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ABSTRACT: Molecular dynamics simulations were carried out to investigate the
microscopic origin of the deviation from Stokes—Einstein behavior observed in the
dynamics of KSCN aqueous solutions. When the solution becomes more concentrated, the
rotational mobilities of SCN™ and water bifurcate significantly as also observed in the
experimental ultrafast infrared measurements. The translational mobilities of different
components, on the other hand, have similar concentration dependences. Furthermore,
when concentrating the solution, the mobilities increase slightly first and then reduce

W) ~
W)~ W
'n\/u/@@ 7
N\ N 3 »E
W (WD) z e
\AWAS u@ H -
@ V) m @ %2 L2
( z 8
oot
\ £
\ @ e g
~ (D~ <
ww) W T R s A
N @ Comcentraion (molkg)

afterward. Our simulations revealed that these phenomena observed in the dynamics

originate from the ion assembling in the solution. The RDF and pair residence time analysis further suggest the ion pairing effect
has significant contribution to the ion assembling. Results herein thus provide a microscopic insight on the origin of the ion
assembling phenomenon and its connection with various experimentally observable dynamical phenomena in the ionic solutions.

I. INTRODUCTION

Ionic aqueous solution widely exists on earth. It makes up the
dominant part of the water bodies on this planet, and forms the
main constituent of most living organisms. Study of ionic
solutions has great significance in the fields including chemistry,
biology, medicine, energy, and environmental sciences.) ™
Understanding and exploiting the physical processes in salt
solutions require a comprehensive knowledge of phase
equilibria and kinetics in these systems at a broad range of
concentrations.' >

Models such as the Pitzer equations®® provide a macroscopic
means to calculate the thermodynamics properties of ionic
solutions using the osmotic data. The predictions show
excellent agreement with the experiments in the solutions
with the concentration up to 6 mol/kg.***” Molecular
interpretation of the complex concentration and ion type
dependences of these thermodynamics data, however, requires
the investigations descending to the microscopic level.

An important step for studying the microscopic physics in
the ionic solutions is to understand how the ions distribute in
these systems. Traditional electrolyte solution theory considers
the electrolytes to be completely dissociated into free cations
and anions in the solution.””** On the basis of this picture,
Debye—Huckel and Onsager theories achieved the monumen-
tal success in explaining the experimental data at the dilute
solutions. At higher concentrations, however, there is a non-
negligible possibility of finding an ion with opposite charge
inside the first solvation shells of the central ion.**™* An
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important, but not yet clearly addressed, issue is how the
microscopic dynamics in the solution is influenced by this ion
neighboring phenomenon.

In a recent work, we monitored the rotational dynamics of
both water molecules and SCN anions in the KSCN solutions
using the ultrafast vibrational energy exchange and anisotropy
measurements.*** As the concentration increases, a deviation

6,47

from the Stokes—Einstein behavior* is observed: the
thiocyanate’s rotational mobility changes proportionally to the
viscosity and much more significantly compared with the
rotational mobility of the water molecules. Furthermore, the
rotational mobilities of both components demonstrate a non-
monotonic concentration dependence. As the solution becomes
more concentrated, the rotational mobilities decrease first,
minimize at 1—2 mol/kg, and increase afterward.

While they presented vivid evidence on the deviation from
Stokes—Einstein—Debye behavior for the rotational dynamics
in the ionic solutions,46’47
questions: What is the origin of this deviation in the rotational
dynamics? What is the physics underlying the non-monotonic
concentration dependence? Furthermore, although not detect-
able by the ultrafast infrared techniques, do the deviation and

non-monotonicity also exist in the translational motions? To

our observations also raised several
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investigate these issues, a quantitative theoretical investigation
is desired.

In the present work, molecular dynamics simulations were
employed to study the microscopic structure and dynamics in
the KSCN solutions. A significant amount of jon assemblies
were found in the simulation results, which is consistent with
previous observations in the vibrational energy transfer
experiment.** The residence time and radial distribution
function analysis suggest that ion pairing' plays an important
role in the formation of the assemblies. Simulations nicely
reproduced the deviation from Stokes—Einstein behavior and
non-monotonic feature observed in the experimental rotational
mobilities. We also demonstrated that the translational
mobilities have less significant deviation from Stokes—Ein-
stein—Debye behavior compared with the rotational ones.
Further analysis suggested that ion assembling is an important
reason for the deviation and non-monotonicity observed.
Finally, by adding other salts, such as KF and KI, into the
system, significant changes of the microscopic dynamics can be
induced. This is caused by the different relative affinities of F~
and I" with other components in the solution system.

The manuscript is organized as follows: the simulation
methods are discussed in section II, which is then followed by
the results and discussion.

Il. METHODS

Molecular dynamics simulations were carried out for the KSCN
aqueous solution systems at different concentrations (0.5, 1.0,
2.0,2.5, 5,10.0, and 20 mol/kg). The SPC/E model®® was used
for the water molecules. In our work, the potassium ion
potential is adopted from the Dang series, since it is the most
popular non-polarizable ion force field*”*° and usually used as a
benchmark for ion model improvement.>" The Dang model is
developed to be consistent with the SPC/E water model. It is
the main reason why we chose the SPC/E model, which is
indeed a popular water model itself. The ion parameters were
taken from the previous works and listed in Table 1. The

Table 1. The Force Field Parameters

atom q (e) o (A) & (kJ-mol ™)
SPC/EY Oow —0.8476 3.166 0.650
water Hw 0.4238 0.000

S —0.0.56 3.52 1.5225
SCN™“ C 0.16 335 0.425

N —0.58 331 0.310
K0 +1.0 333 0.42
F~ -1.0 3.12 0.75
I -1.0 5.17 0.42

“Vincze, A; Jedlovszky, P.; Horvai, G. Anal. Sci. 2001, 17, i317.

cubical periodic boundary boxes were used in the simulations.
The 1:1:10 (KF:KI:KSCN) and 1:1:10 (KI:KI:KSCN)
solutions were also simulated to investigate the mixed ion
effect. The simulation boxes were constructed as the ratio in
Table 2.

The bond lengths and angles of water and SCN™ were
constrained at the equilibrium values (1.69, 1.15, and 1.0 A for
the bond lengths of S—C, N—C, and O—H; 109.47 and 180°
for the bond angles of SCN™ and water) by the SHAKE
algorithm.52 The Lorentz—Berthelot rules® were used for the
current combined Lennard-Jones potential parameters. For
each sample, a 5 ns NPT ensemble equilibration was carried
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Table 2. The Details of the Simulation Boxes

concentration number of number of mixed number of
(mol/kg) KSCN ions water
0.5 12 1176
24 1176
46 1154
2.5 56 1122
110 1090
10 200 1000
20 416 1000
1 (KF):1 (KSCN) 110 110 (KF) 1090
1 (KD):1 (KSCN) 110 110 (KI) 1090

out to generate the proper size of the simulation box; it was
followed by a 10 ns NVE ensemble simulation used to calculate
the dynamic properties. For each NPT simulation, the
temperature is weakly coupled to a bath with the Nosé—
Hoover thermostats®*>° at 298 K with a relaxation time of 0.1
ps. The weak coupling Berendsen scheme was used to control
the system pressure at 1 atm with a coupling time constant of 1
ps.>® The equations of motion were integrated using the
velocity Verlet integration scheme® and a time step of 2 fs. The
long-range Coulombic forces are calculated using the particle-
mesh Ewald method.>” The non-bonded van der Waals
interactions are truncated at 12 A using the switching functions.
Minimum image conditions®®> were used. The simulation
trajectories are saved every 100 fs. All simulations are
performed using the Tinker simulation code.’®

The densities from our simulations are listed in Table 3. The
simulation densities are slightly higher than those from

Table 3. The Densities of KSCN Water Solutions from
Simulations and Experiments

concentration MD density concentration exp. density
0.5 1.0528 0.5307 1.0218
1 1.0853 1.0087 1.0434
2 11212 2.0184 1.0885
2.5 1.1458 2.5124 1.1103
N 1.2416 3.9644 1.1728

experiments.”® However, the density increases with concen-
tration, which is consistent between the simulations and
experiments. The discrepancy between the simulations and
experiments is possible due to the force field parameters used.
The previous work suggests that the SPC/E water model is not
appropriate for the very concentrated solutions.”

lon Assembly and Hydrogen Bond Definitions. An ion
assembly is defined as the following: (i) every ion X (X =
SCN-, I, F7, or K*) is connected to at least one ion Y of the
opposite charge; two ions are said to be connected if they are
separated by a distance Ry_y smaller than the separation d
corresponding to the first minimum of the pair radial
distribution function. (Ry_y < d A for K-S (d = 4.0), K—N
(d = 3.5), K—F (d = 3.4), and K—I (d = 4.5) pairs); (ii) every
ion can be reached from any other ion within the assembly
through a path of consecutive connections. The total number of
all the ions in each ion assembly is defined as the size of the
assembly. Note this definition of the assembly contains no
information about the lifetime. An ion assembly defined this
way can be due to the instantaneous thermal fluctuation, or it
can be an assembly with longer lifetime and caused by more
complex energetic reasons. A thorough study of the lifetime
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Table 4. The Coordination Numbers at the Different Concentrations (mol/kg)®

20 10 s 2.5
Niow 274 3.89 5.14 6.11
Ni_s 2.20 1.68 112 0.61
Nien 1.97 1.44 0.84 0.47
Ny_r

Ni

Ng_x 220 1.68 112 0.61
Ny_x 1.97 1.44 0.84 0.47
Ne_x

Nix

Ne_ow

Niow

Nowow 3.15 3.94 447 483
Ng_ow 2.07 278 345 395
Ni—ow 1.86 2.51 3.18 3.53

2 1 0.5 KF KI
6.16 6.79 6.96 REN 3.61
0.60 0.29 0.16 0.96 0.79
0.43 0.17 0.14 0.80 0.71

0.25
1.49
0.60 0.29 0.16 1.92 1.58
0.43 0.17 0.14 1.60 1.42
2.99

6.14
3.45
4.95 S5.12 522 442 3.77
3.96 421 4.32 2.85 2.72
3.56 3.79 3.79 2.56 241

“Nx_y denotes the coordination number of Y around the central atom X by the integration from 0 to the first minimum of the pair radial distribution

function.

Table 5. The Diffusion Constants (10~° cm?/s), Rotational Correlation Times (ps), and Residence Times (ps) of Water and
Ions, as Well as the Corresponding Values of Their Subspecies in the KSCN Solutions and Mixing Solutions®

C (mol/L) 20 10 5 2.5
D mean 0.70 1.49 2.00 2.33
D water 1.08 1.80 2.19 2.44
DK 0.28 0.80 1.14 143
D SCN 0.30 0.73 1.10 1.49
DF 1.26
DI
7,°" mean 2.67 229 2.17 217
7,5N mean 6.81 4.18 2.98 2.50
7,°H PWB 2.00 2.04 2.02 2.12
7,°" PB 241 226 2.19 2.20
,°% TB 228 2.14 2.20 224
,°H BPT 2.87 2.50 2.32 227
7, PWB SCN 322 2.36 2.29 223
7, PB SCN 6.84 4.29 3.09 2.63
75 PWB water 1.48 3.14 S.01 9.09
75 PB water 0.84 1.49 1.85 2.54
73 TB water 1.94 2.15 2.26 2.16
7y BPT water 10.01 5.58 2.57 1.61
73 PWB SCN 3.30 6.00 9.53 15.29
73 PB SCN 76.46 43.66 13.83 8.46
R W=W 9.23 7.04 6.33 6.06
7 K=W 15.66 11.70 9.84 9.00
R S—W 8.4 5.66 4.62 4.3
7 N-W 1022 7.39 6.02 5.49
7 K=$ 27.06 17.83 12.96 10.03
7 K—=N 29.81 18.68 11.69 9.08

2 1 0.5 0 5 (KF) S (K1)
247 2.62 2.59 2.44 0.47 1.32
2.53 2.64 2.61 2.44 0.56 1.61
1.59 2.30 220 0.30 0.63
1.85 1.79 1.61 0.26 0.51

0.19

0.52
2.17 2.15 223 2.38 821 2.60
2.39 228 228 8.47 4.49
2.14 2.14 223 3.96 2.24
2.19 2.11 2.19 4.99 2.55
222 227 2.32 5.51 2.51
228 220 227 6.95 2.82
2.18 221 222 5.49 2.70
2.54 242 2.36 8.53 4.60
13.11 25.4 51.4 4.15 4.07
2.75 3.15 3.52 431 1.64
2.19 2.15 2.08 1.99 1.80
1.51 1.27 1.24 441 217
24.11 41.1 74.9 4.20 4.62
6.76 2.97 238 43.43 24.72
5.98 597 6.04 6.15 17.3 7.52
8.54 7.97 8.06 26.6 12.82
42 3.97 427 10.14 5.97
5.62 5.38 526 13.15 7.76
9.02 7.76 8.28 26.76 17.29
7.81 7.33 7.48 29.85 17.41

“W-W, K-W, S—W, N-W, K-S, and K—N atom pairs defined to obtain the water—water, K—water, SCN—water, and K—SCN pair residence

times.

distribution and the energetic origin of these ion assemblies are
beyond the scope of this manuscript.

For a specific ion X, if the separation Ry_y between X and
one water or ion Y is not larger than dy_y, which corresponds
to the first minimum of the RDF (dgy,_ow = 3.5, dy_ow = 34,
ds_ow = 3.6, dx_ow = 3.6, dp_ow = 32, d_o = 4.0, dy_g = 4.0,
dg_x = 3.5, dg_p = 3.4, and di_; = 4.5), they are considered to
be in the first solvation shell of X. The number of ion or water
in the solvation shell of X is defined as the coordination
number of X in Table 4.
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Two water molecules are considered to be hydrogen bonded
if the distance between their oxygens is Rp,0, < 3.5 A and the
angle is Gyowow < 30° (O, water oxygen atom; H,, water
hydrogen atom).

Subspecies Definition. In the pure KSCN aqueous
solutions, we defined four categories of water molecules
according to the surrounding environments. (1) Pure water
bound (PWB): there are only water molecules in its first
solvation shell. (2) Potassium bound (PB): the first solvation
shell has only K* besides water. (3) Thiocyanate bound (TB):

dx.doi.org/10.1021/jp400441e | J. Phys. Chem. B 2013, 117, 2992—3004
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Figure 1. (A) The concentration dependent viscosities (black) and rotational correlation times of SCN™ anions and D,0O (blue) in the KSCN
aqueous solutions detected in the experiments; (B) the corresponding rotational correlation times from MD simulations, compared with the
experimental viscosity; (C) the zoomed-in figure of part B at a low range of concentration.

the first solvation shell has only SCN™ besides water. (4) Bridge
between potassium and thiocyanate (BPT): the first solvation
shell has at least one K* and one SCN™. In the KSCN solutions
with additional F~ or I” ions, two more subspecies are defined.
(5) Halide ions bound (HB): the first solvation shell has only
F~ (I") besides water molecules. (6) Bridge between potassium
and halide ions (BPH): the first solvation shell has at least one
K* and one F~ (I7).

Similarly, thiocyanate ions and potassium ions can be
separated into two types in the following way. (1) Pure water
bound (PWB): the first solvation shell contains only water
molecules. (2) Ion bound (IB): the first solvation shell contains
at least one ion.

Pair and State Residence Time. The time dependent pair
correlation functions, R(t), are employed to calculate the
residence times for the water—water pair (W—W), ion—ion
(SCN-K pair: N-K and S—K), and ion—water pairs (SCN—
water pair: N—W and S—W; K—water pair: K—W).ZI’61 R(t)
represents the probability that one pair, X and Y, exists at t = 0
is still intact at a later time ¢

R(t) = (h(t)h(0))/(h(0))

h(t) is the population operator. h(t) = 1 when the distance of
the pair is smaller than the dy_y, and h(t) = 0 otherwise. The
angular brackets denote the ensemble average.

To calculate the continuous pair residence time 7, we set all
h (t > t) = 0 once the pair distance is longer than dy_y at the
moment t. R(t) is then calculated and fitted with a double
exponential decay function. The relaxation time of the slower
procedure is defined as 7c. To exclude the transient escape of a
labeled pair, we also calculated the intermittent pair residence
times 7y in a similar way. Different from 7, the transient escape
of the pair, with the leavin§ time shorter than 2 ps, is allowed in
the calculation of 7.5%% 7. and 7 for different pairs are
presented in Table S.

(1)
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A similar routine can be applied to extract the “state
residence time” 7g of water and SCN~ subspecies. Here, h(t) =
1 when the labeled water and ion meets the criteria of
subspecies definition at evolution time f, and h(t) = 0
otherwise. The transient departure (<2 ps) from the current
state is allowed for zg.

Rotational Correlation Time. The second-order reor-
ientation correlation function C*(t) of a molecule or ion in a
solution is described as a second-order Legendre polyno-
mial®*~¢’ along a molecular axis a:

1 2
C(t) = —(3le(t)-e(0)]” — 1
(t) = —(3le(t)-e(0)] - 1) @)
where e is a unit vector pointing along this axis. In general,
C*(t) shows an exponential decay

Ci(t)=A exp(—TL]

©)

where A is a constant. 7, is the rotational correlation time of
this molecular axis a and is related to the experiment
measurements.®* The rotational correlation times were
calculated by fitting in the time interval for which In(C*(t))
decreases linearly.®>~%

We can, similarly, define the rotational correlation function
C%(t) for a specific subspecies from eq 2, with only the
requirement that the target water or SCN™ belongs to this
subspecies at t = 0, regardless of the following status of the
target molecule at ¢ > 0.

Diffusion Constant. The self-diffusion coefficient D can be
derived from the time-dependent mean square displacements of
the labeled molecule or ion in the solutions, according to the
Einstein relation®>®

D = lim —(lr(t) — r(O)lZ) = lim &
6t t— 0o 61’

t— o0

4)
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Figure 2. The radial distribution functions for the Ow—Ow, N—Ow, S—Ow, K—Ow, F—Ow, I-Ow, F—K, and I-K pairs.

r(t) is the position vector of the molecular or ion center of mass
at time ¢, and the averaging is performed over all molecules or
ions of the same type. T(t) is the time-dependent mean square
displacements. The diffusion constant of a solution is calculated
as the mean square displacements over all molecules and ions
averagely in the solution.

The time-dependent mean square displacements of the
subspecies, T(t), are used to interrogate the mobilities of
subspecies. If one water or ion in the solutions belongs to one
type of its subspecies at ¢ = 0, the time-dependent mean square
displacements are traced forward regardless of the state
following it. Similar as in the discussion of the subspecies
rotation, it is only meaningful to discuss the behavior of T(t)
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for a certain subspecies when the time is shorter than its
residence time.

lll. RESULTS

(A). Rotational Mobility Observed in Simulation and
Experiment. The concentration dependences of the rotational
correlation times of SCN™ and water in the simulation are
presented in Figure 1B and compared with the experimental
anisotropy and viscosity measurements in Figure 1A. The
simulation resembles most of the experimental results,
including the bifurcating between the rotational mobilities,
the strong correlation of SCN™’s rotation with the viscosity, and

dx.doi.org/10.1021/jp400441e | J. Phys. Chem. B 2013, 117, 2992—3004
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Figure 3. The distribution of the hydrogen bond lengths and angles for the water—water and water—SCN. Only the pairs with the distance Rx_y less
than critical separation d (doy_ow = 3.5 A, dy_ow = 34 A, ds_o,, = 3.6 A, as defined by the first minimum of the RDFs) and the hydrogen bond angle
less than 50° are included in the calculation. The hydrogen bond angle is defined as the H—O—0 angle for the one H atom of the four that makes
the smallest angle as the following reference: Sharp, K. A.; Vanderkooi, J. M. Acc. Chem. Res. 2010, 43, 231-239.

the non-monotonic concentration dependence of water rota-
tional mobilities in Figure 1C. For the thiocyanate, although the
simulation does not precisely reproduce the experimentally
observed small augmentation of rotational correlation time at
lower concentrations, the simulated rotational mobility follows
a fairly flat curve which does not deviate much from the
experimental result. The minor mismatch may be due to the
force field used.

(B). Structure and lon Assembly. The radial distribution
functions (RDF) of Ow—Ow, N—Ow, S—Ow, K—Ow, K—N,
and K-S pairs in the pure KSCN solutions are shown in Figure
2. The first peak of the Ow—Ow RDF only changes slightly
with the concentration, while the second peak is weakened
significantly due to the disruption of the second solvation shell
of water molecules by the ions.®® Appearance of the peak at
about 3.5 A indicates the probability of two waters appearing in
the first solvation shell of the same ion increases. The maxima
of the first peaks of N—Ow and S—Ow RDFs are 2.8 and 3.2 4,
respectively. The association between the SCN™ and water
weakens at higher concentrations, which can be found from the
coordination numbers of Ng_g,, and Ny_g,, in Table 4. The
association structures between water and SCN~ discussed
herein is consistent with the previous simulations.”

The length and angle distribution of two types of hydrogen
bonds, water—water and water—SCN pairs, are presented in
Figure 3. The water—water pair has smaller average lengths and
angles as well as a narrower distribution compared with the
water—SCN pair, as can be observed in Figure 3.

For the different water subspecies, the water—water hydro-
gen bond numbers attached to a single water molecule are
shown in Figure 4. The average number decreases more rapidly
than that for each subspecies. The number of the attached
hydrogen bond is the largest for the PWB water and the
smallest for the BPT water. The average hydrogen bond
number is determined by the PWB type and BPT water at low
and high concentration, respectively.

The first peaks in the RDFs of K—N and K-S are
significantly higher than the ion—water pairs. The coordination
number of SCN™ to K' increases from 0.30 to 4.17 as the
concentration changes from 0.5 to 20 M. The experimental
values are 0.2 and 0.9 at 0.6 and 2.9 M.®® The average assembly
size and the ratio of ions in the assemblies increase with
concentration (Figures S and 6). For the solution with the
lowest concentration of 0.5 mol/kg, a K" has 6.96 waters in its
first solvation shell averagely (5.9 water at 0.6 mol/kg from ref
68), while a SCN™ has 8.11 waters, including 3.79 for the N
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Figure 4. The average number of water—water hydrogen bonds
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Figure 5. The population of the ion assemblies in the KSCN solutions
at different concentrations.

terminal (3.1 at 0.6 mol/kg from ref 68) and 4.32 for the S
terminal. Theoretically, the ions can be fully dissociated in the
solution at 2 mol/kg according to the ratio of two components
(1KSCN:2Swater) and the coordination numbers at 0.5 mol/
kg. However, 60% of ions form assemblies at 2 mol/kg. The
facts above show that SCN™ and K thus have a high tendency
to pair with each other.

There are significantly higher first peaks for the radial
distribution functions of the K—N, K-S, and K—I ion pairs

dx.doi.org/10.1021/jp400441e | J. Phys. Chem. B 2013, 117, 2992—3004
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Figure 6. The populations of the different subspecies of water and ions
at different concentrations.

than that of the K—F pair, which means that the CIP (contact
ion pair) configures are more favorable for the former ones
than the last (Figure 2). K—F pairs, on the other hand, favor the
SSIP (single solvent separated ion-pair) structures,”*>%7° as
suggested by a higher and broader second association peak in
the range 4—6 A (Figure 2). A strong peak can be found at 2.65
A for the F—Ow pair and a weaker peak at 3.65 A for the [-Ow
pair, which indicates a higher water affinity of F~ compared
with I". Adding KI has a similar effect to increasing the
concentration of KSCN. The total coordination number of K*
is 6.60 (3.61 for water oxygen, 0.79 for SCN™~ sulfur, 0.71 for
SCNT nitrogen, and 1.49 for iodine), which is similar to that in
the KSCN solution at 10 mol/kg (3.89 for water oxygen, 1.68
for SCN™ sulfur, and 144 for SCN™ nitrogen). The only
difference is that some SCN™ in the ion assemblies at 10 mol/
kg is replaced with the iodine ions. The mixed ion assemblies
are formed in the mixed solutions. The local environment of
SCN is also similar to that in the KSCN solution of 10 mol/kg.
This can be deduced from the coordination numbers and
components of sulfur and nitrogen atoms in Table 4.

In the solution of KSCN:KF:water, 87, 98, and 41% of K*,
SCN7, and F~ are assembled, respectively, while, in the
KSCN:KlI:water solution, the ratio is 97, 95, and 97% for K*,
SCNT, and I". Both systems have a higher assembled ratio of
SCN™~ compared with the pure KSCN (S mol) solution, in
which 89% of K and 86% of SCN™ were assembled. The big
difference between the assembly ratio of F~ and I" is due to the
higher water affinity of the F~ compared with I".

The concentration-dependent populations of different
subspecies of water, K, and SCN™ are shown in Figure 6.
The populations of the ions in the assemblies increase
drastically within the range 0.5—5 mol/kg. The ratio of PWB
water decreases and the population of the BPT water increases
monotonically with concentration. One maximum can be
observed at a concentration of 5 mol/kg for the PB or TB
water.

(C). Pair Residence Time. The residence times for the
water—water (W—W), K—water (K—W), SCN—water (N—W
and S—W), and K—SCN (K—N and K—S) pairs at different
concentrations are presented in Figure 7 and listed in Table S.
The residence times, 7y, of water—water and water—SCN pairs
(either S or N atom) are shorter than those of K—water and
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Residue time (ps)

Concentration (mol/kg)

Figure 7. Residence times, 7p, for the water—water (W—W), K—water
(K—=W), SCN—water (residence times for S—W and N—W atom
pairs), and SCN—K (residence times for the S—K and N—K atom
pairs). The continuous residue times, 7, for the water—water are also
presented.

K—CN pairs and have relatively minor variations with salt
concentration. A minor monotonous decrease is found for the
continuous residence times 7 for the water—water pair. The
difference between the 7. and 7y of water—water residence time
suggests that transient breaking and reforming for the water—
water pair happen more frequently at the higher concentrations.
The residence times of S—W and N—W pairs are slightly
shorter than those for the water—water pair at low and median
concentration and increase relatively faster afterward.

In the KF:KSCN:water solution, the residence times of the
W-W, K—=W, S—W, N-W, S—K, and N—K pairs are 17.3, 26.6,
10.14, 13.15, 26.76, and 29.85 ps, respectively, significantly
higher than the corresponding values in the KSCN solution at
any concentration. In the KI:KSCN:water solution, a similar
residence time was found for different pairs as in the KSCN
solution at 10 mol/kg (Table ).

(D). State Residence Time. The state residence times, 7g,
for different subspecies of water and SCN™ are presented in
Figure 8. The PWB states have the longest residence time for
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Figure 8. The state residence times of the subspecies of water and
SCN™ at different concentrations.
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Figure 9. (A) The rotational correlation times of the SCN™ in average and two subspecies PWB and IB. (B) The rotational correlation times of
water in average and four subspecies. The subspecies for water and SCN are defined in section II. For comparison, the rotational correlation time of

PWB SCN is also plotted here.

both water and SCN™ at low concentrations, while the BPT
water and IB SCN™ are the most stable states at higher
concentrations. The state residence times of the PWB water
and SCN™ both decrease rapidly at lower concentration. The
former is a little higher than the latter at all concentrations. The
state residence times of the IB SCN™ increases more sharply
than that of BPT water.

(E). Rotational Mobility. The concentration dependence of
the rotational correlation times for both SCN™ and water
molecule are demonstrated in Table S and Figure 9. For SCN7,
the overall rotational correlation time correlates strongly with
IB SCN when the concentration is above 1 mol/kg and with
PWB SCN~ when the concentration is below that. The
rotational mobilities of PWB and IB SCN™ diverge significantly
at higher concentrations. A very weak decrease can be found
from 0 to ~2 mol/kg for PWB SCN™.

The rotational correlation times of water in average, PB
water and BPT water decrease with concentration at low
concentrations, approach minima at about 1 mol/kg and
increase monotonously afterward. The rotational correlation
times of the PWB water and the TB water decrease
monotonously with concentration.

A clear anisotropic rotational behavior is observed for the
water (Figure 10) at a low concentration, such as 0.5 mol/kg,
which is consistent with the previous study.”' Water molecules
rotate a little faster along the dipole direction (2.0S ps) than the
O—H bond direction (2.23 ps). A little slow rotation along the
dipole moment vector (2.17 ps) for the PB water than the PWB
water (2.04 ps) is observed, which is also consistent with the
previous studies.”’ There is no evident difference for the
rotation of water in the different environments along the O—H
bond and the dipole direction due to the weakly hydrated
effects for the K* and SCN™. A little faster decay at short times
(inset of Figure 10) is observed for the rotational correlation
function of TB water than other cases.

The rotational correlation times of water and SCN™ in the
1:1:10 (KF:KSCN:water) solution are 8.21 and 847 ps
averagely, and correspondingly 2.60 and 4.49 ps in the 1:1:10
(KI:KSCN:water) solution and 2.29 and 4.18 ps in the 1:10
(KSCN:water) solution. The effect of KI is similar to the
concentrated effect on the rotational mobility of water and ions,
which can be found in Table S.

(F). Translational Mobility. Translational mobility can be
studied by the self-diffusion constants calculated by eq 4. The
diffusion constant of each species in the KSCN solution is
presented in Figure 11 and Table 5. The mean diffusion
constant D slightly increases at the low concentration, reaches a
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Figure 10. Anisotropic rotational correlation functions of water along
the O—H bond and dipole vector in the solution with the KSCN
concentration of 0.5 mol/kg. The short time decay curves are shown in
the inset figure correspondingly.
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Figure 11. Diffusion constants of water, K*, and SCN™ and the mean
values at the different concentrations.

maximum at about 1 mol/kg, and decreases afterward. The
diffusion constant of water has a slightly weaker correlation
with the concentration compared with the ions. Water is the
fastest component in the solution at any concentration. The
diffusion constants of K* and SCN~ strongly correlate with
each other as concentration higher than 2.5 mol/kg and are
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close each other. The coupling translation is also found in the
mixed solutions, the similar values of 0.30 and 0.26 for them in
the 1:1:10 (KF:KSCN:water) solution and 0.63 and 0.51 in the
1:1:10 (KI:KSCN:water) solution. The diffusion constants of
water, K*, and SCN™ in the 1:1:10 (KF:KSCN:water) solution
are much lower than those in the 1:10 (KSCN:water) solution
(0.80 and 0.73 X 107> cm?/s) and similar to those in the 1:1:10
(KI:KSCN:water) solution.

The relative translational and rotational mobilities of water at
different concentrations are presented in Figure 12 and

3 43
—e— viscosity (exp) ./'
—O— rotation mobility of water /
5. translation mobility of water o Vad 1,
eo . /
a o
\P= po /
= /
T g 41
0 T T T T T T T T 0
0 5 10 15 20
Concentration (mol/kg)

Figure 12. The relative rotational correlation times (7/7,: 7, is the
rotation time of pure water) and translational diffusion constants (D/
Dy: Dy is the diffusion time of pure water) of water compared with the
experimental viscosity at different concentrations. The curves are
scaled with the values in the pure water.

compared with experimental viscosity. Translational mobility
has a much stronger correlation with the viscosity than the
rotational mobility, which deviates from the Stokes—Einstein—
Debye (SED) relation.***”

The time-dependent mean square displacements T(t) of the
PWB water are demonstrated in Figure 13. The T(t) of the
PWB water in low concentration (0.5 and 1 mol/kg) solutions
almost increase linearly, similar as in pure water but with a little
larger displacement. As the concentration further increases, the
T(t) of PWB water bends at long time scale.

IV. DISCUSSION

Rotational dynamics of the water and SCN~ demonstrate a
significant difference in their concentration dependences. The
rotational mobility of SCN™ is more sensitive to the

concentration change than that of water molecules. On the
other hand, the translational motions of different components
have similar concentration dependences. The translation and
rotation of water molecules thus appear to have rather different
concentration dependences, as also suggested by Wynne and
co-workers.”* Furthermore, a non-monotonic concentration
dependence was found for the mobilities of water.

To understand the underlying structural origin of the
observed deviation from the Stokes—Einstein behavior in the
solution dynamics, we analyzed the local environments of ions
at different concentrations. In Figure 2, the first peaks of the
N—-Ow and S—Ow RDFs are weaker compared with those of
the Ow—Ow pair, while the first peaks of K—N and K—S RDFs
are stronger than those of ion—water RDFs, which indicates
that K" and SCN™ have a higher probability to stay next to each
other instead of separated by water molecules. Further analysis
in Figure S suggests that this cation—anion affinity causes a
significant amount of ions to assemble even at the moderate
concentrations, which is consistent with the recent ultrafast
vibrational energy exchange measurements. ***° Figure S also
demonstrates that bigger ion assemblies form as the
concentration gets higher.

The ion assemblies create different local environments for
both water and the ions at the microscopic level. Consistent
with the hydrodynamic theory’”>~”® and the recent experi-
ments,””*® our simulation suggests that this diversity has
significant influences on the molecular dynamics in the
solution. The rotational mobilities of ions and water molecules
depend on their local environments. As presented in Figure 9,
at higher concentrations, the overall rotational mobility of
SCNT is largely determined by the IB SCN™, while the overall
rotational mobility of water is decided by the BPT water, whose
concentration dependence is similar to the PWB SCN™ and
much weaker than the IB SCN™. Thus, the difference of the
rotational dynamics happens due to the significant ion
assembling in the solutions.

Naturally, for the discussion of the subspecies mobilities to
be meaningful, the state residence time of the specific
subspecies under investigation should be longer than the
characteristic relaxation time of the processes, so that the target
molecules stay, statistically, in the same subspecies during the
measurement. As demonstrated in Figure 9B, at the lower
concentrations, the overall rotational mobility of water is
determined by the PWB water which, under this circumstance,
has a much longer residence time than its rotational correlation
time; this is because only a small amount of ions exist in the
solution and most of the water molecules are surrounded by
their peer. At higher concentrations, the BPT water determines
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Figure 13. The time-dependent mean square displacements T(t) of the PWB water at the different concentrations within (A) 2 ps and (B) 100 ps.
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the overall rotational mobility; its residence time is also
significantly longer than its rotational correlation time, since at
these concentrations there is only a small amount of water
molecules and they are most likely confined in the ion
assemblies. Similar situations can be found for SCN~; at lower
concentrations the behavior is similar to the PWB SCN~, and
higher concentrations IB SCN~, whose mobilities are well-
defined under those circumstances, respectively. Our analysis of
the rotational dynamics based on the subspecies contributions
is thus meaningful.

The non-monotonic concentration dependence of the
rotational correlation time is possibly the consequence of two
competing factors: the water hydrogen bond weakening caused
by ions speeds up the motions, and the confinement of the ion
assemblies retards them. In the following, we discuss this by
interrogating the concentration dependences of the subspecies
rotational mobilities.

We first consider the rotational motions of water molecules.
Two processes are expected to contribute to the rotational
motion of the water molecules:®® a faster, large-amplitude
angular jump and a slower, diffusive reorientation between the
hydrogen bond switches due to the coupling of the OH to the
OO framework. The former is a local process that depends on
the hydrogen bond exchange reaction rate,”"***'~* which is
strongly affected by the number of hydrogen bond acceptors
nearby and the strength of the hydrogen bonds on the water
molecule. The latter should be a rather long-range and
collective motion dominated by the complex hydrogen bonding
network in the aqueous solution, which can be affected by the
weakening of hydrogen bonds at certain distance away. In our
simulation, the faster short-time decay of the water—SCN
hydrogen bond’s rotations in Figure 10 compared with those of
the water—water hydrogen bonds, as discussed in ref 83,
suggests a weaker hydrogen bond. Furthermore, the hydrogen
bond strength can be reflected from the librational cone size of
the hydrogen bond;*® the broader length and angle
distributions of the hydrogen bond for the water—SCN (Figure
3) also suggest a weaker strength. All of these observations
above, consistent with the report in the literature of SCN™ as a
structure breaker,**® suggest that the hydrogen bond
structures of water are weakened by the SCN~, which should
result in a decrease of the rotational free energy barrier and thus
a minor speeding up of the slow diffusive framework
reorientations. Note that a direct proof of the connection
between the hydrogen bond weakening and the speeding up of
the rotation, either experimental or computational, is not yet
available. It might be achieved, for instance, by carefully
choosing the less structure breaking ions and comparing the
rotational mobilities.

As discussed previously, at lower concentrations, the water
rotational mobility was dominated by PWB while higher
concentrations BPT water. At lower concentrations, the average
number of water—water hydrogen bonds on a PWB water
molecule, as presented in Figure 4, decreases slightly with the
concentration, which should, in addition to the hydrogen bond
weakening effect, further increase the water rotational mobility.
At higher concentrations, the BPT water becomes dominant
and water rotation is significantly hindered by the ion
assemblies. This thus suggests that the balance between the
hydrogen bond weakening effects of the ions and the confining
effect of the assemblies causes the non-monotonic concen-
tration dependence of the water rotational mobility.
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The anisotropic rotation was found for the rotation of water
in the cation shell, especially for the cation with small size.”*
Cations mainly slow down the reorientation dynamics of the
water around the dipole vector, and anions mainly slow down
the reorientation dynamics around the hydroxyl group that
points toward the anion.”" This phenomenon is also found, in
the current study, for the rotation for the PB water at low
concentrations (Figure 9). The rotation correlation function
along the hydroxyl bond direction decays a little faster than that
along the dipole direction.

Most of the thiocyanate ions are fully solvated at lower
concentrations (Figure 6). The state residence times of IB and
PWB SCN™ are all longer than the corresponding rotational
correlation times (Table S), which makes it meaningful to
discuss the environment-dependent rotation. The rotations of
PWB SCNT™ are strongly correlated with the surrounding waters
at low concentration while moving slightly slower due to their
bigger sizes; >~ thus, an insignificant speeding up is observed
at lower concentrations. At medium concentrations or higher,
most SCN™ and K* form ion assemblies and the size of the ion
assembly increases with concentration (Figures S and 6). The
ratio of PB SCNT increases and the average rotational
correlation time of SCN™ decreases with concentration.

The concentration dependences of translational mobilities
for different components in Figure 11 appear to be less deviated
compared with the rotation in Figures 9 and 12. It has been
demonstrated in the systems such as the aqueous solution of
organic and biological molecules, the confined water system,
and the supercooled water solutions®**™® that the “collisional”
hindrance or confining effect of the solute has a much stronger
effect on the translation than the rotation. The translational
motions of different components thus have much stronger
correlations with each other. With increasing concentration, the
ion assemblies have larger sizes, slower motions, and more
water molecules confined with them (Figure 6). The confining
effect thus retards the translation of water significantly, while
their rotational motion is less affected by the adjacent ions, as
indicated by the rather minor differences among the different
subspecies of water in Figure 9B.

As a demonstration of this difference, the relative rotational
correlation time and diffusion constants of water molecules at
different concentrations are presented in Figure 12. The
translation of water coincides with the experimentally measured
viscosity, which contains the information of the average
structure relaxation. The rotational mobility, on the other
hand, significantly deviates from the average relaxation trend.

The time-dependent mean square displacements T(t) of the
PWB water at the different concentrations (Figure 13) further
reveals the hindering effect of the ion assemblies on the
translational motions of the water molecules. Within the first
0.3 ps, due to the similar librational motions, all of the curves
increase almost identically. At longer time scale, the T(t) in
pure water increases linearly, since the system is fairly isotropic.
PWB water molecules in 0.5 and 1.0 mol/kg solutions behave
almost the same as in the pure water with only a slight
augmentation. This is because there are only a small amount of
ion assemblies at the lower concentrations, the collision and
confinement with the ion assemblies are rare, while the
hydrogen bond weakening effect of the ions slightly speed up
the movement. As the concentration further increases, collision
of the target PWB water with the ion assemblies happens more
frequently and the confining effect is more significant; thus, the
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T(t) curves become more nonlinear and deviate further from
the pure water line.

The information of the translational mobilities discussed
above is not contained in the ultrafast infrared measurements.
However, a recent work on the optical Kerr effect (OKE) and
dielectric relaxation (DR) spectroscopy of the MgCl, aqueous
solution”” suggested that the OKE signal does contain the
information of the water translational motion, and the
difference in the concentration dependence of OKE and DR
signals of MgCl, solutions can be traced back to a decoupling of
translational and rotational motions of water molecules, similar
to what was observed in the current work. Although the
microscopic physics behind these spectroscopic observations
still need to be carefully studied, this evidence points to the
picture that the ion assembly causes experimentally observable
dynamical phenomena in the ionic solutions.

A further issue is whether the observed neighboring of
cation—anion is completely caused by thermal fluctuation, or at
least partly due to other energetic reasons such as ion pairing.'
The shorter pair residence times of water—SCN than water—
water in Figure S and the broader distribution for the hydrogen
bonds of water—SCN than those of water—water in Figure 3
suggest that the association between the SCN™ and water is
weaker than that between water molecules. The residence times
of SCN™ in the K" shell are longer than those for the other
pairs in Table 5. Thus, SCN™ and K" have a strong tendency to
pair with each other in the solution. The assembly analysis and
radial distribution functions of ion pairs (Figures 2, S, and 6) in
water solutions also suggest an energetic preference of ion
pairing in KSCN aqueous solutions. Our simulations thus
suggest that ion pairing plays an important role in the observed
neighboring of cation—anion. Additionally, a recent ultrafast
infrared measurement on the NH,SCN aqueous solution
demonstrates that, even at a fairly low concentration, the
probability of SCN—NH, pairing is 18 times higher than the
SCN—water pairing. Thus, the assembling in this sort of ionic
solutions is highly unlikely to be completely caused by the
thermal fluctuation, which is consistent with our observa-
tions.””"!

There are higher first association peaks for the radial
distribution functions of the K—I ion pairs than the
corresponding ones of jon—water radial distribution functions
in Figure 2, which indicates that the I" also prefer to stay in the
ion assemblies with K* like SCN™. This is consistent with the
prediction by viscosity B-coefficients.***> Comparatively, the
K—F ion pair prefers to form SSIP structure, given a higher and
broader peak in the range 4—6 A than the CIP characteristic
peak at 2.7 A (Figure 2). In the mixed solution of
KSCN:KF:water or KSCN:KI:water, more SCN™ anions stay
in the ion assemblies due to the additional KF or KI than the
pure KSCN (10 mol/kg) solution. The big difference between
the ratio of F~ and I” in ion assemblies suggests that the F~
anions have a higher water affinity than I". Comparison of the
diffusion constant and the rotational correlation times shows
that KF can remarkably retard the mobility of KSCN solution
and I" plays a similar role as SCN™ and the additional KI like
concentration effect of KSCN.

In conclusion, our molecular dynamics simulations suggest
that the ion assembling in the KSCN aqueous solutions, which
is largely induced by the ion pairing effect, can cause a
significant deviation from the Stokes—Einstein behavior for the
rotational dynamics. The deviations are detectable by the
ultrafast infrared spectroscopy. The rotation and translation of
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the water molecules have different concentration dependences
due to translation’s higher sensitivity to the confining effect of
the ion assemblies. The mobility of SCN™ is mainly determined
by the size of the ion assembly and characteristic of concerted
motion with ion assemblies. The non-monotonic concentration
dependence of microscopic mobility results from the
competition between the hydrogen bond weakening due to
the weak interaction of water—SCN~ and water—K*, and the
retardation due to the confining effect of the ion assemblies.
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