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Electron- or photoionization mass spectrometry coupled with product time-
of-flight measurement is a universal detection scheme, which has been
playing pivotal role in advancing our fundamental understanding of che-
mical reactions. This powerful detection scheme, however, usually does
not provide the product state-specific information. Here, we propose a
variant of universal detection with state-resolving capability by leveraging
a three-dimensional velocity-map imaging detector with vacuum-ultraviolet
photoionization probe. As demonstrated by a crossed-beam reaction of

F + CH, > CH3(v;) + HF(v), both product vibrational branching and state-
resolved angular distributions are simultaneously unveiled in a (v;, v) pair-
correlated manner from a single product-image measurement, which
enables us to gain previously inaccessible insights. Comparisons with a six-
dimensionality quantum dynamics calculation show excellent agreements,
validating the approach. The proposed method is general and should open a
new opportunity to gain deeper insights into many important complex
chemical processes that are otherwise difficult to study.

M Check for updates

One of the fundamental goals of physical chemistry is to understand
how a chemical transformation that invokes the breaking and forming
of chemical bonds takes place. Reaction dynamics addresses this
question from the molecular point of view, i.e., how the constituent
atoms rearrange themselves in going from reactants to products**. The
knowledge of product state and angular distributions has proven
insightful in advancing our current understanding of chemical reac-
tivity over the past decades. For instance, a statistical product state
distribution and forward-backward symmetric angular distribution will
strongly suggest an indirect complex-forming mechanism with a long-
lived reaction intermediate’, whereas a non-statistical formation of a
highly inverted product vibrational state distribution (or a hot trans-
lational energy release), usually accompanied by very anisotropic
angular distributions, will be the imprint of a direct mechanism

with the activated barrier lying early (or late) along the reaction
pathway”.

Traditionally, two distinct experimental approaches have been
developed to acquire such dynamical attributes. For the simple atom +
diatom reaction, state-resolved detection of the diatomic product by
laser spectroscopy, if applicable, suffices. Complex reactions, how-
ever, can lead to multiple product channels and often yield polyatomic
products, whose detailed spectroscopic information, in most cases,
might not be available. Then, a universal detection using either
electron-impact’” or non-resonant one-photon ionization®*™° mass
spectroscopic scheme becomes the method of choice. The time-of-
flight measurements of the (neutral) products in this approach typi-
cally yield broad, featureless kinetic energy distributions, thus pro-
viding no product state information, except for the landmark work on
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F +H, and its isotopic variants". In other words, this general-purpose
method trades the state-specificity for its universality—a dilemma of
“seeing the forest but not trees”. Consequently, these two conven-
tional approaches are generally conceived of applying to different
classes of reactions depending on the availability of product
spectroscopy.

Moreover, a polyatomic reaction often yields two molecular
products. Then, even if the spectroscopic prerequisite of one product
is fulfilled, the conventional spectroscopic methods would remain
blind to the internal-state distributions of its coproduct. In order to
uncover such a hidden information, a method combining the
resonance-enhanced multiphoton ionization (REMPI) spectroscopy
with high-resolution velocity map of the REMPI-tagged ions was
developed” to acquire, with the aid of energy and momentum con-
servations, the state-correlation between the concomitantly formed
product pair in each individual reactive event'**,

Despite the advance of this innovative method, the detailed
information thus derived still suffers a significant shortcoming of
being fragmentary, making it cumbersome to piece that information
together for a bigger picture—a crucial aspect needed for a deeper
understanding of chemical reactivity. As previously reported on the
F + CD,4 reaction, the umbrella-mode (v,) excited products CD5(v, =0,
1, 2, 3) were individually REMPI-tagged and imaged to reveal the con-
comitantly formed DF vibrational states of each individual CD5(v,)
state—one at a time">", The resultant pair-correlated distribution of
(va(cp3), Upp), however, bore notable uncertainties of the relative REMPI
detection sensitivities of each individually interrogated CDs(v,) state.
[The notation of (vacps), Upr) refers to the vibrational quantum states
of two products, CD5 and DF, that are concomitantly formed in a single
reactive event.] In addition, the information on other modes of exci-
tation of CD3 was missing for either the lack of spectroscopic data or
the weakness of REMPI signals, which, however, not necessarily reflects
low reactivity. A similar experiment on the individual pair-correlated
angular distribution of (vycu3), vuE) in F + CH4 was recently reported;
though no attempt was made to obtain the pair-correlated vibrational
branching'. Therefore, it is most pressing to develop an alternative
detection scheme with two seemingly conflicting requirements of
universality and state-specificity to quantitatively delineate the fuller
picture of the reactivity.

In this work, we propose a general detection method with both
universal and state-specific capabilities. We demonstrate, using the
benchmark F + CH, reaction, that complete product state and angular
distributions can be simultaneously acquired in a pair-correlated
manner from a single measurement, rendering more robust results
possible without problematic calibrations of the detection sensitivities
of different states by other state-specific methods. To attest the
reliability of the experimental results, we also perform quantum
dynamics calculation on a highly accurate full-dimensional potential
energy surface. The comparisons between experiment and theory
show remarkable agreements in nearly all aspects. Furthermore, the
uncovered dynamical features enable us to pinpoint the angle-angular
momentum correlation being the key factor in governing the
reactivity.

Results

A universal detection with product state-specificity

We achieved that by fully utilizing the unique feature of (ion) velocity-
map imaging (VMI) of the recoiled products in a three-dimensional
(3D) manner (Methods, Supplementary Fig. 1). By exploiting vacuum
ultraviolet (VUV) one-photon ionization as a general probe, the widely
used 2D image technique velocity-mapped those (ionized) products in
the image plane x-y—regardless of their spatial locations of (x, y)—to a
single spot on a position-sensitive detector”. By operating VMI under
the soft-focusing condition (17.6 V/cm extraction field), the arrival time
of the whole ion packet was stretched to about 300 ns, and at the same

time, the temporal spreads of those ions with the same v,-speed but
residing at different locations along the z-direction were greatly
compressed through the space-focusing effect™’®". As such, the
acquired imaging signals become insensitive to the finite scattering
and ionization volumes, and thus the full product 3D velocity infor-
mation can be faithfully mapped out.

The reaction of F + CH4 > CH; + HF was benchmarked for proof-
of-concept demonstration. This reaction has been the subject of
extensive studies over the past decades for its fundamental sig-
nificance as a prototypical polyatomic reaction as well as its practical
application in chemical lasers®?. Dynamically, most of the
prior works focused on the product state distributions of either CH;
or HF (refs. 23-26), except for more recent studies on the angular
distributions through REMPI-tagged product pair-correlation
measurements”°, In this work, we used 118 nm (10.48 eV) photons
to ionize CH; products (ionization potential of 9.84 eV). One-photon
ionization scheme has previously been employed in numerous studies
of polyatomic reactions; no state-resolved features have ever been
reported®°. The implementation of the above 3D-VMI scheme, com-
bined with time-sliced imaging (<20 ns gate-width) detection of the 3D
velocity information of CH;" at the center of the ion packet?, enables
us to reveal all possible states of concomitantly formed product pairs
of CHz and HF. As will be presented below, the results from such
universal and state-specific detection in turn give access to hitherto
inaccessible information.

It has been shown that over the photon energy range of
10.2——11eV, the CH; photoionization cross-section appears to be
independent of the umbrella-mode vibrational level (up to v,=2)*3.
This vibrational independency can be ascribed to the non-bonding
nature of the highest-occupied molecular orbital (HOMO) of the CH;
ground state and structural resemblance of the final CH;" state. Con-
sequently, the Franck-Condon envelopes for photoionization would
strongly favor the transitions that preserve both the vibrational mode
and its quantum number®**°. Furthermore, because the 118 nm photon
energy lies 0.64 eV above the ionization threshold, thus exceeding the
autoionization regime, no strong vibrational dependence is expected.
Thereby, we surmised that the present ionization scheme could serve
as a universal probe with nearly uniform detection efficiency for the ro-
vibrational states of CHz products of our concern.

All essential dynamical attributes from a single image

Figure 1A presents the background-subtracted raw image of one-
photon ionized CH3 products in the F+ CH4 reaction at collision
energy (E.) of 2.4 kcal mol™ (0.106 eV), for which the photochemical
and discharge-generated spurious backgrounds have been subtracted
(Supplementary Fig. 2). The distributions of previously reported (0o, 3)
and (0o, 2) product pairs, obtained by REMPI-tagged ground-state
CH5(0p) products®, are clearly seen as labels b and h, respectively.
Lying between them are a series of new ring-like features. Also shown
in Fig. 1C are the relevant energetics of all product vibrational pairs
(vchs, vur) of this work. Based on energy conservation, the nature of
those ring-like features can readily be identified and assigned in red in
Fig. 1C. Significantly, the vibrational excitation of CH; products reside
predominantly in the umbrella-mode (v,), with minor production of
symmetric-stretching (v;) excitation and nearly null in the remaining
modes of vz (asymmetric stretch) and v, (deformation)—clearly, a
highly mode-selective reaction. The formation of CHs(v; =1) has been
noted previously in a REMPI-tagged VMI experiment®. However, its
relative reactivity could not be quantified at the time due to the
unknown relative REMPI detection sensitivity of the 13-band.

The dynamics information encoded in Fig. 1A can be quantified
after the density-to-flux correction'. Figure 2A presents the resultant
product speed distribution P, over the 0°——90° angular range, where
the multiple rings are better resolved. Also shown are two sparse fea-
tures shaded in pink, which are the speed distributions of (0o, 3) and
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Fig. 1| Product image and relevant energetics. A Background-subtracted raw
image of CH; products in the reaction of F + CH, at £. = 2.4 kcal mol™, which was
deduced from subtracting the photochemical background of CH,4 reactants and the
discharge-generated background (see Supplementary Fig. 2). The directions of two
reactant beams in the center-of-mass coordinate are also indicated for clarity.
Numerous ring-like features are revealed and labeled as g, b,.... h. Ared circle and a
white one indicate the speed limits for features b and h, respectively. B An
expanded view of two inner-most features a and b. The color bars in (A, B) show the
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relative intensity, respectively. C The energy-level structures of the vibrational
product pairs of (Ucus, vnr) relevant to this work; as an example, the notation of (2;,
3) indicates one-quantum excitation of the v, mode of CH; and three quanta
excitation of HF vibration. The combination bands of the CH; radical are not
considered here because of presumably small populations. All observed image
features in (A) can be identified by conservation of energy as the product pairs
marked in red.

(0o, 2) acquired previously from an image with A-scanning the Q-head
of CH3(03) REMPI band™. As seen, both peaks match very well with the
features b and h, respectively. Note a nearly symmetric profile of the
(0o, 3) pair and an asymmetric one with a long tail toward slower
speeds for (0o, 2). Presumably, such distinct shapes reflect that more
energy is available for disposal into the two rotors (CHz and HF) of the
(0o, 2) vibrational pair. By subtracting the pink-shaded distribution
from the present P,, the speed distributions of vibrationally excited
CH3(vy) products are unveiled in Fig. 2B. Based on the energetic onset
of each product pair (Fig. 2A) and referred to the extended tails of the
(0o, 3) and (0, 2) distributions, the profile of each individual vibra-
tionally excited pair was then estimated and dissected from the con-
gested distribution. The results are displayed as the blue dotted line in
Fig. 2B. Once the shape of each component was determined, the
product speed and translational energy distributions over the full
angular range could then be uncovered by varying the magnitude of
each individual vibrational component, while keeping its shape intact,
till the observed total distributions were fitted. The results are pre-
sented in Fig. 2C, D, respectively.

Figure 3A summarizes the (pair) correlated vibrational branching
fraction deduced from Fig. 2C or Fig. 2D in a 3D (vcps, Unyp)-matrix
representation. We also perform a reduced six-dimensionality (6D)
state-to-state quantum dynamics (QD) calculation® on a highly accu-
rate full-dimension neural network (NN) potential energy surface®.
The 6D model (Methods: Theory) first constrains the nonreacting CH3
group within the C3y symmetry based on the eight-dimensional (8D)
framework of Palma and Clary*, and then assumes that the CH; group
can rotate freely around its C3y symmetry axis and the CH bond length
can be fixed at its equilibrium value in the reactant (2.06 bohr) to
further reduce computational costs. Test calculations show that the 6D
treatment yields reaction probabilities in good agreement with those
of the 8D treatment. After including the effects of initial CH, rotational
states of this experiment at 8 K (Methods: Experiment), the QD results

are displayed in Fig. 3B, for which only the v, mode is explicitly con-
sidered. Remarkable agreements between experiment and theory are
noted in nearly all aspects. For example, although the dominance of
umbrella-mode excitation of CH3(v,) is intuitively anticipated, both
experiment and theory show that the distribution of the v,-excitations,
concomitantly formed with HF(v=2), peaks around v,=1-a rather
mild excitation. Collectively, the umbrella-mode excitations account
for ~58% (theory) to -~57% (experiment) of total reactive fluxes, an
unprecedented and perhaps unexpected finding. Good agreements
are also notable from the lower-dimension product state distributions
of HF (in red, sum of all concomitantly formed CHs;(v;) states for a given
HF(v) state) and likewise CH5(v;) (in blue) displayed on the respective
background. Such global agreements not only testify the experimental
conjecture of uniform detection efficiencies of all CH; internal states,
but also validates that key dynamical feature can indeed be faithfully
captured by the present theoretical 6D-approximation.

Figure 4 compares the experimental and theoretical correlated
differential cross sections (CDCSs) at E. = 2.4 kcal mol™. This is the first
6D-QD calculation of state-to-state CDCSs for a six-atom reaction with
dynamical resonances. As seen, both display similar patterns showing
strikingly distinct distributions for different product pairs. Nearly all
product pairs feature a sharp forward structure, for which the theo-
retical prediction appears significantly sharper. Two plausible
mechanisms could account for such distinctive forward peaking: A
classical slowing-down (or time-delay) mechanism of trajectories over
the centrifugally shifted barrier in large impact-parameter collisions®,
and the contribution from a resonance-mediated pathway that has
been suggested as the dominant reaction mechanism at lower £,
particularly for the formation of HF(v=3)*%. As shown in Supple-
mentary Fig. 3, the initial CH, rotational excitation significantly lowers
the HF(v = 3) branching fraction, implicating a negative impact on the
resonance pathway. Thereby, the discrepancies in the forward peaks,
the imprint of the resonance pathway, would be reduced if the
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Fig. 2 | Product pair-correlated speed and translational energy distributions.
A CH; product speed distribution over the angular range of 0° 90°, deduced
from Fig. 1A after density-to-flux corrections. Two pink-shaded features labeled (0o,
3) and (0O, 2) are the corresponding distributions acquired previously from an
image with A-scanning the entire Q-head of the CH;(03) REMPI band™’; thus, all
rotational states of two products were probed as the present study. The vertical
dotted lines denote the energetic limits of the corresponding features shown in Fig.
1A. B The speed distributions of vibrationally excited CH3(v;) products after
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subtracting the pink-shaded distribution from the present P, (black line) in (A). The
blue dotted lines are the dissected speed distribution of each individual vibra-
tionally excited pair (vcus, Unr). The red dotted line is their sum. C The CH; speed
distribution (black line), the pair components (shaded pink for the CH3(0o) pairs
and blue dotted lines for the vibrationally excited CH;(v;) pairs), and the simulated
sum in red dotted line over the full angular range. D As (C), but presented as the
distribution of total translational energy release, P(E). For clarity, only the energetic
limits for the HF vibrational states are indicated as the vertical dotted lines.

reactants CHy(j=1, 2) were also included in the calculation. More sig-
nificantly, the overall distribution evolves from being predominantly
forward peaking for (0o, 3) to exhibiting marked sideways scattering
for (2,, 2), and then to essentially backward-scattered (0o, 2). Such a
systematic trend follows closely with exoergicity of the product pair
(Fig. 1C), with the internally hotter pair recoiled mainly in the forward
direction and the least (internally) energetic pair shifted to backward
scattering.

Mechanistic origin: angle-angular momentum correlation

Two factors could be at work for this prominent recoil energy
dependency of angular distributions. As alluded to earlier, the reaction
of F + CH4 proceeds predominantly by a resonant tunneling mechan-
ism at low E.<1kcalmol® (ref. 33). At E.=2.4kcalmol™® the direct
abstraction mechanism prevails with minor contribution from the
resonance pathway*>**™*, This is a highly exoergic, heavy-light-heavy
reaction with a somewhat bent, yet highly fluxional, F-H-C transition-
state geometry®>*2 For a light-atom transfer reaction, both the initial
and final orbital angular momenta, 1 and I', are mainly carried by
the orbital motions of two heavy particles. On inertial grounds I and I
are strongly coupled, leading to I=I" or I; = I for the ith
vibrational pair*”. The conservation of angular momentum dictates
Jeota =1 +jcha =1 *+jcus *+jur. The initial rotational angular momentum
of CHy, jcha, is negligibly small for a supersonically expanded beam at
the rotational temperature of -8 K (ref. 43). Therefore, jcys + jur must
be small, in line with experimental finding of small rotational energy
disposal of 1.5 kcal mol™ (Method: Energy disposal) and 6D-QD results
that both rotors exhibit low excitations with distributions peaking
around j =2 (Supplementary Fig. 4). Since I’= m'u’b’, where m’ denotes

the reduced mass of two products, u’is the recoiling speed and b’ the
impact parameter of the departing products. In a direct near-collinear
scattering process, smaller b’ tends to associate with smaller b, thus
prefers backward scattering. In keeping with I = I;, a more exoergic
product pair with faster speed u’, e.g., (2, 1) or (0o, 2), must recoil with
smaller b’, i.e., preferentially in the backward direction. Likewise, the
channel recoiled with small translational energy, such as (0o, 3), will be
mostly forward-scattered. The key factor in governing this kinematic
correlation between angle and orbital angular momentum seems to be
the energetics—irrespective of product vibrational modes—in accord
with the observed trend.

The above kinematic consideration, rooted in the A + BC reaction,
should hold for the newly formed H-F bond (Supplementary Fig. 5).
The CH;-moiety is not directly involved in bond cleavage and forma-
tion. Yet, the mere fact that about 57% of total reactive fluxes are
channeled into umbrella-excited CH3 products attests to the strong
coupling of the umbrella motions of CH; to the reaction coordinate;
thus, CH;-moiety is not an innocent spectator and cannot be regarded
as a pseudo-atom. To understand the mechanistic origin of the
observed umbrella-mode excitation and its dynamical attributes, we
first note that the breaking C-H bond is always directed away from
(and uniformly distributed around) the center-of-mass of CH,4, which
lies on the C-atom. This site-specific consideration leads to the notion
of peripheral dynamics*** for the present reaction, whose transition-
state features a reactant-like structure with elongated F-H bond and
slightly distorted umbrella angles (~107°) from the tetrahedral angle
(109.5°) of CH,**%,

For the large impact-parameter or high- [ collisions (the grazing
collisions), the force along the line-of-centers (i.e., the incident F-atom
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Fig. 3 | Comparison of (pair) correlated vibrational branching fraction in the
(vcus, Uyr) Matrix representation. A Experimental data were deduced directly
from Fig. 2C, D—no need for any normalization factors; the total sum is unity, and
B theoretical results are from a 6D quantum dynamics simulation on a highly
accurate ab initio potential energy surface, including the effects of reactant rota-
tional states (Supplementary Fig. 3). Both experiment and theory indicate the
dominance of umbrella-mode of excitations of CH;(v,). The previously reported
anti-correlated excitation of two vibrators (CDs(v,) and DF(v)) in the reaction of
F+CD4"" is affirmed, but in a complete and more quantitative manner in the
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present case. The conventional (or uncorrelated) product state distributions of HF
(in red) and CH;(v;) (in blue) are displayed on the respective background, which are
obtained by proper summation of state populations of the coproduct CH; and HF,
respectively. Only very minor discrepancies can be noted. The overall agreements
between experiment and theory are excellent. Experimental signals for the faster
speed part, i.e., those for the formation of HF(v=1), are very weak and featureless.

Judging from the extent of its distribution, an evenly distributed pair population
was tentatively posited as gray blocks.
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Fig. 4 | Comparison of correlated differential cross sections (CDCSs) of the
prominent product pairs. Experimental CDCSs (do/dcosB) are in black and theory
in red. Supplementary Figs. 8, 9 detail the experimental procedures to retrieve the
CDCSs from the overlapped image. Due to the enormous computational costs in
6D-QD, only the ground-state reaction with CH4(v =0, j=0) was calculated.
Including the rotationally excited CH4(j=1 and 2) would reduce the contributions
from the resonance-mediated pathway (evidenced by Supplementary Fig. 3), thus

likely suppressing both the prominent forward and minute backward peaks. “Total”
denotes the overall angular distribution, which includes all minor product chan-
nels; experimentally, it was deduced directly from the density-to-flux corrected
image. Since only the shapes are of concern, experiment and theory in each panel

are normalized to the same fluxes (i.e., integration of (do/dcos6)-sin6 over all
angles 0).

to the C-atom) will be weak, exerting little distortion to the reactant-
like transition-state structure. As the H-atom is abstracted with
vibrational-excited HF scattered forward, the pyramidal CH;-moiety at
transition state flattens abruptly to the planar CH; product structure,
resulting in mildly umbrella-excited CH; products. On the other hand,
for the low- [ collisions (the head-on collisions), the line-of-centers
force imparted by the incident F-atom is stronger, which attracts a
H-atom under attack, causing the remaining CH;-moiety flattened
gradually until the rupture of attacked C-H bond, and thus leads

predominantly to the backward-scattered ground-state CH; products.
This qualitatively explains the observed correlation that low umbrella-
excited CH; prefers backward scattering, whereas higher umbrella-
excited CH3 yields more in the sideway and forward directions. A
theoretical inspection on how the umbrella motion of CHz-moiety
evolves along the reaction path (Supplementary Fig. 6) confirms this
classical physical picture.

It is worth noting that the proposed interpretation can also
account for a recently reported center-barrier reaction of D+ CH,
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(ref. 46) and H+ CH,/CD4 (ref. 47). where the umbrella angle at the
transition state is 103° (ref. 48). Hence, like the present reaction, the
ground state-pair (Og, 0) is expected to be scattered more backward
than the umbrella-excited pair (2;, 0), as experimentally observed.
More elaborative QD wave-packet analysis led to the same
conclusion®®. As for the reversed behavior in the late-barrier Cl+ CH,
reaction, i.e., the ground state CH; products tend to be scattered more
in the forward hemisphere (Supplementary Fig. 7), it can again be
comprehended within this angle-angular momentum correlation fra-
mework. This is because that compared to the low- [ collisions, the
high- [ collisions induce weaker distortion to the product-like transi-
tion-state structure, which features a nearly planar CHz-moiety; leading
to more forward-scattered ground-state CH; products. Putting toge-
ther, with the consideration of the entire transition-state structure
(meaning both the active X-H-C site and the spectator CH; moieties),
this angle-angular momentum correlation provides a conceptually
appealing framework for understanding diverse dynamic behaviors of
a host of direct reactions. The mechanistic insight proposed here in
turn serves as a vivid example to illustrate how the product dynamical
attributes are controlled by the transition-state structure®.

Discussion

All molecules can be photoionized with either known or readily com-
putable one-photon ionization cross sections in the VUV regime. This
general-purpose ionization probe can be transformed into a universal
detection with the product state-resolved capability—the best of two
worlds. Traditional universal detection measures the neutral product
speed distribution; thus, the finite scattering and ionization volumes
limit its resolution. This limitation can be mitigated, however, by
interrogating instead the photoionized products at collision center in
harness with a 3D-VMI scheme. Compared to the widely used REMPI-
tagged imaging approach, the current approach is less efficient in
ionization for its non-resonant nature, and intrinsically of lower state-
resolving power (because all internal states will be ionized with
recoiled energies inevitably intertwined in the total translational
energy measurement), and is prone to photochemical background
problems due to its universal ionization. Nonetheless, those obstacles
could be overcome and out came the results that provide a complete
(rather than fragmentary) and more robust dynamical information
from a single image measurement.

As demonstrated here, the dynamics of F+CH,4 reaction are
uncovered in full, showing merely 40% of reactivity yielding the
ground-state CH3 products, despite being the most prominent feature
in the REMPI spectra. Most reactive fluxes are instead channeled into
umbrella-excited CH; with little or negligible amounts for three other
vibrational modes. The capability of both universal and state-specific
detections at the same time also enables us to pinpoint the angle-
angular momentum correlation being the underlying mechanism for
the observed vibrationally state-dependent angular distributions. The
same correlation can also account for the diverse behaviors reported
in the literatures on a family of X + CH, reactions. Comparisons with
concurrent 6D-QD calculations on both pair-correlated vibrational
branching and state-resolved angular distributions show excellent
agreements in nearly all aspects, testifying the reliability of the pro-
posed experimental method. Hence, complementary to the estab-
lished detection methods, a new approach that captures the essential
traits of all existing methods is now added to the experimentalist’s
toolbox. It should be particularly well-suited for investigating complex
multi-channel processes by providing otherwise inaccessible insights
as well as illuminating a clear roadmap for more detailed studies.

Methods
Experiment
Supplementary Fig. 1 depicts the crossed-beam setup used in this
work'>*%%! It consisted of two rotatable pulsed molecular beams and a

fixed detector assembly housed in a vacuum chamber. The F-atom
beam was generated by a pulsed high-voltage discharge of 5% F, see-
ded in a pulsed supersonic expansion of Ne at 6 atm. The CH, beam
was also produced by pulsed supersonic expansion of neat CH, at 6
atm and characterized by a rotational temperature of 8K, i.e., the
initial j-state distribution of nj_o: ni: ni>=0.31: 0.54: 0.15 (ref. 43).
Both beams were collimated by double skimmers and crossed in a
differentially pumped scattering chamber; collision energy (E.) was
tuned by varying the intersection angle of the two molecular beams.
To interrogate the reaction products, non-resonant one-photon ioni-
zation of CHj radicals was employed using 118 nm photon that was
produced by the third harmonic generation scheme of a third har-
monics YAG laser (355 nm) in a cell filled with —11 Torr of Xe (ref. 50).
The CH3" thus generated was then guided by a set of specially designed
ion-optics and velocity-mapped in a three-dimensional manner onto
the image detector consisting of gated-MCP, phosphor, and CCD
camera™”, The center-sliced image was then recorded by a computer
for data analysis (Supplementary Fig. 2).

Image analysis

To retrieve the state-resolved angular distributions, or the CDCSs,
from the overlapped image features, a two-step data analyses were
performed. First, we tested how each individual CDCS will be affected
by the sampling annulus with different widths or the u-ranges. As
shown in Supplementary Fig. 8 samplings of three different annular
widths (the right panels) exert little effect on the resultant CDCSs
(the left panels). With that, we then proceeded to disentangle the
“contaminations” from the proximate peaks for each given product
pair to recover the ‘best-estimated’” CDCS. Based on the red-shaded
slabs in the right-middle panel in Supplementary Fig. 8 for the
respective product pair, we analyzed the angular distribution over
the corresponding u-range. The results are presented as the black
line in Supplementary Fig. 9, which encompasses both the desired
distribution and the contamination from the adjacent product pairs.
Due to the asymmetric P, profiles, the position and width of each
desired pair were chosen so that it would capture its main peak with
contaminations mainly from the lower speed part of the adjacent pair
to the right and the long tail of the (0q, 2) pair. The extent of con-
tamination can be estimated from the overlapped flux or the area.
Starting from the right, (0o, 2), the overlap-corrections were then
performed progressively one-by-one towards the left. The results are
presented as the red lines in Supplementary Fig. 9, which represent
our “best-estimated” CDCSs. Tests were also performed for some-
what different choices of u-slabs to ensure the consistency of the
results.

Energy disposal

Conservation of energy can be expressed as FEioua=—-AHx+Ec.=
V(CH3+HF) + R(CH3+HF) + T(CH3-HF)r where AH,, is the heat of reaction
(-31.82 kcal mol™), Vicpz+hr) (OF Richz+nr)) denotes the averaged energy
deposited into two product vibrators (or rotors), and T(cps-ur) is the
averaged kinetic energy release of the departing products. Experi-
mentally, the product speed distribution was measured; thus T(cy3-nF)
can be deduced from Fig. 2D, 6.1 kcal mol™ or a fractional translational
energy release fr = 0.178. The vibrational energy disposal V(cp3+nr) can
be derived from the normalized pair-correlated distribution presented
in Fig. 3A, V(cra+np) = 26.7 kcal mol ™ or fy, = 0.778. Notably, most of the
available energy is deposited into the vibrational motions of the newly
formed HF bond (fyr) = 0.71), in line with Polanyi’s rule for a highly
exoergic atom + diatom reaction with an early barrier*. The conserva-
tion of energy, fr+fv+fr=1.0, will then lead to fr=0.044 or a low
value of L.5kcalmol™ for the combined energies of two rotors
R(cuz+np)- In view of relatively large rotational constants of two pro-
ducts (Beyz +9.6 cm™, Cepyz ~4.7 cm™, and Byyr — 19 cm™), small values
of jcus +JjuF are then expected.
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Theory: Reduced dimensional state-to-state quantum dynamics
calculation

The reduced dimensional model employed in the time-dependent
wave packet (TDWP) calculations here was the free-torsion seven-
dimensional (FT-7D) model we proposed for the X + YCZ; > XY + CZ;
reaction in 2013 (ref. 34), by assuming that the CZ; group can rotate
freely with respect to its Czy symmetry axis (Supplementary Fig. 10).
With the bond length of CH fixed at its equilibrium value in reactant
(2.06 bohr) because it essentially does not change during the reaction,
the number of the degrees of freedom included in the calculation was
reduced to six. We used the multiple-step reactant-product decou-
pling (MRPD) method*** to obtain the state-to-state information. We
carried out state-to-state calculations covering all the total angular
momentum Jio.1 from O to 60 to converge the ICS and DCS for the
initial ground state reaction for collision energies up to 0.1eV. The
state-to-state ICS for the initial CH4 rotational excitation were obtained
using the weight-inclusive J-shifting method*, by including results for
Jiora = 0, 20, 40, and 60. The impacts of reactant rotations to CICSs are
summarized in Supplementary Fig. 3.

Numerical parameters used in the 6D-QD calculation

The numerical parameters used in reactant Jacobi coordinates are as
following: A total number of 280 sine basis functions covering a range
from 3.0 to 19.8 bohrs were used for R with 110 grid points in the
interaction region. For the r dimension, 70 basis functions were used in
the range of [1.0, 9.0] bohrs in the interaction region, while six basis
functions were used in the asymptotic region. The number of basis
functions for the umbrella motion was 16. The rotational basis func-
tions were constrained by the parameters, /. =164, [, =140,
Jmax = 24. The center of the prepared Gaussian wave packet was loca-
ted at Ry =18.0 bohrs, with the width of §=0.2 bohr, and the central
energy of £,=0.15eV. For total angular momentum Jiota = O, we pro-
pagated the wave packets for 150,000 a.u. of time with a time step of
10 to converge the reaction probabilities. The absorption potential on
the r coordinate for the MRPD calculation takes the form

r—ro\"
vp<r>=C< . ) ,

with r®=6.5 a.u., Ar=2.5 a.u., C=0.04, and n=15. To minimize the
computational cost, the coordinate transformation is carried out at
every eight propagation time steps. Continuous propagation in the
product Jacobi coordinates only involves a total number of 300 sine
functions for the translational coordinate in a range of [3.0, 21.0] bohrs
and seven vibrational basis functions for HF bond. The number of basis
functions for the umbrella motion was 11. The rotational basis func-
tions were constrained by the parameters, /., =54, [, =30, and
Jmae =24. A dividing surface is placed at R'=15.5bohr to extract S
matrix elements. The number of K-blocks included in the product
calculation increases with the total angular momentum, from 1 for
Jiotal = 0, up to 7 for Jiora = 60.

Data availability

All data in the main text and the supplementary information are
available at https://figshare.com/s/c2ae0cd070ae2b583cd8. Source
data are provided with this paper.
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