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Gas-phase reactions of NH(a'A, v=0,1)+H, (1) and NH(a'A, v=0,1)+D, (2) were studied in the photolysis of

HNCO/H; (or D;) mixtures. NH(a'A) and product H (D) atom were detected by UV and vacuum-UV laser-induced
fluorescence. The observed rate constants at room temperature (29542 K) and activation energies in the range of 295—
407 K were;

NH(a,v = 0) + H, — product(1-0), k-0 =3.76 £ 0.59,E, =5.7 +0.7
NH(a,v = 1)+ H, — product(1-1),k1-; =3.09 £ 0.26, E, = 6.5+ 1.2
NH(a,v = 0) + D, — product(2-0),ky-0 =2.72 £ 0.25,E, = 6.5+ 1.1
NH(a,v = 1)+ D, — product(2-1),ko-; =2.88 +0.35,E, =6.6 + 1.1

in units of 10™'? ¢cm® molecule™ s™' and kImol™'. The product branching ratio in reaction 2 was determined to be
[D]/[H]=3.2£0.76, in which no temperature dependence was indicated. These results are consistent with insertion
mechanism having a loose entrance transition state structure, which is suggested by ab initio CI calculations. In contrast,

the contribution of direct abstraction channel is supposed to be negligibly small.

Chemistry of NH(a' A) "' have attracted much interest
in comparison with that of the isoelectronic O(' D) *—2? and
CH,(3'A).2'~? Reactions of these singlet biradicals are
generally regarded to proceed via insertion into a bond of a
counterpart molecule. However, hydrogen abstraction from
alkanes by NH(a)*” and O('D)*® was suggested to compete
with the insertion, and physical quenching to ground state
triplets can also contribute to the overall decay.***

The gas-phase rate constant of

NHG'A)+H,———NH; +H )

has been well established to be in the range of 2.9—
4.6x107'2 cm® molecule™! s! at room temperature'?
and the activation energy has been obtained to be 6.4+0.4
kJmol~1." In this case, the final products are considered to
be the same between insertion and abstraction mechanisms.
As well, physical quenching of NH(a) by H, was shown to
be far negligible.'* In our previous paper,” reaction rate and
product branching were analyzed for the reaction

NH(a'A) + D, —— NHD +D (2a)
L ND,+H (2b)

at room temperature. The branching ratio ky,/kyp, was de-

termined to be 3.12+0.60 through quantitative analysis of
products D and H atoms. The detection of H atom is con-
sidered to be a proof of the insertion mechanism since only
D atoms can be formed in the abstraction mechanism. Also,
as another support for the insertion, vibrational excitation of
NH,; as a product of Eq. 1 was estimated to be close to the
statistical distribution.

Theoretical treatments of these reaction paths were con-
ducted by Fueno et al. In their earlier reports using MRD-
CI with 4-31G** basis set,'®'" the insertion path was esti-
mated to be barrier-free whereas the abstraction path had a
33 kJmol~! barrier. However, in Fueno’s recent calculation
using 6-31G™* basis set,'” a saddle point of 12 kJ mol ™
height was found in the Cs insertion path at 2.0 A of N-H,
distance. On the other hand, the barrier height of the ab-
straction decreased to 24 kJ mol ! as the level of calculation
was raised. Consequently, possibility of the abstraction has
not been completely rejected although the dominance of the
insertion path seems distinctive.

In this study, we investigate the temperature dependence of
the NH(a)+H, (D,) reactions in order to discuss the possibil-
ity of the abstraction further, i.e., product isotopic branching,
activation energies of reaction 1 and 2, and the effect of vibra-
tional excitation of NH(a) on the rate constants are measured.
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In addition, ab initio calculations are conducted to charac-
terize the potential energy surface around the transition state
(TS) of the possible pathways.

Experimental

All the kinetic information in this experiment was obtained by
means of a pump-probe technique in a quasi-static reaction cell.
A heating system was additionally equipped to the apparatus that
has been previously described.*** Briefly, a tubular reaction cell (2
cm i.d.) made of Pyrex glass was electrically heated from outside,
and the temperature was monitored with a thermocouple that was
attached on the cell wall during the kinetic measurements. The gas
temperature at the observation point was separately calibrated with
another thermocouple inserted in the cell.

NH(a,v=0,1) was generated by a pulsed-laser photolysis of
HNCO at 193 nm and detected by a laser-induced fluorescence
(LIF) technique. The fluence of the photolysis laser was around
10 mJ ¢cm™?2 at the observation point. NH(a, v=0) was probed at
A=325.8 nm (P line of ¢' TI-a' A; 0'—0"' transition) and NH(a, v=1)
was probed at A =363.5 nm (P; line of ¢'TI-a'A; 0’1" transition).

H and D atoms were detected by a vacuum-UV (VUV) LIF in
the Lyman-« region. The VUV pulse was generated by a frequency
tripling, where a dye laser beam at around 364.8 nm was focused
with a quartz lens (f=5 cm) into an adjacent cell filled with Kr
at a pressure of 100 Torr. (1 Torr=133.32 Pa) The VUV intensity
was calibrated by monitoring ionization current in the downstream
section filled with 2% NO diluted in He at 40 Torr.

The fluorescence signals were detected with photomultipliers
set perpendicular to the incident laser beams, averaged through a
BOXCAR system, and stored in a personal computer. A solar-blind
photomultiplier (Hammamatsu R972) was used without optical fil-
ters for the detection of VUV fluorescence.

Total pressure in the cell was monitored with a capacitance
manometer (MKS Baratron). The partial pressure of HNCO was in
the range of 0.4—S5 mTorr and the total pressure of the He buffered
mixture was maintained at 20 Torr.

HNCO was synthesized and purified as previously.”> Research
grade Hy (99.9999%, Nippon-Sanso) and D, (99% isotopic purity,
Nippon-Sanso) were used without further purification.

Experimental Results

Rate constants of reactions 1 and 2 as well as product
branching ratio of [D]/[H] for reaction 2 were measured in
the temperature range of 294—407 K.

Opverall rate constants were determined from pseudo-first-
order analysis of the decay rate of NH(a). An example of the
analysis at room temperature (295+2 K) is shown in Fig. 1.
Arrhenius descriptions for the temperature dependence of
reactions 1 and 2 are shown in Fig. 2. The rate constants
at room temperature and the Arrhenius parameters thus ob-
tained are summarized in Table 1. Here, the rate constants of
NH(a, v=1) are nearly equal to those of NH(a, v=0) for both
reactions 1 and 2 and the slight differences between reactions
lie within experimental error limits as a whole. Consequently
it is reasonable to conclude that there is no remarkable accel-
eration of the reaction by the vibrational excitation of NH(a)
to v=1 although the vibrational energy exceeds the reaction
barrier. There seems negligible contribution of vibrational
relaxation to the consumption of NH(a, v=1), because it is
unlikely that relaxation rate in H, is higher than that in He

Reaction of NH(a, v=0, 1) with Hy and D,

8
. O NH(v=0)+H: P
[ - s
» A NHv=1)+H L
2 6 @ NH(v=0)+D: A/j/
E 4 NH(v=1}+D: T //jz’
m + /// parund
m v
> s —_—
g 5
[0 7 &
Q Ve —
~ | A .4
= Y
o e
& oL /A o
I 2
=z %/
0 1 1 1 1 I i 1 1 1
0 10 20

[H2] or [D2] / 10"®molecule cm™

Fig. 1. Pseudo-first-order plots of the decay rate of NH(a' A,
v=0,1) in the presence of H, or D,. [HNCO]y=1 mTorr for
the measurements of NH(a,v=0) and 5 mTorr for NH(a,v=1).
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Fig. 2. Arrhenius plots of the reaction rate constants for NH-
(a, v=0,1)+H; and NH(a, v=0,1)+D,. [HNCO]Jo=1 mTorr
for the measurements of NH(a,v=0) and 5 mTorr for NH-
(a,v=1).

(<10~ cm® molecule™! s ~!) by more than 2 orders. Re-
actions 1 and 2 appeared to have almost the same activation
energies E,~6.3 kI mol~', which are also in good agreement
with that of the previous study for reaction 1."

Figure 3 shows the branching ratio [D]/[H] in reaction 2 as
a function of temperature. As described in the former paper,?
the branching ratio was determined by comparing integrated
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Table 1. Summary of the Kinetic Measurements in the reactions (1) NH(a)+H, and (2) NH(a)+D>

Bull. Chem. Soc. Jpn., 69, No. 5 (1996)

k(295 K)/10™"2 E, A/10™" Ref.
cm’® molecule™'s™! kJ mol™! cm® molecule™! s7!
NH(a,v=0)+H, 3.764+0.59% 5.7£0.7 3.86+0.20 This work
6.4+04 6.8+0.20 1
NH(a,v=1)+H; 3.0940.26 6.5+1.2 4.53+0.11 This work
NH(a,v=0)+D, 2.7240.25 6.5+1.1 3.62+0.20 This work
NH(a,v=1)+D, 2.88+0.35 6.6+1.1 4.02+1.05 This work
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a) Errors indicate 20 limits.
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Fig. 3. Temperature dependence of the product branch-

ing ratios of H and D atoms in the reaction NH(a)+D-.
[HNCO]o=5 mTorr and [D;]o=0.6 Torr throughout the tem-
perature range. Spectra of H and D were traced at 150
us after the photolysis and compared with those obtained
without D,.

line strengths of D and H, which were traced repeatedly at
a fixed delay time (at the maximum atomic concentrations)
after the photolysis of HNCO/D, mixture. Intensity of H
atom obtained without D,, which consists of initially pro-
duced H atom as a branching product of HNCO photolysis,
was subtracted from that with D,. The average branching
ratio was obtained to be;

[D1/[H] = kaa /Rea, = 3.20 £ 0.76(20).

or,
koa/kr =0.76 £ 0.05 and ko /k2 =0.24 £ 0.05.

Thus, temperature dependence of the branching ratio was
not indicated within experimental accuracy. This ratio
agrees well with the former result at room temperature of
[D]/[H]=3.12+0.60.” The populations of the vibrational
excited states of NH(a) relative to the ground state in the
photolysis of HNCO at 193 nm are reported to be 0.26£0.05
and 0.03140.010 for v=1 and v=2, respectively.”® Since
they cannot be discriminated kinetically, the product branch-

ing measured in this study is a combined result from these
vibrational states.

Ab initio Calculation

The ! A state of NH has two types of electronic structure of
open- and closed-shell characters.'” The open-shell charac-
ter is that of a biradical in which degenerating m orbitals are
singly occupied, i.e.,(7)' (;t)!, and the closed-shell structure
is described as a superposition state of two electronic con-
figurations (st)(7')° and (71)°(')? combined with a negative
sign. In the reaction with Hy, following overlap relations
between the 7 orbitals and ¢ or 0™ orbital of the H-H bond
are speculated.

(1) Abstractions would take “end-on approach,” which
means nearly collinear approach from the outside of the bond.
The singly occupied  orbital would attack the 6™ orbital at
the first stage of the reaction.

(2) Insertions would take “perpendicular approach” to the
H-H bond. The doubly occupied 7 orbital could overlap
with the o™ orbital and the vacant 7 orbital could overlap
with the o orbital. To confirm these speculations and to
determine which approach is favorable in computations, ab
initio molecular orbital calculations were performed.

The multi-reference single- and double-excitation config-
uration interaction (MRCI) method was employed®” to cal-
culate potential energies of the lowest two singlet states in the
saddle point region for the abstraction and insertion mecha-
nisms. Higher excitation effect was included by the Davidson
correction® in searching saddle points. Widmark’s atomic
natural orbital basis sets®” were used with contractions of
[4s3p2d1f] for N and [3s2p1d] for H. Reference wave func-
tions were generated from the complete active space self
consistent field (CASSCF) procedure with seven active or-
bitals accommodating eight electrons. Configuration state
functions (CSF) with |¢;]>0.05 were selected as reference
CSF’s, where c; is the CI coefficient of the i-th CSF. In the
present calculation, 11 CSF’s were taken as the reference.

We firstly located a saddle point for the abstraction with
a restriction of geometry in a plane. A six dimensional
parabolic function was fitted to MRCI energies of 246 points
to determine the saddle point geometry. The structure of the
planar saddle point is depicted in Fig. 4, which agrees well
with that calculated by Fueno et al.'” The total energy was
calculated to be —56.24559 hartree. Taking the asymptotic
energy of —56.25320 hartree into account, the barrier height
is determined as 20 kJ mol~! without vibrational zero point
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Fig. 4. Saddle point structure on the potential energy surface
for planar abstraction obtained in the present MRCI calcu-
lation. The nuclear distance is given in Angstrom unit.

energies.

This planar structure, however, is not a true TS. The poten-
tial energy was found to decrease when H; is rotated around
its center, X, in a plane perpendicular to the X—N-H plane.
Figure 5 shows the angular dependence of the electronic
structures (top) and adiabatic potential energies (bottom) for
the lowest two singlet states. Here, we define an index, ¥, as
a measure of the open-shell character.

2 2 2 2 2
X =cn/len +cw +ew)

where ¢y, ¢y, and cgp are CI coefficients for electron-
ic configurations (10a;)'(11a;)', (10a;)?(11a;)°, and
(10a)°(11a;)?, respectively. When y? is, for example, 1.0,
the electronic structure has a totally open-shell character.
The curve of y? for the lowest singlet state show that the
open-shell character is dominant in the end-on approach and
the closed-shell character is dominant in the perpendicular
approach. At 8=8° the electronic character changes. This re-
sult is consistent with the intuitive expectation as mentioned
above, that is, the abstraction (open shell) mechanism would
occur by the end-on approach and the insertion (closed shell)
mechanism would occur by the perpendicular approach. The
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Fig. 5. Angular dependence of the electronic structure and
potential energy for the two lowest singlet states. AE is
measured from the planar saddle point for the abstraction.
For the definition of y, see text. The angle 8=0° corre-
sponds to the planar saddle point.

Reaction of NH(a, v=0, 1) with H, and D>

second lowest state exhibits complimentary behavior to the
lowest state.

The energy minimum shown in Fig. 5 does not mean the
correct insertion barrier, since the geometry is not optimized.
We attempted to determine the insertion TS with a restriction
of the geometry in Cy symmetry, where H, molecular axis is
normal to the symmetry plane. However, the C; saddle point
was also found to be an energy maximum in a symmetry-
breaking mode of vibration and the true TS looks slightly
deviated from the correct perpendicular approach. Never-
theless, it is obvious that the nitrogen atom favors to attack
H; at the side to form a complex than to abstract a hydrogen
atom collinearly.

Discussion

The present experimental findings are summarized as fol-
lows.

(1) The product branching ratio k,,/ky, showed no tem-
perature dependence in the range 294—407 K. This seems a
directevidence that H (D) is produced mainly by the insertion
reaction, except that the activation energy for the abstraction
is indistinguishably close to that for insertion.

(2) The activation energies for NH(a)+H, and NH(a)+D,
are equal in spite of the lower absolute rates for D, than
those for H,. This seems consistent with the loose TS for
insertion, where the distance between N atom and the cen-
ter of H, is rather long (2.0 A). Frequency shift of H-H
vibration is expected to be very small for such a loose struc-
ture. The zero-point energies relevant to the H-H (D-D)
local vibration, therefore, will not cause an apparent iso-
tope effects on the activation energies. The observed iso-
topic ratio of the rate constant k;/k;=0.72 simply reflects
the ratio of collision frequencies, which is equivalent to
[,u(NH—Dz)/,u(NH—Hz)]*l/ 2=0.75. On the other hand, if
the abstraction takes place through the saddle point shown in
Fig. 4, the H-H distance at that point is considerably longer
than the original distance of 0.75 A. This implies that the
frequency of H-H vibration as well as the zero-point energy
should be lowered at the TS. In such a case, the activation
energy will increase when H; is replaced by D.

(3) The vibrational excitation of NH(a) onto v=1 does
not accelerate the reaction. This seems consistent with the
loose TS for insertion, where incoming translation is the
only effective motion to pass the barrier. As shown in Fig. 4,
however, present theoretical calculation shows that NH vi-
brational motion is nearly perpendicular to the reaction path
for the abstraction. Thus, effective increase of the reaction
rate is not expected by the vibrational excitation of NH for
either channel.

There are some cases that vibrational excitation decreases
reaction rates such as CO(v)+OH and HCO(010)+0, %3P
This negative vibrational effect has been explained with the
mechanism that a backward reaction from the intermediate
complex is enhanced by the internal energy increase. It is
required that the backward potential barrier is higher than
the forward one leading to the final products. At the same
time, they have to be so close that a considerable amount of
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the intermediate can proceed the backward reaction. In the
present reaction, however, the exit channel H+NH; is highly
exothermic to the initial NH(a)+H, (117 kImol™") so that
no backward process from the NH; complex is expected.
Therefore it should not be the case of the negative vibra-
tional effect although the present experiment showed slight
decrease in the rate of NH(a,v)+H,.

On the well-investigated O(' D)+H, reaction, the predomi-
nance of insertion mechanism seems conclusive after a series
of discussion.”* ™ That is, reactive cross section, energy
partitioning in the products, and their isotope effects have
been successfully reproduced by the trajectory calculations
conducted on ab initio PES’s. In particular, moderately ex-
cited, near-statistical vibrational distribution and inverted
rotational distribution in the product OH were characteris-
tics of the fast cleavage of the complex formed via insertion.
There remain minor discrepancies among the model PES’s
partly due to the analytical fitting procedure.”*® Neverthe-
less, it was shown that abstraction hardly contributes to the
overall reaction even on the PES that is most favorable to
this channel.'>'® While strictly collinear collision is neces-
sary for the abstraction to occur, most collisions entering
inside the threshold impact parameter fall into the deep well
of H,O. Moreover, a barrier of a few kJmol™! was found
in a detailed analysis of the collinear minimum energy path
using an ab initio CI calculation.'”

NH(a)+H, reaction has lower rate than O('D)+H, ow-
ing to the small but non-zero barrier, though, the reaction
mechanism appears to be quite similar each other. Also, the
vibrational distribution in the product NH, was evaluated
to be near-statistical in the previous work.” In conclusion,
the experimental findings and the theoretical examination
of the PES character support that the reaction has a single
TS leading to insertion, rather than the competition of the
two pathways, at least, over the temperature range of this
experiment.
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