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Influence of vibrational excitation on the reaction
Li „2 2PJ…¿H2„vÄ1…\LiH „X 1S¿

…¿H
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The reaction Li(22PJ)1H2(v51)→LiH( X 1S1)1H is studied to understand the effect of
vibrational excitation on the reaction pathways. The hydrogen molecules in thev51, j 50 – 3 levels
are populated by using stimulated Raman pumping~SRP!. A pump–probe technique is employed
simultaneously to initiate the reaction and monitor the products. The pump–SRP and SRP–probe
delay time are short enough to allow for the products to be in a nascent state. The population fraction
in the v51 level can be estimated to be 7.5% by using coherent anti-Stokes Raman spectroscopy.
As characterized by Boltzmann rotational temperature of 730 K, the rotational state distributions of
LiH( v50) obtained with H2(v51) appear to be unimodal, similar to those obtained with H2(v
50), but the product yield is enhanced by a factor of 7–8 times. According to the potential energy
surfaces calculations, the insertion mechanism in~near! C2v collision configuration is favored. The
Li(2 2PJ) – H2 collision is initially along the 2A8 surface in the entrance channel and then transits
to the ground 1A8 surface, from which the products are formed. When H2 stretches to its outer
turning point~;0.9 Å!, the 2A8 surface may diabatically couple to the 1A8 surface in the attractive
region. An energy barrier of 4300 cm21 will otherwise obscure the reaction if the H2 bond distance
is fixed at 0.75 Å. The energy deposited in thev51 level simply enlarges the H2 bond distance to
help facilitate the reaction and increase the subsequent product yield. The lack of detection of the
product LiH(v>1) implies that the exoergic energy by 2530 cm21 should not be distributed
statistically among different freedom of motions. The vibrational excitation does not seem to open
up an additional pathway for the reaction. ©2003 American Institute of Physics.
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Reaction dynamics of electronically excited alkali atom
with the hydrogen molecule has been an attractive topic
study.1 The reactions between alkali atoms and molecu
hydrogen, A1H2→AH1H, are highly endoergic in thei
ground state, requiring a large deposit of energy to initi
the reaction. In practice it is easily achieved via electro
excitation of the atom. Then, nonadiabatic couplings nec
sarily occur along the reaction path, from the excited
trance valley to the exit one, as the A1H2 ground state po-
tential surface is adiabatically correlated to the AH1H
ground state one. The electronic excitation of the atoms,
ing usually achieved by using lasers, may open the way
the study of various selective effects such as the influenc
potential energy and electronic symmetry, as well as the
fluence of light polarization and coherence. On the ot
hand, only limited number of atoms and active electrons
involved in the reaction, allowing for realistic, accurate c
culations of potential energy surfaces~PES! and collision
dynamics, even in the excited states that are concer
Therefore, these photochemical reactions offer unique po
bilities to detailed, generalized studies of nonadiabatic p
cesses in reaction dynamics.

Among the issues of reaction dynamical complexity ha
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ing been studied, the reaction pathways for K,2–9 Rb,10,11and
Cs12–20 are found to be similar with the following commo
characteristics: First, these reactions followed a collinear c
lisional geometry, producing alkali hydrides predominan
via an ion-pair intermediate; however, for the case of Cs,
electron jumping distance was shorter than the harp
model predicted.14 Second, the available energy dissipati
into vibration of the product, particularly for KH and RbH
generally increased with the principal quantum numb
Third, more than 70% of the available energy was relea
as translation, while only a small fraction was channeled i
rotational motion of the alkali hydrides which appeared to
in statistical thermal distributions. The Na(42P) plus H2 re-
action is the only exception with a different reaction pathw
from K, Rb, and Cs. Kleiber and co-workers21,22found that a
bimodal rotational distribution of NaH resulted with the m
nor component peaking at lowJ and the major componen
peaking at highJ. The bimodal nature was thought to ste
from a side-on attack along an attractive surface, which
termined the microscopic branching late in the e
channel.21,22 To interpret the insertion preference, Berso
suggested that the Na atom with a smaller size should su
from the least repulsion in the insertion approach into
H–H bond.14

The scheme, Li1H2→LiH1H, is the simplest chemica
reaction after the H1D2 exchange one. The reaction is e

2-
5 © 2003 American Institute of Physics
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8786 J. Chem. Phys., Vol. 119, No. 17, 1 November 2003 J.-J. Chen and K.-C. Lin
doergic by 1624 cm21 after excitation of lithium atoms to the
2p 2P state.23 The Li(2 2PJ)1H2 reaction can start from the
first excited potential surface above ground state to yield L
and H products in their electronic ground states. It neces
ily implies nonadiabatic couplings along the reaction pa
Up to now, the only available experimental data over
Li(2 2PJ)1H2→LiH1H reaction have been obtained
bulk experiments. For instance, Myserset al. measured the
reaction cross section (s50.10 Å2) using a rate equation
model.24 Lin and co-workers characterized the rotation
state distributions of the LiH(X 1S1,v50) products to be
unimodal with a Boltzmann rotational temperature sligh
hotter than the cell itself.9 It thus suggests a side-on attack
the lithium atom to insert between the two hydrogen on
Bililign and co-workers also observed the LiH product in t
Li(2 2PJ) plus H2 reaction to favor a nearC2v collision con-
figuration using far-wing scattering spectroscopy.25 From a
theoretical point of view, Jeung and co-workers predic
that an insertion mechanism be favored, but harpoon me
nism cannot be applied to this system.23

In this work, effect of vibrational excitation on th
Li(2 2PJ)1H2(v51) reaction is studied for the first time
The H2 v51, j 50 – 3 levels are populated by using stim
lated Raman pumping~SRP!. A coherent anti-Stokes Rama
spectroscopy~CARS! is employed to determine the popul
tion fraction pumped to these levels. With detection of las
induced fluorescence~LIF!, the LiH(X 1S1,v50) product
yield is found to be greatly enhanced, with rotational st
distributions similar to those obtained with the H2(v50)
reaction, under an otherwise identical condition. More
sight may be gained into the dynamical complexity from t
current reaction.

In the experimental setup, a pump–probe technique
plied to heat-pipe oven was similar to the one us
previously.5,6,8,9The pump beam was a 10 Hz, 5–8 ns puls
doubled Nd:YAG laser-pumped dye laser, which was use
prepare the Li atom in the 2p 2PJ state at 670.9 nm. The
probe dye laser, pumped by another~tripled! Nd:YAG laser,
was used to excite the LIF spectra of the LiH product in
A 1S1 –X 1S1 transition from 360 to 380 nm. The unfo
cused pump and probe beams, with energies kept less
100mJ each prior to the reactor propagating opposite to e
other, were collimated via an individual pinhole of 0.3 cm2

cross section. The probe beam was spatially delayed a
10 ns. The zero delay time was defined as the maxim
temporal overlap between the pump and probe pulses.

A six-armed heat-pipe oven was used to contain the
metal, which was heated to 70061 K. The H2 gas, regulated
at a constant pressure of about 8 Torr monitored by a M
capacitance pressure gauge, flowed slowly through the r
tor. The obtained LIF signal of LiH(X 1S1,v50) was trans-
mitted perpendicularly relative to the laser beam throug
monochromator and detected by a photomultiplier tu
~PMT! enclosed in a cooler at220 °C. The monochromato
functioned as a filter to reduce interference from scatte
light. To remain the obtained LiH in a nascent state, a ro
tional line ~6,0! R5 was selected for the measurement of
H2-pressure dependence. Its peak area was linearly pro
tional to the H2 pressure up to 15 Torr at a pump–probe tim
Downloaded 13 Aug 2007 to 140.109.113.120. Redistribution subject to A
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delay of 10 ns. The results implied that the rotational cool
and secondary reaction processes were negligible unde
conditions adopted throughout the experiments.

A SRP technique was employed to prepare the H2 popu-
lation in thev51 level. The second harmonic of an Nd:YAG
laser at 532 nm was focused into a Raman shifter, filled w
10 atm H2 gas, to give out a strong first Stokes and an
Stokes Raman shift at about 683 and 436 nm, respectiv
The output beams at 532 and 683 nm were measured t
18 and 20 mJ, respectively, prior to the reaction chamb
while the beam at 436 nm was filtered out. Then these
beams were softly focused, with a focal length of 70 cm, a
reflected by a dichroic mirror into the center of the react
overlapping with the probe beam which was transmit
through the same dichroic mirror. The pump–SRP and SR
probe delay time were adjusted to be 5 ns each. During s
short delay time the prepared H2 v51 population could not
be relaxed via collisions.26

The fraction of population in thev51 level may be
estimated by using CARS. The setup of CARS was co
posed of two pulsed beams: one from an Nd:YAG laser
532 nm with 25 mJ and the other from an Nd:YAG las
pumped-dye laser emitting in the range 680–685 nm w
5–6 mJ. With the use of a dichroic mirror (M1), both beams
propagating along the same direction are temporarily
spatially overlapped in the center of the reactor. The p
duced anti-Stokes beam at about 435–437 nm was trans
ted through another dichroic mirror (M2) and detected by a
PMT positioned at the opposite side of the reactor. While
dye laser was scanned, the CARS rotational spectra of2

(v50,j 50 – 3) at 700 K may be obtained under the con
tions without and with SRP application. The SRP puls
were reflected by the dichroic mirror (M2) and spatially
overlapped with the CARS beams impinging from the opp
site side of the reactor.

Using the pump–probe technique, Fig. 1 shows a port
of the LIF spectra of LiH ~5,0! and ~6,0! bands in the
A 1S1 –X 1S1 transition with and without SRP application
The spectral assignments of these rovibrational bands a
the molecular constants for theX and A states reported by
Stwalley and co-workers.27–29 The obtained spectra are in
nascent state, as examined by the measurements desc
previously. The rotational intensities obtained with SRP
found to be significantly stronger than those without SR
However, LiH cannot be detectable with SRP alone, if t
pump beam is blocked.

The rotational spectrum in Fig. 1~b! is actually contrib-
uted by the reactions with both H2 v50 and 1 populations.
The fraction ofv51 population with SRP technique may b
estimated by using CARS. Figure 2 shows the CARS spe
of four Q-branch transitions of H2(v50→1) at 700 K with
and without the SRP application. The intensity alternation
caused by the nuclear spinI 51/2 and thus the statistica
weights for the even and odd rotational lines are 1 and
respectively.30 The CARS signal is proportional to the squa
of the population difference between the two Raman tran
tion states of molecule.31 As shown in Fig. 2~b!, a decrease
of 28% in populations of all rotational lines of thev50 level
suggests that thev51, j 50 – 3 levels should be excited s
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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multaneously by SRP, different from only a single rovibr
tional level (H2v51,j 51) prepared in a supersonic je
experiment.32 The vibrational population is evaluated as
sum of the corresponding rotational peak areas. Accordin
the population fraction inv51 pumped by SRP can be es
mated to be 7.5% of the total vibrational population in th
work. A value more than 30% was previously reported
detection of resonance-enhanced multiphoton ioniza
~REMPI!, under the beam energies of 25 mJ/pulse each
the wavelength at 532 and 683 nm through a 20 cm fo
lens into the reaction chamber.32 The deviation in the beam
energy densities and the pressure in the Raman shifter
cause the difference of the SRP efficiency.

By considering the Ho¨nl–London factors, the rotationa
population distributions of LiH(v50), as represented by th
average intensities of P and R branch lines, are shown in
3. For the case without SRP@i.e., H2(v50)], the distribu-
tions appear to be unimodal, peaking atJ54 – 5. The rota-
tional population may be approximately characterized b
statistical thermal distribution, with temperature of 7
639 K estimated from the~6,0! band, in agreement with
those reported previously.9 For the case with SRP, the rota
tional intensities are contributed by the reactions with 7.
H2(v51) and 92.5% H2(v50). Accordingly, as shown in
Fig. 3, the rotational state distributions of LiH for the rea
tion with H2(v51,j 50 – 3) alone may be readily obtaine
from the rotational spectra given in Figs. 1~a! and 1~b!. The
Boltzmann rotational temperature is thus determined to

FIG. 1. LIF spectra of LiH(v50) in theA 1S1 –X 1S1 transition~a! with-
out SRP and~b! with SRP application. The vibrational levelsv855,6 in the
upper state are excited, while the emissions from the~5,5!, ~6,6! bands are
monitored.
Downloaded 13 Aug 2007 to 140.109.113.120. Redistribution subject to A
-

ly,

y
n

or
al

ay

ig.

a

e

730 K, slightly higher than the oven temperature. Wh
comparing the rotational distributions resulting from t
H2 v50 and 1 levels, two aspects may be discerned. F
the product yield and thus the reaction cross section obta
in the H2(v51) case is enhanced by a factor of 7–8 time
Second, the rotational distributions both appear to be sim
to each other. For the case without SRP, the LiHv>1 popu-

FIG. 2. Rotational spectra of H2(v50,j 50 – 3) in the Q-branch transition a
a pressure of 8 Torr in a heat-pipe oven at 700 K obtained by using CA
technique under the conditions~a! without SRP and~b! with SRP.

FIG. 3. Rotational population distributions of LiH(v50) determined from
the ~6,0! band in the reactions with H2(v50) and H2(v51), respectively.
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



d
r-

le

i-

ar

-
d
th

to

e
th
la

m
e

oe
ro
d
o

th

a
a

th
om

l
t

ity

tr
e

f

u
n

o
e

-

nal

la-
r

es
-
on
n-
e
nd

un-
-

m.

, M.

ys.

ys.

em.

ys.

ys.

m.

of

8788 J. Chem. Phys., Vol. 119, No. 17, 1 November 2003 J.-J. Chen and K.-C. Lin
lations were not detectable~,0.05 Å2!, since the reaction is
endothermic by 1624 cm21 calculated by Jeung an
co-workers.23 According to Arrhenius theory, the energy ba
rier was determined previously to be 1280646 cm21, which
is probably attributed to such endothermicity.9 It should be
noted that the vibrational excitation of H2(v51) makes the
current reaction become exoergic by 2530 cm21, energeti-
cally equivalent to thev52 level of LiH product. Neverthe-
less, the population of LiH(v>1) has not been detectab
either.

According toab initio PES calculations for the Li(22P)
plus H2(v50) reaction, the reaction pathway favors L
insertion into the H2 bond.9,23The colliding species follows a
nearC2v coordinate along the 1B2 ~or 2A8) surface and then
transits to the lower state from which the products
formed. The curve crossing between the 1A1 and 1B2 sur-
faces occurs at a barrier about 4300 cm21 above the asymp
tote states of separate reactants with the H–H bond fixe
0.75 Å. In contrast, the crossing region moves outward to
attractive portion of the 2A8 surface, as the H2 bond is
stretched to 0.9 Å.9 Therefore, the reaction is feasible
occur as long as H2 stretches to its outer turning point.

The vibrational excitation of H2 seems to simply enlarg
the H2 bond distance in the entrance channel to facilitate
reaction and increase the subsequent product yield. The
of detection of LiH(v>1) in the Li(22PJ) plus H2(v51)
reaction suggests that the excess energy by 2530 c21

should not be distributed statistically among different fre
dom of motions. The energy deposited in the vibration d
not open up an additional reaction channel to make the p
uct distributions otherwise different. The experimental fin
ings confirm the interpretation of reaction pathways based
the PES calculations. Different from the current reaction,
vibrational excitation in the O(1D),33 C(1D),34 and
O(3P),35 plus H2(v51) reactions may change the rotation
distributions and thus enhance the probabilities for the re
tion pathways which are otherwise negligible in the H2(v
50) reactions.

By analogy with the case of Na(42S,42P),21,22 the
Li(2 2P) plus H2 reaction favors the insertion mechanism
The small atomic size of Li causes the least repulsion in
insertion approach. An efficient electron back-donation fr
the metal atom to the antibondings* of the molecular hy-
drogen may energetically stabilize the2B2 ~or 2 2A8) sur-
face. Enlargement of the H2 bond distance with vibrationa
excitation seems to strengthen such stabilization to make
2B2 ~or 2 2A8) surface more attractive. Despite the similar
between the reactions of Li and Na involving the 2A8– 1A8
nonadiabatic couplings, their resultant rotational state dis
butions are different. For Li, the rotational distribution in th
exit channel may depend on the anisotropy of the 1A8 sur-
face. The LiH2 collision complex in the minimum energy o
the 1A8 surface is expected to be in a bent configuration.9,23

Thus, upon transition to the lower surface, the LiH2 collision
complex, which decomposes via a bent intermediate, is s
ject to a weak anisotropic interaction, causing the rotatio
temperature slightly hotter than the system temperature.

In summary, by using the SRP technique, the effect
vibrational excitation on the dynamical complexity for th
Downloaded 13 Aug 2007 to 140.109.113.120. Redistribution subject to A
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Li(2 2P) plus H2 reaction is investigated. A population frac
tion of 7.5% pumped to thev51 level may be estimated
with the CARS measurement. The determined rotatio
state distributions of LiH(v50) with the H2 v51 excitation
appear to be similar to those obtained with the H2 v50 re-
action, but the product yield~or reaction cross section! is
enhanced by a factor of 7–8. According to the PES calcu
tions, the Li(22P) with H2 v50 and 1 reactions both favo
the insertion mechanism. The excess energy in the H2(v
51) case may not randomly flow to the LiH internal stat
to cause higher levels (v>1) populated. The vibrational ex
citation may not change the effective colliding configurati
to open up an additional reaction pathway, but simply e
larges the H2 bond distance to facilitate the reaction. Th
effect of vibrational excitation can be readily interpreted a
help understanding of the Li(22P) plus H2 reaction.
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