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1. Experimental details

The details of the rotating-sources, crossed-beam apparatus, and experimental methods have been
described in previous reports.t® Briefly, two doubly skimmed, pulsed beams (a discharge-
generated Cl-atom beam from a mixture of 5% Cl. in Ne at 6 bar, and a neat CH4 beam also at 6
bar) were crossed in the center of a time-sliced and velocity-mapped ion-imaging setup housed in
a differentially pumped chamber. Two pulsed lasers, an infrared optical parametric
oscillator/amplifier (IR OPO/A) pump and an ultraviolet (UV) probe, were directed
perpendicularly to each other and in the same plane as the two molecular beams. All four beams
crossed in the collision region, with the IR laser offset a few mm upstream for building up the
product yields. A small fraction (few %) of the excited CHas(vs=1, |jNI) =|101)) reactant was
pumped by the IR laser tuned to the R(0) transition at 3028.75 cm™.*° A variable wave-plate was
exploited to alter the IR-polarization (&;g) direction, thus manipulating the aligned CHs in the
scattering frame. After the collisions, the ground state CH3(0o) products were detected by a (2+1)
resonance-enhanced multiphoton ionization (REMPI) method® and recorded by a time-sliced,
velocity-mapped image. For experimental reasons, the probe laser wavelength was fixed at the
peak of the Q-head of CH3(09) REMPI band, which mainly detected the low—j states of CHz(0o)
products. Test experiments with the probe laser wavelength tuned off the REMPI peak, which then
primarily sampled the higher j-states of CH3(0o), indicated very small differences in the polarized
images. Similar findings were quantitatively reported in a recent study on the Cl + CHD3(v1=1)

reaction.’

For each day’s experiment, a given molecular beam geometry at an Ec was chosen and product
images were acquired at three to four different IR-polarization configurations. Images of each IR-
polarization configuration (and that with IR-off for subtracting the ground-state and bend-excited
reaction signals) were recorded at 20 Hz for 5 minutes in sequence, and this cycle was then
repeated 10-15 times for signal accumulations. The parameters needed for the density-to-flux
correction, such as the temporal overlaps of two molecular beams (both IR-on and IR-off) and UV
laser focusing conditions etc., were measured at the end of each day’s experiment. Experiments
under each molecular-beam geometry were also repeated 2-3 times at different days for consistent

check and for generating the finial set of product images presented in this report.

2. What is the PDDCS?
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The physical meanings of the four PDDCSs are briefly outlined.®® The S3(8) represents the 2-
dimensional (2D) angular distribution in the scattering plane for unpolarized (i.e., randomly
oriented) reactants. In this 2D analysis of the sliced images, the intensity of each pixel is weighted
by its center-of-mass speed u (instead of u? in the 3D analysis) and without the solid angle factor

sinf. The remaining three polarization moments sg+(e) quantify perturbations, resulting from a

given reactant polarization preparation as &g set at (a, @), to the unpolarized DCS SJ(8).
Summarized below is how the signs of the SZ,. (8) moments give the directional propensity for
reactivity as a function of the reactant j-alignment. A positive (negative) value of S3(0) indicates
the propensity of the j-vector pointing along (perpendicular to) the k-vector (the = z-axis). The
value of S2, (8) gauges the tilting of the j-vector with respect to the xy and yz planes with a positive
sign for j tilting toward + (x+z) and negative toward + (x-z). The value of S2, (8) indicates the
propensity of the j being parallel to the + x-axis (a positive value) or to the * y-axis (a negative

value).
3. Alignment of various internal angular momenta

The key to understand the polarized scattering experiment is to have clear distinctions of the
directional properties of internal angular momenta of the polarized reactant in two different frames:
the molecule-fixed and laboratory-fixed frames. A bulk of the following discussion has been given

in several previous reports,310-12

In short, for a spherical-top reactant such as CHa(vs=1), since | =1 forvs=1andj=N+ I, N
can take on three values of j-1, j, and j+1, corresponding to | being parallel, perpendicular, and
anti-parallel to j in the classical vector model. The degeneracy of three states will be lifted by the
Coriolis interactions, leading to the three energy levels of F(j), F°(j) and F*(j) for the R-, Q-, and
P-branches, respectively. Among the three split states, the state F°(j), with | being perpendicular
to j, does not change the frequency. The other two, F(j) and F*(j) with | being parallel or anti-
parallel to j, are linear combinations of the original two vibrations, and thereby execute in-phase
excitations constituting an ensemble of elliptical oscillations (one clockwise and the other counter-
clockwise). In physical term, the CH4(vs=1) molecule prepared by the R-branch excitation shapes
as an ellipsoid with all four H atoms uniformly distributed over the surface. For the prepared state
|JNI) =] 101) of this work, because N=0, the excited molecule has no physical rotation and its

angular momentum () polarization corresponds purely to the polarization of the vibrational

3



10

15

20

25

angular momentum or the alignment of the vibrational amplitude (or displacement vector),
j /I'l. The above picture depicts the relative directions of j, N, and | in a molecule-fixed (or body-

fixed) frame.

When CHya is excited (va=1 « 0) by a linearly polarized IR laser in the laboratory, the electric
field &y aligns the transition dipole moment d in space, d // £;g. The Coriolis constant §;(= 0.055)
for CH4(vs=1) has a positive value,'? and thus the direction of rotation of d during the vibration
coincides with the vibrational angular momentum |, i.e., | L d (or &;r). For the R-branch transition,
since 1/ j in the molecule-fixed frame, then j 1. & (or d) in the laboratory-fixed frame. The same
conclusion can be reached more elegantly from the polarization selection rule of Am; = 0 (but not
allowed for Aj =0 and m = 0),%2 where the quantization axis refers to the &g axis. Thereby, when
CHa(vs=1) is excited by the R-branch transition, its rotational angular momentum j possesses the
same directional property as CHD3(v1=1, |10)) in space, i.e., both are preferentially aligned in a
plane perpendicular to &g. In contrast, for CHD3(v1=1, | 1£1)) excited by the Q-branch, its j will

be aligned in parallel to & in the laboratory.

To sum up, in a polarized scattering experiment the reactant is aligned in the laboratory by &g

via d. However, in the molecule-fixed frame one has 1//j L d for CH4(vs=1) excited via the R-
branch transitionand j 1 d (j // d) for the K =0 (K = 1) state of CHD3(v1=1). In other words, the

optical alignments of reactant angular momentum j can be distinct, depending on the rotational
sublevel K or | (or its projection on the figure axis, more precisely). Since the intrinsic reaction
dynamics of the rotational sublevels can be different, the projection of j onto the vibrational
amplitude or the displacement vector d in the molecule-fixed frame should be of the primary

concern for understanding the intrinsic polarization moments, PDDCSs.
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FIG. S1. Same as Fig. 2, except for Ec = 2.7 kcal mol™.
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S2. Same as Fig. 3, except for Ec = 2.7 kcal mol™.
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FIG. S3. Demonstration of the inversion method, which exploits various linear combinations of a
set of image data, to unfold the individual PDDCS for the HCI(v=0) product channel at Ec = 4.8
kcal mol™. The “#” in each panel refers to the first entry in Table 1; that with the bracket sign, such
as (#5), means the average of the two hemispheres under the #5 polarization configuration, and
A(#5) means the difference between the two hemispheres of 0—n and 27—n. All image data have
been normalized by the P(90, 90) reference image. Hence, there is no scaling factor invoked in the

linear-combination. The consistency of different combinations testifies the quality of data and the

robust of this simple inversion method.
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FIG. S4. Same as Fig. S3, except for the HCI(v=1) product channel at E; = 4.8 kcal mol™.

6 (2.5@10-41)15
— (#1+2#4)/3 il 4 0
— (1.582+#3#4)1 5 i o4 n A LRV Y
3 — (#4+1.25#10))2 .25 — @1-#4)1.5
GO O (#1+#3+48)/3 — (2.5#1-1.582-#3)13 -1§2
0 — average —#I—Sg 0
— #3-#8+28] 1o
Ol bt a2 — #1-E10)06
/ | —average )
— (S;#2)0.577
— (#3-#4)/0.866 11
0 — (#3-#8)1.732
Tty R — (#4-#8)/0.866
SZ
I+ | axens
1L —A#1012
— A#11/0.666
—average

0 90

FIG. S5. Same as Fig. S3, except for the HCI(v=0) product channel at E¢ = 2.7 kcal mol™.
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FIG. S6. Same as Fig. S5, except for the HCI(v=1) product channel at E; = 2.7 kcal mol™.



