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S-I. THEORY

S-IA. Quantum dynamics

      The parity () adapted wave function is expanded in terms of the body-fixed (BF) ro-

vibrational basis functions:
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where n labels the translational basis functions,  is the basis index for ; j denotes 1 1r

. The translational basis function, , is dependent on  due to the use of an L-1 2 3 23( , , , , )j l j j J 1v
nu 1v

shaped grid. in Eq. (1) is the parity-adapted coupled BF total angular momentum totJ M
jK



eigenfunction, which can be written as 
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where  is the Wigner rotation matrix.1 M is the projection of Jtot on the space-fixed z axis, ,
J
K MD

and K is its projection on the body-fixed z axis that coincides with R. is the eigenfunction 
1 23 2 3

JK
j j l jY

of defined asĴ
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where ω is the projection of j1 on the BF z axis and yjm denotes the spherical harmonics. Note the 

restriction that  for  in Eq. (2).1 2 3( 1) 1totj l j J J      0K 

      Within the centrifugal-sudden (CS) approximation,2, 3 the centrifugal term, i.e. in 2ˆ ˆ( )totJ J

the Hamiltonian, is given by

      (5)].2)1()1([)ˆˆ( 22 KJJJJJJ tottotKKjj
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In this case, K becomes a good quantum number and is conserved. 

      The initial wave packet  is chosen as the direct product of a localized Gaussian wave i

packet in the scattering coordinate and a specific  state of the reactive system with specific ( )totJ K

internal ro-vibrational states of both H2 and H2O+.
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2 2

0( ) / 21/ 4
1 1 232

1( ) ;iR R ik R
i i i i i i tote e j j J K J   


  

where R0 and δ are the mean position and width of the Gaussian function and ki is the mean 

momentum given by Ei via , j1i, j23i, Ji and Ki are the initial angular quantum numbers 2i R ik E

and τ is the parity of H2O+. The latter were obtained by diagonalizing the individual ro-vibrational 

Hamiltonians. The triatomic Hamiltonian of H2O+ by fixing the two non-reactive OH bonds can 

be written as 
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when R is sufficiently large, the interaction potential only depends on the coordinate .3

      This wave packet is then propagated in time using the split-operator method.4 The flux 

through the dividing surface, , is obtained from the energy-dependent scattering 1 1[ ]FS r r

wavefunction, , which is determined by Fourier transforming the wave packet at the ( )i E 

dividing surface. To impose outgoing boundary conditions, the wave packet is absorbed at the 

edge of the grid using an absorbing potential as follows:

                  (8)
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where x = R and r1, xa is the starting point of the absorption potential. 

      The integral cross section (ICS) from a specific initial state is obtained by summing the 

reaction probabilities over all the partial waves (total angular momentum Jtot),

          (9)
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where  is defined as the J, K and ԑ specific cross section and K is taken from 0 to min(J,  JK
jjvv

OH 231
2

1 

Jtot). In the quantum dynamical study, we focus on the dynamics from the reactant ground 

vibrational states, i.e. . )0,0,0(,0
22

 OHH vv



5

      The numerical parameters employed in the quantum dynamics calculations on an L-shaped 

grid are given in Table S1. For the scattering coordinate R, 106 sine discrete variable representation 

(DVR) basis/points are used in the whole range from 1.0 to 15.0 a0 and 40 sine DVR basis/points 

are used in the interaction region. For the dissociating H-H bond of r1, 24 PODVR basis/points are 

used in the interaction region, and 3 PODVR basis/points are used in the asymptotic region. The 

propagation time is around 40000a.u. with a time step of 10a.u.

      The calculated rotational energies of H2O+ by fixing the two OH bonds are given in Table 

S2 and compared with the experimental values.5 Clearly, they agree with each other reasonably 

well. 

S-IB. Quasi-classical trajectory method

      The trajectories were initiated with a reactant separation of 10.0 Å, and terminated when 

products reached a separation of 6.0 Å, or when reactants are separated by 10.0 Å for non-reactive 

trajectories. During the propagation, the gradient of the PES was obtained numerically by a central-

difference algorithm. The propagation time step was selected to be 0.02 fs, which conserves the 

energy better than 0.04 kcal/mol for most trajectories. A few trajectories which failed to converge 

energy to 0.04 kcal/mol or were nonreactive after 4.0 ps were discarded. The maximal impact 

parameter (bmax) was determined using small batches of trajectories with trial values.

      The total integral cross section (ICS) for the reaction was computed by:

                    ,                     (10))()()( 2
max crccr EPEbE  

where the reaction probability at the specified collision energy Ec is given by the ratio between the 

number of reactive trajectories (Nr) and total number of trajectories (Ntotal):
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                          (11)( ) / .r c r totalP E N N

The standard error is given by: . rtotalrtotal NNNN /)( 

      In the QCT calculations, the maximal impact parameter (bmax) ranges from 6.0 Å at 0.05 

eV to 4.0 Å at 1.0 eV. 100 000 trajectories were run for each Ec, with the standard errors of these 

cross sections less than 1%.
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Table S1. Numerical parameters used in the wave packet calculations. (Atomic units are used 
unless stated otherwise.)

H2 + H2O+ → H + H3O+

𝑅 ∈ [1.0, 15.0]
𝑁𝑅

𝑡𝑜𝑡 = 106, 𝑁𝑅
𝑖𝑛𝑡 = 40

𝑁𝑟1
𝑖𝑛𝑡 = 24,𝑁𝑟1

𝑎𝑠𝑦 = 3Grid/basis
range and size:

𝑗1𝑚𝑎𝑥 = 28, 𝑗23𝑚𝑎𝑥 = 30, 𝑗3𝑚𝑎𝑥 = 22 
𝑙2𝑚𝑎𝑥 = 24, 𝐽𝑚𝑎𝑥 = 36

Initial wave
packet:

𝑅0 = 12.0,𝛿 = 0.4, 𝐸𝑖 = 0.25 𝑒𝑉

Damping
term:

𝑅𝑎 = 12.0,𝛼𝑅 = 0.05,𝑛𝑅 = 2.5
𝑟1𝑎 = 4.0,𝛼𝑟1

= 0.035,𝑛𝑟1
= 2.0

Flux position: 𝑟1
𝐹 = 3.5
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Table. S2: Comparison of experimental and theoretical rotational energies of H2O+. The two OH 

bonds are fixed in the theoretical calculations. The energy is given in cm-1.

(J,τ,n)a Theo Expb Assignment

(1,+1,1) 21.37 101

(1,+1,2) 38.93 37.45 111

(1,-1,1) 42.90 110

(2,+1,1) 63.48 60.93 202

(2,+1,2) 77.72 212

(2,-1,1) 89.62 86.82 211

(2,-1,2) 141.81 221

(2,+1,3) 142.41 220

a: J and τ are the angular quantum number and parity of H2O+. n denotes the nth eigenstate of 
triatomic Hamiltonian with given J and τ.

b: The experimental values are taken from Ref. 5.
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