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Abstract
Hydrogen-transfer reactions take place in a wide range of chemically active environments. In this work, thermal rate coef-
ficients of the prototypical hydrogen-transfer reaction HO + H2O → H2O + OH and its various isotopologues are computed 
using both tunneling-corrected transition state and quasi-classical trajectory methods on a recently developed global potential 
energy surface. On the one hand, the calculated rate coefficients and kinetic isotope effects agree well with available experi-
mental results, indicating the high fidelity of the potential energy surface. On the other hand, the observed normal primary 
and inverse secondary kinetic isotope effects appear to be prevalent in hydrogen abstraction reactions, which are rationalized 
by the change of classical and adiabatic minimum energy paths. In addition, there exists strong non-Arrhenius behavior at 
low temperatures due to the significant quantum tunneling effect.

Keywords  Hydrogen-transfer reaction · Kinetic isotope effects · Quantum tunneling effect · Transition state theory · Quasi-
classical trajectory

1  Introduction

The prototypical hydrogen exchange reaction

has attracted considerable interest due to its importance in a 
wide range of chemically active environments [1–16]. The 
reaction is intrinsically interesting because the associated 
isotope exchange reactions

could affect the isotopic composition of the stratospheric 
water, a knowledge of which is useful to validate several 
atmospheric models [16].

Due to the symmetry of the reaction, experimental meas-
urement of the rate constant of the reaction R1 is unfeasible. 
Through substituting the reactant OH with OH18 and OD 
and H2O with D2O, the rate constants were measured by 
Dubey et al. [16] to be (2.2 ± 1.0) × 10−16, (3 ± 1.0) × 10−16 
and 5 × 10−17 cm3 molecule−1 s−1 at 300 K for the reac-
tions R2, R3 and R4, respectively. The significantly lower 
pre-exponential factor of A = (2.3 ± 1.0) × 10−13 cm3 mol-
ecule−1 s−1 for the reaction R2 in the temperature range 
from 300 to 420 K than typical values was attributed to the 
formation of a hydrogen-bonded pre-reaction complex, lead-
ing to an entropic constraint. McCabe et al. [17] reported the 
rate coefficients for the vibrational relaxation of OH (ν = 1) 
and OD (ν = 1) by H2O and D2O at temperatures from 251 
to 390 K. They proposed that the transient formation of 
hydrogen-bonded complexes in the relaxation process can 
undergo intramolecular vibrational redistribution at a rate 
competitive with their re-dissociation.

Theoretically, the kinetics of the reaction has been stud-
ied using different theories, including canonical variational 

(R1)HO + H2O → H2O + OH

(R2)H18O + H2O → H18OH + OH

(R3)DO + H2O → DOH + OH

(R4)HO + D2O → HOD + OD
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transition state theory (CVT) or transition state theory 
(TST) with/without tunneling correction [14, 18], semi-
classical variational transition state theory (SVTST) [15] 
and quantum reaction path Hamiltonian method [19]. These 
studies demonstrated that the tunneling effect is very impor-
tant especially at low temperatures. Recently, Gao et al. 
[20] investigated the stationary points along the reaction 
path of the HO + H2O reaction using the “gold standard” 
CCSD(T) method with the correlation-consistent basis sets 
up to the augmented correlation-consistent polarized quin-
tuple zeta basis set (aug-cc-pV5Z). Bai et al. [21] reported 
a full-dimensional permutation invariant polynomial neural 
network [22–25] potential energy surface (PIP-NN PES) 
for the title reaction at the level of CCSD(T)-F12a/aug-
cc-pVTZ with a total root-mean-squared error (RMSE) of 
0.12 kcal mol−1. A new global, full-dimensional ground-
state PES was then constructed by our group using the fun-
damental invariant neural network (FI-NN) method [26–28], 
which has similar RMSE to the PIP-NN PES. The mode-spe-
cific dynamics and energy flow in the reaction were studied 
in the FI-NN PES [29].

In this work, thermal rate coefficients for the title reac-
tion (R1) and its various isotopologues (R2, R3 and R4) will 
be calculated using the canonical variational transition state 
theory with multidimensional tunneling effects (CVT/MT) 
[30, 31], as well as the standard quasi-classical trajectory 
(QCT) method on the FI-NN PES, aiming at unveiling the 
kinetic isotope effects. This paper is organized as follows. 
Section 2 details the theoretical methods, followed by the 
results and discussion in Sect. 3. Finally, conclusions are 
given in Sect. 4.

2 � Theory

2.1 � Quasi‑classical trajectory method

Standard QCT calculations are carried out using the soft-
ware VENUS [32]. The thermal rate coefficients at high 
temperatures from 500 to 2000 K are calculated by

where � is the reduced mass between the reactants OH and 
H2O and kB is the Boltzmann constant. The electronic parti-
tion function Qe is obtained by 

(

2 + 2e−140∕kBT
)

∕2 , in which 
the spin–orbit splitting of OH is taken as 140 cm−1 [33]. Nr 
and Ntot are the numbers of reactive and total trajectories at 
a specified temperature T. The initial ro-vibrational energies 
of the two reactants and the collision energy are sampled 
according to the Boltzmann distribution. At each 

(1)kQCT(T) =
1

Qe

(

8kBT

��

)1∕2

�b2max

Nr

Ntot

temperature, the impact parameter b is sampled according 
to b = bmaxR1/2, where R is a random number in between 0 
and 1. The maximum impact parameter bmax is determined 
using small batches of trajectories. The relative statistical 
error is given by Δ =

√

(

Ntot − Nr

)

∕NtotNr . All the trajecto-
ries are involved in the statistics since applying zero-point 
energy (ZPE) constraints sometime can lead to unphysical 
results [34].

Batches of trajectories (800,000–1,500,000) are run at 
each temperature, guaranteeing the statistical errors all 
below 5%. The trajectories are launched from a reactant 
separation of 9.0 Å and ended when products or reactants 
reach a separation of 10.0 Å for reactive or non-reactive 
trajectories. The time step is taken as 0.05 fs, which con-
serves the total energy better than 10−3 kcal mol−1 during the 
propagation. It should be pointed out that QCT calculations 
become prohibitive at low temperatures due to the require-
ment of an extremely large number of trajectories.

2.2 � Transition state theory

The thermal rate coefficients are computed with POLYRATE 
9.7 [35] in the temperature range of 200–2000 K. According 
to the canonical variational transition state theory, the CVT/
MT rate coefficients are defined as

where � tun(T) denotes the transmission coefficient and 
kCVT(T) represents the CVT rate coefficient. Given the 
importance of multidimensional tunneling correction, tun-
neling effects are included using the microcanonical opti-
mized multidimensional tunneling (μOMT) approach, in 
which the larger of the small-curvature (SCT) and large-
curvature (LCT) tunneling probabilities is adopted as the 
best estimate [31, 36]. The vibrational modes orthogonal 
to the reaction coordinates are treated quantum mechani-
cally within the harmonic approximation using redundant 
internal coordinates [37–39], except for the torsional mode 
of the HO group with respect to the OH group in HO–H–HO 
(the frequency is 351 cm−1 on the FI-NN PES) [29]. As 
has been reported in OH + CH4 reaction [40], this particular 
type of torsion is a nearly free rotor with an extremely low 
harmonic frequency while is the most troublesome for CVT 
calculations. Therefore, the partition function for this tor-
sional mode is treated as a free rotor [40–45]. The rotational 
partition functions are calculated classically. It needs to be 
emphasized that the treatment of the torsional problem and 
the choice of the coordinate system have a significant effect 
on the kinetics [40].

The minimum energy paths (MEPs) of the HO + H2O 
reaction and its isotopologues, initiating from the sad-
dle point geometry and going downhill to the pre- and 

(2)kCVT∕MT(T) = �
tun(T)kCVT(T),
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post-reaction wells in mass-weighted Cartesian coordinates 
with a step size of 5.0 × 10−5 amu1/2 Å, are analyzed on the 
FI-NN PES. The reaction coordinate (s) is defined as the 
signed distance from the saddle point (s = 0), with s > 0 
referring to the product side and s < 0 to the reactant side. 
The Hessian matrix is calculated every 9 steps. Meanwhile, 
the redundant curvilinear projection formulism is utilized to 
perform a generalized normal-mode analysis along the reac-
tion coordinate. The ground-state adiabatic potential energy 
is defined as VG

a
(s) = VMEP(s) + �int(s) , where �int(s) is one-

half of the sum of the vibrational frequencies of the general-
ized normal modes orthogonal to the reaction coordinate s.

3 � Results and discussion

3.1 � Thermal rate coefficients

The classical and ZPE-corrected energies of the stationary 
points of the HO + H2O reaction and its various isotopo-
logues on the FI-NN PES are listed in Table 1, together 
with the imaginary frequencies of the transition state. Com-
pared with the reaction R1 (HO + H2O), the adiabatic barrier 
height for the reaction R3 (DO + H2O) reduces from 8.67 to 
8.26 kcal mol−1, while it raises up to 9.44 kcal mol−1 for the 
reaction R4 (HO + D2O). The imaginary frequency of the 
transition state for the reaction R4 is 1443 cm−1, in sharp 
contrast to the value of about 2000 cm−1 for R1, R2 and 
R3, indicating that the reaction barrier is significantly wid-
ened by the deuterium substitution of H in the reactant H2O. 
The associated MEPs and vibrational adiabatic ground-state 
energies are displayed in Fig. 1. Clearly, the profile of the 
MEP for R4 is visibly wider than the others.

The tunneling effect plays an important role in many 
hydrogen-transfer reactions [46–55]. Figure 2 depicts the 
rate coefficients of the HO + H2O → H2O + OH with/with-
out tunneling corrections. The CVT/SCT, CVT/COMT and 
CVT/µOMT methods all give very close rate coefficients, 
which are significantly larger than the TST and CVT val-
ues without tunneling corrections at low temperatures. The 
CVT/ZCT (ZCT denotes the zero-curvature tunneling) and 
CVT/LCG4 rate coefficients are in between them. All the 
methods are utilized to calculate the rate coefficients of the 

Table 1   Energies (in 
kcal mol−1) of the stationary 
points and imaginary 
frequencies of the transition 
state for the reaction 
HO + H2O → H2O + OH and 
its isotopologues on the FI-NN 
PES

VC is the classical potential energy; VR1, VR2, VR3 and VR4 are the ZPE-corrected energies

Species Reactant CP1 CP2 TS2 CP2′ CP1′ Product TS2

VC 0.00 − 5.88 − 3.64 9.09 − 3.64 − 5.88 0.00
VR1 0.00 − 3.91 − 2.30 8.67 − 2.30 − 3.91 0.00 2007i
VR2 0.00 − 3.91 − 2.30 8.64 − 2.33 − 3.94 − 0.03 2005i
VR3 0.00 − 4.23 − 2.38 8.26 − 2.72 − 4.33 − 0.35 2006i
VR4 0.00 − 4.04 − 2.52 9.44 − 2.15 − 3.90 0.40 1443i

Fig. 1   a Minimum energy paths, VMEP and b vibrationally adiabatic 
ground-state energies, VG

a
 , of the reaction HO + H2O → H2O + OH 

and its isotopologues as a function of reaction coordinate s 

Fig. 2   Calculated thermal rate coefficients for the reaction 
HO + H2O → H2O + OH with different tunneling correction methods



	 Theoretical Chemistry Accounts (2019) 138:111

1 3

111  Page 4 of 7

other three isotopic substitution reactions (R2, R3 and R4) 
and the obtained rate coefficients are compared with experi-
mental values [16]. It is found that the CVT/µOMT method 
(CVT/SCT and CVT/COMT as well) provides the best esti-
mations. Therefore, the CVT/µOMT results are presented 
and discussed hereafter. The CVT/µOMT transmission coef-
ficients of the four reactions are plotted in Fig. 3. The large 
transmission coefficients at low temperatures confirm the 
importance of the tunneling effect in those reactions. The 
significant tunneling effect in the reaction is possibly caused 
by the existence of the two complexes CP1 and CP2 along 
the MEP. The adiabatic energy profiles for the bimolecular 

hydrogen (deuterium) transfer processes without passing 
through the complexes would be wider than those along the 
MEP [14, 18]. At low temperatures, the reactions prefer to 
occur along the MEP and thus the tunneling effect becomes 
more significant.

Figure 4 shows the calculated thermal rate coefficients 
for the four reactions R1, R2, R3 and R4 in the tempera-
ture range of 200−2000 K. The corresponding values are 
listed in Table 2. It can be seen that, on the one hand, the 
CVT/µOMT rate coefficients for the four reactions agree 
well with the QCT results at high temperatures. The agree-
ment becomes a little worse as the temperature decreases, 
resulting from the increasing importance of the quantum 
tunneling effect. Because the tunneling effect is absent in 
QCT calculations while it is approximately included in the 
CVT/µOMT treatment. On the other hand, the theoretical 
rate coefficients exhibit a tunneling facilitated non-Arrhenius 
behavior at low temperatures. The experimental rate coef-
ficients measured by Dubey et al. [16] at T = 300 K are also 
plotted in the figure, which are well-reproduced by the CVT/
µOMT calculations.

3.2 � Kinetic isotope effects

Kinetic isotope effects (KIEs) are a valuable tool for the analy-
sis of chemical reaction mechanisms [56]. KIEs are defined as 
the ratios of kR1/kRi (i = 2–4), in which kR1 is the rate constant 
for the unsubstituted reaction R1 and kRi stands for the rate 
constant of the isotopically substituted reactions R2–R4. Since 
it is impracticable to measure the thermal rate coefficients of 

Fig. 3   CVT/µOMT transmission coefficients for the reactions 
HO + H2O → H2O + OH and its isotopologues

Fig. 4   Theoretical thermal rate 
coefficients for the reaction 
HO + H2O → H2O + OH and its 
isotopologues in comparison 
with available experimental 
values at T = 300 K
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the symmetric reaction R1, the ratios of kR3/kR2 and kR4/kR3 
are calculated to compare with the experimental values meas-
ured by Masgrau et al. [14]. As shown in the upper panel in 
Fig. 5, the theoretical ratio of kR3/kR2 is 1.23 at T = 300 K, 
close to the experimental value of 1.32. Obviously, substitut-
ing H18O by DO enhances the reactivity because the reduc-
tion in ZPE caused by the isotopic substitution is larger at the 
tight transition state than for the reactants. Three additional 
modes (OD stretch, DOH bend, OD torsion) are altered at the 
DO–H–OH transition state, while only one mode is affected in 
the reactants (OD stretch). As the temperature rises to 1000 K, 
the ratio of kR3/kR2 becomes nearly unchanged with a value 
of about 1, which means that the isotope substitution effect 
(H18O by DO) is negligible at high temperatures.

The ratio of kR4/kR3 is plotted in the lower panel in Fig. 5. 
The theoretical value is 0.06 at T = 300 K, well-located 
below the experimental upper limit of 0.17. Substituting 
H2O by D2O and OD by OH decreases the reactivity substan-
tially at low temperatures. As the temperature goes up, the 
isotope substitution effect becomes weak as well. Although 
the ZPEs of the DO–H–OH and HO–D–OD transition states 

are similar, the total ZPE of the reactants OH and D2O is 
lower than that of OD and H2O.

The theoretical KIEs according to the standard definition 
are presented in Fig. 6. The reaction R4 (HO + D2O) shows 
a normal primary KIE (> 1) over the temperature range stud-
ied. Because the transferring deuterium has a lower vibra-
tional frequency in between OH and DO, resulting in smaller 
tunneling probability through the reaction barrier than the 
hydrogen in R1 (HO + H2O). On the other hand, the adiaba-
tic barrier for R4, as shown in the lower panel in Fig. 1 in 
mass-scaled coordinates, is not only higher but also thicker 
than that for R1. 

Table 2   Calculated CVT/µOMT rate constants (in cm3 molecule−1 s−1) 
(power of 10 in parentheses)

T (K) R1 R2 R3 R4

200 1.75 (− 17) 1.72 (− 17) 2.62 (− 17) 4.45 (− 19)
225 3.73 (− 17) 3.69 (− 17) 5.22 (− 17) 1.34 (− 18)
250 7.56 (− 17) 7.51 (− 17) 1.00 (− 16) 3.58 (− 18)
275 1.44 (− 16) 1.44 (− 16) 1.84 (− 16) 8.64 (− 18)
300 2.59 (− 16) 2.59 (− 16) 3.19 (− 16) 1.91 (− 17)
325 4.42 (− 16) 4.41 (− 16) 5.27 (− 16) 3.89 (− 17)
350 7.16 (− 16) 7.17 (− 16) 8.34 (− 16) 7.42 (− 17)
375 1.11 (− 15) 1.11 (− 15) 1.27 (− 15) 1.33 (− 16)
400 1.67 (− 15) 1.67 (− 15) 1.87 (− 15) 2.28 (− 16)
420 2.25 (− 15) 2.25 (− 15) 2.49 (− 15) 3.38 (− 16)
450 3.41 (− 15) 3.42 (− 15) 3.71 (− 15) 5.84 (− 16)
500 6.30 (− 15) 6.32 (− 15) 6.71 (− 15) 1.30 (− 15)
550 1.08 (− 14) 1.08 (− 14) 1.13 (− 14) 2.60 (− 15)
600 1.73 (− 14) 1.73 (− 14) 1.79 (− 14) 4.75 (− 15)
650 2.64 (− 14) 2.64 (− 14) 2.69 (− 14) 8.09 (− 15)
700 3.86 (− 14) 3.87 (− 14) 3.91 (− 14) 1.30 (− 14)
750 5.45 (− 14) 5.46 (− 14) 5.47 (− 14) 2.00 (− 14)
800 7.48 (− 14) 7.49 (− 14) 7.46 (− 14) 2.94 (− 14)
850 9.99 (− 14) 1.00 (− 13) 9.91 (− 14) 4.19 (− 14)
900 1.31 (− 13) 1.31 (− 13) 1.29 (− 13) 5.78 (− 14)
950 1.68 (− 13) 1.68 (− 13) 1.65 (− 13) 7.79 (− 14)
1000 2.11 (− 13) 2.12 (− 13) 2.07 (− 13) 1.03 (− 13)
1250 5.55 (− 13) 5.56 (− 13) 5.38 (− 13) 3.16 (− 13)
1500 1.16 (− 12) 1.17 (− 12) 1.12 (− 12) 7.30 (− 13)
1750 2.11 (− 12) 2.11 (− 12) 2.02 (− 12) 1.41 (− 12)
2000 3.45 (− 12) 3.45 (− 12) 3.29 (− 12) 2.41 (− 12)

Fig. 5   Comparison of theoretical and experimental ratios of kR3/kR2 
and kR4/kR3

Fig. 6   Calculated kinetic isotope effects (KIEs) as a function of the 
temperature over the range of 200 − 2000 K
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The reaction R3 (DO + H2O) shows an inverse secondary 
KIE at low temperatures as kR1/kR3 < 1. As the temperatures 
increases, the ratio of kR1/kR3 becomes nearly a constant with 
a value slightly larger than 1. It can also be rationalized by 
the difference of Va

G plotted in Fig. 1. The deuterated atom in 
the reactant OD does not affect VMEP very much, but the Va

G 
for DO + H2O is somewhat thinner than that for HO + H2O 
reaction in transition state region, which governs the kinet-
ics. In addition, substituting HO by H18O has a negligible 
KIE over the temperature range studied.

The primary and second KIEs observed in the reaction 
HO + H2O → H2O +OH appear to be prevalent in polya-
tomic hydrogen abstraction reactions. The normal pri-
mary and inverse secondary KIEs have also been observed 
in other reactions at temperatures above 200 K, such as 
CH3 + HBr → CH4 + Br [57], OH + CH4 → H2O + CH3 [58] 
and H + C2H6 → H2 + C2H5 [59]. The quantum tunneling 
effect is expected to play an important role in these reac-
tions, especially at low temperatures.

4 � Conclusions

In this work, we investigate the kinetics of gas-phase hydro-
gen abstraction reaction, HO + H2O → H2O + OH reaction 
and its various isotopologues using both the transition state 
theory with multidimensional tunneling (CVT/µOMT) 
and the QCT method on an accurate global PES. The good 
agreements between the experimental and theoretical KIEs 
provide strong evidence on the accuracy of the FI-NN PES. 
It is found that the tunneling effect plays a significant role at 
low and moderate temperatures. The existence of the com-
plexes actuates a faster fall of the adiabatic potential energy 
moving away from the transition state, reduces the width 
of the classical forbidden region, and thus results in large 
tunneling effects.
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