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Fractional Stokes–Einstein relation in TIP5P water
at high temperatures∗
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Fractional Stokes–Einstein relation described by D ∼ (τ/T )ξ is observed in supercooled water, where D is the dif-
fusion constant, τ the structural relaxation time, T the temperature, and the exponent ξ 6= −1. In this work, the Stokes–
Einstein relation in TIP5P water is examined at high temperatures within 400 K–800 K. Our results indicate that the
fractional Stokes–Einstein relation is explicitly existent in TIP5P water at high temperatures, demonstrated by the two usu-
ally adopted variants of the Stokes–Einstein relation, D ∼ τ−1and D ∼ T/τ , as well as by D ∼ T/η , where η is the shear
viscosity. Both D∼ τ−1 and D∼ T/τ are crossed at temperature Tx = 510 K. The D∼ τ−1 is in a fractional form as D∼ τξ

with ξ =−2.09 for T ≤ Tx and otherwise ξ =−1.25. The D∼ T/τ is valid with ξ =−1.01 for T ≤ Tx but in a fractional
form for T > Tx. The Stokes–Einstein relation D∼ T/η is satisfied below Tx = 620 K but in a fractional form above Tx. We
propose that the breakdown of D ∼ T/η may result from the system entering into the super critical region, the fractional
forms of D∼ τ−1 and D∼ T/τ are due to the disruption of the hydration shell and the local tetrahedral structure as well as
the increase of the shear viscosity.

Keywords: Stokes–Einstein relation, TIP5P water, molecular dynamics, hydration shells
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1. Introduction
Water is the most abundant liquid on earth. Although a

water molecule is a simple compound composed of one oxy-
gen atom and two hydrogen atoms, it exhibits many anomalies
compared with simple liquids,[1] such as its density decreas-
ing upon cooling below 4 ◦C, and volume fluctuation increas-
ing with temperature decreasing if temperature T < 46 ◦C,
but exhibits normal behavior when T > 46 ◦C. Apart from
the anomalies in structure and thermodynamic properties, the
breakdown of the Stokes–Einstein relation is observed in su-
percooled water.[2–4]

The Stokes–Einstein relation relates the diffusion con-
stant to the frictional coefficient for a particle moving through
a viscous fluid,[5] namely D = kBT/Cηa, where D is the dif-
fusion constant, kB is the Boltzmann constant, T is the tem-
perature, η is the shear viscosity, a is the effective hydrody-
namic radius, and C is a constant determined by the boundary
conditions.[6] The correctness of the Stokes–Einstein relation
has been confirmed in many cases.[7–11] However, the Stokes–
Einstein relation is observed to be invalid for liquids under-
going deep supercooling:[2,10–14] the increase rate of η can be
much faster than the decrease rate of D in a deep supercooled
regime. The effective hydrodynamic radius is usually consid-
ered to be a constant. The ratio Dη/T is almost a constant for
T > 1.5Tg and otherwise not a constant if T < 1.5Tg, where Tg

is the glass transition temperature.[3,15]

It is difficult to accurately determine η in molecular dy-

namics (MD) simulations. The structural relaxation τ changes
similarly to η when cooling and is usually adopted as a sub-
stitute for η .[5] Two variants of the Stokes–Einstein relation,
D ∼ T/τ [2,3] and D ∼ τ−1,[16,17] are usually adopted as sub-
stitutes to test the Stokes–Einstein relation. The dynamics of
liquid experience a large change with a slight temperature de-
crease in a deep supercooling regime; the two variants give
almost the same results. The D ∼ τ−1 is based on the struc-
tural relaxation given by the self-intermediate scattering func-
tion, which can be described by Fs (k, t) = e−k2Dt if the dis-
placement of particle follows the Gaussian function. In sim-
ple liquids, Fs (k, t) relaxes exponentially as Fs (k, t) ∼ e−t/τ ;
thereafter D is coupled with τ like D∼ τ−1. The same variant
is also proposed in the mode coupling theory if the tempera-
ture is close to the glass phase transition point.[16] D∼ T/τ is
based on the approximate relation η = G∞τ ,[2,3] where G∞ is
the instantaneous shear modulus and is presumed to be con-
stant.

Both D ∼ T/τ [2,3] and D ∼ τ−1 [16,17] are observed to be
invalid in supercooled liquids; moreover, they are usually in a
fractional form as D∼ (T/τ)ξ and D∼ τξ , respectively. The
variant D ∼ T/τ was usually adopted to evaluate the Stokes–
Einstein relation in supercooled water. Xu et al.[2] carried out
experiments with confined water and performed MD simula-
tions with TIP5P water and the Jagla model; they observed
that the variant has a cross point while cooling from 400 K to
210 K. It takes a fractional form as D∼ (τ/T )ξ with ξ >−1
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in supercooled state and ξ ≈ 1 at high temperatures. Kumar
et al.[3] evaluated the Stokes–Einstein relation in TIP5P and
ST2 water with the same variant; they found that the break-
down of the Stokes–Einstein is related with the crossing of
the Widom line. The Stokes–Einstein relation and the Stokes–
Einstein–Debye relation were also observed to breakdown in
ST2[18] and SPC/E water.[15] A similar fractional form is ob-
served for both mobile and immobile ST2 water. It is pro-
posed that the breakdown of the Stokes–Einstein relation is
due to the dynamic heterogeneity that some water molecules
relax faster and some relax slower.[19] Different relaxation
components and relaxation decoupling have been observed in
SPC/E water.[15] The dynamic heterogeneity is proposed to re-
sult from the structure change, after crossing the Widom line,
water decomposes into the low density water and high density
water.[2,3]

The Stokes–Einstein relation described by the variant
breaks down in supercooled water; an interesting question
is whether the same breakdown is also existent in water at
high temperature away from the glass transition point. Shi
et al.[5] performed simulations with Lenard-Jones-like liq-
uids and coarse-graining ortho-terphenyl across a broad range
of temperatures and densities, aiming to test the rationality
of the two variants, D ∼ τ−1 and D ∼ T/τ , by comparing
with results given by D ∼ T/η . They found that the re-
sults given by D ∼ τ−1 and D ∼ T/τ deviate from the results
given by D ∼ T/η while cooling; although D ∼ T/η is still
valid for some temperature regime, D ∼ τ−1 and D ∼ T/τ

breakdown. The self-consistent generalized Langevin equa-
tion theory[20–22] has predicted the dynamic equivalence be-
tween soft-sphere liquid and hard sphere-liquid,[21] and both
D and τ are functions of Pσ3/T only, where P is the pressure
of the system and σ is the effective rigid sphere diameter. P
is usually a monotonic function of T ; so similar breakdown
of D ∼ τ−1 and D ∼ T/τ may be observed at high temper-
atures. Moreover, a water molecule is not existent as a bare
molecule but is hydrated in liquid water. The hydrated struc-
ture and local tetrahedral structure are likely to be disrupted
at high temperatures, and further leading to different increase
rate D and decrease rate τ . Based on the facts, we propose
that a similar fractional Stokes–Einstein relation may also be
existent in water at high temperature. In this work, we per-
form MD simulation with TIP5P water with a constant density
at temperatures within 400 K–800 K to examine our proposi-
tion; the two variants of the Stokes–Einstein relation, D∼ τ−1

and D ∼ T/τ , are evaluated, and the Stokes–Einstein relation
given by D∼ T/η is also evaluated.

2. Simulation methods
The configuration for the MD simulation is composed

of 2048 TIP5P water molecules[23] with a constant density
of 1 g/cm3; the system displays a cross point from a nor-

mal Stokes–Einstein relation to a fractional form when cool-
ing from 400 K to 210 K.[2] All our MD simulations were
performed with the GROMACS package.[24,25] The periodic
boundary conditions were applied in all three directions of
the Cartesian space. The particle mesh Ewald algorithm[26]

was employed to calculate the long-range electrostatic inter-
actions with a cutoff of 1.0 nm in the real space. The van der
Waals interactions were calculated directly with a truncated
spherical cutoff of 1.0 nm. The temperature simulated in this
work is uniformly distributed within 400 K–800 K in steps of
20 K. The system temperature was kept constant by the Nosé–
Hoover thermostat.[27,28] The system was first equilibrated for
5 ns at each temperature, after which another NV E MD sim-
ulation was performed to sample data. The time step for all
MD simulations was 1 fs and the configurations were sampled
every 10 steps for data analysis.

3. Results and discussion
3.1. Diffusion and structural relaxation

To evaluate the variants of the Stokes–Einstein in TIP5P
water, we first determine the diffusion constant and the struc-
tural relaxation time. The diffusion constant is calculated
via its asymptotic relation with the mean square displacement
(MSD)

D = lim
t→∞

〈
|ri (t)− ri (0)|2

〉
6t

, (1)

where ri (t) is the position of i-th water molecule at time t, 〈 〉
denotes the time average. The MSDs at different temperatures
are shown in Fig. 1(a); each of all MSDs is a linear function
of t. Figure 1(b) shows that D increases with temperature in-
creasing.

The structural relaxation of water is described by the self-
intermediate scattering function

Fs (k, t) = (1/N)
N

∑
j

〈
e ik·[r j(t)−r j(0)]

〉
, (2)

where N is the number of water molecules, k is usually cho-
sen to be the first maximum of the static structure factor, and
k = 24.0 nm−1 in this work. The structural relaxation time τ is
determined by Fs (k,τ) = e−1. Fs (k, t) and τ at different tem-
peratures are plotted in Figs. 2(a) and 2(b), respectively. The
system exhibits a faster relaxation at higher temperatures. The
fitted τ decreases with temperature increasing. Comparing
with the diffusion constant, it is shown that a molecule with a
faster relaxation has a larger diffusion constant; however, the
increase of D is about one time larger than the decrease of τ

within 400 K–800 K, which is different from that observed in
supercooled liquid, the increase of τ is much faster than the
decrease of D in supercooled water while cooling.[2–4] The
dynamic property usually follows an Arrhenius behavior as
D = D0 exp(−E0/kBT ) or τ = τ0 exp(E0/kBT ) with a con-
stant activation energy E0. The logarithms of D and τ versus
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1/T are plotted in Fig. 3. All data for both D and τ are not
fallen onto one line but can be well fitted by two Arrhenius
laws with different values of E0. A turning point is observed
for each of D and τ , the turning temperature Tx is 490 K for
D and 670 K for τ . The values of E0 are different for T > Tx
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Fig. 1. (color online) (a) Plots of mean square displacement (MSD)
versus time t at different temperatures; (b) plots of diffusion constant D
versus temperature T .
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Fig. 2. (color online) (a) Plots of self-intermediate scattering function
Fs (k, t) versus t at different temperatures; (b) plots of structural relax-
ation time τ characterized by Fs (k,τ) = e−1 versus temperature T .

and T < Tx; moreover, the values of E0 are also different for
D and τ. Water molecule diffuses with a smaller E0 for T > Tx

but relaxes with a greater E0. It is shown that neither of D and
τ shows an Arrhenius law but two, which may display a cross
point as the case in supercooled water. In the following we
will evaluate the two variants of the Stokes–Einstein relation,
i.e., D∼ τ−1 and D∼ T/τ .
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Fig. 3. (color online) Testing whether (a) diffusion constant D
and (b) structural relaxation τ follow an Arrhenius law as D =
D0 exp(−E0/kBT ) and τ = τ0 exp(E0/kBT ) respectively, with E0 be-
ing the activation energy in unit of kBT. The fitted exponent E is in the
same color as the fitted solid line.

3.2. Variants of Stokes–Einstein relation

The two variants of the Stokes–Einstein relation, D∼ τ−1

and D∼ T/τ , are evaluated by D∼ τξ and D∼ (τ/T )ξ . The
logarithms of τ and D are plotted in Fig. 4(a), and the loga-
rithms of τ/T and D are plotted in Fig. 4(b). Both D∼ τξ and
D∼ (τ/T )ξ are crossed at Tx = 510 K. For D∼ τξ , ξ =−2.09
when T ≤ Tx otherwise ξ = −1.25 for T > Tx. The value of
ξ is not equal to −1 for all temperatures. The results sug-
get that the variant D ∼ τ−1 takes two fractional forms and
D ∼ τ−1 is breakdown for all temperatures within 400 K–
800 K, which is consistent with the data shown in Fig. 3 that
both D and τ follow two Arrhenius laws with different val-
ues of E0 within 300 K–800 K. For D ∼ (τ/T )ξ , ξ = −1.01
for T ≤ Tx but ξ = −0.51 above Tx. The value of ξ is almost
equal to −1 for T ≤ Tx but takes a fractional form if T > Tx.
The results suggest that the Stokes–Einstein relation given by
D∼ T/τ is valid below Tx but breakdown above Tx. Compar-
ing with supercooled water, the fractional exponent ξ =−0.77
in TIP5P[2] and ST2[3] water for D∼ (τ/T )ξ , but ξ =−0.51
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in this work. The exponent ξ > −1 in ionic liquids[16] for
D ∼ τξ , but ξ < −1 in this work. The differences are due
to the different changes of D and τ at low or high tempera-
tures. The D and τ dramatically change in the supercooling
process: τ increases much faster than D decreases.[2–4] How-
ever, D increases faster than τ decreases at high temperature as
demonstrated by comparing Fig. 1(b) and Fig. 2(b). Combin-
ing the results given by D ∼ τξ and D ∼ (τ/T )ξ , it is shown
that the fractional variants of the Stokes–Einstein relation are
explicitly existent in TIP5P water at high temperatures within
400 K–800 K, analogous to that observed in supercooled water
at a much lower temperature.
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Fig. 4. (color online) Testing the two variants of the Stokes–Einstein
relation, D ∼ τ−1 and D ∼ T/τ: (a) D ∼ τ−1; (b) D ∼ T/τ . The sym-
bols are the calculated data, and solid lines are fitted by D ∼ τξ and
D∼ (τ/T )ξ , respectively. The fitted exponent ξ is in the same color as
the fitted solid line.

3.3. Shear viscosity and Stokes–Einstein relation

Each of D ∼ τ−1 and D ∼ T/τ takes a fractional form
within 400 K–800 K. To make sure whether the Stokes–
Einstein is really breakdown and also takes a fractional form,
we evaluate the Stokes–Einstein relation by D∼ T/η . In this
work, the method proposed by Hess is adopted to calculate the
shear viscosity due to its reliability and fast convergence.[29]

The method is a non-equilibrium method. An external force
ax = A · cos(qz) is applied in the X direction, where A is the
maximum of ax, q = 2π/l, l is the simulation box size. The
steady-state solution of the fluid equation is

ux (z) =V (1− e−t/τ)cos(qz) . (3)

After reaching a non-equilibrium steady state, V can be deter-
mined from ux(z). The shear viscosity is

η = Aρ/V q2. (4)

As the density ρ and q are the same for all simulations, there-
after η ∼ A/V ; we use the ratio A/V to evaluate the shear
viscosity.

The force ax needs choosing carefully to determine the
shear viscosity: neither too large nor too small.[29] To obtain
a correct shear viscosity, we determine the linear dependence
regime for different temperatures. The schematic represen-
tation of the linear dependence regime between A and V at
T = 400, 500, and 800 K is plotted in Fig. 5(a). The V is
proportional to A when A is within 0.01 nm/ps2–0.1 nm/ps2

for T = 400, 500, and 800 K. To achieve good statistics, we
choose A= 0.01, 0.02, 0.03, 0.04, and 0.05 nm/ps2 to calculate
the shear viscosity η at each temperature; and the temperature
drift is smaller than 1 K. The calculated η ∼ A/V curve is
plotted in Fig. 5(b). The shear viscosity η quickly decreases
with temperature increasing for T < 520 K, and becomes al-
most a constant within 520 K–580 K, and then starts to slowly
increase when T ≥ 600 K.
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Fig. 5. (color online) (a) Plots of the linear dependence regime of V
versus A at temperature T = 400, 500, and 800 K. The symbols repre-
sent simulation data and the solid lines are fitted by A∼V ; (b) curve of
calculated shear viscosity η ∼ A/V versus temperature T .

Combining the diffusion constant with shear viscosity,
the Stokes–Einstein relation D ∼ T/η is evaluated by D ∼
(T/η)ξ . The curves of the logarithm of D versus the loga-
rithm of T/η are plotted in Fig. 6. As the simulated system
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is at high temperature and in an equilibrium state, the Stokes–
Einstein relation should be valid. To demonstrate the validity
of D∼ T/η , we first fit the calculated data in Fig. 6 with ξ = 1.
The data below Tx = 620 K fall on the line D ∼ T/η , but de-
viate from the line while T > Tx. The data above Tx can be
well fitted by D∼ (T/η)ξ with ξ = 1.21. The results suggest
that the Stokes–Einstein relation given by D∼ T/η holds true
within 400 K–620 K and breaks down above Tx.
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Fig. 6. (color online) Testing the Stokes–Einstein relation by D∼ T/η .
The symbols represent the calculated data and solid lines are fitted by
D∼ (T/η)ξ .

A comparison between the results given by D ∼ τ−1 and
D ∼ T/τ suggests that D ∼ T/τ is a good variant of the
Stokes–Einstein relation within 400 K–520 K but D ∼ τ−1

is not for all temperatures. The values of cross point tem-
perature Tx are different for D ∼ T/η , D ∼ τ−1 and D ∼
T/τ : Tx = 620 K for D ∼ T/η , Tx = 510 K for D ∼ τ−1 and
D ∼ T/τ . The temperature Tx = 510 K is almost located at
the temperature at which the shear viscosity gets its last de-
crease as shown in Fig. 5, and Tx = 620 K is almost located
at the temperature at which the shear viscosity gets its later
increase. The D decouples from η at a higher temperature
than τ . Figure 5(b) shows that the changes of η are simi-
lar to the scenarios of liquids for T < 520 K; however, the
changes are similar to the cases of gases when T > 600 K.
The pressures under different temperatures are determined and
are plotted in Fig. 7. It is an almost linear increase with tem-
perature increasing and no jump is observed as temperature
increases. No gas–liquid phase transition is observed around
T = 600 K or 520 K. The experimentally determined critical
temperature (Tc), pressure (Pc), and density (ρc) for water[30]

are Tc = 647.1 K, Pc = 22.1 MPa, ρc = 0.322 g/cm3; and
the critical parameters for TIP5P water[31] are Tc = 530 K,
Pc = 10 MPa, ρc = 0.33 g/cm3. The cross point temperature
Tx = 510 K is close to the critical temperature for TIP5P water.
Moreover, the change of the shear viscosity is only similar to
fluids for T < 520 K. So the system is probably located in the
super critical region when T > 520 K and the breakdown of the
Stokes–Einstein relation described by D∼ T/η may be due to

their entering into the super critical region. The shear viscosity
and dynamics are determined by the structure; in the follow-
ing, we will discuss the observed phenomena from structure
including the hydration structure and local tetrahedral struc-
ture.
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Fig. 7. Plot of pressure P versus temperature T .

3.4. Dynamic heterogeneity, hydration, and tetrahedral
structure

The breakdown of the Stokes–Einstein relation is pro-
posed to be due to the dynamic heterogeneity.[3,15] The
dynamic heterogeneity is usually charaterized by the non-
Gaussian parameter α2 (t) = 3

〈
r4 (t)

〉
/5

〈
r2 (t)

〉2−1.[32] Fig-
ure 8 shows the time dependent α2 curves for TIP5P water
at different temperatures. We find that α2 shows the similar
changes to the cases in supercooled liquids.[32] The deviation
from Gaussian decreases and water has a more homogenous
dynamics with temperature increasing. An explicit difference
is that the deviations are much smaller than those obseved
in supercooled liquids at a much lower temperature.[32] The
D ∼ τ−1 is an exact result if the displacement of particle fol-
lows a Gaussian distribution. The deviation from the Gaussian
distribution leads to the breakdown of D∼ τ−1. The large de-
viations and changes are obseved at lower temperatures than
at higher temperatures as shown in Fig. 8, which is consistent
with the result given by D∼ τξ where the ξ at T > Tx is greater
than at T < Tx. However, D∼ T/τ is still valid within 400 K–
520 K but is broken down above Tx =510 K; D∼ T/η is bro-
ken down at Tx = 620 K. The results suggest that D ∼ T/τ

and D∼ T/η are broken down when the dynamic heterogene-
ity is small, but is valid with a larger dynamic heterogene-
ity. They do not follow the proposition, which is attributed
to the dynamic heterogeneity. The results are different from
those in the case of supercooled water that the breakdown of
the Stokes–Einstein relation happens at much lower tempera-
tures with larger dynamic heterogeneity;[3,15] in this work, the
Stokes–Einstein relation described by D∼ T/τ and D∼ T/η

are broken down at high temperatures with smaller dynamic
heterogeneity.
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Fig. 8. (color online) Variations of non-Gaussian parameter α2 with
time t at different temperatures.

A water molecule is existent as a hydrated water molecule
surrounded by the hydration shell. It is not free but moving
partially or whole with the hydration shell. The hydration shell
is significant for the dynamics of the center water molecule.[33]

To obtain a picture of the hydration structure change with tem-
perature, we calculate the radial distribution functions (RDFs)
of water at different temperatures and plot the results in Fig. 9.
Two peaks are displayed in all RDFs at different temperatures.
The main peak presents larger changes than the second peak.
The main peak of RDF decreases with temperature increasing
but the second peak possesses a reverse trend. The hydration
effect is mainly determined by the first hydration shell. The re-
sults suggest that less water molecules are distributed around
the center water and the hydration effect decreases while heat-
ing.
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Fig. 9. (color online) Radial distribution functions g(r) of water at dif-
ferent temperatures.

To characterize the dynamics of the hydration shell, we
calculate the residence correlation function (C(t))[34] of the
main hydration shell. C(t) describes the lifetime of the wa-
ter molecule in the main hydration shell. We choose the first
minimum of the RDF as the size of the main hydration shell,
namely 0.4 nm. C(t) at different temperatures and lifetime τH

is defined by C(τH) = e−1 and its time depedent values at dif-
ferent temperatures are plotted in Fig. 10. The C(t) decays
faster at a higher temperature than τH decreases with temper-
ature increasing. The diffusion of water molecule needs to

jump out of the hydration shell. The curves of logarithm of
τH versus 1/T are plotted in Fig. 11 and similar changes to
the diffusion versus temperature are observed. The turning
point temperature and activation energy are in rough agree-
ment with those in the diffusion as shown in Fig. 3(a). Com-
bining the results given by RDF with C(t), it is shown that
the thermal random movement is likely to disrupt the hydra-
tion shell, and the hydration effect decreases while heating.
The disruption of the hydration shell leads to less water in the
hydration shell moving with the center water molecule; the
center water molecule more easily jumps out of the hydration
shell, and it has a smaller activation energy above the turning
point temperature.
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Fig. 10. (color online) (a) Variations of residence correlation function
C(t) with time for the main hydration shell at different temperatures;
(b) curve of lifetime τH of hydration shell versus temperature T .

The structural relaxation relates to the fluctuation of
the density. Water molecules are likely to form a lo-
cal tetrahedral structure due to the hydrogen-bonding. To
characterize the local structure, we adopt the local tetra-
hedral structural order parameter[2] defined as Qi = 1 −
(3/8)∑

3
j=1 ∑

4
k= j+1

(
cosφ jk +1/3

)
, where Qi is the local tetra-

hedral order parameter for the i-th water molecule, φ jk is the
angle formed by the lines connecting the oxygen atom of the
i-th water molecule with its four nearest neighbours j and
k. We define the high density amorphous (HDA) molecule
if Qi < 0.8.[2] Figure 12 shows that the population of HDA
firstly fast then slowly increases as temperature increases. The
changes are almost saturated for T > 600 K. The local struc-
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ture becomes denser. Moreover, due to the increase of the
shear viscosity, it is more difficult for a water molecule to ad-
just its configuration and relax with a greater activation energy.
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Fig. 11. (color online) Plots of logarithm of τH versus 1/T . The data
are fitted by τH = τH0 exp(E0/kBT ).
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Fig. 12. Population of HDA versus temperature T .
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Fig. 13. Scaled effective hydrodynamic radius a versus temperature T .

Combining the results given by the hydration structure,
HDA and viscosity, the disruption of hydration shell and the
local tetrhedral structure as well as the increase of the shear
viscosity lead to different increases of the diffusion and de-
creases of the relaxation, which further leads the variants of
the Stokes–Einstein relation to break down. The breakdown
of D ∼ T/η may result from the system entering into a su-
per critical region while heating. As the hydration effect de-
creases and the system is located in the super critical region

while heating, the effective hydrodynamic radius should not
be a constant for all temperatures. The effective hydrodynamic
radius is evaluated by a ∼ T/ηD and the scaled effective hy-
drodynamic radius a versus temperature is plotted in Fig. 13.
It is shown that a is flucuated around 1.01 for T < 660 K and
almost a constant, but decreases with temperature increasing
for T > 660 K. The fractional form of the Stokes–Einstein re-
lation given by D∼ T/η is a result of the change of the effec-
tive hydrodynamic radius as the system enters into the super
critical region.

4. Conclusions
In this work, we have performed atomistic molecular dy-

namics simulations to explore the Stokes–Einstein relation of
TIP5P water with a constant density at high temperatures in
a range of 400 K–800 K. Our results indicate that the frac-
tional Stokes–Einstein is also existent in TIP5P water at high
temperatures within 400 K–800 K similar to the scenario in
supercooled water. The two variants of the Stokes–Einstein
relation, D ∼ τ−1 and D ∼ T/τ , are crossed at temperature
Tx = 510 K while heating; a similar cross point is observed
at Tx = 620 K for the Stokes–Einstein relation evaluated by
D∼ T/η . For D∼ τ−1, it takes a fractional form like D∼ τξ

for all temperatures with ξ =−2.09 when T < Tx and−1.25 if
T > Tx. For D∼ T/τ , it takes a fractional form as D∼ (τ/T )ξ ;
ξ is −1.01 below Tx and −0.51 above Tx.D ∼ T/η is satis-
fied below Tx = 620 K but is existent in a fractional form as
D ∼ (T/η)ξ with ξ = 1.21 when T > Tx. Each of the three
formulas takes a fractional form above a crossover tempera-
ture, which is similar to the scenario in supercooled water at
low temperatures. Our results indicate that the fractional form
of the Stokes–Einstein relation is explicitly existent in TIP5P
water at high temperatures.

A comparison of the results given by D ∼ τ−1 and D ∼
T/τ with those obtained by the Stokes–Einstein relation given
D∼ T/η shows that D∼ T/τ is a good variant of the Stokes–
Einstein relation for TIP5P water within 400 K–510 K, but
D∼ τ−1 is not for all temperatures within 400 K–800 K. The
displacement of water molecule deviates from a Gaussian dis-
tribution as demonstrated by the non-Gaussian parameter; al-
though the deviation is much smaller than that in supercooled
water, yet it leads to the breakdown of D∼ τ−1. The D∼ T/η

and D ∼ T/τ are broken down into a fractional form at high
temperature with smaller deviations from the Gaussian distri-
bution; but both are valid with a larger dynamic heterogene-
ity below Tx. It is different from the observed breakdown in
supercooled water at low temperatures. As the water is at
high temperature and in an equilibrium state, we should expect
the validity of the Stokes–Einstein relation. The thermal ran-
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dom movement is likely to disrupt the hydration shell of water
and the local tetrahedral structure while heating; moreover, the
system may enter into the super critical region while heating,
which lead to different increases of diffusion and decreases
of relaxation as well as the two Arrhenius laws displayed in
diffusion and relaxation. Moreover, the hydration effect de-
creases and less water molecules are correlated with the center
water molecule with temperature increasing; the population
of HDA increases with temperature increasing but increases
more slowly as the temperature further increases. The effec-
tive hydrodynamic radius is not a constant for all temperatures
but decreases with temperature increasing for T > 660 K. We
propose that the fractional forms of D ∼ τ−1 and D ∼ T/τ

are due to the disruption of the hydration shells and local
tetrahedral structure as well as the increase of shear viscos-
ity; the breakdown of D ∼ T/η may be due to the system
entering into a critical region when heating; the effective hy-
drodynamic radius should be critically evaluated while testing
the Stokes–Einstein relation when the conditions experience a
large change.
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