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Rotational population distribution of KH ( v=0, 1, 2, and 3) in the reaction
of K(5 2P;, 6 >P;, and 7 ?P) with H ,: Reaction mechanism
and product energy disposal
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Using a pump—probe method, we have systematically studied the rotational distribution of KH
(v=0-3 produced in the reaction of K6P, 6P, and P) with H,. The resulting rotational states

fit roughly a statistical distribution at the system temperature, while the vibrational populations are
characterized by a Boltzmann vibrational temperature of 1800, 3000, and 3100 K fop tie€5

and 7P states, respectively. These results provide evidence that the reaction follows a collinear
collisional geometry. This work has successfully probed KH from the®)(&eaction, and confirms

that a nonadiabatical transition via formation of an ion-paits intermediate should account for

the reaction pathway. The available energy dissipation was measure{G@b®%, (26+2)%, and
(6+=3)% into the translation, vibration, and rotation of the KH product, respectively. The energy
conversion into vibrational degree of freedom generally increases with the principal quantum
number, indicating that the electron-jump distance elongates along the ordexd#B<7P. The

result is different from the Cs@,9P)—H, case, in which the electron-jump distances were
considered roughly the same. Furthermore, a relatively large distance is expected to account for
highly vibrational excitation found in the KH product. According to the classical trajectory
computation reported by Polanyi and co-workers, the strong instability of fhbdfd, inducing a

large repulsion energy, appears to favor energy partitioning into the translatioh99® American
Institute of Physicg.S0021-960806)01443-3

I. INTRODUCTION tially proceed via an abstraction mechani¥mNote that in
some nonadiabatic reaction mechanisms, more complicated
parameters determine the isotope effect, such that the simple
A+ HymsAH+H, (1)  indication may fa}il‘."lll Spectroscopic analysis of the rovibra-
tional state distribution of the product is also indicative of
is next to the case of HH,—H+H, and its isotopic vari- the reaction mechanism. A bent-geometric insertion usually
ants. The information related to E@) may provide insight leads to a product accompanied by hot rotation and cold
into the dynamical behavior of more complicated systemsvibration, whereas a collinear abstraction reaction leads to a
To overcome the endoergicity involved, the method of enproduct with cold rotation and hot vibration. For many com-
ergy disposal in the atomic reactant with a tunable radiatiorplicated systems, however, potential energy surface and tra-
source is feasible and widely employed. The cases, whicfectory computation should be considered to gain full insight
have been under investigation, include nonmetal atoms sudhto the reaction complexity.
as Cr 02 and F(Ref. 3 as well as metal atoms such as Na, Although the collisions of excited alkali atoms with, H
K,> Cs®Hg,” zn® and Cd® Among the courses of dynamical have been investigated for decades, the related reaction dy-
complexity studied, the reaction pathway is an issue of comnamics is not well understood. For instance, the argument
mon concern. To achieve this goal, measurements by crosseshs once focused on whether a single collision between
molecular beam3® isotope effects;’® and spectroscopic Cs(7P) and H, could produce Cst¥!?'® Sayer and co-
method$?2 are frequently adopted. In the crossed-beam exworkers provided a model for the CsH formation via a sec-
periment, the scattering distribution of the product with re-ondary collision through either the vibrationally excited H
spect to the center of mass of the system is correlated with @ (CsH,)* as a mediate stef3:*® In contrast, Vetter and
direct or indirect reaction mechanism. With the use of HD asco-workers measured the CsH product with two crossed mo-
a reactant, information on the H/D ratio may imply interme- [ecular beams, which ensured that the observation was under
diate geometry. If the ratio is larger than unity, an insertivea single-collision conditiofi***They demonstrated that the
reaction is preferred. Otherwise, the reaction may prefereneaction cross section for C&P,, was larger than
Cq7P,), despite a larger energy disposal in the latter reac-
author to whom correspondence should be addressed. Fax: sge-ZANt. They also expected that CsH was formed in a collinear
3636359; e-mail: kclin@hp9k720.iams.sinica.edu.tw collision via an electron harpoon mechanism. Since the sys-

The simplicity of a three-atom reaction scheme,
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tem energy is just over the reaction threshold, only the
ground vibrational state of CsH can be observed, but the
information on extra energy partitioning is not available. In a
very recent study with Cs B and 9 atoms as reactants,
Bersohn and co-workers reported that the vibrational state
v=1 of CsH could be observed, and about 90% available
energy was released as translatidm collinear geometric
collision was anticipated to cause the CsH product, but the
electron transfer occurred at a shorter distance between Cs
and H, than the harpoon model predicted. Due to similarity )
of the product rovibrational distributions between the | so
Cs(8P) and Cs(%) reactants, their nonadiabatic surface |
crossings were almost at the same region. \
The nonreactive behavior of NaP3+H, is well under- g
stood, but the reaction behavior for the excited Na atom has
seldom been studied. In a recent study on the reaction of FIG. 1. Schematics of pump—probe apparatus.
Na(4P) with H,, Bililign and Kleiber! found that(1) a
bimodal rotational distribution of NaH resulted with the mi-
nor component peaking at low and the major component

X 2X| [ PuMP DYE
N:YAG |2 2XL] PUMEOVE Lo |

PHOTO
DIODE

. St : = was worthwhile to repeat this experiment, but using a more
peaking at highl; (2) there was no kinematic isotope effect gogitive pump—probe technique with a laser-induced fluo-

on the rotational distribution. Accordingly, the bimodal na- rescencelLIF) detection. In this manner, we found for the
ture was anticipated to originate from a side-on attack alongirst time the KH product, which resulted from the single

an attractive surface, which determined the microscopi¢.iision between K(®) and H,. In addition, we systemati-
branching late in the exit channels. A similar model WaScaly studied a series of KP) (n=5, 6, and 'jireaction with

previously proposed by Breckenridgeal. to account for tlr;e H, in attempt to clearly understand the reaction pathways
rotational bimodality found in the MgP,)—H, reaction and the energy partitioning involved.

However, in measuring far-wing absorption profiles of the | +his work, we present a detailed nascent rotational
NaH, collision complex, the blue-wing detuning was found distribution of KH resulting from KaP) (n=5, 6, and 7.

to favor low rotational states of the NaH product, while the o optained KH spectra extend to a more complete wave-
red-wing detuning leaded preferentially to high rotational|g 4, range than ever befdta@he resulting rotational states
states. This suggests that the react!on may also proceed V'@uitably fit a statistical thermal distribution, while the vibra-
a secon_d pathway. That IS, an impulsive end-on attaCflfional population was highly excited to at least 3. Accord-
mechan_lsm along a repulm_ve_surface probably results "fhgly, we confirmed that KH was produced by a collinear
NaH, with low rotational excitation. On the other hand, the "5 q¢raction reaction via a harpoon mechanism. The avail-
theoretical work _of Sevin ar_ld Chaquin |nd|cates_ that theable energy dissipation was measured to be 68%, 26%, and
Na(4P)—H, reaction mechanism follows an attractivél® gy, jntg translation, vibration, and rotation of the KH prod-
surface, which evolves through a series of surface crossingg;¢ respectively. Most available energy was released as
. . . . 2 . L .
and finally joins to the reactive "B, surface, correlating  yangsjation; the case is similar to the recently reported CsH

H 8
with the lowest’P state of Na® product. A detailed interpretation on the reaction pathway
We have studied the reaction of K§y and H,, observ- and energy partitioning will be discussed.

ing the resultant nascent KH product with low rotational and
high vibrational state3 The reaction mechanism was antici-
pated to follow a collinear geometry via an electron harpoon, expeRIMENT

process, by analogy with the Cs case. In addition, KH can be

state-selectively produced by K&y but not by K(5D), de- A pump-probe technique, as depicted in Fig. 1, has been
spite a similar energeticity shown by these two states. Thélustrated elsewherg!'’ so only a brief description is
symmetry correlation between the reactants and the producssated below. One Nd:YAG laser-pumped dye laser was used
was considered to appropriately account for the reactivityas the pump source. Thé”5state of the K vapor was excited
discrepancy. So far, K(3) state has been the only state stud-at 404.4 nm with the mixed laser dyes of LD 390 and stil-
ied that successfully produces KH. Lin, Schilowitz, and Wie-bene 420 in a volume ratio of 4:1. TheP6and 7P states
senfeld previously studied collisional deactivation of R)5  were prepared with LDS 698 and DCM, respectively. But the
by H,, but failed to observe any KH produttThis system output wavelength from the dye laser needed to be
is exothermic by 9 kcal/mol. The lack of KH detection was frequency-doubled through a KDP crystal emitting at 344.6
ascribed to an adiabatic transition, in which the R)5-H,  and 321.7 nm for excitation of B and 7P state, respec-
reactants is correlated with the KKFA'S ")+ H products, and  tively. The unfocused beam was collimated through a pin-
the states are energetically inaccessible. In the light of th@ole of ~0.3 cnf cross section with energy output less than
K(7S)—H, reaction? however, the proposed mechanism for 100 xJ, small enough to avoid occurrence of optical satura-
the K(5P)—H, collision seems questionable. We decided ittion or multiphoton absorption process.

J. Chem. Phys., Vol. 105, No. 20, 22 November 1996
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The second dye laser pumped by the other Nd:YAG latespectively, at 404.4, 344.6, and 321.7 nm. The obtained
ser was used to probe the LIF spectra of the KH product irLIF spectra are under the nascent conditions. For evidence of
the A’S "—X!3 " transition. The time delay between pump this fact, we measured the,Hpressure dependence of KH
and probe laser, controlled by a delay generator, was ad7,0)P9, P10, R10, andR11 rotational branch lines at time
justed to be about 10 ns. The delay time was short enough t@elay of 20 ns between pump and probe lasers. The results
ensure that the product distribution could be considered in ghow a linear relationship, which indicates that the reaction
nascent state. The unfocused probe beam was collimatethder the appropriate fpressure and delay time can be free
through a pinhole of~0.3 cnf cross section, propagating from interference of rotational cooling. One exampleRdrl
opposite with respect to the pump beam. The output energiranch line is given in Fig. 3. Assuming the collisional cross
was kept less than 1Q@J to prevent the obtained LIF spectra section of 10 & and the averaged relative speed of>214°
from optical saturation. _ . m/s, the estimated probability for KH to encounter a second-

_ For achieving a better spectral resolution and signal tQyy collision is less than 0.26 for the condition of 5 Tors H
noise ratio, appropriate pairs of excitation and emissionyessyre and 10 ns delay time. Thus the resulting distribution
bands were selected for the various vibrational states. In thig, ¢ partially disturbed by a secondary collision. In the mea-
work, we selected the pairs 6fv',v")=(7,0,(7,D], [(7.1),  syrement of the delay time dependence, the relative intensi-
(7,01, [(5,2), (5,01, and[(6.3), (6,1], respectively, for prob-  yioq of overall signals in the varied distributions resembled
ing population av=0, 1, 2, and 3. Coumarin 480, Couma”n(fach other within 20 ns, but the related signal to noise ratio

50(?’ rpdagnllgg 575,|and at'mlx;ulr.el of ro?ﬁméne 590 da? or a brief delay time was poor. This fact indicated that the
rodamine In a volume ratio ot 1.1 were the dyes USed 10t - ional relaxation was negligible, and the obtained rota-

the corresponding ylbrat|onal states. The obtained LIF Slgnatl|onal distribution can be reasonably considered to be in a
of KH was transmitted through a monochromator and de-nascent state

tected by a photomultiplier tube enclosed in a cooler at
yap P We adopted the molecular constants reported by

—20 °C. The monochromator with dispersion of 18 A/mm Stwall q K for th ; ianrRknt
allowed for spectral transmittance of 14.4 nm. The mono- walley and co-workers for e spectrum assignment.

chromator functioned as a filter to reduce interference 01Since the rotational lines from varied vibrational states hap-

scattered light. The detected signal was fed into a boxca@en in the same LIF spectra .region, speptra identificgtio_n
integrator for signal improvement. By adjusting the delay’ ecomes complicated. To confirm the assignment’s reliabil-

time appropriately, one could reduce the atomic emissiofly: & relaxed spectra under high pressurg~H0 Torr and
interference to the minimum extent, such that the signal tglelay time of 300 ns was taken. As reported previotishe
noise ratio for the LIF spectra may be enhanced. Note thd€Sulting excited vibrational states were quenched, and thus
each LIF spectra was recorded over a wavelength range of 1t§e rotational spectra became .ready to b_e |d_ent|f|ed. A_\Ite.rna—
nm to cover complete rotational states populated. Thus thBvely, by choosing an appropriate combination of excitation
grating setting in the monochromator had to change positiond"d emission bands, one may reduce the spectral complica-
to record such long wavelengths. The segment of spectréon to the minimum extent and facilitate identification of a
obtained in a respective fixed grating position overlappedarticular vibrational state. For instance, for monitoring the
each other for more than 5 nm, and then normalized to the =3 state, we selected tl6,3) and(6,1) band as the exci-
identical condition of detection system. tation and emission band, respectively. In this combined

A six-armed heat pipe was used to deposit the K metalSpectral detection, as shown in FigaR only highJ levels
allowing for spectral observation at 90° with respect to theof v=0, 1, and 2 may appear simultaneously in the same
incident laser beam axf8.A thermocouple was intruded in wavelength region, but their intensities are weak. In this
the vicinity of the reactive regime to monitor the systemmanner, we could record the rotational levels;0-19, for
temperature within an accuracy ofl K. The K metal in the  Vvibrational states of 0 and 1, and rotational levels up to 14
oven was heated to 500 K, yielding a vapor pressure of abodor v =2 and 3. The assigned rotational line deviates from its
100 mTorr. The chamber was evacuated to°IDorr prior to  theoretical counterpart within 1 cm. K, spectral interfer-
introduction of H. The H, gas, regulated at a constant pres-ence with a relatively small rotational constant is free from
sure of less than 5 Torr which was monitored by a MKSthe spectral region studied. Although populatiow &t4 was
capacitance gauge, flowed slowly through the chambemot probed, we anticipate that some unassigned rotational
Since occurrence of “laser snow(the KH product will lines in the(6,3) band might result from this state, especially
gradually reduce K pressure, a closed static system mayfor the K(6P) atom.
otherwise cause significant error. Also, the chamber needs to By taking into account Franck—Condon and rie
be cleaned frequently to prevent a great amount of KH actondon factors, the rotational quantum state distributions of
cumulation. KH (v=0, 1, 2, and Bfor the K 5P, 6P, and 7P states are
displayed in Figs. 4-6. The Franck—Condon factors are
adopted from the results by Pard al,?*> which exhibit
agreement with the data we conducted usingItTENSITY

A portion of excitation spectra of KH7,0), (7,1), and  program developed by Stwalley and co-workér§or evi-
(6,3 bands in theA'S, "—X'S, ™ transition are shown in Fig. dence of a reliable nascent rotational distribution, tRe
2, as the ¥, 6P, and 7P states of the K atom are excited, branch lines of(5,0) and (7,00 bands were monitored and

Ill. RESULTS

J. Chem. Phys., Vol. 105, No. 20, 22 November 1996
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FIG. 2. Portions of LIF spectra of KH in tha'S " —X!3* transition.(a) Excitation of (6,3 band for K(5P); (b) excitation of (7,1) band for K(6P);

(c) excitation of(7,0) band for K(7P).

resulted in a consistent distribution for=0 state. Analo-
gously, theR branch lines of(7,1) and (8,1) bands were
probed together to give rise to the Kk =1) population
distribution. The population im =3 for K(7P) is not avail-

able, since the signal was buried in the atomic spectral inter-
ference from the pump laser. For ease of comparison, all the
rotational distributions are represented with tRebranch
lines. The distributions thus obtained for=0, 1, 2, and 3

J. Chem. Phys., Vol. 105, No. 20, 22 November 1996
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FIG. 3. H, pressure dependence of the KHO)R11 rotational branch lineat  FIG. 5. Rotational quantum state distribution of Kkl=0, 1, 2, and B
time delay of 20 ns between the pump and probe lasers. produced in the reaction of (& 2P;) with H,.

states appear to be monomodal, peaking#v7—-8. The ro- K for the 5P, 6P, and 7P states, respectively. The results
tational population profile is roughly consistent with a statis-are shown in Fig. 8. The total available energy for dissipa-
tical distribution at the system temperature. A plot of linetion is 10.84, 23.73, and 29.59 kcal/mol for thB,5%6P, and
intensity againstl(J+ 1) yields a slope corresponding to a 7P states. Note that the values are estimated by adding a
rotational temperature of 58%5 K, as shown in Fig. 7. The term 5/XT to the exothermic energy. The fraction of the
rotational temperature was close to the system temperaturenergy release as rotation, vibration, and translation are
but the fraction of total available energy into the rotation wadlisted in Table I.

far from a prior rotational distribution of 2/7. For this reason, In this work, we only studied the reaction of theRg,

a cold rotation is sometimes called from the point of view of state and neglected the spin—orbit effect, which had no evi-
the energy disposal, which will be discussed in the next secdence showing any difference in the product rotational dis-
tion. The sum of each integrated rotational line equals théributions in the Na(#) and C$8P and 9P) reactions. In
population of the corresponding vibrational state. The vibrafact, the cross section of fine-structure mixing induced by H
tional populations were characterized by a Boltzmann vibrafor the K 52P; doublets has been measured to be 1340k
tional temperature of 171255, 301G6-124, and 3127138  the transition $P,,—5%P;, and 72 & for its reverse

=2

10]12|14|16|18|20]22|24]

6I8|10|12114I16I18I20 22 0 8 |
9 15 17 19 21 23

a | [ |
5 217225 125 1 7
J

FIG. 4. Rotational quantum state distribution of Ki=0, 1, 2, and 3 FIG. 6. Rotational quantum state distribution of Kbi=0, 1, and 2 pro-
produced in the reaction of (& 2P,) with H,. duced in the reaction of & 2P,) with H,.
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a 0.2
® 5P(1712155K)
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£ L —_
EEE
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C Il 1 i 1 | 1.4
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b.
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s [ 22
? - 24
*
g - 26 1 L ! L
= I 489.41 144563 2373.61 3275.70
[=) -
- L Gv (cm-1)
C L ) . . FIG. 8. Plot of In(,) as a function of vibrational enerdy, for the reaction
0 30 110 240 380 of K5P, 6P, and P with H,, respectively. The slopes are characterized by
Ju+1) the Boltzmann vibrational temperature.
C.
[ e 72P(640£32K) ) ) ) ) 3
N form an intermediate ion pair of KH™H was suggested.
3 - Since the rotational spectra covered an incomplete wave-
= L length range of only 63 cit, the previous report fell short
j:; - of information on the precise rotational population distribu-
%’ L tions of KH for various vibrational states. The present work
N provides further evidence that a collinear reaction is more
- ) . plausible for the K case.

0 30 1o 240 %0 The reaction of K(%) with the H, state was previously
investigated? using a photolysis laser to produce K¥b
following Kl photodissociation at 193 nm, in which the K
fragment was predominantly partitioned to the?/
state!®?° Upon photolysis, the atomic resonance absorption
spectra of population relaxation from this state were mea-
sured with and without the Hnixture. The subsequent spec-
proces$” Such large mixing cross sections may have causetta appeared to be identical, suggesting that the channel of
the distributions of overall signals being in the statistical 2:1chemical reaction was negligible. The lack of KH detection
ratio. was ascribed to an adiabatic transition. The present pump-—
probe measurement using LIF detection proved to be more
sensitive than that adopted previously. In addition, our work
demonstrates that KH should be produced through a nona-
A. Collinear geometry diabatic transition, in which the harpoon mechanism forming

The nascent rovibrational distributions of KH produced@ K H™H ion-pair intermediate is anticipated.
by K 5P, 6P, and 7P states with H collision were investi-
gated systematically for the first time in this work. The rota-
tional distributions of KH for various vibrational states are TABLE | Disposal of available energy in reactions oftkj with H,.
similar, giving rise to a low rotational temperature equivalent K(nl) 52p, 62p, 72p,
to the system temperature. In contrast, the vibrational popu

FIG. 7. Plot of In;/(2J+ 1)] as a function ofi(J+ 1) for the reactions of
K5P (a), 6P (b), and 7P (c) with H,, respectively. The slopes of the graphs
are characterized by the Boltzmann rotational temperature.

IV. DISCUSSION

lations are markedly excited. The observation of hot vibra- <E£v>t ((I'(‘CE‘I'/’mO;)a 12-3‘1‘ 253-;53 Zg-fj
. . v) (kcal/mo . . .
tion (temperature of 1700-3100)kand low rotafuon(tem- (Eny (kealimo) 0.93 Loa 0.97
perature of 585 K suggests that the reaction follows (f,)P 0.27 0.24 0.28
preferentially a collinear geometric collision. (fr) 0.09 0.04 0.03
Using a similar pump—probe method, a previous work (fr)° 0.64 0.72 0.69

on K(7S) with H, reaction, which is exothermic by 26 kcal/ . —_AH

. - o avL=—AH+5/KT.
mol, also led to KH under a single collision conditidn. b(f Y= (E, ) Eavt ; (fr)=(ER)/Eny -
Analogous to the case of C3J.® a collinear approach to  “(f)=1—(f,)—(f).

J. Chem. Phys., Vol. 105, No. 20, 22 November 1996
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In the case of Na(R) with the H, reaction, the rota- TABLE Il. Symmetry correlation among reactants, ion-pair intermediates,
tional distribution of NaH exhibits bimodality** Bililign ~ @nd products for varied geometric approaches.
and Kleiber suggested that the major reaction pathway pro-

. e ” . ) . Symmetry
ceeds via a bent collisional geometry with Na-insertion into
the H, bond, leading to the branching of lodvand highJ System Coy Cs Ca
components late in the exit channel. The bent Naiterme- K(n?S) +Hy(X'3{) St A A,
diate may be partially stabilized through the electron dona- K(n?D)+Hy(X'3) st 3A 2A;
tion between the metal and the unfilled antibonding ¢f H 201 2N A,
Similar interpretation was adopted in the Md{B-H, reac- 2A 21
tion for the MgH, stabilizatiorﬁ7 In gontrast, in .the case Qf K K(n2P) +Hy(X3S) s+ oA Ai
or Cs, the center H of the ion-pair intermediate functions 211 A" B,
analogously as a divalent element, such as Be. According to B,
the valence shell electron pair repulsi®®SEPR model, a KT ("§)+H, (%) 3 A’ Ay
KH(X'S ") +H(1s%S) 3t A’ A,

linear geometry might be the best structure to reduce the
repulsive interaction between the metal and the end H atom
to the minimum extent. Alternatively, Bersohn and co-

workers suggested that the atomic size might determine thge total deactivation processes. For evidence of this, in the
collisional geometry® K and Cs, which have a larger size nonreactive measurement of the IS &tate by H, the total
than Li and Na may encounter a repulsive force in an inserdeactivation cross section was dominated by tig>- 5D
tive approach, and thus a collinear reaction is preferentiallgtate-to-state transitioci.Analogously, the total deactivation
obeyed. In their study on the CsP8and %P state, Bersohn process of the K B state by H was dominated by thef-
and co-workers concluded that a collinear reaction betwee(8pD 5S) state-to-state exit chann€lAlthough the reaction
the reactants is preferred as a result of cold rotation found iﬁross section has not been measured yet, the Corresponding
CsH. The result confirms the mechanism proposed by Vettafalue should be relatively small because of the measurement
and co-workers in a crossed-beam experiment of €§(7 for the state-to-state deactivation cross section. A known re-
and H,.° Some theoretical results also lend support to such action cross section may be found in the QB{ZH,
collinear reaction mechanism. For instance, the theoreticalollision®%? yielding an expectably small value. The fact
work by Gadezet al. predicted that the Cs@)—H, reaction  \as interpreted as arising from at least five states in between
proceeds via a collinear ion-pair intermediate with tHe 7 interacting with the ionic curve competes with the reaction
electron jumping on the fystem at a harpoon distance of 6 channel.
bohr?627 According to the harpoon model, the crossing region be-
tween the ionic potential surface and the covalent potential
surface should be located in the long-range attractive portion.
In previous work on the K(%) atom, the crossing location
The reactions of K and Cs with Havor a nonadiabatic corresponded to 4.1-4.8 A, and the activation energy of the
transition through an ion-pair intermediate, although Bersohmeaction was determined to be 2k3.° This small potential
and co-worker® suggest that the electron transfer occursbarrier fits the conditions required for the harpoon mecha-
within a shorter distance than predicted by the harpoomism. The term energies for theP states studied are com-
model. Alternative evidence for the fit of the harpoon mechaparable to the K(3) state; therefore, we expect that the
nism to our case is provided elsewhé&te®’In the measure- surface crossing is analogously located in a long-range re-
ment of total cross section of collisional deactivation forgion, and the reaction should encounter the least activation
K(n2S, n=7-11) by H,, the resulting value increases abnor- barrier.
mally with principal quantum numbé?.The cross section of In the harpoon mechanism, a linear ion-paifHK H in-
7S, 8S, and S, for instance, were measured to be ¥&)  termediate may symmetrically correlate with thé’iR) and
167+5, and 18%9 A??*® The obtained values are much Hy('S;) reactants and with the K *) and H?S) products
larger than those predicted by the hard sphere model. In corthrough theS™ symmetry. The symmetry correlations asso-
trast, K-rare gas collisions yield values of 82, 35+2, and ciated with reactant, intermediate, and product for different
56+3 A2 for the corresponding state as quenched by°%A,  angular quantum states are listed in Table Il. In e,
and rare gas are regarded as the inefficient quencher towardgmmetry, a fraction, which is associated with the covalent
the lower excited alkali atoms, for their lowest unoccupiedsurface effectively undergoing a nonadiabatic transition, is 1,
molecular orbitals belonging to* symmetry>! The abnor-  1/3, and 1/5 for thé&, P, andD orbital, respectively. In other
mal quenching behavior reflected in the Ebllision of a  words, the feasibility of producing KH from different atomic
highly excited K atom is caused by a long-range electrororbital follows the order oD <P<S, assuming similar term
transfer. The collision complex hops to the ionic surfaceenergies are involved. The trend is consistent with the pre-
which crosses several lower Kovalent surfaces as the diction by Bersohn and co-worket$adopting the concept
exit channels. The probability for the nonadiabatic curveof electronic wave function for the high-lying atomic state.
crossing may be estimated by the Landau—Zener theory. ThEhey interpreted that the extent of wave function penetration
exit into the physical quenching channel seems to dominataear the atomic nuclear core is along the ordeDefP<S,

B. Harpoon mechanism

J. Chem. Phys., Vol. 105, No. 20, 22 November 1996



9128 D.-K. Liu and K.-C. Lin: The reaction of H,

and the feasibility of electron transfer depends on the mutuadpproach, the new bond LH tends to be formed before the
wave function overlap. Accordingly, the probability for sur- HH repulsion completely dissipates. In contrast, for the
face hopping follows the same trend. H+LL type, the bond forming and breaking occur simulta-
neously. That is, during the energy release of LL bond break-
N ing, the new bond HL is still forming. Accordingly, when the
C. Energy partition halogen molecules are replaced by the hydrogen molecule,

Among the reactions of K B, 6P, and 7P states with  the fractionE,;,/E is expected to increase, if all other con-
H,, the determined values of energy partitioning into transditions remain the same.Observations of the K—Brand
lation, vibration, and rotation of KH are roughly the same, K—H; cases seem to go against the mass effect prediction.
giving results of 0.68:0.04, 0.26:0.02, and 0.060.03, re- The discrepancy might be interpreted as arising from the
spectively. However, when considering individual vibra- difference between the repulsion of Band H,, which is
tional degrees of freedom, one may find that tiie 6P, and  estimated by the bond dissociation energy to be 1.15 eV and
7P state has an energy disposal of 3.01, 5.65, and 8.14 kca.78 eV>° (The electron affinity of His not taken into ac-
mol, respectively. This fact suggests that the surface crossirgPunt) According to classical trajectory computatiotishe
region gradually increases with increase of the principaFvin/Eror tends to decrease with increasing the repulsion of
quantum number, which agrees with the harpoon model. OXz - In the cases of K or Cs, the strong instability of thg H
the other hand, the rotational energy conversion extent i§ond apparently favors the energy partitioning into the trans-
almost the same, irrespective of the varfedtates, suggest- lation. Alternatively, due to the Iarge electron affinity OfZBI'
ing that a collinear reaction can be effectively applied to allrelative to B, a larger electron-jump distance in the K4Br
the P states studied. In contrast, the total available energiekgaction may also partially enhance vibrational excitation.
dissipated into the CsH vibration were roughly the same in We now attempt to interpret the difference of transla-
both Cs & and 9 states. Electron transfer at an almosttional energy partitioning between Ko tand Cs—H. If the
equal distance between the Cs atom angl whs thus electron-jump distance is kept constant, the fractQg/Eq
suggested® is anticipated to increase as the mass of attacking atom

By analogy with the Cs (B,9P) and H, system, most increases® However, the experimental data disagree with
available energy, of about 70% in the K~Idollision, was the prediction. The contradictory observation implies that the
dissipated into translation. Therefore, one may expect thges—H should have a shorter electron-jump distance, so that
the ion-pair formed in the electron transfer has no time tgthe vibrational energy partitioning will be reduced. This con-
adjust the H bond distance prior to dissociation. The insta- sideration is supported by the findings of vibrational states
bility of H, , which is restricted to a kbond distance of 0.74 Uup to only one for the Cs(®,9P)—H, reaction, but up to at
A, breaks the bond abruptly, and the impulsive energy releast three for the K(B,6P,7P) case. Such prediction for
leased is thus mostly changed to translation. Due to a shothe Cs case is consistent with the report by Bersohn and
lifetime compared to the rotational period, the dissociation ofco-workers.
ion-pair intermediate cannot lead to an isotropic product dis-
tribution, as has been revealed in a crossed-beam experime\r/lt
by Vetter and co-worker¥ They found that CsH scattered
in a forward direction relative to the incident Cs atom. We  We have systematically studied the rotational distribu-
expect a similar phenomena will be observed in our case. tion of KH (v =0-3) in the reaction of K5P, 6P, and 7P)

In an electron-harpoon reaction MK,—M*X;  with H,. The spectroscopic analysis indicates that the rota-
—MX+X, the product energy distribution among various tional populations are in the statistically thermal distribution,
degrees of freedom is closely related to the electron-jumjirrespective of varied vibrational and electronic states. These
distance, the repulsive force for breaking the Kond, the results provide further evidence that the reaction follows a
incident collision angle, the initial kinetic energy, and the collinear collisional geometry. This work has successfully
mass effect. Polanyi and co-workers have thoroughly invesprobed KH produced in the K (®) reaction, and confirms
tigated such a reaction using a classical trajectory method atfat a nonadiabatical transition via formation of an ion-pair
an appropriate ionic potential energy hypersurface oK "H; intermediate should account for the reaction pathway.
M*X; 2334Based on their computations, we have attemptedrhe fraction of product energy partitioning yields 68%, 26%,
to compare the behavior of energy distributions among th@nd 6% for translation, vibration, and rotation. The energy
three cases KBr,,% K*+H,, and C§+H,.1® The products  conversion into vibration generally increases with the princi-
of these reactions are commonly characterized by a collinegral quantum number, indicating that the electron-jump dis-
approach through an ion-pair intermediate. However, théance elongates along the order @ §6P<7P. The sub-
product energy partitioning into various degrees of freedonject reaction can be regarded as the typelH (L, light
is remarkably different, especially for vibration and transla-atom; H, heavy atop in which the HL is still forming dur-
tion. For instance, the fractioB,;,/E,,; was measured to be ing the energy release of LL bond breaking. The case differs
>60%, 25%, and 10% for K-Br K—H,, and Cs-H. E,;,  from the type of L-HH, in which most energy is deposited
andE,, denote the vibrational energy and the total availablein the vibration. In the K—H reaction, the strong instability
energy. In the reaction of £tHH (L, light atom; H, heavy of the H, bond favors the energy partitioning into the trans-
atom, when the attacking atom is light along a collinear lation. As compared to the Cs-Hase, relatively large

CONCLUSION
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electron-jump distance is expected here to account for th
high vibrational states found in the KH product.
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