
= lo exp(—owanl),® wherel is the intensity of the reactantion  isomers were investigated.
beam,l is the intensity of the incoming ion beariy & | +
Zl;), andl; are the intensities for each product ion. The number paqits
density of the neutral collision gas i andl is the effective
collision cell length, 13+ 2 cm?!® Individual product cross Electron impact on BD in He gives predominantly #D,~
sectionso; are equal taotal(li/Z1). at sufficiently high flow rates of BD, consistent with the
To derive CID threshold energies, the threshold region of previous results discussed above. The cross sections for CID
the data is fit with the model function given in eqd®where of N3O,~ with Ar are shown in Figure 1. The three products
o(E) is the cross section for formation of the product ions observed correspond to reactions-9% where the neutral

The flowing afterglow tandem mass spectrometer used in
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Figure 1. Appearance curves for collision-induced dissociation of
N3O, as a function of kinetic energy in the center-of-mass frame. The
solid lines are convoluted fits to the data, and the dashed lines are
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TABLE 2: Calculated Bond Energiest

molecule De Do, 0K
singlet planar NO,~ 0.876 0.780
singlet nonplanar D2~ 0.497 0.412
triplet planar NO-N,O 0.139 0.113
triplet nonplanar NO-N,O 0.143 0.118

NO™ + N,O 0 0
aValues in eV calculated at the MP2/aug-cc-pVDZ level.

eV (73+ 10 kJ/mol). Because the reactant and product internal
energies are explicitly accounted for in the model, the derived
threshold corresponds ta 0 K bond energy. Calculating the
necessary heat capacities using the ab initio vibrational frequen-
cies, the bond enthalpy at 298 K is 4910 kJ/mol.

The experimental bond energy is in good agreement with the
computel 0 K bond energy of 0.78 eV (75 kJ/mol) for the singlet
W-shaped isomer. The nonplanar singlet structure is calculated

unconvoluted fits to the data. The fitting parameters for this data set {0 be 0.37 eV higher in energy. Assuming the two singlet

areEr = 0.84 eV anch = 1.4. See text for a discussion of the fitting
parameters.

TABLE 1: Molecular Constants?
molecule
N3O~ (w-shaped)

vibrational frequency rotational constant

196, 327, 343, 604, 7551.96, 0.0929, 0.0887
1146, 1256, 1433, 1502

NOP 1924 1.68 k2)

NO- b 1290 1.39 k2)

N,O° 590 (x2), 1274, 2258 0.40342)

N,O~ © 623, 916, 1662 6.87,0.410, 0.386

a Constants in cmt calculated at the MP2/aug-cc-pVDZ level unless
otherwise noted? QCISD(T)/aug-cc-pVTZ results from ref 20Q-
CISD(T)/aug-cc-pVTZ results from ref 3.

isomers are in equilibrium at the flow tube temperature, the
abundance of the lower-energy isomer is roughl§ deater
than that of the higher isomer. Thus, the metastable singlet
isomer is probably not significant in these experiments. Coe et
al.l% observed a weakly bound isomer, which was estimated to
be bound by 0.22 eV. The computational results indicate that
the two triplet rotamers are bound by 0-10.12 eV at 0 K.
Thus, the structure observed by Coe et al. is presumably some
mixture of these triplets. (The energy resolution of the PES data
is such that the two species would be indistinguishable.)

lon Source Conditions and lon Populations At this point,
the ion source conditions in the different experiments can be
correlated with the ions produced. It is reasonable to assume
that the intermediate included in reactions 1 and 2 is the loosely

products are assumed on thermodynamic grounds. The appareritound triplet complex. In the supersonic expansions used by
threshold for reaction is somewhat below 1 eV. The products Coe et af® and Resat et &P both the triplet complex and the

seen correspond to the ions observed after~3@ us time
between collisional activation and product detection.

N,O,” —NO™ + N,O ©)
—NO + N0~ ®)
—NO+N,+ 0" 9)

Computational results for §D,~ are given in Tables 1 and 2

singlet covalent isomer are apparently produced. The weakly
bound cluster is evident in the PES data from both groups, while
the covalent isomer is only apparent in the electron energy/
neutral translational energy coincidence measurements. The
relatively low temperature in the expansion as well as the
initially high pressure of BO are consistent with a significant
concentration of the triplet complex. For the room temperature,
lower pressure experimental conditions used in this study,
entropy effects ensure that the equilibrium for reaction 1 lies
far to the left, and the population of the loosely bound cluster

and in Figure 2. The stationary points found include two singlet in the ions exiting the flow tube is negligible. Instead, most of
and two triplet structures. The lowest singlet structure has a the ions seen under flow tube conditions should be the covalent

“W” geometry with C,, symmetry, while the higher energy
isomer is nonplanar. The calculatBd of 0.876 eV is smaller

singlet, which accumulates intensity over the length of the flow
tube. Formation of the strongly bound covalent isomer in the

than the 1.25 eV bond strength previously calculated at a lower present experiments is consistent with the previous flow tube

level of theory? The two triplet structures are nearly equal in
energy and correspond to rotamers of a weakly bound-NgD
complex. NO has singlet spin, but the ground state of NO
has a triplet spin like the isoelectronic, @olecule. Thus, a
singlet-triplet crossing is necessary for formation ofd¢~
from ground-state NO + N,O, as well as for CID of NO,~

to form ground-state products.

Discussion

Cross Section Modeling.The best fit to the experimental
data for reaction 7 is also shown in Figure 1. The fitting
parameters used are= 1.4+ 0.2 andEr = 0.76 £+ 0.08 eV.

and high-pressure mass spectrometry results.

If a significant population of the higher-energy isomers
existed in the ion beam, then there should be secondary features
in the CID data at low energy. The absence of such features
indicates that the loosely bound complex is a negligible fraction
of the ion population. Similar results have apparently been
observed for MH,O," systems, where a thermal (flow tube)
ion source produced strongly bound,[XH,O]" ions while a
cooler supersonic jet source also produced more loosely bound
cluster iong?!

Electron Detachment. The thermodynamic threshold for
reaction 8 is only slightly higher than the threshold for reaction

Including uncertainties of 0.005 eV for the effect of varying 7. Reaction 8 is also entropically favored over reaction 7 because
the vibrational frequencies and 0.053 eV for the energy scale the products have one more rotational degree of freedom.
uncertainty in the CM frame, the threshold value is 0476.10 Furthermore, spin is conserved in reaction 8, while reaction 7
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Figure 2. Stationary point geometries for isomers of~ calculated at the MP2/aug-cc-pVDZ level. The cluster structures are triplets, while the
covalent structures are singlets.

involves a ground-state singlet reactant and ground-state tripletparameters for the NOproduct 6 = 1.4 and maximum cross

products. Thus, formation of J0~ should be reasonably section= 1.5 A%) suggest that the shape of the cross section in
competitive with formation of NO over the energy range the threshold region is not significantly affected by electron
studied. Instead, the cross section for reaction 8 is always atdetachment. The derived threshold is consistent with the
least a factor of 4 smaller than that for reaction 7. There are apparent threshold after accounting for energy broadening.

two plausible causes for this. If 9~ is formed with a Reaction Barrier. The formation of NO,~ is slow in the
significant amount of vibrational excitation, it is likely to lose

flow tube. This may be due in part to electron detachment from
an electron, as discussed previously. AlsgON can lose O, NO~ 22 or reaction—1 depleting the NO-N,O intermediate.
observed as reaction 9. Attempts to model reaction 8 or reactionsThere may also be a barrier or a reaction bottleneck for this
8 and 9 together using statistical models for the reaction reaction, which could be attributed to the spin change discussed
probabilitied® were unsuccessful, suggesting that electron above. The occurrence of reactions 3 and 5, however, suggest
detachment (which is not included in the model) is significant, that a barrier to formation of §D,~ is unlikely. Therefore,
at least at higher energies. The observed cross sections arenicroscopic reversibility indicates that a barrier in excess of

consistent with facile crossing from the singlet to the triplet the endothermicity to collision-induced dissociation is also
surface. unlikely.

The existence of competing reactions can affect the param- Morris et al?® observed reaction 10 in a flow tube and
eters derived from fits to the data for single produéthe measured rate coefficients of 1.251071! cm?/s at 298 K and
ionic products NO~ and O have sufficiently small cross

0.90 x 10711 cm?/s at 143 K. The only reasonable mechanism
sections in the threshold region such that they do not affect thefor this

fit to the NO™ cross section. While the energy-dependent cross

section for electron detachment is not known, the normal fitting “NO™ + NNO— NO™ + M“N¥NO (10)
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reaction proceeds through the covalenOb structure. The eV higher in energy than the dissociation products. However,
rate coefficients correspond to an approximate efficiency of 1% some of this energy may be converted into translational energy
for this reaction. This reaction also suggests that forming or during dissociation. Thus, the 1.2 eV value could be an

breaking the covalent bond is moderately slow but barrierless. overestimate or an underestimate of the internal energy of the

Comparison of Dissociative Photodetachment and CID. dissociation products. Nevertheless, it is consistent with the
There are two reasonable explanations for the disagreemenglifference in the experimental results.
between the previous bond energy estimate of 2.0 eV and the The three estimates of the internal energy content of the
much lower value of 0.76 eV derived in this work. The first Products of photodissociation of, clearly oversimplify the
possibility is that the isomer studied in this work is different dynamics of the reaction. However, the agreement of these
from the strongly bound isomer studied by Continetti and co- estimates with the difference in the energetics of the CID and
workers. An isomer bound by 2.0 eV may not be apparent in dissociative photodetachment experiments suggests that the basic
the present experimental data, since it may have a small crossconcept is correct. More detailed dynamics simulations would
section for dissociation without electron detachment. However, help explain the surprisingly large amount of energy remaining
an isomer bound by 2.0 eV is not consistent with the in product vibrational degrees of freedom in the photodisso-
computational results. It is also unlikely that an isomer with an ciation experiments.
intermediate bond strength is predominant in the flow tube but
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