
ARTICLES

Kinetic Study of Inelastic Collisions of NH/ND(c1Π,W,J) with O2: Rotational and
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We have studied the fate of selectively excited vibrational and rotational NH/ND(c1Π,V,J) states in inelastic
collisions with O2. The excited states were produced in a two-step procedure by first photolyzing hydrazoic
acid to yield NH/ND(a), which then was excited to the c state. This work presents rate data for rotational
relaxation in the c,V)0 states, overall quenching of rotational states, intersystem crossing to the A3Π state,
vibrational relaxation of the ND(c,V)1) state, and quenching of the vibrational ND(A,V)0-3) states.
Additionally the vibrational distributions of the A state products were determined as a function of rotation of
the c states.

Introduction

The collision-induced singlet-triplet intersystem crossing c1Π
f A3Π of the NH radicals has been reported for the first time
by Okabe.1 In the VUV (vacuum-ultraviolet) photolysis of HN3,
he observed a decreasing intensity of the singlet NH(c1Π f
a1∆) fluorescence upon the addition of O2 and NO, while the
triplet NH(A3Π f X3Σ-) emission intensity increased. Okabe
proposed the spin-allowed, exothermic reactions

and the total spin-changing reaction

to be responsible for the effective conversion. Quenching by
HN3 was not considered in that work, and rate constants and
efficiencies of the processes were estimated on the basis of the
NH(c) lifetimes and quenching rate constants available then.
Subsequently, Kawasaki et al.2 have measured cross sections

for the electronic quenching and intersystem crossing of NH-
(c) and ND(c) by He, Ar, Kr, and Xe and the molecular collision
partners H2, N2, and NH3. They found significant intersystem
crossing only for Xe. The cross section for ND(c) was measured
to be larger than that for NH(c).
In time-resolved and spectrally resolved experiments, Rohrer

and Stuhl3 have previously investigated the intersystem crossing
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NH(c1Π) + O2(X
3Σg

-) f NH(A3Π) + O2(a
1∆g);

∆rH ) -68 kJ mol-1 (Ia)

f NH(A3Π) + O2( b
1Σg

+);

∆rH ) -5.3 kJ mol-1 (Ib)

NH(c1Π) + NO(X2Π) f NH(A3Π) + NO(X2Π);

∆rH ) -162 kJ mol-1 (II)

Figure 1. Reaction scheme of the relevant processes in the system
NH(c,V)0)+ O2 f NH(A) + O2. Vibrational energy transfer, radiative
NH(cfb) transitions, and transitions between differentΛ-doublet states
are not considered in this scheme. For ND a similar scheme is valid.
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of NH(c) in the presence of O2, NO, Xe, and N2O. They
reported high intersystem crossing efficiencies for O2 and NO
and smaller ones for Xe and N2O. In the presence of O2,
vibrationally excited NH(A,V) was found to be generated. Rate
constants were determined from the comparison of the experi-
mental with simulated intensity ratios of the singlet and triplet
emissions. Photolytically generated triplet emission complicated
the evaluation of the intensities.
Thereafter, Umemoto et al.4 have performed experiments on

the intersystem crossing of NH(c,v)0) in the presence of Xe,
Kr, NO, O2, and N2O. These authors have produced the excited
radicals in a two-step excitation scheme comparable to that used
in this work, but only for the rotational levelsJ ) 2 and 3.
Different from the two-laser experiment of this work, a single
laser was used to generate NH(a) and, during the same laser
pulse, to excite NH(c). These authors report the efficiencies
for intersystem crossing to be half of and significantly larger
than those observed by Rohrer and Stuhl3 for O2 and Xe,
respectively. No dependence onJ or the nature and pressure
of added gas was observed.
It is well-known that the kinetics ofquenchingof electroni-

cally excited hydrides can be dependent on the rotational state.5

However besides the work by Umemoto et al.,4 no intersystem
crossing(ISC) study has been reported for selectively excited
levels of NH(c,V)0,J), and it is unknown which effect rotation
will have on the kinetics. The original aim of this study hence
is to prepare various NH(c,V)0,J) states in the presence of O2
and investigate the formation of triplet NH(A,V,N) states.
Because of the significantly different vibrational and rotational
energy spacing in the ND isotopomer, we further include ND-
(c,V)0,1,J). Unfortunately efficient predissociation6 makes it
impossible to perform similar experiments with vibrationally
excited NH(c,V)1).
In practice, the experiments and their interpretation turned

out to be rather complex due to a number of competing
processes occurring after the generation of a single excited NH/
ND(c,V,J) state. Figure 1 presents this problem for NH(c,V)0,J)
in the presence of O2, the collider of interest in this work. Save
ISC, NH/ND(c,V,J) will undergo predissociation, radiation,
rotational relaxation, and quenching by O2 and the parent
molecule HN3 (DN3) leading to other than triplet A states.
Fortunately, quenching by HN3 (DN3) can be reduced at low
parent pressures to become insignificant; all other processes are
inherent to this system. The rotational dependence of the
radiative and predissociative transitions has been recently studied
experimentally and theoretically,6 but state-resolved rate con-
stants of rotational relaxation and quenching by O2 are not
known. Besides the quenching and ISC efficiencies, they will
be determined in this work, too. As will be discussed later,
the relative efficiencies for relaxation and quenching are very
important to this work, because they determine whether the
quenching (including ISC) can be attributed to a single, isolated
rotational state or a more or less relaxed distribution of rotational
levels.
Similar to NH(c), the NH(A) product of the intersystem

crossing decays by a number of different channels. These
processes are included in Figure 1. With the available
knowledge on the NH(A) removing processes,5,7,8 we will
attempt in this work to estimate approximate internal energy
distributions of the triplet products.

Experimental Section

The experimental setup has been described recently in
detail,9,10 and only the major features and modification will be
given here. Population in single rotational states of excited

imidogen radicals was created in a two-step absorption proce-
dure: First metastable NH/ND(a1∆) radicals were produced in
the repetitive (5-10 Hz) KrF laser (248 nm) photolysis of
hydrazoic acid11 diluted with the collision partner, oxygen. A
pulsed tunable dye laser was fired 20µs delayed after the KrF
laser to form electronically excited NH/ND(c1Π,V′)0,J) by
pumping on one of the isolated P- or Q-branch lines of the NH/
ND(c1Π,V′)0 r a1∆,V′′)1) transition6 in the range 363-368
nm for NH and 351-356 nm for ND. ND(c,V)1) was produced
by pumping on the corresponding (1,2) band transitions at 358-
363 nm. The delay was sufficiently long to rotationally and
translationally relax the NH(a) radicals even at the lowest
pressures used (50 Pa). This was demonstrated for rotation by
taking LIF spectra. The delay time was limited by the rapid
reaction of the metastable imidogen radicals with hydrazoic acid
(k ≈ 1.1 × 10-10 cm3 s-1).12 The rotational and vibrational
population distributions of NH/ND(c,V,J) and NH/ND(A,V,N)
were monitored with a 0.5 m monochromator (Minuteman, 305
M, blaze wavelength 300 nm) by the fluorescence of the
respective singlet (c1Π f a1∆) and triplet (A3Π f X3Σ-)
transitions in the wavelength range 320-350 nm. Because of
the different wavelength regions for excitation and detection,
the fluorescence spectra are essentially free of stray light, and
the gate of detection was set to include the whole decay curve
of the fluorescence emission.
The fluorescence spectra were taken at spectral resolutions

ranging from 0.05 to 0.8 nm. For each wavelength increment,
the signals from about 30 laser shots were averaged by a gated
integrator (EG&G PAR 4152). The spectra were digitally
recorded. Each spectrum was taken at least four times to check
the reproducibility.
Fluorescence decay times were measured by a digital storage

oscilloscope (Le Croy 9400) at 10 ns dwell time. The decay
was monitored as long as 5µs. To determine decay rates, an
interval of 3-4 lifetimes was evaluated, typically 0.2-1 µs.
For each decay curve, 500-1000 laser shots were fired. Five
to ten decay curves were averaged for the determination of a
decay time at a given experimental condition. All error limits
given in this work represent 3σ.
A number of experiments were performed to check whether

the polarization of the dye laser influences the measured spectral
intensities or decay rates. For this purpose, the ratio of the
spectral detection sensitivity for light being polarized parallel
and perpendicular to the grooves of the grating was determined
in the region of the detected fluorescence. Between 320 and
350 nm it was measured to be about 1.15. Furthermore, the
plane of polarization of the laser was rotated by 90° with no
effect on the observed quantities. Both results are not surprising,
because (i) the monochromator does not polarize light at the
blaze angle and (ii) saturated laser induced fluorescence, as used
in these experiments, is expected to be largely unpolarized.13

HN3 and DN3 were produced as described before.9,11 The
oxygen sample had a stated (Messer-Griesheim) purity of better
than 99.99%. Mixtures of hydrazoic acid and oxygen were
flowed through the photolysis cell at a constant hydrazoic acid
pressure of 0.2 Pa and various pressures of O2 ranging from 50
to 500 Pa. All experiments were performed at room temperature
(=300 K).

Results

(a) Electronic Quenching of NH/ND(c,W)0,J). Overall
quenching rates due to collisions of rotationally excited NH/
ND(c,V)0,J) with O2 were obtained from time-resolved fluo-
rescence intensity measurements. The decays of NH(c,V)0)
and ND(c,V)0) radicals were monitored in the wavelength
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ranges 326( 3 and 325( 3 nm, respectively, thus comprising
the P-, Q-, and R-branch lines of the (cf a) emission of all
populated rotational levels (1e J e 8 for NH and 1e J e 9
for ND). The decay of the initially populated ND(c,V)1,J)1)
was measured at 332( 2 nm. Care was taken to avoid emission
from NH/ND(A). In all cases, the intensities were found to
decrease by single-exponential decays. The decay rates were
linearly dependent on the pressure of oxygen. There was no
indication of reverse reactions regenerating NH/ND(c). Ex-
amples of plots of decay rates vs oxygen pressure are shown in
Figure 2 for NH(c,V)0,J)1,4,6,8). Quenching rate constants
were obtained from the slopes of these plots as determined from
least squares fits. The rate constants are summarized in Table
1.
(b) Intersystem Crossing. Vibrational distributions in NH-

(A) produced by ISC were inferred from the intensities of the
fluorescence spectra of the NH/ND(A3Π,V f X3Σ-,V) transi-
tions. Examples of such spectra are shown in Figure 3 for the
excitation of NH(c,V)0,J)1-5). Similar spectra were obtained
for the excitation of single rotational states of ND(c,V)0,1).
O2 pressures of about 100 Pa were found to be optimal with
regard to sufficient A state generation and minimum relaxation.
Because of the overlapping∆V)0 bands, triplet spectra were
simulated9,14 using spectroscopic data as given by Brazier et
al.15 and Patel-Misra et al.16 and fitted to the experimental ones

by visual comparison particularly of the intensities of the
Q-branches to obtain relative populations of the vibrational A
states. The rotational distributions adopted for the simulations
were represented by the rotational temperature of 300 K for
V>0 and, for V)0, by various distributions centered at the
originally excited rotational stateJ. The vibrational distributions
are obtained mainly from the shape of the congested Q-branches.
They provide trends rather than accurate values. The relative
vibrational populations thus derived are presented in Table 2.
For ND(c,V)0,J), only the vibrational ground state ND(A,V)0)
was detected independent of the initial rotational levelJ.
To determine the rate constants of the intersystem crossing,

all removal and production channels, which are given in Figure
1, must be considered. In addition for the ND(c,V)1) + O2

system, vibrational relaxation has to be taken into account.
Notwithstanding the rotational relaxation, the decay of the NH-
(c) state population is determined by

This equation disregards reverse ISC. As explained above, no
indication for the reverse process is observed in the time-
resolved experiments, although the possible formation of NH-
(A,V)2) + O2(a,V)0) in reaction Ia is close to thermoneutral.
Apparently the deactivation of NH(A,V)2) by ground state O2-
(X) (k) 8.3× 10-11 cm3 s-1)3 is fast at the present O2 pressures
compared to the reverse ISC at the low concentration of
metastable O2(a,V)0) formed in reaction Ia.
Similarly, the time dependence of the NH(A) product

concentration is given by the difference of the production and
removal terms:

For the ND system, the same equations can be formulated.
Solving these differential equations for the initial condition [NH-
(A)] t)0 ) 0 and integrating over the whole emission time yields

Figure 2. Decay rates of NH(c,V)0,J), τ-1, as a function of O2 pressure
at 300 K. The data forJ)6, J)4, andJ)1 are shifted by+2.5× 106

s-1, +5 × 106 s-1, and+7.5× 106 s-1, respectively. The pressure of
HN3 was constant at 0.2 Pa.

TABLE 1: Rate Constants at Room Temperature for the
Quenching of NH/ND(c,W)0,1,J) by O2, kc,O2

Q ()kisc + kc,O2

Q′ ;
see Figure 1), as a Function of the Originally Excited
Rotational State J

kc,O2
Q /(10-11 cm3 s-1)

NH(c,V)0)
J this work Crosley et al.a

ND(c,V)0)
this work

V)0
1 24.2( 2.4 12.0( 1.7
2 22.0( 0.4 8.2( 1.7 12.1( 0.4
3 21.2( 1.3 11.0( 0.6
4 19.7( 0.1 11.1( 0.4
5 18.5( 0.3 10.9( 0.5
6 17.2( 0.2 6.2( 2.0 11.0( 0.7
7 15.2( 0.5 10.6( 0.5
8 15.0( 0.2 11.2(0.3
9 10.2( 0.4
10 7.2( 2.4
14 5.8( 2.2
V)1
1 19( 4

aReference 20.

Figure 3. Fluorescence spectra of the triplet NH(A3Π f X3Σ-)
transition caused by excitation of selected rotational levelsJ of NH-
(c1Π,V)0,J). The pressures of HN3 and O2 were 0.2 and 104 Pa,
respectively. The spectral resolution was 0.15 nm.

d[NH(c)]
dt

) -(kc
rad+ kc

pre+ kc,HN3
Q [HN3] +

(kisc + kc,O2
Q′ )[O2])[NH(c)] (1)

d[NH(A)]
dt

) kisc[O2][NH(c)] -

(kA
rad+ kA

pre+ kA,HN3

Q [HN3] + kA,O2

Q [O2])[NH(A)] (2)
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The HN3 pressure is very small in these experiments (0.2 Pa);
therefore we neglect the termkA,HN3

Q [HN3]. The gate was set to
monitor the triplet and singlet emissions fromt ) 0 to four
lifetimes, hence covering the whole decays. The ratio of the
integrated c and A state concentrations,Nc andNA, respectively,
is thus given by

Nc/NA is proportional to the ratio of the corresponding time-
integrated intensities, as measured by the gated integrator. This
ratio was determined for different oxygen pressures by visually
fitting simulated spectral intensities of the NH/ND(c1Π f a1∆)
and NH/ND(A3Π f X3Σ-) transitions to the intensities of the
observed fluorescence spectra. Typical results of plotsNc/NA

vs [O2]-1 are displayed in Figure 4.
From fits of straight lines to the data of this figure, values of

the ratio (kA
rad + kA

pre)/kisc were determined. With the known
values ofkA

rad and kA
pre,6 values ofkisc were calculated, which

are listed in Table 3 together with the ISC efficiencies,pisc )
kisc/kc,O2

Q . The intercepts in Figure 4 are in reasonable agree-
ment with the known values ofkA,O2

Q .17

(c) Vibrational Relaxation of ND(c,W)1). Upon the addi-
tion of O2 to vibrationally excited ND(c,V)1,J)1), emission
from the vibrational ground state ND(c,V)0) was observed
besides those of the (c,V)1 f a,V)1) and (A,V f X,V)
transitions. Similar to equation 4, we obtain

from the reaction scheme shown in Figure 5. The evaluation
of eq 5 by spectra simulation yields the ratioNc,V)1/Nc,V)0 as a
function of [O2]-1, which is presented in Figure 6. The slope
obtained by a least squares fit results in the rate constant for
vibrational relaxationV)1 f V)0, k1,0

vib ) (0.6( 0.1)× 10-11

cm3 s-1. The intercept in Figure 6 corresponds tokc,V)0,O2
Q /

k1,0
vib. This way, kc,V)0,O2

Q is calculated to be (10.5( 1.1) ×
10-11 cm3 s-1, in good agreement with the values obtained in
the time-resolved measurements (Table 1).
(d) Rotational Relaxation. Relaxation of the rotational

population, NH/ND(c,V)0,JifJf), was investigated for low
rotational statesJ. For this purpose, each rotational stateJwas

populated, and subsequently fluorescence spectra were taken
in the presence of 104 Pa O2. Single-collision rate constants
for inelastic collisions with O2 were derived by an iterative
solution of the master equation

as described before for the systems NH/ND(c)+ Ar and He,9,10

NH(A) + He,14 and PH(A)+ He.18 In comparison to the
previously used form,9,10,14,18the last term of this master equation
additionally takes care of the quenching by O2. Equation 6
describes the change of the populationNum of a selected
rotational stateum by the processesum f un andum r un with
time. Here,um andun present rotational statesJ in the presence

TABLE 2: Relative Vibrational Populations of NH/ND(A 3Π,W) Formed in the Intersystem Crossing from NH/ND(c1Π,W,J) + O2

NH(c,V)0,J) ND(c,V)1,J)a

J NH(A,V)0) NH(A,V)1) NH(A,V)2) ND(A,V)0) ND(A,V)1) ND(A,V)2) ND(A,V)3)

1 0.48 0.24 0.28 0.20 0.42 0.20 0.18
2 0.45 0.20 0.35 b
3 0.43 0.17 0.40
4 0.43 0.13 0.44 0.21 0.39 0.20 0.20
5 0.42 0.08 0.50
6 0.42 0.04 0.54
7 0.41 0.02 0.57

a For the deactivation of ND(c,V)0,J) only the vibrational ground state ND(A,V)0) was observed as a product independent of the initially
excitedJ. b These values were not measured.

∫0∞[NH(c)]tdt
∫0∞[NH(A)] tdt

)
kA
rad+ kA

pre+ kA,HN3

Q [HN3] + kA,O2

Q [O2]

kisc[O2]
(3)

Nc

NA
)
∫0∞[NH(c)]tdt
∫0∞[NH(A)] tdt

)
kA,O2

Q

k
isc

+
kA
rad+ kA

pre

kisc
1

[O2]
(4)

Nc,V)1

Nc,V)0
)
∫0∞[ND(c,V)1)]tdt

∫0∞[ND(c,V)0)]tdt
)
kc,V)0
rad + kc,V)0

pre + kc,V)0,O2
Q [O2]

k1,0
vib[O2]

(5)

Figure 4. Ratio of the integrated c and A state concentrations of NH,
Nc/NA, as a function of the reciprocal of the O2 pressure. The originally
populated levels areJ ) 1, 4, and 7 of NH(c,V)0). The data forJ )
4 and 7 are shifted by 0.25 and 0.5, respectively.

Figure 5. Reaction scheme of the relevant processes in the vibrational
relaxation system ND(c,V)1) + O2 f ND(c,V)0) + O2. Here,k1,O2

Q

includes ISC to the A state and collisional removal to other electronic
states. Electric dipole transitions to ND(b) are minor and not included
in this scheme;Λ-doublets are not considered.

dNum

dt
) NO2

[ ∑
un*um

nu

kun,um
O2 Nun

(t) - Num
(t) ∑

un*um

nu

kum,un
O2 ] -

Num
(t)(kum

rad+ kum
pred+ NO2

kum
Q ) (6)
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of the number density of O2, NO2, andkum
Q , the quenching rate

constants as given in Table 1 bykc,O2
Q (J). Instead of starting

with arbitrary values, first input values for the desired single-
collision state-to-state rate constants,kum,un

O2 and kun,um
O2 , were

obtained by neglecting multiple inelastic collisions.9,14 In this
case, the rate constants for the collisionally induced transitions
from an initially pumped stateum to stateun are given by
kum,un
O2 ) (Nun/Num)/(NO2τum),19 whereτum

-1 ) kum
rad + kum

pred + NO2

kum
Q , the sum of the decay rates by radiation, predissociation,
and quenching of the originally excited state, which is known
from ref 6 and this work. The further handling of eq 6 and, in
particular, the evaluation of the fluorescence spectra have been
described in detail before.9,10,14,18 The resulting state-to-state
rate constants for the relaxation of an initially populated state
Ji to a final stateJf are summarized in Table 4 for NH(c,V)0,J)
and in Table 5 for ND(c,V)0,J). We believe that the derived
rate constants for∆J) (1 transitions are precise within 10%-
20%. The rate constants for|∆J|> 1 transitions are less precise.
(e) Electronic Quenching of ND(A,W)0-3). Table 2 shows

that the product yields for the vibrational states ND(A,V)0-3)
are alike. Time profiles of the Q-branches of the various∆V)0
(AfX) transitions were monitored at the wavelengths 335.6,
336.3, 337.2, and 338.5 nm forV ) 0, 1, 2, and 3, respectively,
using bandwidths of(0.3 nm. At the selected wavelengths,
the emission originates for more than 80% from the respective
vibrational level. The ND(A) decays were evaluated at long
fluorescence times for relatively high O2 pressures (200-500
Pa), similar to the procedure applied before.3 Rate constants
for the quenching of ND(A,V)0-3) were estimated from plots
of decay rates vs O2 pressure to yieldkA,V

ND,Q ) (3.3( 0.2), (3.9
( 0.6), (4.2 ( 0.5), and (4.4( 0.7) × 10-11 cm3 s-1,
respectively. It should be noted that these estimates disregard
vibrational relaxation by O2. The intercepts of the plots result
in values of ND(A,V) lifetimes, which are close to those reported
in the literature,7 but the present errors are significantly larger.

The rate constants can be compared with that previously
determined for NH(A,V)2), kA,V)2

NH,Q ) (8.3( 0.8)× 10-11 cm3

s-1.3

Discussion

As mentioned in our previous studies on the kinetics of the
NH/ND(c) relaxation,9,10 we cannot resolveΛ-doublet states.
All data given in this work hence refer to averages of the two
Λ-doublet levels of the rotational states.
The competition of relaxation and quenching determines

whether we can relate the observed quenching process to a single
rotational state or to a more or less rotationally relaxed system.
Literature data on the kinetics of rotational relaxation of NH/
ND(c) by O2 are not known to us. We will hence start with
discussing the present data and recognize the following trends
common to all three colliders Ar, He,9,10and O2, which we have
studied: The most dominant relaxation steps are those for∆J
) (1. While the efficiency for∆J ) -1 steps stays
approximately constant, it decreases withJ for ∆J ) +1.
Consequently, the latter process becomes less important for high
J because of the increasing rotational energy splittings. Very
much the same trends have been observed before for the
rotational relaxation of PH(A3Π,V)0)18 and NH(A3Π,V)0) by
He,14 if spin andΛ-doublet states are lumped together. The
rate constants summed over all final statesJf, ∑Jf)1

JmaxkJifJf peak
at aboutJi ) 3 for NH and 3-5 for ND, the thermally most
likely populated states. The values for the highest rotational
levels are found to be inherently too small, because the upward
transitions had to be disregarded in the spectra evaluation. The
relaxation of ND is faster than that of NH, again a correlation
with the rotational splitting. The efficiency for rotational
relaxation increases in the following order: He, Ar, O2. The
fastest constants being observed for the ND(c)+ O2 system
exhibit sums of relaxation rate constants∑Jf)1

JmaxkJifJf not far
from collision frequency. One should further be aware that the
evaluation requires the knowledge of the quenching rate
constantskum

Q being dependent onum ) J as discussed below.
According to the exponential gap law, one can parametrize

and fit the data of Tables 4 and 5 to the equation

with ∆E ) Ei - Ef, the energy difference between the initial
rotational stateJi and the final stateJf. This has been done
before for the colliders Ar and He.10 R(∆E) ) ∆K1(∆)e∆ is a
dimensionless phase space factor expressed by∆ ) (Ei - Ef)/
(2kT) andK1(∆), a modified Bessel function of second kind
and first order. Figure 7 shows the experimental data by plotting

Figure 6. Ratio of the integratedV)1 and V)0 vibrational state
concentration,Nc,V)1/Nc,V)0, of ND(c) for the initial population of ND-
(c,V)0,J)1) as a function of the inverse of the O2 pressure.

TABLE 3: Rate Constants, kisc, and Efficiencies,pisc, of the
Intersystem Crossing NH/ND(c,W,JfA) in Collisions with O2
at Room Temperature

V J kisc/(10-11 cm3 cm-1) pisc

NH(c) 0 1 11.0( 1.1 0.45( 0.09
4 10.4( 1.2 0.52( 0.05
7 11.8( 1.4 0.78( 0.12

ND(c) 0 2 3.8( 0.9 0.31( 0.12
4 3.9( 0.3 0.35( 0.04
6 3.5( 0.2 0.32( 0.04
8 3.6( 0.2 0.32( 0.03

ND(c) 1 1 5.5( 0.4 0.3( 0.1
4 6.2( 0.3 0.3( 0.1

TABLE 4: Rate Constants at Room Temperature for the
Rotational Relaxation of NH(c,W)0,JifJf) by Collisions with
O2, kJifJf: The Entry of Zero Means That the Constant Is
Smaller Than 1× 10-12 cm3 s-1; Rate Constants for Elastic
Processes Were Not Determined in This Work

kJifJf/10
-11 cm3 s-1

Jf

Ji 1 2 3 4 5 6 7 8
∑Jf)1

JmaxkJifJf/
10-11 cm3 s-1

1 8.7 3.8 1.8 0.1 0 0 0 14.4
2 6.8 7.2 2.6 0.8 0.3 0 0 17.7
3 3.2 7.7 5.9 1.4 0.4 0 0 18.6
4 2.1 3.7 7.8 4.5 1.2 0 0 19.3
5 0.2 1.9 2.9 7.3 3.3 0.8 0 16.4
6 0 0 1.7 3.6 6.3 2.7 0.6 14.9
7 0 0 0 0.2 3.3 6.0 2.5 12.0
8 0 0 0 0 0.3 3.3 6.3 9.9

kJifJf
) aR(∆E)(2Jf + 1)e-b|∆E/kT| (7)
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the logarithm of the rate constants, which have been divided
by the statistical probability factor,R(∆E)(2Jf + 1), vs the
reduced energy gap|∆E/kT|. The parametersa andb in eq 7
can be fitted to the experimental data ofkJifJf. The resulting
values are summarized in Table 6. As before for Ar and He,10

two sets of parameters are given for each of the dependencies
in Figure 7, namely, for the∆E/kT range 0-1, which comprises
the ∆J ) (1 transitions, and∆E > kT, which takes care of
steps∆J> 1. It is noteworthy that the data for both isotopomers
are found to be essentially the same for this kind of representa-
tion.
At the beginning of this work, noJ dependent quenching

data were known to us. In the meantime Crosley and co-
workers20 have determined the values listed in Table 1 for NH-
(c,V)0). These constants are smaller than those of this work.
The reason for this discrepancy is not evident, although triplet
emission, if additionally received by the detector, might have
lengthened the fluorescence decays. On the basis of our
rotationally resolved rate data, we have calculated rate constants
for the rotational temperatureTrot ) 300 K21,22 and obtain
k300K
NH,Q ) (20.9 ( 0.4) × 10-11 cm3 s-1 for NH(c,V)0) and
k300K
ND,Q ) (11.7( 0.3)× 10-11 cm3 s-1 for ND(c,V)0). This
thermally averaged value ofk300K

NH,Q is close to the corresponding
values of Umemoto et al. [(16.8( 1.0)× 10-11 cm3 s-1, if T
) 300 K is assumed],4 Rohrer and Stuhl [(19.2( 1.5)× 10-11

cm3 s-1],3 and Kenner et al. [(19.6( 1.0)× 10-11 cm3 s-1)].23

Moreover, the quenching rate constants have been determined
at 243 and 415 K to be (22.2( 1.6) and (21( 1)× 10-11 cm3

s-1, respectively.24 We hence prefer the present data. No value
has been reported for ND(c)+ O2 yet. Previously, a near
quantitative agreement for the quenching cross sections of NH-
(c) and OH(A) at room temperature has been observed.23

Likewise we find that the isotope effects for the quenching of
OH/OD(A)22 and NH/ND(c) by O2 are similar at room tem-
perature. Furthermore both pairs of isotopomers show no
significant temperature dependence of their rate constants when
colliding with O2.
The original aim of this work was to determine intersystem

and quenching rate constants of NH/ND(c,V)0) as a function
of rotational excitation. Colliding systems with small quenching
efficiencies such as NH/ND(c)+ Ar/He,9,10 are ideal for
relaxation but not forJ specific quenching studies. On the other
hand, if quenching is very fast compared to relaxation, the
original rotational excitation of an isolated state becomes
“frozen” and theJ dependence of the quenching process can
be advantageously investigated but not relaxation. In the present
case of NH/ND(c), we have gotten hold of an ambiguous system
in between these two extremes. This becomes apparent from
the comparison of the data of Table 1 with those of Tables 4
and 5. While the total relaxation out of an originally excitedJ
level of NH(c) is slightly less efficient than removal by
quenching and fluorescence, it is relaxation that mainly removes
the original rotational excitation of ND(c). Accordingly,
experimental and simulated spectra show that the rotational
excitation is partly relaxed before it is quenched. Under all
experimental conditions, the originally populated rotational
levels carry by far the highest population. In the case of NH,
the adjacent rotational levels possess less than 20% of the
initially excited level, with decreasing population for larger
rotational steps. For ND we find the distribution of the time-
integrated population to be significantly broader (adjacent levels
less than 40%), as expected from the data of Tables 1 and 5.
Nevertheless, the rotational distributions being quenched are
markedly different for high and low rotational levels. We thus
conclude that the quenching rate constants in Table 1 can be
attributed mainly to the originally populated levels of NH(c)
plus their much less populated neighboring levels and to
significantly broadened distributions of ND(c). Besides this
thermal averaging effect, one should keep in mind that the
rotational energy of ND(c,V)0,J)8) is only half of that of NH-
(c,V)0,J)8). Within such a smaller energy range, the rotational
effect probably is less pronounced. As a consequence of these
two effects, only a very weak rotational dependence appears in
Table 1 for the quenching of ND(c).
The data of Table 1 show that the rate constants decrease

with increasing rotational energy. Such a trend has been
observed before and has been attributed to an anisotropy of the
relevant potential surfaces.5,8,25 Rotation prevents the approach-
ing colliders from adopting an optimal configuration. The
independence of the rate constants of temperature results in
decreasing cross sections with temperature. In the case of
quenching of OH(A), this trend has been suggested to be due
to attractive forces.5,25,26 Because of the apparent similarity of
the OH(A) quenching with that of the present system, the same
explanation is likely, although calculated potential energy
surfaces would give a more solid understanding of the dynamics.
The observed rotational trend reverses that reported previously3

for the relaxed (addition of Ar) and unrelaxed systems.

The rate constantskum
Q are identical with the rate constants

kc,O2
Q of Table 1. The averaging effect by relaxation, i.e. the
accuracy ofkc,O2

Q for ND(c), influences the accuracy of the

TABLE 5: Rate Constants at Room Temperature for the
Rotational Relaxation of ND(c,W)0,JifJf) by Collision with
O2, kJifJf: The Entry of Zero Means That the Constant Is
Smaller than 1× 10-12 cm3 s-1; Rate Constants for Elastic
Processes Were Not Determined in This Work

kJifJf/10
-11 cm3 s-1

Jf

Ji 1 2 3 4 5 6 7 8
∑Jf)1

JmaxkJifJf/
10-11 cm3 s-1

1 15.5 10.0 5.1 2.0 0 0 0 32.6
2 10.8 12.6 6.8 4.9 1.9 0.3 0 37.3
3 6.2 11.2 12.1 3.8 3.0 1.7 0 38.0
4 3.3 6.3 12.6 13.0 3.8 1.2 1.1 41.3
5 1.0 5.4 5.6 14.4 10.2 2.3 1.0 39.9
6 0 2.7 4.8 5.9 13.3 7.3 2.0 36.0
7 0 0 2.8 4.0 4.7 10.5 6.8 28.8
8 0 0 0 2.0 3.5 5.3 10.6 21.4

Figure 7. Exponential gap representation of the reduced rate constants
for rotational relaxation of both isotopomers NH/ND(c,V)0). The
resulting parametersa andb are listed in Table 6.

TABLE 6: Parameters a in Units 10-11 cm3 s-1 and b
(Dimensionless) Obtained in Fits of Eq 7 to the Data
Displayed in Figure 7; The Last Column Gives the Energy
Range of∆E for Which the Parameters Are Valid

NH(c) ND(c)

a b a b ∆E/kT

3.8( 1.6 2.3( 0.6 3.8( 1.4 2.4( 0.7 0-1
0.9( 0.5 0.7( 0.3 1.8( 1.5 0.9( 0.9 1-3.5
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relaxation data in Table 5 by the last term in eq 6. We expect
the corresponding error not to be large for the deuterated system,
because (i) this term is relatively small in comparison with the
sum of all other removal terms in eq 6 and (ii) the variation in
kc,O2
Q is small for NH(c) (not greater than(23%) and is
expected to be less for the more limited rotational energy range
of ND(c).
The vibrational NH(A,v) product distributions in Table 2

display a significant dependence on the initially populated
rotational levelJ for NH(c,V)0), but no rotational dependence
at all for ND(c,V)0,1). Let us first note that the A state
distributions are inconsistent with (c,VfA,V) Franck-Condon
transitions. It has been noted in previous work on the NH
system3 that there are energy resonances for the spin conserving
reactions Ia and Ib. More precise spectroscopic data indicate
that these resonances with O2(a1∆g,V)0,2,4) are slightly less
close than calculated before.3 First of all, one recognizes a more
or less pronounced propensity to conserve the vibration of NH-
(c,V)0) and ND(c,V)0,1) similar to the trend to conserve
rotation for the NH/ND(c,V)0fA,V)0) intersystem transitions.
Common to these three collisionally induced∆V)0 transitions
are near resonances with the energy for the formation of
O2(b1∑g

+,V)0). With increasing rotational excitation of NH-
(c,V)0) we find an improving energy resonance for the
intersystem crossing to NH(A,V)2) and the simultaneous
excitation of O2(a1∆g,V)0). This resonance picture, however,
does not explain the marked vibrational excitation of ND(A,V)
by ND(c,V)1) + O2. It would be therefore desirable to study
the dynamics of the NH/ND(c) system on the basis of calculated
potential surfaces, which might help to understand the NH/ND-
(a) + O2 f NH/ND(X) + O2(b) system27 as well.
Finally, the rate constants derived here for the ISC of NH-

(c,V)0) (Table 3) are close to those given by Okabe (>12×
10-11 cm3 s-1)1 and Umemoto et al. [(8.4( 0.9)× 10-11 cm3

s-1]4 but significantly smaller than that previously reported by
Rohrer and Stuhl [18× 10-11 cm3 s-1].3 Similarly in Table 3,
the ISC efficiencies,pisc, are close to the value given by
Umemoto et al. (0.5)4 for low J of NH(c,V)0). The rate
constant and the ISC efficiency obtained previously in our
laboratory3 are too large, which is most likely due to the
complicated evaluation procedure, which had to consider the
photolytical formation of NH(A) as well. Although the overall
quenching rate constants decrease, the intersystem crossing
efficiency increases withJ, as if an additional channel would

become more accessible for this process. Perhaps this is due
to the increasing resonance with O2(a1∆g,V)0), as mentioned
above. For all the investigated ND states, on the other hand,
the ISC efficiencies stay near the value of one-third.
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