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Examination of the product channels in the reactions of NH(a 1 A) 
with H2 and D2 

Atsumu Tezaki, Satoru Okada, and Hiroyuki Matsui 
Department of Reaction Chemistry, The University of Tokyo, Hongo, Bunkyo-ku, Tokyo 113 Japan 

(Received 24 September 1992; accepted 18 November 1992) 

A flash photolysis study (193 nm) of HNCO has been conducted and the mechanisms of the 
reactions NH(a lil) +H2-+NH2+H(1) and NH(a lil) +D2-+products (2) have been exam
ined in detail at 295±3 K by monitoring NH(a lil), H, D, NH2, and their D substituents 
via the laser induced fluorescence technique. From the pseudo-first-order analysis of the de
cay rate for NH(a lil), rate constants have been determined as kl = (3.96±0.17) X 10- 12 and 
k2= (2.62±0.08) X 10-12. (All the rate constants are expressed in units of 
cm3 molecule-I S-I.) These rate constants are consistent with those determined from the 
time dependence ofH and D atoms: they are k l =(3.76±0.70) X 10- 12 and k 2=(2.78±0.17) 
X 10-12. No pressure dependence has been observed for 10-100 Torr He. The branching 
fraction for Hand D atoms as products for reaction (2) has been found to be [H]/[D] 
=0.24/0.76, where D production is more abundant than statistically predicted. This indicates 
that reaction (2) is dominated by insertion of NH(a lil) into the D2 bond, but vibrational 
energy of the reaction intermediate NHD2 is sti11localized in newly formed N-D ~onds be
fore it passes through the exit barrier into NHD + D or ND2 + H channels. NH2 (X 2 B I) was 
observed in (0,0,0) and (0,1,0) vibrational states as a product of reaction (1), and the ob
served time dependence of both vibrational states could be satisfactorily simulated by solving 
the master equation for vibrational relaxation of NH2. This analysis has indicated that the 
vibrational energy partitioning in the product NH2 is nearly statistical. 

I. INTRODUCTION 

Reactions of metastable singlet imidogen radical, 
NH(a lil), have interested many chemical kineticists be
cause both electronic excitation and spin states exhibit cru
cial roles in chemical reactivity.I-17 NH(a 1 il) can react 
through insertion into a chemical bond of a colliding mol
ecule in many cases, but direct abstraction sometimes com
petes with this: also, electronic quenching to ground state 
NH(X3~-) is important for consuming NH(a lil). Re
action of NH (a 1 il) with H2 

(1) 

is one of the simplest examples. The overall rate constant 
for this reaction has been measured by means of direct 
observation of the NH(a lil) decay rate15- 17 and reported 
to be in the range 2.9-4.6 X 10- 12 cm3 molecule-I S-I. The 
rate constant for (1) is considerably slow compared to 
those for other isoelectronic systems, 0(1 D) +H2 and 
CH2(a 1A 1)+H2 (overall rate constants are about 10- 10 

cm3 molecule-I S-1 for both casesI8-21 ). 
The OeD) +H2 reaction dynamics has been exten

sively studied whereby rotational and vibrational energy 
distributions in the product OH radical was measured.22-26 

Also, the branching fraction for Hand D atoms has been 
found for OeD) +HD-+OH(OD) +D(H).24,27 Semi
empirical28 and ab initio29

-
32 calculations for the potential 

energy surface have been performed for these reaction sys
tems. By means of trajectory calculations on the model 
potential surfaces, the reaction mechanism, internal energy 
distribution in OH, and branching fraction for Hand D 
atoms [in the case of OeD) +HD] have been exam-

ined.28,30,33-35 Although it is now widely accepted that in
sertion of 0 (I D) into the H2 bond dominates over the 
direct abstraction channel, a serious discrepancy in predic
tions using the model potential surfaces of the branching 
fraction in the 0 ( 1 D) + HD reaction was indicated.34,35 

There has been almost no experimental information, in 
contrast, on the details of the mechanism for reaction (1) 
(insertion or direct abstraction), but a substantial contri
bution of direct abstraction in the reaction NH(a lil) + 
paraffins has been indicated,6,7 as is also analogous to the 
reactions 0 e D) + paraffins. 36 

Therefore, in addition to determining the overall rate 
constant from the disappearance of NH(a lil) in reaction 
( 1 ), it may be meaningful to measure the rates and relative 
concentrations of Hand D atoms and also those of NHD 
and ND2 produced in 

(2a) 

(2b) 

so as to clarify the mechanism of these important reactions. 

II. EXPERIMENTAL SECTION 

The experimental setup was essentially the same as 
that of our previous work:14,37 in brief, all the kinetic in
formation in this study was obtained by means of a laser 
flash photolysis/LIF scheme in a quasistatic reaction cell 
at room temperature (295±3 K). The observed species are 
summarized in Table I. Hand D atoms were detected by a 
vacuum uv LIF technique. Tunable vuv light pulse in the 
Lyman-a region was generated by a frequency tripling 
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TABLE I. Observed species." 

Species Transition Wavelength (nm) 

NH (a I~) c III_a I~ (0'-0") 325 
NH (XJl;-) A 3II_X 3};- (0'-0") 336 
H Lyman a 121.57 
D Lyman a 121.53 

-2 -2 
NH~ A A1-X BI (0,9,0),-(0,0,0) "l; 598 

(0,9,0),-(0,0,0)" ~ 602 
(0,12,0)'-(0,0,0) "II 516 
(0,14,0) '-(O,I,O)"II 507 

ND~ 
-2 -2 (0,12,0) '-(0,0,0) "II 603 A A1-X BI 

NHD A2A1_X 2B1 (0,10,0)'-(0,0,0) "II 604 

'Upper state ~ of NH2, NDb and NHD are denoted by linear notation, 
where ~(linear) =2V2(bent) +Ka+ 1. 

method: a uv laser beam at around 364.8 nm generated by 
a dye laser (Lambda Physik LPD3002E/LPXIlOi) was 
focused in a Kr cell at a pressure of 60 Torr, and the vuv 
generation was probed by monitoring ionization signals us
ing a cell filled with 2% NO in He of 40 Torr, set behind 
the reaction cell. By scanning the wavelength, absorption 
for Lyman-a lines was measured to estimate the absolute 
concentrations for Hand D atoms with known absorption 
cross section. By means of a standard tunable pulsed laser 
system (Spectra-Physics PDL-3/Quanta-Ray DCR-2), 
LIF excitation spectra and their time dependence were 
measured for NH(a Ill) or NH2, NHD, and ND2(X 2 B I ) 
in the reactions (1) and (2). 

NH(a Ill) radicals were generated by photolysis of 
isocyanic acid (HNCO) with an ArF laser (Questek 2220) 
irradiation at 193 nm with a typical fluence of 10 mJ/cm2 

into a Pyrex cell of about 2 cm i.d. The partial pressure of 
HNCO was in the range of 0.5-5 mTorr, and the total 
pressure of the He buffered mixture was maintained at 10 
Torr with 200 sccm flow rate, except for the measurements 
on the total pressure dependence of the reaction rate. 

HNCO was synthesized and purified as previously. 14 

Research grade H2, D2 (99%) (Nihon-Sanso) were used 
without further purification. Blank tests revealed that no 
LIF signals for NH(a Ill) and OH, due to impurities, 
could be detected. 

III. EXPERIMENTAL RESULTS 

A. Overall rate constants for reactions (1) and (2) 

Typical time profiles of NH (a Ill) and H atom in a 
photolysis of the HNCOIH2 mixture are shown in Figs. 
l(a) and l(b), respectively. The decay ofNH(a Ill) LIF 
intensity showed a single exponential profile. On the other 
hand, the LIF intensity of H atoms showed a fast rise at 
the moment of photolysis (t=0), then gradually increased 
toward pseudosteady level with almost the same rate for 
NH(a Ill) consumption. This was a result of the following 
processes: 

HNCO+hv->NH(a Ill) + CO, 

->H+NCO, 

NH(a I~) +Hr -+NH2+H. 

(i-a) 

(i-b) 

(1) 

>. ..., ...... 
rn 
l=l 
CI) ..., 
l=l ...... 
Ii. ...... 
.....:l 

(a) NH(al~) 

(b) H atom 

-25 ° 25 

Time/I-Ls 

50 75 

FIG. 1. Transient LIF signals of NH(a I~) and H in ArF laser photol
ysis of HNCO/H2 mixture. (a) NH(a 1~); (b) H atom. Sample gas: 5 
mTorr HNCO with/without 0.61 Torr H2 in He (10 Torr total pressure). 

As the consumption rate of H atoms through the con
secutive reactions of heterogeneous loss processes at the 
wall was found to be sufficiently slower (about 1500 S-I), 
it is reasonable to assume that the yield of H atoms is 
100% in reaction (1) at the observed steady level. Then 
from the ratio of the initial to final concentrations for H 
atoms, branching ratio for the 193 nm photolysis of 
HNCO, reactions (i-a), and (i-b), was determined to be 
(0.64±0.0l)/(0.36±0.01). This result was an average 
value for six independent measurements. No clear depen
dence on the photolysis energy was observed between 5 and 
20 mJ/cm2 of the ArF laser fluence. This branching is not 
consistent with that of previous work,38 in which the 
branching fraction for reaction (i-b) was suggested to be 
less than 10% via LIF measurement of NCO. The photol
ysis branching fraction determined in this study is some
what similar to that ofHN3 photolysis at 193 and 248 nm, 
in which the yield of H atoms was reported to be larger 
than that suggested previously.39 

The dependence of the decay rate for NH(a Ill) on the 
concentration of added D2 in HNCO/D2/He mixtures was 
also measured. In these mixtures, Hand D atoms were 
separately monitored as products of reactions (2a) and 
(2b). Typical examples of the profiles are shown in Fig. 2. 
As shown in the upper panel, if D2 was not present in the 
sample gas, the concentration of H atoms remained con
stant at the same level of that initially formed by the pho
tolysis, but addition of D2 clearly resulted. in a gradual 
increase to another steady level, suggesting a contribution 
of reaction (2b). 

On the other hand, D atoms were not formed at the 
moment of photolysis both with and without addition of 
D2 to the samples, as shown in the lower panel of Fig. 2. 
Zero level was kept thereafter when D2 was absent; in 
contrast, the concentration of D gradually increased to a 
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D. on 
D. off 

Time/J.ls 

(a) H atom 

(b) D atom 

FIG. 2. Vacuum ultraviolet-LIF signals of product H atom and D atom 
in the photolysis of HNCOID2 mixture. Sample gas: 5 mTorr HNCO 
with/without 0.27 Torr D2 in He (10 Torr total pressure). 

steady level when D2 was present. Weak traces of 
ND(a la) were detected but their intensity was estimated 
to be below 1% of that of NH(a la) at the same experi
mental conditions. These observations indicate that HID 
exchange by a catalytic reaction in the HNCO/D2 mixture 
to form DNCO prior to the photolysis was negligible. 

The decay rates of NH(a la) correlated linearly with 
the concentration of H2 or D2, as shown in Fig. 3: from the 
slopes of the pseudo-first-order decay rate of NH(a la), 
the overall rate constants for reactions (1) and (2) were 
determined to be k l =(3.96±O.17)XIO-12 and k2 =(2.62 

.. 
fIl .. 
o 
.--/ 

"'--- 10 
Q) 

+> 
~ 

0:: 
>. 
~ 
() 
Q) 

~ 5 

o H. 
" D • 

FIG. 3. Pseudo-first-order analysis of the rate constants of NH(a 106.) 
+H2 [reaction (1)], and NH(a l A)+D2 [reaction (2)] using the decay 
rate of NH(a 106.). [HNCO] is 1 mTorr in 10 Torr He. 

.. 
rn .. 
~ 10 
"'---Q) 
+> 
~ 

.-~ 

5 

o H. 

'" D • 

00 1 2 

[H2 ] or [D2]/1016molecule.cm-3 

FIG. 4. Pseudo-first-order analysis of the rate constants using the rise rate 
of H atom (for k 1) and D atom (for k 2 ). [HNCO] is 5 mTorr in 10 Torr 
He. 

±O.08) X 10- 12 cm3 molecule-I S-I (errors indicate 2u 
deviation). It is noted that the physical quenching process 

(3) 

did not contribute to the observed disappearance rate for 
NH(a la), since the rate constant of reaction (3) is re
ported to be sufficiently slow at the present experimental 
conditions;15-17 also, no LIF signal due to NH(X 3~-) 
could be detected for the typical experimental conditions in 
this study, where the relative intensities for NH(X 3~-) 
and NH(a la) had been calibrated by using Xe as an ef
fective quencher in the photolysis of HNCO. 14 

Also, the rates of formation of Hand D atoms in these 
reactions are plotted against tge concentrations of H2 and 
-02 in Fig. 4. The slopes of these plots again give the overall 
rate constants for these reactions; they are expressed as 
kl = (3.76±O.70) X 10-12 and k2= (2.78±O.17) X 10- 12 

cm3 molecule-I S-I from the rates of formation of Hand 
D atoms, respectively. As was noted above, an interference 
by the initial formation of H atoms by the photolysis of 
HNCO resulted in a larger error in the estimated rate con
stant for reaction (1) than that for reaction (2). However, 
the rate constants estimated by means of two ways in this 
study agree very well each other. They are also consistent 
with previous measurements l5-17 for reaction (1), as sum
marized in Table II. No previous measurement on reaction 
(2) has been found in our literature search. 

The observed isotope effect, k21kl =O.66±O.02 deter-
,mined from the decay of NIICa la), or Q.74±O.12 deter
mined from the formation of Hand D atoms, is very close 
to the inverse of the square root of the reduced mass of the 
collision pairs; i.e., LuCNH-H2 )/J.L(NH-D2 )]-1I2=O.75; 
this seems to be consistent with the insertion mechanism, 
i.e., if the reaction proceeds by the association of NH and 
H2 CD2) with a low barrier in the entrance channel of the 

J. Chern. Phys., Vol. 98, No.5, 1 March 1993 
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

130.209.6.50 On: Sat, 20 Dec 2014 10:27:44



Tezaki, Okada, and Matsui: Reaction of NH with H2 3879 

TABLE II. Summary of rate constants. 

Initiation Detection T (K) Rate const. a Ref. 

k 1=k{NH(a lD.)+H2} 

266 nm LFP HN3 NH(c-a) LIF 3OO±5 4.6±O.4 15 
193 nm LFP HNCO NH(c-a) LIF 2.9±O.6 16 
193 nm LFP HN3 NH(a-X) PP 296±3 3.4±O.2 17 
193 nm LFP HNCO NH(c-a) LIF 295±5 4.0±O.2 This work 
193 nm LFP HNCO H(Ly a) LIF 295±5 3.8±O.7 This work 

kz=k{NH(a lD.)+D2} 

193 nm LFP HNCO NH(c-a) LIF 295±5 2.6±O.1 This work 
193 nm LFP HNCO D(Ly a) LIF 295±5 2.8±O.2 This work 

'Units in 10- 12 cm3 molecule- 1 s-l; LFP: laser flash photolysis, PP: 
phosphorescence. 

reaction coordinate, then the rate constant should be ap
proximately proportional to the collision frequency. 

B. Branching fraction of Hand D in the reaction 
NH(a 1.A)+D2 

In order to determine a branching fraction of D and H 
atoms produced in the reactions (2a) and (2b), respec
tively, LIF line shapes of Hand D were repeatedly traced 
for the mixtures of HNCO with various partial pressure of 
D2 at a fixed reaction time of 75 fLs after the photolysis. 

The concentrations for Hand D atoms were directly 
compared from the integrated line strengths without cor
rection, even though the difference in the Doppler widths 
gives a change in the peak height as a function of spectral 
width of the probe laser. The relative intensities for Hand 
D atoms were normalized by [H]o (the initial concentra
tion of H atoms produced in the photolysis of HNCO) as 
shown in Fig. 5; the net amount of H atoms produced in 

2 0 H 

" D 

:>, ..., - - _., , . ..... 
fIl 
I=l 
Q) /1~ ..., 
I=l ..... 

"d / . 
Q) 1 , 
N .. ~ 

(is 

8 
I 1-< 

0 I 

Z 

[D.lI 1 Q,omolecule.cm-· 

FIG. 5. The yields of Hand D atoms as the products in reaction (2). 
Delay time was fixed at 75 Ils after photolysis. The solid and dashed 
curves are analytical solutions using the rate constant kz obtained in this 
work where the D/H branching ratio was fitted as 3.05: 1. 

reaction (2b) was evaluated by comparing the LIF inten
sities of H atoms with and without addition of D2 as illus
trated in the upper panel in Fig. 2. The same procedures 
were repeatedly taken at both 10 and 30 Torr of total 
pressure, and in the range of 1-3X 1016 mo1ecu1e/cm3 of 
D2 partial pressure. The average branching fraction is sum
marized as 

or 

k2a/(k2a+k2b) =0.76 ± 0.04. 

Furthermore, no dependence of the branching fraction on 
the total pressure up to 100 Torr was found. 

The solid and dashed curves shown in Fig. 5 represent 
the calculated concentrations of Hand D atoms at t=75 
fLS, respectively, where the above branching fraction to
gether with the rate constant of k 2 =2.62X 10- 12 

cm3 molecu1e- 1 s-1 [determined from the decay rate of 
NH(a Ill)] were employed. The simulation agrees very 
well with the observed dependence of [H] and [D] on [D2]. 

This is the first direct evidence that the insertion reac
tion is the main channel for NH(a Ill) +D2 since H atoms 
should not be emitted if only direct abstraction takes place. 
The fact that neither the [H]I[D] ratio nor the net amount 
of Hand D atoms produced in reaction (2) depend on the 
total pressure, implies that the lifetime of excited NHD2 is 
sufficiently short and it cannot be collisionally stabilized 
before it decomposes into NHD + D or ND2 + H in this 
pressure range. The deviation of the observed branching 
fraction from a statistical prediction is discussed later. 

c. Rate of formation of NH2 

Laser excitation spectra of NH2, NHD, and ND2 pro
duced in reactions (1) and (2) were observed in the wave
length range of 598-605 nm, where the spectral lines for all 
these species lie close together.40--42 Examples of the spectra 
are shown in Fig. 6: only NH2 was detected in HNCO/H2 
mixtures as shown in the upper panel, and in the lower 
panel, both NHD and ND2 were assigned in HNCO/D2 
mixtures. It seems that NHD is more populous than ND2 
from the intensities of these excitation spectra, which is 
consistent with the observation of Hand D atoms as stated 
above . 

Time profiles of NH2 formed in the NH (a 1 Ll) + H2 
reaction are ~o~n in Fig. 7, where the 212-202 rotational 
line of the (A-X) (0,12,0)-:.,(0..t,0,0)11 band at 516.27 nm 
and the 212-202 line of the (A-X) (0,14,0)-(0,1,0)11 band 
at 507.76 nm (Ref. 43) were monitored. In this figure, 
curves (a) and (b) are the profiles of (0,0,0) and (0,1,0), 
respectively. It should be noted that this experimental con
dition i~ the same as that shown in Fig. 1: formation of 
NH2 (X) (0,0,0) is much slower than consumption of 
NH(a Ill). Obviously, the delay was caused by the vibra
tional relaxation of the excited NH2 to the ground state. 

Trace (c) in the same figure was obtained when 1 Torr 
CF4 was added to the same gas mixture: the transient LIF 
intensity for NH2(0,0,O) revealed a single exponential pro
file, and the formation rate agrees with the decay rate of 
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.e-.... 
rn 
I:t 
CI) 

d .... 

NH.{A-X){0.9.0)'-{0.0.0)"t. 
1 7 

~ -, R"'-' 
R,,1f-l Q, .• 

.a l .5[("'"13 " -"..2" _,,"-,3,,---
~ RQ1.lf_1 

NHD{A-X)(0.10.0)-(0.0,0)n 
... 3 Z 1 

l'Ho.H -r-- I i I 

ND.(A-X)(0.12.0)-(0.0.0)rr 
ltQO.K (1, i~ ~ h-fi.+ PQ2,H-l 

602 

(a) 

605 

FIG. 6. Laser induced excitation spectra of products in the photolysis of 
(a) 10 mTorr HNCO/0.67 Torr H2, and (b) 10 mTorr HNCO/0.67 Torr 
D2. Rotational lines of NH2 in (a), and both NHD and ND2 are shown 
in (b) (See Refs. 40-42). Linear notations are used for upper state bend
ing vibrations. 

NH(a la) in this case. Evidently addition of CF4 acceler
ated the relaxation of vibrationally excited NH2 produced 
in reaction (1). 

Such trends can be more clearly seen in Fig. 8, where 
the formation rate (defined as the inverse of ti.gle required 
to reach I-lie of the steady level) of NH2 (X) (0,0,0) is 
plotted against [H2]' The formation rate without addition 
of CF4 increased linearly (the dashed line), but the slope is 
much less than that expected from the decay ofNH(a la). 
However, addition of 1 Torr CF4 resulted in almost the 
same dependence of NH2 formation rate on [H2] until the 
rate exceeded 8 X 104 

S - t, as denoted by the solid line. It 
should be noted that addition of CF4 did not affect the 
NH (a I a) profiles, and also electronic quenching process 
of NH(a la) was negligible since no LIF signal of 
NH (X 3~ -) was observed. 

Addition of 1 Torr SF6 or variation of pressure of He 
in theJange 5-50 Torr did not affect the rise rate of 
NH2(X) (0,0,0) significantly. The kinetic measurement of 
NH2 at higher pressure was not possible due to the very 
fast collisional quenching of NH2(A).44 This implies that 
both SF6 and He are inefficient quenchers for the vibra
tionally excited NH2. H2 is a more effective quencher than 
SF6 or He, but less effective than CF4, From an analysis for 
the decay part of NH2 (X) (0,1,0) as a function of H2 con
centration, the relaxation rate constant of NH2 by H2 was 
obtained as (4.8 ± 1.5) X 10-13 cm3 molecule -I s -I. This 
result is consistent with the literature value (5.3 X 10- 13 ) 

, , 
, , 

(a) (0,0.0) 

(c) (0.0,0) 
(1 Torr CF. added) 

40 80 120 

Time/ J.ls 

FIG. 7. The transient LIF intensity of NH2 (X 2 B1) observed in the pho
tolysis of a 5 mTorr HNCO/0.67 Torr H2 mixture.: (a) (0,0,0) vibra
tionallevel for 9.33 Torr He buffer; (b) (0,1,0) for 9.33 Torr He buffer; 
(c) (0,0,0) for 1 Torr CF4+8.33 Torr He buffer. Dashed curve is the 
calculated profile for total NH2 using kl =4.0X 10- 12 

cm3 molecule- I s-I, which is obtained by the decay rate of NH(a 1.6.). 

for O2 as the collision partner.45 Relaxation by CF4 is es
timated as five times faster than that by H2 assuming that 
the saturated rate of 8 X 104 

S -I shown in Fig. 8 represents 
the relaxation rate by 1 Torr CF4, 

This is the first direct demonstration that vibrationally 
excited NH2 was formed in a reaction involving 
NH(a la). In an earlier observation Paur an<tBair2 found 
an incubation time of about 20 f-ls for NH2 (X) formation 

0 He buffer 
r,. He+CF4 

10 
"i 
rn ... 

0 
8 .-I 

'-.... 
CI) 

+" / cd 
Il:: 6 

CI) 
rn ..... 

Il:: 4 .. 
::r:: z 

[Hall 1 Q18molecule.cm-a 

FIG. 8. NH2(X 2B1lCO,0,0) rise rate as a function ofH2 concentration. 
Circles for He buffer; triangles for 1 Torr CF4 +He buffer (10 Torr total 
pressure). Solid and dashed curves are results ofleast squares fit. 
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in the NH(a 1.6.)·+HN3 reaction using resonant absorption 
in a discharge flash photolysis of HN 3 buffered by excess 
amount of Ar. They attributed this to generation of vibra
tionally excited NH2 through the dependence of NH2 for
mation rate on the total pressure up to 500 Torr. After
wards Baronavski et al. 3 observed chemiluminescence 
from NH2(A 2A I ) in 266 nm laser flash photolysis ofHN3, 

where onset of the emission was in agreement with the 
corresponding decay of NH (a 1.6.), but they could not de
tect NH2(X 2B I ) by means of a LIF technique. Conse
quently, they claimed that production of electronically ex
cited NH2 is the major process in reaction of NH(a 1.6.) 
and HN3• 

IV. INFORMATION THEORETIC APPROACH 

Product branching fraction in reaction (2) and vibra
tional excitation in NH2 as a product of reaction (1) are 
discussed in the following in terms of the information the
oretic procedure.46 

A. Product branching fraction in NH(a 1 A) + 02 

The products for the two channels of reaction (2) are 
the combinations of a nonlinear triatomic molecule and an 
atom, NHD+D (2a) and ND2+H (2b). The potential 
energy surfaces are the same for reactions (2a) and (2b), 
except for their zero point energies due to the different 
mass combinations. Each pair of the products has three 
vibrational degrees of freedom and three rotational degrees 
of freedom. 

The density of states at a given translational energy E t 

is given by 

pt(Et) =AtE:12, A t=JL312 /2 112"?-h3. (4) 

In the rigid-rotor (RR) approximation, summation over 
rotational states can be replaced by integrations as 

p(Ev;E) = J J J PaPbPcPt(E-Ev-ER)dEa dEb dEc 

8 JL3/ 2 1 
105 2112"?-h6e3 ABC (E-Ev) 712 (5) 

where pj U=a,b,e) is the rotational density of states, 

dJj 

Pi= (2J,+ 1) dE-= lI(heBi )· 
I 

(6) 

When the harmonic oscillator (HO) approximation is 
added further, summation over vibrational states is re
placed by 

Po(E) = J J J dEl dE2 dE3 p(Ev;E)/(0)10)20)3) 

64 J1312 I 1 13/2 

= 135135 2l!2"?-h6e3 ABC 0)10)20)3 E . (7) 

Consequently, the prior branching fraction is obtained as 
the ratio 2po(E';NHD+D)/Po(E";ND2+H). Here E' 
and E" in this ratio should be corrected for the zero point 
energy of NHD and ND2, respectively. 
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FIG. 9. Calculated vibrational distributions of NH2(X 2 B1) using Eq. 
(8) in the text for prior (A=O; solid curve) and biased (broken curves) 
distributions. Crosses in the solid curve indicate the positions of the vi
brational levels. 

Using molecular constants in the literature4O-43,47 and 
29.7 kcallmol for the total energy E(NH2+H) [heat of 
reaction plus entrance activation energy of 1.5 kcallmol 
(Refs. 15, 48)], the prior branching fraction is calculated 
to be 0.97 (=0.49/0.51). The D/H ratio obtained exper
imentally in this work, 3.12 ± 0.60, is about three times 
more favorable toward the NHD + D channel. 

B. Product vibrational distribution and vibrational 
relaxation of NH2(X) in reaction (1) 

Thirty-three levels of vibration are available assuming 
29.7 kcallmol of total energy in the product NH2+H. The 
prior vibrational distribution Po(v) using the RR approx
imation is obtained by normalization of P (Ev;E) of Eq. 
(5), and a biased (nonstatistical) distribution is expressed 
employing a surprisal parameter A as 

P(V;A) =po(v)e-.vu/{ ~ po(v)e-.vuj, (8) 

where fv=E/ Etotal' Examples of calculated biased distri
butions are shown in Fig. 9. Population in the vibrational 
ground state is 32% in the prior case. 

Vibrational relaxation of NH2 proceeding simulta
neously with reaction (1) was simulated assuming the en
ergy gap law for the vibrational energy transfer rate con
stants, 

k(v->v') =Ae-ailEuu,lkT =klOe-a(ilEvu,-ilElO)lkT, (9) 

k(v' ->v) =e-ilEvu,lkTk(v->v'), (v> v'), (10) 

where klO is the relaxation rate constant from (0,1,0) to 
(0,0,0) and .6.Evv,=Ev-Ev" Here the three vibrational de
grees offreedom were treated as a single mode and counted 
simply in order of their energy levels. 
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FIG. 10. A comparison of the calculated NH2(X 2 B1) profiles for the 
NH(a 1.6.) +H2 reaction in 10 Torr He with experiment at [Hz1=2.0 
X 1016 molecule cm-3

• klO (relaxation rate constant with H2) was deter
mined to be: 2.2X 10- 12 cm3 molecule-I S-I for ,1,=0, and 2.9X 10- 12 

cm3 molecule-I S-I for ,1,= -2; a was assumed to be 0.5. 

To get a good fit in the simulation of the profiles for 
NH2(0,0,0) and (0,1,0), the parameter klO was found to 
have a close correlation to a; on the other hand, A. was 
nearly an independent parameter. In the present analysis, 
klO was treated as a primary parameter and a as a second
ary one. As shown in Fig. 10, the simulation curve with 
A. ~ 0 to - 2 could reproduce the observed profiles well, 
especially in the trapezoidal shape of the (0,0,0) profile. As 
shown in Fig. 9, the estimated range of A. yields the nascent 
population in the (0,0,0) state as 20%-30%. It should also 
be noted that the ratio of the initial rising slope of the 
(0,0,0) profile (within 20 J.Ls after the incidence of photo l
ysis), to the overall NH2 production rate is approximately 
the same as the nascent fraction in the (0,0,0) state, re
gardless of what nascent distribution was assumed or the 
occurrence of relaxation from states higher than (0,1,0). 
From this point of view, it is also deduced that 20%-30% 
of the total NH2 is produced directly in the (0,0,0) state in 
reaction (1). 

V. DISCUSSION 

The results of this study on the isotope effect for the 
overall rate constant, k2/k[> and the branching fraction for 
producing Hand D atoms in reaction (2) indicate the 
presence of insertion as a main reaction mechanism in the 
NH(a la) +H2 or D2 reactions. In ad<!!.tion, the observed 
product species, i.e., H(D) atom and X 2 BI state of NH2 
(NHD, ND2) are identified as the main products. 

The potential energy levels relevant to reaction (1) are 
shown in Fig. 11. Besides the insertion path through 

o 

-160 

NH(a'.6.)+Ha 0 NH.(KoA,)+H 
----.1-" ,'

~ " 
NHz(XZJ3,)+H -

NH(X"E-)+H 

NHs(A'A.") ,'\ 
I 

: NH,,(XZJ3,)+H 
I 

FIG. 11. The energy level diagram for the reactions of the NH-H2 sys
tem. The adiabatic dissociation paths from NH3 to NH2+H at the right 
side are shown by the solid curves in nonplanar (Gs ) geometry, and the 
dashed curves in planar (G2v ) geometry. 

NH3(X IA I ) out to NH2(X 2 BI ) as the minimum energy 
path, NH3(A IAn and NH2 cA 2A I ) are thermochemically 
allowed as an intermediate and a final product, respec
tively. 

Ab initio CI calculations were performed by Fueno 
et al. for the NH (a I a) + H2 reaction path.49- 51 According 
to their most recent calculation where the MRD-CI/6-
3lG** scheme was employed,51 the barrier height is 2.9 
and 5.8 kcal/mol for insertion and direct abstraction, re
spectively. Thus the abstraction seems still competitive 
though the insertion is considered to be dominant. On the 
insertion path, NH (a I a) + H2 correlates to the formation 
of NH3 (X IA I ) if Cs symmetry is maintained. Although 
correlation to the first excited state of NH3(A IAn is un
certain, the barrier height between NH (a I a) + H2 and 
NH3(4IAn must lie higher than that between 
NH3(A IAn and NH2+H because production of 
NH(a la) in NH3 photolysis was reported to be an ex
tremely minor channel.52,53 

For the dissociation of NH3, an ab initio calculation 
was conducted by McCarthy et al. 48 As shown in Fig. 11, 
groun<.t state NH3(X IA I ) correlates with ground state 
NH2(-! 2 B I ) +H in Cs symmetry, and with excited state 
NH2(A 2A I ) in planar C2v symmetry. On the other hand, 
reverse relationships hold for excited NH3(A lA2') which 
has a planar (D3h ) eC@ilibri!!.m geometry. There exists a 
conical crossing of the A and X surfaces at O· in the H-NH2 
out-of-plane angle. In NH3 photolysis,54-57 the downward 
path to the ground state NH2 (X 2 B 1) through surface hop
ping around the conical crossing is known to be a major 
channel. In the case of this study, the upward process from 
NH3(X l~l) to NH2(A 2A 1) seem! far less probable than 
to NH2(X 2B I ), even if the NH3(X)* has enough internal 
energy. 

It has been shown in this study, that the DIH branch
ing ratio in reaction (2) is larger than the ratio of the 
statistical weights for the two channels. This may be due to 
a contribution of the abstraction channel forming D atoms 
preferentially, or due to a nonstatistical dissociation of 
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NHD2 after the insertion. If the latter is true, the exother
micity is accumulated mostly in the newly created N-D 
bonds at the incidence of the insertion, then the molecule 
decomposes before the energy is partitioned in the old 
N-H bond. This is in contrast with the near-threshold pho
tolysis of NHD2 at around 210 nm,57,58 where dissociation 
to give an H atom was reported to be several times faster 
than that forming a D atom due to th! tunneling through 
the exit barrier to dissociation of the A state of NHD2• In 
order to evaluate the contribution of the abstraction pro
cess, it will be helpful to measure the temperature depen
dence of the HID ratio for reaction (2). 

Analysis of the partitioning of excess energy in the exit 
channel has shown that the product NH2 vibration is 
nearly statistically excited. There remains some uncer
tainty in this analysis regarding the possibility of a selective 
excitation among vibrational modes. If the bending mode 
were selectively excited, for example, a larger negative sur
prisal parameter (-A) would be required to fit the exper
imental time profiles. The present study indicated almost 
the same value on the vibrational surprisal for NH(a Ill) 
+H2 as found for reactions of oct D). That is, A is found 
to be about 0 for the oct D) +H2 reaction whereas it is 
-7.3 for oct D) +CH4 reaction.36 
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