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Revealing umbrella bending as a reporter
mode in the D+CH4 reaction

Yuxin Tan 1,7, Bin Zhao 2,3,7 , Daofu Yuan 4,7, Fan Li1, Shanshan Yu1,
Mengda Jin 1, Yu Zhang1, Chang Luo 1,WentaoChen1, TaoWang 2, Jikai Zhu2,
Ziwei Wang2, Tiangang Yang 2, Shu Liu 5, Uwe Manthe 3,
Xingan Wang 1,6 , Dong H. Zhang 5,6 & Xueming Yang 2,5,6

How the non-reacting moiety of a molecule influences a polyatomic reaction
has been a topic of much research interest. Here we present a comprehensive
investigation of the D +CH4→HD+CH3 reaction, a benchmark polyatomic
elementary reaction with CH3 as the non-reacting moiety, employing a high-
resolution crossed molecular beams apparatus and an accurate seven-
dimensional wave packet method. An interesting angular distribution of the
CH3(v’ = 1) product umbrella bending vibrational state is observed to scatter
more in the sideways direction than the CH3(v’ =0) one. By monitoring the
wave functions on a dividing surface in the transition state region, the CH3

umbrella bending mode is established as a reporter mode that faithfully
reveals how the D atom dynamically approaches CH4 at different total angular
momenta or impact parameters. This discovery of the reportermode provides
an opportunity for the detailed study of polyatomic reaction dynamics.

During the transient breaking and forming of chemical bonds, che-
mical reactions have never shown a lack of fascinating dynamical
processes. The discovery and understanding of these interesting
dynamics often result from the introduction of concepts, such as
dynamical resonance,1 quantum interference,2,3 and the geometric
phase effect,4,5 whichhave served as the building blocks of the detailed
physical picture of the dynamical reaction processes.

Polyatomic reactions are characterized as chemical processes
involvingmore than three atoms in reactiondynamics studies, but only
a small number of the atoms are actively involved near the reaction
site, and the remainingmoieties of themolecules are non-reacting. The
synchronized collective motions of the atoms in a molecule are called
vibrational normal modes. In polyatomic reactions, there are multiple
vibrational normal modes, and some involve both the reactive and
non-reacting parts of the molecules. Excitation of different vibrational
modes results indifferent efficacies inpromoting the reactionprocess,

which is commonly referred to as mode specificity and bond
selectivity.6–8 According to their roles in the reaction process, vibra-
tional modes are often grouped into two categories: active modes and
spectator modes, and the former can be further classified as reactive
(promoting) modes, transitional modes, and adiabatic modes.9,10

However, how the non-reactingmoieties influence the overall reaction
is still not fully understood.

The detailed understanding of chemical reactions relies on accu-
rate experimental measurements and high-level theoretical calcula-
tions, which provide insightful information on the state-to-state
reaction dynamics.6,7,11,12 Angular distributions of specific product
quantum states, namely the quantum state-specific differential cross
sections (DCSs), reveal indirectly the most intricate dynamical infor-
mation from a sophisticated analysis. It would be beneficial if the
dynamical processes could be directly monitored. However, chemical
reactions proceed very fast, and the direct experimental observation
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of the underlying process of gas-phase reactive scattering is challen-
ging. Nonetheless, spectroscopy studies provide an enlightening
concept of the reporter mode.13–15 For example, the vibrational fin-
gerprint mode of the 11-cis retinal chromophore of the visual receptor
rhodopsin undergoes a frequency change during the isomerization
process. Monitoring the frequency change in the reporter modes
reveals the dynamic nuclear structural change.

The concept of the reporter mode is rarely mentioned in the
context of bimolecular reactive scattering experiments. It is partly due
to the difficulty in defining the time origin of the scattering event.
Furthermore, themost studied tri-atomic reactions donot show such a
reporter mode because there is only one bond to be broken and one
bond to be formed. The vibrational mode that resembles the breaking
of an old bond and forming of a newone at the transition state is called
the reactive mode, which is closely correlated to the reactive normal
mode at the transition state,16,17, i.e., the reaction coordinate with an
imaginary frequency. It exists in all chemical reaction systems
regardless of the number of involved atoms. Besides the reactive
mode, polyatomic reaction systems show other vibrational modes. It
would behelpful if a reportermode could be revealed todocument the
reaction dynamics and provide additional insights into the reaction
mechanism.

The X +CH4→HX+CH3 (X =H, O, F, Cl, etc.) reaction and their
isotopologues are among themostwidely studied polyatomic reaction
systems. Interestingly, most of the experimental studies focused on
the reaction of methane with O, F, and Cl atoms.7,18–25 The reactions
with H atoms are rarely studied,26–32 presumably due to the exceed-
ingly small reactive signals. Fortunately, theoretical studies have now
advanced to perform high-dimensional calculations of the H +CH4

reaction at the most detailed state-to-state level.33–37 Undoubtedly, the
H+CH4 reaction is the benchmark polyatomic reaction, just as the
triatomicH +H2 reaction. Althoughnobondswill be broken in thenon-
reacting CH3 fragment, it is interesting to study how the vibrational
modes of this fragment influence the reaction dynamics.

Evidence has been gathered to show that most of the vibrational
modes of the CH3 moiety are spectators,27,38,39 which are not actively
involved in the reaction and have negligible coupling with the reaction
coordinate. Energy deposited in the spectator mode is sequestered
during the reaction process, and their excitations have almost no
effect on the reaction. However, the umbrella bending mode of the
reaction is clearly not a spectator. In an early study of the CH3I pho-
todissociation, the accompanying umbrella bending excitation with a
long C–I stretching overtone progression suggested the correlation
between the dissociation coordinate and umbrella bending
coordinate.40 Recent studies have shown that the deferred umbrella
bendingmotion in the H +CH4 substitution reaction results in a higher
dynamical barrier.41 In addition, in the H +CHD3→H2 +CD3 reaction,
counter-intuitive vibrational excitation of the CD3 umbrella bending
mode has been observed,35 which revealed the active control of the
reaction pathways by vibrational excitations of the CHD3 reactant.
These results apparently suggest the features of the umbrella bending
mode in this polyatomic reaction.

The CH3 umbrella bending mode appears very intriguing. It is
apparently an active mode, but it cannot be directly classified into the
three existing classes of active modes.9,10 The CH3 umbrella bending
mode is not a reactive mode because the C-H bonds in the non-
reacting CH3moiety are not broken; furthermore, it is not an adiabatic
mode neither because the initial vibrational quantum deposited in this
mode is not adiabatically preserved during the reaction; at last, it is not
a transitional mode because theoretical calculations show negligible
transfer of energy from the excited umbrella bending mode to the
rotational motion of the products. In the present work, we intend to
reveal the CH3 umbrella bending mode as a reporter mode, which is
shared by the CH4 reactant and the CH3 product and monitors the
underlying dynamics on the way from reactants to products.

Here, we performeddetailed experimental and theoretical studies
of the angular distributions of the CH3 product states in the
D+CH4→HD+CH3 reaction at different collision energies, with the
aim of revealing the role of the umbrella bending mode. This D +CH4

reaction was chosen for its relatively larger cross section among other
isotopologues. A high-resolution crossed molecular beams apparatus
was employed in the current experiment to detect the small reactive
signal. Velocitymap images42,43 in combinationwith a (2 + 1) resonance-
enhanced multiphoton ionization (REMPI) scheme18,32 were used to
detect the vibrational state-selected CH3 products. This crossed
molecular beams method allowed us to obtain accurate product dis-
tributions of kinetic energy and vibrational state-specific DCSs.44

Theoretical quantumdynamics studies employed a seven-dimensional
(7D) time-dependent wave packet method and a model Hamiltonian
developed by Palma and Clary.45 Detailed DCSs were calculated with
the reactant-product decoupling method.46

Results
The crossed molecular-beam experiment of the D +CH4→HD+CH3

reaction was performed on the apparatus shown in Supplementary
Fig. 1. Two CH3 product vibrational states, the ground CH3(v’ =0) state
and umbrella bending excited CH3(v’ = 1) state, were probed by
employing the (2 + 1) REMPI ionization method, and the measured
images are shown in Fig. 1a, b, d, e, g, h, respectively, at the collision
energies of 0.66, 0.99, and 1.55 eV. The Newton diagram of this reac-
tion is depicted in Fig. 1b, e, h by red lines. “F” and “B” represent the
forward and backward scattering directions of the CH3 product in the
center-of-mass frame, respectively. The CH3 products are dominantly
distributed in the backward and sideways scattering directions for all
experimental images. The main experimental noises were from the
incident CH4 beam, which can be seen as a circular area in the forward
scattering direction. At the three selected collision energies, the
boundaries between reactant beamnoises and theCH3 product signals
are well separated, which allows us to derive an accurate angular dis-
tribution of the CH3 product states. It should be noted that the reac-
tant beamnoises are ubiquitous in the X +CH4→HX+CH3 (X =H, O, F,
Cl, etc.) reactions if the CH3 products are detected. The noises in Fig. 1
were substantial because of the exceedingly weak reactive signals of
the title reaction, which poses challenges in detailed experimental
studies of this reaction. The total product translational energy dis-
tributions at the collision energies of 0.66, 0.99, and 1.55 eV were
derived and presented in Supplementary Fig. 2 by integrating the
experimental images in Fig. 1 along the angular coordinate, which are
in very good agreement with the theoretical results.

The quantum state-specific DCS reflects crucial and detailed
dynamical information. After integrating the radial part of the images
of the CH3(v’ = 0) and CH3(v’ = 1) products in Fig. 1, the experimentally
measured angular distributions of CH3(v’ =0, 1) were extracted and
shown together with the theoretically calculated results in Fig. 1c, f, i.
The experimental results in the forward scattering direction were not
presented due to the noise from the CH4 beam. The experimental and
theoretical results are in very good agreement, suggesting the high
precision of the measurements and calculations. At the collision
energy of 0.66 eV, the CH3 products show a dominantly backward
distribution, and the distribution gradually decreases towards smaller
scattering angles. At the collision energies of 0.99 and 1.55 eV, the CH3

products scattered to a wider angular range when more energy
became available. Most interestingly, the CH3(v’ = 1) products were
distributed more to the sideways direction than the CH3(v’ =0) one at
all three collision energies.

Discussion
Angular distributions of product states are closely related to mode
specificity and bond selectivity. The latter studies the influence of
reactant vibrational excitations on the control of chemical reaction
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when reactants proceed toward the transition state region, and the
former studies energy decomposition and angular distribution of
product states when products move away from the transition state
region. Due to the micro-reversibility of elementary reactions, the two
types of studies both help to reveal the underlying dynamics of
polyatomic reaction systems. Resolving product CH3 umbrella bend-
ing states and angular distributions provides detailed information on
the underlying dynamics.

It is very interesting to observe a more sideways distributed
angular distribution of the CH3(v’ = 1) vibrational state than the
CH3(v’ =0) one in Fig. 1. Common wisdom would expect the opposite
angular distribution. The title reaction features a colinear transition
state and proceeds through a rebound mechanism: the incoming D
atom abstracts an H atom from the CH4 reactant, and the HD product
rebounces to the opposite direction. The CH3 product also rebounces
in the opposite direction to the incoming CH4 reactant. This
mechanism would expect more vibrational excitation in the backward
direction at moderate collision energies because collisions with low-

impact parameters transfer much energy into vibrations, and the
vibrationally excited products would be mainly back-scattered.47

Apparently, the angular distribution of the CH3(v’) vibrational states in
Fig. 1 defies this expectation and contains interesting dynamical
information on the title reaction.

Product angular distributions and opacity functions
First of all, the CH3(v’ =0, 1) product angular distributions are closely
related to the opacity function, which is a concept used to describe the
reaction probabilities as a function of the total angular momentum,
Jtot, in a quantum sense (or the corresponding classical impact para-
meter, i.e., the perpendicular distance, b, between the paths of the
colliding particles if they were to continue without interacting).
Without losing generality, results at the collision energy of 0.99 eV are
selected to analyze in detail in Fig. 2, and the results at the other two
collision energies can be found in Supplementary Figs. 8, 9. The results
for the CH3(v’ =0) and CH3(v’ = 1) products are plotted as the blue and
green lines, respectively, in Fig. 2a. The plots provide insights into how
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Fig. 1 | Experimental images and vibrational state-specific angular distribu-
tions. a Experimental time-sliced velocity map image of CH3(v’ =0) products at a
collision energy of 0.66 eV. The color scale represents the ion counts of CH3

+.bThe
experimental time-sliced velocity map image of CH3(v’ = 1) products at a collision
energy of 0.66 eV. The Newton diagram for the D +CH4 reactive scattering is
depicted by red lines. The “CH4” and “D” denote the directions of the two reactant
beams. “F” and “B” denote the forward and backward scattering directions corre-
sponding to the incident CH4 beam in the center-of-mass (COM) frame. “CM”

denotes the center of mass for reactive scattering. d, e The same as (a and b),
except at a collision energy of 0.99 eV. g, h The same as (a and b), except at a
collision energy of 1.55 eV.c, f and (i)The experimental (Exp.) and calculated (Theo.)
differential cross sections (DCSs) at collision energies of 0.66, 0.99, and 1.55 eV,

respectively, in units of Å2 sr−1, in which sr stands for steradian. The experimental
DCSs for CH3(v’ =0) and CH3(v’ = 1) products are plotted in dark blue and bright
orange, while the calculated DCSs for CH3(v’ =0) and CH3(v’ = 1) products are
plotted in dark cyan and strong red. To better present the different angular dis-
tributions of the v’ =0 and 1 product states at each collision energy, the DCS of the
v’ = 1 product is scaled to a similar amplitude as the v’ =0 product. 0 and 180°
represent the forward and backward scattering directions, respectively. The
counting events were about 500,000 laser shots for the CH3(v’ =0) reaction
channel, while the counting events were about 2,000,000 laser shots for the
CH3(v’ = 1) reaction channel. The error bars for experimental DCSs are estimated to
be about 10%, which mainly comes from the uncertainty of experimental mea-
surement and the fitting process. Source data are provided as a Source Data file.
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likely the reaction is to occur at different total angular momenta. The
CH3(v’ =0) state shows a decreased reaction probability with an
increased Jtot, while the CH3(v’ = 1) one peaks at about Jtot = 35. This
indicates a tendency of forming the CH3(v’ = 1) products at large Jtot,
which are shown in Fig. 2b for six selected Jtot’s. At each Jtot, the
probabilities of forming all theCH3 vibrational states arenormalized to
be 1.0. It is clear that CH3(v’ =0, 1) are the two main vibrational states,
and the remaining ones are negligible for all Jtot’s. Although the data in
Fig. 2a, b is plotted differently, it shows the same tendency of forming
the umbrella excited CH3 state with increasing Jtot’s.

As we know, different partial waves, Jtot’s, contribute to specific
directions of the DCS. For example, for direct reactions without
deep trapping wells, the backward scattering direction of the DCS
has the largest contribution from small partial waves, and the scat-
tering direction shifts to the sideways and forward directions when
more partial waves contribute to the reaction processes. One
important exception is the dynamical resonance, in which the
reaction intermediate is transiently trapped and the recoiling pro-
ducts are eventually scattered in the forward direction after a cer-
tain amount of rotation during the surviving period. The title
reaction is a direct reaction without featuring any trapping well
along the reaction path (see Supplementary Fig. 4). Thus, the

backward and sideways signals in Fig. 1 can be attributed to the small
and large partial waves, respectively. Figure 2c, d shows DCSs cal-
culated with different Jmax

tot , the maximum value of Jtot, for the
CH3(v’ = 0) and CH3(v’ = 1) product states, respectively. With the
increasing Jmax

tot , the DCSs shift more to the sideways direction. In
particular, the peak of the CH3(v’ = 1) DCSs emerges only when
roughly the Jtot ≈ 0-50 partial waves are included. These results align
well with the expectations of a direct reaction.

Revealing the CH3 umbrella bending mode as a reporter mode
To understand the interesting angular distribution and vibrational
state population of the umbrella bending mode of the CH3 product,
the topography of the potential energy surface (PES) merits some
analysis because it illustrates important features of the reactants,
transition state, and products. The threemost relevant coordinates are
defined in Fig. 3a:R is the distancebetween theCH4 center ofmass and
theDatom, and r is thedistancebetween the center ofmass of thenon-
reacting CH3 moiety and the reacting H atom; the CH3 umbrella
bending coordinate χ is the angle between theC3v symmetry axis of the
non-reacting CH3 moiety and any of the non-reacting C-H bond. A
more detailed description of the coordinates of the 7D model Hamil-
tonian, 2D plot of the PES along the reaction coordinate, and 1D cuts of

Fig. 2 | Analysis of the angular distributions of the ground CH3(v’ =0) and
umbrella bending excited CH3(v’ = 1) product states at the collision energy of
0.99 eV. aReaction probabilities as a function of the total angularmomentum, Jtot,
for the two product states. b Normalized relative populations of the CH3 umbrella
bending vibrational states at different Jtot’s. The population of the v’ = 1 state
increases with the increasing Jtot. c Differential cross section (DCS) of the
CH3(v’ =0) product state calculated with different values of Jmax

tot , in units of Å2 sr−1,

in which sr stands for steradian. d The same as c but for DCS of the CH3(v’ = 1)
product state. The backward scattering direction of the DCS has the largest con-
tribution from small partial waves, and the scattering direction shifts to the side-
ways and forward directions when more partial waves contribute to the reaction
processes. Similar results for the collision energies of 0.66 and 1.55 eV are shown in
Supplementary Figs. 8, 9, respectively. Source data are provided as a Source
Data file.
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the potential are given in the Supplementary Figs. 3, 4. It is interesting
to highlight the change of the CH3 umbrella bending mode while the
reactive flux passes from reactants to products. The umbrella bending
mode exists in both the CH4 reactant and the CH3 product, but the
equilibrium geometry and the vibrational frequency of this mode
undergo a dramatic change along the reaction path. In the reactant

D +CH4 asymptotic region, the minimum of the umbrella bending
potential features a value of 109.5°, and it gradually changes to 90° in
the product HD+CH3 asymptotic region. At the same time, the
vibrational frequency decreases from 1330 to 600 cm−1.

Thanks to the dynamic correlation of the vibrational frequency
and the equilibrium geometry to the reaction coordinate, the CH3
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umbrella bendingmode is promising to provide a probing tool for the
underlying reaction dynamics. In the title reaction, the attacking of the
D atom to the CH4 molecule and the departure of HD and CH3 pro-
ducts proceed very fast, thus the vibrational state of the CH3 umbrella
bending mode cannot adiabatically follow the motion in the reaction
coordinate and results in multiple vibrational excitations, as shown in
Fig. 2. Due to this interesting behavior, the umbrella bending mode
acts as a reporter mode in the title reaction, and the different angular
distribution of the CH3(v’ =0) and CH3(v’ = 1) states in Fig. 1 encloses
interesting dynamical information.

Dynamics reported by the CH3 umbrella bending mode
To reveal how the umbrella reporter mode monitors the reaction
process is an intriguing pursuit. It is well-known that the transient
wave functions near the transition state entail all the dynamical
information on the reaction process. The reaction barrier features a
geometry with an r-value of 1.43 Å in contrast to the equilibrium
value of 1.16 Å in the CH4 reactant. A dividing surface at r = 1.59 Å
(denoted as a dashed green line in Supplementary Fig. 4a) is located
near the product side of the transition state and thus can be used to
analyze the reactive wave function. Once traversing this dividing
surface, the wave function proceeds directly to the product region
and never returns to the transition state region. In Fig. 3b–f, energy-
dependent scattering wave functions on this dividing surface are
shown for five selected partial waves (Supplementary Movie 2 shows
the animated change of the wave functions, with each frame repre-
senting the wave function of a partial wave.). The collision energy is
selected to be 0.99 eV, and the results of the other collision energies
are shown in Supplementary Figs. 10 and 11. In each figure, the wave
function shows a correlation between the χ and R coordinates: the
wave functions tilt to a small χ region for large R-values. This is
because a large R value on the dividing surface represents not only a
large D and CH4 distance but also a large separation of the HD and
CH3 products. The departure of the HD and CH3 products results in
an increased value of the R coordinate. Thus, the wave functions are
in accordance with the decreasing equilibrium geometry of the χ
coordinate along the reaction path towards products.

The change of the umbrella wave function with respect to Jtot is
more interesting. Figure 3g shows the wave functions in the umbrella
bending χ coordinate after integrating the wave functions in the R
coordinate. These 1D scattering wave functions of different partial
waves show interesting patterns: the larger the partial wave is, the
more the scattering wave function differs from the ground vibrational
state of the CH3 product (denoted by the black curve), which suggests
that the CH3 product is vibrationally excited. The variations of the
wave functions with respect to Jtot are not dramatic, but the corre-
sponding effects on the CH3 product vibrational state distribution are
significant, which had also been observed in the vibrational control of
the reaction pathway in the H +CHD3→H2 +CD3 reaction.

35

As a reportermode, the shapes of the CH3 umbrella bendingwave
functions for different Jtot’s are capable of reporting the dynamic
approach of the D reactant to the CH4 molecule. For nonzero partial
waves, the orbital angular momentum exerts on the rotating reactive
system a centrifugal repulsion force that impedes the approaching of
the D atom to the CH4 reactant; thus, for larger partial waves, the

reactive H atom is abstracted by the D atom at a larger R distance, as
shown in Fig. 3h for the wave functions in the R coordinate after
integrating the wave functions in the χ coordinate. At a larger R dis-
tance, the wave function in the χ coordinate is less disturbed by the
incoming D atom and resembles more the one in CH4. As the CH4

reactant shows a larger equilibrium value of χ than the CH3 product, it
is now not difficult to rationalize that the CH3 umbrella bending wave
functions shift more to a large χ value for large Jtot’s.

Dynamic approach of D to CH4 at different partial waves
In the end, the schematic of the CH3 umbrella bending reporter mode
in the title reaction is displayed in Fig. 4. The total angularmomentum,
Jtot, of the reactive system is quantized in the quantum sense, and the
corresponding classical counterpart is the impact parameter b, which
is the perpendicular distance between the paths of the colliding D
atom and CH4 molecule if there were no interaction between them.
The vertical axis of Fig. 4 denotes Jtot and can thus be considered as the
impact parameter b. For different Jtot’s, theD atomapproaches theCH4

molecule with different impact parameters. Due to the centrifugal
repulsion force at larger impact parameters, the D atom abstracts an H
atom fromCH4 at increasingly bigger values of theR coordinate, which
are indicated by the colored circular rings in Fig. 4. The corresponding
1D wave functions, ψ(χ), and the vibrational state populations of the
CH3 umbrella bending mode are shown on the top right corner. The
shapes of thewave functions can report thedynamic approachof theD
atom to CH4, but the wave functions can not be directly observed in
the experiment. Nevertheless, the angular distributions of the
CH3(v’ =0) and CH3(v’ = 1) products in the measured and calculated
DCSs in Fig. 1 encode the dynamics of the reaction. The 1D wave
functions of increasing Jtot shift more to larger χ values (further away
from the ground state product), which suggests more vibrational
excitation for larger Jtot. Vibrationally excited product umbrella
bending states have more contribution from larger partial waves and
thus show a more sideways and forward angular distribution, which is
exactly shown in Fig.1.

In conclusion, combined experimental and theoretical studies
found that the CH3(v’ = 1) product states in the D +CH4→HD+CH3

reaction were distributed more to the sideways direction than the
CH3(v’ =0) state at three selected collision energies, which has been
analyzed by following umbrella bending wave functions of different
partial waves and has revealed the CH3 umbrella bend as a reporter
mode. This CH3 umbrella bending reporter mode reveals the dynamic
approach of the D atom to CH4 at different partial waves, which is in
perfect accordance with the well-understood role of the centrifugal
force in chemical reactions. Wave functions of larger partial waves are
found to shift more to large χ values, i.e., further away from the CH3

equilibrium value, and thus, the CH3 product is more vibrationally
excited for larger partial waves. As a result, the CH3(v’ = 1) product
states distribute more to the sideways and forward directions in the
product angular distribution.

The revealing of the umbrella bending reporter mode is expected
to show a significant impact on the understanding of more detailed
reaction dynamics. This mode exists in both the CH4 reactant and the
CH3 product of the X +CH4→HX+CH3 reactions and gradually chan-
ges its equilibrium position and vibrational frequency along the

Fig. 3 | Coordinate definitions and plots of the reactive scattering wave func-
tions at the collision energy of 0.99 eV. a Definition of the three most relevant
internal coordinates, R, r, and the umbrella bending angle χ. The wave functions on
the dividing surface at r = 1.59 Å are projected onto the R coordinate and the
umbrella bending χ coordinate. b–f 2D probability densities of wave functions of
Jtot = 0, 20, 30, 40, and 50. The shapes of thewave functions changewith increasing
Jtot’s. A more detailed view of the variation of the wave functions is given in Sup-
plementary Movie 2. (Each frame of the movie is the wave function of a Jtot). g 1D
wave functions in the umbrella bending χ coordinate after integrating the 2D wave

functions in the R coordinate. With increasing Jtot, the 1D wave functions shift
further away from the ground vibrational state of the CH3 product (denoted by the
black curve). h 1D wave functions in the R coordinate after integrating the 2D wave
functions in the umbrella bending χ coordinate. With increasing Jtot, the 1D wave
functions shift further to large R-values, i.e., larger distance between the D atom
and the CH4 molecule. Similar results for the collision energies of 0.66 and 1.55 eV
are shown in Supplementary Figs. 10, 11, respectively. Source data are provided as a
Source Data file.
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reaction path. The umbrella bending wave functions in the CH4 reac-
tant and theCH3 product are the same for all the reactions, but theway
how the umbrella wave function changes from the reactant to the
product varies for different reactions, which is truly the fascinating
part of chemical reaction dynamics. Different reactions show a varia-
tion of the exothermicity, the barrier height and geometry of the
transition state, and mass combination. The CH3 umbrella bending
reporter mode thus facilitates the discovery and understanding of
versatile polyatomic reaction dynamics by continuously reporting the
reaction process.

At last, the discovery of an additional active mode, i.e., the CH3

umbrella bending reporter mode in the X +CH4→HX+CH3 polya-
tomic reaction systems, not only provides insightful probing tools for
the underlying complex reaction dynamics but also reveals peculiar
features of vibrational control that complement classification of active
modes as reactive mode, adiabatic mode, or transitional mode. An
analogous reporter mode is expected to exist in other polyatomic
reactions whenever the vibrational frequency and the equilibrium
geometry of a vibrational mode dynamically correlate to the reaction
coordinate. The revealing of the reporter mode provides a valuable
opportunity for studying the versatile quantum effects in polyatomic
reaction systems.

Methods
Experiment
The experiments were carried out on a crossed molecular beams
apparatus combined with the time-sliced product velocity map ima-
gingmethod42,43 (see Supplementary Fig. 1). The deuterium atombeam
was generated by the photodissociation of DI precursor molecules
introduced by the supersonic expansion via a pulsed valve. The DI gas
sample was synthesized by the reaction of red phosphorus, iodine and
deuterated water in a pre-evacuated environment. The produced DI
sample was collected with a gas cylinder under liquid nitrogen tem-
perature. AKrF excimer laser (248 nm) and the fourthharmonicoutput
of an Nd:YAG laser (266 nm) were employed as the photolysis laser.
The pulse energy of the photolysis laser was ≈ 100mJ. The photolysis

laser was focused about 8mm downstream from the nozzle. D atom
beamswith three different velocities were produced by controlling the
photolysis laser polarization via polarization optics. The high-intensity
CH4 (purity:≈ 99.9%)molecularbeamwasgeneratedby the supersonic
expansion of neat CH4 via a second pulsed valve (Even-Lavie valve) at a
stagnation pressure of 7 atm. After the collimation of mounted skim-
mers, the pulsed D-atom beam and CH4 beam overlapped in the
reaction scattering region spatially and temporally with a crossing
angle of 135°. The reaction collision energies were calibrated to be
0.66, 0.99, and 1.55 eV by determining the velocities of the D-atom
beam and CH4 beam. The nascent CH3 products from the
D+CH4→HD+CH3 reaction were detected via a one-color (2 + 1)
REMPI ionization method18,32 by the frequency-doubled output of a
tunable dye laser. The wavelength of the detection laser (≈ 7mJ per
pulse) was set to be ≈333 and 329 nm for the CH3(v’ = 0) and CH3(v’ = 1)
products, respectively. Through a specially designed electrostatic lens
system, the ionized CH3 products were mapped onto a position-
sensitivemicrochannel plate detector coupledwith aphosphor screen.
The raw experimental images were recorded by a scientific Com-
plementary Metal Oxide Semiconductor (sCMOS) camera. All the
timing of the entire system was controlled by three digital delay gen-
erators simultaneously at a repetition rate of 20Hz. Typically, to
acquire a well-resolved experimental image, the counting events were
about 500,000 laser shots for CH3(v’ = 0) reaction channel, while the
counting events were about 2,000,000 laser shots for CH3(v’ = 1)
reaction channel.

Theory
Theoretical calculations were performed with the highly paralleled in-
house ABR program suite for nuclear quantum dynamics of polya-
tomicmolecular systems. This programsuite is developed to study the
ABR type of molecular systems, where A and B represent two indivi-
dual atoms, and R is the remaining group of atoms. Specifically for the
title reaction, A and B are the D and H atoms, respectively, and R is the
CH3 moiety.

The description of the CH3 internal motion, in principle, requires
six coordinates in full dimensionality, but in practice, only one coor-
dinate should be explicitly included because the other five vibrational
modes behave perfectly as spectator modes, which are not actively
involved in the reaction. The model Hamiltonian developed by Palma
and Clary45 has been used in reduced-dimensional studies. The
applicability and accuracy of this reduced-dimensional model have
been tested in the comparison with results of full-dimensional
calculations38,39 and with experimental observation.18 Thus, it is rea-
sonable to see a good agreement between the experimental and the-
oretical results in Fig. 1, which further suggests the angular distribution
in Fig. 1 is very trustworthy.

In the current seven-dimensional calculations, the non-reacting
CH3 moiety is restricted to the C3v symmetry,45 and only the CH3

umbrella bend is explicitly considered, which is described by the χ
coordinate in Supplementary Fig. 3. The umbrella angle χ is defined as
the angle between the CH bond and the C3v symmetry axis s. The
remaining six coordinates and the explicit Hamiltonian are defined in
detail in the Supplementary Fig. 3 of Supplementary Note 2 and in ref.
34. The calculations employed the permutationally invariant PES
of ref. 48.

The present theoretical study pre-selects one of the four H atoms
to be reactive, and the other three H atoms in the CH3 moiety are non-
reacting. Attentive readers may note that the four H atoms in the CH4

reactant are all reactive in the experiment, and treating the CH3moiety
as non-reacting would reduce the total reactivity. It should be noted
that the four reactive channels are isolated. Once the D atom
approaches one of the H atoms, there is no chance for the D atom to
react with the other H atoms because the four equivalent transition
states are separated by high barriers. Thus, the present model only

Fig. 4 | Schematic of the CH3 umbrella bending reporter mode. The reporter
mode continuously reveals how the reactant D atom dynamically approaches the
CH4 co-reactant and how the HD and CH3 products recoil from each other. At
different partial waves, the rotating reaction system experiences different cen-
trifugal repulsion forces that impede the approach of the D atom to the CH4

reactant. A larger Jtot corresponds to a larger repulsion force so that the reactive H
atom is abstracted by the D atom at a larger R distance, where the wave function in
the χ coordinate resemblesmore the one in the CH4 reactant and differsmore from
theone in theCH3product. As a result, the relativeCH3(v’ =0) populationdecreases
and the CH3(v’ = 1) one increases with the increasing Jtot. As large Jtot contributes
more to the sideway scattering direction, the DCSs of the CH3(v’ = 1) product states
show more sideway scattering than the CH3(v’ =0) ones.
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considers one of the four equivalent reactive channels, and a factor of
four should be considered.

Data availability
The data that support the findings of this study are available from
Figshare49 and from the corresponding authors upon request. Source
data are provided in this paper.

Code availability
The code used in this study is available from the corresponding
authors upon request.
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