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Supercooled liquids analogous fractional Stokes–Einstein relation in
NaCl solution above room temperature∗
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The Stokes–Einstein relation D∼ T/η and its two variants D∼ τ−1 and D∼ T/τ follow a fractional form in super-
cooled liquids, where D is the diffusion constant, T the temperature, η the shear viscosity, and τ the structural relaxation
time. The fractional Stokes–Einstein relation is proposed to result from the dynamic heterogeneity of supercooled liquids.
In this work, by performing molecular dynamics simulations, we show that the analogous fractional form also exists in
sodium chloride (NaCl) solutions above room temperature. D∼ τ−1 takes a fractional form within 300–800 K; a crossover
is observed in both D∼ T/τ and D ∼ T/η . Both D∼ T/τ and D ∼ T/η are valid below the crossover temperature Tx,
but take a fractional form for T > Tx. Our results indicate that the fractional Stokes–Einstein relation not only exists in
supercooled liquids but also exists in NaCl solutions at high enough temperatures far away from the glass transition point.
We propose that D ∼ T/η and its two variants should be critically evaluated to test the validity of the Stokes–Einstein
relation.

Keywords: sodium chloride solutions, supercooled liquids, molecular dynamics, Stokes–Einstein relation
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1. Introduction

The dynamic properties of liquids dramatically change
as temperature decreases into the supercooled region. For
example, the shear viscosity will sharply increase with su-
percooling, but the diffusion constant will dramatically de-
crease. However, the rate of the increase in the shear viscosity
can be much larger than that of the decrease in the diffusion
constant.[1] The Stokes–Einstein relation is observed to be in-
valid in supercooled liquids[2–7] and the ratio Dη/T is almost
a constant for temperature T > (1.2–1.6)Tg, but no longer a
constant when T < (1.2–1.6)Tg, where D is the diffusion con-
stant, η is the shear viscosity, and Tg is the glass transition
temperature.[8]

The shear viscosity is difficult to be accurately deter-
mined via simulation especially at low temperatures. Be-
cause of similar changes between structural relaxation and
shear viscosity when temperature changes,[5,8–10] the struc-
tural relaxation time is usually adopted as a substitute to eval-
uate the shear viscosity. It is proposed that the breakdown
of the Stokes–Einstein relation in supercooled liquids is due
to the fact that the dynamic heterogeneity causes decoupling
of the diffusion and relaxation.[6,9] Two functional forms,
η ∼ T τ and η ∼ τ , are usually adopted to evaluate η , and
the corresponding variants of the Stokes–Einstein relations are
D ∼ τ−1 [9,10] and D∼ T/τ ,[5,8] respectively. The former is
based on the exponential relaxation of the self-intermediate
scattering function Fs (k, t) ∼ e−t/τ in simple liquids, which

can be described by Fs (k, t) = exp
(
−k2Dt

)
if the displace-

ments of particles follow Gaussian distribution.[6] So D is cou-
pled with τ like D ∼ τ−1. The same variant is also proposed
by Debye[11] as well as in the mode coupling theory when
temperature is close to the glass transition point.[6] The lat-
ter variant is based on the Maxwell relation η = G∞τ , where
G∞ is the instantaneous shear modulus.[8] The structural re-
laxation τ will greatly change with a little decrease in temper-
ature in the deep supercooling region. Thereafter, D ∼ τ−1

and D∼ T/τ will give almost the same results. The hydro-
dynamic radius is considered to be a constant in D∼ T/η ,
D ∼ τ−1, and D∼ T/τ . However, it is not likely to be a
constant in any case. For example, the hydrodynamic radius
of ions in ionic solutions is mainly determined by the ion
atmosphere.[12] Moreover, the diffusion and relaxation show
different rate of changes under supercooled states, and are
likely to show different changes at high temperatures. An
interesting question is raised: the fractional Stokes–Einstein
relation exists in supercooled liquids near the glass transition
point, does it also exist at high temperature far away from the
glass transition point?

The main idea of the fractional forms is the decoupling of
the diffusion and relaxation, namely, the rate of the decrease
in diffusion is different from that of the increase in shear vis-
cosity under supercooling. Debye and Hückel proposed[13]

that the ion is not free in ionic solutions, but is surrounded
by the solvation shell consisting of counterions and solvent
molecules. The solvation shell is coupled with the center ion.
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It is completely or partially moving with the center ion and
plays a significant role in the dynamics of the ion. The center
ion will be decoupled from the solvation shell under extreme
conditions, like in a strong electric field or at high tempera-
ture. A classic example is the Wien effect:[14] the strong elec-
trolyte solution deviates from Ohm’s law under strong elec-
tric fields. The electric field accelerates the ion to decouple
from its surrounding shells and leads to the nonlinear increase
of conductivity.[15] Because of the importance of the solvation
shell in the dynamics of the ion, we propose that a similar frac-
tional Stokes–Einstein relation may also exist in ionic solution
at high temperatures. In light of the advantages of directly fol-
lowing each particle individually,[16–19] in this work, we have
performed molecular dynamics (MD) simulations with aque-
ous sodium chloride (NaCl) solutions above room tempera-
ture to examine whether the fractional Stokes–Einstein rela-
tion also exists in aqueous NaCl solutions far away from the
glass transition temperature. Moreover, the rationality of the
three forms of the Stokes–Einstein relation is also discussed.

2. Simulation details
All our MD simulations were performed with the GRO-

MACS package.[20,21] The CHARMM force field[22] for NaCl
and the TIP3P[23] water were adopted to model aqueous
sodium chloride solutions. The same model has been adopted
to study the cluster formation and nucleation in aqueous NaCl
solutions.[24–26] The ions and atoms were modeled as charged
Lennard–Jones particles. The interactions between atoms
and/or ions are described as

u(ri,r j) = 4εi j

[(
σi j

ri j

)12

−
(

σi j

ri j

)6
]
+

qiq j

ri j
, (1)

where ri is the ith atom (ion) position, σ and ε are the
Lennard–Jones distance and energy constant, respectively, and
qi is the partial charge of the ith atom (ion). The force field
data are listed in Table 1. The periodic boundary conditions
were applied to all three dimensions and the particle mesh
Ewald algorithm[27] was employed to calculate the long-range
electrostatic interactions with a cutoff of 1.2 nm in the real
space. The van der Waals interactions were calculated directly
with the same cutoff of 1.2 nm.

The simulated system contains 200 ion pairs and 3000
water molecules with a constant density ρ = 1.136 g/cm3.
Twenty six temperatures uniformly distributed within 300–
800 K were adopted to investigate the diffusion, relaxation,
and Stokes–Einstein relation in aqueous NaCl solution. To
avoid possible disturbance of the thermostat, at each temper-
ature, the system was firstly equilibrated in the NV T ensem-
ble for 10 ns with Nosé-Hoover thermostat,[28,29] followed by
another 10 ns NV E MD simulation for sample data. All cho-
sen temperatures are above room temperature, which is high

enough and far away from the glass transition point for NaCl
solution. The time step for all MD simulations was 1 fs and the
configurations were sampled every 10 steps for data analysis.

Table 1. CHARMM force field parameters for Na+ and Cl− and TIP3P
water model parameters.

Atom/ion σ/nm ε/kJ·mol−1 Charge/e
Na+ 0.243 0.196 +1
Cl− 0.405 0.628 −1
O 0.315 0.636 −0.834
H – – 0.417

3. Results
To examine whether the fractional Stokes–Einstein re-

lation exists in aqueous NaCl solution above room tempera-
ture, we firstly consider the solvation structures and dynam-
ics at different temperatures, and then calculate the diffusion
constants and structural relaxation time to evaluate the two
variants of the Stokes–Einstein relation. Next, the shear vis-
cosity is determined to evaluate the Stokes–Einstein relation
D∼ T/η , and the rationality of the variants of the Stokes–
Einstein relation is discussed.

3.1. Solvation shell structures and dynamics

Ions exist as solvated ions in aqueous ionic solution. We
adopted the radial distribution function (RDF) to characterize
the solvation shells.[30] RDF is defined as g(r) = 〈δ (r− r1)〉,
where r1 is the position of center ion. The calculated RDFs
for the Na+–Cl− shell, Na+–H2O shell, and Cl−–H2O shell
at temperatures T = 300, 400, 500, 600, 700, and 800 K are
plotted in Fig. 1. Figure 1(a) shows that the main peak of the
Na+-Cl− shell increases slightly with increasing temperature,
but the second peak decreases a little. The main peak cor-
responds to the ion atmosphere. The results suggest that Na+

and Cl− are more strongly spatially correlated in the ion atmo-
sphere, which results from the decrement of dielectric constant
as temperature increases.[31] Both the main peak and the sec-
ond peak of the Na+–H2O shell and Cl−–H2O shell decrease
with increasing temperature, as shown in Figs. 1(b) and 1(c).
Ions and water molecules get more weakly spatial-correlated
at a higher temperature. The hydration structures are more
likely to be disrupted by the thermal random movement with
increasing temperature.

To further characterize the coupling of the center-ion and
solvation shell, we calculate the residence correlation function
of the ion with its solvation shells. The residence correlation
function is defined as C (t) = 〈p(0) p(t)〉,[30,32] where p(t) is
1 if a given ion is still in the solvation shell at time t and oth-
erwise zero. The solvation shell is mainly described by the
first solvation shell. Its position corresponds to the first mini-
mum of RDF, the first minimum is 0.36 nm for Na+-Cl− shell,
0.32 nm for Na+-H2O shell and 0.44 nm for Cl−-H2O shell.
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The C(t) usually follows a exponential relaxation and the life-
time τs of solvation shell is defined as τs =

∫
∞

0 C (t)dt.
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Fig. 1. Radial distribution functions (RDFs) of solvation shells:
(a) Na+–Cl− shell, (b) Na+–H2O shell, (c) Cl−–H2O shell.

The lifetimes τs for each shell are plotted in Fig. 2. It is
shown that τs for each solvation shell are all decreased with in-
creasing temperature. Ions get less temporally correlated with
their surrounding shells with increasing temperature. The re-
sults also suggest that solvation is more likely to be destroyed
at a higher temperature. Ions can more easily get rid of the
constraint of solvation shells. The changes in solvation struc-
ture and dynamic may lead different rate in increases of the
diffusion and the decreases of the relaxation with increasing
temperature, and further lead the analogous fractional Stokes–
Einstein relation as observed in supercooled liquids. In the fol-
lowing, we will calculate the diffusion constant and structural
relaxation time as well as discuss the variants of the Stokes–
Einstein relation.

300 400

τ
s/
p
s

500 600 700 800

T/K

1

10

100

Cl--H2O

Na+-H2O

Na+-Cl-

Fig. 2. Life time τs for Na+–Cl− shell, Na+–H2O shell, and Cl−–H2O
shell.

3.2. Diffusion and structural relaxation

To evaluate the variants of the Stokes–Einstein relation
D∼ τ−1 and D∼ T/τ , the diffusion constant of ions is calcu-
lated via the mean square displacement as

D = lim
t→∞

〈
N
∑
i
|𝑟i (t)−𝑟i (0)|2

〉
6Nt

, (2)

where N is the number of ions, 𝑟i (t) is the position of the
ith ion at time t, 〈〉 denotes the ensemble average. The mean
square displacements (MSDs) of Na+ and Cl− at T = 300,
400, 500, 600, 700 and 800 K are plotted in Fig. 3. The MSD
can be separated into three parts for both Na+ and Cl− at each
temperature. The ballistic regime, MSD ∼ t2, the diffusive
regime, MSD ∼ t, the intermediate corresponds to the cage
regime. Although the time ranges of each regime are different
at different temperatures, the ballistic regime and cage regime
are much smaller than the diffusive regime at each tempera-
ture. The time ranges of ballistic regime for both Na+ and
Cl− are smaller than 0.1 ps, the cage regime is within 0.1–1 ps,
and the diffusive regime is locate at the time regime t > 1 ps.
The diffusion constant is determined by linearly fitting with
the data in the diffusive regime. The structural relaxation of
ions is described by the self-intermediate scattering function
Fs (k, t), which is defined as

Fs (k, t) =
1
N

N

∑
j

〈
exp
{

i𝑘 · [𝑟 j(0)−𝑟 j(t)]
}〉

, (3)

where 𝑘 is a wavevector and usually chosen as the first max-
imum of the structure factor, in this work, k = 22.0 nm−1

for Na+ and 18.5 nm−1 for Cl−. Fs (k, t) usually follows an
exponential relation Fs (k, t) ∼ e−t/τ in simple liquids, and
the structural relaxation time τ is implicitly determined by
Fs (k,τ) = e−1 with the chosen k.
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Fig. 3. The mean square displacement of the ion as a function of time
t: (a) Na+, (b) Cl−. The two red dotted lines separate the MSD to three
parts: ballistic, cage and diffusive.

The diffusion constants and structural relaxation times for
Na+ and Cl− at different temperatures within 300–800 K are
plotted in Fig. 4(a) and 4(b), respectively. It is shown that the
diffusion constants for both Na+ and Cl− are increasing with
temperature, whereas the diffusion constant of Na+ increases
faster than Cl−. Due to the solvation differences as shown in
Fig. 1 and Fig. 2,[33] Cl− exhibits a faster diffusion than Na+ at
T = 300 K, but the differences of diffusion between Na+ and
Cl− decrease with increasing temperature, which are almost
the same at T = 660 K, Na+ even exhibits a faster diffusion
than Cl− above T = 660 K. Figure 4(b) shows the structural
relaxation time τ is decreasing with increasing temperature. τ

first get a large decrease at lower temperatures, but the the rate
of the decreases becomes smaller at higher temperatures.

Comparing the diffusion constant with relaxation time, it
is shown that an ion with a faster relaxation has a larger dif-
fusion constant. However, the increases of the diffusion con-
stant for both Na+ and Cl− are more than the decreases of the
relaxation time within 300–800 K. The increase of diffusion
constant is about eight times the temperature increases from
300 K to 800 K, but the relaxation time only decreases around
six times. It is different from what is observed in supercooled
liquids, that the relaxation time increases faster than the diffu-
sion decreases when cooling.[8,9,34] The increase of the tem-
perature will lead to the increase of the diffusion and the de-
crease of the relaxation. Moreover, it also leads the whole or

partially decoupling of the center ion with the solvation shells,
and leads to fewer water molecules and counterions moving
with the center ion. The effect will also intensify the diffusion
of ion. So the different changes of the diffusion and relaxation
with increasing temperature are due to the disruption of the
solvation shells.
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Fig. 4. (a) The diffusion constants D of Na+ and Cl− versus tempera-
ture T , (b) The structural relaxation time τ of Na+ and Cl− as a function
of temperature within 300–800 K.

3.3. Variants of the Stokes–Einstein relation

To examine the existence of the fractional Stokes–
Einstein relation in NaCl solution above room temperature, the
two variants D∼ τ−1 and D∼ T/τ were evaluated by D∼ τξ

and D∼ (τ/T )ξ , respectively. The variants are valid if ξ =−1
and otherwise the variant of Stokes–Einstein relation follows
a fractional form. The logarithms of τ and D for Na+ and Cl−

are plotted in Fig. 5. The fitted ξ are not equal to −1 for both
Na+ and Cl− for all temperatures: ξ = −1.34 for Na+ and
−1.38 for Cl−. The results suggest that the variant D ∼ τ−1

is invalid and has taken a fractional form. As shown in Fig. 4,
the diffusion constant increases faster than the decreases of the
relaxation time in aqueous NaCl solution within 300–800 K,
and then ξ < −1. It is different from what is observed in su-
percooled liquids at low temperatures, the rate of increases of
the relaxation is greater than the decreases of the diffusion in
supercooled liquids when cooling,[8,9,34] and the exponent ξ is
greater than −1 in supercooled liquids.

The logarithms of τ/T and D are plotted in Fig. 6 to
test the variant of the Stokes–Einstein relation described by
D∼ T/τ . D∼ T/τ gets a crossover at temperature Tx for Na+
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and Cl−. The data for T < Tx are well fitted with ξ ≈ −1 for
both Na+ and Cl−, but ξ >−1 when T > Tx, where ξ =−0.66
for Na+ and−0.67 for Cl−. The results show the diffusion and
relaxation also decouple for T > Tx, and a fractional D∼ T/τ

is also observed. The crossover temperatures are a little dif-
ferent for Na+ and Cl−, Tx = 500 K for Na+ and 480 K for
Cl−. The differences may be caused by the solvation differ-
ences between Na+ and Cl− as shown in Fig. 1 and Fig. 2.
The solvation for Na+ is stronger than Cl−.
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Fig. 5. Testing the variant of Stokes–Einstein relation described by
D ∼ τ−1 for Na+ and Cl−. The symbols are the simulated data and
the solid lines are fitted by D ∼ τξ . The colored exponent ξ is corre-
sponding to the same colored solid line.
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Fig. 6. Testing the variant of the Stokes–Einstein relation described by
D∼ T/τ: (a) Na+ and (b) Cl−. The symbols are the simulated data and
the solid lines are fitted by D ∼ (τ/T )ξ . The temperature Tx labels the
crossover temperature.

3.4. The Stokes–Einstein relation

The variants of the Stokes–Einstein relation described by
D ∼ τ−1 and D∼ T/τ are taken a fractional form, but is
the Stokes–Einstein relation D ∼ T/η really in a fractional
form in aqueous NaCl solution above room temperature. The
shear viscosity is evaluate by η ∼ T τ , η ∼ τ in D ∼ τ−1 and
D∼ T/τ , respectively. To examine the Stokes–Einstein rela-
tion described by D ∼ T/η , we need to calculate the shear
viscosity. Because of its reliability and fast convergence, the
method proposed by Hess is adopted in this work.[35] An ex-
ternal force ax is applied in the X direction. The Navier–Stokes
equation for liquids with ax is

ρ
∂xux (z)

∂ t
= ρax (z)+η

∂ 2ux (z)
∂ z2 , (4)

where ax (z) = Acos(kz), ux (z) is the velocity in X direction
and a function of z only, ρ is the density of fluid, A is the
maximum of ax, k = 2π/l, l is the simulation box size. The
generated velocity is

ux (z) =V
(

1− e−t/τ

)
cos(kz) , (5)

where the prefactor V = Aρ/ηk2 can be determined from
ux (z) after the system reaches a non-equilibrium steady state.
The shear viscosity can be determined by

η =
Aρ

V k2 . (6)

The force ax should be chosen carefully[35] to avoid being
too large or too small. The system moves too far away from
the equilibrium if ax is too large, in contrast, it is difficult to
determine the shear viscosity for large fluctuation. To get the
correct shear viscosity, we tested different A to determine the
linear dependence regime between V and A at T = 300, 400,
500 and 800 K. Figure 7(a) shows that V is proportional to A
when A is within 0.002–0.05 nm/ps2. To get good statistics,
we chose five A = 0.01, 0.02, 0.03, 0.04 and 0.05 nm/ps2 to
determine the shear viscosity. The calculated shear viscosity
is plotted in Fig. 7(b). The shear viscosity is decreasing with
increasing temperature, which initially gets a fast decrease but
the rate of the decrease gets smaller with increasing tempera-
ture. The rate of the decrease for T > 500 K is much smaller
than that for T < 500 K.

To test the Stokes–Einstein relation described by
D∼ T/η , the logarithms of η/T and D are plotted in Fig. 8.
Similar to D∼ T/τ , D∼ T/η is also taken a crossover at Tx ≈
500 K for both Na+ and Cl−, ξ ≈ -1 for both Na+ and Cl− for
T < Tx, but ξ <−1 for T > Tx, ξ =−1.41 for Na+ and−1.22
for Cl−. It is shown that D∼ T/η is valid for both Na+ and
Cl− for T < Tx, but breaks down when T > Tx. The results are
analogous with those observed in supercooled liquids while
cooling, however, D∼ T/η is invalid below a crossover tem-
perature in supercooled liquids[8] and an invalidity is observed
above a crossover temperature in our case.
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To test the validity of the two variants of the Stokes–
Einstein relation, by comparing the results given by D ∼ τ−1

with D∼ T/η , it is shown that they give different ξ s es-
pecially for temperature T < Tx, ξ s are close to each other
when T > Tx, but a difference around 0.1 still exists. Al-
though both D ∼ τ−1 and D∼ T/η show the breakdown of
the Stokes–Einstein relation, yet the different ξ s confirm that
D ∼ τ−1 is not a good variant of D∼ T/η . The functional
form η ∼ T τ used to evaluate shear viscosity in D ∼ τ−1 is
invalid. Then comparing the results given by D∼ T/τ with
D∼ T/η , both formulas show a crossover as temperature in-
creases, and the crossover temperature are almost the same for
D∼ T/τ and D∼ T/η , ξ ≈ −1 for T < Tx in both D∼ T/τ

and D∼ T/η . So D∼ T/τ is a good variant of D∼ T/η for
T < Tx. While temperature T > Tx, ξ >−1 for both Na+ and
Cl− in D∼ T/τ , but ξ < −1 in D∼ T/η , so D∼ T/τ is not
a good variant of D∼ T/η for T > Tx.

To evaluate η ∼ τ in D∼ T/τ , we scaled the relaxation
time and shear viscosity with the data at T = 300 K and plot-
ted all data in Fig. 9. The scaled relaxation time and viscosity
are almost coincident for temperature T < 400 K, but they
start to deviate from each other above T = 400 K and the de-
viations increase with increasing temperature especially when
T > 500 K. The decreases of viscosity are very small for
T > 500 K while the relaxation continuously decreases with
increasing temperature as shown in Figs. 4 and 7. Comparing
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and 800 K. The symbols are simulation data and the solid lines are fitted
by V ∼ A. (b) The shear viscosity η versus temperature T .
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with the crossover shown in D∼ T/τ and D∼ T/η at Tx ≈
500 K for Na+ and Cl−, we propose the breakdown of the
Stokes–Einstein described by D∼ T/η occurred at the tem-
perature for the decoupling of the shear viscosity and relax-
ation.

Overall, the fractional Stokes–Einstein relation explic-
itly exists in NaCl solution far away from the glass transition
temperature. D ∼ τ−1 and D∼ T/τ give different ξ s com-
pared with D∼ T/η within 300–800 K. Although some co-
incidence is observed between D∼ T/τ and D∼ T/η within
300–500 K, both variants are not good variants of the Stokes–
Einstein relation described by D∼ T/η . The results are sim-
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ilar to those observed by Shi et al.[1] So one should criti-
cally evaluate the rationality of the two variants, D∼ τ−1 and
D∼ T/τ , while using them to test the Stokes–Einstein rela-
tion.

4. Discussion
The results indicate that the two variants of the Stokes–

Einstein relation D∼ T/τ and D ∼ τ−1 are invalid above
room temperature and follow a fractional form. It is proposed
that the invalidity is due to the dynamic heterogeneity.[6,36,37]

However, D∼ T/τ and D∼ τ−1 give contradictory results, es-
pecially for T < Tx. It has been observed that the dynamic het-
erogeneity is decreased with increasing temperature.[38] But
D∼ T/τ is breakdown at a higher temperature. So it is not
likely that the breakdown of D∼ T/τ and D ∼ τ−1 results
from the dynamic heterogeneity as proposed in supercooled
liquids. As shown in Fig. 4, the diffusion constant and relax-
ation time show different increase and decrease with increas-
ing temperature, we propose the breakdown of D∼ T/τ and
D∼ τ−1 results from the disruption of the solvation shells.

D ∼ τ−1 is an approximate relation resulting from
Fs (k, t) = exp

(
−k2Dt

)
. However, Fs (k, t) = exp

(
−k2Dt

)
is

only valid while the displacements of particle rigorously fol-
low Gaussian distribution. It is only established in simple liq-
uids under hydrodynamic limit. Fs (k, t) is generally relaxed
with a long time tail even in diluted hard sphere liquid for the
molecular chaos.[39] D∼ T/τ is based on the approximation
relation η = G∞τ . The Maxwell relation η = G∞τ is only
valid when the bulk modulus gets a fast relaxation, whereas the
relation is not strictly established generally. Besides, the hy-
drodynamic radius is considered to be a constant in D∼ T/τ ,
D ∼ τ−1 and D∼ T/η . Actually, the molecule is solvated in
liquid and is not free while moving. So the fractional form
of Stokes–Einstein relation D∼ T/η may be a result of not
considering the changes of the hydrodynamic radius.

5. Conclusion
In this work, we performed atomistic molecular dynam-

ics simulations to examine the diffusion, structural relaxation
and the variants of the Stokes–Einstein relation in aqueous
ionic solutions above room temperature far away from the
glass transition temperature. We simulated 26 temperatures
uniformly distributed within 300–800 K to monitor the frac-
tional Stokes–Einstein relation. The results indicate D ∼ τ−1

is invalid for both Na+ and Cl− above room temperature, and
follows a fractional form within 300–800 K. D∼ T/τ takes a
crossover for both Na+ and Cl− at Tx ≈ 500 K. It is valid for
both Na+ and Cl− with an exponent ξ ≈ -1 for T < Tx, but
breaks down with ξ > −1 for T > Tx. Combining the results
given by D ∼ τ−1 and D∼ T/τ , indicates that the fractional

variants of the Stokes–Einstein relation also exist in aqueous
NaCl solutions above room temperature far away from the
glass transition temperature, which is analogous with what is
observed in supercooled liquid at a much lower temperature
near the glass transition temperature. Moreover, the fractional
forms are observed in the heating process. The center ion
will be partially or whole decoupled with the solvation shells.
We proposed the fractional Stokes–Einstein relation is due to
the decoupling of the center-ion and its surrounding solvation
shells.

Comparing the results given by D ∼ τ−1 and D∼ T/τ

with D∼ T/η , D∼ τ−1 is not a good variant of D∼ T/η for
both Na+ and Cl− within 300–800 K, D∼ T/τ is a good vari-
ant of D∼ T/η only for T < Tx but is not a good variant above
Tx. The shear viscosity decreases slower than the relaxation
when T > Tx, they decouple at T ≈ 400 K and the deviations
increases as temperature increases especially for T > Tx. We
propose the breakdown of D∼ T/τ and D∼ T/η occurs at
the temperature of the decoupling between the shear viscosity
and structural relaxation. In conclusion, the fractional Stokes–
Einstein relation not only exists in supercooled liquids at low
temperatures near the glass transition point, but also exists in
aqueous NaCl solution at high temperatures far away from the
glass transition temperature. One should critically evaluate
the two variants of the Stokes–Einstein relation, D∼ T/τ and
D∼ T/η , while using to test the validity of Stokes–Einstein
relation.
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