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Abstract: “What is the structure of water?” This has been a perplexing question for a
long time and water structure with various phases is a great topic of research interest.
Topological complexity generally occurs because hydrophilic ions strongly influence
the size and shape of condensed water structures owing to their kosmotropic and
chaotropic transitions. In this study, an extended Stokes-Einstein model incorporating
Flory—Huggins free energy equation is proposed to describe the constitutive
relationship between dynamic diffusion and condensed water structure with a
topological complexity. The newly developed model provides a geometrical strategy
of end-to-end distance and explores the constitutive relationship between condensed
ionic water structures and their dynamic diffusion behaviors. A free-energy function is
then formulated to study thermodynamics in electrolyte aqueous solution, in which
the condensed ionic water structures undergo topologically complex changes. Finally,
effectiveness of the proposed model is verified using both molecular dynamics
simulations and experimental results reported in literature.
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1. Introduction

Water, the most abundant liquid on the earth and one of the most mysterious
systems, shows many interesting and anomalous properties which are generally
believed to be related to its extensive hydrogen bonds [1-4]. Therefore, the water is
assumed to have condensed structures, similar to those of polymer macromolecules
[1-4]. Both experimental and theoretical works have been carried out to study the
condensed water structures [5-9]. For examples, X-ray absorption and Raman
spectroscopy technologies have been used to probe the local structures and
arrangement of molecules in condensed water structures [5-9], revealing the existence
of multiple local structures. Statistical mechanics and molecular dynamics (MD)
simulation have also been employed to study this topic [10]. Tanaka et al studied
multiple local environments in water [11], and reported that there were two
overlapped peaks of pure water being associated with the tetrahedral water structure
owing to the tetrahedral asymmetry of its local structure [11].

Diffusion behaviors of various aqueous solutions were also investigated using
theoretical models and experimental measurements [12-15]. For example, Chremos et
al. [12] studied the influences of salts on the viscosity and water diffusion coefficient,
both of which play essential roles to determine thermodynamic properties of
electrolyte solutions. Yethiraj et al. [13] investigated effects of concentration and
temperature on diffusion for the electrolyte aqueous solutions using MD simulations
and nuclear magnetic resonance (NMR) technique. These results revealed that

“structure-making” salts cause decreases of the diffusion coefficients of the water



molecules with increasing the salt concentrations, whereas “structure-breaking” salts
cause increases of the diffusion coefficients of the water molecules. Miller and Hertz
[14] proposed a parameter to describe water—water association, which IS a
complicated function of the salt concentration. Novotny and Sohnel [15] also
developed a model which shows that the density of aqueous solutions is a function of
salt concentration. However, so far there is no any theoretical framework developed to
describe the effects of “structure-making” and “structure-breaking” salts on the
condensed ionic water structure.

On the other matter, as water is a solvent extensively applied in biology, chemistry
and engineering [16,17], dynamics of water structure have recently also been
investigated experimentally [17-19] and theoretically [20,21]. However, effect of ion
on the condensed water structure in electrolyte aqueous solution is still not well
understood. Previously experimental studies showed that the ions can promote
liquid-liquid phase transitions of two structures of water, which is closely related to
the anomalous density property of water [11,22]. Both kosmotropic (structure-making)
and chaotropic (structure-breaking) interactions between the water structures and ions
have been reported in an ordered manner [23,24]. Many macroscopic properties,
including diffusion coefficient, surface tension and chromatographic selectivity all
show similar ordered manners [25-29]. The combined kosmotropic and chaotropic
transitions of condensed water structure has also been verified from the MD
simulation results [30,31].

In this study, based on Flory—Huggins free energy equation [32], the



Stokes-Einstein model [33,34] is modified to explore the effect of ions on the
condensed water structures in electrolyte aqueous solutions. Diffusion coefficient,
density and surface tension of electrolyte aqueous solutions are investigated using this
newly proposed model, to understand the constitutive relationship between dynamic
diffusion and condensed water structure undergoing electrostatic topology changes. A
constitutive relationship between the condensed ionic water structures and their
geometrical end-to-end distances has been formulated to explore the topological
complexity. Finally, effectiveness of the proposed model is verified using both MD
simulations and experimental results reported in literature. Our proposed model has a
great advantage in the fast calculation of the diffusion coefficient, density and other
properties for electrolyte aqueous solutions.
2. Theoretical analyses

Water has recently been recognized as a condensed matter, whose structure plays an
essential role to determine the diffusion, density, dynamic relaxation of water,
although all these have not still been fully understood [25,35-38]. Herein the pure
water structures are simplified as spheres based on the Stokes-Einstein model [33].
Figure 1 shows a schematic diagram of condensed water structures with NaCl ions, of
which the electrostatic charges achieve the geometry of condensed water structures
transformed from a sphere shape into an ellipsoidal one, due to the actions of
asymmetric ionic and hydrogen bonds [17,23,35]. These ions have electrostatic effects
on the water molecules, leading to their increased cooperative movements [17]. Based

on Flory—Huggins free energy theory [32], there is a repulsive free energy during



mixing between pure water and ions, and the repulsive effect of charges is expected to
influence the condensed ionic water structure [4,18-23,25]. Therefore, non-Euclidean
geometry model has been used to describe the condensed ionic water structure, of
which the geometrical sizes and shapes of sphere and ellipsoid have been well
characterized [39]. A self-consistent geometry model has further been developed to
investigate the effect of polyatomic cation on topologic structures of condensed
polymer networks, which cause the changes in non-Euclidean shapes of spheres and
ellipsoids [39]. Due to the repulsive effect of charges, it is expected that the water
structure is changed from a sphere shape into an ellipsoidal one based on the
non-Euclidean geometry approach, and the end-to-end distances (4o and 4.) of the

ellipsoids are essentially determined by the ions, as illustrated in Figure 1.
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Figure 1. Schematic diagrams for the topological structures of condensed ionic water structure
using end-to-end distances (%o and /.). The water structure is changed from a sphere shape into an
ellipsoidal one due to the repulsive free energy based on the Flory—Huggins free energy theory [32]
and non-Euclidean geometry model [39].

2.1 Extended Stokes-Einstein model

The Stokes-Einstein model is often used to describe the constitutive relationship



between the diffusion coefficient (D) and end-to-end distance (%) [33]. For the water
with condensed sphere structures, the diffusion coefficient (D)) takes the form of
[33,34],

KT

D =
67nh,

w

(1)

where kg=1.38x102 J/K is the Boltzmann constant, T is the temperature, /., is the
end-to-end distance, and 7 is the viscosity of the condensed pure water.

On the other hand, for the ionic water with a condensed ellipsoidal structure, the
diffusion coefficient (Djon) can be expressed as [33],
1+(1-h? /h2)"

kgT In
h, / h,

Dion = (2)
6, (L-h,2 /h2)

where 4. and ho are the end-to-end distances along the longitudinal and latitudinal
directions of the condensed ionic water with an ellipsoidal structure.

The parameters ¢ and (1- ¢) are the volume fractions of ionic water and pure water
in an electrolyte aqueous solution. The diffusion coefficient of electrolyte aqueous
solution (D) can be obtained as [40],

INnD=¢InD,_, +(1-¢)InD, 3)

By inserting equations (1) and (2) into (3), the ratio of diffusion coefficient for the

electrolyte aqueous solution (D/D,,) can be written as,

h, In (he /o +(n2/hy? —1)”2)
he (1_ hoz/he2 )1/2

|n(DR) —4-In +(1-9) @)

Figure 2 shows the analytical results of the diffusion coefficients (D) of electrolyte



aqueous solution as functions of the end-to-end distance ratio (he/ho) and volume
fraction of ionic water (¢). In Figure 2(a), the ratio ho/hw has been set to be 0.75.
When he/ho is set to be 1.0 and 1.5 (where he/hw=0.75 and 1.125), the increase in
volume fraction of ionic water (@) results in an increased ratio of diffusion coefficients
(D/Dw), because the ions enable a chaotropic transition of the water structure
[12,13,16,17,23]. When the values of he/hg are 3.5 and 5.0 (where he/hw values are
2.625 and 3.75), an increase in volume fraction of ionic water (¢) results in a decrease
in the diffusion coefficient ratio (D/Dw), mainly because the ions enable a

kosmotropic transition of the water structure [12,13,16,17,23].
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Figure 2. Diffusion coefficient ratio (D/Dw) as functions of the end-to-end distance ratio (he/ho)
and volume fraction of ionic water (¢). (a) Constitutive relationship between diffusion coefficient
ratio (D/Dw) and volume fraction of ionic water (¢), at he/hg = 1.0, 1.5, 2.06, 3.5 and 5.0. (b) 2D
heatmap chart of diffusion coefficient ratio (D/Dy) as functions of the end-to-end distance ratio
(he/ho) and volume fraction of ionic water (¢).

Figure 2(b) plots a 2D heatmap chart for the diffusion coefficient ratio (D/Dw) as

functions of the end-to-end distance ratio (he/ho) and volume fraction of ionic water



(¢). It is revealed that the diffusion coefficient of electrolyte aqueous solution is
essentially determined by volume fraction of the ionic water (¢) and the end-to-end
distance ratio (he/ho), both of which describe the topological geometries of the
condensed ionic water structures. A larger value of he determines a lower diffusion
coefficient. Under the combined effects of he and ¢, there is a kosmotropic or
chaotropic transition of condensed ionic water structure as illustrated in Figure 2(b).
2.2 Free-energy equation

Ionic free energy (Fion) of electrolyte aqueous solution is further incorporated into
the conformational free energy (Feon) and electrostatically repulsive free energy

(Fetecrr). The relationship among them can be described using [41],

I:ion (he) — I:conf (he) n Felectr (he)

5
kT kT KT ®)

The conformational free energy of the condensed ionic water is written as [41,42],

I:conf (he) ~ hez
k,T  Nb?

(6)

hO

where N is the number of water molecules and b= NEE

is the length of condensed

water structure [42].
The electrostatically repulsive free energy (Feiecrr) of the condensed ionic water can
be scaled using [41,42],

I:electr (he) ~ IB(fN)2
kT h

(M

e

where f=foc/¢ is the charge density, ¢ is the ion concentration, fp is a given constant

2

and lg = is the Bjerrum length [41,42]. Here the end-to-end distance (he) can



be expressed as [41],

6Fg;](he) —0 = h = N|Bl/3b2/3 f21 @)

e

By combining equations (6), (7) and (8) into (5), the free energy of the electrolyte

aqueous solution (Fi») can be expressed as,

2
Fion (he) N |:N|Bl/3b2/3( foc/¢)2/3:| N |82/3(Nfoc/¢)2
ke T Nb? Nb*?(f,c/4)*"

)
With respect to the Flory-Huggins model, Staverman-Guggenheim combinatorial
term can be applied to describe the entropic contribution to the different sizes and
shapes of polyatomic cation and anion solutions, in terms of the two geometrical
parameters, i.e., volume and area [43,44]. Based on the Flory-Huggins theory, free
energy of mixing (Fuix) can be written in the following form [45-47],
Frix =K T 29(1—9) (10)
where y is the Flory-Huggins interaction parameter, which is determined by the

temperature (7) and volume fraction of ionic water (¢) [48],
A
Zmix:_+B¢+C (11)
T
where 4, B and C are the given constants [48].

By inserting equation (10) into (11), the free energy of mixing (Fuix) can be

obtained as,
A
I:mix = kBT (?+ B¢+C)¢(1_¢) (12)

Combining equations (5), (9) and (12), the total free energy (F) of electrolyte

aqueous solution can be obtained,



F= Fconf +F,

electr
413y 213 § 413,413
_ 2k NI oeteT
2/3 41/3
h™"¢

+ Fmix

(13)

+ kT (_I_A +Bp+C)op(l-9¢)

Finally, a constitutive relationship between volume fraction (¢) and ion

concentration (c) of electrolyte aqueous solution can be obtained,

oF

A 2 413 _ 413
%_o = [(?+C)(1—2¢)—B(3¢ —2¢)}¢ =c (14)

3. Experimental verifications
3.1 Effect of ion concentration

According to the proposed model based on the equations (4) and (8), the ratio of

diffusion coefficient (D/D,) of an electrolyte aqueous solution can be expressed as,

hn N 23| Y3 § 2328 +(N4/3|82/3 f "3 1}”
2/3 /43 -
N ISR h%¢"

3N14/3] 23 § 4/3.4/3 | 443 282 \Y2
(hy"NRI £ /4" —hPN?)

In(DR) =¢ln +(1-9) (15)

where # is the viscosity [13] and D,, is the diffusion coefficient of pure water [13,14].
To verify the proposed model of equation (15), the analytical results have been
plotted to reveal the effects of ion concentrations (c) on diffusion coefficients of the
electrolyte aqueous solutions with NaCl, NaBr, Nal, KCI, KBr, KI, CsCl, CsBr and
Csl [14]. Analytical results of equation (15) are fitted using the experimental data
reported by Miiller et al. [14] and the obtained parameters are listed in Table 1.
Diffusion coefficient of pure water (D,~6.31x101° m?/s) was obtained from Ref.
[13,14]. The end-to-end distance of the water structure (4,=~1.2x10"'° m) was
determined by the D,. The viscosity (#y=5.62x10"* kg/(ms)) of the electrolyte aqueous

solution was obtained from Ref. [13]. By numerically fitting equation (15) using the



experimental data reported in Ref. [14], the end-to-end distance (40) and number of
water molecules (V) were obtained by fitting equation (15) with the experimental data.

The Bjerrum length (/z) and charge density constant (fp) were determined using the

e 1

K a2 yzg where kp=1.38x10% J/K is the Boltzmann
B e fy

equation of I.Y?/f, =

constant, e=1.6x10-°C is the unit charge, and e=40~80 F/m is the dielectric constant
[4]. The parameters A, B and C are given constants at 7=298 K in equation (11) [48].

Effect of ion concentration (c¢) was firstly investigated by comparing experimental
and analytical obtained results using equation (15), as shown in Figures 3(a), 3(b) and
3(c). It is revealed that these analytical results obtained using the proposed model fit
well with the experimental results [14]. Figure 3(d) shows the calculated correlation
index R’ between the analytical and experimental results which are 99.95%, 99.89%,
99.84%, 89.94%, 92.66% , 98.05%, 93.51%, 99.71% and 99.72% for the electrolyte
aqueous solutions with NaCl, NaBr, Nal, KCI, KBr, KI, CsCl, CsBr and Csl,
respectively.

Table 1. Values of parameters used in equation (15) for various electrolyte aqueous solutions.

NaCl | NaBr | Nal KCl1 KBr KI CsCl CsBr Csl

ho/hw 1.386 | 1.196 | 0.919 | 0.709 | 0.636 | 0.534 | 0.570 | 0.541 | 0.481

N 12.04 | 11.19 | 1091 | 10.19 | 10.83 | 10.17 | 10.55 10.3 9.98

I5"%/fo (cm/s?) | 0.69 | 034 | 0.17 | 0.16 | 0.17 | 0.12 | 0.13 0.15 0.12

AIT+C 0.74

B 10.86 | 10.89 | 9.75 | 1993 | 990 | 9.80 | 1491 | 10.18 | 10.12
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Figure 3. Effect of ion concentration (c) on the diffusion coefficient of the electrolyte aqueous
solutions at atmospheric pressure and 7=298 K. (a) Comparisons between analytical results
obtained using equation (15) and the experimental data reported in Ref. [14] for electrolyte
aqueous solutions with NaCl, NaBr, Nal, KCI, KBr, KI, CsCl, CsBr and Csl. (d) Divergences of
analytical and experimental results of diffusion coefficient ratio (D/Dy,).

According to the equation (13), end-to-end distance (%4.), which is used to describe
the geometrical size and shape of condensed ionic water structure owing to the
existence of conformational free energy (Feonr) and electrostatically repulsive free
energy (Felecrr), plays a critical role to determine the ionic free energy (Fio.) and total
free energy (F) of electrolyte aqueous solution. Figure 4(a) shows the obtained results
for the effects of ion concentrations (c) on the end-to-end distances (%4.) of condensed
ionic water structures. All the parameters used in the equation (15) are presented in
Table 1. As can be seen from the obtained analytical results, the end-to-end distance
ratio (he/hw) is gradually increased with an increase in the ion concentration (c).
Therefore, the topology geometry of condensed water ionic structure is significantly

influenced by the ion concentration (c), which plays an essential role to influence the



end-to-end distance ratio (h./hy) in comparison with that of the pure water.

Figure 4(b) shows the results for the effects of ion concentrations (c) on the
diffusion coefficients (D/Dy) of the condensed ionic water structures. With an
increase in ion concentration (c), the end-to-end distance ratio (h./hy) is increased,
resulting in a decreased diffusion coefficient (Dion) of ions. As presented in equation
(9), the ionic free energy (Fion) is gradually increased with an increase in the ion
concentration (c), thus resulting in the increase of the geometrical size and shape
(helho). Therefore, the diffusion coefficient (D/D,) is decreased because the diffusion
of condensed ionic water structure becomes difficult with an increase in the
geometrical size and shape (h./ho). That is to say, the diffusion behavior of sphere

structure is easier than that of the ellipsoidal structure [32,33].
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Figure 4. Effect of ion concentration (c) on the end-to-end distance ratio (4./h,) and diffusion
coefficient ratio (D/D,,) at atmospheric pressure and 7=298 K. (a) A constitutive relationship
between ion concentration (c) and end-to-end distance ratio (4./h). (b) A constitutive relationship
between ion concentration (c) and diffusion coefficient ratio (D/D,,).

Furthermore, effect of ion concentration (¢) on the density of condensed ionic water

structure is also investigated, where the density parameter plays a critical role to



determine the viscosity and diffusion coefficient. According to the free volume theory
[48], the volume of electrolyte aqueous solution is incorporated in three components,
i.e., pure water (V,,), ionic water (Vj,,) and free volume (¥}), the last of which is used
to present the unoccupied space in solution. Thus, the total volume (V) of the

electrolyte aqueous solution can be written as,

V =V, +V, =gV, +(1_¢)Vw +V4 (16)

where V,,, = %ﬁheho2 and V,, =§7th3

According to the Cohen-Turnbull model [49], a constitutive relationship among the

diffusion coefficient (D), Vo and Vris expressed as,

D =D, exp(—« V—O) (17)
Vf

where Dy is the initial diffusion coefficient and « is the thermal expansion coefficient.

By inserting equation (17) into (16), we can obtain,

h, B B o
v W=(¢E+a ¢)j(1 In(D/DW>—In<Do/DW>j (18)

The density of the electrolyte aqueous solution can be further written as

m, +m

m ..
V: v [15,22], where m, and m; are the masses of pure water and ionic

p:

water, respectively. Here the density of electrolyte aqueous solution is expressed as,

Pl _ g ¢4 Pu (19)

h, B o
(¢m+(1_¢)J£l In(D/DW)—In(DO/DW)j

where M; is the mass per mol of ions and pw is the density of pure water.

p=Mc+

Meanwhile, the apparent density (p4) of electrolyte aqueous solution is written as



[22],

m, m-m, pV-Mc

W on

V, V-V, V-vc

on

(20)

where v; is the volume per mole of ion. The apparent density (p4) is used to
characterize the hydrogen bond strength of ionic water. The higher the value of the
apparent density is, the weaker the hydrogen bond strength of the ionic water
becomes.

Table 2. Values of parameters used in equation (19) for various electrolyte aqueous solutions.

NaCl NaBr Nal KCl1 KBr KI CsCl CsBr Csl

a 48.15 | 34.49 | 69.57 | 85.68 | 76.69 | 61.98 | 60.61 68.72 | 63.52

Do/Dy, | 0.033 | 0.036 | 0.043 | 0.063 | 0.132 | 0.231 | 0.162 0.189 | 0.253

To verify the proposed model based on the equations (19) and (20), a group of
experimental data reported in Ref. [15] were employed to compare with the analytical
results. The analytical results of density (p) and apparent density (p4) as a function of
ion concentration (c¢) are plotted in Figures 5(a) and 5(b), respectively. All the
parameters used in the equations (19) and (20) are listed in Table 2. The obtained
analytical results reveal that the density (p) is gradually increased with an increase in
the ion concentration (c), thus resulting in the decreased apparent density (p4). The
working principles are originated from the changes of chaotropic and kosmotropic
structures in the condensed ionic water [16]. A decrease in the apparent density is
corresponding to a larger hydrogen bond length between ionic water molecules. This
means that with the introduction of ions and the increase in their concentrations, the

end-to-end distance of condensed ionic water structure is decreased to trigger the



chaotropic transition [16].
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Figure 5. Effect of ion concentration (c¢) on the density (p) and apparent density (p4) of electrolyte
aqueous solutions at atmospheric pressure and 7=298 K. (a) A constitutive relationship between
ion concentration (¢) and density (p). (b) A constitutive relationship between ion concentration (c)
and apparent density (p.).

Surface tension (y) is another key parameter to determine the total free energy (F)
of electrolyte aqueous solution. The relationship between the surface tension (y) and
total free energy (F) can be obtained using dF=yd4 [50], where the interfacial area (4)

is calculated for the condensed water with a sphere structure,

dA=— %2y -mgy @1

(413)" 3
The surface tension (y) can be obtained as,

_dF d_V zVlf?’d_lz

_dF 2»
YTV dA av (22)

Based on the equations (9), (13) and (18), both the free energy (F) and volume (V)

can be expressed as a function of the end-to-end distance (%), and accordingly, the



term of dF/dV can be rewritten as,

dF _dF d\/_whe} Pyl @ 23)
dv dh/ dh, | Nb*|/|b, " In(D/D,)

By inserting equation (23) into (22), the normalized surface tension (y/yw) is

y i 3 E ) u i "
Z‘(VW] [hwj{l In(DW/DO)}/{l In(D/DO)} @4

where y,, represents the surface tension of pure water.

obtained as,

Analytical results using equation (24) are plotted in Figure 6(a), and they are also
been compared with the MD simulation ones [12] for the electrolyte aqueous
solutions with NaCl, KCI, CsBr and Csl. The corresponding parameters used in the
calculation based on the equation (24) are listed in Tables 1 and 2. The analytical
results fit well with the MD simulation ones. For the electrolyte aqueous solutions
with KCl and NaCl, the normalized surface tensions (y/y.) are gradually increased
from 1.000, 1.028 to 1.049, at the same ion concentration of ¢=3 mol/L. Whereas
those of the electrolyte aqueous solutions with CsBr and Csl are decreased from 1.000,
0.981 to 0.964. Moreover, the divergences between the analytical and MD simulation
results are calculated based on their correlation index (R?), and the obtained values are
98.30%, 80.02%, 82.34% and 87.08% for the electrolyte aqueous solutions with NaCl,
KCl, CsBr and Csl, respectively, as shown in Figure 6(b). These results indicate that a

good agreement between the analytical results and MD simulation ones (|y/yw|<1.5%).
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Figure 6. Comparisons between analytical results using equation (24) and MD simulation results
[28] for the electrolyte aqueous solutions at atmospheric pressure and 7=298 K. (a) Surface
tensions (y/y.) as a function of ion concentration (c¢) of electrolyte aqueous solutions with NaCl,
KCI, CsBr and Csl. (b) Divergences of the analytical and MD simulation results.
3.2 Thermodynamic diffusion coefficient

Apart from density (p) and surface tension (y) parameters, thermodynamic
parameters have also played essential roles to determine the diffusion coefficient (D)
of condensed ionic water structure. For example, it is necessary to investigate the
effect of temperature on the hydrogen bond strength and conformational free energy
(Feony), both of which determine the diffusion behavior and topological geometry of
the condensed ionic water structure [13]. A constitutive relationship between the

diffusion coefficient (D) and temperature (7) is written as [13],

I 21 22 42 44 Y
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To verify the proposed model of equation (25), the analytical results have been
obtained and then compared with the MD simulation results [15], to explore the
constitutive relationship between diffusion coefficient (D) and temperature (7) of the
electrolyte aqueous solutions. The results are shown in Figures 7(a-e). It is found that
the proposed model can well predict the MD simulation results. Moreover, the values
of their correlation index (R?) are 97.79%, 98.60%, 97.45%, 99.06%, 96.76% for 1.4
mol/L Csl, 1.5 mol/L Csl, 1.0 mol/L NaCl, 1.5 mol/L NaCl and 2.9 mol/L NaCl, as
shown in Figure 7(f). The error ratios are limited in £10% approximately, showing a

good agreement between the analytical and MD simulation results.
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Figure 7. Comparisons between analytical results using equation (25) and MD simulation results
[15] for the electrolyte aqueous solutions at atmospheric pressure. (a-¢) Diffusion coefficient ratio
(D/Dy) as a function of temperature (7) of electrolyte aqueous solutions with 1.4 mol/L Csl, 1.5
mol/L Csl, 1.0 mol/L NaCl, 1.5 mol/L NaCl and 2.9 mol/L NaCl. D,~6.02x10° m?/s is the
diffusion coefficient of pure water at 278 K. (f) Divergences of the analytical and MD simulation

results.



A heatmap of diffusion coefficient ratio (D/D,) as functions of the ion
concentration (c¢) and temperature (7) for KBr aqueous solution is plotted in Figure 8,
in which coupling effect of ion concentration (c) and temperature (7) on the diffusion
coefficient ratio (D/Dy) is clearly presented. At the same ion concentration of ¢=2.5
mol/L, the diffusion coefficient ratio (D/Dy) is gradually increased from 1.061, 1.096,
1.135, 1.174, 1.213 to 1.252 with an increased in temperature from 280 K, 290 K, 300
K, 310 K, 320 K to 330 K. The results show that a higher diffusion coefficient ratio

(D/Dy) of the condensed water can be achieved at a higher temperature (7).
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Figure 8. The 2D heatmap chart of diffusion coefficient ratio (D/D,) for KBr aqueous solution as
functions of the ion concentration (c¢) and temperature (7), at the atmospheric pressure.
4. Conclusion

In this study, a topological geometry strategy has been proposed to investigate the
condensed ionic water structures based on the end-to-end distances (he/ho and hy) of
electrolyte aqueous solutions. Based on the Flory—Huggins theory, a free-energy
function is initially formulated to describe the effects of ion concentration (c), density

(p), apparent density (p4), surface tension (y) and temperature on the diffusion



coefficient, of which the constitutive relationship using the end-to-end distances (he/ho
and hy) is obtained based on the extended Stokes-Einstein model. Furthermore, the
effects of geometrical end-to-end distance on electrostatic and thermodynamic
diffusion behaviors have been explored and discussed for the electrolyte aqueous
solutions. A thermodynamic model of diffusion coefficient is formulated to
characterize the water structure using parameters of geometrical end-to-end distances
(he and hp). The functions of salts are considered in analysis, and their ionic bond
strengths are associated with the “structure-making” and “structure-breaking” in the
electrolyte aqueous solutions. The analytical and experimental results reveal that the
diffusion coefficients are in an order of
NaCl>NaBr>Nal>KCI>KBr>CsCI>CsBr>KI>Csl, which is attributed to the
increased local structure of end-to-end distance (%4.). Meanwhile, the end-to-end
distance (ho) has been used to describe the ionic water structure from a sphere shape
into an ellipsoidal one, whose geometrical shapes are governed by the non-Euclidean
geometry model. Analytical results reveal that the diffusion coefficient is decreased
with the increases of end-to-end distance (he) and end-to-end distance ratio (he/ho).
Finally, effectiveness of the proposed model is verified using both MD simulations
and experimental results reported in literature, and good agreements of analytical,

simulation and experimental results have been achieved.

Acknowledgements

This work was financially supported by the National Natural Science Foundation of



China (NSFC) under Grant No. 11725208 and 12172107, International Exchange

Grant (IEC/NSFC/201078) through Royal Society and NFSC.

References

[1] Urquidi J, Singh S, Cho C H and Robinson G W 1999 Origin of temperature
and pressure effects on the radial distribution function of water Phys. Rev. Lett.
82 2348-50

[2] Gallo P, Amann-Winkel K, Angell C A, Anisimov M A, Caupin F, Chakravarty
C, Lascaris E, Loerting T, Panagiotopoulos A Z, Russo J, Sellberg J A, Stanley
H E, Tanaka H, Vega C, Xu L and Pettersson L G M 2016 Water: a tale of two
liquids Chem. Rev. 116 7463—500

[3] Vedamuthu M, Singh S and Wilse Robinson G 1995 Properties of liquid water.
4. The isothermal compressibility minimum near 50°C J. Phys. Chem. 99
92637

[4] Levy A, Andelman D and Orland H 2012 Dielectric constant of ionic solutions:
A field-theory approach Phys. Rev. Lett. 108 227801

[5] Sellberg J A, Huang C, McQueen T A, Loh N D, Laksmono H, Schlesinger D,
Sierra R G, Nordlund D, Hampton C Y, Starodub D, DePonte D P, Beye M,
Chen C, Martin A 'V, Barty A, Wikfeldt K T, Weiss T M, Caronna C, Feldkamp
J, Skinner L B, Seibert M M, Messerschmidt M, Williams G J, Boutet S,
Pettersson L G M, Bogan M J and Nilsson A 2014 Ultrafast X-ray probing of
water structure below the homogeneous ice nucleation temperature Nature 510
3814

[6] Neuefeind J, Benmore C J, Weber J K R and Paschek D 2011 More accurate



X-ray scattering data of deeply supercooled bulk liquid water Mol. Phys. 109
279-88

[7] Tokushima T, Harada Y, Horikawa Y, Takahashi O, Senba Y, Ohashi H,
Pettersson L G M, Nilsson A and Shin S 2010 High resolution X-ray emission
spectroscopy of water and its assignment based on two structural motifs J.
Electron Spectrosc. Relat. Phenom. 177 192-205

[8] Tokushima T, Harada Y, Takahashi O, Senba Y, Ohashi H, Pettersson L G M,
Nilsson A and Shin S 2008 High resolution X-ray emission spectroscopy of
liquid water: The observation of two structural motifs Chem. Phys. Lett. 460
387-400

[9] Wernet P, Nordlund D, Bergmann U, Cavalleri M, Odelius M, Ogasawara H,
Naslund L A, Hirsch T K, Ojamae L and Glatzel P 2004 The structure of the
first coordination shell in liquid water. Science 304 995-9

[10] Overduin S D and Patey G N 2012 Understanding the structure factor and
isothermal compressibility of ambient water in terms of local structural
environments J. Phys. Chem. B 116 12014-20

[11] Shi R and Tanaka H 2020 Direct evidence in the scattering function for the
coexistence of two types of local structures in liquid water J. Am. Chem. Soc.
142 286875

[12] Andreev M, de Pablo J J, Chremos A and Douglas J F 2018 Influence of ion
solvation on the properties of electrolyte solutions J. Phys. Chem. B 122 4029—
34

[13] Kim J S, Wu Z, Morrow A R, Yethiraj A and Yethiraj A 2012 Self-diffusion and
viscosity in electrolyte solutions J. Phys. Chem. B 116 1200713

[14] Miiller K J and Hertz H G 1996 A Parameter as an indicator for water—water



association in solutions of strong electrolytes J. Phys. Chem. 100 1256—65

[15] Novotny P and Sohnel O 1988 Densities of binary aqueous solutions of 306
inorganic substances J. Chem. Eng. Data 33 49-55

[16] Luo P, Zhai Y, Senses E, Mamontov E, Xu G, Zhyang Y and Faraone A 2020
Influence of kosmotrope and chaotrope salts on water structural relaxation J.
Phys. Chem. Lett. 11 8970-5

[17] Paschek D and Ludwig R 2011 Specific ion effects on water structure and
dynamics beyond the first hydration shell Angew. Chem. Int. Ed. 50 3523

[18] Gaiduk A P and Galli G 2017 Local and global effects of dissolved sodium
chloride on the structure of water J. Phys. Chem. Lett. 8 1496-502

[19] Gallo P, Corradini D and Rovere M 2011 Ion hydration and structural
properties of water in aqueous solutions at normal and supercooled conditions:
a test of the structure making and breaking concept Phys. Chem. Chem. Phys.
13 19814

[20] Chandra A 2000 Effects of ion atmosphere on hydrogen-bond dynamics in
electrolyte aqueous solutions Phys. Rev. Lett. 85 76871

[21] Jenkins H D B and Marcus Y 1995 Viscosity b-coefficients of ions in solution
Chem. Rev. 95 2695-724

[22] Dougherty R C 2001 Density of salt solutions: effect of ions on the apparent
density of water J. Phys. Chem. B 105 45149

[23] Marcus Y 2010 Effect of ions on the structure of water: structure making and
breaking Pure Appl. Chem. 82 1889-99

[24] Collins K D and Washabaugh M W 1985 The Hofmeister effect and the
behaviour of water at interfaces Q. Rev. Biophys. 18 323422

[25] Kunz W, Henle J and Ninham B W 2004 ‘Zur Lehre von der Wirkung der



Salze’ (about the science of the effect of salts): Franz Hofmeisters historical
papers Curr. Opin. Colloid In. 9 19-37

[26] Jungwirth P and Tobias D J 2006 Specific ion effects at the air—water interface
Chem. Rev. 106 1259-81

[27]Mills R and Lobo V M M 1989 Self-diffusion in Electrolyte Solutions (Elsevier)
pp 255-74

[28] Zangi R, Hagen M and Berne B J 2007 Effect of ions on the hydrophobic
interaction between two plates J. Am. Chem. Soc. 129 4678-86

[29] Mancinelli R, Botti A, Bruni F, Ricci M A and Soper A K 2007 Perturbation of
water structure due to monovalent ions in solution Phys. Chem. Chem. Phys. 9
2959-67

[30] Mancinelli R, Botti A, Bruni F, Ricci M A and Soper A K 2007 Hydration of
sodium, potassium, and chloride ions in solution and the concept of structure
maker/breaker J. Phys. Chem. B 111 135707

[31] Li P, Lu H and Fu Y Q 2022 Phase transition of supercooled water confined in
cooperative two-state domain J. Phys. Condens. Mat. 34 165403

[32] Flory P J 1953 Principles of Polymer Chemistry (Cornell University Press)

[33] Bereolos P, Talbot J, Allen M P and Evans G T 1993 Transport properties of
the hard ellipsoid fluid J. Chem. Phys. 99 6087-97

[34] Einstein A 1956 Investigations on the Theory of the Brownian Movement
(Courier Corporation)

[35] Shinohara Y, Dmowski W, Iwashita T, Ishikawa D, Baron A Q R and Egami T
2019 Local correlated motions in aqueous solution of sodium chloride Phys.
Rev. Mater. 3 065604

[36] Shinohara Y, Matsumoto R, Thompson M W, Ryu C W, Dmowski W, Iwashita



T, Ishikawa D, Baron A Q R, Cummings P T and Egami T 2019 Identifying
water—anion correlated motion in aqueous solutions through van hove
functions J. Phys. Chem. Lett. 10 7119-25

[37] Tielrooij K J, Garcia-Araez N, Bonn M and Bakker H J 2010 Cooperativity in
ion hydration Science 328 10069

[38] Xantheas S S 2000 Cooperativity and hydrogen bonding network in water
clusters Chem. Phys. 258 225-31

[39] Xing Z, Lu H and Fu Y-Q 2022 Self-consistent fractal geometry in
polyampholyte hydrogels undergoing exchange and correlation charge-density
J. Phys. D Appl. Phys. 55 405302

[40] Hart A 2014 A review of technologies for transporting heavy crude oil and
bitumen via pipelines J. Pet. Explor. Prod. Technol. 4 327-36

[41] Dobrynin A and Rubinstein M 2005 Theory of polyelectrolytes in solutions
and at surfaces Prog. Polym. Sci. 30 1049-118

[42] Kuhn W, Kiinzle O and Katchalsky A 1948 Verhalten polyvalenter
fadenmolekelionen in 16sung Helv. Chim. Acta 31 1994-2037

[43] Voutsas E, Magoulas K and Tassios D 2004 Universal mixing rule for cubic
equations of state applicable to symmetric and asymmetric systems: results
with the Peng—Robinson equation of state /nd. Eng. Chem. Res. 43 6238—46

[44] Coutinho J A P and Pessoa F L P 2004 A modified extended UNIQUAC model
for proteins Fluid Phase Equilibr. 222223 127-33

[45] Huang T M, McCreary K, Garg S and Kyu T 2011 Induced smectic phases in
phase diagrams of binary nematic liquid crystal mixtures J. Chem. Phys. 134
124508

[46] Xing Z, Lu H and Hossain M 2021 Renormalized Flory-Huggins lattice model



of physicochemical kinetics and dynamic complexity in self-healing
double-network hydrogel J. Appl. Polym. Sci. 138 50304

[47] Gordon M 1981 Scaling concepts in polymer physics Polymer 22 565

[48] Hodge I M 1994 Enthalpy relaxation and recovery in amorphous materials J.

Non-Cryst. Solids 169 211-66

[49] Laghaei R, Nasrabad A E and Eu B C 2005 Generic van der Waals equation of
state, modified free volume theory of diffusion, and viscosity of simple liquids
J. Phys. Chem. B 109 5873-83

[50] Ghoufi A, Malfreyt P and Tildesley D J 2016 Computer modelling of the

surface tension of the gas—liquid and liquid-liquid interface Chem. Soc. Rev.

45 1387-409



