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1. Abstract

In this research work, we calculated the
ground state and excited states PES of Be +
H,, Be + CHy4, Na + CH4 and Na + Ns. For
the first three, we focused on the pathways
of chemical quenching, while the last one is
a physical quenching. Be('P) + H; — BeH
+ H occurs via a near C,, intermediate in
the 2A’ state, where H-H =1.4 A for a better
overlap between Be 2py and H; o*. In the
reaction of Be('P) + CH; — BeH + CH,;,
the C;, pathway has large 1A’ and 2A’ gap
and thus is difficult for a non-adiabatic
transition. The reaction is also likely to be a
near C,, one. Then the ground state Be will
insert into one of the C-H bonds. While the
anti-Cs, is not possible in Mg('P) + CH; —
MgH + CHs, it will be a possible pathway
for Be('P) + CH,4 because Be is smaller. We
used the same method to treat Na(4’P) +
CH,, but the 2A’ and 1A’ gap is always
large, thus it is not likely to produce NaH.

In the physical quenching of Na(3?P) + N,
— Na(®S) + No*, our result shows that it is

also very likely via a near C,, intermediate.

AEEBRHEPEMFET Be + Hy,

Be + CHy;, Na+ CHyand Na+ N, RER
FEMFEOREETED T EEER
AFRTHEAHEPRBIRE &k —BR)
R kB rE3E o Be('P) + H; = BeH + H
REE—MEE Cy &) 28°FRI - K F
H-H =14 A » 4ot Be 2p,#v H; o* T 1A
Tt R Ak 6 Bk & & © 4 Be('P) + CHy >
BeH+CH; # C3y #BERKTE B A
1A B 2A" AR AK » AERILE
47 non-adiabatic transition - & 18 & 4. %
— AL Cyy HIBARXKB AR EXER
SEIBAL ¥ —18 C-Hét o &£ Mg('P)+

CH; —» MgH + CH; ¥ » anti-Ca, #7347
BB > B4R b8 0 AT ST B o 8147
BAR) AR 69 F X R R 22 Na(4’P) + CHy - {0
= 1A B 2A HBERRBRRA  AAAR



B3k % % NaH » Na(3’P) + N; > Na(’S) +
Ny B & dh it Gy 946N KRS -

II. Key Words: potential energy surface,
quenching, insertion,
abstraction, side-on

attack, end-on attack.
IIL Introduction and Purpose

The collision between an excited IA or IIA
atom with a small molecule has attracted
physical chemists due to its simplicity for
understanding  fundamental dynamical
theories. The reactions of these kinds of
metals with alkanes or alkenes are also
important in petroleum and catalytical
industries. Further more, these kinds of
collisions also occur in galaxies. In the
early 1980’s Breckenridge found that MgH
resulted from Mg(3*P) + H, had bimodal
rotational distribution.'” It was suggested
that the low J products came from an
end-on attack of Mg*, while the high J
product came from a side-on attack. Later
on the experiments showed that the
bimodality had no obvious isotope and
temperature effect.” Chaquin et. al.* also
showed a 43 kcal/mol barrier for the end-on
attack in their PES calculations. It is now
known that either low or high J product are
all resulted form side-on, a near C,, attack.
The reaction goes through an intermediate
on the 2A’ surface where H-H is about 1.5
A for a better overlap between the metal
2py, and H; o*. The bimodality is exit
channel controlled on the 1A’ surface. The
reaction of Li*° and Na*® with H; is similar.
Here, we tried to study the reaction

between Be(lP) and H; for a comparison.

Breckenridge also found that MgH from
Mg(3’P) + CH, also had bimodal
rotational distribution. Chaquin’s
indicated  that  direct

abstraction of H by the metal via a Cs,

calculations®

pathway is not likely due to a barrier and a
large gap between 2A’ and 1A’. But a near
C,v insertion followed by a distortion of
methane would have almost no barrier.
Chaquin’s calculations also showed that
Li(2’°P) would not react with methane.
Several years ago, Kleiber did the
experiment of Na(4°P) with CHy, but did
not find NaH.” Thus, here we not only
intend to obtain the PES of Be('P) with
CH,, but also to obtain the PES of Na* +
CH,.

The physical quenching of Na(3’P) by N,
had been intensively investigated in
theories and experiments. Experiments
showed that the peaked vibrational state of
N; after collision is at v’ = 3 or 4.'%"
Habitz’s'> PES showed that the largest
diabatic coupling occurs at Jacobian angle
B = 45° Persico’s’” PES showed that
quenching would happen through a near
C,, intermediate on 2A’. Poppe’s PES'
showed that C,y collision also formed an
intermediate. Here, we wanted to
re-calculate the PES to ensure the pathways

of quenching.
IV. Result and Discussion

We have calculated the potential curves of



Be(2'P) + H, at © = 1, 45 and 89° and
various H-H distances on the MRCI/ROOS
basis set level. The 2A’ well becomes
deeper as © increases from linear to
perpendicular. This is because of the better
overlap between Be 2p, and H; c*. At 0 =
89°, the well becomes deeper from d(H-H)
= (.74 (the equilibrium distance) to 1.4 A
and then more shallow when d(H-H) > 1.4
A. Thus, split of H-H up to 1.4 A will have
the most efficient orbital overlap. We
calculated the 3A’ and 4A’ potential curves.
3A’ is 2p, + o asymptotically, which merges
with 2A’. Thus when one of the valence
electrons of Be is excited to 2p, it would
have equal probability to move on 2A’ and
3A’. But there is a barrier on 3A’ at d(Be-H3)
=2.2 A, which would need about 6000 K of
experimental temperature to overcome it.
Therefore we conclude that the pathway via
3p; orbital will not be possible in a regular
heat pipe reactor. We also obtained the 4A’
surface, which is 4s + ¢ asymptotically and
coupled with 3A” at d(Be-Hz) = 1.7 A. Thus,
Be at 4s can react with H, to form BeH. At
d(H-H) = 1.4 A and short d(Be-Hy), there
are three non-adiabatic couplings. The one
at d(Be-H;) = 1.3 A is 1A’ and 2A’ coupling,
the one at d(Be-H,) = 1.6 A is 2A” and 3A°
coupling and the most outer one is 1A’ and
3A’ coupling. When d(H-H) is small, there
are only one coupling between 1A’ and 2A’.
Also, as d(H-H) > 1.4 A, these three
coupling disappeared. We also obtained 1A’
to 3A’ for Li + H; at d(H-H) = 1.4 A, but
there is only 1A-2A’ coupling. The reason
here is that 3A’ had been thought as a
repulsive curve due to 3p, + o. It is so
asymptotically, but at short distance the 3a’

and 4a’ orbitals are so closed, where 44’ 1s
2py + o*, and double excitation from 3a’ to
4a’ will occur. Therefore 3A’ is also
attractive. When H-H is too short or too
long, 3a’ and 4a’ will not be too closed.
Thus the 3A’ well elevates and the three
couplings disappear.

In Be('P) + CH,, our Cs, PES showed large
1A’ and 2A’ gap. Thus, it is not likely to
react through this geometry. Since the
reactants are on 2A’ and the products are on
1A’, there must be
transition between these two states for the

a non-adiabatic

reaction to accomplish. We would like to
find a geometry where 2A’ and 1A’ are very
closed. When Be('P) moves in along the
dividing line of two C-H bonds to d(Be-C)
= 2.0 A, 2A’ shows no obvious change but
1A’ becomes repulsive. We then let Be
rotate toward one of the hydrogen atoms
(Hy) up to d(Be-H;) is
equilibrium distance of a free BeH and CH,4
was kept not disturbed. Both 2A’ and 1A
still showed no obvious change. Now we
started to change CH, from T4 toward Csy
and let Be insert into C-H, At the
beginning both 2A’ and 1A’ raised because

nearly the

breaking the C-H, bond would need energy.
Then 2A’ formed a stable intermediate at
ZH,BeC = 90°, where 2A’ and 1A’ were
very closed. We think that non-adiabatic
transition can occur here. However, the 1A’
energy still lowered beyond this angle up to
ZH,BeC = 180°. Form the point of
hybridization, ground state Be bonds to two
moieties with its linear sp orbitals, while in
its excited state, 2py is perpendicular to the
sp orbital. That was why the 2A’ and 1A’



intermediate are at 90 and 180°. After the
ground state CH3-Be-H was formed, BeH
left and the 1A’ surface raised. However, in
our calculations forming BeCH; is also
exothermic. Our result shows that anti-Cs,
is also a possible pathway, while it is not
for the reaction of Mg* + CHs. This could
be due to the small size of Be. Be(’P) can

proceed the same reaction as Be('P) does.

According to our private communication
with Kleiber for his experiment of Na(4?P)
+ CH,, in which no NaH was detected, we
would like to understand the reason from
PES. We treated this system with the same
method for Be* + CHs. Na(4°P) is the 8A’
state. There is no direct coupling for 3A’ to
8A’ with 1A’. But transition state by state
from 8A’ to 3A’ is easy due to small gap
among these states. The key point is at the
gap between 2A’ and 1A’. But according to
our calculations, 2A’ and 1A’ cannot be too
closed to each other. We think that this
could be the reason that Kleiber did not
find NaH.

Although the transition between 2A’ and
1A’ for the quenching of Na*(3°P) by N,
could take place at 6 = 90, 45 or 0°, our
result shows that the most possible
geometry is still near Cyy. The intermediate
has d(N-N) = 1.2 A, slightly larger than its
equilibrium distance 1.06 A. This is for a
better overlap between Na 3p, and N; n*.
However there is also a 1A’ shallow well
for the end-on linear approach. For the

reaction between metal and H,, we did not
find this 1A’ well. That would be due to the

n electron of Ny delocalizing over the
empty 3py of Na.

V. Self-Evaluation

We have completed the work of Be* + H;
and Be* + CH, and is wnting papers for
them. Na* + CH,4 and Na* + N; are nearly
finished. We would like to do a QCT for
Na* + N, to compare the peaked vibrational

state of N; after collision with experiments.
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