
Heavy Water Models for Classical Molecular

Dynamics: Effective Inclusion of Nuclear

Quantum Effects

Victor Cruces Chamorro, Carmelo Tempra, and Pavel Jungwirth∗

Institute of Organic Chemistry and Biochemistry of the Czech Academy of Sciences,

Flemingovo nám. 542/2, 160 00 Prague 6, Czech Republic

E-mail: pavel.jungwirth@uochb.cas.cz

1



April 14, 2021

Abstract

Small differences in physical and chemical properties of H2O and D2O, such as melt-

ing and boiling points or pKa, can be traced back a slightly stronger hydrogen bonding

in heavy versus normal water. In particular, deuteration reduces zero-point vibrational

energies as a demonstration of nuclear quantum effects. In principle, computationally

demanding quantum molecular dynamics is required to model such effects. However,

as already demonstrated by Feynmann and Hibbs, zero point vibrations can be effec-

tively accounted for by modifying the interaction potential within classical dynamics.

In the spirit of the Feymann-Hibbs approach, we develop here two water models for

classical molecular dynamics by fitting experimental differences between H2O and D2O.

We show that a 3-site SPCE-based model accurately reproduces differences between

properties of the two water isotopes, with a 4-site TIP4P-2005/based model in addition

capturing also the absolute values of key properties of heavy water. The present models

are computationally simple enough to allow for extensive simulations of biomolecules

in heavy water relevant, e.g., for experimental techniques such as NMR or neutron

scattering.

Introduction

Substitution of hydrogen by deuterium in water leads not only to a ∼10 % higher mass

density primarily due to the doubled mass of the latter isotope, but also to small shifts in

other observable properties such as the temperature of maximum density (TMD), melting

point, self-diffusion coefficient, viscosity, etc1–3. The origins of these differences between ordi-

nary water (H2O) and heavy water (D2O) are due to nuclear quantum effects (NQEs), which

can also be invoked to rationalize why the number density (i.e., the number of molecules per

unit volume) of D2O water is slightly smaller than that of H2O. Typically, the isotopic effect

becomes more pronounced if proton or deuteron chemically detaches, such as during proton
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transfer processes. Nevertheless, while pH of ordinary water at 25 oC is 7.0, pD of heavy

water is not very different, reaching 7.44. Finally, note that due to the fact that NQEs are

typically larger for lighter particles, they tend to be more pronounced in H2O than in D2O.

The above differences between ordinary and heavy water, in particular kinetic effects

concerning proton/deuteron transfer, are behind the very low toxicity of D2O to higher or-

ganisms, which only becomes an issue if a sizable amount (tens of percent) of bodily water

is replaced by its deuterated analogue4,5. On a safer note, we have recently confirmed old

claims that heavy water has mildly but distinctly sweet taste, showing that D2O (unlike

H2O) activated the human sweet taste receptor6. While the exact molecular mechanism of

the sweet taste of D2O remains elusive, our simulations confirm experimental observations

that in general protein stability and rigidity changes (typically slightly increases) upon mov-

ing from ordinary to heavy water7–9.

Changes in protein behavior in ordinary vs. heavy water are primarily due to differ-

ences in hydrogen bonding due to NQEs3. Namely, a reduction in vibrational zero point

energies leads to slightly stronger water-water and water-protein hydrogen bonds in D2O vs

H2O
3. Molecular simulations should be able to shed light on this phenomenon. However,

for description of NQEs one should in principle employ quantum approaches such as the

path integral molecular dynamics. While applicable nowadays to small unit cells of wa-

ter or simple aqueous solutions10–12, the path integral approach is hardly computationally

feasible for large systems involving proteins and other biomolecules in aqueous environments.

Feymann and Hibbs13 suggested to simplify the path integral theory using a harmonic

approximation, which results in a modification of the interaction potential within classical

molecular dynamics (MD)14,15. In the spirit of this approach, we develop here effective 3-site

and 4-site heavy water models for classical MD that allow for accurate and at the same time
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computationally efficient modelling of biomolecules in D2O, as encountered, e.g., in NMR

and neutron scattering experiments. Following a previous attempt in this direction16 and

parallel to the most recent approach involving an adaptive quantum thermal bath17, the

present heavy water models are demonstrated to be capable to recover quantitatively the

key experimental differences between ordinary and heavy water.

Methods

Effective inclusion of zero point energy effects, which are behind differences between

properties of D2O and H2O, is realized by tuning the interaction potential to reproduce

experimental observables that exhibit the strongest NQEs. A proper choice of such target

observables is essential for the best possible performance of the developed empirical water

models18,19, in particular when the optimized parameter set is limited. For common water

parameterizations, where the intermolecular potential contains Lennard-Jones and electro-

static terms, the number of the corresponding adjustable parameters is small, i.e., four for the

4-site TIP4P-2005 model20 or three for the 3-site SPC/E model21. The number of adjustable

parameters then dictates the minimal number of target experimental observables.

Table 1: Target properties used in this study, i.e., density at ambient conditions,
temperature of maximum density (TMD), self-diffusion coefficient DOW , and
viscosity (η), and.

Property Expt. LW Expt. HW Exp. Shift
density[kg/m3] 997.05 1104.40 107.35

TMD[K] 277.13 284.34 7.21
DOW[cm−2s] 2.30 1.77 -23.04%
η[mPa·s] 0.890 1.097 23.26%

Here, we chose as target properties the following four experimental observables of D2O

and H2O - density at ambient conditions, TMD, self-diffusion coefficient, and viscosity (Ta-

ble 1). Note that the last two properties are strictly speaking not independent as they can
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be under certain assumptions related to each other via the Stokes-Einstein relation22. As

a consequence, for the 4-site model we constrained the dipole moment of the heavy water

model to that of the reference water model.

Viscosity was calculated using Green-Kubo equation22,23

η =
V

kBT

∫ ∞
0

〈Pαβ(t)Pαβ(t0)〉dt (1)

where V is the simulation volume, and Pαβ are the off-diagonal terms of the pressure tensor.

We reduced the statistical error by averaging over 20 ns-long autocorrelation functions of

the off-diagonal pressure tensor for the whole NVT simulation24,25.

For calculation of surface tension26, we elongated the unit cell size along the z-axis and

run simulations at a constant volume. In this way, we ensure that a slab of water is formed

with a sufficiently wide vacuum layer separating it from its periodic images. The surface

tension of planar interfaces can be calculated from the asymmetry of the pressure tensor

γ =
Lz
2

[
Pzz −

(
Pxx + Pyy

2

)]
(2)

where Pzz is the normal component of the pressure tensor and Pxx and Pyy are the tangential

components. Note that we use the average of the two tangential components to reduce the

statistical error.

The functional forms of the reference water models, i.e., the 4-site TIP4P-200520 and

the 3-site SPC/E21, are similar to each other with both having partial charges on hydrogen

atoms and with only the oxygen atom carrying Lennard-Jones parameters. The differences

between the two models are in the molecular geometry and the position of the negative

charge, which for SPC/E is located at the oxygen atom while for TIP4P-2005 it is placed
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Table 2: Potential parameters of 4-site models, i.e, TIP4P-2005 for ordinary
water and (newly developed) TIP4P-HW for heavy water

Parameters TIP4P-200520 TIP4P-HW
dOH/nm 0.09572 0.09572
αHOH/deg 104.52 104.52
σ/nm 0.31589 0.31658

ε/(kJ/mol) 0.7749 0.7330
qH/au 0.5564 0.55705
dOM/nm 0.01546 0.01551

at an additional virtual atom site at the HOH angle bisector. The potential parameters of

these water models, together with those of the existing16 and here developed D2O models

are summarized in Tables 2 and 3.

Table 3: Potential parameters of 3-site models, i.e, SPC/E21 for ordinary water,
as well as an existing SPC/HW16 and here developed SPCE-HW parameteriza-
tions for heavy water

Parameters SPC/E21 SPCE-HW SPC/HW16

dOH/nm 0.10000 0.10000 0.10000
αHOH/deg 109.47 109.47 109.47
σ/nm 0.31657 0.31970 0.31658

ε/(kJ/mol) 0.6502 0.5050 0.6497
qH/au 0.4238 0.4188 0.4350

For molecular dynamics simulations of 1110 water molecules in the unit cell we employed

either the isothermal-isobaric ensemble (NpT) or the canonical ensemble (NVT), where the

volume used in the later ensemble was the average volume of the NpT simulations, with

the only exception of surface tension calculations that were performances with the z-axis

elongated to 17.5 nm. Temperature was kept constant at 298 K using the Noosé-Hoover

thermostat
27

with a time coupling constant of 1ps. For the NpT ensemble, pressure was set

at 1 bar using the Parrinello-Rahman barostat
28

with a time coupling constant of 2.5 ps, and

a compressibility of 5 · 10−5 bar−1. A cut-off radius of 1.2 nm was complemented with the
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particle-mesh Edwald procedure29 to account for long-range interactions. Additional cut-off

schemes were tested as described in detail in the Supporting Information (SI). Finally, the

water molecular geometry was fixed with LINCS algorithm30, which allowed for the use of

a time step of 2 fs for the production runs of at least 50 ns. All simulations were performed

using GROMACS 2019.431 package.

Results and Discussion

The performance of the newly developed heavy water models, together with that of the

original ordinary water models, with respect to the selected key experimental observables is

presented in Tables 4 and 5. Namely, Table 4 summarizes the results for the 4-site TIP4P-HW

model, while Table 5 analogously shows values for the 3-site SPCE-HW parameterization.

For comparison, the later table also provides analogous results for the previously devel-

oped SPC/HW model16. We see from Table 4 that our TIP4P-HW model reproduces D2O

thermodynamic properties with comparable accuracy as does TIP4P-2005 for H2O. Impor-

tantly, TIP4P-HW compares quantitatively to experiment not only for the target properties

but also for additional thermodynamic observables such as the isothermal compressibility,

isobaric thermal expansivity, and surface tension (Table 4). A notable exception is the un-

derestimated dielectric constant for both D2O and H2O, which is a common artifact of many

non-polarizable water models that do not explicitly account for electronic polarization19.

For SPCE-HW the situation is different. As the original SPC/E model for H2O is rather

inaccurate in predicting important points at the phase diagram such as the melting tem-

perature or TMD19, one can hardly expect from SPCE-HW an absolute accuracy in these

properties for D2O. Nevertheless, as demonstrated in Table 5 the SPCE-HW model quanti-

tatively reproduces experimental H2O-to-D2O shifts for all the monitored observables. This

represents a major improvement in comparison to the previously developed SPC/HW model
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which dramatically overestimates in absolute values these shifts for practically all the ob-

servables (see Table 5).

As of dynamic properties, we start with the self-diffusion coefficient which can be calcu-

lated simply from mean square displacements (MSD)22. The simulated self-diffusion coef-

ficients for TIP4P-HW and SPCE-HW, presented in Tables 4 and 5, demonstrate that the

resulting picture is the same as for thermodynamic properties. Namely, the 4-site model

reproduces the experimental observable in absolute terms, while the 3-site model at least

recovers the D2O vs H2O difference. The same is true for also for viscosity (see Tables 4 and

5).

Table 4: Simulation results of TIP4P-200520 and TIP4P-HW as compared to ex-
periment for the target properties - density, TMD, self-diffusion coefficient, and
viscosity, as well as for isothermal compressibility, isobaric thermal expansivity,
surface tension, and dielectric constant. Simulations were performed at 298 K
and 1 bar.

Property TIP4P-200520 H2O Expt. TIP4P-HW D2O Expt.
density[kg/m3] 997.2 997.05 1104.4 1104.4

TMD[K] 277 277.13 283 284.34
DOW [cm−2s] 2.10 2.30 1.69 1.77
η[mPa·s] 0.86 0.89 1.05 1.10

κT [10−6/bar] 49.2 45.248 50.0 46.53
αp[10−4/K] 3.0 2.57 2.5 1.91
γ[mN/m] 69.2 71.98 68.6 71.87

εr 58 78.4 57 78.1

On top of the observables presented in Tables 4 and 5 we also checked how well our mod-

els reproduce heavy water density in the range of temperature corresponding to a liquid, as

well as for a wide range of pressures from 1 to 1000 bar (Figure 1). It is worth mentioning

that in the whole range of explored temperatures and pressures the D2O density is lower

than that of H2O multiplied by the D2O/H2O mass ratio of 1.1114 (see Figure 1). This is a

clear demonstration of the slightly stronger hydrogen bonding in D2O due to NQEs, which

makes heavy water a bit more ”ice-like” and, therefore, less dense in terms of molecular
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Table 5: Simulation results of SPC/E21, SPC/HW16, and SPCE-HW. Com-
parison to experiment is made for H2O-to-D2O shifts (these shifts for the two
models and for experimental values are denoted as ∆ in the table) of the tar-
get properties - density, TMD, self-diffusion coefficient, and viscosity, as well as
of isothermal compressibility, isobaric thermal expansivity, surface tension, and
dielectric constant. Simulations were performed at 298 K and 1 bar.

Poperty SPC/E21 SPCE-HW ∆SPCE-HW SPC/HW16 ∆SPC/HW ∆Expt

Density[kg/m3] 999.2 1103.0 103.8 1125.4 126.2 107.3
TMD[K] 249 250 1.0 269 20 7.21

DDOW [cm−2s] 2.50 1.95 -22.0% 1.35 -85.2% -23.26%
η[mPa·s] 0.73 0.88 20.5% 1.42 94.2% 23.04%

κT [10−6/bar] 50.4 50.3 -0.1 44.4 -6.0 1.282
αp[10−4/K] 4.8 5.1 0.3 4.4 -0.4 -0.66
γ[mN/m] 62.2 57.5 -4.7 68.8 6.6 -0.09

εr 70 67 -3.0 76 6.0 -0.3

number density than ordinary water.

We see from Figure 1 A,B that the TIP4P-HW model quantitatively recovers the exper-

imental non-monotonous dependence of D2O density on temperature, as well as the linear

dependence on pressure, with the same (if not better) accuracy as TIP4P-2005 does for

H2O. While the pressure dependence of D2O or H2O density at room temperature is almost

quantitatively reproduced also for the SPCE-HW or SPC/E models, the temperature depen-

dencies are only qualitatively described being shifted down by about 30 K compared to the

experiment for both systems (figure 1) C,D. Note that the older SPC/HW model16 performs

poorly, missing on both the temperature and pressure density dependencies (Figure 1 C,D).

Next, in Figures 2 and 3 we present the oxygen-oxygen radial distribution functions

(RDF), as well as the corresponding structure factors in the reciprocal space (as directly

measured, e.g., by X-ray32 or neutron scattering33). We see that both the 4-site and 3-site

water models agree semi-quantitatively with experiment; nevertheless the residual errors are

larger than the tiny difference between the RDFs of D2O and H2O
34.
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Figure 1: Densities of heavy and ordinary water as functions of temperature at 1 bar (A
and C) and pressure at 298 K (B and D) for the 4-site (A and B) and 3-site (C and D)
water models, as compared to experimental values (in black). Note that the ordinary water
density is rescaled by the D2O/H2O mass ratio.

Overall, the present heavy water models, albeit simple and computationally cheap, ac-

count effectively but quantitatively for the experimental differences between D2O or H2O

due to NQEs both in thermodynamic and dynamic properties. The 4-site TIP4P-HW D2O

model built on the very accurate TIP4P-2005 H2O parameterization reproduces also heavy

water properties in absolute terms. This cannot be expected from SPCE-HW based on a (in

many respects) rather inaccurate 3-site SPC/E model18,19, nevertheless, it performs signif-

icantly better than the earlier developed SPC/HW D2O parameterization16. The principal

differences between the present SPCE-HW model and the older SPCE/HW one16 stem from
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the choice of parameters for optimization and selection of target properties. Here, we picked

a wider range of properties directly reflecting NQEs and chose to re-adjust the Lennard-Jones

parameters on top of fitting partial charges.

Figure 2: Radial distribution functions (top) and the corresponding structure factors (bot-
tom) of TIP4P-200520 and TIP4P-HW at 298 K and 1 bar. The experimental result (black
line) was obtained from Reference32

.

Figure 3: Radial distribution functions (top) and the corresponding structure factors (bot-
tom) of SPC/E21, SPC/HW16, and SPCE-HW at 298 K and 1 bar. The experimental result
(black line) was obtained from Reference32

.
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Conclusions

Based on existing 4-site TIP4P-2005 and 3-site SPC/E ordinary water models we have

developed here the corresponding two models for heavy water. In the spirit of the formalism

by Feynmann and Hibbs13 we have accounted for nuclear quantum effects by effectively incor-

porating them into the interaction potential within classical force field molecular dynamics.

We have demonstrated that such an approach is capable for capturing differences between

ordinary and heavy water with the 4-site model being also able to reproduce absolute values

of key thermodynamic and dynamic observables for D2O. With no extra computational over-

head compared to standard classical molecular dynamics simulations the present approach

opens the possibility to investigate nuclear quantum effects on dissolved biomolecules con-

nected with water deuteration, as encountered for example within NMR or neutron scattering

experiments.

Associated Content

Supporting Information
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potentials and their effect within the simulations on the experimental observables.
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