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A molecular beam study of the H+4 N3 reaction. Product NH internal state
distribution and electronic state branching ratio

Jing Chen, Edwin Quifiones, and Paul J. Dagdigian
Department of Chemistry, The Johns Hopkins University, Baltimore, Maryland 21218

(Received 7 December 1989; accepted 31 May 1990)

The H 4+ N;-»NH(X 32~ ,a 'A, 'S+ ) 4+ N, reaction has been studied in a molecular beam-
gas scattering arrangement in order to determine the nascent product state distribution. The
NH product in specific rovibronic/fine-structure states has been detected by laser fluorescence
excitation. The relative cross sections for formation of various vibrational levels in the a 'A
electronic state were determined to equal 1:1.0 4 0.3:1.4 4+ 0.3:<1.5 for v = 0 through 3,
inclusive, while the v = 0 to v = 1 population ratio in the X >3 ~ state was found to be

1:0.015 + 0.003. The rotational distributions in all vibronic levels were found to be
characterized by temperatures near 300 K, suggestive of relaxation of the nascent rotational
distributions. By comparison of the populations of a specific pair of X *2~ and a 'A state
levels and with summation over the derived rovibrational distributions, an electronic state
branching ratio of 3.2 + 1.3 was obtained for the X 2~ to a 'A electronic state branching
ratio. An upper limit of <0.02 was also derived for the ratio of the 5 'S+ v=0toa'Av=0
populations. These results are compared with NH fragment distributions observed in the
photodissociation of HN, (X '4 ') and with our expectations based on our fragmentary

knowledge of HN; potential energy surfaces.

I. INTRODUCTION

The reaction of an atom with a free radical is an interest-
ing class of chemical reactions whose dynamics has not been
extensively studied. A major difficulty with the study of
these reactions is that special techniques are required for the
preparation of both reagents. Thermal rate constants have
been measured for a number of atom-radical reactions,' and
there have been measurements of the product internal state
distributions for several such reactions, e.g., H + NO,,*?
ClO,* SF,* and NF..? Study of the first cited reaction was
greatly facilitated by the fact the NO, is a stable free radical.
Since both reagents in an atom-radical reaction are open-
shell species, these reactions necessarily involve multiple po-
tential energy surfaces, and the reaction dynamics can be
strongly influenced by couplings between surfaces. In addi-
tion, atom-radical reactions will often have access to a
strongly bound intermediate, namely the stable molecule
which can be formed by the chemical bonding of the rea-
gents.

A particularly interesting class of atom-radical reac-
tions are the reactions of the azide radical N,. Since the N-
N, binding energy is quite small, these reactions are highly
exothermic. Chemiluminescence spectra and thermal rate
constants have been reported for the reaction of N; with
halogen,*® nitrogen,®'""* oxygen,*'®!* phosphorus,'* ar-
senic,'® and carbon'® atoms. The branching ratio for the
production of excited state products has been found to be
large for reactions in which the electronic state branching
ratio was measured. From measurement of the NF
a 'A - X 33~ absolute emission intensity, the fraction of NF
product from the F 4 N reaction formed in the a 'A state
was deduced to be greater than ca. 90%.° A similar high
branching ratio for formation of NO(A4 22 * ) was estimated
for O + N,.'o13

The large yield of electronically excited products in the
X + Nj reactions, where X is a halogen atom, can be ex-
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plained by spin conservation rules. Reaction along a singlet
XN, surface can proceed without a barrier to the stable
XN, (X '4 ') intermediate, which decomposes to yield NX in
the electronically excited a 'A state. By contrast, formation
of NX in the ground X 33 ~ state requires either a singlet—
triplet mixing in the exit channel or direct reaction along a
triplet surface, which is likely to have a barrier. Electronic
orbital angular momentum conservation arguments have
been also presented to explain the high excited state branch-
ing ratio in other atom-azide reactions, e.g., N + N;."?

In this paper, we present a study of the dynamics of the
H + N, reaction:'’

H(®S) + N3 (X II,) »NH + N, (X '3,5),
AHS = — 328 + 21 kJ/mole. (1)

A preliminary report of this experiment has already ap-
peared in print.'® The reaction exothermicity is sufficient to
allow production of NH in its X 32~ ,a 'A,and » 'Z * elec-
tronic states. In this study, a beam of hydrogen atoms
crosses, in a beam-gas scattering arrangement, the effluent
from a discharge-flow prereactor in which the azide radical
is prepared. Product NH in specific product rovibronic/
fine-structure states is detected by laser fluorescence excita-
tion. The pressure in the scattering chamber is reduced in
order to approach single-collision conditions and hence to
allow the determination of the nascent NH internal state
distribution.

The dynamics of reaction (1) is expected to be similar to
that for the X + N reactions, except for differences in the
reaction exothermicities and the fact that the binding energy
of the HN, intermediate is larger than for XN,. The princi-
pal advantage of studying reaction (1) is that NH in all ener-
getically accessible electronic states can be sensitively detect-
ed by laser fluorescence excitation. Direct detection of NX in
its ground electronic state is difficult using the known
bound-bound transitions (a'A«X33- and bH'Z*
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~X 32~ ) since the oscillator strengths for these band sys-
tems are very small.'”” However, recently NF(X *Z ~ ) pro-
duced in the photolysis of NF, was detected by laser fluores-
cence excitation in the b—X band system.?°

A schematic diagram of the HN, potential energy sur-
faces relevant to the dynamics of reaction (1) is presented in
Fig. 1. As can be seen from Fig. 1 and on the basis of the
arguments given above for X + N, we might expect prefer-
ential formation of NH(a 'A) through the strongly bound
HN, (X '4’) ground state potential energy surface. The ul-
traviolet photodissociation of electronically excited HN, has
also been studied by several groups.?'2*> For wavelengths of
248 nm and longer, the NH fragment is observed only in the
a 'A electronic state. Very recently, the N, fragment has
been directly detected by resonant-enhanced multiphoton
ionization (REMPI) detection and its rotational state distri-
bution determined.?®

In principle, there are two mechanisms for the forma-
tion of ground state NH(X >3~ ). As in the analogous
X + N, reactions, this species can be produced either by
spin—orbit coupling of the HN, X '4 ' and °4 " surfaces near
the crossing in the exit channel, or by direct reaction from
the reagents along the >4 ” surface. The latter would be possi-
ble only if there were no barrier on the surface higher than
the reagent translational energy. It may be possible to distin-
guish these two mechanisms from the experimentally ob-
served NH (X 32~ ) spin—state distribution. In the IRMPD
and NH overtone excitation experiments on HN, (X '4 ') by
King, Stephenson, and coworkers,?” a significant yield of
spin-forbidden NH(X *3~ ) product, as well as spin-al-
lowed NH(a 'A), is found. They also observed a nonstatisti-
cal X >~ spin-state distribution, in which only the F, and
F; components had appreciable population. This anomalous
distribution was explained by Alexander et al.*® as arising
from symmetry restrictions in the singlet—triplet coupling in
a planar intermediate. If spin—orbit mixing through a planar
complex were the mechanism for formation of NH(X 32~ )
product in reaction (1), then we might also expect a similar

Np + NH(b'z+)

Ny + NH(a'a)

Np + NH(Xx3z)

HN3 (X 1A)

FIG. 1. Schematic reaction coordinate diagram for the low-lying potential
energy surfaces relevant to the H + N; - NH + N, reaction. The left-hand
side represents the approach of the reactants, while the right-hand repre-
sents dissociation of the transient HN, complex.

nonstatistical distribution, provided planarity were main-
tained in the HN; intermediate. By contrast, direct forma-
tionof NH(X *Z - ) onthe >4 ” surface would be expected to
yield a statistical spin-state distribution. We might also ex-
pect to have a higher X > ~ to a 'A electronic state branch-
ing ratio than that observed in the decomposition of
HN, (X '4") if reaction could occur directly on the *4 ” sur-
face.

ll. EXPERIMENT

The present study was carried out in a molecular beam
apparatus, which is schematically illustrated in Fig. 2. A
continuous beam of hydrogen atoms was generated in a
quartz tube mounted in an extended Evenson-Broida 2450
MHz microwave discharge cavity.” Hydrogen atoms
flowed through the tube at a pressure of 3 Torr, and traces of
water were added to improve the dissociation efficiency. The
quartz tube was treated with 1:1 HF/water to minimize
atom recombination on the walls.*® The discharged gas
passed through a 0.07 cm orifice at the end of the quartz tube
into the source vacuum chamber, which was evacuated with
a 6 in. water-baffled diffusion pump. The resulting beam was
collimated with a 0.2 cm diam skimmer and entered the scat-
tering chamber. This chamber was evacuated by two 4 in.
diffusion pumps. The pressure rise in the scattering chamber
was approximately 2 X 10~° Torr (uncorrected ionization
gauge reading) when the H atom beam was turned on.

The azide radical was prepared in a discharge-flow reac-
tor mated to the scattering chamber by the reaction of flu-
orine atoms with hydrazoic acid:

F + HN,—N, + HF, (2)

for which the reaction rate constant k equals 1.1 10"
molecule ™! em®s ! (Ref. 9). Fluorine atoms were genera-
ted by passing CF, in a 0.9 cm diam alumina tube through a
2450 MHz microwave discharge. The effluent then flowed
through a 20 cm long Pyrex tube coated with fluorine resis-
tant wax (Halocarbon Co.) and then into the scattering

photomultiplier

microwave telescope microwave
discharge discharge
HN3 //
CFy4 WR
‘ Ha
probe - <
laser \
beam .
skimmer
4in.D.P.s 6in.D. P.

FIG. 2. Diagram of the molecular beam apparatus employed for the study
of the H + N, reaction.
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chamber through a 0.2 cm diam Teflon orifice at the end of
the tube. The flows in the reactor were so adjusted that at a
pressure of 5Xx 10> Torr in the scattering chamber we
could still observe NH products with good signal-to-noise
ratio.

Hydrazoic acid was injected into the flow reactor down-
stream of the microwave discharge with a movable Teflon
tube; this allowed adjustment of the length of the F/HN,
mixing region. The typical mixing time in most experiments
was approximately 1 ms. The CF, and HN, flows were ca.
0.1-0.3 umole s ', and the pressure in the reactor was 0.4—
0.7 Torr. Other fluorine sources (F, and SF,) were also
tried, but the best NH product signals were obtained with
CF,. In our earliest experiments, the azide radical was pre-
pared by thermal decomposition of lead azide at 473 K.'®!3
We verified formation of N; by this technique through ob-
servation of NO* chemiluminescence from the O + N, reac-
tion and detected NH(a 'A) product from reaction (1). We
abandoned this generation technique in favor of reaction (2)
since the former produced a low concentration of N; and the
yield was steady for only a short time (1 h).

One of the difficulties in generating N, is the ease with
which N, is destroyed, for example, by further reaction
with F atoms [F + N;-»NF(a'A) + N,, k=5x10""
molecule ~! cm® s~ !, from Ref. 9] and by self-destruction
[2N,; = 3N,k =2x 10" molecule ="' cm?s~!, from Ref.
9], as well as by wall collisions [estimated as 160s~' in our
reactor by scaling the wall destruction rate of David and
Coombe'?®® to the diameter of our reactor]. The reactor
operation was optimized by monitoring the NH product sig-
nal as a function of the flow conditions. For a fixed F atom
production, the NH signal would first rise as the HN, flow
was turned on and then reach a broad maximum, as expected
from a kinetic modelling of the concentrations in the reactor.
We used nearly equal HN, and F concentrations and adjust-
ed the mixing time so that the N, density would reach its
maximum at the end of the reactor. In early experiments,
when the reactor was working much less well, we did observe
an artifact NH signal when the F atom microwave discharge
was extinguished or the CF, flow turned off. Our kinetic
modelling indicated that in these runs the HN, density in the
scattering chamber was about two orders of magnitude high-
er than that of N;. A plausible explanation of this false signal
is a two-step reaction in the scattering chamber:
H + HN,-N; + H,, followed by H + N;-NH + N,. In
our final experiments, this artifact was completely eliminat-
ed. When the HN, flow was stopped, about 2% of the NH
signal remained. We believe that this small signal was due to
the reaction of F atoms with HN, adsorbed to the walls of
the scattering chamber.

The NH products from reaction (1) were detected by
laser fluorescence excitation using the frequency-doubled
radiation from a XeCl excimer laser pumped dye laser
(Lambda Physik EMG101MSC and FL3002E). The spec-
tral linewidth of the laser was typically 0.2 cm ~', but this
could be narrowed by insertion of an etalon into the oscilla-
tor. The laser beam was directed into the scattering chamber
through a set of baffie arms and passed just below the output
orifice of the F/HN, reactor and 7 cm beyond the H atom

skimmer. The diameter of the laser beam in the scattering
chamber was 0.6 cm. The fluorescence signal was collected
with a three-lens telescope and imaged onto the face of a
photomultiplier (EMI 9816B). The output of the latter was
amplified by a SR420 preamplifier and fed into a boxcar
integrator (SR250). The gate of the boxcar was 500 ns wide
and was opened 100 ns after the laser pulse to discriminate
against laser scattered light. The laser power was monitored
beyond the scattering apparatus with a pyroelectric detector
(Molectron J3-0DW), whose output was recorded with a
second boxcar integrator. Filters were used to keep this de-
tector in the linear regime when the laser beam was strong.
The outputs of the boxcar integrators were acquired and
stored on a laboratory computer (Apple Macintosh II) for
later analysis.

HN, was synthesized from the stearic acid and sodium
azide reaction, heated to 400 K.*' We synthesized up to 150
Torr of HNj;, and no buffer gas was added. The samples were
collected in a 5 liter glass bulb covered with wire mesh and
inside a box for security. The purity of HN, was checked
with IR absorption spectroscopy. The main impurities were
CO, (5%) and H,O ( < 1%). Hydrogen and CF, were used
directly from the tanks, without further purification.

lIl. RESULTS
A. Fluorescence excitation spectra

The exothermicity of reaction (1) is sufficient to allow
population of the three lowest electronic states of the NH
product: X >3~ (with internal energy up to 92% of the dis-
sociation energy), a 'A (in vibrational levels v<5), and
b '3+ (v<1). The energy of the reagents adds slightly more
energy. The average reagent collision energy is calculated to
be 4 kJ/mole, and the average internal energy of N; at 298 K
is 4.1 kJ/mole. All these electronic states of NH are conve-
niently detected in a quantum-state selective manner by laser
fluorescence excitation. The particular bands used for exci-
tation and detection are listed in Table I. Because of predis-
sociation in the excited 4 *IT and ¢ 'II states,*®*® the sensi-

TABLE L. Bands used for detection of the various vibronic levels of the NH
product.

Vibronic level Excitation band Detection band

X3z- v=0 A -X32- (0,0)* AN -X33-(0,0)
v=1 APTI-X32- (L,1)* A°0-X32-(1L,1)

a'A v=0 ¢'M-a'A(0,0)® ¢ 'Tl-a 'A(0,0)
v=1 c'll-a'A(0,1)®° ¢ 'Tl-a 'A(0,0)
v=2 ¢ 'M-a'A(0,2)° ¢ ' -a'A(0,0)
v=13 c'M-a'A(1,3)° c'M-a'A(L1)

biz+ v=0 c'-b'S+* (0,0)¢ ¢ Tl -a 'A(0,0)¢

*Reference 32.

®Reference 33.

¢ Reference 25.

4References 34 and 35.

*Radiative decay of the ¢ 'TI state occurs primarily through transitions to
a'A, rather thanto b '2 + (Refs. 36 and 37).
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tivity for laser fluorescence detection drops rapidly with
increasing v.

Figures 3 and 4 presents fluorescence excitation spectra
for the ¢ 'IT —a 'A(0,0) and 4 *I[1-X 32~ (0,0) bands, re-
spectively. A spectrum of the c-a(0,1) band was previously
reported in our earlier Communication.'® The c—a band sys-
tem possesses a relatively simple rotational structure, con-
sisting of P, O, and R branches. Because of the A doubling in
both the lower and upper electronic states, all lines are in fact
doublets; this splitting becomes progressively larger with in-
creasing J.>*> The A doubling was resolved in our spectra at
highJ ( > 6) without a line-narrowing etalon in our dye laser
(see Fig. 1 of Ref. 18). Use of the etalon allowed resolution
of this splitting at low J. The A-X band system has a consid-
erably more complicated rotational structure. In general,
a1 % band system has 27 allowed rotational branches;
however, because the 4’1 state approaches Hund’s case
(b) coupling at relatively low J,%2 only 9 of these branches
(those for which AJ = AN) have appreciable intensity for
N3>7. Because of the relatively low N levels of NH(X *Z )
observed here, a number of “satellite’” lines are observed in
Fig. 4.

The dependence of the fluorescence signal on laser
fluence was measured for the A—-X(0,0) band. It was found
that the signal was linear with laser pulse energy only at very
low laser powers, ca.<0.3 pJ. This saturation limit was
scaled by the known transition probabilities to estimate up-
per limits for other vibronic bands. When the ratios of cer-
tain vibronic bands were measured, the laser energy was kept
in the linear regime. ‘

B. Rotational and fine-structure populations in the
X 3%~ and a 'A states

For the observed fluorescence excitation spectra such as
those shown in Figs. 3 and 4, relative rotational populations,

e
T T T T 1 1 IIQ
8 5 2
- R
2 5
| iy IJJL
T T T T T T T T 1
30500 30600 30700 30800 30900

laser wavenumber (cm‘1)

FIG. 3. Laser fluorescence excitation spectrum of the NH ¢ 'I1 —a 'A(0,0)
band from the H 4+ N; reaction at 6 X 10~ * Torr pressure in the scattering
chamber. Individual rotational lines for detection of the various J levels in
the P,Q, and R branches are denoted.
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29600 29700 29800 29900 30000
laser wavenumber (cm~1)

FIG. 4. Laser fluorescence excitation spectrum of the NH
Al —X3Z~ (0,0) band from the H + N, reaction at 2 10 ~* Torr pres-

sure in the scattering chamber. Individual rotational lines for detection of
the various JF; levels in various branches are denoted.

as well as the distributions in the X 32 ~ spin states and the
a 'A A doublets, were deduced. The relative intensities of the
resolved fluorescence lines were converted to populations by
means of fluorescence excitation line strength factors calcu-
lated using the general formula [Eq. (A1) in the Appendix]
given by Greene and Zare*° for excitation of an isotropic M,
distribution. The calculation of the rotational line strength
factors,*!"*? needed in this formula, has been described in
detail previously for the 4 *IT — X *Z ~ band system.** The
corresponding factors for the ¢ 'I1 —a 'A system may be ob-
tained using the general formulas for a transition between
two electronic states both following Hund’s case (a) cou-
pling.*"** The bandpass filters used in detecting the fluores-
cence introduced an uneven transmittance of the fluores-
cence on the various rotational emission lines; this effect was
taken into account in converting fluorescence intensities to
populations.

For all bands except the very weak A-X(1,1) band, lines
of J<9 were positively identified in the fluorescence excita-
tion spectra. Forthe X *S ~ v = O and 1 levels, the intensities
(peak heights of resolved lines) in the main branches of the
A-X (0,0) and (1,1) band could be fit by a Boltzmann distri-
bution in the rotational levels with a “temperature” of
270 + 20K and 260 + 50 K, respectively. For each value of
the nuclear rotational angular momentum N, the three spin
levels (J = N + S) were found to be populated according to
their (2J + 1) degeneracies.

In determining the rotational populations in the a 'A
state from the c—g bands, the areas of the lines were used to
compute the intensities since the A-doublet splitting in-
creases with J and becomes larger than the laser linewidth.
Some levels of the excited ¢ 1 state are known to predisso-
ciate, particularly for v >0, and hence have a fluorescence
quantum yield @ of less than unity. The early radiative life-
time measurements by Smith et al.*® showed decreasing val-
ues of the radiative lifetime with increasing J for all rota-
tional levels in the v = 0 vibrational manifold, suggestive of
predissociation in all rotational levels. More recent experi-

J. Chem. Phys., Vol. 83, Na. 6, 5 Septamber 1680
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ments*® do not show such systematic trend for J<9. Hence,
we shall assume that @ is unity for all ¢ 'TI v = 0 rotational
levels excited. The rotational populations of all three ob-
served vibrational levels of the @ 'A state can be fit to a Boltz-
mann form. The derived rotational “temperatures” were
found to equal 310 4 40, 290 + 40, and 240 + 60 K for the
a'A v=0, 1, and 2 vibrational levels, respectively. (The
present results correct an erroneous temperature of 750 K
for v = 1 reported in our preliminary Communication.'®)
We also took some careful scans over individual rotational
lines in order to measure the relative intensities of the indi-
vidual A doublets. An example of such a scan was shown in
the inset of Fig. 1 in our preliminary Communication.'® We
find that the integrated intensities of these doublets were
equal to within experimental error ( + 2% ) for all lines ex-
amined. The A doublet levels are found to be equally popu-
lated in all three observed vibrational levels of the NH(a 'A)
product.

One concern in this type of beam-gas scattering arrange-
ment to measure nascent product internal state distributions
is the possibility of collisional relaxation by secondary colli-
sions both with other gas molecules and the chamber walls.
The observation of near room temperature for the rotational
state distribution of the NH(X *Z ~ ) products is suggestive
of relaxation of the nascent distribution. We believe that this
relaxation is mostly due to collisions with the walls, rather
than through gas-phase collisions, since the mean free path
for the latter is much greater (ca. 120 cm) than the dimen-
sions of the scattering chamber; in this calculation, we have
taken a cross section of 20 A%and a pressure of 0.1 mTorr. In
our earlier studies of alkaline earth atom reactions,* relaxa-
tion by the walls was not a problem since the refractory prod-
ucts would stick to the walls and not be reflected.

Assuming that NH does survive upon collisions with the
wall, we can estimate the number of such collisions from the
calculated residence time in the scattering chamber, which is
given by the ratio of the chamber volume (33 liters) to the
pumping speed of the system. The pumping speeds of the two
diffusion pumps (taking account of the conductance of the
chamber sidearms) are 630 and 300 /s~ '. Thus, the mini-
mum residence time is calculated to equal 35 ms. In this
period of time, a molecule would be expected to experience
perhaps 76 wall collisions if we take a velocity of 6.5 10*
cms ! (average velocity for NH at 300 K) and 17 gas-
phase collisions. NH(X *Z ~ ) molecules are relatively un-
reactive in gas-phase collisions and would be expected to
survive upon collisions with the wall. Indeed, long lifetimes
for NH(X) have been observed in cell experiments.*® Thus,
the observation of a room-temperature rotational distribu-
tion in HN(X) can be explained by equilibrium with the
walls.

There is no reliable information on whether NH(a 'A)
can survive wall collisions. The rotational temperature of
NH(a 'A) was found to be approximately room tempera-
ture in all detected vibrational levels, independent of the resi-
dence time. The latter was increased beyond the minimum
value by valving off each of the scattering chamber diffusion
pumps in turn. If NH (a) were quenched upon collision with
walls, then the rotational temperatures would be representa-
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tive of the nascent distribution. Alternatively, if NH(a) sur-
vives wall collisions, then the nascent distribution could be
hotter than that measured here. In Sec. III D, in connection
with the measurement of NH product electronic state
branching ratio, we attempt to address the question of the
wall quenching of NH(a).

C. Vibrational state populations

The relative vibrational populations within each elec-
tronic state of the NH product were obtained by comparing
the fluorescence intensities of specific rotational lines in dif-
ferent bands and then taking account of the slightly different
rotational distribution in each vibronic level. For the a 'A
state, this involved comparison of the intensities of the (2)
lines in the ¢—(0,0), (0,1), and (0,2) bands and normaliza-
tion for the differing laser pulse energies. For the former,
frequency doubled radiation was employed, while the latter
two bands could be excited with fundamental dye laser out-
puts. In our analysis, we took account of the fact that the
polarization of the doubled radiation was perpendicular to
that of the latter. Since the same rotational level in the ¢ 'I1
state was excited, no correction for differing detection sensi-
tivity was required. These intensity comparisons required
changing the laser dye to excite two different bands in the
same run; this was facilitated by having two dye circulation
modules so that the change could be made quickly.

The relative @ 'A vibrational populations are given in
Table I1. No laser fluorescence signal in the c—¢ (1,3) band
was detected. In estimating an upper bound for the a 'A
v = 3 population from the observed noise level, we took ac-
count of the fact that the ¢ 'II v = 1 manifold experiences
significant predissociation in all rotational levels.’®* We
also employed the relative spontaneous emission probabili-
ties in the various c-a (1,v) bands recently determined by
Nelson and McDonald®® and assumed that the purely radia-
tive decay rate for ¢ 'TI v = 1 was the same as that for v = 0.
The large upper bound on the v = 3 population reflects the
poor Franch—Condon factor for the (1,3) band and the poor
detection efficiency due to predissociation in the excited
state.

We also investigated the effect of collisional relaxation
on the relative vibrational populations in the manner as de-
scribed in Sec. III B. We found that the @ 'A vibrational state
distribution was unchanged as the residence time in the scat-

TABLE I1. Relative cross sections for formation of various vibronic levels
in the NH product of the H + N;—~NH + N, reaction.”

Electronic state Vibrational level Cross section

X's- = 151+ 43
v=1 0.23 + 0.05
a'A v="0 1?
v=1 1.0+03
v=2 1.4+03
v=3 <15
b+ v=0 <0.02

 Cross sections normalized relative to the ¢ 'A v = 0 manifold.
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tering chamber was varied from the minimum attainable
time (35 ms) to an order of magnitude greater. If NH(a A)
molecules were efficiently quenched upon collisions with the
chamber walls, then the a 'A vibrational state distribution
would be unaffected by the residence time, and the observed
distribution could be equated with the nascent distribution.
Alternatively, the observed excited a 'A vibrational popula-
tion ratios could be equated with the nascent distribution if
NH(a !A) molecules were inefficiently vibrationally relaxed
at the walls, regardless of the efficiency of electronic quench-
ing. As we discuss further in the next section, the latter ap-
pears to be the case here.

Comparison of the populations on v = 0, 1 levels in the
X33~ state is facilitated by the fact that the Q branches of
the A-X (1,1) band overlaps the P branches of the (0,0)
band of the same electronic transition. The ratio of v = 1 vs.
v = 0level in the X 3~ state is found to be 0.015 + 0.003.
We could observe no dependence of this population ratio on
the residence time although the v = 1 signal was quite small
and hard to measure accurately.

D. Electronic state branching ratios

It is also of great interest to determine the relative popu-
lations in the various electronic states of the NH product.
The Appendix outlines in detail the determination of these
state branching ratios from experimentally measured laser
fluorescence intensities in different band systems. This treat-
ment is presented explicitly here since it has not appeared in
print previously, and it is possible to ignore unwittingly im-
portant factors in this computation.

The ratio of the X *2 ~ to a 'A electronic state popula-
tions was obtained from experiments in which the intensities
of the R, (4) line of A-X (0,0) and Q(2) lines of c-a (0,0)
bands were compared under the same flow conditions and
detection system settings. These relative intensities were
measured using the same dye solution in the dye laser. We
found that the ratio of the populations in the detected levels,
namelyJ = 4 F, ofthe X3~ v = Olevel and the J = 2 eand
f A doublets of the a 'A v = 0 level, equals 5.6 + 1.5:1 with
both scattering chamber pumps fully open (6 10> Torr
chamber pressure and estimated residence time 35 ms). In
obtaining this ratio, we took account of the degeneracy of the
a 'Alevel. We also investigated the dependence of this popu-
lation ratio on the residence time in the scattering chamber
in the same manner as described in Sec. III B. This ratio was
measured with each diffusion pump valved off in turn. We
obtained values of 6.8 + 1.8 and 16.1 + 4.3 for estimated
residence times of 52 and 110 ms, respectively. If we assume
that the quenching is a first-order decay process with respect
to the number of wall and gas-phase collisions, and hence the
residence time, we can extrapolate back to zero residence
time. We find that the above population ratio extrapolates to
4.1 4+ 1.2. These experimental results would appear to indi-
cate that NH (a 'A) is relatively inefficiently quenched upon
collisions with the wall.

This population ratio can be converted into the ratio of
v = O populations in the X >3 ~ vs a 'A states by noting that
our derived rotational distributions indicate that 9% of the
X33~ v=_0Ievelisin the J = 4 F, fine-structure level and,

J. Chem. Phys,, Yol. 83

Chen, Quifiones, and Dagdigian: The H+ N, reaction

correspondingly, 33% of thea 'A v = Olevel isin J = 2. We
thus find that the ratio of the populations in the X 32~ v =0
vs.a 'A v = Omanifoldsis 15.1 + 4.3:1, extrapolated to zero
residence time. We present in Table II the inferred X 33 -

vibrational state populations relative to @ 'A v = 0. We can
then derive an electronic state branching ratio if we sum over
the populations in all vibrational levels in both electronic
states. To take account of possible population in levels v>3
ofa 'A, we assume that they contribute a population equal to
that for v = 2. We conclude that the NH product electronic
state branching ratio equals 3.2 + 1.3:1 for the X 33~ vs.
a'A.

We were unable to detect NH product in the b '3+
electronic state. The observed signal-to-noise ratio could be
used to estimate an upper bound on the relative population
in this state. We find that the ratioof the » '2+ v = 0toa 'A
v = 0 populations must be <0.02. In deriving this number,
we supposed that a temperature of 300 K would characterize
the rotational distribution in the b 'S+ v = 0 manifold.

As has been discussed in detail previously,** this type of
laser fluorescence experiment, strictly speaking, measures
the densities n, of molecules created in specific quantum
states, while we desire to measure relative cross sections o,
for formation, which are proportional to fluxes. Since the
NH products appear to be rotationally equilibrated with the
walls, we can assume that they are also translationally equili-
brated and hence have the same laboratory velocity distribu-
tion. Hence, it is not necessary to perform the usual density-
to-flux transformation. The populations reported in Table I1
can be taken to represent relative cross sections for forma-
tion of the various NH product vibronic levels. It should be
pointed out that the excited 2 'Aand b 'S * states have very
long radiative lifetimes*’***° and are metastable with re-
spect to the time scale of the experiment (residence time in
the scattering chamber). Thus, radiative decay can be ig-
nored as a loss process and the state ratios given in Table II
should represent the nascent product distribution, provided
we have properly corrected for collisional relaxation.

IV. DISCUSSION

The most interesting observation from this study of the
dynamics of the H + N reaction is the large X *°Z ~ toa 'A
electronic state branching ratio. While we have corrected the
experimental ratio to zero residence time, there is obviously
some uncertainty in this extrapolation. Nevertheless, it does
appear that there is a significant yield of NH(X *X ~ ) prod-
ucts in this reaction. Our conclusion that most of the NH
reaction products are formed in the ground X X~ state
rather than the a 'A electronic state sharply contrasts with
the behavior in the analogous F + N, reaction, in which it is
thought that the bulk of the NF product is created in the @ 'A
state.”

As outlined in the Introduction, there are two possible
mechanisms for formation of NH in the X X ~ state, namely
spin—orbit mixing in the exit channel or direct reaction along
the *4 ” surface. The former pathway is responsible for the
production of ground state NH fragments in the IRMPD
and NH overtone excited decomposition of HN;.?® The
observed lifetimes®”™ for spin—forbidden dissociation to
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NH(X 32~ ) product provide indirect evidence for the
probability of spin—orbit mixing in HN;. These lifetimes are
found to be at least 10* longer than predicted by a RRKM
calculation in which the dissociation was treated as if it were
spin-allowed. Yarkony®! has calculated the spin—orbit ma-
trix element between the HN, X '4’ and 4 “ wave function
for geometries near the crossing of these two surfaces in the
exit channel. A simple Landau—Zener calculation based on
these matrix elements suggests that the probability for sing-
let—triplet transitions will be very small (of the order of 19%)
unless the velocity along the reaction coordinate (approxi-
mately the NH-N, separation) is very small. In the H + N,
reaction, the total energy available to a HN; complex is sig-
nificantly greater than in the NH overtone excitation experi-
ments so that we would expect the dynamics in the bimo-
lecular reaction to be even more diabatic. Thus, it is difficult
to rationalize the observed relatively large NH X2~ to
a 'A state ratio in the H 4 N reaction solely on the basis of
spin—orbit mixing in the exit channel. This leads us to infer
that formation of NH (X *Z ~ ) products occurs through the
34 " surface.

So far, our argument about the importance of the *4 ”
surface as the path by which NH(*Z ~ ) products are formed
has centered on the large observed yield of ground state NH
in comparison to that expected from the mechanism of sing-
let—triplet transitions from the X '4 ' surface in the exit chan-
nel. Let us now turn to a consideration of the 4 " surface
itself. Simple molecular orbital arguments can be used to
justify the qualitative ordering of the energies of the various
surfaces in Fig. 1 emanating from the H 4+ N; asymptote. In
the N, reagent, the 7, orbital, which can be described as the
out-of-phase combination of 2p, , orbitals on the terminal
nitrogen atoms, is singly occupied, while in the hydrogen
atom the 1s orbital is singly occupied. The X 'A’ wave func-
tion, whose approximate electron configuration can be writ-
ten?®°152 as 1a’2...9a"*1a"%2a"?, arises from the in-phase
combination of the H 1s orbital and the N; 7, component
which lies in the H-N, plane. This surface will be strongly
attractive because of the bonding nature of this interaction.

The >4 ” and '4 ” surfaces will arise from the interaction
of the H 1s orbital and the out-of-phase N; 7, component
and represent triplet and singlet spin coupling, respectively,
of the unpaired electrons; the approximate electron configu-
ration is given®*>! by 14'%...9a’*10a’ 1a”*2a”. By Hund’s rule
we expect the former to be lower in energy, in a singlet-
configuration description of the wave functions. The energe-
tics of these surfaces relative to the reagents is uncertain. The
first absorption band of HNj is located near 265 nm.?"*?
This most likely reflects the energy difference between the
X '4 " state and the first excited singlet, namely '4 " state, at
the ground state equilibrium geometry. This places the '4 ”
state at approximately 78 kJ/mole above the H + N, asymp-
tote. Hence, the '4 ” surface probably has too high a barrier
to be involved in this reaction. Finally, the last surface ema-
nating from the H + N, asymptote is *4 ' and is given by the
out-of-phase combination of the H 1s orbital and the N, 7,
component which lies in the H-N; plane. This surface is
expected to be the highest in energy and is likely strongly
repulsive.

The arguments given in the last two paragraphs allows
us to deduce the relative ordering of the surfaces but will not
reveal whether a possible barrier on the *4 ” surface is greater
than the reagent translational energy (4 kJ/mole). Yar-
kony’! has calculated the energy of the >4 * surface at the
experimental HN, (X '4’) equilibrium geometry, as well as
in the NH-N, exit channel. He finds that the 4 ” state lies
446 kJ/mole above the minimum on the X '4 ' surface. This
energy must be corrected for the zero-point energies; for the
X 'A " state, this can be calculated from the experimental vi-
brational frequencies,> while for the 34 “ state this is ap-
proximated by the zero-point energy® of N, (assuming a
H:--N,structure). The 34 ” stateis thus calculated tolie 414
kJ/mole above the ground vibrational level of HN,(X '4').
This can be compared to the energy of the H + N, reactants
(373 kJ/mole) relative to HN,(X '4 '); this value was ob-
tained from the exothermicity given in Eq. (1) and the disso-
ciation energy D(HN-N,) =45+ 6 kJ/mole given by
Okabe.’® We thus see that the energy of the >4 ” state, at least
at the equilibrium X '4’ geometry, is comparable to that of
the reactants. Moreover, no geometry search has been car-
ried out so that it is not known whether this one point is on
the minimum energy path for reaction. In fact, we expect
from arguments®® based on Walsh’s rules that the NNN
skeleton will be bent for the >4 “ surface. Further calcula-
tions on the energetics of the >4 ” surface in the entrance
channel would help greatly in further understanding the re-
action dynamics. Unfortunately, our rotational distribu-
tions of the NH products are relaxed so that the measured
distributions of the A doublets or spin states cannot be used
to answer the questions raised above.

In view of the fact that reaction appears to be occurring
onboththeX '4 'and >4 " HN, potential energy surfaces, it is
interesting to see whether the NH X33~ to a'A state
branching ratio can be explained simply by statistical argu-
ments. Here we take the statistical formation rates as the
prior distributions in a surprisal analysis.”” Including the
statistical weight of each electronic state (spin multiplicity
times the A degeneracy),”® we find that the statistical
X33~ to a'A branching ratio is calculated to equal 10:1.
Alternatively, the X33~ to a 'A branching ratio may be
expected to reflect the degeneracies of the two surfaces (°4 "
and X '4’) on which these products are assumed to be
formed, if the entrance barriers are negligible and there is no
mixing. This model predicts a value of 3:1 for the electronic
state branching ratio. Our experimentally observed state
branching ratio of 3.2 4+ 1.3:1 is close to the latter predic-
tion.

The NH(a 'A) products from the H 4+ N, reaction
have been found to be formed with a significant degree of
vibrational excitation. We estimate that the & ' A state is pro-
duced with an average vibrational excitation of 62 kJ/mole,
or about 35% of the available energy in the NH(a 'A) + N,
channel. It is interesting to compare these results with the
vibrational distribution of NH(a 'A) formed in the UV pho-
todissociation of HN;. The reaction exothermicity of the
H + N, reaction corresponds to a photolysis wavelength of
320 nm in the latter. No photodissociation experiments have
been carried out at such a long wavelength; however, the
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v = 1 to v = 0 ratio was found to equal 1:0.72 for photolysis
at 248 nm.>® It appears that the NH(a 'A) products are
formed with higher vibrational excitation in the H + N, re-
action.

There have been two theoretical investigations of the
dissociation of HN, to NH + N, products. Lievin et al.>
observed that the NH and N, bond distances rapidly relaxed
to the values appropriate to the isolated molecules as HN;
dissociated on the X '4 ' surface. This result was later con-
firmed by MCSCF-CI calculations with a larger basis set by
Alexander et al.,® who also found that the diatomic frag-
ment bond distances were already close to their asymptotic
values at the lowest energy crossing point between the X '4 '
and 34 ” surfaces. These results do not explain our observa-
tions of high vibrational excitation in NH(a 'A). It may be
that reaction along the singlet surface is better described as a
direct abstraction reaction, rather than the decay of an acti-
vated complex: The estimated®’®® RRKM lifetime for
HN; (X '4') with an energy content equal to that of the
H + N, reagents is considerably less than 10 ~** s. Thus, the
H + N, reaction is similar to the well studied O('D) + H,
reaction, in which the deep H,O (5( 14 ") wellis accessible but
the OH products are formed with a nonstatistical state distri-
bution.***' The H + N, reaction is an example of a
L + HH mass combination, whose product energy disposal
is believed to be particularly sensitive to the degree of attrac-
tive energy release.®> Indeed, in the H + O, reaction, the
available energy is channeled almost exclusively into prod-
uct OH vibration.®

In contrast with the NH(a 'A) products, NH (X332 )
is found to be formed with little vibrational excitation. This
could simply be due to efficient vibrational relaxation of
NH(X 32~ ) on the walls. However, it seems unlikely that
the efficiency of vibrational relaxation of the XX~ and
a 'A states would be drastically different. The low vibration-
al excitation in NH (X 3= ~ ) can alternatively be ascribed to
the topology of the >4 ” surface. This surface is expected to be
strongly repulsive, with the energy release occurring in the
HN-NN exit channel. We would expect little vibrational
excitation in the newly formed NH bond in this case.

From our derived NH internal state distributions, we
conclude that the bulk of the reaction exoergicity appears in
other product degrees of freedom, namely translational en-
ergy, N, internal excitation, and possibly NH rotational ex-
citation. Unfortunately, the latter appears relaxed in this ex-
periment. The N, internal state distribution could be
determined by REMPI detection, as we have done for the N,
fragment in the photodissociation of HN;.2® However, it is
expected that there will be a considerable background of N,,
both from decomposition of N, in the prereactor and from
photolysis of N; by the REMPI probe laser.

The H + N, reaction is sufficiently exothermic to allow
production of NH inits 'S+ state, as well as X2~ and
a'A. We find a negligible electronic state branching into
NH(b '2 * ) in the H 4+ N, reaction. This result can be ra-
tionalized with the qualitative potential energy surfaces
shown in Fig. 1. The NH(b 'S * ) + N, asymptote corre-
lates with the second HN, !4’ surface, which arises from
electronically excited H + N reagents. Unless this '4 ' sur-
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face were strongly bound and hence were to cross the °4 ” or
X 'A ' surfaces, there will be no mechanism to allow forma-
tion of NH(b'2* ) from H + N, with both reagents in
their ground electronic states.

ACKNOWLEDGMENTS

We have benefitted from conversations with D. R. Yar-
kony, M. H. Alexander, S. Rosenwaks, F. Stuhl, D. S. King,
and W. J. Marinelli about both theoretical and experimental
topics connected with the study of this reaction. We are also
grateful to H. H. Nelson and J. R. McDonald for providing
us with unpublished NH band radiative transition probabili-
ties. This work has been supported by the Air Force Office of
Scientific Research under Contract No. F49620-88-C-0056
and by the National Science Foundation under Grant No.
CHE-8700970. Travel support from the U. S. Israel Bina-
tional Science Foundation is also gratefully acknowledged.

APPENDIX: THE USE OF LASER FLUORESCENCE
DETECTION TO MEASURE ELECTRONIC STATE
BRANCHING RATIOS

Greene and Zare*® have derived the basic equation re-
lating fluorescence intensities to rotational populations
within a given vibrational level. The fluorescence intensity in
the J'—J " emission line for a transition from the level J to
be detected (whose population, summed over the M, levels,
equals n, ) to excited level J' is given by

IJJ' T "E080) = C [n,/(2 +1)18,,8,5-Rypyes
(A1)

where Cincludes the laser pulse energy, detection geometry
factors, etc. The factors S;.; and S, ;. are the rotational line
strength factors for the absorption and emission processes,
respectively. The factor R,,.,. depends on the laser and de-
tector polarization directions £, and &, respectively, and, for
an isotropic M distribution, equals

1 2 (T2
R
o 927 +1) ' 3 (=D 1 1 3
7 M)
1 1 Ju Z(COSXad) ’ (A2)

where y,, is the angle between &, and &,. In usual experi-
ments, the fluorescence wavelength and polarization are not
resolved so that sums over J” and &, are taken in Eq.
(A1).%

The application of Eq. (A1) to comparing populations
in different electronic states, e.g., the X *2 ~ and a 'A states
of NH, has not been considered explicitly previously and
may have some ambiguities because of the possible different
normalizations of rotational line strength factors and elec-
tronic transition moments.**** We modify Eq. (A1) by in-
cluding explicitly the vibronic and fine-structure labels for
the upper and lower states in the excitation transition and
including the sum over the final states and £,. We also need
to include explicitly the detection sensitivity since different
electronic transitions will be observed in fluorescence. Equa-
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tion (A1) now reads
I T'p's juIpiEs) = Cnuy, /(2T + 1) [Sivsp, jusp

Xz 2 yiu'!'p’;jv".l"p" Ry, (A3)

I
where S, 0, 18 the line strength factor for the
iv'J'p' « julp transition and 5}, ;..;,+ -~ 18 the sensitivity of
detection of emission on the iv'J 'p’ — jv'J " p” transition. The
latter is given by the probability P that the excited state emits
on this transition times the detected photomultiplier signal:

Yiu’.l’p’;ju"J"p" = hviv’;jv" D(/iiu’;ju" )P’ (A4)
where D(4,,, ;- ) is the energy sensitivity at this wavelength.
The factor Pin Eq. (A4) equals
(A5)

where 7,/ is the excited state radiative lifetime and the spon-
taneous transition probability is given by*>%*

Aiv'J’p’;jv"J"p" = (647T4/3h ) 1,i;v‘;jv” Siu'.l'p’;ju"]"p" (2‘] ' + 1 ) - 1‘
(A6)
We have assumed that the wavelength varies negligibly in a
vibrational band.
As is usually done,*? we factor the line strength factors
Sivsp; pra-p» INEgs. (A3) and (A6) into a vibronic and rota-
tional term:

P= Tv’Aiv’J'p';ju"J"p” ’

(A7)

We follow the convention proposed by Whiting et al.** so
that the sum rule for the rotational line strengths S, ;- -
follows their Eq. (4). It should be noted that our factor
S,y Tepresents g, |R,|* in their Eq. (3). Substituting
Egs. (A4) through (A7) into Eq. (A3), we obtain the flu-
orescence intensity as

Siv'J’p’;ju"J"p" = Siv’;ju" SJ'p’;J "pt

IGv'J'p'; juip;E, )
=C [njv-lp/(z‘, + 1) ]Siv’;jvSJ'p’;priv'

X 2 2 SJ'p';J "p" RJJ g

~ A
X[(2=862)/(2—8n4a)] (A8)
The factor (2J' + 1) ~' in Eq. (A6) was not included in Eq.
(A8) since this factor is already taken into accountin R ;. -
[Eq. (A2)]. The term in square brackets in Eq. (A8) equals
1/2 for a = <11 transition and 1 otherwise and arises from
the rotational sum, discussed below.
The sensitivity %, of detection of the excited vibra-
tional level v' is given by
‘yiv’ =Ty Z hviu’;jv” D(/liv';jv" )Al’u’;ju". (A9)
The vibronic line strength factors S, ;- are often obtained
from band transition probabilities 4,,, ,-. Larsson® has
shown that, with the convention of Whiting et al.** for the

electronic transition moment, these quantities are related in
the following way:

A = (647 /30)02, 1

X[(2—=8pp 4a)/(2—=8a)]. (A10)
The term in square brackets in Egs. (A8) and (A10) appear

S,

' ju”

since the sum of the rotational line strengths S, ;.,- over
the lower state labels J “p” equals (2J' + 1) for all transi-
tions except I — 3, for which the sum equals 2(2J’ + 1).
Equation (A8) is our working equation for the com-
parison of populations in different electronic states, as de-
tected by laser fluorescence excitation. The factors .S,

' ju”
and %}, were calculated using the radiative lifetimes report-
ed by Stuhl and coworkers***’ and the band emission proba-
bilities 4,,. ;,» reported by Nelson and McDonald on the c—a
system®® and those calculated by Yarkony*” for the 4-X
system. The detector sensitivity D(4,,, ;- ) is given by the
product of the sensitivity of the photomultiplier (obtained
from the manufacturer’s specifications) and the transmis-
sion of the bandpass filter. In all cases, only one vibronic
band was observed in emission.
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