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Abstract 

The reaction of BeH+ with background gas H2O may play a role in qubit loss for 

quantum information processing with Be+ as trapped ions, and yet its reaction 

mechanism has not been well understood until now. In this work, a globally accurate, 

full-dimensional ground-state potential energy surface (PES) for the BeH+ + H2O 

reaction was constructed by fitting a total of 170,438 ab initio energy points at the 

level of RCCSD(T)-F12/aug-cc-pVTZ using the fundamental invariant-neural 

network method. The total root-mean-square error of the final PES was 0.178 kcal 

mol-1. For comparison, quasi-classical trajectory calculations were carried out on the 

PES at the experimental temperature of 150 K. The obtained thermal rate constant and 

product branching ratio of the BeD+ + H2O reaction agreed quite well with 

experimental results. In addition, the vibrational state distributions and energy 

disposals of the products were calculated and rationalized by the sudden vector 

projection model. 
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I. Introduction 

Reactions between ions and neutral molecules widely exist in interstellar media, 

plasma and combustion, especially in low-temperature gas-phase environments.1-10 

Much effort has been made to study their energetics, kinetics and dynamics in the past 

several decades.11-17 The long-range attractive interaction between ion charge and 

other neutral atoms or molecules was recognized to usually give rise to large reactive 

scattering cross sections at low or ultralow temperatures (or collision energies).4, 18 If 

the colliders are captured by a deep potential well and form long-lived intermediate, 

the reaction often behaves as statistical due to significant energy randomization, 

which can be reliably described by capture theories,19, 20 such as the Langevin capture 

theory.21 Recently, it has, however, been found that the submerged barrier, straddling 

the pre- and post-saddle point (SP) wells in a number of ion-molecule reactions, 

exerts some control on the reactivity, resulting in non-statistical behavior. 9, 13, 22, 23  

The gas-phase ion-molecule reaction between beryllium hydride ion (BeH+) and 

water molecule (H2O) has attracted some attention in recent years due to its possible 

role in qubit loss.24-26 Metal ions such as Be+, Mg+, Ca+, Sr+, Ba+, and Yb+ were used 

to carry quantum bits for quantum information processing.27, 28 Be+, as the lightest 

particle listed above, has unique advantages in providing a high frequency of motion 

to reduce gate time. Using the trapped Be+ to host qubits has been proved to have a 

high-fidelity rate.29 However, there also exist some faults for Be+. Chemical reactions 

between Be+ and the background gases, such as H2 and H2O, lead to qubit loss, as 
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observed by experiments performed in ultrahigh vacuum.30, 31 Using an ion 

trap-integrated high-resolution time-of-flight mass spectrometer (TOF-MS), Yang et 

al. found that Be+ first reacts with H2 to form BeH+, and then BeH+ reacts with H2O to 

form BeOH+, which was supposed to be the dominant way for qubit loss.24, 26 The 

reaction pathways were also determined at low temperatures by isotopically 

substituting BeH+ by BeD+ and only the double displacement product BeOH+ was 

observed at ~ 150 K.26 

The energetics of the BeH+ + H2O reaction has been investigated by using the 

explicitly correlated restricted coupled cluster singles, doubles, and perturbative 

triples (RCCSD(T)-F12) method with the augmented correlation-consistent polarized 

triple zeta (AVTZ) basis set.26 In addition to the exothermic double displacement 

reaction pathway, two more pathways were determined, including the nearly 

thermoneutral Be abstraction pathway and the endothermic H abstraction pathway. 

For the double displacement pathway to form H2 and BeOH+, there exists a 

submerged barrier of -39.20 kcal mol-1 with respect to the reactant asymptote, flanked 

by two deep ion-dipole wells. For the Be abstraction pathway to form Be and H3O
+, 

two shallow wells are separated by a moderate submerged barrier of -7.45 kcal mol-1. 

Although the reaction pathways have been determined by high-level ab initio method, 

the underlying reaction mechanisms were not fully unveiled. This work aims to 

develop an ab initio based globally accurate potential energy surface (PES) for the 

BeH+ + H2O reaction and carry out dynamics and kinetics calculations on the PES at 
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the experimental temperature. The calculated thermal rate constant and product 

branching ratio will then be compared with recent experimental results.  

II. Potential energy surface  

The Born-Oppenheimer PES is of central importance in the field of molecular 

spectroscopy, reaction dynamics and kinetics. Most theoretical studies in the field 

were carried out on highly accurate PESs that were developed by fitting a large 

number of high-level ab initio energy points. The permutation invariance with respect 

to identical particles was usually enforced by implementing different techniques.32-34 

To build a global PES for the title reaction, the energy gap of sampled configurations 

should cover about 115 kcal mol-1, i.e., from -80 to 35 kcal mol-1 with respect to the 

reactant asymptote, according to the energetics based on earlier high-level electronic 

structure calculations.26 On the other hand, the farthest separation of reactants or 

products on the PES should be long enough to accurately describe long-range 

interactions, which is taken as 30 Å here. The PES of the BeH+ + H2O reaction is 

constructed as follows.  

The geometries of stationary points along the minimum energy path (MEP) are 

firstly optimized at the level of RCCSD(T)-F12/AVTZ using the software Molpro 

2012.35 A batch of grids are generated along the MEP and the direction perpendicular 

to the MEP and the energy of each reserved grid point is required to be lower than a 

pre-set value. Considering that the topography of interaction region is generally more 
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complex than the asymptotic regions, dense grids are used in the interaction region 

and sparse grids are used in the asymptotic region. Direct dynamics (ADMP) at the 

level of B3LYP/6-31G are then run from these grid points to sample more 

configurations using the software Gaussian 09.36 The initial kinetic energy in direct 

dynamics is set to be low since some of the initial configurations have relatively high 

potential energies. The configurations obtained from the ADMP sampling have to be 

screened by the European criterion. The Euclidean distance is defined as 𝜒 =

√∑ |𝑟𝑖 − 𝑟𝑖
′|

210
𝑖=1 , where 𝑟𝑖  and 𝑟𝑖

′  represent the bond lengths of the existing 

configuration and the new configuration, respectively. The permutationally equivalent 

points are also included in the screening. The Euclidean distance in the interaction 

region is 𝜒 = 0.35 Å, and gradually becomes larger as the two reactants or products 

get away from each other. The Euclidean distance is taken as 𝜒 = 0.59 Å when the 

separation of reactants or products is up to 30 Å. After screening, 23,875 

configurations satisfy the criterion and constitute the initial dataset.  

The fundamental invariant-neural network (FI-NN) method is then employed to 

generate a raw PES by fitting the initial dataset.37 The raw PES is generally crude and 

possibly contains artificial wells. Quasi-classical trajectories (QCT)38 are then 

launched on the raw PES from different initial conditions, such as different vibration 

state, rotational state and translational energy, to sample more configurations. Both 

the European criterion and the average root mean square error of each configuration 

between several fitted PESs are used to select the sampled data points. The average 
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root mean square error is defined as 𝑒𝑟𝑟𝑜𝑟 = √∑ (𝐸𝑖 − �̅�)2𝑛
𝑖=1 , in which n is the 

number of fitted PESs, 𝐸𝑖 is the predicted potential energy of the ith PES, and �̅� is 

the average value over the n fitted PESs. The European distance varies from 0.15 Å to 

0.27 Å from the interaction region to the asymptotic region. The screened 

configurations will be added to the raw dataset. The procedure has to be repeated 

several times to achieve a satisfactory level. In the end, the dataset contains a total of 

170,438 data points. 

To give a good asymptotic behavior for the fitted PES, the bond lengths are 

transformed into the Morse-like variables by 𝑅𝑚𝑜𝑟𝑠𝑒 = exp (− 𝑟 𝛼⁄ ), in which 𝑟 

denotes the bond length.39 It should be noted that the value of 𝛼 should be carefully 

tested when there exist strong long-range interactions for the target systems. 𝛼 is 

taken as 2.5 in this work. The Morse-like variables are then converted into 

fundamental invariant polynomials (FIs). The architecture of the neural network 

employed is 20-30-50-1, namely 20 FIs in the input layer, 30 and 50 neurons in the 

first and second hidden layers and one predicted energy in the output layer, giving a 

total of 2231 parameters. The root mean square error (RMSE), defined as 𝑅𝑀𝑆𝐸 =

√∑ (𝐸𝑓𝑖𝑡 − 𝐸𝑎𝑏 𝑖𝑛𝑖𝑡𝑖𝑜)2𝑁𝑑𝑎𝑡𝑎
𝑖=1 /𝑁𝑑𝑎𝑡𝑎, is used to evaluate the quality of each fitting. In 

the training, the data set is randomly divided into two groups: 95% of the points as the 

training set and 5% as the validating set. To diminish random errors, the final PES is 

built by averaging three best fitted PESs, resulting in a total RMSE of 0.178 kcal 

mol-1.  
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III. Quasi-classical trajectory method 

QCT method has been proved to be reasonably accurate in a wide range of 

polyatomic reactions although it has inherent drawbacks such as the inability to take 

into account quantum effects and the leakage of zero-point energy (ZPE). In this 

work, QCT calculations are performed by using the software VENUS 96.40  

The integral cross section of the reaction at a specific temperature (or collision 

energy) is calculated by 

     𝜎(𝑇) = 𝜋𝑏𝑚𝑎𝑥
2 𝑁𝑟

𝑁𝑡𝑜𝑡
,                       (1) 

where Ntot is the number of total trajectories, Nr is the number of reactive trajectories. 

𝑏𝑚𝑎𝑥 is the maximum impact parameter, which is determined using small batches of 

trajectories with trial values and sampled by 𝑏 = 𝑅1 2⁄ 𝑏𝑚𝑎𝑥. R is a uniform random 

number in [0, 1]. The relative statistical error is defined as 𝛥 =

√(𝑁𝑡𝑜𝑡 − 𝑁𝑟) 𝑁𝑡𝑜𝑡𝑁𝑟⁄ . 

The differential cross section is computed by 

                              
𝑑𝜎

𝑑Ω
=

𝜎𝑃𝑟(𝜃)

2𝜋𝑠𝑖𝑛(𝜃)
,                         (2) 

where the scattering angle θ is defined as 

                         𝜃 = 𝑐𝑜𝑠−1 (
�⃗� 𝑖⋅�⃗� 𝑓

|�⃗� 𝑖||�⃗� 𝑓|
),                     (3) 

in which 𝑣 𝑖 = 𝑣 𝐵𝑒𝐻+ − 𝑣 𝐻2𝑂
 and 𝑣 𝑓 = 𝑣 𝐵𝑒𝑂𝐻+ − 𝑣 𝐻2

 denote the initial and final 

relative velocities. 𝑃𝑟(θ) is normalized reaction probability at the scattering angle θ.  

The thermal rate coefficient at temperature T is given by 
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                         𝑘(𝑇) = (
8𝑘𝐵𝑇

𝜋𝜇
)
1 2⁄

𝜎,                    (4) 

where μ is the reduced mass between the reactants, kB is the Boltzmann constant. The 

initial rovibrational energies of the two reactants and the collision energy are sampled 

according to the Boltzmann and Maxwell-Boltzmann distributions, respectively. 

For the diatomic product molecule H2 (or HD in the isotopic substitution 

reaction), its vibrational state is determined by the Einstein-Brillouin-Keller 

semiclassical quantization of the action integral, as implemented in the software 

VENUS 96. In contrast, the determination of the vibrational state for polyatomic 

product molecule is not straightforward. The normal mode analysis (NMA) 

method41-43 is employed in this work to calculate the vibrational state distribution of 

the product BeOH+. To minish the effect of the harmonic approximation in NMA 

calculations, the coordinates and momenta are extracted from a specific step of each 

trajectory that demands the lowest potential energy for the corresponding geometry 

within the last several vibrational period of the product molecule.44-48 Since energy in 

classical mechanics is not quantized, binning of trajectories is usually necessary to 

confer a “quantum spirit” on classical action number. Two binning methods, 

histogram binning (HB)38 and energy-based Gaussian binning (1GB),49-51 are 

employed to yield product quantum states. As mentioned above, the ZPE leakage is an 

inherent defect for classical mechanics. However, if one discards the trajectories that 

don’t satisfy the ZPE constraint, the statistics is sometimes seriously disturbed. 
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Considering that it is still an open question, we do not apply any ZPE constraint in the 

calculations.  

To compare with experimental measurement,26 the collision energy and 

ro-vibrational states are sampled at 150 K. The trajectories are launched from a 

reactant separation of 28 Å and stopped when products or reactants move apart up to 

28 Å for reactive or non-reactive trajectories. In the modified software, the reactive or 

nonreactive event will be checked only if the separation of the two approaching 

reactants is firstly smaller than 2.5 Å. The time step is set as 0.035 fs, conserving the 

energy better than 0.004 kcal mol-1 in the propagation. 150,000 trajectories are run, 

resulting in a relative statistical error of below 0.4 %. 

IV. Results and discussion 

The energies, geometry structures and harmonic frequencies of the stationary 

points along the MEPs on the fitted PES are calculated using the software 

POLYRATE 9.7.52 Figure 1 shows the schematic diagram of the reaction paths, 

together with the geometries of the stationary points. The reaction paths are close to 

those determined by Yang et al.26 except that the highly endothermic hydrogen 

abstraction path is absent. Clearly, if BeH+ attacks H2O by the Be-end, the reaction is 

more likely to proceed by the double displacement reaction pathway to form BeOH+ 

and H2. However, if BeH+ attacks H2O by the H-end, it prefers to produce Be and 

H3O
+ by the hydrogen abstraction pathway. The ab initio energy at the level of 
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RCCSD(T)-F12/aug-cc-pVTZ, the fitted value on the PES and the ZPE corrected 

value of each stationary point are given in the figure as well. The fitted energy agrees 

well with the corresponding ab initio value. Most of the difference between them are 

smaller than 0.1 kcal mol-1. 

The optimized geometries of stationary points on the PES are listed in Table 1 

and compared with ab initio results. The difference of bond length between fitted and 

ab initio values is smaller than 0.015 Å and the angle difference is less than 2°. Table 

2 compares the harmonic frequencies of the stationary points on the PES with ab 

initio values. The difference is exclusively smaller than 80 cm-1. The small difference 

between the fitted and ab initio values implies that the stationary points, no matter the 

geometry and the frequency, are well reproduced by the fitted PES. The distribution 

of the fitting errors of the sampled data points is presented in Fig. 2. Most of them are 

distributed in between -1.5 and 1.5 kcal mol-1, with a few error points falling outside. 

As expected, the sampled data points with relatively large errors are mostly 

distributed in the high energy region.  

Figure 3 shows the 2D contours of the PES for the hydrogen abstraction channel 

on the upper panel and the double displacement channel on the lower panel. They are 

plotted as a function of the breaking and forming bonds with other coordinates fixed 

at the geometry of the corresponding SP. Inserts enlarge the contours near the SPs. 

The fitted PES is smooth and there do not exist any artificial wells. The pre- and 
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post-SP wells and the submerged barrier along each reaction path are clearly 

displayed in the figure.  

The MEPs of the two reaction channels on the PES are determined by the 

software POLYRATE 9.7 in mass-weighted Cartesian coordinates with a step size of 

5.0 × 10−5 amu1/2 Å, as shown in Fig. 4. The reaction coordinate s is defined as the 

signed distance from the corresponding SP (s = 0), with s > 0 representing the product 

side and s < 0 referring to the reactant side. It can be seen that the potential energy 

varies smoothly along with the reaction coordinate for both reaction paths, further 

verifying the smoothness of the fitted PES. To check the prediction accuracy, some 

configurations along the MEP were selected to carry out ab initio calculations at the 

level of RCCSD(T)-F12/aug-cc-pVTZ. For the double displacement reaction pathway, 

as shown in the lower panel, the optimized MEP on the PES agrees perfectly well 

with ab initio one. For the hydrogen abstraction pathway shown in the upper panel, 

the agreement is slightly poor in the asymptotic region but still acceptable. The 

vibrational adiabatic potential curves are also presented in the figure. There exists a 

kink in the post-SP region for the hydrogen abstraction adiabatic potential curve. In 

contrast, the double displacement adiabatic potential curve is much smoother. 

With the PES in hand, trajectories are launched at the temperature of 150 K to 

simulate the TOF-MS experiment.26 In the experiment, the reaction of the BeD+ + 

H2O reaction was observed to produce only BeOH+，with assumed co-product of HD. 

The theoretical calculations under similar conditions find that nearly all launched 
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reactive trajectories form the products BeOH+ and HD as well, whose percentage 

reaches 99.79%, as listed in Table 2. By contrast, the products Be and H2DO+ 

produced by the hydrogen abstraction path, and the isotopologue products BeOD+ and 

H2, accounting for less than 0.3%, are inaccessible at the temperature of 150 K. By 

analyzing the reactive trajectories to form the isotopologue products BeOD+ and H2, it 

is found that some of them proceed by the triple displacement channel while the rest 

occur by such a path, the colliders are firstly trapped in the MIN2 well along the 

hydrogen abstraction pathway, followed by the rotation of OH3 moiety, then move 

down to the double displacement pathway and are trapped in the MIN3 well, and 

finally dissociate into BeOD+ and H2. The calculated thermal rate constant for the 

BeD+ + H2O → BeOH+ + HD reaction is 4.0 × 10−9 cm3molecule-1s-1, as shown in 

Table 2, is in good consistent with the experimental value of (3.5 ± 2) × 10-9 

cm3molecule-1s-1. The good agreement between theoretical and experimental results 

further validates the accuracy of the newly developed PES.  

The calculated differential cross sections for the BeD+ + H2O → BeOH+ + HD 

reaction are shown in the upper panel of Fig. 5. The products are scattered in both 

forward and backward directions without any obvious bias, a typical characteristic of 

barrier-less complex-forming reactions. The distribution of scattering angles indicates 

that the double displacement reaction at T = 150 K is dominated by the indirect 

mechanism, apparently due to the existence of the deep pre- and post-SP wells. The 

lower panel exhibits the correlations between the impact parameter and the scattering 
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angle. As expected, the products are isotropically scattered at each specific impact 

parameter. The nearly symmetric forward-backward differential cross section suggests 

the existence of a long-lived intermediate complex, which has sufficient time to 

explore the reaction phase space and thus possibly erases all memory from the 

reactants. The energy is expected to redistribute among all available modes of motion, 

namely a statistical distribution.  

The calculated vibrational state distributions of the products HD and BeOH+ for 

the BeD+ + H2O reaction are presented in Fig. 6. Since the HB and 1GB methods 

yield similar results, the following discussions are based on the 1GB results. The 

product HD is largely populated in the ground vibrational state. As the excitation 

energy increases, the population of HD in each vibrational state monotonically 

decreases. The three quantum numbers (𝜈1, 𝜈2, 𝜈3) in the parentheses of the lower 

panel denote excitations in the Be-O stretching mode, the degenerate bending mode of 

BeOH+, and O-H stretching mode, respectively. The corresponding frequencies are 

1569.89 cm-1, 387.40 cm-1, and 3997.03 cm-1. Note that 𝜈2 is the sum of excitations 

in the two degenerate bending modes. Obviously, the product BeOH+ is formed in a 

wide region of vibrational states without any dominant population states. The 

populations in the fundamental and ground states of the bending mode are a little 

higher. As the excitation energy increases, the product BeOH+ slightly prefers to be 

formed in the combination bands of the fundamental of the bending mode and several 

low-lying vibrationally excited states of the Be-O stretching mode. The O-H 
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stretching mode in the product BeOH+ is not visibly excited. Therefore, the 

vibrational state distribution of BeOH+ has some non-statistical characteristics, 

portending an insufficiently long lifetime of the intermediate complexes. 

To unveil the energy flow in the reaction, the product energy disposals of the 

BeD+ + H2O → HD + BeOH+ reaction are determined as well, as shown in Fig. 7. 𝑓𝑣, 

𝑓𝑟 and 𝑓𝑡 represent the fractions of the available energy released as the vibrational 

energy, the rotational energy and the relative translational energy of the products HD 

and BeOH+. 31.9 % of the available energy is released as the vibrational energy of 

BeOH+, followed by the relative translational energy, the vibrational energy of HD 

and the rotational energy of BeOH+, with a percentage of around 20%. The rotational 

energy of HD has a relatively small fraction with a value of 10.32%. The fractions 

indicate that the available energy is more favorable to flow into the vibrational modes 

of both products and yet is unfavorable to channel into the rotational mode of the 

product HD, implying that the energy randomization of the intermediate complexes is 

not fully completed. 

As mentioned above, for bimolecular reactions with submerged barriers, the 

submerged SP sometimes exerts some control on the reaction, resulting in 

non-statistical behavior.9, 13, 22, 23, 46, 53, 54 In this case, the sudden vector projection 

(SVP) model,55 which attributes the energy flow to the coupling of the product mode 

with the reaction coordinate at the transition state, could be used to explain the 

product vibrational state distribution and energy disposal. Table 4 lists the calculated 



16 

 

SVP values of the product vibrational modes and the translational mode. The 

stretching mode of HD has the largest projection of 0.83, followed by the translational 

mode of 0.52 and the O-Be stretching mode of 0.16. The O-H stretching mode and the 

degenerate bending mode of BeOH+, have very weak coupling with the reaction 

coordinate. The predictions are in partially agreement with the QCT results, such as 

the negligible excitation of the O-H stretching mode in the product BeOH+ and the 

biased product energy disposal to the product vibrational and translational modes. 

However, it should also be noted that the bending mode is highly excited in the 

product BeOH. This obviously cannot be explained by the SVP model. The 

discrepancy is thought to be reasonable since the effect of the submerged SP is not 

dominant. Most of the reactive trajectories occur by the complex-forming mechanism. 

The SVP values for the other path BeD+ + H2O → Be+ + H2DO+ are given in the 

same table for reference.  

V. Conclusions 

In this work, a full-dimensional, globally accurate PES for the BeH+ + H2O 

reaction was constructed by fitting a total of 170,438 ab initio energy points at the 

level of RCCSD(T)-F12/AVTZ. The flexible fundamentally invariant-neural network 

method was employed in the fitting, giving a RMSE of 0.178 kcal mol-1. The 

energies, geometries and harmonic frequencies of the stationary points along the two 

minimum energy paths were well reproduced by the fitted PES. Quasiclassical 
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trajectory calculations were carried out on the PES under the experimental condition. 

The measured thermal rate constant of the BeD+ + H2O reaction and product 

branching ratio were well reproduced by the theoretical calculations. The differential 

cross section has a nearly symmetric forward-backward distribution, implying the 

dominance of the barrier-less complex-forming mechanism. The product vibrational 

state distribution of the reaction showed some non-statistical characteristics, 

indicating that the energy randomization of the intermediate complexes formed in the 

reaction was not fully finished. The submerged saddle point was supposed to exert 

some control on the reaction and thus the dynamical behavior can be partially 

rationalized by the SVP model.  
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Table 1: Bond lengths (in angstrom) and angles (in degree) of the stationary points 

along the minimum energy paths of the BeH+ + H2O reaction. The atom labels are 

given in Fig. 1. 

aRCCSD(T)-F12/aug-cc-pVTZ by Molpro2012, this work; bFI-NN PES, this work.  

  

Species Method RBe1H2(Å) RH2H3(Å) RH3O4(Å) RO4H5(Å) θH3H2Be1(°) θO4H3H2(°) θH5O4H3(°) φO4H3H2Be1(°) φH5O4H3Be1(°) 

BeH++H2O 
Ab initioa 1.314   0.959   104.430   

PESb 1.315   0.959   104.420   

MIN1 
Ab initioa 1.344 2.703 0.961 0.961 163.646 35.988 104.651 177.105 179.741 

PESb 1.349 2.692 0.962 0.962 163.551 37.608 104.784 180.000 180.000 

SP1 
Ab initioa 1.504 2.068 0.966 0.966 157.402 39.971 106.766 163.549 132.351 

PESb 1.506 2.064 0.966 0.966 156.992 40.204 106.526 167.010 130.697 

MIN2 
Ab initioa 2.066 1.659 0.974 0.974 146.790 35.691 110.349 179.895 123.707 

PESb 2.051 1.661 0.973 0.973 148.043 35.644 109.980 175.882 125.348 

Be+H3O
+ 

Ab initioa  1.617 0.976 0.976  34.067 111.887     

PESb  1.617 0.976 0.976  34.131 111.738     

MIN3 
Ab initioa 1.307  3.509  0.970  0.970  13.026  41.612  109.275  0.024  179.961  

PESb 1.307  3.511  0.970  0.970  13.012  41.588  109.201  0.000  180.000  

SP2 
Ab initioa 1.409  1.124  1.263  0.962  68.808  127.939  129.689  0.007  179.958  

PESb 1.408  1.127  1.260  0.962  68.830  127.851  130.128  0.000  179.999  

MIN4 
Ab initioa 1.612  0.779  2.922  0.952  76.014  82.339  172.338  0.152  179.388  

PESb 1.618  0.777  2.929  0.952  76.107  82.377  172.377  0.000  180.000  

BeOH++H2 
Ab initioa  0.742   0.953       

PESb  0.742   0.953       
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Table 2: Harmonic frequencies (in cm-1) and energies (in kcal mol-1) of stationary 

points along the minimum energy path of the BeH+ + H2O reaction.  

Species Method mode1 mode2 mode3 mode4 mode5 mode6 mode7 mode8 mode9 

BeH++H2O 
Ab initioa 3943.50 3833.62 2211.44 1647.44      

PESb 3979.60 3860.80 2209.90 1637.90      

MIN1 
Ab initioa 3914.60 3814.30 1952.54 1652.29 325.84 261.25 259.79 179.61 99.55 

PESb 3921.90 3772.40 1916.70 1657.00 324.60 238.00 237.10 180.20 152.60 

SP1 
Ab initioa 3850.30 3741.30 1638.65 915.93 756.91 650.66 416.15 396.90 -577.93 

PESb 3854.30 3694.80 1666.00 934.00 752.60 665.80 422.20 412.90 -579.80 

MIN2 
Ab initioa 3744.33 3658.93 2457.29 1663.92 1614.38 968.46 432.93 340.60 269.34 

PESb 3775.60 3736.40 2465.30 1697.90 1667.50 959.40 444.00 349.60 276.30 

Be+H3O+ 
Ab initioa 3703.30 3703.10 3603.35 1698.44 1697.29 887.71    

PESb 3712.20 3712.20 3616.40 1746.30 1746.30 905.70    

MIN3 
Ab initioa 3778.26 3712.07 2290.48 1682.24 857.39 765.59 441.03 340.53 317.27 

PESb 3783.10 3707.60 2283.00 1666.90 853.90 772.90 436.70 331.00 319.10 

SP2 
Ab initioa 3853.08 2192.28 1922.76 1261.10 1139.84 1130.54 649.18 120.96 -1730.19 

PESb 3877.80 2213.60 1928.90 1268.40 1149.20 1147.40 676.90 145.90 -1738.00 

MIN4 
Ab initioa 4008.45 3933.50 1598.70 1263.00 964.11 393.68 372.81 183.49 179.21 

PESb 4014.60 3950.90 1598.20 1226.50 953.40 365.10 359.30 182.10 151.00 

BeOH++H2 
Ab initioa 4401.09 3992.35 1566.44 392.93 392.19     

PESb 4399.90 3997.03 1569.89 387.40 387.40     

aRCCSD(T)-F12/aug-cc-pVTZ by Molpro2012, this work; bFI-NN PES, this work. 
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Table 3: Comparison of experimental and theoretical product branching ratios 

(σ𝐵𝑒𝑂𝐻+: σ𝐵𝑒𝑂𝐷+: σ𝐻2𝐷𝑂+) and rate constants (in cm3molecule-1s-1) of the BeD+ + 

H2O reaction at 150 K. 

 Exp. Theo. 

Product branching ratio (%) 100:0:0 99.79:0.20:0.01 

Rate constant (3.5 ± 2) × 10-9 4.0 × 10−9 
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Table 4: Projections of reactant and the product vibrational modes on the reaction 

coordinate at the submerged saddle point. 

  

  type  Vibrational frequency (cm-1) SVP values 

HD + BeOH+ 

HD stretch 3810.88 0.83 

OBe stretch 1569.89 0.16 

in-plane bend 387.40 0.00 

out-of-plane bend 387.40 0.03 

OH stretch 3997.03 0.02 

Trans  0.52 

Be + H2DO+ 

OH symmetric stretch 3650.98 0.05  

Umbrella 836.60 0.17  

OH asymmetric stretch 3712.24 0.00  

OD stretch 2676.04 0.90  

OH2 bend 1721.39 0.20  

Deformation 1474.16 0.00  

Trans  0.33 
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Figure captions 

Fig. 1: Schematic diagram of the two reaction paths for the BeH+ + H2O reaction. The 

ab initio energies of stationary points at the level of RCCSD(T)-F12/ 

aug-cc-pVTZ, the values of the fitted PES and the zero-point energy corrected 

values are shown below the corresponding geometries. All energies are given 

in kcal mol-1 and relative to the reactant asymptote. 

Fig. 2: Distribution of fitting errors (Eab initio-Efit) of sampled data points as a function 

of the ab initio energy. 

Fig. 3: (a) 2D contours of the PES for the BeH+ + H2O → Be + H3O
+ reaction as a 

function of the broken H-Be bond and the formed H-O bond with the other 

coordinates fixed at the geometry of the submerged saddle point; (b) 2D 

contours of the PES for the BeH+
 + H2O → H2 + BeOH+ reaction as a function 

of the broken H-Be bond and the formed Be-O bond. Inserts show the details 

of the PES near the submerged saddle points. 

Fig. 4: Classical potential energy curve (VMEP) and vibrational adiabatic potential 

curve (Va
G) on the PES as a function of the reaction coordinate for the BeH+ + 

H2O → Be + H3O
+ reaction (upper panel) and the BeH+ + H2O → H2 + 

BeOH+ reaction (lower panel). The corresponding ab initio energies (circles) 

along the minimum energy paths are given as well for comparison.  

Fig. 5: Differential cross sections of the BeD+ + H2O → HD + BeOH+ reaction at 150 

K (upper panel) and correlations between the impact parameter and the 

scattering angle (lower panel). 

Fig. 6: Vibrational state distributions of the products HD and BeOH+ for the BeD+ + 

H2O → HD + BeOH+ reaction at 150 K. 

Fig. 7: Product energy Disposals of the BeD+ + H2O → HD + BeOH+ reaction at 150 

K.  
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Fig. 2: 
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Fig. 3: 
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Fig. 4: 
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Fig. 5: 
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Fig. 6: 
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Fig. 7: 

 


