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ABSTRACT
The translational self-diffusion coefficient and the shear viscosity of water are related by the frac-
tional Stokes–Einstein relation. We report extensive novel molecular dynamics simulations for the
self-diffusion coefficient and the shear viscosity ofwater. The SPC/E andTIP4P/2005watermodels are
used in the temperature range220–560 Kandat 1or 1,000bar.We compute the fractional exponents
t, and s that correspond to the two forms of the fractional Stokes–Einstein relation (D/T) ∼ ηt and
D ∼ (T/η)s respectively. We analyse other available experimental and numerical simulation data.
In the current analysis two temperature ranges are considered (above or below 274 K) and in both
cases deviations from the Stokes–Einstein relation are observed with different values for the frac-
tional exponents obtained for each temperature range. For temperatures above 274 K, both water
models perform comparably, while for temperatures below 274 K TIP4P/2005 outperforms SPC/E.
This is a direct result of the ability of TIP4P/2005 to predict water densities more accurately and thus
predict more accurately the water self-diffusion coefficient and the shear viscosity.
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1. Introduction and background

There could be no life, as we know it, on planet
Earth without the presence of water since according
to Kumar [1] ‘ . . . water is probably the most impor-
tant liquid for life’. Therefore, the importance of water
cannot be overemphasised. While water is among the
smallest molecules that can be encountered in nature, it
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exhibits extremely complex behaviour and a large num-
ber of counterintuitive anomalies in its physical proper-
ties (Gallo et al. [2]). Over the years, numerous studies
have focused on examining various aspects related to
different water properties [2]. To this purpose, experi-
mental measurements, atomistic scale simulations, and
continuum-scale theories have been employed in order
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to explain the ‘often-unexpected’ behaviour exhibited by
the thermodynamic, transport or structural properties of
the various water isomorphs [2].

Properties of interest to the current study are the
translational self-diffusion coefficient and the shear vis-
cosity of water. Both dynamic properties exhibit anoma-
lous behaviour; namely a non-monotonic dependence
on pressure [3]. In particular, the self-diffusion coeffi-
cient of water reaches a maximum as a function of pres-
sure. This is experimentally observable in supercooled
water for both the translational [4,5] and rotational [6,7]
motion of water. Additional experimental measurements
for the translational self-diffusion coefficient of water
have been reported, among others, by Krynicki et al. [8],
and Price et al. [9]. The water shear viscosity reaches a
minimum as a function of pressure. Recent experiments
by Singh et al. [10] have located the minimum at 244K
and 200MPa where a 42% reduction was reported in the
shear viscosity, compared to the value at ambient pres-
sure. Experimental measurements for the shear viscosity
of water have also been reported by Dehaoui et al. [11]
and in references therein. It should be noted, however,
that experimental measurements for the shear viscosity
of water are relatively scarce, particularly at supercooled
conditions.

Experimental measurements are essential for model
development and validation. However, due to their cost
and time requirements, significant effort is devoted to
minimise the amount of experimental measurements
required, while at the same time computational or theo-
retical methods can fill in the missing gap. An additional
complication that can be encountered during experimen-
tal studies on metastable water is the homogeneous ice
nucleation in supercooled water or of a vapour phase
in stretched water. The ice or vapour phase nucleation
occurs due to the long time required for the experimen-
tal measurements [2]. An attractive alternative to avoid
this problem is molecular dynamics (MD) simulations.
InMD, short time scales, i.e. in the order of nanoseconds,
are considered, from which structural, thermodynamic
and transport properties of water can be computed [12].
The accuracy of these computations strongly depends on
the description of the intra- and intermolecular interac-
tions of water molecules, the so-called force field.

During the development of water force fields, the self-
diffusion coefficient is very often considered to test the
performance [13] of the newmodels. This is usually done
at ambient conditions, i.e. 1 bar and 298K. Therefore,
numerous MD values for the water self-diffusion coeffi-
cient are available in the literature for ambient conditions.
A collection of these data along with a detailed discus-
sion on the performance of various water force fields for
predicting the self-diffusivity can be found in the recent

review by Tsimpanogiannis et al. [14]. While a plethora
of values is available (see for example the extended lists
that are presented in ref [14]), a significant amount of
data are of either limited or questionable value, since
the water self-diffusivities were reported without tak-
ing into account the required corrections for the system
size effects (SSE) which can be achieved following the
Yeh and Hummer [15] approach. For example, exten-
sive simulations in the temperature range 210–350Khave
been reported by Starr et al. [16] using 216 SPC/E [17]
water molecules, Agarwal et al. [18] used 256 SPC/E
[17], TIP4P [19], TIP4P/2005 [20] and TIP5P [21] water
molecules, while Kumar et al. [22] used 512 TIP5P [21]
water molecules. In all these cases, the correction that
should be applied to the reported self-diffusivity values
is often in the range of 5–20% [14,23,24]. As discussed in
Tsimpanogiannis et al. [14], it is important that the self-
diffusion coefficient values are either corrected to account
for SSE (e.g. using the Yeh and Hummer [15] approach)
or big systems (>1,000 water molecules) should be used
in theMD simulations. Such systems have been identified
to be adequately large and the calculated self-diffusivities
are close to those of an infinite system [14]. In the current
study, we use self-diffusion coefficients of water com-
puted fromMD simulations that are either:

(1) Reported to be corrected through the Yeh andHum-
mer [15] approach. Such are the cases of Jiang et al.
[25] who considered the BK3 [26] and HBP [25]
water models, Guillaud et al. [27] that examined the
TIP4P/2005f [28] water model, de Hijes et al. [29]
that used the TIP4P/2005 [20] water model, or

(2) are obtained from MD simulations of more than
1,000 water molecules. Such are the cases reported
by Guevara-Carrion et al. [30] for 2,048 SPC [31],
SPC/E [17], TIP4P [19], or TIP4P/2005 [20] water
molecules, Moultos et al. [32] for 2,000 SPC/E
or TIP4P/2005 water molecules, Shvab and Sadus
[33] for 1,728 TIP4P/2005 or TIP4P/2005f water
molecules, Park et al. [34] for 1,024 SPC/E water
molecules, Koster et al. [35] for 3,000 TIP4P/2005,
TIP4P-TPSS [36], TIP4P-TPSS-D3 [36], and Huang
et al. [37] (TIP4P-type), water molecules, and
Kawasaki and Kim [38] for 1,000 TIP4P/2005 water
molecules.

These studies (shown also in Table 1) reported also val-
ues for the water shear viscosity at the same state points.
It should be noted that Moultos et al. [32] did not report
water shear viscosity data. For the particular state points,
theMD simulations ofMichalis et al. [39] have been used
in the analysis presented in the current study. Additional
MD studies that satisfy either one of the aforementioned
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Table 1. List of studies forwhichMD-calculated values for self-diffusivities and shear viscosities are available, alongwith the correspond-
ing exponents for the fractional Stokes-Einstein relation that are calculated in the current study.

Intercept slope (s) Intercept slope (t)
Authors Water Model T range [K] (D vs. T/n) (D vs. T/n) (D/T vs. n) (D/T vs. n)

Dehaoui et al. [11] Experimental 238–273 −30.355 0.812 −31.328 −0.800
Dehaoui et al. [11] Experimental 274–373 −31.968 0.950 −32.192 −0.941
Harris [49] Experimental 238–273 N/A N/A −5.297 −0.668
Harris [49] Experimental 274–623 N/A N/A −4.977 −0.943

This work (SSE (∗) included) SPC/E 220–270 −31.949 0.946 −32.223 −0.941
This work (SSE included) SPC/E 280–560 −31.877 0.942 −32.071 −0.924
This work (SSE included) TIP4P/2005 220–270 −30.921 0.855 −31.689 −0.848
This work (SSE included) TIP4P/2005 280–310 −31.119 0.883 −31.628 −0.861
This work (∗∗) (SSE included) TIP4P/2005 280–623 −31.793 0.934 −32.017 −0.913

Guevara-Carrion et al. [30] SPC/E 280–373.15 −31.194 0.898 −31.597 −0.873
Moultos et al. [32] SPC/E 298.15–623.15 −31.872 0.945 −32.044 −0.925
Park et al. [34] SPC/E 243–273 −30.135 0.819 −31.038 −0.801
Park et al. [34] SPC/E 273–550 −31.873 0.941 −32.064 −0.921

Guevara-Carrion et al. [30] TIP4P/2005 273.15–400.15 −30.804 0.862 −31.373 −0.831
Moultos et al. [32] TIP4P/2005 298.15–623.15 −32.439 0.977 −32.509 −0.968
Shvab & Sadus [33] TIP4P/2005 670 −8.9073 0.798 −10.223 −0.798
Jiang et al. [25] TIP4P/2005 298.15–523.15 −10.8148 0.918 −11.0311 −0.885
Koster et al. [35] TIP4P/2005 280–340 −11.115 0.944 −11.356 −0.932
Kawasaki & Kim [38] TIP4P/2005 190–260 −32.706 1.029 −32.542 −1.027
Kawasaki & Kim [38] TIP4P/2005 260–300 −30.963 0.811 −32.032 −0.820
de Hijes et al. [29] TIP4P/2005 200–270 −30.443 0.814 −31.428 −0.807
de Hijes et al. [29] TIP4P/2005 280–300 −31.623 0.923 −32.011 −0.915

Shvab & Sadus [33] TIP4P/2005f 670 −9.8614 0.859 −10.782 −0.859
Guillaud et al. [27] TIP4P/2005f 225–273 −10.178 0.859 −10.916 −0.851
Guillaud et al. [27] TIP4P/2005f 273–360 −11.245 0.950 −11.462 −0.941

Koster et al. [35] Huang et al. 280–340 −6.008 0.553 −8.005 −0.480
Koster et al. [35] TIP4P-TPSS 280–340 −13.433 1.110 −12.972 −1.132
Koster et al. [35] TIP4P-TPSS-D3 280–340 −9.583 0.826 −10.319 −0.792

Jiang et al. [25] HBP 298.15–523.15 −31.618 0.920 −31.898 −0.896
Jiang et al. [25] BK3 298.15–523.15 −32.173 0.957 −32.335 −0.945

(∗) SSE: System Size Effects
(∗∗) MD data in the range 220–310 K are from the current work, while for higher temperatures the MD data are fromMoultos et al. [32].

two criteria for SSE corrections for the self-diffusion coef-
ficients are also available (e.g. Kiss and Baranyai [40]
reported corrected values that accounted for SSE for the
BK3 water model, Kumar et al. [22] and Becker et al.
[41] used 1,718 ST2 [42] water molecules in their stud-
ies, while a more detailed list of references can be found
in [14]). However, these studies are not considered any
further in the current study, since due to reasons of self-
consistency (to be discussed subsequently) it is essential
to have also available shear viscosities computed from
MD simulations at the same state points. It is important
to note that due to themore demanding nature of the cal-
culation that is required for the shear viscosity of water
(especially at low temperatures [38]);MD simulations are
less readily available. In addition to the references that are
shown in Table 1, shear viscosity studies for various water
force fields have also been reported by Fuhrmans et al.
[43], Raabe and Sadus [44], Fuentes-Azcatl and Alejan-
dre [45], Fuentes-Azcatl et al. [46], Ding et al. [47], and
Köster et al. [48].

The classical hydrodynamic theory of Stokes–Einstein
(SE) provides a link between the intra-diffusion coefficient

D (also applicable to the self-diffusion coefficient) of a
particle and its radius r in a continuumwith shear viscos-
ity, η. The fractional Stokes–Einstein (FSE) relation has
been found to correlate adequately both model and real
fluids. According to Harris [49], there are two forms of
the FSE that are encountered in the literature and pro-
vide the temperature dependence of the two transport
properties, D and η, that are of interest to the current
study:

D
T

∝
(
1
η

)t
(1)

D ∝
(
T
η

)s
(2)

where the exponents t, s can be determined from the
slopes of log–log plots. When t or s are equal to 1, the
SE relation is valid and therefore, preserved. For all other
cases, the SE relation is violated, while the FSE is valid
(i.e. the exponent is less than one). Based on available
experimental measurements, for the case of water, Har-
ris [49] reported the following values for the exponent t:
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−0.9429 for 623 ≥ T/K ≥ 274, and −0.6684 for 273 ≥
T/K ≥ 238.

To test directly if the SE relation is violated or pre-
served by a set of data (which can be either experimen-
tal or MD-based), the method requires self-consistency
during the calculation. Namely, both the shear viscos-
ity and the self-diffusivity should be either measured
experimentally, or both should be calculated from MD
simulations using the same water model and the same
number of molecules. Essentially, the mixing of exper-
imental values with MD-obtained values or the mix-
ing of values from different water models can result in
the destruction of the self-consistency of the calcula-
tion. This should be avoided in all cases. To overcome
the lack of MD-calculated shear viscosity data, discussed
earlier, the structural relaxation time, τ , has often been
used as a proxy to the shear viscosity. This results from
the Gaussian solution to the diffusion equation which
is given by Fs(k, t) = exp(−k2Dt) ≡ exp(−t/τ), where
Fs(k, t) is the self-intermediate scattering function and k
is the associated wave vector[50].

Namely, for this case an indirect test is performed. A
number of highly cited studies have followed that route
including those by Becker et al. [41], Kumar et al. [22],
Mazza et al. [51], Xu et al. [52], and Stanley et al. [53].
Such studies are based on the simple approximation of
proportionality between shear viscosity and relaxation
time (i.e. τ ∼ η) that is often invoked. The particular
approximation is further based on the assumed con-
stancy of the instantaneous shear modulus, G∞. Based
on extensive MD simulations that were reported by Shi
et al. [50], it was concluded that for both model atomic
and molecular systems a temperature dependence exists
for τ/η. Therefore, it is not advisable to use the relaxation
time as a proxy for the shear viscosity when examining
the validity of the SE relation for a system. This observa-
tion was also confirmed for the case of the TIP4P/2005f
water model by Guillaud et al. [27]. Kawasaki and Kim
[38] offered a similar analysis based on the TIP4P/2005
water model. Finally, a similar discussion is also pre-
sented in the experimental study of Dehaoui et al. [11].

A number of the previously mentioned studies that
used the relaxation time as a proxy to the shear viscosity
focused at the supercooled conditions and reported the
violation of the SE relation. Therefore, it is essential to
revisit such issues, taking into further consideration the
important conclusions that were discussed by Shi et al.
[50] andGuillaud et al. [27]. The objectives of the current
study are:

(1) To report an extensive and consistent set ofMD sim-
ulations for the self-diffusivity and shear viscosity
of water in the temperature range 200–623K and

pressures 1 and 1000 bar. Two of the most com-
monly used water models are considered, namely,
the SPC/E [17] and TIP4P/2005 [20].

(2) To re-evaluate the validity or violation of the SE rela-
tion for these two water models, taking into account
the following two important issues: First, that the
values of the self-diffusivities are corrected in order
to account for SSE, and second, that the shear viscos-
ity is used in the analysis, instead of the often-used
relaxation time. The calculated fractional exponents
are compared against those obtained from the anal-
ysis of the experimental data and the TIP4P/2005 is
found to outperform SPC/E.

(3) To perform a similar analysis for the validity or vio-
lation of the SE relation for all other water models,
for which MD-calculated values for self-diffusivities
(corrected for SSE) and shear viscosities are avail-
able, including SPC/E, TIP4P/2005, TIP4P/2005f,
HBP, and BK3.

(4) To further discuss the issue of the discrepancy at
supercooled conditions, between the exponents for
the FSE relation, t, reported by Dehaoui et al. [11],
and Harris et al. [49].

The paper is organised as follows: First, we briefly present
the computational methodology that was followed. Sec-
ond, we discuss the main results obtained in the current
study. We end with the conclusions and some future
outlook.

2. Simulation details

MD simulations have been carried out to compute the
self-diffusivity and shear viscosity of water at tempera-
tures in the range of 220–560K, and at two pressures,
1 and 1,000 bar. For all transport coefficient computa-
tions, the OCTP plugin [54] in the LAMMPS [55] soft-
ware package (version released on November 27, 2018)
was used. The OCTP plugin uses the Einstein relations
along with the order-n algorithm ([12], [56]) to com-
pute ‘on-the-fly’ transport coefficients in LAMMPS. For
all relevant details on the inner workings of the OCTP
plugin and the self-diffusivity and viscosity computations
the reader can refer to the original work by Jamali et al.
[54]. All reported self-diffusivities that are calculated in
the current study are corrected for system size effects
using the Yeh and Hummer correction ([57,15]). For the
particular new simulations the density is high, there-
fore, water behaves like a liquid. As discussed in Jamali
et al. [24] for such cases the Yeh-Hummer correction
works well. For additional elaborate discussions on the
effect of system size on the computation of self-diffusivity
the reader is referred to the original works by Dünweg
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and Kremer [57], Yeh and Hummer [15], to recent lit-
erature ([24,58,59]), as well as at the recent review by
Tsimpanogiannis et al. [14]. On the other hand, the shear
viscosity does not suffer for system size effects [15,58,24].

All MD simulations were performed in a cubic simu-
lation box with periodic boundary conditions imposed
in all directions. For the representation of water, the
SPC/E [17] and TIP4P/2005 [19] force fields were used,
along with the Lorentz-Berthelot combining rules [60]
for interactions of unlike atoms. The SHAKE algorithm
in LAMMPS was used to fix the O – H and H – H dis-
tances of the watermolecules fixed, according to the orig-
inal rigid force fields. The electrostatics interactions were
handledwith the particle-particle, particle-mesh (PPPM)
method in LAMMPS [55]. The cut-off radius for both van
der Waals (Lennard-Jones) and electrostatic interactions
was set to 10 Å. Analytic tail corrections were applied to
the energy and pressure. 500 water molecules were used
in all simulations.

The simulation scheme followed in this study is
described in detail in the Supporting Information of our
earlier work [54]. In short, initial configurations for the
MD simulations were created using ‘PACKMOL’ [61].
Then energy minimisation and a short equilibration run
was performed in the NPT ensemble. Subsequently, a
longer NPT run was performed, from which the average
box size length, corresponding to the correct density of
the system, was obtained. Finally, this average box size
was used for the production runs in the NVT ensemble.
For the computation of self-diffusivities and viscosities,
and their respective uncertainties, 5 independent runs
of 10 ns were performed, each one starting from a dif-
ferent initial configuration. All the MD-calculated values
for densities, self-diffusivities and shear viscosities, along
with their uncertainties, are reported in Tables S1 and S2
of the Supplemental Information for the cases of SPC/E
and TIP4P/2005 respectively.

3. Results and discussion

To validate our MD simulation results, we initially per-
formed a series of comparisonswith available experimen-
tal data, focusing primarily on densities, self-diffusivities
and shear viscosities. The MD-calculated liquid densi-
ties, plotted as a function of temperature for 1 and 1,000
bar, are shown in Figure 1a. The MD values are com-
pared with experimental values. For temperatures higher
than 274K, the values reported from NIST [62] are used,
while for values lower than 274K, the experimental mea-
surements reported in [63] are used. As we can observe
in Figure 1a, the performance of TIP4P/2005 is supe-
rior to that of SPC/E, regarding its ability to accurately
capture the liquid density. For temperatures higher than

(a)

(b)

Figure 1. (a) Density plotted as a function of temperature for
SPC/E (denoted with triangles) and TIP4P/2005 (denoted with cir-
cles) water models. Blue colour denotes values at 1 bar, while red
colour at 1,000 bar. Solid lines (for T > 273 K) denote values from
NIST [62] while dashed lines (for T < 273 K) experimental values
reported in [63]. The dashed-dotted vertical black line indicates
the temperature equal to 273.15 K. The inset of the lower-left side
is a blow-up of the temperature range 180–380 K. (b) Compar-
ison of densities for TIP4P/2005 calculated in the current study
(denoted with circles) and in the work of Abascal and Vega [64]
(denoted with crosses).

approx. 310K, both water models yield almost identi-
cal liquid densities. At lower temperatures, SPC/E over-
predicts the liquid density. This effect is stronger at the
lower pressures. The TIP4P/2005 reproduces accurately
the water density maximum, while it follows closely the
density decrease that occurs at the lower temperatures.
Our calculations with the TIP4P/2005 are in very good
agreement with those reported by Abascal and Vega [64]
in which 500 water molecules were used. This is clearly
shown in Figure 1b. Additional discussion regarding the
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(a)

(b)

Figure 2. Arrhenius plots for: (a) the water shear viscosities, and
(b) the water self-diffusion coefficients. MD results from SPC/E
water model are denoted with triangles and circles, while MD
results from TIP4P/2005 are denoted with crosses and x’s. Blue
colour in symbols or lines denotes values at 1 bar, while red colour
at 1,000 bar. The dashed-dotted vertical black line indicates tem-
peratures equal to 273.15 K. Uncertainties are reported in the
Supplemental Information. In the water shear viscosity plot (a)
solid lines denote values from NIST [62], while the dashed black
line denotes the experimental measurements by Dehaoui et al.
[11]. In the water self-diffusion coefficient plot (b) the dashed
lines denote experimental measurements from: Price et al. [9] (1
bar, T < 273 K), Krynicki et al. [8] (1 bar, T > 273 K), Prielmeir
et al. [4] (1,000 bar, T < 273 K) and Krynicki et al. [8] (1,000 bar,
T > 273 K).

behaviour at very low T’s can be found in the paper by
Abascal and Vega [64].

Figure 2 provides a similar comparison of the MD
values obtained in the current study, with available exper-
imental measurements for the case of shear viscosity
(Figure 2a) and self-diffusivity corrected for SSE (Figure

2b) of the two water models considered. Both figures
are shown as Arrhenius plots (i.e. the property is plot-
ted as a function of the inverse temperature). We observe
that for both properties, η and D, the performance of the
TIP4P/2005 is significantly better, especially at the lower
temperatures, where the deviation from ‘Arrhenius-type’
behaviour becomes stronger. For temperatures higher
than approx. 280K, both water models give very sim-
ilar results following closely the Arrhenius behaviour.
Additional discussion that is pertinent to the issue can
be found in the review of Tsimpanogiannis et al. [14].
The poor quality for the prediction of the shear viscosity
and self-diffusivity by SPC/E at supercooled conditions
is directly associated with the poor quality of the cor-
responding density predictions at the same temperature
range [32,65,66].

Figure 3 shows a plot of the self-diffusion coefficient
of water as a function of the inverse temperature at the
twopressures, 1 and 1,000 bar, under examination. Figure
3a shows the MD results for the case of the SPC/E water
model, while Figure 3b shows the corresponding results
for the case of TIP4P/2005. The new MD data that were
calculated in the current study for both water models
have been correlated using four different types of equa-
tions. Namely, an Arrhenius (ARH) law [67] given by:

DARH = D0exp
(
−α

T

)
(3)

a Vogel – Fulcher – Tamann (VFT) equation [68]:

DVFT = exp
[ −α

(T − β)
− γ

]
(4)

a Speedy – Angel (SA) power law [69] described by the
following equation:

DSA = Do

(
T

215.05
− 1

)γ

(5)

and a Mode-Coupling Theory [70] (MCT) type of
equation given by:

DMCT = Do(T − 220)−γ (6)

where Do,α,β , γ are fit parameters given in Table 2. For
the case of the Arrhenius law, α = Ea

R , where R is the
universal gas constant and Ea is the Arrhenius activation
energy (in kJ/mol). In Table 2, the values for the per-
centage average absolute deviation (% AAD), defined as
%AAD = 100 ×

∣∣∣Dcalc−Dexp

Dexp

∣∣∣ are also shown. The super-
scripts calc and exp denote the calculated and experi-
mental values of the self-diffusion coefficient of water,
respectively. It should be noted that for the reported val-
ues of Table 2, the entire temperature range of data has
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(a)

(b)

Figure 3. Self-diffusion coefficients of water as a function of the
inverse temperature at 1 bar (blue circles) and 1,000 bar (red tri-
angles) for twowater models: (a) SPC/E, and (b) TIP4P/2005. Black
diamonds denote theMD results ofMoultos et al. [32] for T > 273
K. The dashed lines correspond to correlations of all the MD data
of the current study. Colour code of dashed lines. Arrhenius (ARH)
law: green line; Vogel–Fulcher–Tamann (VFT) equation: magenta
line; Speedy – Angel (SA) power law: cyan line, and Mode Cou-
pling Theory (MCT): black line. The dashed-dotted vertical black
line indicates temperatures equal to 273.15 K. Uncertainties are
reported in the Supplemental Information.

been used for the fitting. We observe that for tempera-
tures higher than approx. 320K, the calculations from all
four equations essentially collapse on top of the MD val-
ues. However, for the case of the lower temperatures, the
MD data are described more accurately by the SA-type
equation, followed by the MCT-type equation.

The validity or violation of the SE relation is tested
for a number of cases from the literature, in addition
to the MD results obtained from the current study. To

Table 2. Parameters for the MD self-diffusion coefficient of
water calculated using different correlations and % average
absolute deviation (% AAD) between experimental data and
correlations. The MD data are corrected to account for system
size effects.

Correlation Do (m2/s) α (K) β (K) γ (−) %AAD

SPC/E water model (220–560 K)

ARH-type 0.4625 × 10−6 1.510 × 103 na na 30.64
VFT-type na 1.2308 × 103 39.7380 14.9288 18.86
SA-type 1.399 × 10−8 na na 1.6881 9.55
MCT-type 2.1508 × 10−12 na na 1.6426 13.77

TIP4P/2005 water model (220–623 K)

ARH-type 0.6218 × 10−6 1.681 × 103 na na 49.14
VFT-type na 2.043 × 103 −48.3683 13.9386 13.94
SA-type 1.2673 × 10−8 na na 1.8713 9.86
MCT-type 0.7026 × 10−12 na na 1.8332 14.86

na: not applicable

this purpose, both exponents t, and s appearing in Equa-
tions (1) and (2) are determined from the slopes of
the appropriate log–log plots and the obtained results
are reported in Table 1. Small variations are observed
between the values of the exponents t, s. Nevertheless, the
general conclusion regarding the violation of the SE rela-
tion remains unchanged. Starting with the experimental
data, we observe that for temperatures higher than 274K,
both the experimental data used by Harris [49] and those
reported by Dehaoui et al. [11] result in a value for
the exponent t equal to −0.943 and −0.941 respectively,
which are in very good agreement and differ between
each other only by 0.16%. On the other hand, for tem-
peratures lower than 274K, the corresponding values are
−0.668 and−0.800 respectively. Dehaoui et al. attributed
this difference to the use of erroneous experimental data
for viscosities by Harris. Therefore, a violation of the SE
relation is observed for the experimental data, having
different slopes for temperatures above or below 274K.

As a next step, the newMD data calculated in the cur-
rent study are analysed. We find that for temperatures
higher than 274K, values for the exponent t, equal to
−0.924 and −0.913, are calculated for the case of SPC/E
and TIP4P/2005 water models respectively. These val-
ues correspond to a 1.8% or 3.0% absolute deviation for
the SPC/E and TIP4P/2005 respectively, from the value
calculated from the experimental data of Dehaoui et al.
[11]. For temperatures lower than 274K, the correspond-
ing values for SPC/E and TIP4P/2005 are −0.941 and
−0.848. Similarly, these values correspond to a 17.7% or
6.0% absolute deviation for the SPC/E and TIP4P/2005
respectively, from the value calculated from the exper-
imental data of Dehaoui et al. [11]. We notice that the
inaccuracies of the SPC/E model in the prediction of the
viscosities and the self-diffusivities that were observed at



8 I. N. TSIMPANOGIANNIS ET AL.

(a)

(b)

Figure 4. Comparison of the various calculated fractional expo-
nents, t, with the experimental value for two cases: (a) tempera-
tures below 274 K and (b) temperatures above 274 K. Data sources
are the same as in Table 1. The vertical dashed red lines indicate
the corresponding values obtained from the experimental data
reported by Dehaoui et al. [11].

Figure 2, are also reflected in the calculation of the expo-
nent t (or similarly s). It is evident from the MD results
of the current study that a violation of the SE relation is
observed. The obtained exponents have different values
for temperatures above or below 274K.

It should be noted that the exponents for t that
are obtained from the current study for the case of
TIP4P/2005 (both below and above 274K) are in excel-
lent agreement with those reported by de Hijes et al.
[29], who also used TIP4P/2005. Both studies are also in
good agreement with the experimental fractional expo-
nents. Note also that the calculated fractional exponents
for the case of the TIP4P/2005fMD simulations reported
by Guillaud et al. [27] are in excellent agreement with the
values calculated from the experimental data reported by

(a)

(b)

Figure 5. Testing of the Stokes-Einstein relation D ∼ (T/η) for
the SPC/E water model: (a) This work, and (b) Other studies.
The symbols denote MD results and the dashed lines are from
experimental data (Dehaoui et al. [11]) fitted by the fractional
Stokes-Einstein relation D ∼ (T/η)s. The dashed-dotted black
line indicates the experimental data slope for T > 273.15 K.
The dashed black line indicates the experimental data slope for
T < 273.15 K. The vertical black dotted line indicates tempera-
tures equal to 273.15 K.

Dehaoui et al. [11]. The poor agreement of the calcu-
lated fractional exponents for the cases of TIP4P-TPSS,
TIP4P-TPSS-D3 andHuang et al. watermodels (MDdata
reported by Koster et al. [35]) is a result of their poor per-
formance in predicting accurately the densities, as well
as the self-diffusivities and shear viscosities of water. An
overall picture of all the exponents t that were calcu-
lated during the analysis performed in the current study
is shown in Figure 4. In particular, Figure 4a shows the
results for temperatures below 274, while Figure 4b for
temperatures above 274 K. Furthermore, for the case of
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(a)

(b)

Figure 6. Testing of the Stokes-Einstein relation D ∼ (T/η) for
the TIP4P/2005 water model: (a) This work, and (b) Other stud-
ies. The symbols denote MD results and the dashed lines are
from experimental data (Dehaoui et al. [11]) fitted by the frac-
tional Stokes-Einstein relation D ∼ (T/η)s. The dashed-dotted
black line indicates the experimental data slope for T > 273.15 K.
The dashed black line indicates the experimental data slope for
T < 273.15 K. The vertical black dotted line indicates tempera-
tures equal to 273.15 K.

temperatures that are lower than 274 K, all the MD data
that were analysed in the current study are in support of
the exponent that was reported by Dehaoui et al. [11].
The particular case is a good example when MD simu-
lations can contribute in resolving possible discrepancies
in the experimental measurements.

An additional pictorial representation of the results
that are shown in Table 1 can be found in Figures 5–7.
Figure 5 shows the testing of the Stokes–Einstein rela-
tion given by Equation (2): D ∼ (T/η) for the SPC/E,
while Figure 6 shows the corresponding case for the

Figure 7. Testing of the Stokes-Einstein relation D ∼ (T/η) for
various water models. The symbols denote published MD results
and the dashed lines are from experimental data (Dehaoui et al.
[11]) fitted by the fractional Stokes-Einstein relation D ∼ (T/η)s.

TIP4P/2005 water model. In both cases Figures (5a) or
(6a) show the results of the current study, while Fig-
ures (5b) or (6b) show the corresponding cases from
other available studies in the literature. Similarly, Figure
7 shows the corresponding cases that were reported by
Jiang et al. [25] for the polarisable models BK3 and HBP.
It should be noted here that only a limited number of state
points have been reported, all of which are above 298K.
The presence of additional state points would be desir-
able for amore accurate calculation of the exponent of the
FSE relation for the twopolarisablemodels. Furthermore,
the corresponding behaviour at supercooled conditions is
still missing.

4. Conclusions

The current study focused primarily on the translational
self-diffusion coefficient and the shear viscosity of the
SPC/E and TIP4P/2005 water models in the tempera-
ture range 220–560K and 1 or 1,000 bar. We reported
extensive novel MD simulation results that were used,
subsequently, to calculate the fractional exponents of the
FSE relation. The simulations with both water models
concluded that the SE is violated for the entire tem-
perature range that was considered. Different exponents
were obtained for temperatures above or below 274K.
While both water models exhibit comparable behaviour
for temperatures higher than 274K, the TIP4P/2005 has
significantly superior behaviour at supercooled condi-
tions. This is a direct consequence of its better perfor-
mance in the prediction of densities, self-diffusivities and
shear viscosities.
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The accurate knowledge of the exponents in the FSE
relation is a valuable tool since estimates for the shear
viscosities can be obtained, once values for the self-
diffusivities are readily available (either fromMD simula-
tions or experimental measurements). It should be noted
that obtaining estimates for shear viscosities requires a
significantly more tedious effort than self-diffusivities.

It is evident from the discussion presented here that
there are two major requirements in order to perform
the analysis of the validity or violation of the SE rela-
tion: (i) the self-diffusivities should be either corrected
for SSE or be obtained from systems with more than
1,000 water molecules, and (ii) the shear viscosity should
be used instead of the relaxation time that is often used
as a proxy. Consequently, only a handful of studies are
found that satisfy both the aforementioned requirements.
In that respect, the TIP4P/2005 is the more widely stud-
ied water model, followed by SPC/E and TIP4P/2005f,
having MD data both above and below 274K. The cases
of HBP and BK3 are only limited to temperatures above
298K. Therefore, there is ample space to perform simula-
tions in order to examine the behaviour of HBP and BK3
regarding the validity of violation of the SE relation, espe-
cially at supercooled conditions. Furthermore, no other
polarisable water model has been examined regarding
this particular issue in any kind of conditions.
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