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The dissociation limits of isotopic water molecules are derived for the ground state. The equilibrium geometries,

the vibrational frequencies, the force constants and the dissociation energies for the ground states of all isotopic water

molecules under the dipole electric fields from −0.05 a.u. to 0.05 a.u. are calculated using B3P86/6-311++G(3df,3pf).

The results show that when the dipole electric fields change from −0.05 a.u. to 0.05 a.u., the bond length of H–O

increases whereas the bond angle of H–O–H decreases because of the charge transfer induced by the applied dipole

electric field. The vibrational frequencies and the force constants of isotopic water molecules change under the influence

of the strong external torque. The dissociation energies increase when the dipole electric fields change from −0.05 a.u.

to 0.05 a.u. and the increased dissociation energies are in the order of H2O, HDO, HTO, D2O, DTO, and T2O under

the same external electric fields.
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1. Introduction

It is well known that hydrogen, deuterium and
tritium are very useful in many areas, such as en-
ergy sources, environmental protection, nuclear ma-
terials, military affairs and so on. How to extract hy-
drogen, deuterium and tritium from all isotopic wa-
ter molecules is an important problem. There are
many methods to solve the problem, for example,
the combined electrolysis catalytic exchange (CECE)
process[1] and photodissociation.[2,3]

Many studies have been performed on the isotopic
water molecules, such as the theory of Monte Carlo
(MC),[4] molecular dynamics (MD) simulations,[5−9]

Hartree–Fock (HF) calculations,[10,11] ab initio
methods,[12−19] and density functional theory
(DFT),[20−24] while experiments[2,25−40] have been
devoted to the research of the microscopic structures,
potential energy surfaces and dynamic properties for
isotopic water molecules. Császár et al.[13] and Bar-

letta et al.[14] used high accuracy ab initio studied adi-
abatic potential energy surfaces (PESs) of the ground
electronic state for water molecules. The potential
energy surfaces (PESs) and dipole moment functions
of water molecules were investigated by Partridge and
Schwemke[15] through using high quality ab initio cal-
culation. The anharmonic potential energy surface
of water molecule had been computed by Martin et
al [19] through using an augmented coupled cluster
method and various basis sets.

A lot of work focuses on the Born–Oppenheimer
(BO) approximation,[41−46] but the greatest difficulty
in deriving dissociation energies, vibrational frequen-
cies and force constants of HDO, HTO, D2O, DTO
and T2O lies in its identity with those of H2O in the
BO approximation. Hence we propose that the ef-
fects of nuclear motions (translational, rotational and
vibration motions) should be considered for the cal-
culation of dissociation energies, vibrational frequen-
cies and force constants of isotopic water molecules,

∗Project supported by the National Natural Science Foundation of China (Grant No. 10676022).
†Corresponding author. E-mail: shunping−999@163.com

© 2011 Chinese Physical Society and IOP Publishing Ltd
http://www.iop.org/journals/cpb　http://cpb.iphy.ac.cn

063102-1



Chin. Phys. B Vol. 20, No. 6 (2011) 063102

so those parameters of isotopic water molecules are
obtained by using the nuclear motions energy correct
electronic energies. In this paper the DFT method
is used to study the structures, vibrational frequen-
cies, force constants and dissociation energies of iso-
topic water molecules under the dipole electric field
by calculating nuclear vibration energies for correct-
ing electronic energies, which are obtained in the BO
approximation. The properties of water molecules and
aqueous solutions under the external electric field are
also simulated in other documents.[47−49]

2. Calculation method

All this work is performed with Gaussian
03 W.[50] The B3P86 method[51] with the basis set
6-311++G (3df, 3pf)[52,53] is used to calculate a va-
riety of structures, force constants, vibrational fre-
quencies and dissociation energies of isotopic water
molecules under the dipole electric field. At this level,
the bond lengths of H–O and bond angles of H–O–
H in the ground states of isotopic water molecules are
computed. The results along with the available exper-
imental data[19] and other theoretical values[10,13,15,38]

are listed in Table 1.

Table 1. Experimental data and theoretical values for water

molecule.

Method and basis set/model ROH/Å θ/(◦) Source

B3P86/6-311++G(3df,3pd) 0.9592 104.83 this work

Hartree–Fock/(6s5p2d/3s1p) 0.957 104.52 Ref. [10]

ab initio/PES 0.9578 104.490 Ref. [13]

Fitted empirical/PES 0.9578 104.509 Ref. [15]

B3LYP/ 6-311++ G∗∗ 0.9620 105.165 Ref. [38]

Experiment 0.957 104.5 Ref. [19]

These water molecular geometry parameters
were optimized in a series of calculations,[10,13,15,38]

which gave good agreements with the experimental
values.[19] As it is shown in Table 1, the O–H bond
length is 0.9592 Å (1 Å=0.1 nm) with a bond an-
gle is 104.833◦ and the corresponding experimental
equilibrium bond length and bond angle are 0.957 Å
and 104.5◦, respectively.[19] Clearly, the differences are
very small. So we expect that the DFT is suited to
predict the bond lengths and bond angles of water
molecules not only in the absence but also in the pres-
ence of the external field. There are many stable struc-
tures that are obtained with our method and shown
in Table 2.

Table 2. Computed values of bond length ROH (Å) and bond angle θ (◦) for water molecules under the

dipole electric field.

Z (field)/10−4 a.u. 0 100 200 300 400 500

Parameters
ROH/Å 0.9592 0.9606 0.9623 0.9644 0.9668 0.9698

θ/(◦) 104.83 103.59 102.34 101.09 99.83 98.57

Z (field)/10−4 a.u. 0 –100 –200 –300 –400 –500

Parameters
ROH/Å 0.9592 0.9583 0.9578 0.9576 0.9574 0.9573

θ/(◦) 104.83 106.09 107.34 108.60 109.86 111.22

It is clear from this table that there are signifi-
cant differences between the bond length and the bond
angle of the water molecules under the dipole elec-
tric field. The bond length is 0.9698 Å under the
dipole electric field of 0.05 a.u. and it is 0.0106 Å
longer than that (0.9592 Å) without the dipole elec-
tric field. Also, the bond angle is about 6.26◦ smaller
than that (104.83◦) without the dipole electric field.
The bond length is 0.9573 Å under dipole electric field
of −0.05 a.u. and it is 0.0019 Å shorter than that
(0.9592 Å) without the dipole electric field and the
bond angle is about 6.39◦ bigger than that (104.83◦)
without the dipole electric field. Zhu et al.[47] indi-
cated that the O–H bond length is stretched while the

H–O–H bond angle contracts upon application of the
electric field. Jung et al.[48] analysed the structure
change of water by using an external electric field.
From the simulations under various strengths of the
electric field, they obtained the threshold for the sig-
nificant structural change to be 0.15 Å to 0.2 Å.

3. Results and discussion

3.1.Dipole electronic field of dipole wa-

ter molecule

The isotopic water molecule with an electric
dipole moment is of C2v symmetry, which is schemat-
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ically shown in Fig. 1. Both the dipole electronic field
and the isotopic water molecule are orientated along
the z axis. Although the water molecule is in thermal
motion, however, there will be two most possibilities
of orientation, i.e. “head to tail” and “head to head”.
It is obvious that the energy of water molecules will
increase for “head to head” orientation and decrease
for “head-to-tail” orientation.

Fig. 1. Interaction of dipole electronic field with dipole H2O.

3.2.Vibrational frequencies of water

molecule

There are three vibrational modes and three rota-
tional modes for an isotopic water molecule. The vi-
brational states can be described by normal mode and
local mode. The three standard modes are denoted as
ν1 (symmetric stretch), ν2 (bend) and ν3 (asymmet-

ric stretch). Previous spectral studies[16,17,2,23,32−36]

demonstrated that local modes could much better de-
scribe the higher states. The average vibrational fre-
quencies of the isotopic water molecules are obtained
by averaging over the system and compared with the
experimental data and other calculations in Table 3.

The vibrational frequencies of six different iso-
topically substituted water molecules are listed in Ta-
ble 3, which are in good agreement both with the ex-
perimental values[23,32−36] and with the previous the-
oretical values.[15−17,23]

It is expected that this calculation may be
suited to predict the vibrational frequencies of water
molecules under the dipole electric field as given in
Table 4. The variations of vibrational frequencies (ν1,
ν2, ν3) with dipole electric field are divided into two
cases: one is that as the dipole electric field changes
from 0 a.u. to 0.05 a.u., the ν1 increases while ν2 and
ν3 decrease for all isotopic water molecules, the other
is that as the dipole electric field changes from 0 a.u.
to −0.05 a.u., the ν1 decreases for all isotopic water
molecules However, the variations of calculated val-
ues of ν2 and ν3 are not monotonic. The ν2 values of
H2O, D2O, and T2O decrease, whereas the ν2 values of
HDO, HTO, and DTO first increase and then decrease
again; the ν3 values of H2O, D2O, T2O first decrease
and then increase while the ν3 values of HDO, HTO,
DTO first increase and then decrease.

Table 3. Calculated values of vibrational frequencies of water molecules, experimental data and theoretical

values for water molecule.

Parameter ab initio[a] SC[b] CCSD(T)[c,d] This work Exp.[e−j]

H2O

ν2 (cm−1) 1594.7 1777.7 1652.3 1614.8 1648.47

ν1 (cm−1) 3657.1 4147.7 3828.9 3888.9 3832.17

ν3 (cm−1) 3755.9 4253.0 3937.7 3994.1 39442.53

HDO

ν2 (cm−1) 1403.5 1558.2 1403.52 1426.4 1442.10

ν1 (cm−1) 2723.7 3051.6 2723.66 2832.1 2824.32

ν3 (cm−1) 3707.5 4202.6 3707.48 3900.5 3889.84

D2O

ν2 (cm−1) 1178.4 1301.0 1209.3 1182.0 1206.39

ν1 (cm−1) 2671.7 2989.0 2760.1 2803.0 2783.80

ν3 (cm−1) 2787.7 3118.0 2885.1 2927.3 2888.78

HTO

ν2 (cm−1) 1332.5 1477.5 1332.49 1352.6 1332.48

ν1 (cm−1) 2299.8 2560.3 2299.81 2375.7 2299.77

ν3 (cm−1) 3716.6 4201.7 3716.72 3899.5 3716.58

DTO

ν2 (cm−1) 1202.4 1100.8

ν1 (cm−1) 2552.5 2368.1

ν3 (cm−1) 3062.8 2842.3

T2O

ν2 (cm−1) 995.4 1094.5 1017.3 994.5 995.33

ν1 (cm−1) 2237.2 2488.8 2298.0 2333.3 2237.15

ν3 (cm−1) 2366.6 2634.3 2436.1 2472.3 2366.60
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aRef. [16], bRef. [23], cRef. [17], dRef. [15], eRef. [21], fRef. [32], gRef. [33], hRef. [34], iRef. [35], jRef. [36].

Table 4. Computed values of vibration frequencies (ν1, ν2, ν3) of water molecules (H2O, HDO, HTO, D2O, DTO,

T2O) under externally dipole electric field.

Z (field)/10−4 a.u. 100 200 300 400 500

H2O

ν1 (cm−1) A1 1614.8 1652.2 1674.0 1692.5 1707.8 1719.8

ν2 (cm−1) A1 3888.9 3837.7 3822.3 3801.7 3775.2 3742.4

ν3 (cm−1) B2 3994.1 3924.9 3894.4 3858.3 3815.9 3766.9

HDO

ν1 (cm−1) A1 1426.4 1448.9 1468.5 1485.4 1499.4 1510.5

ν2 (cm−1) A1 2832.1 2820.1 2804.0 2783.7 2759.0 2729.5

ν3 (cm−1) B2 3900.5 3882.5 3859.0 3830.1 3795.2 3753.9

HTO

ν1 (cm−1) A1 1182.0 1374.8 1394.2 1411.0 1425.0 1436.3

ν2 (cm−1) A1 2803.0 2365.6 2351.9 2334.8 2314.0 2289.1

ν3 (cm−1) B2 2927.3 3881.7 3858.3 3829.5 3794.8 3753.6

D2O

ν1 (cm−1) A1 1352.6 1208.8 1224.3 1237.4 1248.2 1256.6

ν2 (cm−1) A1 2375.7 2767.5 2757.5 2743.5 2725.2 2720.1

ν3 (cm−1) B2 3899.5 2874.9 2851.4 2823.8 2791.8 2755.0

DTO

ν1 (cm−1) A1 1100.8 1117.2 1131.5 1143.7 1153.7 1161.6

ν2 (cm−1) A1 2368.1 2359.2 2346.6 2330.4 2310.4 2286.2

ν3 (cm−1) B2 2842.3 2827.9 2809.7 2787.6 2761.2 2730.3

T2O

ν1 (cm−1) A1 994.5 1016.5 1029.2 1039.9 1048.6 1055.5

ν2 (cm−1) A1 2333.3 2305.0 2297.5 2286.6 2272.0 2253.4

ν3 (cm−1) B2 2472.3 2426.9 2406.2 2382.1 2354.4 2322.7

Z (field)/10−4 a.u. –100 –200 –300 –400 –500

H2O

ν1 (cm−1) A1 1614.8 1599.0 1557.6 1532.1 1492.6 1445.2

ν2 (cm−1) A1 3888.9 3851.3 3849.0 3841.9 3829.7 3817.9

ν3 (cm−1) B2 3994.1 3968.3 3980.6 3988.2 3990.4 3993.6

HDO

ν1 (cm−1) A1 1426.4 1401.2 1372.9 1314.2 1305.8 1263.2

ν2 (cm−1) A1 2832.1 2839.6 2842.4 2841.7 2837.1 2832.9

ν3 (cm−1) B2 3900.5 3912.5 3981.4 3919.6 3915.6 3912.5

HTO

ν1 (cm−1) A1 1182.0 1327.8 1300.3 1269.4 1234.8 1193.1

ν2 (cm−1) A1 2803.0 2382.1 2384.7 2384.2 2380.5 2377.1

ν3 (cm−1) B2 2927.3 3911.3 3917.0 3917.9 3913.6 3710.2

D2O

ν1 (cm−1) A1 1352.6 1170.9 1148.4 1123.1 1094.7 1060.6

ν2 (cm−1) A1 2375.7 2774.9 2771.9 2765.4 2755.0 2744.8

ν3 (cm−1) B2 3899.5 2909.3 2919.8 2926.7 2929.9 2933.9

DTO

ν1 (cm−1) A1 1100.8 1082.2 1061.4 1038.0 1011.8 980.2

ν2 (cm−1) A1 2368.1 2373.2 2374.3 2372.3 2366.8 2361.4

ν3 (cm−1) B2 2842.3 2852.4 2858.1 2860.6 2859.4 2859.0

T2O

ν1 (cm−1) A1 994.5 985.5 967.0 946.2 922.8 894.6

ν2 (cm−1) A1 2333.3 2309.2 2305.5 2298.9 2289.0 2279.2

ν3 (cm−1) B2 2472.3 2457.8 2467.6 2474.6 2478.3 2482.9

Notation: A1, A2, B2 are the irreducible representations for vibrations.

3.3. Force constants of water molecule

There are six force constants for an isotopic water molecule which are obtained by fitting the energy
functions of the bond length and the bond angle, while they include the electronic energy and the nuclear
vibration motion energy of isotope water molecules. In detail, we first calculate multi-point energy near the
equilibrium position and then obtain the force constants, which are shown in Table 5.

From Table 5 it follows that our results of quadratic force constants are in excellent agreement with the
other results. The final results in the presence of the influence of the strong external torque are given in Table
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6. The force constants (fR1θ, fR2θ, fθθ) increase while the force constants (fR1R1 , fR2R2 , fR1R2) decrease with
field strength increasing from 0 a.u. to 0.05 a.u. However, the opposite situation occurs when the field strength
changes from 0 a.u. to −0.05 a.u.

Table 5. Comparison of force constants (fR1R1 , fR2R2 , fθθ, fR1R2 , fR1θ, fR2θ) of water molecule between the

previous results and our predictions.

Method and basis set fR1R1, fR2R2 fθθ fR1R2 fR1θ, fR2θ Source

B3LYP/6-311++G∗∗ 0.5489 0.1460 –0.0067 0.0274 Ref. [40]

Hartree–Fock/4s3p/2s 0.6360 0.0566 –0.0050 0.0166 Ref. [2]

CCSD(T)/aug-cc-pVAZ(T) 0.5419 0.1644 –0.0063 0.0454 Ref. [2]

B3PB6/6-311++G(3df,3pd) 0.5462 0.1571 –0.0051 0.0302 this work

Table 6. Computed values of force constants (fR1R1 , fR2R2 , fθθ, fR1R2 , fR1θ, fR2θ) of water molecules (H2O,

HDO, HTO, D2O, DTO, T2O) under external electric field.

Z (field)/10−4 a.u. 0 100 200 300 400 500

fR1R1 , fR2R2 0.5462 0.5418 0.5360 0.5289 0.5202 0.5100

fR1R2 –0.0051 –0.0042 -0.0034 –0.0027 –0.0021 –0.0016

fR1θ, fR2θ 0.0302 0.0314 0.0327 0.0342 0.0360 0.0378

fθθ 0.1571 0.1628 0.1681 0.1732 0.1779 0.1823

Z (field)/10−4 a.u. 0 –100 –200 –300 –400 –500

fR1R1 , fR2R2 0.5462 0.5489 0.5501 0.5519 0.5534 0.5572

fR1R2 –0.0051 –0.0061 –0.0072 –0.0084 –0.0097 –0.0114

fR1θ, fR2θ 0.0302 0.0293 0.0285 0.0279 0.0276 0.0275

fθθ 0.1571 0.1511 0.1448 0.1380 0.1309 0.1230

3.4.Dissociation limit and dissociation

energy of isotopic water molecules

In order to obtain the dissociation energies of
isotopic water molecules, first, the ground electronic
states and geometry parameters of water molecules
are optimized and then the dissociation limit and the
electronic state of the dissociation products are deter-
mined.

3.4.1. Dissociation limits of ground state for
water molecule

By atomic and molecular reactive statics
(AMRS),[54] we acquire the ground electronic states
of all isotopic water molecules, whose structures be-
long to C2v symmetry group with X̃1A1 state. If the
ground states for H, D, T, and O are 2Sg and 3Pg,
there will be no ground state X̃1A1 of water molecule,
so it is impossible that H, D, T, and O are all in their
ground electronic states. If O is in its first excited
electronic state 1Dg, then the ground electronic state
X̃1A1 of water molecule may be found. Based on the
same reason, OH, OD, and OT should be all in their
first excited electronic state A2Σ+ and H, D, and T in
their ground electronic states. The ground electronic

state X̃1A1 of water molecule is obtained, too.
Hence, the reasonable dissociation limits for the

ground electronic state X̃1A1 of water molecule can
be written as

H2O(X̃1A1) →





H2(X1Σ+
g ) + O(1Dg),

OH(A2Σ+) + H(2Sg),

H(2Sg) + H(2Sg) + O(1Dg).

(1)

In this paper, the third dissociation channel is
taken into account in our calculation.

3.4.2. Dissociation energy of isotopic water
molecules under the dipole electronic
field

After a brief description of the possible dissocia-
tion channel, the dissociation energy is determined as
follows:

De = Ee(O) + 2Ee(H)− Ee(H2O) + En(O)

+2En(H)− En(H2O), (2)

where Ee is the electronic energy and En is the nuclear
motion kinetic energy.

In Eq. (2) we report the core correlation contri-
bution at the level of theory. The core correction is
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defined as the difference in energy between core and
valence electron calculations. In the so-called non-
BO approximation, we have to consider the nuclear
motion, i.e. translational, rotational and vibration
motions. In this paper by calculating nuclear vibra-
tion energy to correct electronic energy obtained in

the Born–Oppenheimer approximation, the dissocia-
tion energies are computed. There are of course, great
differences in dissociation energy between water and
its isotopic variants as pointed out. The dissociation
energies of isotopic water molecules for the ground
state are provided in Table 7.

Table 7. Computed dissociation energy (De) values of water molecules H2O, HDO, HTO, D2O, DTO and T2O

under external electric field.

Z (field)/10−4 a.u –500 –400 –300 –200 –100 0 100 200 300 400 500

De (H2O)/eV 11.60 11.82 12.04 12.26 12.47 12.66 12.86 13.06 13.25 13.43 13.61

De (HDO)/eV 11.67 11.90 12.12 12.33 12.54 12.74 12.94 13.14 13.33 13.51 13.69

De (HTO)/eV 11.71 11.93 12.15 12.37 12.58 12.78 12.97 13.17 13.36 13.54 13.72

De (D2O)/eV 11.75 11.98 12.20 12.41 12.62 12.82 13.02 13.22 13.41 13.59 13.77

De (DTO)/eV 11.79 12.01 12.23 12.45 12.66 12.86 13.06 13.25 13.44 13.62 13.80

De (T2O)/eV 11.82 12.04 12.26 12.48 12.69 12.89 13.09 13.28 13.47 13.66 13.84

The dissociation energies of ground states of iso-
topic water molecules are all shown in Fig. 2, from
which it follows that the dissociation energies of water
molecules increase with dipole electric field increasing
from 0 a.u. to 0.05 a.u. while the dissociation en-
ergies of water molecules decrease as dipole electric
field changes from 0 a.u. to −0.05 a.u. because of the
charge transfer induced by the applied dipole electric
field. It can also be seen from Fig. 2 that the differ-
ences in dissociation energy follow the differences in
neutron number for all isotopic water molecules under
the same dipole electric fields. The variation of the
hydrogen isotopes dominates the behaviour of the dis-
sociation energy of the water molecule, which reveals
that the electric energy and nuclear motion kinetic
energy strongly depend on dipole electric field.

Fig. 2. Relationships between dipole electric field and

dissociation energy of H2O, HDO, HTO, D2O, DTO, and

T2O.

The dissociation energies of isotopic water

molecules are obtained under the dipole electric field.
Then we suppose that the electric dipole moment of
water molecules and the dipole electric field be par-
allel. However, the electric dipole moment of water
molecules and the dipole electric field are parallel or
anti-parallel to each other with the same probabilities
because of the thermal motion, the weighted average
values for the dissociation energies for both cases of
water molecules are adopted.

It can be seen clearly from Table 8 that the aver-
age dissociation energies decrease with dipole electric
field increasing and the dissociation energies of water
molecules are about 0.05, 0.06, 0.07, 0.06, 0.07, and
0.06 eV smaller than those of other hydrogen-isotope
waters, respectively. It is important to dissociate wa-
ter molecules as the dissociation energy decreases.

Table 8. Weighted average values for dissociation energies of

hydrogen-isotope water in the dipole electric field.

H2O 12.66 12.66 12.66 12.64 12.63 12.61

HDO 12.74 12.74 12.74 12.72 12.70 12.68

HTO 12.78 12.78 12.77 12.75 12.74 12.71

D2O 12.82 12.82 12.82 12.80 12.78 12.76

DTO 12.86 12.86 12.85 12.84 12.82 12.79

A
v
er

a
g
e

d
is

so
ci

a
ti

o
n

en
er

g
y
/
eV

T2O 12.89 12.89 12.88 12.87 12.85 12.83
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4. Summary

The geometrical structures, the vibrational fre-
quencies, the force constants and the dissociation en-
ergies of all isotopic water molecules are reported
based on density functional theory with B3PB6
exchange–correlation potential under the dipole elec-
tric field. Owing to the influence of the dipole elec-
tric field, a new equilibrium structure is determined

along with vibrational frequency, force constant and
dissociation energy. On the other hand, we have
systematically studied the interaction between elec-
tric energy and nuclear motion energy and the nu-
clear motion effect is taken into consideration in this
paper. Combining with accurate variational nuclear
motion computations, we provide a detailed probe of
the vibrational energy level structure of isotopic water
molecules within its drastic dissociation limit.
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Schleyer P V 2004 J. Comp. Chem. 4 294

[53] Frisch M J, Pople J A and Binkley J S 1984 J. Chem.

Phys. 80 3265

[54] Zhu Z H 1996 Atomic and Molecular Reactive Statics

(Beijing: Science Press) (in Chinese)

063102-8


