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To study the effect of the orbital alignment of ¢Ry) on the product alignment, we have probed the CaBr-
(B%=") product rotational alignments in the reactions of ®©g(with C,HsBr and n-C3H-Br by means of
laser-induced chemiluminescence under single-collision conditions in a beam-gas arrangement. When the
laser polarization vector is parallel to the Ca beam for the reactiotPat C,HsBr, the rotation of the
CaBr(B’=") product seems to be more strongly aligned in comparison with that when the laser polarization
vector is perpendicular to the Ca beam but when there is significant overlapping of error bars. However, for
the reaction CapP:) + n-C3H-Br, there is no statistical difference in the product rotational alignment when

the CafP,) atomic orbital alignment is changed. The value§i®{J'-k)Cbecome less negative as the number

of carbons is increased, which is probably attributed to the differences in the mass factors and potential
energy surfaces. Quasiclassical trajectory (QCT) based on a LEPS potential energy surface (PES) has been
employed to interpret the experimental results.

1. Introduction hydrogen chloride, oxygen, and nitrogen dioxide. With the alkali
valence electron in the 3p, 4d, or 5s orbital, the product angular
and velocity distributions varied markedly with the collision
energy, the symmetry of the atomic state, and the alignment of

The effect of reagent approach geometry on chemical
reactions is an interesting field of dynamical stereochemistry.
However, the direct interrogation of reactive geometric require- ' . .
ments is difficult, and only a few such studies have been carried the eXC'ted 3p or 4d orbitals. Most rece_rn_tly, D”T‘g etahowed
out. External fields have been employed to prepare oriented orthat orbital alignment of C&y) colliding with CHl can
aligned polar symmetric top molecul&st Recently, polarized influence the Cal product vibrational distributions.
lasers have been extensively used to prepare aligned excited It is very important that the product rotational alignment is
molecule$° An important new class of experiments aimed at determined since the rotational angular momentum vector is
steric control of reagents takes advantage of orbital alignment preferentially oriented and aligned with respect to the colliding
or orientation of atomic reagents achieved by polarized laser reagents. For excited-state products, spatial product anisotropy
excitation. An example of an inelastic atemolecule collision can be probed by the polarization-resolved chemiluminescent
involving orbital alignment is the study ¥f method. For ground-state products, polarized laser-induced

fluorescence and electric deflections of the product can be
Na(3p)+ Hy(v=0) —~ Na(3s)+ Hy(v=1,2,3) (1)  employed to measure the spatial distribution of product vector
) ) ) . properties about an experimentally defined initial axis of
The alignment of the Na p orbital with respect to the relative gymmetry. Linearly polarized lasers have been widely used to
velocity vector is found to influence the outcome of the collision.  getect product rotational alignment, whereas circularly polarized
Somgwhat more relevant to t.he chemical domain is the extension|zcer heams have been used to measure the product rotational
of this technique to reactive encounters by Zare and co- gijentationt4 Moreover, the use of polarized lasers for both

workers;* as exemplified by the reaction initiation and probing stages of a photon-initiated reaction
. + a2 sequence can in principle provide a means of probing product-
Ca(lpl) +HCl CaCI(822 AT +H @ state-resolved rotational polarization as a function of center-

of-mass (CM) scattering angé®Indeed, the effect on product
rotational alignments, including state-selective ones of the

B2=+ product; the paralleld) alignment favors the formation reactants’ vibrational, rotational, and translational energies for
of the B>+ siate and is less effective in producing th&A a large number of systems, has been studied in detail recently.

state. Recently, Lee and co-work¥rsave conducted crossed- A problem of considerable interest in stereodynamics is how
beam studies of reactions of aligned excited alkali atoms with the potential energy surface (PES) affects the product rotational
alignment, i.e., the distribution of the product angular momen-

* Corresponding author. E-mail: klhan@dicp.ac.cn. tum vectors. As pointed out in a previous pafefor several

Here the perpendicularr alignment of the Ca p orbital, which
favors CaClI(&II) formation, is less effective in forming the
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different mass combinations except ofHHL (H, heavy; L, the experiment, especially when the laser polarization véttor
light) on a simple PES with the reaction barrier located in the is rotated. In the excitation zone, the laser power is ap-
entrance valley, the product rotation will be strongly aligned. proximately 180 mW and>90% polarized. The polarization
On the other hand, if the reaction barrier is located in the exit vector of linearly polarized laser light is rotated by a Fresnel
valley, the product rotation will be less aligned. But for4H rhomb.

HL reactions, the product rotational alignment is independent  The chemiluminescence of the nascent product CaBr(B) is
of the reaction barrier location since the kinematic limit for this collected by a 15 cm focal length lens positioned at right angles
class of reactions is the complete disposal of the initial orbital to both the atomic beam and the laser beam. A film polarizer is
(L) into the product rotationall() angular momentum. However, ~ placed in front 6 a 1 m monochromator. A photomultiplier

in a real chemical system, the PES is seldom known, and (RCL C31034) is placed behind the monochromator to detect
sometimes several PESs are involved along the reactive pathPoth perpendicular and parallel components of the chemilumi-
The direct experimental measurement of the product rotational Nescence. The output of the PMT is measured by a lock-in
alignment, particularly the translational energy dependence of @mplifier. The response of the optical system, including the
the product rotational alignment, together with excitation Menochromator, to the polarized light has been carefully
function and the product internal distributions, can provide the calibrated. o .

fullest probe of these potential surfaces. An additional photomultiplier (PMT 2, 9558QB) is placed
at a 4% angle to the laser beam and at & @8dgle to the metal

The measurement of the product rotational alignment has beam axis to monitor the Cefy—Py) fluorescence. Al signals

special interest in those reactions having the mass combinationfa” to the baseline when either the reagent gas or the laser is

blocked. For the highest powerful sensitivity of the light-
detection system, the atomic €&(—'D,) and CatS—3Py) lines

o . ) were not detected. These results indicate that®pand Ca-
although very little information on the potential energy surfaces (!D,) make a negligible contribution to the processes studied
can be obtained from those reactidfg\s is well-known for here.

these kinematically constrained reactions, as the mass factor

H+HL—HH +L ©)

3. Results and Discussion

T @) . o
(my + my)(my +m) A. Rotational Alignment of CaBr(2X*). During reactive
encounters, the total angular momentum is conserved
approaches zero, the product rotational angular momentum

cog =

vector is strongly aligned with respect to the relative velocity J+L=J+L' (7)
direction. The product rotational alignment, however, strongly )
depends on the mass factor &@sof the reactive systerif:16 wherel andL' are the orbital momenta of reactant and product,

The increase in mass factor g will reduce the anisotropic ~ "€SPectively. When the reactant angular momendussmall
distribution of J' by aboutk but enhance the probability of (&S iS common), the product rotational angular momentum can
probing potential surfacé§. With respect to this kind of only result fromL. The distribution of the angular momentum

problem, the reactions of alkaline earth metals with halogenated?’ Of the product molecule is described by a functigi-Z).
molecules have been extensively stucizd? The usual experimental configurations possess cylindrical

In thi tthe i toati f the effect of th symmetry in space, and a cylindrically symmetric distribution
N this paper, we report the investigation of the efect ot e ¢\ ation g angular momentum of products can be expressed
alignment of laser-excited Cd;) on the rotational alignment

L i as a Legendre expansion
of the CaBr(B=") products from chemiluminescent reactions g P

f3-2) =Y aP,dZ 8
Ca(P,) + C,HsBr — CaBr(AIT; B’=") + C,H;  (5) -2) Z Pi(0"2) ®)

217. p2y+ A
Ca(P,) + n-C;H,Br — CaBr(AIl; B’=") + n-C;H,  (6) in which theZ denotes the symmetry axis and superscript carats

denote unit vectors. The expression

2. Experiment .
APEAMER 32 = cos# 9)

The experimental apparatus was essentially the same as that R N
previously reported1719 although the setup was slightly IS the cosine of the angle betwe#randZ, and the coefficients

rearranged for the laser-induced chemiluminescent experiment.

Metallic Ca is heated to 1030 K in an oven. The beam of metal a, = 21+1 1 P,(3-2)f(3+2)d(32)

atoms effuses from the oven and then enters the reaction 2 -1

chamber through a 0.8 1 cn® rectangular hole. The reaction 2l +1 1 A

chamber has been filled with the reactant gas. The pressure of == )P0 (10)

the reactant gas is lower than 0.02 Pa to satisfy single collision

conditions. The 99% pureAsBr andn-CsH7Br samples were  are theith Legendre moments of the distributié@'-2). The

commercially purchased from Beijing Chemical Company.  coefficientsa; and a, which are proportional taPy(J'-2)Cand
Orbitally aligned Ca(P,) atoms are readily obtained by the [P,(J'-2)[] are used to describe the orientation and alignment

absorption of polarized light at 422.7 nm from a dye laser of the products, respectively. (The angular brackets denote

pumped by an Ar laser (model 2045E). A laser-power gauge averages.)

behind the window of the reaction chamber monitors the laser In a chemiluminescent reaction experiment, the degree of

power to make sure that the laser power does not change duringoolarization of chemiluminescende can be related to the
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TABLE 1: Experimental and Theoretical Results of the Rotational Alignment of CaBr(B*x")

direction of degree of P,(J'-k)O P,(J'-k)OI mass factor
systems laser vectoE CL polarization experimental theoretical cosp
Ca(Py) + C,HsBr EllV el 0.117+ 0.015 —0.18+ 0.02 -0.17 0.09
E[V e 0.096+ 0.015 —0.154+0.02
Ca(Py) + n-CsH/Br EllV el 0.094+ 0.015 —0.14+ 0.02 —0.15 0.12
E[V e 0.087+ 0.015 —0.134+0.02
distribution of angular momentum vectors of the emitting ﬁ X
molecule @ AV=0
_ —3P,(J'-2)0
P(P,Rlines)= —————— (11)
4 — [P,(J'-2)0 AX
3P3-2)0 Mt
P(Qline) = Z—M (12) et W NN
2+ P,J-2)0
wherelg andl; denote the CL intensities polarized parallel and (b)
pn o (13) A
I+ 15
perpendicular, respectively, to the beam axis. A \‘ " \_4/\/1 J\/
The rotational alignment in the laboratory frame is converted e
into the center of mass frame by using the expression . N ) , )
B350 590 600 610 620 630 640 650
P, k) 0= AJ2) (14) Wavelength/nm

Py(k-2)0] Figure 1. Chemiluminescent spectra of (a) @ + C,HsBr and (b)
A Ca(tP;) + C3H,Br with laserE vector and the emitted light parallel to
Under beam-gas reaction conditioB,(k-Z)Cis given by a the average relative velocity vector.
Monte Carlo calculatioR?

The expected values f@P,(J'-Z)Care between 0.0 (randomly

aligned) and—0.5 (completely aligned). Usually, when the

TABLE 2: Parameters of Potential Energy Surface for
Ca(lPl) + C,HsBr,n-CzH,Br

conditions|L | > |J| and|L'| < |J'| are satisfied, the maximum species  De(eV) B(AY) R(A)  Satoparameter
product rotational alignment occurs. The first condition is  C,H:Br 3.073 1.68P 1.94 0.992
satisfied for reactions with large cross sections, while the typical n-CsH;Br 3.024 1.69% 1.94 0.992
H + HL mass configuration reaction system leads to the second CaBF 4.077 0.99 2.57 0.605

3 RCd 1.95 1.326 2.33 —0.882

condition. Several example reactions are{Csil,HBr ((Px(J':
k)O= —0.44,—-0.38), K+ HBr (P,(J"*k)0= —0.42)?* and
Ca(D) + HCI (P,(J'-k)0= —0.44)?° For the reactions Ca-
(*P,) + CyHsBr,CsH/Br, the H+ HL mass combination i§ no
longer strictly appropriate. This may lead to significap(J'- when the laser polarization vector is perpendicular to the Ca
k)Odeviations from—0.5. beam. In this case, it seems that the rotation of the CZ&r(B

The chemiluminescence for the reactions studied here isproductis less aligned. The reaction preferentially produces the
detected in the range of 59850 nm. The chemiluminescent excited CaBr(AII) product. The effect of the orbitally aligned
spectra for the reactions 5 and 6 when the laser polarization CalP;) on the product alignment for the reaction &aj +
vectorE is parallel to the relative velocity are shown in Figure C,HsBr is more significant than that for the reaction & +
1 at a resolution of 0.5 nm. The spectra are attributed to CaBr CzH;Br. This may be caused by the difference in potential
Av = 0,1 vibrational bands of the Al—X2=* transition and energy surfaces and mass factors since the product rotational
Av = 0,1 vibrational bands of theB+—X2=" transition. The alignment is sensitive to the potential energy surfaces and mass
experimentalP,(J'-k)Ovalues obtained from the chemilumi- factors of reaction systeni§24.25
nescent polarizatioR are shown in Table 1. It seems that there It has been shown that the product rotational alignment is
is very small effect of the orbital alignment of GR() on the stronger for CdPy) + C,HsBr than for CafP;) + C3H-Br,
rotational alignments of the CaBr{B") products. irrespective of alignment of the atomic orbital. This may be

The atomic p orbital charge cloud is parallel to the reagents’ attributed to the mass effect; i.e., theHz radical is heavier
relative velocity vector when the laser polarization vector is than the GHs. The mass effect has been extensively documented
parallel to the Ca beam. Here one finds that the rotation of the for many other reactions. For the reactions ®g( +
CaBr(B=") product is probably more strongly aligned than CHjal,C;Hsl,22 the rotational alignment parameters of the product
when the laser polarization vector is perpendicular to the Ca Cal(B%=") are —0.20 and—0.13. For SKSy) + CH3Br,C;Hs-
beam but when there is significant overlapping of error bars. Br,CsHBr, [IPz(j'-IZ)IZIvaIues are—0.34, —0.24, and—0.14,
Moreover, in this case, according to refs 22 and 23, the excited respectively** For the reactions Sip) + CHal,CoHsl, the mass

aFrom ref 33.> From ref 35. Morse parameters andRC calculated
from the molecular constants in ref 34Morse parameters estimated
from those of CaCHl®

product CaBr(BZ") is preferred when C&p;) approaches the
Br end of the reagent molecules along the-Br bond. The
atomic p orbital charge cloud is perpendicular to the Ca beam performing trajectory calculations.

effect is even more significant; i.eR,(J'-k)values are-0.48
and —0.20, respectively® This effect can be examined by
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2 3 4 5 8 Figure 3. Reaction profile along the minimum-energy path from the
R(Ca-Br) reactants to products on our chosen PES of the collinear CagHsBr
(®B) reaction (A) and the collinear Ca C3H;Br reaction (B). The schematic
drawing is plotted according to the LEPS potential energy surfaces

Figure 2. Potential contour map representing the model PES for the that were used in QCT calculations.

collinear configuration of the reaction GaC,HsBr (A) and the reaction

Ca + CgHiBr (B). The contour energies are in kcal/mol, and the g reactions to both the potential energy surfaces and the mass
distances are in A. factors. The potential energy surface of &) + RBr has a
shallow well that may affect the rotational alignment of the

potential energy surfac®s*¢for the CalP;) + C,HsBr,n-CsH7- products. Thi§ may Igad to “loss of’ memory of angular.
Br — CaBr(B) + C,Hs,n-CsH- reactions are constructed using momentum allgr)mer_]t in th_at the separation of the products will
the parameters listed in Table 2. The contour plots of these LEPSt@ke various _I‘Ij'r?Ct'oni in space and the olrbltalhangular
potential energy surfaces are represented in Figure 2. Accordingmorm?mu,m will also tf‘ € various d|re_ct|ons. ,A so, the mass
to the LEPS potential energy surfaces shown in Figure 2, we combination of the Ca'P;) + RBr reaction deviates from the

also plot the reaction profiles along the minimum-energy path H_ +_HL_ mass combin_ation. All these may lead #y(J'k)0]
from the reactants to the products of the collinearBa(+ distributions that deviate greatly from0.5. Whatever the

C,HsBr,n-CsH-Br reaction which are given in Figure 3. Along ~ '€8son, the trajectory results are in very good agreement with
the minimum-energy reaction path, there is a small potential (h€ experimental resg!tg. _ ,

well for both of the reactions. Trajectory calculations were 1€ increase ofPo(J'*k)Lwith an increase of the length of
performed using the well-known CLASTR progréfnTen carbon chain may be caused by differences in the mass factors

thousand trajectories were sampled at the collision energy of"",nd in the potential energy surfaces. However, the small
1.8 keal/mol, which is the average collision energy in the differences between the contour plots of potential energy surface

experiments. for the two reactions indicate that the variation ®%(J'-k)0

We present the QCT calculated results in Table 1. Calculated with R group changes in RBr molecules is probably due to
results qﬂ:E{z(j'-IZ)D= —0.17 for the CafP,) + C,HsBr reaction the difference of the mass factor.
and [P,(J'-k)0= —0.15 for the CdP,) + n-C3H,Br reaction
are obtained. It is seen that, for the reaction€g(+ RBr
(R=C;Hs, n-CsHy), the values ofP,(J'-k)Cbecome less negative Experimental investigations of the product rotational align-
as the number of carbons is increased, and the product rotationaient for the beam-gas chemiluminescence reaction$gaf
angular momentd' tend toward a less anisotropic distribution R—Br(R=C,Hs,n-CsH7) — CaBr(B’=") 4+ R were carried out.
with respect to the direction of the vectdr,. We attribute the When the excitation laser polarization vector is parallel to the
difference in product rotational alignmeni®,(J'-k)Cfor the Ca beam, the rotation of the CaBfB") product for the reaction

B. Quasiclassical Trajectory Calculations Extended LEPS

4., Conclusions
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Ca(tPy) + BrC;Hs is more strongly aligned than when the laser

Han et al.

(14) Li, R.-J,; Han, K.-L.; Li, F.-L.; Lu, R.-C.; He, G.-Z.; Lou, N.-Q.

polarization vector is perpendicular to the Ca beam. But for Chem. Phys. Letl994 220, 281.

the reaction CapPy) + n-BrCsH-, there is no statistical difference

in the product rotation alignment as the atomic orbital alignment

is changed. The values @P,(J'-k)Obecome less negative as

the number of carbons is increased, which is probably attributed

(15) Brouard, M.; Lambert, H. M.; Rayner, S. P.; Simons, JM®@I.
Phys.1996 89, 403.

(16) Han, K.-L.; He, G.-Z.; Lou, N.-QJ. Chem. Physl996 105 8699.

(17) Han, K.-L.; He, G.-Z.; Lou, N.-QJ. Chem. Physl992 96, 7865.

(18) Han, K.-L.; He, G.-Z.; Lou, N.-QChem. Phys. Lett1992 193

to the differences in the mass factors and potential energy 165.

surfaces. Quasiclassical trajectories (QCT) based on LEPS
potential energy surface (PES) has been employed to interpret” .

(19) Han, K.-L.; He, G.-Z.; Lou, N.-QChem. Phys. Lettl993 203

(20) Prisant, M. G.; Rettner, C. T.; Zare, R. l.Chem. Phys1981,

the experimental results. The calculated results for the rotational 75 2222

alignment of the product are consistent with the experimental

ones.
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