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Supplementary Note 1: Assignment of reaction
mechanisms from the measured scattering images

In the main text, we assign contributions of different reaction mechanisms extracted
from the measured data. Here, we will briefly explain how these mechanisms were
assigned and how the error is estimated.

We are able to assign the contributions of individual reaction mechanisms by
cutting (velocity and angle dependent) parts in the velocity distributions associated
to them. The contribution of each mechanism is then the ratio of counts inside the
marked area to total counts in each distribution. The chosen angle and velocity cuts
are presented in Figure 1 of the main manuscript. The assignment of different reaction
mechanisms is similar to the assignment of a previous publication [1]. The velocity
distributions are segmented into four different parts (F), (B), (I) and (S). Regions
with forward scattered events are marked by (F), corresponding to the left side of the
distributions. These are identified as forward scattering in the main text. Backscattered
events correspond to the right side of the images and are marked with (B) and result
from the direct rebound mechanism. Sideways scattering is marked as (S). Indirect
mechanisms are marked as (I) in the differential cross-sections. These are complex
mediated events with a lifetime longer than one rotational period before the complex
breaks up and leads to the iodide product.

Slow product ions which might result from forward scattering, are challenging
to differentiate from indirect scattering signatures, as these typically also result in
slow product ions. Slow product ions in the differential cross-sections may be indirect
(I) or forward scattered products (F) superimposed on top of each other. Therefore,
they are marked as (I+F). To disentangle the forward contribution from indirect
scattering, the regions marked as (I+F) have been divided into a left and a right
hemisphere. The forward contribution in these regions can be estimated by subtracting
the right hemisphere from the left, since it is assumed that isotropically scattered
indirect products (I) are scattered into both hemispheres in equal parts. The indirect
contribution is then estimated by doubling the amount of counts in the right side of
each (I+F) hemisphere.

To estimate the uncertainty of our assignment, we varied the absolute velocity
of each region in the figure by about ± 50 m/s to 80 m/s. Each marked region in the
figure represents a three-dimensional volume on a Newton sphere. With this we are
able to create volumes of different sizes and compare the amount of counts contained
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within to our main assignment. The change in observed counts compared to our main
assignment was used to estimate the uncertainty of each mechanism.
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Supplementary Note 2: Details of the quantum dynamics
simulations

The coordinate system

The six-dimensional model for the X + CH3Y system employed in this study has been
presented in our previous work [2]. The six-dimensional Jacobi coordinates for the F−

+ CH3I system is shown in Supplementary Figure 1. Here, R is the vector from the
center of mass of CH3I to F−, which is also the z-axis of the body-fixed (BF) frame;
r is the vector from the center of mass of CH3 to I, which coincides with the C3v

symmetric axis of CH3I. The symmetric CH stretching mode and the umbrella mode
of the CH3 group are described by scaled-polar coordinates (ρ, γ), and the rotation of
CH3I in the BF frame is described by the angles (θ, φ). The scaled-polar coordinates
for the CH3 group are defined as ρ =

√
x2 + y2 and γ = π − arctan (x/y) with

y =
√
mC/(mC + 3mH)s, where x is the distance between the atom H and the C3v

symmetry axis of CH3I and s is the distance between the atom C and the center of the
three H atoms.

Supplementary Figure 1 The six-dimensional reactant Jacobi coordinate system for the F− + CH3I
reaction used in the quantum dynamics calculations.
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The model Hamiltonian

The 6D model Hamiltonian for the F− + CH3I reaction is written as (ℏ = 1),

Ĥ = −1
2µR

∂2

∂R2 +

(
Ĵtot − Ĵ

)2

2µRR2 + K̂vib
CH3I + K̂rot

CH3I + V (R, r, ρ, γ, θ, φ) (1)

where µR is the reduced mass of the F− + CH3I system. Ĵtot is the total angular
momentum operator of the system and Ĵ is the rotational angular momentum operator
of CH3I. K̂vib

CH3I and K̂rot
CH3I are the vibrational and rotational kinetic energy operators

of CH3I, respectively. The last term V (R, r, ρ, γ, θ, φ) in the Hamiltonian is the
potential energy [3].

The vibrational and the rotational kinetic operators for the CH3I monomer defined
in the (ρ, γ) coordinate system are written as,

K̂vib
CH3I = −1

2µr

∂2

∂r2 − 1
2µx

(
∂2

∂ρ2 + 1
ρ2

∂2

∂γ2 + 1
4ρ2

)
(2)

where µr is the CH3-I reduced mass and µx = 3mH. The rotation of CH3I is described
by a rotational Hamiltonian of symmetric-top with its C3v symmetric axis as the
z-axis,

K̂rot
CH3I = 1

2IA
Ĵ2 +

(
1

2IC
− 1

2IA

)
Ĵ2

z (3)

where Ĵz is the z-component of Ĵ. The moments of inertia IA and IC are defined as,

IA = mI (mC + 3mH)
mI +mC + 3mH

r2 + 3mCmH

mC + 3mH
s2 + 3

2mHx
2 (4)

IC = 3mHx
2 (5)

The time-dependent wave function is expanded in terms of the parity-adapted BF
rotational basis functions ΦJtotMKε

Jk as

ΨJtotMε =∑
nR,nr,nρ,nγ

∑
KJk

cJtotMKε
nRnrnρnγJk

(t)GnR
(R)Fnr (r)Qnρ (ρ)Hnγ (γ) ΦJtotMKε

Jk

(
R̂, r̂

)
(6)
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and

ΦJtotMKε
Jk =

√
1

2 (1 + δK̄0δk0)

[
D̄Jtot

MK̄
D̄J

K̄k
+ ε (−1)Jtot+k

D̄Jtot
M−K̄

D̄J
−K̄−k

]
(7)

where K̄ = |K| and ε is the parity of wavefunction under space-inverse operation.

D̄Jtot
MK̄

=
√

2Jtot+1
8π2 D

J∗
tot

MK and D̄J
Kk =

√
2J+1
8π2 D

J∗

Kk with DJ
KM the Wigner rotation

matrix. cJtotMKε
nRnrnρnγ Jk(t) are time-dependent coefficients. GnR

(R) are sine basis func-
tions and the basis functions Fnr (r), Qnρ(ρ) and Hnγ (γ) are the eigenfunctions of
one-dimensional reference Hamiltonians. nR, nr, nρ and nγ are the labels for basis
functions of R, r, ρ, and γ, respectively. M and K are the projections of Jtot on the
space fixed (SF) and the BF z-axis, respectively. k is the projection of J on the C3v

symmetry axis.
The centrifugal term in the kinetic energy operator, i. e. , (Ĵtot − Ĵ)2, under the

centrifugal sudden (CS) approximation [4, 5] is given by

〈
ΦJtotMKϵ

Jk | (Ĵtot − Ĵ)2 | ΦJtotMK′ϵ
J′k′

〉
≈ δJJ ′δKK′δkk′ [Jtot(Jtot+1)+J(J+1)−2K2]

(8)
Hence,K becomes a good quantum number and is conserved under the approximation.
The reaction probabilities for Jtot > 0 partial waves are calculated with the CS
approximation.

Propagation

The initial wave packet is constructed as the direct product of a localized wave packet
G0(R) and the eigenfunction of CH3I specified by (n0, J0, k0, K0, p0), which represent
the initial vibrational quantum number, initial rotational quantum number of CH3I,
the projection of J0 on the C3v symmetry axis, the projection of Jtot on the BF z-axis,
and the parity of CH3I, respectively. G0(R) is chosen to be a Gaussian function,

G0 (R) =
(
πδ2)−1/4 exp

[
− (R−R0)2

2δ2

]
exp

(
−i

√
2µRE0R

)
, (9)

where R0 and δ are the center and width of the Gaussian function, and E0 is the mean
collision energy. The wave packet is propagated using the split operator method [6].
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The reaction probability from a specific initial state is calculated by

P Jtotϵ
n0J0k0K0p0

(E) =
〈
χ+

i | F̂ | χ+
i

〉
, (10)

where the flux operator F̂ = Im
[

1
µr
δ(r − rF ) ∂

∂r

]
[7]. The flux through the dividing

surface, S[r = rF ], is obtained from the energy-dependent scattering wavefunction,
ψ+

i (E), which is computed by Fourier transforming the time-dependent wave packet
at the dividing surface.

The initial state-selected integral cross section (ICS) is obtained by summing the
reaction probabilities over all the partial waves (total angular momentum Jtot),

σn0J0(E) = 1
2J0 + 1

∑
K0ϵ

{
π

2µRE

∑
Jtot>K0

(2Jtot + 1)P Jtotϵ
n0J0k0K0p0

(E)
}

(11)

In this study, we focus on the dynamics from the ground ro-vibrational states, i. e.
n0 = J0 = 0.

In this work, an L-shaped grid was used to reduce the size of basis set [8]. A
total of 1500 sine basis functions were used for R ranging from 3.0 to 45.0 bohr
and 500 grids were placed in the interaction region. 26 and 70 basis functions for r
were employed in the asymptotic and interaction regions, respectively. The size of
the rotational basis functions is controlled by the parameter jmax = 330. Considering
parity and C3v symmetry, the size of rotational basis functions is 331. The size of the
total basis functions is 7.27 × 108. The center of the initial wave packet is located at
40.0 bohr and the propagation time is around 6 400 000 a.u. with a time step of 20.0 a.u.
The flux is taken at rF = 5.5 bohr. To impose outgoing boundary conditions, negative
imaginary absorbing potentials, D(x) = −iα x−xa

xmax−xa

n, xa < x < xmax, are applied
at the grid edges of R and r. The maximum value of Jtot needed to converge the ICS
is 720.
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Supplementary Note 3: Integral cross section for F− +
CH3I/CD3I
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Supplementary Figure 2 Calculated integral cross sections for the hydrogenated and deuterated reactants
using the QCT simulations and the quantum dynamics calculations. For comparison also two experimental
values measured for CH3I [9] have been added.
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Supplementary Note 4: Stationary points for F− +
CH3I/CD3I
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Supplementary Figure 3 Classical (clamped nuclei) and adiabatic (ZPE inclusive) relative energies (in
eV) of the stationary points along the Walden-inversion pathway of the F− + CH3I/CD3I SN2 reactions on
the analytical potential energy surface [3].
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Supplementary Note 5: 2D scattering plots from the QCT
simulations

Supplementary Figure 4 Two-dimensional plots of the I− product ion velocity in the scattering plane
derived from the QCT simulations for the SN2 channel, plotted with the same orientation as the measured
velocities in figure 1 of the main text. The intensity scale shows the relative differentical cross section in
arbitrary units.
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