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Abstract

In this thesis, we examine the structural correlations, thermodynamics and dynam-
ics of complex liquids using computer simulations. Water, a well-known tetrahedral
liquid has been studied extensively. As a first step towards understanding the com-
plexity of water, we use molecular dynamics (MD) and reverse Monte Carlo (RMC)
simulation. In particular, we compute triplet correlation function which can probe
the extent of tetrahedral network formation in liquids. We then estimate three body
correlations in water from X-ray diffraction experiments and from molecular dynam-
ics simulations using rigid-body (TIP4P/2005) as well as monatomic water (mW)
models. MD results using rigid-body water model show good agreement with exper-
iment. We estimate two-body and three-body contribution to the excess entropy for
simple liquids as well as for a series of tetrahedral liquids (Si, Ge, SWyg) including
water (mW), modeled with Stillinger-Weber potential. The two-phase thermody-
namic (2PT) method, which is also a structure-based entropy estimation technique
is used and compared with the thermodynamic estimator of excess entropy. The
differences in crystallization and supercooling behavior of anomalous and simple lig-
uids are discussed using the two-body and three-body contributions to the excess
entropy and heat capacity. Structural, thermodynamic and dynamic anomalies are
investigated in great detail for HoO, Si and Ge. Comparison among the three lig-
uids reveals that the structural order of liquids can affect the extent of anomalies
in thermodynamic and dynamic properties. To understand the physical origin of
anomalies, the relation between different liquid state anomalies has been examined.
We also study room-temperature ionic liquids (RTILs) and high-temperature ionic
melts (HTIMs) which are additional examples of important class of complex liquids.
Triplet correlation functions and other structural measures are used to understand
the differences in local morphology of RTILs and HTIMs. The studies presented
in this thesis highlight the relationship between intermolecular interactions, atomic
level structure and thermodynamic and dynamic properties of a large number of

complex liquids.
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Equilateral triplet correlation function of water oxygen atoms,
gg’)oo (r,r,7) for all models studied, at (298 K, 0.997 g cm™3).

The irreducible triplet correlation function, (5983())0 (ryryr) =
gg%o (r,m, r)/[gg)o (r))? for (a) molecular dynamics (MD) and (b) re-
verse Monte Carlo (RMC) datasets. The thin black horizontal line
shows (5g83())0 (ryryr) =10 oo
Triplet correlation functions, gg)o  (r,7, ) for equilateral triangle con-
figurations for all models studied, at (298 K, 0.997 g cm™3). All
correlation functions were calculated without considering any intra-
molecular distances of water. . . . . . .. ...
The irreducible triplet correlation function, 591(5’2) g (rorr) =
gS)OH (ryr,r)/ ([g(ozl){ (r)]z[ggq (r)]) for equilateral triangle configura-
tions for (a) molecular dynamics (MD) and (b) reverse Monte Carlo

(RMC) ensembles. The thin black horizontal line shows ¢ gS)O g (ryr,r)
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Triplet correlation functions, g(o?’}lo (r,r,r) for equilateral triangle con-

figurations for all models at (298 K, 0.997 gcm™). . . . .. ... .. 84

The irreducible triplet correlation function, 598210 (ryryr) =

9(031){0 (ryr,r) /([9(02}[ (T)P[gg{)} (r)]) for equilateral triangles for (a)

molecular dynamics (MD) and (b) reverse Monte Carlo (RMC) en-

sembles. The thin black horizontal line shows 5gg’ [){O (ryryr)y=1. .. 85
Contour plot showing isosceles triplet correlation functions,

gg%o (r,7,t) as a function of the distance r and angle 6 such that

t? = 2r? (1 —cos®) for :(a) SPC/E, (b) TIP4P/2005 and (c) mW
water models at (298 K, 0.997 gem™). . . . . . .. ... 86
Triplet correlation functions, 983230 (r,7,t) for isosceles triangle config-
urations for different RMC structures:(a) ASYM, (b) FREE, (c¢) MIX

and (d) SYM. . . . . .. 87

Comparison of all components (H1(q), Ha(q) and Hs(q)) of full triplet
function (H(q)) calculated from molecular dynamics simulations with
that of experimental results by Waseda et al. [223] for neon at 35.05
K temperature and 50.2 atm pressure ((a), (b) & (c)). In part (d),
contribution of three components of H (q) for liquid neon obtained
from MD simulation at the same temperature and pressure is compared.104
Full triplet functions (H(q)) obtained in our MD simulations at 35.05
K temperature and at (a) 50.2, (b) 80.7 and (c) 109.5 atm pressure
with the experimental data given in Ref. 223. . . . . . ... ... .. 105
Comparison of simulated O-O structure factor (using TTP4P /2005
and mW water model) with experimental data at 298 K temperature
and at pressure P, at (a) 500.5 bar, (b) 1510 bar, (c) 2519 bar and
(d) 3319 bar. Note that in case of figure (a) and (b), the experimental
pressure values are 518 bar and 1512 bar, respectively. . . . . . . .. 108
Change on peak and pre-peak intensity of O-O structure factor on ap-

plication of pressure in (a) simulation using TIP4P /2005 water model

and (b) experiment. . . . . . ... 109
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Comparison of simulated isothermal pressure derivative of water’s O-
O structure factor term (Hs(q)) of the triplet function, H(q) with
experimental data at 298 K and pressure P,, at (a) 500.5 bar, (b)
1510 bar, (c) 2519 bar and (d) 3319 bar. Notice that in panels (a)

and (b), the experimental pressure is 518 bar and 1512 bar, respectively.110

Effect of pressure on the isothermal pressure derivative of water’s O-
O structure factor, H3(q), obtained from (a) TIP4P /2005 simulations
and (b) experiments. The trends with changing pressure is empha-
sized with the red arrows. . . . . . .. ... o000
Comparison of simulated full triplet function, H(q) with experimental
data at 298 K and (a) 500.5 bar, (b) 1510 bar, (c) 2519 bar and (d)
3319 bar. Both TIP4P /2005 (red line) and the coarse-grained mW
model (green line) are shown. Note that in case of (a) and (b), the
experimental pressure values are 518 bar and 1512 bar respectively.
Behavior of each component (Hi(q), Hs(q) and Hs(q)) of full triplet
function, H(q) in water (TIP4P /2005 water model) at 298 K temper-
ature and (a) 500.5 bar, (b) 1510 bar (c) 2519 bar and (d) 3319 bar
PIESSULC. . .« o o v v v vt it e

Effect of pressure on full triplet function, H(q), (a) in simulation using

111

TIP4P /2005 water model and (b) in experiment at 298 K temperature.114

Effect of pressure on O-O-O triplet correlation functions obtained
from TIP4P /2005 simulations at 298 K. The TCFs associated with
isosceles tri-angle configurations with probability of finding the tetra-
hedral angle ~ 109.5°, denoted by ¢® (r,r,t) (where r = s # t) is
plotted with solid line and the probability of finding 60° angle, de-
noted by ¢ (r,7,7) (where s = r = t) is plotted with the dashed line.
Note that in the first case where r = s # ¢, the 0 is the angle formed
by the two sides of same length of a triplet and is related with third
length as t* = 2r%(1 — cosf). A schematic representation of triangle
configuration formed by three water molecules is specified within the

plot. . . .
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Change in normalized probability distribution of O-O-O angles with
change in pressure in simulation using TIP4P /2005 water model at
298 K. The distribution is calculated for the first coordination shell
defined by a cutoff distance of 3.4 A. A schematic representation of
angular arrangement of water molecules is given in the plot. . . . . .
Normalized tetrahedral order distribution (P(g)) as function of pres-

sure in simulation using TIP4P/2005 at 2908 K. . . . . . ... .. ..

Thermodynamic response functions on isobaric cooling for Stillinger-
Weber (SW) and Lennard-Jones (LJ) liquids: (a) heat capacity,
Cp, (b) isothermal compressibility, xr and (c) thermal expansion
coefficient, ap. Stillinger-Weber liquids were cooled along reduced
pressure of P = 3.2269 x 107> (equivalent to 1 atm in mW unit)
and Lenard-Jones liquid along P = 1.95. Melting temperatures
in reduced units for each systems are shown with black vertical
line (|) and correspond to T%/=0.850, T:3W16=0.0472, T5°=0.0514,
T51=0.0659 and T/""'=0.0874. Corresponding threshold tempera-
tures are T};" *=0.0350, T5¢=0.0300, T}3%—0.0450 and T2V =0.0675.
Melting temperatures are taken from the Refs. 8,93,96,108,165. For
SW liquids, reduced units are taken to be in terms of well depth, € and
size parameter o of the pair interaction. For the LJ system, Cp, ap
and kr are given in reduced units of €1,; and oy, ;; only temperature
for LJ system is reduced in terms of € to ensure that all five systems

fall on the same scale. . . . . . . . . . ...
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4.3

Excess entropy per particle, S, as a function of temperature, T for
(a) LI (b) SWyg, (¢) germanium (SWyy), (d) silicon (SWy;) and (e)
monatomic water (SWag15). The excess entropy values evaluated by
thermodynamic integration (TI), two-phase thermodynamic (2PT)
method, and multiparticle correlation expansion (MCE) approxima-
tion are compared. The data for Lennard-Jones liquid are along P
= 1.95 isobar and for Stillinger-Weber liquids are along P = 3.2269
x107° isobar. Excess entropy obtained by Widom insertion method
for SWis and mW are shown with black squares (H). Melting tem-
perature for each system is indicated with a vertical black line. For
SW liquids, reduced units are taken to be in terms of well depth, €
and size parameter o of the pair interaction and for LJ liquid, reduced
units are taken to be in terms of e,y and opy. . . . . ...
Heat capacity, Cp as a function of temperature for (a) LJ (b) SWyg,
(c) germanium (SWyp), (d) silicon (SWy;) and (e) monatomic water
(SWas15). The data for Lennard-Jones liquid are along P = 1.95 iso-
bar and for Stillinger-Weber liquids are along P — 3.2269 x10~? iso-
bar. Heat capacity obtained from two-phase thermodynamic method,
C2PT | pair and triplet contribution to the heat capacity, Cy and Cs
respectively are compared. Melting temperature (7,,) and threshold
temperature (T}y,.) are shown using a vertical black line. For SW lig-
uids, reduced units are taken to be in terms of well depth, ¢ and size
parameter o of the pair interaction and for LJ liquid, reduced units

are taken to be in terms of ex; and opy. . . ... oL
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4.5

5.1

5.2

Correlation between thermodynamic excess entropy, S. and excess
entropy as a sum of pair and triplet contribution, S, in Lennard-
Jones liquid along P= 1.95 isobar and Stillinger-Weber liquids along
P = 3.2269 x 107° isobar. Black dashed line is a guide to the eye
for the line of slope = 1 and the points (x) indicates the melting
temperature for corresponding systems, TL/=0.850, T5"16=0.0472,
TG=0.0514, T5'=0.0659 and Tm"W=0.0874 taken from Refs. 8,93,
96,108,165. . . . . .
Contour plots showing isosceles triplet correlation function, ¢t (ry7,t)
as a function of distance r and angle 6i, such that t* = 2r%(1 — cosf),
for Lennard-Jones liquid at pressure, P=1.95 and Stillinger-Weber lig-
uids at P = 3.2269 x1075: (a) LJ, (b) SWs, (c) germanium (SWayy),
(d) silicon (SWa;) and (e) monatomic water (SWag15). All figures in
the left column are at threshold temperature (7y,,.) for correspond-
ing systems, and the figures in the right column are as close to the

melting temperature (Tp,). . . . .« .« ..o

Loci of temperature of maximum density (TMD) and liquid spinodal
(where (0P/0V); = 0, and beyond which the liquid is unstable)
of monatomic water (mW), silicon (Si) and germanium (Ge) in (a)
temperature—density (7—p) and in (b) pressure—temperature (P—T)

plane. Temperature (T'), pressure (P) and density (p) are in reduced

Thermodynamic excess entropy, S. and pair correlation entropy, S
per particle as a function of density for mW ((a) & (d)), Si ((b) &
(e)) and Ge ((c) & (f)) along different isotherms. The dotted black
curve in each plot connects the extrema in the S.(p*)/S2(p*) curves,
and define the loci of excess/pair entropy anomaly in 7% — p* phase
diagram. Note that in case of silicon and germanium, we were unable
to find minima in S.(p*) curves within the stable liquid region of the

density range we assessed the excess entropy. . . . . . . .. ... ...
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5.4

9.5

5.6

Tetrahedral and translational order parameters ({(g;;) and (7)) for
mW ((a) & (d)), Si ((b) & (e)) and Ge ((c) and (f)) along different
isotherms. . . . . . . ..
Order map showing correlation between tetrahedral order (g;;) and
translational order () for (a) mW, (b) Si and (c) Ge along different
isotherms. For clarity low and high density segments are indicated
within the figure. . . . . . . .. ... oo
Behavior of transport quantities along isotherms as a function of re-
duced density for monatomic water ((a) diffusivity, (d) viscosity &
(g) thermal conducitivity), silicon ((b) diffusivity, (e) viscosity & (h)
thermal conductivity) and germanium ((c) diffusivity, (f) viscosity &
(i) thermal conductivity). Note that the diffusivity and viscosity are
plotted in logarithmic scale. The black dotted curve in each plot con-
nects the extrema in the corresponding transport property vs density
curve defines the locus of transport anomaly in 7™ — p* phase diagram.
The conductivity vs p* plot does not show any well defined extrema
within the temperature and density range we have plotted here. Note
that in case of n(p*) and k(p*) plots, the lowest accessible density is
higher than in case of D(p*) plots because it is computed from larger
simulation cells, which have higher tendency of cavitate. . . . . . ..
Rosenfeld scaling of reduced self-diffusivity, D5, (left panels), viscos-
ity, 0}, (middle panels) and thermal conductivity, x}, (right panels)
as a function of reduced excess entropy per particle (S./Nkg) for
monatomic water ((a), (d) & (g)), silicon ((b), (e) & (h)) and ger-
manium ((c), (f) & (i)). The black straight lines show the fitting of
the data to Eqn. 5.3.1. The corresponding fitting equations for each

branch are indicated in each plot. . . . . . .. ... ... ... ...
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2.8

2.9

Rosenfeld scaling of reduced self-diffusivity, D}, (left panels), viscos-
ity, n}, (middle panels) and thermal conductivity, s}, (right panels)
as a function of reduced excess entropy per particle (S./Nkg) for
monatomic water ((a), (d) & (g)), silicon ((b), (e) & (h)) and ger-
manium ((c), (f) & (i)) along isotherms. The black straight lines
show the fitting of the data to Eqn. 5.3.1. The corresponding fitting
equations for each branch are indicated in each plot. . . . . . . . . ..
Partial derivative of the thermodynamic excess entropy, as a function
reduced density for (a) monatomic water (mW), (b) silicon (Si) and
(c) germanium (Ge) along different isotherms. The horizontal lines in
each plot corresponds to coefficient of excess entropy based conditions
for finding onset of different liquid state anomalies (see Eqn. 5.3.5).
The constant corresponding to the structural and density anomalies
are denoted by ¢, and c,, respectively. For the value of ¢ corresponding
to different transport anomalies please refer to the Table 5.3. Note
that wherever two branches of scaling are observed, the ¢ value for
higher density branch is considered in determining the boundary of
the anomalous region. . . . . . . ... ... oL
Regions of anomalous behavior of the density, structural order,
pair entropy, excess entropy, diffusivity, and viscosity for (a)
monatomic water (mW), (b) silicon (Si) and (c) germanium (Ge) in
temperature—density (7" — p*) plane. The symbols indicate measure-
ments, the lines are fitted to the points and shown only as a guide
to the eye. Note that the structurally anomalous region is bounded
by the loci of maxima in tetrahedral order ({g.)) and minima in
translational order ((7)). Notice that upper and lower boundaries of
the anomalies are connected using a fitting line. Liquid spinodal line
where (0P/0V); = 0 and beyond which the system is unstable is

shown with red line. . . . . . . . . . ...
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5.11
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6.1

Comparison of regions of different anomalies for monatomic water,
silicon and germanium in temperature—density (7 — p*) plane: (a)
diffusivity, (b) viscosity, (c) structural order, (d) pair entropy and (e)
excess entropy. . ..o oL oL oL oL
Pressure—temperature (P — T') phase diagram of (a) mW and (b)
TIP4P /2005 water models with boundaries of the density, structural,
pair entropy, excess entropy and transport anomalies obtained from
molecular dynamics simulation. The boundaries of the structural,
density, pair entropy and diffusivity anomalies of TIP4P /2005 water
model are taken from Ref. 27. The data for the phase boundaries of
mW and TIP4P /2005 model are taken from Refs. 239,266,313,314
respectively. The Widom line of TIP4P /2005 water model is taken
from Ref. 188. Dotted lines in (a) are the metastable continuation
of the corresponding coexistence line. The regions with negative and
positive pressure in the phase diagram are shaded in yellow and light
sky-blue, respectively. . . . . . ..o 0oL
Experimental pressure—temperature (P—T') phase diagram of germa-
nium with boundaries of the density, structural, pair entropy, excess
entropy and transport anomalies obtained from molecular dynamics
simulation using SW model of germanium. The data for the phase
boundaries are taken from Refs. 95,316. Liquid—liquid transition line
is drawn with red line. The region with negative and positive pressure
in the phase diagram is differentiated with different color. Note that
temperature and pressure are in real units and conversion from mW
unit to real unit was done by using energy and length scale parameter

of SW-germanium: eg.—45 kcal mol™! and og.—2.186 A [95]. . . . ..

Chemical structures of (a) trihexyltetradecylphosphonium (Pgg ¢ 14)
cation and (b) Bromide (Br™), (c) tetrafluoroborate (BF;) and (d)

dicyanamide (DCA™) anions of the three ionic liquids used in this study.178
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6.6

6.7

Pair correlation functions (PCFs), ¢g(r), between (a) cation-cation, (b)
cation-anion and (c) anion-anion for room-temperature ionic liquids
(P66.10/DCA™, Ply14/BF; and Py, /Bro) at (298 K, 1 bar) and
high-temperature ionic melts (NaBr, NaCl and NaF) at (1 bar, 1200
K). The PCFs of RTILs are calculated considering the phosphorous
atom of the cation and central atom of the corresponding anion. . .
Total and partial structure functions of (a) Pggg.4/DCA™, (b)
P{6614/BF; and (c) P4 q14/Br ionic liquid at (1 bar, 298 K) and
(d) NaBr, (e) NaCl and (f) NaF melts at (1 bar, 1200 K). . . . . ..
Spatial distribution functions (SDFs) for anion central atom (green,
transparent solid) around Pgg 4 cation in (a) Pgg,,/DCA™, (b)
Py 66.14/BF7 and (c) P{g614/Br ionic liquids at 1 bar pressure and
298 K temperature. In all the cases density isovalues were chosen
such that it only reflects the first solvation shell. All the SDFs are
averaged over 300 frames. . . . . . .. ... Lo
Equilateral triplet correlation functions (ETCFs), ¢®(r,r,r) for
cation-cation-cation ((a) & (e)), anion-anion-anion ((b) & (f)), anion-
cation-anion ((c) & (g)) and cation-anion-cation ((d) & (h)) in RTILs
(P 66614/DCA P66614/BFZ and P?S_,6,6,14/Br7) at (1 bar, 298 K)
and HTIMs (NaBr, NaCl and NaF) at (1 bar, 1200 K). . . . . . . ..
Potential of mean force, Vpyr(r), as a function of cation-anion pair
separation, r, for the three RTILs. The PMFs were calculated using
the equation, Vpyp(r) = —kgTIng(r). Note that for calculating
PMF between cation and anion in P{4s,,/DCA™ RTIL, the g(r)
between P atom of cation and center-of-mass (COM) of DCA™ anion
has beenused. . . . . . . . ..o
Comparison of equilateral triplet correlation functions, ¢© (r,r,7) (at
298 K, 1bar) for all four unique combinations calculated by dividing
the full trajectory into two halves for Pgg s ,/DCA™ ((a)-(d)) and
Piee1a/Br™ ((e)-(h)) RTIL. . .. ... ... ...... ... .....
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6.8

6.9

6.10

Comparison of equilateral triplet correlation functions (ETCFs) for
all possible unique triplets in (a) Pggg,4/DCA™, (b) Pge14/BF7,
(¢) Pgg614/Br™ RTILs at 1 bar pressure and 298 K temperature and
in (d) NaBr, (e) NaCl, (f) NaF melts at 1 bar pressure and 1200 K
temperature. . . . . ..o Lo Lo
Contour plots showing isosceles triplet correlation functions (ITCFs)

for cation-cation-cation, ggil,cat,cat(r, r,0) (left panels) and anion-

anion-anion, gc(ti),an,an(r, r,0) (right panels) as a function of distance

rand 6 for RTILs (Pgg4,4/DCA™ ((a) & (b)), Pgge14/BF; ((c) &
(d)), and Pgg614/Br™ ((e) & (f)) at 1 bar pressure and 298 K temper-
ature. Note that the color scale in the contour plot for each panel is
proportional to the magnitude of corresponding ¢® (r,7,6). The first
and second solvation shell distances were estimated from correspond-
ing cation-cation (for left panels) and anion-anion (for right panels)
pair correlation functions and are indicated by vertical dashed line.

Isosceles triplet correlation functions (ITCFs) for cation-cation-

cation, ggil,mt,mt(r, r,0) (left panels) and anion-anion-anion,

3)

gan—an—an

for NaBr ((a) & (d)), NaCl ((b) & (e)), and NaF ((c) & (f)) melts at

(r,7,0) (right panels) as a function of distance r and angle ¢

1 bar pressure and 1200 K temperature. The first and second solva-
tion shell distances were estimated from corresponding cation-cation
(for left panels) and anion-anion (for right panels) pair correlation

function are indicated by vertical dashed line. . . . . ... ... ...
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6.11

6.12

6.13

Isosceles triplet correlation functions (ITCFs) for anion-cation-

anion, gfjl)_cat_an(r, r,0) (left panels) and cation-anion-cation,
3)

Geat—an—cat
gle 6 for RTILs (P§6,6,14/DCA_ ((a) & (b)), Pg—,G,(ﬁ,M/BFZ ((c) & (d)),
and Pg1,/Br™ ((e) & (f)) at 1 bar pressure and 298 K temperature.

(r,7,0) (right panels) as a function of distance r and an-

Here the color scale in the contour plot for each panel is proportional
to the magnitude of corresponding ¢® (r,r,8). The first and second
solvation shell distances estimated from cation-anion pair correlation
function of corresponding ionic liquids are denoted by vertical dashed
line. As the structure at higher solvation shell is not so prominent,
we here pictured the contour up to lower distances. . . . . ... . ..
Isosceles triplet correlation functions (ITCFs) for anion-cation-

anion, gé?_cat_an(r, r,0) (left panels) and cation-anion-cation,
3)

gcatfomfcat

¢ for NaBr ((a) & (d)), NaCl ((b) & (e)), and NaF ((c) & (f)) melts

(r,7,0) (right panels) as a function of distance r and angle

at 1 bar pressure and 1200 K temperature. The first and second sol-
vation shell distances estimated from corresponding cation-anion pair
correlation function are denoted by vertical dashed line. . . . . . . ..
The most preferable angular orientation of anions surrounding cation
head obtained from the estimation of triplet correlation functions in
(a) Pége14/DCA™, (b) Pége14/BF; and (¢) Pig4,4/Br~ RTILs at
298 K temperature and 1 bar pressure. Note that angular preference
of anion surrounding a cation is mainly depends on the charge density

on anion center and less on the size of the anion. . . . . . . . . . . ..
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4.1

The limiting value S(0) for ¢ — 0 for two water models obtained
from different methods at 298 K and different pressures in molecular
dynamics simulation and in experiment. The value of S(0) calcu-
lated from isothermal compressibility is denoted as S(0)"* (see Eqn.
(3.3.11)) and the values of S(0) calculated from the Fourier trans-
form method (see Eqn. (3.3.1)) and from the direct method (see Eqn.
(1.10.2)) are denoted by S(0)"7 and S(0)P7°c  respectively. In case
of both the FT method and the direct method, S(0) were calculated
by extrapolating the corresponding structure factor from accessible
Qmin t0 the ¢ — 0 region. The values of S(0) obtained in experiment
are given by S(0)5®-. Note that experimental value of S(0)%*?- in the
first two row is at 518 and 1512 bar instead of 500.5 and 1510 bar. . .

Key data for Stillinger-Weber and Lennard-Jones liquids. Melt-
ing temperature, T, for SW and LJ liquids are taken from Refs.
93,96, 108,165 and 8. Threshold temperature below which the liquid
crystalizes during a simulation run is denoted by T},.. The temper-
atures of maximum density, Try/p are taken from Ref. 96. Temper-

atures are shown in reduced units for all systems and in Kelvin for

Ge(SWQO), SI(SW21> and mW(SW23.15) ..................
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4.2

4.3

Data related to the entropy values at reference state point, 77¢ and
Pref for SW and LJ liquids. In reduced units, P/ — 3.2269 x10~°
for SW liquids, while for LJ liquid P"¢/ = 1.95. The corresponding
density at reference temperature (77¢/) and pressure (P™*/) is denoted
by p"¢/. The excess entropy at the reference state point is represented
by Sr¢/. Ideal gas entropy, S, 7 in units of kpz was calculated using
p"* following the Sackur-Tetrode formula, S/v/ = 2—In (p/A®). Ex-
cess entropy value for LJ liquid at the reference point is taken from
literature [8]. Here A is the acceptance percentage for test particle
insertion in Widom method. Percentage error in excess entropy cal-
culation for SW liquids using Widom insertion method at reference
state point is given in the last row. . . . . . . . ... ... ... ..
Molecular dynamics simulation details for SW and LJ liquids to cal-
culate entropy using Widom, thermodynamic integration, 2PT and
MCE methods. The number of particles used for simulation is speci-
fied by Npgr¢. The production run length is denoted by t,,,¢. Dumping
frequency, tgump refers to the frequency at which enthalpy (for TI),
coordinates (for MCE), coordinates and velocity both (for 2PT) were
saved during MD simulation. Thermostat and barostat relaxation
time constants used for the simulation are denoted by 7 and 7, re-
spectively. The superscript a is for A=16 and 23.15, superscript b is
for A=20 and 21. . . . . .. ..
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5.1

5.2

Computational details of molecular dynamics simulations for calcu-
lating the thermodynamics, structural quantities and diffusivity of
Stillinger-Weber model of silicon, germanium and monatomic water.
Prange and T, . are the density and temperature range studied in
this work. In case of mW, at each density, the simulations are per-
formed at temperatures every 0.00642 for the range from 7™ = 0.1155
to T* = 0.1027, and every 0.00321 for T < 0.1027. For Si, a series of
simulations at different temperatures are performed at each density:
starting at 7™ = 0.1252 and decreasing 7™ in intervals of 0.00642 up
to T* = 0.1059 and 0.00321 for T < 0.1059. For Ge, at each density
the simulations are performed at temperatures every 0.00321 for the
range from 7% = 0.1059 to T = 0.0513. Tetrahedrality parameters
used for each model are denoted by A. Equilibration and production
run-lengths, denoted by t., and t,, respectively are reported in units
of time. . . . . ..
Molecular dynamics simulation details for calculating the viscosity
and thermal conductivity of Stillinger-Weber models of silicon, ger-
manium and monatomic water. py,,.. and T, . are the density and
temperature range studied in this chapter. For mW, simulations were
performed along isochores in the reduced temperature range from
0.1284 to 0.0706 in intervals of 0.00321. For Si, simulations are
performed at each density, starting at 7" = 0.1252, and decreas-
ing the temperature in intervals of 0.00624 up to T* = 0.1059, and
for T* < 0.1059, with temperatures at interval of 0.00321. In case of
Ge, at each density, simulations are performed at temperatures every
0.00624 for the range from 7" = 0.1123 to T* = 0.1059 and every
0.00321 for T < 0.1059. Equilibration and production run-lengths,
denoted by t., and t,, respectively are reported in units of time. The
lengths of the time windows over which we evaluate the PACF and

HACF integrals for the calculation of viscosity and thermal conduc-

tivity, respectively, are denoted by ¢, and ¢, respectively. . . . . . ..

XXXV



5.3 Coeflicients («) related to the Rosenfeld scaling of different transport
quantities with excess entropy for monatomic water, silicon, germa-
nium and simple liquid. The values of « for simple liquid are taken
from Refs. 168,272. Corresponding constants (c¢) obtained from ex-
cess entropy based criterion for observing onset of anomalies in trans-
port quantities are also mentioned. Scaling coefficient for diffusivity,
viscosity and thermal conductivity are denoted by ap, a, and ay
respectively. Corresponding constants obtained from excess entropy
based criterion to find onset of anomalies in diffusivity, viscosity and
thermal conductivity are designated as cp, ¢, and c, respectively.
Superscript, “a” is used for lower density branch and “b” is used for

higher density branch. . . . . . . ... ... ... 0.

XXXVil
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