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ABSTRACT
This thesis uses ab initio molecular dynamics simulations to address various
transport phenomena observed in melts of pure salts and protic ionic liquids. Molten salts
and protic ionic liquids have electrical conductivities that can be tuned via temperature
(covalent metal halides) or mixing ratios (protic ionic liquids, mixtures of amines and
carboxylic acids). They give maximum conductivity at a specific temperature (for each
molten salt) or a specific mol% of acid (for each protic ionic liquid), the reasons for
which were not known. I qualitatively reproduced the conductivity maxima and then
studied the liquid structures from the simulations for the reasons behind the maxima.
My studies showed Grotthuss-type conduction in pure HgBr2 melt (a covalent
metal halide). The covalent metal halides are classified as either network or molecular,
based on their liquid structures observed in the simulations. The conductivity maximum
vs. temperature is explained as due to effects of a rising activation energy barrier for the
Grotthuss hopping (network) or a drop in the possible hopping opportunities (molecular).
Simulations of pyridine - acetic acid (Py-HAc), a protic ionic liquid, at various
mixing ratios revealed the presence of large hydrogen-bonded ions, [Ac(HAc)n]- and
[Py.H.Py]+, contributing to conductivity, along with ion-pairing effects of pyridinium
ions with anions which reduces conductivity. The maximum conductivity at 83 mol%
acid for this liquid is due to the improved stability of the acetate chains at higher lengths
(relative to ion pairs).
Molten zinc halides are a special class of covalent metal halides which are
extremely viscous near their melting point. Three were simulated and attempts were
i

made to reproduce their viscosity and electrical conductivity. The simulations are proven
useful in explaining the extreme viscosity and low conductivity in these melts. The
known viscosity values of molten ZnCl2 and ZnBr2 are reproduced using diffusion
coefficients from the simulations and a reasonable prediction is made for the viscosity of
molten ZnI2. The specific conductivity could only be reproduced using an appropriate
scaling factor which arises from the inability of the forces used to account for the very
strong binding forces in these extremely viscous liquids.

ii
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Chapter 1

1. GENERAL BACKGROUND AND OVERVIEW
1.1 MOLTEN SALTS
Molten salts, as the name suggests, are fused forms of ionic compounds. The
ionic forces of interactions (cation – cation, anion – anion, and cation – anion) in the
solid state are mostly retained in the fused state, but with the mobility of ions increased
by several orders of magnitude, which is why they show significant transport properties
in their liquid state.1 Transport properties include mobility, electrical conductivity,
diffusivity, and viscosity (defined in the following section). The desirable properties of
molten salts are good electrical conductivity, high thermal stability, workable viscosity,
low vapour pressure and nonflammability,2, 3 allowing for a wide range of applications in
the chemical industry. One of their major applications is in power storage. As
electrolytes, molten salts are used in thermally activated batteries (thermal batteries)
which are primarily used for military applications,4 and in prototype liquid metal
batteries for low-cost & low-temperature grid-scale electricity storage.5, 6 They are also
used in electrolytic cells for electrodeposition, electro-oxidation, electro-deoxidation,
and electrosynthesis. 7-11

1.2 TRANSPORT PROPERTIES OF MOLTEN SALTS
Mobility.12 The velocity with which the ions j migrate on the application of an
electric field E is given by
𝑣𝑗 = 𝜇𝑗 𝐸

… (1.1)
1

where 𝜇𝑗 is their mobility. Mobilities are usually expressed in units of cm2 V-1 s-1.
Specific conductivity.12 The electric current of density 𝑖 caused by the
application of an electric field E is given by
𝑖 = 𝜎. 𝐸

… (1.2)

where 𝜎 is the specific conductivity of the system, which is commonly expressed in
S/cm. Molten salts exhibit a wide range of specific conductivity values which spreads
over several orders of magnitude (see table 1.1).
Diffusivity.13, 14 The molar flux due to ionic diffusion is related to the gradient in
the concentration of the ions by:

𝑐𝑗 𝑣𝑗 = −𝐷𝑗

Δ𝑐𝑗
Δ𝑡

… (1.3)

where 𝐷𝑗 is the coefficient of diffusion of ions j, a measure of diffusivity. Here, 𝑣𝑗 is the
velocity of the ions relative to the container of the salt and 𝑐𝑗 their concentration. The
diffusion coefficient Dj is commonly expressed in units of m2/s, and for molten salts they
are of the order 10-8 – 10-10.
Viscosity.13, 14 It is a liquid’s resistance to flow defined by the equation:
𝑝𝑥𝑦 = 𝜂

𝑑𝑣𝑦
𝑑𝑥

… (1.4)

Here, 𝜂 is the coefficient of dynamic viscosity (or simply viscosity) resulting from a
stress 𝑝𝑥𝑦 exerted by the fluid on a plane of unit area perpendicular to the x direction
when it flows with a velocity 𝑣𝑦 in the y direction. 𝜂 is most commonly expressed in
2

units of centipoise (cP). 1 cP = 10-3 kg m-1 s-1 or 10-3 Ns/m2. The viscosity values of
some selected melts of pure salts near their melting point appear in table 1.1. The values
largely fall between 1 – 10 cP. The zinc salts are an interesting case of extremely high
viscosities near the melting point.
Among the transport properties defined above, specific conductivity and viscosity
are the properties of a bulk liquid, whereas mobility and diffusivity are the properties of
a particular ion in the liquid (average value).12 The bulk properties are of special interest
as they are directly relevant in the industrial applications of these liquids. The most
important application of molten salts is their use as electrolytes in electrochemical cells.
To improve the efficiency of electrolytes, it is important to find the optimum conditions
to maximize their conductivity.

3

Table 1.1: Specific conductivity (σ) and viscosity (η) of several molten salts near
melting point.15
Liquid

σ (S/cm) near m.p.

η (cP) near m.p.

InI3

0.07

3.5

HgBr2

0.0002

2.2

HgCl2

0.00004

1.8

ZnCl2

0.002

3800

TlCl

1

1.7

PbCl2

2

4.6

NaCl

4

1.0

H2O

.001

1.0

4

1.3 SPECIFIC CONDUCTIVITY MAXIMUM PHENOMENON IN
MOLTEN SALTS
In the 1960s, Yosim and Grantham studied the electrical conductivities of several
“covalent” molten salts, such as CuCl, BiCl3, SnCl2, and HgBr2, at elevated temperatures
under orthobaric conditions (sealed under vacuum).16-19 They found that there is a
maximum in specific conductivity vs temperature for at least 11 of these, and proposed
that such maxima would exist with all fluids at sufficiently high temperature and
sufficiently reduced density.17 They attributed the conductivity decline at high
temperatures to increased ion association (loss of ions), which they related to the falling
density (which makes the liquid more “gas-like”). It was common at the time to assign
halide-exchange equilibria to covalent molten salts, e.g.

and derive a degree of ionisation (α) at each temperature, to quantify this supposed ion
association.3,

20-25

However, in 2012 the East group reported the results of ab initio

molecular dynamics (AIMD) simulations which showed that molten BiCl3 is a network
liquid with very little molecular character, and instead put forward a new theory to
explain the conductivity maximum vs temperature.26,

27

The new theory attributed

conductivity to atomic ions “hop[ping] from counterion to counterion,” and used a
density-dependent Arrhenius equation to ascribe the maximum to the competing effects
of rising hopping opportunities (rising frequency factor A with thermal expansion) and
diminishing hopping probability per opportunity (due to rising activation energy Ea as
the hopping distance increases with thermal expansion):

5

 (T ,  )  A(  )e  Ea (  ) / RT

...(1.5)

The theory behind specific conductivity maximum in various melts is a primary concern
addressed in this thesis.

1.4 CONDUCTION MECHANISMS
There are two ways of conduction known: (i) “classical” type conduction, which
is the most common way believed to be followed by the majority of chemical systems,
where charge is carried from one point to the other simply by the translation of ions, and
(ii) “Grotthuss” type conduction where charge is transported as a relay through
continuous bond-breaking and bond-forming events, first proposed by C. J. T. de
Grotthuss in 1805-06 in aqueous acid solutions.28, 29 Both the conduction mechanisms are
schematically shown here in fig. 1.1. The Grotthuss mechanism was commonly invoked
only for H+ ions. However, its validity in aprotic systems was a possibility offered by de
Grotthuss in his original paper.28 This idea was resurrected by Erdey-Grúz in 1937 for
melts of pure salts,30 but dismissed by Janz in the 1950s,3 and has received little attention
until the Grotthuss halide observations of East et. al.26, 27 More recently, Corradini et al.
observed enhanced transport of CO2 in carbonate melts by O2- exchange (“oxoGrotthuss”) in first-principles simulations and speculated the generality of Grotthuss-like
transport for an acid dissolved in its conjugate base.31

6

Figure 1.1: Two different conduction mechanisms, classical type (left) and
Grotthuss type (right), as observed in aqueous acid solutions.28, 29
7

1.5 PROTIC IONIC LIQUIDS
Ionic liquids (ILs) are molten (fused) salts having melting points less than
100°C,32-36 valued for their often negligible vapour pressures, high thermal stability,
workable viscosity (< 100 cP), and moderate specific conductivity (< 10 mS cm-1).32
They are highly tailorable.37 They are used as solvents, catalysts and reagents for a wide
range of chemical processes at ambient temperatures and upwards to about 300 °C.36-39
Due to their higher efficiency in extraction, higher metal loading and higher radiation
resistance than the usual molecular diluents, ionic liquids are now becoming increasingly
popular for being used in nuclear fuel cycle (mainly nuclear waste management).40, 41 In
electrochemical applications, they are used as electrolytes in lithium-ion batteries, dyesensitized

photoelectrochemical

cells,

and

electrochemical

supercapacitors;

in

electrochemical mechanical actuator devices they allow higher operational temperatures
and larger voltages than conventional molecular solvent/electrolyte systems.42, 43
Protic ionic liquids (PILs) are a subset of ILs formed by mixing a liquid Bronsted
acid with a liquid base, with ions generated via spontaneous proton transfer. Greaves
and Drummond have written two reviews of PILs, including discussion of their
physicochemical characterization and their uses.44, 45 The partial ionicity of several such
systems needs further understanding.33,

46-48

While stoichiometric (1:1) mixtures of

strong acids (A) with strong bases (B) would result in complete ionization, mixtures
involving moderate acids and/or bases may result in partial ionization. Angell had a
criterion for this, estimating that a pKa difference of < 10 between A and BH+ could be
an onset of incomplete ionization (based on lower-than-expected conductivities in a
Walden plot).46 MacFarlane and Seddon suggested requiring 99% ions for a PIL
8

classification.47 Interestingly, Angell no longer cites his ΔpKa < 10 rule-of thumb.33, 49
There are other reasons for lower-than-expected conductivities, and of particular note
here is MacFarlane’s proposition that ion pairing, known to occur in aprotic ILs,32, 49 is
likely also occurring in “poor” protic ILs.50 Other reasons for the generally low
conductivities of potential PILs are elevated viscosity and non-stoichiometric mixing.
The relative contributions of these various inhibitory reasons are almost completely
unknown, and assistance from theory is vital to advance the field. Several of these
conductivity mysteries are extremely old (> 80 years) unsolved problems.
Although the past few decades have shown more research interest in ionic liquids
rather than traditional molten salts, Johnson51, 52 has pointed out that ionic liquids have
structural and conductivity issues that might be best explored by readdressing similar
issues with classical molten salts, which ionise as atomic or molecular ions, show a wide
range of conductivity values (10-8 to 101 Ω−1 cm−1), and hence open a broader window to
explore different conductivity mechanisms.

1.6 AB INITIO MOLECULAR DYNAMICS (AIMD) SIMULATIONS
Molecular dynamics (MD) simulations are simulations of the time-dependent
behaviour of systems at the atomic level. Atoms are allowed to move in discrete
timesteps τ = 1 – 6 fs.53 In ab initio MD, the atoms move according to Newton’s laws of
motion, but the forces come from solving the Schrodinger equation for electronic
energy.54 Ab initio MD simulations, employing VASP (Vienna Ab initio Simulation
Package), have proven useful for explaining conductivity phenomena in molten semi-

9

covalent metal halides, while revealing unexpected atomistic structures. For instance, it
allowed the observation of a halide hopping in the network liquid BiCl3.26
In AIMD, a particle, initially at a position ⃗⃗⃗
𝑟0 moving with a velocity ⃗⃗⃗⃗
𝑣0 subjected
to a force 𝐹 during time 𝑡, is moved to a new position 𝑟(𝑡) by the relation:
1
𝐹
𝑑𝑈
𝑟(𝑡) = ⃗⃗⃗
𝑟0 + (𝑣
⃗⃗⃗⃗0 𝑡 + 𝑎𝑡 2 ) ; 𝑎 = ; 𝐹 = −
2
𝑚
𝑑𝑟

… (1.6)

where 𝑎 is approximately constant at smaller timesteps. The force 𝐹 acting on an atom
depends on the approximation for U, the quantum mechanical potential energy for the
nuclei of a system. VASP uses density functional theory (DFT) to obtain contributions to
U due to electrons. Throughout my studies, I have used PW91 level of DFT55 because it
has worked well for the earlier studies on molten salts in the East group,26, 27 and also
neither the Becke functionals (B3LYP56,

57

) nor the more advanced meta-GGA

functionals58-61 were available in VASP at the time the simulations were started. In
addition, Grimme-style van-der-Waals (vdW) attractive potential (dispersion corrections
for DFT) was used every time for a better treatment of the binding forces in the liquids. 62
Two parameters C6 and R0 are required to be given as input for this Grimme-style
correction. C6 is the coefficient of the sixth order dispersion term and R0 is the van-derWaals radius. Grimme has a recipe for how to choose them.62
VASP is mostly used to simulate condensed phases, by studying a unit cell of
atoms replicated in all dimensions using periodic boundary conditions (PBC) to consider
forces from atoms outside the cell. Due to the use of PBC, VASP uses plane-wave (PW)
basis sets (sines and cosines) instead of atom-centred spherical harmonics (s,p,d,...),
10

which is beneficial according to Bloch’s theorem.63-66 The number of plane-waves to be
used can be defined by the user using the tag ENMAX.54 I used standard PW basis sets
already in regular use by the East group,26, 27 and these made use of pseudopotentials.67
Pseudopotentials are energy corrections to account for contributions from core electrons
and the nucleus.

1.7 OVERVIEW OF THE THESIS
This thesis uses AIMD simulations to address a few challenging problems in the
transport properties of molten salts and protic ionic liquids. Aspects such as electrical
conductivity maximum, conduction mechanism, liquid structure, concentration of ions,
and extreme viscosities were investigated.
In Chapter 2, molten HgBr2 (a low-conducting liquid) was simulated at six
different temperatures using AIMD, its specific conductivity maximum versus
temperature was reproduced, and the liquid structure was extensively studied to find out
and confirm the conduction mechanism.
In Chapter 3, a semi-quantitative theory behind the specific conductivity
maximum versus temperature is developed for molten salts with the help of Grotthuss
ideas from aqueous acid solutions. A new fitting function is found helpful in giving a
physical meaning for the maximum.
In Chapter 4, the transport phenomena of the extremely viscous molten zinc
halides are discussed. These melts were simulated separately at a common temperature
using AIMD, and their diffusion coefficients, viscosity and specific conductivity were
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computed and justified. The interesting revelations in the liquid structure helped me to
explain the various trends in the transport properties.
In Chapter 5, specific conductivity maximum phenomenon versus mixing ratio in
protic ionic liquids is addressed with the help of pyridine-acetic acid simulations. The
AIMD simulations of 1.1 ns length were found not very valuable in predicting the
transport properties of the pyridine-acetic acid system accurately, perhaps due to the
insufficient timescale for equilibration of hydrogen bonds and also limited cell size.
However, they were very valuable in showing the speciation in the system, which helped
us to come up with a “kite model” to reproduce the maximum theoretically.
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Chapter 2

2. SIMULATIONS OF MOLTEN MERCURY BROMIDE:
DETECTION OF GROTTHUSS MECHANISM
2.1 INTRODUCTION
HgBr2 is not very salt-like. It is a molecular material in all phases, with Hg-Br
bond lengths of 2.48 Å in the solid state.21 Molten HgBr2 has a specific electrical
conductivity of ~ 0.3 x 10-3 S/cm, intermediate between those of highly ionic melts (1-10
S/cm) and non-conducting liquids (< 10-8 S/cm). The electrical conductivity of the melt
was thought to be due to molecular ions from a finite self-ionization of very low
concentration corresponding to an α value in the order of 10-4.21,

22

Interestingly, the

energy of activation for conductance (ΔEμ) is greater than that for viscous flow (ΔEη),
which is contrary to ionic fused salts.22 The relatively high value of ΔEμ (5-6 kcal/mol)
was thought by Janz to be due to the conducting species being large molecular ions
(HgBr+ and HgBr3-) rather than atomic ions as in alkali halides. He wrote the following
equilibria:

Molten HgBr2 exhibits a strong Raman band at 195 cm-1 due to symmetrical
stretching of the Hg-Br bonds. This is closer to the symmetric stretching frequency in
13

solid HgBr2 (184 cm-1) than the same in the gaseous state (225 cm-1),23 and shows that
some of the intermolecular forces (multipole dispersion type) from the solid state are
retained in the liquid state. The crystal structure21 shows 4 close non-covalent Hg-Br
distances (3.2 Å), and hence reasonable opportunities for the formation of incipient
molecular ions in the molten state. The concentrations of ions are below the limits for
structural confirmation by vibrational spectroscopy.
As discussed in chapter 1 (sec. 1.3), most of the molten salts exhibit a specific
conductivity maximum versus temperature. The experimental conductivity maximum
versus temperature for molten HgBr2 is redrawn here in fig. 2.1 using data from Yosim
and Grantham.17 My goals here are to reproduce the conductivity maximum for molten
HgBr2 vs temperature using AIMD simulations, so that we have faith in the simulations,
and determine the mechanism of conduction in molten HgBr2: “classical type” or
“Grotthuss type”.
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Figure 2.1: The experimental conductivity curve for molten HgBr2 redrawn using
data from Yosim and Grantham.17
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2.2 METHODS
Molten HgBr2 was simulated using the Vienna Ab initio Simulation Package
(VASP)68, 69 at six different temperatures in a cubic cell (size chosen to match orthobaric
densities given by Janz70) consisting of 120 atoms (Hg40Br80) and replicated by periodic
boundary conditions. The simulations employed potpawGGA plane-wave basis sets,71, 72
standard precision, ENMAX = 400eV, a Nose-Hoover thermostat for canonicalensemble conditions73 with 40fs thermal oscillations (SMASS = 0), and a Verlet velocity
algorithm53 with timestep τ = 6fs. VASP uses plane-wave basis sets that have relativistic
effects built in, from a scalar relativistic treatment that initially treated mass-velocity,
Darwin, and higher order terms, and lastly included spin-orbit interaction as a
perturbation.74 All the simulations were done on Dextrose, a supercomputer in the
University of Regina, in production runs (prods) of 5000 timesteps at a time (each run
taking several days). Visualization of simulation movies and radial distribution plots
were done with VMD software.75
For forces the PW91 level of density functional theory was used,55 but with an
added Grimme-style van-der-Waals (vdW) attractive potential.62 Grimme parameters for
mercury were taken to be C6 = 42.807 J nm6 mol-1 and R0 = 1.6 Å; the former was
calculated by averaging the C6 values of Tl (computed by using the UPBE0/QZVP
recipe Grimme used), the element immediately after Hg, and Xe, the last noble gas
before Hg, and the latter was taken to be the same as Grimme used for Cd, the element
above it in the periodic table, due to the lanthanide contraction rule.
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The simulations generate output of atomic Cartesian coordinates for each
timestep. From these, the specific conductivity (σ) and atomic diffusion constants (D)
were calculated with in-house Fortran programs via Einstein formulae,

𝐷𝑋𝐸𝑖𝑛 = lim𝑡→∞ 𝑒𝑖𝑛𝐷 (𝑡); 𝑒𝑖𝑛𝐷 (𝑡) =

𝜎

𝐸𝑖𝑛

=

1
lim𝑡→∞
𝑉𝑘𝑇

2

〈〈|𝑟⃑𝑋,𝑖 (𝑡)−𝑟⃑𝑋,𝑖 (𝑡0 )| 〉〉
6𝑡

2

𝑒𝑖𝑛𝜎 (𝑡); 𝑒𝑖𝑛𝜎 (𝑡) =

⃗⃗⃑(𝑡)−𝑀
⃗⃗⃑(𝑡0 )| 〉
〈|𝑀
6𝑡

…(2.1)

...(2.2)

⃗⃗⃑ (𝑡) is the total
where 𝑟⃑𝑋,𝑖 (𝑡) is the Cartesian position of the ith atom of type X at time t, 𝑀

electric dipole of one simulation cell’s worth of liquid at time t, V is the volume of the
cell, T is temperature in Kelvin, and

denote averaging over all choices of t0 (eq. 2.1,

⃗⃗⃑(𝑡) was computed by assigning atomic ions (M2+ and X–) to
2.2) and i (eq. 2.1). The 𝑀

all atomic locations regardless of molecularity, and the cell’s worth of atoms (120) had
to be tracked as they left the original simulation cell, as Hansen76 has done. The einD(t)
functions were obtained by averaging 60000 (low T) or 80000 (high T) such functions of
length 20000 τ, but the einσ(t) functions were obtained by averaging shorter functions of
length 2000 τ.
For extrapolation, the mean and range-based uncertainty for each atomic
diffusion constant was obtained from the last 10000 values of the respective Einstein
function. However, the einσ(t) exhibited continual slow decay of the form in eq. 2.3.

b c
ein (t )  a   2
t t



1
a
lim ein  (t ) 
VkT t 
VkT

...(2.3)

...(2.4)
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For reproducibility reasons, instead of determining a by performing least-squares fitting
of eq. 2.3, it was much more reliable to perform linear least-squares fitting of t·einσ(t) vs
t via eq. 2.6:

t  ein  (t )  at  b 

t  ein  (t )  at  b

c
t

at large t

...(2.5)

...(2.6)

and its slope is then the a used to compute 𝜎 = 𝑎⁄𝑉𝑘𝑇. To perform linear regression it
was necessary to choose a valid data range, i.e. to choose the timestep of the onset of a
constant asymptotic slope. This was not easy to do. Hence, at each of the 6 temperatures,
we obtained 6 estimates of the slope of t.einσ(t) by varying the asymptote onset to be t =
400, 500, 600, 700, 800, or 900 timesteps, and taking the slope of the function from here
to its end at timestep 2000. The mean and standard deviation of these 6 estimates were
taken, and converted to conductivity and uncertainty values by multiplying by 1/VkT.
The uncertainty due to choice of asymptote onset was deemed to be larger than other
statistical uncertainties in these particular predictions, except perhaps an uncertainty in
taking a regression over a small (< 2000 step) time window; this latter uncertainty of
unknown magnitude would cause larger net uncertainties.
Ion analysis for the simulations was done using Fortran programs developed for
this particular liquid. One of them (ionsdetect.exe) reports for each timestep and each Hg
atom the size of the molecule or molecular ion it is in, using a bond cutoff criterion of
2.8 Å chosen to match the location of the minimum in radial distribution plots generated
from the simulations. The sizes were assumed to correspond to either neutral or singly18

charged species, i.e. HgnBr2n, HgnBr2n-1+, or HgnBr2n+1- only. (The number of loose Brions, omitted by ionsdetect.exe, were found by counterbalancing the total anions to the
total cations). Note that if an ion had e.g. three Hg atoms at some instant, the size of that
species was printed thrice by the program; correcting for this over-counting was
straightforward. These lists of species sizes were used to count species “hits” and
converted to average concentrations for each 10000-timestep dataset, and the means and
standard deviations of concentrations across datasets are reported. The second program
(ionlife.exe) reports the average lifetime of an HgBr+ ion, using the output of
ionsdetect.exe: it adds the total number of times a 2 occurs (as HgBr+ is diatomic) and
then divides this sum by the number of times such an ion disappears (number of
lifespans). These average lifetimes were computed for each 10000-timestep dataset, and
the means and standard deviations of these individual dataset values are reported.

2.3 RESULTS AND DISCUSSION
2.3.1 PRELIMINARY EXAMINATION OF THE SIMULATIONS
The simulations were examined for any technical issues which might contaminate
the results. The various tests are described in the following subsections.
2.3.1.1 ENERGY DRIFTS
The energy drifts vs time were examined at all temperatures; total energies
(including heat bath) are supposed to be constant, but will drift due to finite timestep
error. Energy drifts vs time showed no problems (fig. 2.2). The slope magnitudes lie well
below the tolerance limit of 2 eV/1000 steps. The magnitudes do correctly increase with
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T (up to 2 eV/4400 steps for 680 °C). The absolute energy seems to converge with T, but
that could be accidental, perhaps due to heat bath energies caused by initial geometries.
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Figure 2.2: Drift of total energy, E (including heat bath) vs timesteps.
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2.3.1.2 TEMPERATURE SPIKES
Possible temperature spikes vs time was searched for in the simulations. The T vs
timestep plots of the 680 °C (953 K) data showed no problems. Fig. 2.3 shows an
example. The average temperature in each case was acceptably close to 953 K, the
fluctuations within the tolerance limit of ±200 °C, and no temperature spikes were
observed.

22

Figure 2.3: Temperature variation during the 680 °C simulation over a period of
1000 timesteps.
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2.3.1.3 SMALLER TIMESTEP
To check for an error due to a finite timestep, a new set of 680 °C production
runs (6 x 5000 timesteps) with a smaller timestep of 4 fs were produced. Einsteinmethod conductivities were generated for each of the three 10000-step intervals, and
compared to those of the original simulation at 680 °C. It showed no problems with the
original τ = 6 fs data.
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2.3.2 MERCURY BROMIDE LIQUID STRUCTURE
From the simulation movies, the structure of molten HgBr2 is confirmed to be
that of a molecular liquid, unlike the network covalent liquid BiCl3.26 Radial
distributions of Br from Hg, generated from the simulations, are shown in fig. 2.4, and
reveal a clear separation of the large peak for singly-coordinate halide (2.5 Å) from a
broader peak at 3.4 Å for four non-covalent Hg-Br distances around each Hg atom,
slightly expanded from 3.2 Å in the solid state.21

Interestingly, the movies revealed frequent metathesis-like concerted bromine
exchanges between molecules (fig. 2.5). On the potential energy surface (PES) the dimer
is weakly bound (5.5 kcal/mol, PW91/SDD), but at the temperatures of concern there is
likely to be no bound dimer on the free energy surface (FES), since the simulations show
no vibrating dimers as intermediates. The frequency of metathesis attempts (not all were
successful) was 50 per cell per 1000 timesteps at 680 °C, i.e. each HgBr2 molecule
experiences one every 5 ps.
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Figure 2.4: Hg-Br radial distribution in molten HgBr2 from the simulations at three
different temperatures.

26

Figure 2.5: The potential energy surface for HgBr2 metathesis (PW91/SDD).
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I determined species identities and concentrations, and HgBr+ ion lifetimes, using
Fortran programs (see sec. 2.2). Concentrations are reported in table 2.1. As temperature
increases, the monomer concentration [HgBr2] falls, the dimer concentration [Hg2Br4]
goes through a maximum, and all ion concentrations increase.

This last aspect is particularly important, as it contradicts long-standing claims of
ion association in mercuric halides at high T. To further stress the problems with
classical ion-association assumptions, I also computed the degree of ionization α(T)
directly from our ion concentrations reported in table 2.1, obtaining values of 0.007 (280
°C) to 0.055 (680 °C). These are 100 times larger than the poor estimate (0.0002) made
by Janz,22, 23 who assumed that all deviations from Walden’s Rule (which works well for
the fully-ionized molten alkali halides) were due to ion association.

Thus, the

conductivity maximum versus T that arises from our simulations did not arise from
increased ion association (a drop in α).
The apparent error made by Grantham and Yosim,16-19 Janz,3, 21-23 Todheide,24, 25
and others was in assuming the mode of conduction is classical translation of molecular
ions, when instead it is via the Grotthuss mechanism. In the simulations the decline in
HgBr2 conductivity past the maximum is due to a drop in ion mobility, not ion
concentration. Another result regarding liquid structure that is relevant in this regard is
the plot of ion lifetime versus temperature (fig. 2.6): note first the very short lifetimes
(36 to 43 fs), but also the rise in lifetime with temperature which is offered as evidence
of a retardation of the Grotthuss rate (and hence of conductivity).
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Table 2.1: “Instantaneous” species concentrations in molten HgBr2. Uncertainties
in parentheses. Species larger than 12 atoms are present in < 0.001 mol L-1
concentrations.
Species concentrations (in mol L-1) at different
temperatures
#
atoms species
1
Br-

280 °C
0.04(1)

360 °C
0.08(2)

440 °C
0.11(1)

520 °C
0.15(3)

600 °C
0.18(2)

680 °C
0.21(1)

2

HgBr+

0.03(1)

0.06(1)

0.09(1)

0.12(2)

0.15(2)

0.18(1)

3

HgBr2

13.0(1)

12.0(1)

11.1(1)

10.3(1)

9.6(1)

8.80(4)

4

HgBr3-

0.009(3) 0.021(4) 0.029(5)

0.04(1)

0.05(1) 0.058(3)

5

Hg2Br3+

0.020(6)

0.04(1) 0.045(8)

0.06(1)

0.07(1)

6

Hg2Br4

0.33(3)

0.40(2)

0.42(2)

0.41(1) 0.382(1)

7

Hg2Br5-

0.001(1) 0.004(1) 0.004(2) 0.007(3) 0.008(2) 0.011(1)

8

Hg3Br5+

0.003(2) 0.008(2) 0.010(3) 0.012(3) 0.016(4) 0.018(3)

9

Hg3Br6

0.024(6) 0.037(5) 0.041(2) 0.045(7) 0.044(5) 0.047(2)

10

Hg3Br7-

0.000(0) 0.001(1) 0.001(1) 0.001(1) 0.002(1) 0.002(1)

11

Hg4Br7+

0.001(1) 0.002(1) 0.002(1) 0.002(1) 0.003(1) 0.003(1)

12

Hg4Br8

0.003(1) 0.005(2) 0.005(1) 0.006(2) 0.006(2) 0.006(1)

Total ions

0.10(2)

0.20(4)

0.42(2)

0.30(4)

0.40(8)

0.47(6)

0.08(1)

0.56(3)
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Figure 2.6: Average lifetime of an HgBr+ ion vs temperature, from the simulations.
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2.3.3 GROTTHUSS MECHANISM OBSERVATION AND “LOCK” PROBLEM
The Grotthuss “hopping” mechanism for conductivity was observed in
simulations of HgBr2 artificially seeded with molecular ions. Two such simulations (at
680 °C and 280 °C respectively) were run starting with 38 HgBr2, one HgBr+, and one
HgBr3−. Ion neutralisation occurred via Grotthuss mechanism in both runs: after 375
timesteps and 5 Br− transfers at 680 °C, and after 385 timesteps and 4 Br- transfers at 280
°C. The transfers originated from HgBr3−. Thus, HgBr2, like H2O, can be said to conduct
electricity via a Grotthuss mechanism as shown in fig. 2.7 below.

Figure 2.7: The Grotthuss relay observed in molten HgBr2 simulations.
I also report here, as a caution to others, a conductivity simulation problem we
encountered with HgBr2 which we termed the Grotthuss “lock” problem. When we first
computed the conductivities from the HgBr2 simulations, the conductivities were overpredicted by 1-2 orders of magnitude. To investigate why, specific conductivities were
calculated for each 10000-timestep dataset (two consecutive production runs) for all the
temperatures. Fig. 2.8 shows einσ(t) curves at each temperature and fig. 2.9 shows the
corresponding τ·einσ(t) vs τ plots, where τ is in units of 6 ps.

31

Figure 2.8: The einσ(t) curves (ninf = 2000, nzero = 8000) for different 10000-step
datasets (time segments) of HgBr2 simulations, at six different temperatures.
Conductivity is proportional to t→∞ asymptotes.
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Figure 2.9: The t·einσ(t) vs t plots (t in units of timestep) for different 10000-step
datasets (time segments) of HgBr2 simulations, at six different temperatures.
Conductivity is proportional to the slopes of these curves.
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In figs. 2.8 and 2.9 one sees a minority of “hyperactive” datasets (0, 1, 2, 3, 2, 8
at the 6 temperatures from 280 to 680 °C) whose curves disagree with the majority of
curves, extrapolating too high in fig. 2.8 and having overly large slopes in fig. 2.9. These
hyperactive curves produce overly high conductivity values, while the non-hyperactive
curves produce reasonable predictions. Hence, focus was turned to investigating the
reasons for overconductivity in the hyperactive datasets.
Plots of net dipole moment drift squared (the numerator in the einσ(t) expression
given in eq. 2.2) versus timestep revealed singular instances of large jumps over very
small time windows. Careful analysis of the molecular movie for one such small time
window (in run “prod09” of 440 °C) revealed an artefact due to the limited cell size (1718 Å): a Grotthuss relay of bromide ions which began at one Hg atom, extended to a
neighbouring replicant cell, and finished at the replicate of the same Hg from which the
relay started. Its details are given in fig. 2.10. The relay started with a dimerization of
two HgBr2 molecules at τ = 1204 which then ionized to an Hg2Br3+ and a Br- at τ = 1232.
The Br- remained solvated between three neutral HgBr2 molecules for roughly 80
timesteps before bonding to a neutral HgBr2 molecule at τ = 1310, initiating a Brtransfer relay. The relay ended when finally a Br- finds a replicant of the original cation
(Hg2Br3+) in a replicant cell, which at time of arrival (τ = 1508) had already parted as
HgBr+ and HgBr2.
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Figure 2.10: The Grotthuss relay in prod09 of 440 °C which coils to the starting
point in a replicant cell, leading to a jump in the net dipole moment drift and the
over-prediction of conductivity.
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This Grotthuss relay correlated in time with the only jump in the dipole moment
drift in the run “prod09,” and hence caused the high conductivity prediction. We refer to
this artefact as a “lock” because the net result is a shift in the centre of mass of all Hg
atoms in one direction, and in the centre of mass of all Br atoms in the opposite
direction, causing the rise in the net dipole moment drift which locks into a higher value.
Such a lock is artificial (due to the periodic replication of the simulation cell). It is very
likely that all the hyperactivity seen in figs. 2.8 and 2.9 are due to such artificial locks.
Therefore, the τ·einσ(t) functions from all the hyperactive datasets were dismissed for
being defective, and the remaining τ·einσ(t) functions in fig. 2.9 were averaged (at each
temperature) for final τ·einσ(t) functions at each temperature. These grand-averaged
curves had their slopes extrapolated to infinity to obtain the specific conductivities (next
section).

2.3.4 CONDUCTIVITY AND DIFFUSION
Table 2.2 reports the computed diffusion coefficients DHg and DBr (eq. 2.1) and
specific conductivities σ (eq. 2.2). Again, as for the higher-conducting network liquid
BiCl3,26 the simulations of this molecular liquid qualitatively reproduced the
conductivity maximum.

This was a pleasant surprise, given the much smaller

conductivities of HgBr2 vs BiCl3 (factor of 1000) which required significant reduction of
absolute error. The predicted conductivities are factors of 2-5 too high (except at 680
°C), possibly due to the approximate DFT forces, but the prediction at 440 °C is
particularly poor and overly precise due to an unfortunate, random, upwards wandering
of the averaged τ·einσ(t) curve at the end of our sampling range, which made the slope
and hence conductivity prediction too large at that temperature.
36

Table 2.2: Specific conductivity σ and diffusion coefficients D for HgBr2, from
present simulations. The σexpt values are from fitting to Yosim’s data.17
T (°C) ρ (g/mL) σEin (S/cm) σexpt (S/cm) DHgEin (10-9 m2s-1) DBrEin (10-9 m2s-1)
280

4.9833

0.0010(5)

0.00022

0.9(0)

1.0(0)

360

4.7246

0.0011(6)

0.00035

1.6(0)

1.8(2)

440

4.4660

0.0021(4)

0.00040

2.4(1)

2.7(1)

520

4.2073

0.0007(2)

0.00036

4.0(1)

4.1(1)

600

3.9487

0.0006(4)

0.00024

5.6(0)

6.0(1)

680

3.6900

–0.0004(2)

0.00004

7.4(1)

7.7(1)
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Diffusion constants of Hg and the much lighter Br are nearly identical, which is
logical since they generally translate together in triatomic molecules.

2.4 CONCLUSIONS
Simulations, employing atomic forces computed with DFT PW91 with an added
van-der-Waals attractive potential, qualitatively (and with correct order of magnitude)
reproduced the conductivity maxima vs. temperature for molten HgBr2.
Molten HgBr2 is an interesting molecular covalent liquid, whose linear triatomic
molecules undergo frequent dimeric collisions (1 per 5 ps per molecule). The simulations
of molten HgBr2 show auto-ionization equilibria, but each individual ion (of which Br- is
the most common) has only a picosecond lifetime. The concentration of these short-lived
ions is predicted by the simulations to steadily increase with temperature, in
disagreement with the long-standing ion association explanation for the conductivity
maximum.
In the molten HgBr2 simulations, clear Grotthuss mechanisms of bromide ions
are seen.

An artificial Grotthuss “lock,” a Grotthuss chain to a replicant of the

originating molecule, was located and shown to contribute to artificially high
conductivity predictions.

Time segments showing such conductivity spikes were

discarded from the data averaging during conductivity calculation.
Given the lack of support for the ion association hypothesis from the simulations,
and instead the observance of a Grotthuss mechanism of halide ions in HgBr2, further
pursuance of Grotthuss ideas in understanding molten salt conductivity at high
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temperatures would be the appropriate way to interpret conductivity maxima vs.
temperature. This is done in the next chapter.
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Chapter 3

3. ORIGIN OF CONDUCTIVITY MAXIMUM VS
TEMPERATURE IN MOLTEN SALTS
3.1 CONDUCTIVITY MECHANISM AND THE MAXIMUM
With the observation in simulation of a Grotthuss relay of Br− ions in the
molecular liquid HgBr2, the “hopping” ideas proposed earlier26,
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can be recast as

density-dependent aspects of a general Grotthuss conductivity mechanism for all ions.
The goal of this chapter is to understand how the conductivity maxima with temperature
of molten halides, observed experimentally by Grantham and Yosim16-18 and in
simulations, might arise from a Grotthuss mechanism.
Let us first recap basic equations for conductivity. If an external electric field of
magnitude X (units: V cm-1) induces a steady current density i (units: C cm-2 s-1) in a
material, the specific conductivity σ of the material is the proportionality constant: σ =
i/X (units: C V-1 s-1 cm-1 = Ω-1 cm-1).77 The current density i is the total charge flowing
through an area perpendicular to the external field, per unit time; an equation for i is
i   q j  jv j

...(3.1)

j

where the sum is over ion types j, qj is the charge per ion (units: C ion-1), ρj is the ion
density (ions cm-3), and vj is the steady ion drift velocity caused by the external field (cm
s-1). The sum includes all charged particles passing through the perpendicular area, e.g.
cations in one direction (q and v positive) and anions in the opposite direction (q and v
negative). With this equation, σ becomes
40

  qj j j

...(3.2)

j

where μj = vj/X (units: cm2 V-1 s-1) is the “conventional” ion mobility77 induced by the
external field. (A related quantity sometimes discussed is molar conductivity Λ (units:
Ω-1 cm2 mol-1) which is defined as Λ = (1000/cj)σ = (1000N/ρj)σ where c is molarity
(units: mol dm-3), N is Avogadro’s number, and the factor 1000 converts cm3 to dm3 for
cancellation.
It has been a long-standing belief that conductivity maxima could be explained
by ion association: in eq. 3.2, a fall in  j as  j continues to increase with temperature.
Since my simulations do not show a loss of free ions at high T, and instead Grotthusslike hopping of atomic ions, I am led to believe that the maxima are due to a hightemperature fall in  j (not  j ), where j is an atomic ion, not a molecular one.
Now, let us discuss effects of a Grotthuss mechanism upon conductivity. A
comparison with previous literature discussion of the Grotthuss mechanism of H+ in
aqueous media is then apt. First, consider the 1909 data of Johnston,78 who determined
limiting molar conductivities Λ0 (i.e. in the limit of infinite dilution) for several aqueous
salt solutions at several temperatures.

At 18 °C, the values (Ω-1 cm2 mol-1) were

generally 109-131 (KCl, KNO3, NaCl, NH4Cl, and AgNO3), but were 216 for NaOH
solution and 377-379 for solutions of HCl and HNO3.

The anomalously high

conductivity and mobility of OH− and H3O+ ions in water was of substantial interest in
the early 20th century, and consensus grew that the excess was due to the Grotthuss
mechanism for H+ in water. (These high conductivities, if due to classical (i.e. non-
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Grotthuss) conductance, would imply ions of “unreasonably small” sizes: rH+ ≈ 0.2 Å,
rOH− ≈ 0.4 Å.79)
Of particular importance here is Johnston’s observed temperature dependence of
these aqueous solution conductivities: the pH-neutral salts gave linear plots of σ0 vs. T,
but the acids gave negative curvature (fig. 3.1 left). Two questions are here posed and
answered. (i) How (if at all) is the Grotthuss mechanism causing the curvatures in
σ0,HNO3(T) vs σ0,KNO3(T) to be different? (ii) Could this same reason be causing the
conductivity maximum in molten salt?
Perusal of textbooks led to two particular theories of Grotthuss effects. Geirer
and Wirtz80,

81

dealt with the anomalous Grotthuss conductivity of OH− and H+ by

assuming, in addition to classical H3O+ conductivity, a traditional Arrhenius relation for
H+ mobility:

  Ae  Ea / RT

...(3.3)

but imagining in the prefactor A a T-dependent factor for the probability of appropriate
H-bond alignment. They assumed this probability decreases with T past ~ 50 °C,
impeding H+ mobility. In a more detailed theory, Conway, Bockris, and Linton82 viewed
Grotthuss conductivity as a sequence of proton-transfer and water-reorientation steps,
and determined that in this model the water reorientation step would be rate-determining.
They did not write out an expression for net mobility or its temperature dependence,
however, and hence is not of help here.

42

Figure 3.1: Specific conductivities vs. temperature (left) and corresponding
Arrhenius plots (right) of two aqueous solutions, in the limit of infinite dilution.
Data calculated from limiting molar conductivities of Johnston 1909.78
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The negative curvature for HNO3 in fig. 3.1 might be due to a falling prefactor A
as Geirer and Wirtz hypothesized, or a rising Ea as the solution expands with rising T (as
was proposed earlier for BiCl3). However, the need for a special treatment for aqueous
acids/bases vis-à-vis aqueous salts is questionable, for two reasons. First, all aqueous
cases show non-Arrhenius behaviour (see right-hand plot of fig. 3.1); Erdey-Gruz
comments on the non-constant nature of Ea vs. T for several aqueous solutions.79 Second,
the curvature change can be linked to a simple change in magnitude of the activation
energy, and this will be explained. Suppose the specific conductivities of the two
solutions in fig. 3.1 were “strictly” Arrhenius (constant barrier Ea and prefactor A). The
derived Ea values from slopes of the Arrhenius plots would then be 2.7 and 1.7 kcal/mol
for KNO3 and HNO3 respectively. Now, note that strict Arrhenius behaviour of f(T) =
Ae−Ea/RT has 3 distinct regions in the f(T) vs. T plot (positive/linear/negative curvature if
RT/Ea is </=/> 0.5, see fig. 3.2). The derived Ea values (2.7, 1.7) result in RT/Ea values
(0.20-0.30, 0.35-0.45) that sit in two different regions: Region I for aqueous salt, but
Region II for aqueous acid. A non-Arrhenius effect adds some negative curvature to
both cases, moving the curvature in σ0,HNO3(T) from linear to negative, and in σ0,KNO3(T)
from positive to linear. Thus, to answer the two posed questions: (i) in dilute aqueous
cases, the Grotthuss nature of H+ conductivity adds negative curvature to σ(T) merely by
providing a low activation barrier, and (ii) this is not the reason for the conductivity
maximum in molten salt, since a mere lowering of a constant Ea cannot produce a
conductivity maximum (fig. 3.2). Thus, the aqueous Grotthuss studies are no help in
understanding molten salt conductivity maxima, and we dismissed from further
consideration.
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Figure 3.2: The three curvature regions of a strict Arrhenius relation: I (RT/E a <
½), II (RT/Ea ≈ ½), III (RT/Ea > ½).
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Let us now turn from aqueous salt to molten salt. Consider the 1947 paper of
Bloom and Heyman,83 who found good Arrhenius behaviour in molten ionic halides (e.g.
MgCl2) but not in “covalent” halides (e.g. PbCl2), and attributed it to the more covalent
character of the bonds involved. Fig. 3.3 shows exemplary data for 4 molten halides of
MX2 stoichiometry, including the one maximum-producing case I studied via simulation
in this work (HgBr2). From fig. 3.3 alone one sees three classes of molten halides. The
ionic halide MgCl2 has, as is typical of the alkali/alkali earth halides, a significantly
higher melting point (987 K15) than the post-transition-metal halides, which we subclassify as network covalent halides (PbCl2 774 K,15 SnCl2 520 K84) or molecular
covalent halides (HgBr2 511 K21). Note that the two network covalent halides have twice
the conductivity as the ionic halide at a common temperature (upper left plot of fig. 3.3),
but the molecular covalent halide has orders of magnitude less conductivity (bottom right
plot of fig. 3.3). For molten salts, the main question just posed for dilute aqueous
solutions: How (if at all) is the Grotthuss mechanism causing the curvatures in σionic(T)
vs σcovalent(T) to be different, so much so that maxima are created?
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Figure 3.3: Specific conductivities vs. temperature (left) and corresponding
Arrhenius plots (right) of different molten halides. The increase in covalency is
reflected in the increase in negative curvature of the plots in the series Mg, Pb, Sn,
Hg. Data from Yosim17, Klemm (MgCl2)12, Salyulev (PbCl2)85
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Angell86 offered a justification for the use of a modified Arrhenius equation in
which T is replaced by T-T0 (e.g. the Vogel-Fulcher-Tammann or VFT equation87), with
T0 being the temperature at which conductivity drops to zero due to formation of glass
(hypothetically in the case of pure molten salts). Invoking T0 is useful for modelling
conductivity at very low liquid temperatures,86, 87 close to T0, for example (i) molten salt
mixtures, which have suppressed crystallization points, (ii) supercooled pure molten
salts, and (iii) pure ionic liquids with large alkylated cations resistant to crystallization.
Invoking T0 perhaps becomes less important as T increases away from T0.

Most

importantly, the mere incorporation of T0 into a strict Arrhenius equation cannot account
for a conductivity maximum. Some other effect in the covalent halide cases is apparent.
Okada and Takagi,88 in analyzing the conductivity maximum of molten TlCl with
classical molecular dynamics simulations, assumed that the maximum in σ(T) was due to
the drop in density outpacing the rise in Arrhenius mobility (see eq. 3.2). However, if
this were the case, then molar conductivity Λ(T) would have no maximum. Maxima in
Λ(T) can be easily demonstrated for several systems by dividing known σ(T) data by
known ρ(T) data. Some other effect is still apparent.
Let me first address the network covalent cases (PbCl2 and SnCl2). Since the
ionic halides (e.g. MgCl2), with minimal Grotthuss effects, show good Arrhenius
behaviour (up to 1200 K at least), let us assume they are of strict Arrhenius nature; for
MgCl2 this produces A = 7.3 Ω-1 cm-1 and Ea = 3.88 kcal mol-1. PbCl2 and SnCl2 conduct
more than twice as well as MgCl2 at 990 K, despite lower molar concentrations at this
temperature ([Mg], [Pb], [Sn] would be 17.7, 16.6, 14.6 M respectively at 990 K using
Janz density equations;70 chloride concentrations are double these amounts by
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stoichiometry), and thus at first glance the conjecture used for aqueous-acid σ(T)
curvature might apply here as well: a lowered Ea for network covalent melts (which
would explain the higher conductivity) might move us from Region II to Region III in
fig. 3.2, imparting negative curvature. However, as already mentioned, this lowering of
Ea within a strict Arrhenius relation cannot account for a conductivity maximum. Some
further effect is still apparent. Since the maximum occurs while the halide is still
essentially 3-coordinate, we can say that: in network covalent molten halides, the
Grotthuss nature of halide conductivity adds negative curvature to σ(T) by providing a
rising Ea during thermal expansion which outpaces the rise in T, causing the hopping
probability exponential to fall at high T and causing the conductivity maximum.
I next address the molecular covalent case, σHgBr2(T).

Here the density is

sufficiently sparse that the halide atoms are usually 1-coordinate, with frequent episodes
of intermolecular collision, occasionally resulting in metathesis exchange of halide. Free
bromide ions are apparently briefly present, but short-lived and never far away from a
mercury atom in this melt. In the observed Grotthuss chain, the bromide hops from Hg
to Hg required a properly oriented “collision” event, and when such an event occurred,
the hopping distance seemed somewhat consistent from hop to hop. It would therefore
seem more reasonable to ascribe the Grotthuss effect here as Geirer and Wirtz 80,

81

imagined doing for aqueous acids in H2O (discussed above): with a loss of collision
frequency during thermal expansion. Hence, it can be suggested that in molecular
covalent molten halides, the Grotthuss nature of halide conductivity adds negative
curvature to σ(T) by providing a falling Arrhenius prefactor A during thermal expansion,
causing the conductivity maximum.
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3.2 FITTING OF KNOWN EXPERIMENTAL DATA

That the mechanism is been identified as a Grotthuss one has helped, but we have
yet to find the best way of mapping the Arrhenius equation onto experimental data (to
determine A(ρ) and Ea(ρ) values). From trial and error under close supervision of Dr.
East, we came up with this 3-parameter function

  e  aT e b e c / T

...(3.4)

which happens to fit the conductivity data for several molten salts exceptionally well
(figs. 3.4 & 3.5). Only for the peculiar case of HgI2 (conductivities always descending as
T rises) does the function appear approximate. Practitioners may find this fitting function
to be useful.
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Figure 3.4: Fits (solid dots) of eq. 3.4 to experimental data (open diamonds) for four
salts which are likely molecular in nature. Expt. data from Yosim17.
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Figure 3.5: Fits (solid dots) of eq. 3.4 to experimental data (open diamonds) for
eight salts which are likely network (bridging-halide) in nature. Expt. data from
Yosim17, Salyulev (ZnCl2)85 and Spedding (TlCl)89.
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It is still not clear how to best map the Arrhenius equation onto the experimental
data (represented almost exactly by eq. 3.4). Equating the natural logs of both equations
results in
 aT  b  cT 1  ln A  Ea R 1T 1

...(3.5)

The current best idea, a lot of which came through Dr. East’s close guidance, is
presented here. To accommodate a wide range of molten salts we chose to write

ln A  d 0  d1T
Ea   0   1T   2T 2

...(3.6)
...(3.7)

with the understanding that the A and Ea are meant to be direct functions of density, and
only indirect functions of temperature here (due to the thermal expansion: density falls
reasonably linearly as temperature rises). Thus eq. 3.5 becomes

 aT  b  cT 1  d 0  d1T   0 R 1T 1   1 R 1   2 R 1T
 aT  b  cT 1  (d1   2 R 1 )T  (d 0   1 R 1 )   0 R 1T 1

...(3.8)

and thus we need means of apportioning a amongst {d1,ε2}, and b amonst {d0,ε1}. The
apportioning may depend on the melt: for molecular melts we expect A to be falling and
Ea somewhat level, while for network melts we expect A to be level and Ea to be rising.
Conductivity itself could be a rough metric of the molecularity of the melt (the mercuric
halides certainly have low conductivity), and hence we made the choices
1/ 3
d 0  ( 0.9 max
 1.5)b

1/ 3
d1  ( 2.8 max
 1.3)a

...(3.9a)
...(3.9b)
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With these, the epsilons are obtained via eq. 3.8:

 0  cR

...(3.9c)

1  (d 0  b) R

...(3.9d)

 2  ( d1  a ) R

...(3.9e)

The recipe is thus: one takes the experimental conductivities versus temperature for a
melt, fits eq. 3.4 to obtain {a, b, c} as well as σmax, and uses these in eqs. 3.9a-e to obtain
the coefficients needed for eqs. 3.6 (for A) and 3.7 (for Ea).
The results of this recipe for the 12 melts in figs. 3.4 & 3.5 appear in fig. 3.6 and
table 3.1. The results seem reasonable except for the zinc halides, whose A and Ea
values seem too high for a network melt. We note that molten ZnCl2 is particularly
viscous (the viscosity of ZnI2 is unknown), but it is not apparent why this viscosity
would lead to high activation energies for Grotthuss conductivity. We instead suspect
that the zinc salts must need a different apportioning, which could lower both A and Ea.
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Figure 3.6: Results for Arrhenius parameters lnA (left) and Ea (right) for the
specific conductivity of 12 molten halides, from fitting to known experimental data
according to the recipe give in the text.
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Table 3.1: Molten salt parameters and coefficients for specific conductivity, from
fitting to experimental data in figs. 3.4 & 3.5.a

a

Salt

σmax

c

d0

d1

ε0

ε1

ε2

InI3

0.1201

0.003163 3.061

2120

3.2

0.0003

4.2

0.0003

0.0000068

HgI2

0.03545

0.009188 4.603

1716

5.5

-0.0035

3.4

0.0019

0.0000113

HgBr2

0.000406

0.014280 12.49

7222

17.9 -0.0156 14.4

0.0108

-0.0000026

HgCl2

0.0000919 0.014200 12.24

8164

17.9 -0.0167 16.2

0.0112

-0.0000049

a

b

ZnI2

0.5864

0.007049 16.30 10050 12.2

0.0074

20.0 -0.0082

0.0000286

ZnCl2

1.4617

0.003855 12.06

8852

5.8

0.0072

17.6 -0.0125

0.0000220

TlI

1.7385

0.000460 2.467

1993

1.0

0.0009

4.0

-0.0029

0.0000028

TlBr

2.237

0.000481 2.707

1882

0.9

0.0011

3.7

-0.0036

0.0000032

TlCl

2.91

0.000750 3.569

2081

0.8

0.0020

4.1

-0.0056

0.0000055

SnCl2

2.81

0.001755 4.995

2234

1.1

0.0047

4.4

-0.0076

0.0000127

PbCl2

3.34

0.001023 4.397

2489

0.7

0.0030

4.9

-0.0074

0.0000079

CuCl

3.938

0.000478 2.443

600.9

0.2

0.0015

1.2

-0.0045

0.0000039

Units: σ (S cm-1), a (K-1), b dimensionless, c (K), d0 dimensionless, d1 (K-1), ε0 (kcal

mol-1), ε1 (kcal mol-1 K-1), ε2 (kcal mol-1 K-2).
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3.3 CONCLUSIONS
The effect of the Grotthuss mechanism in various systems was explored. In
aqueous acids, the effect is to cause a negative curvature in σ(T) simply due to the
reduction of the activation energy for H+ mobility. In network covalent molten halides,
the Grotthuss effect could be a rise in activation energy as the liquid expands during
heating, due to increased halide hopping distance, with the rise at a sufficient pace as to
cause a conductivity maximum vs. temperature. Finally, in molecular covalent molten
halides, the Grotthuss effect could instead be a drop in intermolecular collision
frequency as the liquid expands during heating, with the drop at a sufficient pace as to
cause a conductivity maximum vs. temperature.
A 3-parameter function   e  aT e b e c / T is found to fit the experimental
conductivities of a dozen molten salts really well. This was equated to the densitydependent Arrhenius equation, generating values for ln A and Ea for the specific
conductivity of several molten salts. Only the results for the zinc halides looked
unsavoury, hinting that these may have unique structure and/or conductivity
mechanisms.
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Chapter 4
4. TRANSPORT PHENOMENON IN MOLTEN ZINC
HALIDES

4.1 INTRODUCTION
In Chapter 3, the work that has now been published,90, 91 we were successful in
fitting the experimental conductivity vs temperature data of a dozen molten salts with a
new 3-parameter function and mapped it to the Arrhenius equation to come up with
reasonable predictions of the Arrhenius prefactor A (collision frequency) and activation
energy Ea (of hopping).91 The zinc salts ZnCl2 and ZnI2 gave abnormally high A and Ea
values (see fig. 3.6) which seemed unreasonable for network covalent melts. This result
provided direct motivation for this project in Chapter 4: are these high values real?
Molten zinc halides are interesting molten salts for a variety of other reasons as
well. For instance, ZnCl2 is a prime example of a molten salt that has been recognized
for its efficiency as a heat transfer fluid (HTF) in concentrating solar power (CSP)
applications.92 ZnCl2 is valued for this application because of its (i) ability to form a lowmelting eutectic mixture with ionic metal chlorides, (ii) relatively lower cost compared
to other HTFs, (iii) low vapour pressure, and (iv) low corrosion rate on the container and
piping alloys in anaerobic conditions.93-95 ZnI2 can make C-C bonds out of methanol.96
Understanding the transport properties and accurate structure of these melts will help in
improving their usefulness.
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ZnCl2, ZnBr2, and ZnI2 were all studied here. The three molten ZnX2 have atomic
structures with Zn2+ ions predominantly tetrahedrally coordinated to X- ions (X = Cl, Br
or I) as pointed out through neutron scattering, X-ray absorption, and Raman
spectroscopy.97-103 Raman102 and neutron diffraction101,

103

studies had suggested that

ZnCl2 and ZnBr2 melts contain a notable amount of edge-shared tetrahedral units rather
than all being corner-shared like in the crystalline state of all the three zinc halides104-107,
or minorly edge-shared like in their corresponding glasses.108 ZnI2 melt is scarcely
studied. Recent (2016-17) ab initio molecular dynamics (AIMD) studies of ZnCl2 were
reported by Lucas et al. on ZnCl2 melt, agreeing with experiment that of the melt
structure is a network of corner-sharing tetrahedra with a uniform distribution of edgesharing tetrahedra,109 and that the fraction of corner-sharing tetrahedra decreases with
temperature: 60 % at 600 K and 42 % at 900 K.110 However, a variation of the edgesharing contribution between ZnCl2, ZnBr2 and ZnI2 melts is not known yet to the best of
my knowledge. These structural features could have prominent effects on the transport
properties of these molten salts.
Molten zinc halides ZnCl2 and ZnBr2 are known for their extremely high
viscosity compared to other molten salts, which is why they form glasses before
melting.70,

105, 111, 112

Viscosity of ZnI2 is not known. All three zinc halide melts are

known to have lower electrical conductivity compared to the other similar network
covalent melts like SnCl2 and PbCl2.70 It is of interest to see if the known conductivity
and viscosity values can be reproduced from ab initio molecular dynamic simulations
(AIMD), which could then help in uncovering the conductivity mechanism which results
in a low conductivity and the reason why these liquids are extremely viscous.
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Here, I present the results of my AIMD simulations of molten ZnCl2, ZnBr2 and
ZnI2 at a common temperature, describing the liquid structure revealed from it, and the
diffusion coefficients, viscosity and specific conductivity computed from first principles.
The computed properties reproduce the known values once a constant correction factor is
applied (due to consistent DFT error). The simulations are further shown valuable in a
better understanding of the liquid structure and the transport phenomenon.

4.2 METHODS
ZnCl2, ZnBr2 and ZnI2 were simulated at 773 K using Vienna Ab-initio
Simulation Package (VASP) software,68, 69 with its potpawGGA plane-wave basis sets,71,
72

standard precision (PREC = NORMAL), ENMAX = 400 eV, isotope-averaged

masses, a Nosé thermostat for canonical-ensemble (NVT) conditions73 with 40 fs thermal
oscillations (SMASS = 0), and a Verlet velocity algorithm.53 The Monkhorst-Pack
scheme for 10 x 10 x 10 k-point mesh in the Brillouin zone was applied. The timestep τ
was 4 fs for all the melts. The cubic simulation cell consisted of 120 atoms (M40X80) and
was replicated using periodic boundary conditions to mimic the bulk liquid. Cell widths
(15.51, 16.43, 17.73 Å for ZnCl2, ZnBr2, ZnI2) were chosen to match experimental
densities at 773 K (see table 4.1). All the simulations were done on Dextrose, a
supercomputer at the University of Regina, totalling 30 production runs of 10,000
timesteps each (each run taking several days). Visualization of simulation movies and
their further analysis including radial distribution plots were done with VMD software.75
For forces, the PW91 level of density functional theory (DFT) was used,55 but
with an added Grimme-style van-der-Waals (vdW) attractive potential.62 Grimme
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parameters for zinc, chlorine, bromine, and iodine were taken to be C6 = {10.80, 5.07,
12.47, 31.50} J nm6 mol-1 and R0 = {1.562, 1.639, 1.749, 1.892} Å respectively as given
by Grimme.
A common temperature of 773 K was chosen for the simulation of the three
halides to be sufficiently higher than the melting points of each of them so that liquidity
in DFT simulations could be ensured, and the transport properties can be easily
computed. The melting points111 of the three zinc halides along with their specific
conductivities, viscosities and densities experimentally known70 are presented in table
4.1.
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Table 4.1: Melting point (m. p.)111, specific conductivity (σ), viscosity (η) and
density (ρ) known70 for the three zinc halides.
m. p.

σ at 773 K

η at 773 K

ρ at 773 K

Salt

(K)

(S/cm)

(cP)

(g/cm3)

ZnCl2

588

0.080

34.5

2.428

ZnBr2

667

0.079

29.2

3.372

ZnI2

719

0.110

-

3.805
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The starting geometry of the ZnI2 melt was chosen as an equilibrated geometry of
molten HgBr2.90 The simulation cell size was scaled to fit the orthobaric density of ZnI2
at 773 K (table 4.1). The energy became equilibrated within 1000 timesteps of
simulation (fig. 4.1). A further 1000 timesteps were simulated to ensure equilibration,
before production-run sampling began. The equilibrated ZnI2 geometry was used as a
starting geometry for the ZnBr2 and ZnCl2 melts with proper scaling of the cell size to fit
the experimental densities (table 4.1) and was equilibrated to a 1000 timesteps in both
cases. Post-equilibration, each melt was sampled to 100,000 timesteps which equals 400
ps of real time (1 timestep = 4 fs).
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Figure 4.1: The total internal energy U(T) getting levelled off in 1000 timesteps for
molten ZnI2 indicating equilibration.
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The simulations generate output of atomic Cartesian coordinates for each
timestep. From these, the specific conductivity (σ) and atomic diffusion coefficients (D)
were calculated with in-house Fortran programs via Einstein and Green-Kubo formalism,
as done before.26, 90, 91 The Einstein formulae employed were

𝐷𝑋𝐸𝑖𝑛 = lim𝑡→∞ 𝑒𝑖𝑛𝐷 (𝑡); 𝑒𝑖𝑛𝐷 (𝑡) =

𝜎 𝐸𝑖𝑛 =

1
lim𝑡→∞
𝑉𝑘𝑇

2

〈〈|𝑟⃑𝑋,𝑖 (𝑡)−𝑟⃑𝑋,𝑖 (𝑡0 )| 〉〉
6𝑡

2

𝑒𝑖𝑛𝜎 (𝑡); 𝑒𝑖𝑛𝜎 (𝑡) =

⃗⃗⃑(𝑡)−𝑀
⃗⃗⃑(𝑡0 )| 〉
〈|𝑀
6𝑡

…(4.1)

...(4.2)

Here 𝑟⃑𝑋,𝑖 (𝑡) is the Cartesian position of the ith atom of type X at time t, VkT is the
product of cell volume, Boltzmann’s constant, and simulation thermostat temperature T,
⃗⃗⃑ (𝑡) is the total electric dipole of one simulation cell’s worth of liquid at time t, and
𝑀
⃗⃗⃑(𝑡)
denote averaging over all choices of t0 (eqs. 4.1 and 4.2) and i (eq. 4.1). The 𝑀
⃗⃗⃑(𝑡) = ∑𝑗 𝑞𝑗 𝑟⃑𝑗 involved assignment of charges +2 to Zn and -1 to the
calculation 𝑀
halogen in each case, and the cell’s worth of atoms (120) had to be tracked as they left
the simulation cell, as Hansen113 has done. The Einstein functions einσ(t) and einD(t)
were obtained from the full set of 100,000 timesteps of data by averaging 80,000 ein(t-t0)
functions of length 20,000 τ, the functions differing only by choice of time zero (t0). The
Einstein conductivity functions einσ(t) appeared to have achieved asymptotic constants in
this sampling, and the t → ∞ value was chosen as an average of 17,000 einσ(t) values
after the asymptotic onset (3,000 τ) till the end at 20,000 τ. The range (max – min) of
these 17,000 values is reported as the uncertainty. On the other hand, the Einstein
diffusion functions einD(t) produced smooth decaying curves which needed extrapolation
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to infinite time. Extrapolation was done by linear least-squares fitting of t.einD(t) vs t via
eq. 4.3,
𝑡. 𝑒𝑖𝑛𝐷 (𝑡) ≈ 𝑎𝑡 + 𝑏, at large t

...(4.3)

and using the slope a as the limiting value of einD(t) in eq. 4.1. The slopes looked very
steady, and the error bars for the predictions were taken as the range of 3 estimates, from
3 choices of cut-off for measuring slope (1000 τ, 5000 τ, 10,000 τ).
The Green-Kubo formulae used were26
∞

𝐷𝑋𝐺𝐾

1 2
= 〈〈𝑣𝑋,𝑖
(𝑡0 )〉〉 ∫ 𝐶̃
𝑋,𝑖 (𝑡; 𝑡0 )𝑑𝑡
3

… (4.4)

〈〈𝑣
⃗⃗⃗⃗⃗⃗⃗
𝑋,𝑖 (𝑡) .
𝐶̃
𝑋,𝑖 (𝑡; 𝑡0 ) =
⃗⃗⃗⃗⃗⃗⃗
2

… (4.5)

𝑡=0

where

⃗⃗⃗⃗⃗⃗⃗
𝑣𝑋,𝑖 (𝑡0 )〉〉

〈〈𝑣𝑋,𝑖 (𝑡0 )〉〉

∞

𝜎

𝐺𝐾

= 𝜌𝑛 𝛩 ∫ 𝐶̃
𝑋,𝑖 (𝑡; 𝑡0 )𝑑𝑡

… (4.6)

𝑡=0

where

〈𝑗(𝑡) .𝑗(𝑡 )〉
𝐶̃𝐽 (𝑡; 𝑡0 ) = 〈𝑗2 (𝑡 )〉0
0

… (4.7)

𝑁𝑖𝑜𝑛𝑠

𝑗(𝑡) = ∑ 𝑧𝑖 𝑒 ⃗⃗𝑣⃗𝑖 (𝑡)

… (4.8)

𝑖

𝑧

𝛩 = 𝑧𝐴 𝑧𝐵 𝑒 2 (𝑚𝐴 −
𝐵

𝑧𝐴
𝑚𝐴

)

… (4.9)

In eqs. 4.4 and 4.5, 𝐶̃
𝑋,𝑖 (𝑡; 𝑡0 ) is the normalized velocity auto-correlation function for ion
i of type X, ⃗⃗⃗⃗⃗⃗
𝑣𝑋,𝑖 (𝑡) is the instantaneous velocity of ion i of type X at time t, and the
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brackets denote averaging over all ions i of type X and over all choices of time zero t 0. In
eqs. 4.6 – 4.9, 𝜌𝑛 is the number density (m-3) of AxBy (here ZnX2) formula units in the
simulation cell, Θ is a charge/mass factor (here zA = +2 and zB = -1), 𝑗(𝑡) is the
instantaneous current in the simulation cell at time t, e is the proton charge, and 𝐶̃𝐽 (𝑡; 𝑡0 )
is the normalized current autocorrelation function, averaged only over the choices of
time zero t0 since current is a collective property. Total functions averaged and the length
of the functions was kept the same as for the Einstein method. The numerical integration
from 0 to “infinity” (20,000 τ) was performed by recording running integral values via
Simpson`s rule every 50 timesteps and averaging all such values (380 of them) from
1000 τ to 20,000 τ. Error bars were computed from the range of the 380 values.
Viscosity was computed for each melt using the Stokes – Einstein expression77
(eq. 4.10):

𝜂=

𝑘𝑇
6𝜋𝑟𝑖𝑜𝑛 𝐷𝑖𝑜𝑛

… (4.10)

where {Dion, rion} are the {diffusion coefficient, radius} of the ion, kT is thermal energy,
and η is the viscosity of the liquid. Here, an average diffusion coefficient value of the
atomic ions was used for Dion and an average of the ionic radii for Zn2+ and X- given by
Shannon114 was used for rion.
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4.3 RESULTS
4.3.1 ENERGIES
Average value of the total internal energy U(T) of the simulation cell was
recorded for every production run (10,000 timesteps) to see if there is energy
convergence with respect to the total sampling time. They are produced here in fig. 4.2.
The U(T) appears to be steady around a mean value for the three zinc halide melts, with
no tendencies of further rising or dropping. The oscillations are within 1 eV in amplitude
for molten ZnBr2 and ZnI2, whereas for molten ZnCl2 it goes slightly higher than 1 eV.
These are larger oscillations than seen in my other systems (HgBr2, Py-HAc), possibly
due to the extreme viscosity of these liquids (compared to those simulated earlier) which
could be slowing everything down! This looks sufficient enough to analyse the liquid
structure and compute the transport properties from the simulations.
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a.)

b.)

c.)
Figure 4.2: The total internal energy U(T) of the simulation cell versus time for a.)
ZnCl2 b.) ZnBr2 c.) ZnI2. Each point in the plot is an average from 10,000 timesteps
(1 timestep = 4 fs).
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4.3.2 LIQUID STRUCTURE
The simulations show tight tetrahedral coordination of zinc to the halogen atoms in all
the three zinc halide melts. This is evident from the Zn-X radial distribution (fig. 4.3a)
which shows a sharp first peak that integrates to 4. The Zn-X bond length increases in
the order ZnCl2 < ZnBr2 < ZnI2, with magnitudes of 2.3 Å, 2.5 Å and 2.7 Å respectively.
Each X atom finds 10 other X atoms within a sphere of radius 4.8 Å for ZnCl 2, 5.0 Å for
ZnBr2 and 5.4 Å for ZnI2 (see fig. 4.3b for X-X radial distribution). These ZnX2 melts
form a network of corner-sharing tetrahedra with a certain fraction of edge-sharing
tetrahedra. The fraction of edge-sharing tetrahedra increases in the order ZnCl2 < ZnBr2
< ZnI2, which gauges to 15 % in ZnCl2, 25 % in ZnBr2 and 30 % in ZnI2 with an
uncertainty of ±5 % as derived from simulation snapshots. The Zn-Zn radial distribution
produced in fig. 4.3c supports the increasing order of edge-sharing tetrahedra. It shows a
gradual split of a single Zn-Zn distance into two from ZnCl2 to ZnI2, meaning there are
two different lengths between the 4 closest Zn atoms which is the most pronounced in
ZnI2. The shorter length (3.5 Å in ZnI2) corresponds to the Zn-Zn distance between two
edge-sharing tetrahedra and the longer length (4.1 Å in ZnI2) corresponds to the same
between two corner-sharing tetrahedra (see fig. 4.4). The two different lengths are
clearly visible in the Zn-Zn radial distribution of ZnI2 due to a significant fraction (30 ±
5 %) of the tetrahedra being edge-shared, at this temperature of simulation (773 K). A
rare occurrence of two face-sharing tetrahedra (a trigonal bipyramid) was observed in the
ZnI2 melt which stayed for about 100 timesteps.
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a.)

b.)

c.)
Figure 4.3: Zn-X, X-X and Zn-Zn radial distribution functions from the simulations
of ZnCl2, ZnBr2 and ZnI2 at 773 K.
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Figure 4.4: Two different Zn-Zn distances observed in the melts due to a.) cornersharing and b.) edge-sharing tetrahedra.
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4.3.3 DIFFUSION COEFFICIENTS
The Einstein diffusion curves obtained are gradual decaying functions of time
(fig. 4.5) which were extrapolated to infinite time to get magnitudes of diffusion for zinc
and the halogen atoms. The diffusion curves are in agreement with the relative masses of
zinc and the halogen atoms. Interestingly, the diffusion curve of the halogen does not
vary much among the three melts, but the zinc diffusion varies greatly. It appears that
zinc diffusion alone accounts for the differences in viscosity: Zinc diffuses slowly in
thick ZnCl2, and the fastest in ZnI2.
Diffusion coefficients were computed also by the Green-Kubo method. They
agree with the Einstein predictions, but are less precise (table 4.2). Indeed, the Einstein
curves (fig. 4.5) look very smooth and are easily extrapolatable to high precision.
Experimental diffusion coefficients are known only for molten ZnBr2.115-117 The Zn2+
diffusion coefficient was reported as 1.5 x 10-10 m2/s at 773 K and the Br- diffusion
coefficient as 1.6 x 10-10 m2/s at 765 K, measured using radioactive tracers. My DFT
AIMD estimates are thus a factor of 2.7 too high, but they have qualitative agreement
with the experimental values as the bromide diffuses slightly faster than the zinc. The
factor of 2.7 high predictions is possibly due to the Density Functional Theory (DFT)
which could be under-predicting the binding forces in these strongly bound (extremely
viscous) liquids. Applying this correction factor on my predictions of ZnCl 2 and ZnI2
gives my “best” predictions as {1.3, 1.5} x 10-10 m2/s for ZnCl2 and {2.0, 1.4} x 10-10
m2/s for ZnI2. To get a better idea of the liquid flow, the dynamic viscosity of the three
liquids were computed which is discussed in the next section.
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a.)

b.)

c.)
Figure 4.5: Einstein diffusion curves for zinc and the halogen in the three zinc
halide melts: a.) ZnCl2 b.) ZnBr2 c.) ZnI2, computed from the simulations at 773 K.
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Table 4.2: Diffusion coefficients (10-10 m2/s) of zinc and halogen predicted from the
simulations at 773 K. Uncertainties in parentheses. Experimental values are from
Sjoblom et al.115-117
Salt

ρ (g/mL)

DZnEin

DZnGK

DZnBest

DZnExp

DXEin

DXGK

DXBest

DXExp

ZnCl2

2.428

3.52 (3)

3.4 (7)

1.3

-

4.11 (8)

4.0 (9)

1.5

-

ZnBr2

3.372

4.16 (2)

4.4 (8)

1.5

1.5

4.21 (5)

4.4 (7)

1.6

1.6

ZnI2

3.805

5.53 (1)

5.4 (8)

2.0

-

3.86 (6)

4.1 (7)

1.4

-
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4.3.4 DYNAMIC VISCOSITY
The dynamic viscosity (shear viscosity) was first attempted to be computed by
coding the Einstein formalism118 directly on the simulation data. However, the values
came out too low by 3 orders of magnitude and it failed to give the right ordering of
viscosity between the different melts compared to the experimental values. Something
about the simulation (cell size, timestep,.....) seems to prevent this formalism from
working well. Abandoning this formalism, the Stokes-Einstein relation (eq. 4.10) was
instead tested, first on molten ZnBr2 using an average value of experimental diffusion
coefficients (Sjoblom116,

117

) and an average of ionic radii (Shannon114), and it

reproduced the experimental viscosity70. The same relation was then used to compute the
dynamic viscosity of molten ZnCl2 and ZnI2 using my “best” predictions of diffusion
coefficients (sec. 4.3.3) and ionic radii from Shannon114. The ηStokes values predicted in
this manner appear in table 4.3. It matches with the experimentally known viscosity for
molten ZnCl2 and serves as a great way of estimating the viscosity of molten ZnI2 which
is not known.
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Table 4.3: Dynamic viscosity computed from the simulations of zinc halide melts at
773 K. The “best” predictions of diffusion coefficients are used in the calculation.
The ionic radii r+ for Zn2+ and r- for X- are those given by Shannon.114 The ηexp
values are from Janz`s fitting of experimental viscosities.70

+

avg. r

ηStokes

ηexp

-

Salt

r (Å)

r (Å)

(Å)

(cP)

(cP)

ZnCl2

0.60

1.81

1.21

33

34.5

ZnBr2

0.60

1.96

1.28

29

29.2

ZnI2

0.60

2.20

1.40

23

-
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To further validate this method as a robust way of computing dynamic viscosity
from first principles, Stokes-Einstein (ηStokes) values were estimated for molten HgBr2 at
three different temperatures from previously simulated data91. They are presented here in
table 4.4. No corrections for the diffusion coefficients obtained from the simulations
were required in this case as the DFT forces are strong enough to account for the binding
in this low viscous molecular liquid. The radius (2.5 Å) of neutral HgBr2 from the
simulations was used here as it is a molecular liquid translating as neutral molecules. The
ηStokes values show very good agreement with ηexp.
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Table 4.4: Dynamic viscosity computed from the simulations of molten HgBr2 at
three different temperatures. The ηexp values are from Janz`s fitting of
experimental viscosities.70
Salt

T (K)

rneut (Å)

ηstokes (cP)

ηexp (cP)

HgBr2

553

2.5

1.7

1.8

HgBr2

713

2.5

0.8

0.6

HgBr2

873

2.5

0.4

0.3
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4.3.5 SPECIFIC CONDUCTIVITY
The Einstein conductivity curves computed for the zinc halides do not appear to
be very well behaved (see fig. 4.6), but they seem to have achieved asymptotic values
quite early and are slowly wandering about such values. The curves show the correct
trend of conductivities experimentally known for these zinc halide melts. The specific
conductivity values drawn out of them along with “error bars” (statistical uncertainty)
appear in fig. 4.7.
The Einstein method gives predictions of conductivity which are in the same
order of magnitude as the experimental values, but are too large by a factor of 4. This is a
systematic error, since the experimental values (~ 0.1 S/cm, table 4.1) lie well below the
statistical error bars. To see if there are any artificial outlier events happening in certain
time regions of these melts like the “Grotthuss locks” for molten HgBr2,90 Einstein
conductivity functions were computed for the two separate time halves of the ZnI2
simulation (see fig. 4.8), but the two halves show agreement in conductivity within their
error bars, which means that an event-causing artifact is very unlikely. The systematic
error is more likely related to the DFT inter-ion attractive forces being too small.
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Figure 4.6: Einstein conductivity curves computed for the three zinc halide melts at
773 K.

81

Figure 4.7: Specific conductivity values estimated by Einstein’s method for the
three zinc halide melts at 773 K.
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Figure 4.8: Einstein conductivity curves for two halves of the ZnI2 simulation.
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Specific conductivity was also estimated using Green-Kubo formalism for
comparison purposes, and it agrees with the Einstein predictions, ruling out
programming errors. Interestingly, Green-Kubo produced larger statistical error bars (fig.
4.9), so it is not the preferred method for specific conductivity. Both methods predict an
average value which is 4 times the experimental value for each melt, pointing to a
systematic error from the simulations. Table 4.5 summarises the different specific
conductivity estimates for the molten zinc halides at 773 K.
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Figure 4.9: Green-Kubo estimates of specific conductivity for the three zinc halides
at 773 K.
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Table 4.5: Specific conductivity values computed from the simulations of zinc
halides at 773 K. The σexp values are from Janz’s fitting of experimental
conductivities.70 Uncertainties in parentheses.
Salt

ρ (g/mL)

σEin (S/cm)

σGK (S/cm)

σexp (S/cm)

ZnCl2

2.428

0.33 (4)

0.29 (20)

0.080 (4)

ZnBr2

3.372

0.33 (1)

0.32 (20)

0.079 (4)

ZnI2

3.805

0.39 (4)

0.47 (30)

0.110 (6)
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To address the factor-of-4 high predictions, specific conductivity was also
computed from atomic diffusion coefficients using the Nernst-Einstein relation given
below.
𝐹2
(𝜈 𝑧 2 𝐷 + 𝜈− 𝑧−2 𝐷− )
𝜎 = 𝑀. 𝜆 = 𝑀.
𝑅𝑇 + + +

… (4.11)

where {νion, zion, Dion} are the {stoichiometric coefficient, integral charge magnitude,
diffusion coefficient} of the ion, λ is molar conductivity, F is Faraday’s constant, and M
the molar concentration of ZnX2. By using my “best” diffusion coefficients, it overpredicts the experimental conductivity by factors of 1.7 (ZnI2) to 2.7 (ZnCl2), as shown
in table 4.6. These over-predictions in table 4.6 are due to the failure of the NernstEinstein approximation to account for counter-ion motion correlation: the slowing down
of an ion flowing in one direction due to an attracting counter-ion flowing in the opposite
direction. It is interesting that the effect of this correlation is only to reduce the
independent-ion prediction by half, considering the high ion density of a pure molten
salt. This Nernst-Einstein result also provides a likely reason why the direct σEin
predictions are worse (x 4 too high) than the direct Di predictions (x 2.7 too high): the
inter-ion attractive forces, under-predicted by DFT, result in overly fast Di but also in
insufficient counter-ion motion correlation; both effects contribute to high conductivity
prediction.
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Table 4.6: Specific conductivity values computed by Nernst-Einstein relation using
the corrected diffusion coefficients for the three zinc halide melts. The σexp values
are from Janz’s fitting of experimental conductivities.70
λ

M

σNE

σexp

Salt

D+ (10-10 m2/s)

D- (10-10 m2/s)

(Sm2/mol)

(mol/L)

(S/cm)

(S/cm)

ZnCl2

1.3

1.5

0.00119

17.82

0.21

0.080

ZnBr2

1.5

1.6

0.00133

14.97

0.20

0.079

ZnI2

2.0

1.4

0.00156

11.92

0.19

0.110
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Conductivity mechanism. From observing the simulation movies of the three
zinc halide melts, it was found that most of the movement of atomic ions Zn 2+ and Xhappens due to interconversions between corner-sharing and edge-sharing tetrahedra.
This is schematically shown in fig. 4.10. Since the tetrahedral coordination of the Zn2+ is
very tight as seen in the Zn-X radial distribution (fig. 4.3a), the network is more rigid
compared to other covalent network melts like molten SnCl2. The movements of the
atomic ions are thus restricted to only a few possible ways, the major one being a result
of the interconversions between the two kinds of tetrahedra (fig. 4.10). The Zn2+ and the
X- move in opposite directions to accomplish this transformation, which results in a net
transfer of charge and hence conduction. It is possibly due to the restricted movement of
ions that the molten zinc halides conduct lesser compared to other similar covalent
network melts at similar temperatures (eg. 2.11 S/cm for SnCl270 and ~ 0.1 S/cm for the
zinc halides, all at 773 K).
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Figure 4.10: A conductivity mechanism proposed as observed from the simulations.
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4.4 DISCUSSION
From the results presented above, the following can be inferred:
i.

The percentage of edge-sharing vs. corner-sharing tetrahedra in molten zinc
halides increases as anion size increases.

ii.

There is a constant decrease in viscosity from chloride to bromide to iodide at a
fixed temperature, due to increased Zn2+ mobility; X- mobility stays surprisingly
constant.

iii.

ZnCl2 and ZnBr2 have close enough conductivity values (0.080 and 0.079 S/cm)
even though there is a significant change in their viscosity, but the ZnI2 on the
other hand shows an increase in conductivity.

Now, let us try to answer some questions which are yet unanswered. First of all, why are
the zinc halide melts extremely viscous compared to other molten salts? The StokesEinstein relation links this to particularly slow ion diffusion. As is already pointed out in
the previous section, the zinc halide melts have a very rigid network of corner-sharing
and edge-sharing tetrahedra. The bridging halides here seem to be more strongly bound
than in melts involving larger metal ions (eg. Bi3+, Sn2+), due perhaps to the small size of
Zn2+ and/or its increased covalent bonding component. Second of all, why does viscosity
decrease as the mass of halide atoms increase (Cl → Br → I)? This may be related to
some of the corner-sharing tetrahedra converting to edge-sharing ones, which happens
also during heating of a single ZnX2.101-103 As more and more edge-sharing tetrahedra are
formed perhaps the long network chains are broken to smaller segments. Or, perhaps the
liquid is fully networked and there are merely increased opportunities for
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interconversions of edge-sharing to corner-sharing connectivity (see conductivity
mechanism, previous section).
Another interesting thing in these melts is pointed out as iii.) above, that ZnBr2
though being significantly more fluid (fluidity is inverse of viscosity) than ZnCl 2 has a
specific conductivity very close to that of ZnCl 2, whereas ZnI2 shows an increase in
conductivity with a similar increase of fluidity. This can be understood by looking at the
nearly constant Nernst-Einstein conductivities in table 4.6. The conductivities should
have all been the same if the ions travel independently (Nernst-Einstein), because a drop
in viscosity is matched by a drop in ion concentration. Hence, the phenomenon can be
restated to be: why is the error in the independent ions approximation for σ(ZnBr2) the
same as for σ(ZnCl2), instead of being in between the errors for σ(ZnCl2) and σ(ZnI2)?
This remains an open question.
The last question is if the high A and Ea values for ZnX2 conductivity in fig. 3.6
are realistic. Those values were arrived at based on the ideas of Grotthuss type
conduction in melts whose halides showed, in AIMD simulations, a “tight” coordination
number of 1, whether network (BiCl3, SnCl2) or molecular (HgBr2). The ZnX2
simulations here show a halide coordination number of 2, and a different way of
conduction. So, those values may not be realistic. To obtain better values of A and Ea for
the zinc halide melts, one has to do a different kind of apportioning of the parameters
involved incorporating the ideas of this new conduction mechanism.
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4.5 CONCLUSIONS AND FUTURE WORK
Ab-initio simulations of molten zinc halides at 773 K have been proven useful in
understanding their liquid structure, and transport properties. Their extreme viscosity
values and low conductivities are due to their strong network bonds. A conduction
mechanism for the zinc halide melts is proposed as observed from the simulations. The
experimental viscosity values of ZnCl2 (34 cP at 773 K) and ZnBr2 (29 cP at 773 K) are
reproduced via Stokes-Einstein relation using simulation diffusion coefficients scaled
down by a factor of 2.7 (and a viscosity for ZnI2 is predicted to be 23 cP at 773 K). The
experimental conductivities are reproduced by simulation values scaled down by a factor
of 4. These scale factors arise from the inability of DFT forces to fully account for the
strong binding forces in these extremely viscous melts.
At a fixed temperature, the percentage of edge-sharing tetrahedra increases as
chloride to bromide to iodide as was clearly viewed in the simulations. Its direct
relevance to viscosity and conductivity is not clear; all 3 properties may be a result of the
reduced inter-ion attraction.
The Arrhenius parameters A and Ea obtained in chapter 3 for the zinc halide melts
do not look realistic. For better values, one may have to find a new way of apportioning
the parameters involved, taking into account the tight halide coordination number of 2
for these melts and also their peculiar way of conduction.
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Chapter 5

5. ELECTRICAL CONDUCTIVITY MAXIMUM OF PROTIC
IONIC LIQUIDS VS MIXING RATIO
5.1 INTRODUCTION
Optimum mixing ratios for maximum conductivity is an extremely old (> 80
years) open theory problem. Table 5.1 gives a list of several acid/base mixtures with
their maximum conductivity and corresponding mole fraction of acid xA. Note the
interesting phenomenon that xA(σmax) > 0.66 for acids with amines, but xA(σmax) < 0.17
for acids with H2O. To the best of my knowledge, none of these maxima have been
explained. The first four systems in table 5.1 fall under the definition of protic ionic
liquids (see chapter 1). Pyridine/acetic acid was a commonly studied system. Three
groups experimentally determined the specific conductivity maximum versus mole
fraction of acid and all of them agreed on xA(σmax) = 0.83 for this system.119-121 So, this
system was chosen for detailed examination, along with the water/acetic acid system for
comparison and to come up with a general theory that explains these maxima.
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Table 5.1: Optimal mole fractions xA(σmax) for maximizing conductivity σ, for
several acid/base (A/B) mixtures. Data from experiment (at 20 °C unless otherwise
indicated).

xA(σmax) σmax (mS cm-1)

A

B

CH3COOH

pyridine

0.83

9.2a , 8.3b , 6.6b

Treble, Venkatesan, Swearingen119-121

CH3COOH

1-methylimidazole

0.67

9.2a

Treble121

CH3COOH

triethylamine

0.88

9.6a

Treble121

CH3COOH

N-methylpyrrolidine

0.88

10a

Seddon122

H2O

NH3

0.94

1.1

CRC Handbook123

CH3COOH

H2O

0.06

1.7

CRC Handbook123

Citric acid

H2O

0.03

7.2

CRC Handbook123

HCOOH

H2O

0.16

10.5

CRC Handbook123

La(NO3)3

H2O

0.02

86.8

CRC Handbook123

LiCl

H2O

0.11

170

CRC Handbook123

MgSO4

H2O

0.03

55.2

CRC Handbook123

a
b

Reference

Temperature not reported.
At 30 °C.
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For the water/acetic acid system, studies can be found of the conductivity of
acetic acid in water,124-126 and of water in acetic acid,127, 128 but only at concentrations
where equations for non-ideal corrections (Debye-Huckel and Fuoss-Onsager129) could
be applied. These are extremely limited concentration ranges, when one considers that
the two liquids are miscible in all proportions, and data (conductivity, viscosity, density)
is available for the entire range of possibilities from x A = 0 to 1. In 1957, Fuoss and
Onsagar commented129 that, for concentrated electrolytes, one would probably have to
abandon the idea of continually correcting the Debye-Huckel model at higher
concentrations and a new theory would be needed, perhaps based on the molten salt as
the zeroth-order model of such solutions. We obviated the issue of choosing a zerothorder model by abandoning the historical desire to determine the degree of non-ideality.
This liberation allowed us to change focus from mean activity coefficients to dielectric
constant, which, will be shown, solved the mystery of why xA(σmax) = 0.06.
For

the

pyridine/acetic

acid

(C5H5N/CH3COOH)

system,

appreciable

conductivities appear only for acid-rich mole ratios, in contrast to H2O/CH3COOH
whose appreciable conductivities occur for water-rich ratios. It is also curious that
σmax(C5H5N/CH3COOH) is less than triple that of H2O/CH3COOH, given the expectation
that pyridine is expected to generate considerably more ions than the mild base H2O.
This system exhibits other strange phenomena: viscosity120, 130 and density120, 131, like
conductivity, are all maximal at the same mixing ratio (xA = 0.82-0.86). A crystalline
form exists at this ratio, but melts incongruently.132 Plots of refractive index120 and pH133
versus composition feature significant changes in slope at this ratio.

Mixtures of

hydrogen acetate with other organic nitrogen bases have also exhibited maxima in
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conductivity and viscosity, although not always at 5:1 ratios.121, 122 For this system,
simulations were performed, needing some insight into the ions and molecules present at
several different mixing ratios.
Some structural clues for the pyridine/acetic acid mixtures are known from the
literature. Limbach and coworkers,134, 135 using NMR, observed complexes of PyHAc,
PyHAcHAc, and PyHAcHAcHAc in very cold (100-120 K) solutions in fluorocarbon
solvents (Py = pyridine, Ac = acetate ion). They observed that the N-H bond distance
decreased with increasing length of this complex, and concluded that the acidity of
(HAc)n must increase with n. Johansson and coworkers,122 unaware of Limbach’s results,
hypothesized that the enhanced acidity of (HAc)n chains was contributing to increased
ion concentrations when xA > 0.5 in their amine/CH3COOH conductivity studies.
Ulness136,

137

studied coherent anti-Stokes Raman scattering (CARS) spectra in the

pyridine/pyridinium breathing mode region for mixtures of only pyridine and acetic acid.
Intriguingly, they observed free pyridine and ion-paired pyridinium, but almost no free
pyridinium ions.136 A QUILL group138 performed simulations to try to fit to neutron
scattering data of several pyridine/CH3COOH mixtures, finding a distribution of (HAc)n
chains, but very few pyridinium ions of any sort (free or ion-paired), in disagreement
with the Ulness work.136, 137
Here, I first describe the results of my ab initio molecular simulations of Py:HAc
mixtures at 1:1, 1:2, 1:3, 1:5, and 1:15 mole ratios, to (i) understand the structure of the
liquid and (ii) statistically compute conductivity from the simulations to see if the
simulations reproduce the conductivity maximum at the 1:5 ratio. I then use theory and
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equation fitting to explain the entire experimental curves (vs. xA) for density, viscosity,
and conductivity, first for H2O/CH3COOH, and then for C5H5N/CH3COOH.

5.2 SIMULATION METHODS
Five 1.1-ns simulations (timestep 1 fs) were performed at 303 K, one for each of
five different mixing ratios of pyridine to acetic acid (1:1, 1:2, 1:3, 1:5 and 1:15, i.e. x Acid
= 0.50, 0.67, 0.75, 0.83, 0.94), using the quantum-chemical Vienna Ab-initio Simulation
Package (VASP),68, 69 with its potpawGGA plane-wave basis sets,71, 72 standard precision
(PREC = NORMAL), ENMAX = 400 eV, a Nosé thermostat for canonical-ensemble
(NVT) conditions73 with 40 fs thermal oscillations (SMASS = 0), and a Verlet velocity
algorithm.53 The liquids were simulated in cubic cells (replicated with periodic boundary
conditions), with cell widths chosen to fit the experimental densities.120 For atomic
masses, VASP defaults were used (H = 1.000, C=12.011, N=14.001, O=16.000). For
forces the PW91 level of density functional theory was used,55 but with an added
Grimme-style van-der-Waals (vdW) attractive potential.62 All the simulations were done
on Dextrose, a supercomputer at the University of Regina, in production runs (“prods”)
of 10000 timesteps at a time (each run taking about a day and a half). Visualization of
simulation movies and radial distribution plots were made with VMD software.75
The number of molecules in the unit cell (nPy:nHAc, or simply nB:nA) were 8:8,
5:10, 4:12, 3:15, and 1:15. The starting geometries were designed by Kyle Gemmell, an
Honours student in the East group.139 Kyle tested four different starting geometries for
the 1:5 liquid: (i) 3 Py and 15 HAc in random locations, (ii) 3 PyH+, 3 Ac- and 12 HAc in
random locations, (iii) 3 “kites” (fig. 5.1) of uniform length, Py(HAc)5, and (iv) 3
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disproportionate “kites,” of lengths Py(HAc)3, Py(HAc)5 and Py(HAc)7. The lowest
energy after 20000 fs (fig. 5.2) was achieved by idea (iii) (uniform-length kites), and
hence initial kites of uniform length Py(HAc)n were chosen for each 1:n mixture. To
design starting structures within the confines of the desired cell widths, slightly
compressed bond lengths were used, resulting in high vibrational energy and thus
temperature during initial timesteps of simulation. Therefore, for each mixture, two
consecutive 100-fs mini-simulations were performed and found to be sufficient for the
Nosé thermostat to damp the hot oscillations down to the desired temperature; the
resulting geometries were inspected and approved to be starting geometries for the
ensuing 1.1 ns production runs.
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Figure 5.1: Example of an initial “kite” structure of Py(HAc)5.
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Figure 5.2: Total internal energy vs time for simulations from the four different
starting geometries tested for the 1:5 liquid. Each is an average from 1000 timesteps
(1 timestep = 1 fs).
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The simulations generate output of atomic Cartesian coordinates for each
timestep. From these, the specific conductivity (σ) and atomic diffusion coefficients (D)
were calculated with in-house Fortran programs via Einstein formulae:

𝐷𝑋𝐸𝑖𝑛 = lim𝑡→∞ 𝑒𝑖𝑛𝐷 (𝑡); 𝑒𝑖𝑛𝐷 (𝑡) =

𝜎

𝐸𝑖𝑛

=

1
lim𝑡→∞
𝑉𝑘𝑇

2

〈〈|𝑟⃑𝑋,𝑖 (𝑡)−𝑟⃑𝑋,𝑖 (𝑡0 )| 〉〉
6𝑡

2

𝑒𝑖𝑛𝜎 (𝑡); 𝑒𝑖𝑛𝜎 (𝑡) =

⃗⃗⃑(𝑡)−𝑀
⃗⃗⃑(𝑡0 )| 〉
〈|𝑀
6𝑡

…(5.1)

...(5.2)

where 𝑟⃑𝑋,𝑖 (𝑡) is the Cartesian position of the ith atom of type X at time t, VkT is the
product of cell volume, Boltzmann’s constant, and simulation thermostat temperature T,
⃗⃗⃑(𝑡) is the total electric dipole of one simulation cell’s worth of liquid at time t, and
𝑀
⃗⃗⃑(𝑡)
denote averaging over all choices of t0 (eqs. 5.1 and 5.2) and i (eq. 5.1). The 𝑀
⃗⃗⃑(𝑡) = ∑𝑗 𝑞 𝑟
⃗⃑
calculation 𝑀
𝑗 𝑗 employed assignment of charge to atoms: here we assigned -

0.5 charge to the oxygens, +1 charge to the acidic hydrogens, and 0 charge to all other
atoms (C, N, and non-acidic H) as appearing in fig. 5.3. Note that 0 charge was assigned
to the nitrogens because all the atoms in the pyridine ring travel together and any
conduction due to partially charged nitrogen will be cancelled by the movement of the
oppositely charged carbon atoms (in the ring) in the same direction.
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Figure 5.3: The charge assignment for conductivity calculation.
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The Einstein functions ein(t) could be obtained for a variety of time regions and a
variety of choices of time zero (t0). The presented data used regions of 0.1 ns (105
timesteps of data) and averaging 80,000 ein(t) functions of length 20,000 fs, the
functions differing only by a choice of time zero (t0). Extrapolation of the Einstein
functions to infinity was done by linear least-squares fitting of t.ein(t) vs t via eq. 5.3,

t  ein  (t )  at  b , at large t

...(5.3)

and using the slope a as the limiting value of ein(t) in eqs. 5.1 and 5.2.
“Best” data, from “best” time regions, refer to the following: for the 1:1, 1:2, and
1:3 mixtures, the 10th + 11th regions (0.9-1.1 ns); for the 1:5 simulation, the 9th + 10th
regions (0.8-1.0 ns); for the 1:15 simulation, the 3rd + 4th regions (0.2 - 0.4 ns). These
were chosen based on plots of simulation energy versus time (see sec. 5.3.1).

5.3 SIMULATION RESULTS
5.3.1 ENERGIES AND TIME REGIONS
Equilibration of these mixtures proved to be quite difficult, due to the long
timescales for hydrogen bonds to be broken. Fig. 5.4 shows plots of energy versus time.
One cannot conclude that energy has been converged. However, it is possible that other
properties have achieved some degree of equilibration sufficient to observe trends versus
mixing ratio, and thus aid in explaining the magnitude and location of the conductivity
maximum. Hence, as I did with molten HgBr2, I next tried computing conductivities by
using grand averaging (over the entire 0.1 - 1.1 ns time window), but the Einstein
functions (eq. 18) did not extrapolate to a linear region well (eq. 19). Further exploration
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hinted that slow structural changes on the ps or ns timescale were the cause. Thus,
noting the long (~0.1-0.4 ns) time regions of low or high energy in fig. 5.4, I chose to
divide the 1.1 ns of data for each mixture into 11 time regions of 0.1 ns (100000 fs
timesteps) each, and computed properties for each time region. For “best” property
estimates I supposed that the most “realistic” of the 11 time regions were the ones that
gave the lowest average energies, rather than the last time regions, principally because
the 1:5 and 1:15 mixtures had a high-energy last (11th) time region producing an
unrealistically high conductivity prediction. Hence, “best” data in the following sections
refer to the following low-energy 0.2 ns time regions: 10th + 11th for the 1:1, 1:2, and 1:3
mixtures, 9th + 10th for the 1:5 mixture, and 3rd + 4th for the 1:15 mixture.
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Figure 5.4: The total internal energy U(T) vs time for the five mixtures. Each point
in the plot is an average from 10000 timesteps (1 timestep = 1 fs).
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5.3.2 LIQUID STRUCTURE
Radial distribution functions (fig. 5.5) and resulting coordination numbers (table
5.2) are presented as calculated from the “best” time regions.

The N-H radial

distribution (fig. 5.5a) shows, as the base/acid ratio falls from 1:1 to 1:15, a large steady
rise in the first peak (1.1 Å, covalent N-H, indicating pyridinium ions) and fall of the
second peak (1.6 Å, hydrogen-bonded pyridine), and the coordination number when
integrated out to 1.9 Å (to include both peaks) was nearly steady at 1.0. This was first
thought to have immediate relevance to conductivity, but this data does not tell whether
the pyridinium ion is free or whether it is locked up in an ion pair.
The O-H radial distribution (fig. 5.5b) shows a fairly stead 1st peak giving a
covalent coordination number of 0.4 to 0.5; this is due to only 1 out of the 2 O atoms in
an acetic acid unit being able to have an O-H bond. Integrating to include both peaks in
fig. 5.5b gives a coordination number near 1 except for the 1:1 liquid, where acetic acid
concentration has dropped to the point where HAc·HAc H-bonds rarely exist. Finally,
the O-O radial distribution (fig. 5.5c) shows a falling 1st peak but a steady coordination
number of 1; this peak is for the sister O atom within an acetate unit, and the falling peak
height is simply a normalization quirk. Integrating to include both peaks in fig. 5.5c
gives a coordination number near 2 except for the 1:1 liquid; again this is related to the
absence of HAc·HAc H-bonds which provide a 2nd O atom nearby in the other mixtures.
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Figure 5.5: Radial distribution functions g(r) from the “best” time regions, for the
five pyridine/acetic acid mixtures: (a) r(N-H), (b) r(O-H), (c) r(O-O).
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Table 5.2: The coordination numbers computed from the radial distributions
arising from simulations.
xA

NN-H (1.4 Å) NN-H (1.9 Å) NO-H (1.3 Å) NO-H (2.0 Å) NO-O (2.4 Å) NO-O (2.9 Å)

0.50

0.12

0.87

0.49

0.57

1.00

1.12

0.67

0.39

0.80

0.45

0.81

1.03

1.70

0.75

0.73

1.00

0.41

0.85

1.02

1.75

0.83

0.99

1.00

0.41

0.91

1.01

1.81

0.94

1.00

1.00

0.48

0.96

1.01

1.93
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From fig. 5.5 and table 5.2, the most interesting result is the large and steady
increase in pyridinium ions as xA increases. The reason for this is the increase in average
size of the conjugate anion Ac⁻·(HAc)n, which weakens its basicity. This effect is
known.134,

135, 140

Unfortunately, these radial distributions, like neutron diffraction

data,138 give limited information of the structure of the solution, and it turned out that the
degree of complexation (particularly ion pair information) was best obtained by
watching the molecular movies of the simulations and reporting on the complexes
observed (fig. 5.6). The particularly important observations are the following:
(i) The ions observed are large conjugate complexes, with long anions of the form
Ac⁻·(HAc)n, n>4, and somewhat shorter cations of the form PyHPy+ or
(PyH+)2(Ac⁻)(HAc)n, n<3,
(ii) Free pyridinium ions were never observed, and transfers of such ions from
complex to complex were extremely rare after the initial 0.1 ns time
region.

110

Figure 5.6: A time snapshot of the contents of the simulation cells during the lowestenergy time regions. Ions appear in brackets. From top to bottom row: 1:1, 1:2,
1:3, 1:5, and 1:15 mixtures of pyridine:acetic acid.
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The observed speciation and the long lifetimes of the complexes gave much food
for thought. In the rare moments when a pyridinium ion (BH+) breaks free from a
complex, it must quickly form a new H-bond on femtosecond timescales, far shorter than
the ps or ns timescales of the ion pairs. Therefore, pyridinium ions would not be
expected to contribute to cationic current on their own, unless they participated in a
hopping mechanism where the Grotthuss particle is not H+ but an entire pyridinium ion:
[BH]+·[ AnHn-1]– + [BH]+·[ AmHm-1]–·[HB]+  [BH]+·[ AnHn-1]– ·[HB]+ + [ AmHm-1]– ·[HB]+

Since we saw no evidence of pyridinium hopping in our simulations, and since our
simulations produced conductivity predictions of the right order of magnitude (though
rather imprecise, see below), we suggest that the conducting ions are instead the large
ion complexes.
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5.3.3 DIFFUSION COEFFICIENTS AND SPECIFIC CONDUCTIVITIES
Using the 1:5 mixture as an example, fig. 5.7 shows the Einstein functions ein(t)
for 4 transport properties (diffusion coefficients of N, O, and “acidic” H, and specific
conductivity of the solution). The conductivity curves are less well behaved than the
diffusion coefficient curves. From 80 such curves (4 properties x 4 lowest-energy time
regions x 5 mixtures), 80 property values were obtained via extrapolation (see sec. 5.2);
these values are plotted versus mixing ratio in fig. 5.8, with the results of the 2 lowestenergy time regions denoted with filled circles. Sadly, the results are almost worthless,
due to large statistical variation. Longer simulations of larger sample cells would be
needed to reduce the uncertainties. The only noteworthy aspect is perhaps the correct
order of magnitude of the conductivity predictions, from simulations that show neither
free nor “hopping” pyridinium ions.
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Figure 5.7: Einstein functions ein(t) for each of 4 properties of the 1:5 mixture.
Clockwise from upper left: DH (diffusion coefficient for “acidic” H atoms only, i.e.
not the ones in C-H bonds), DO, DN, and conductivity σ. Each plot shows 11
functions, for 11 consecutive 0.1 ns time regions.
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Figure 5.8: Property value estimates (from ein(t) functions) from the 4 lowestenergy time regions for each mixture: the regions used were (11,10,2,9), (10,11,9,6),
(11,10,4,9), (9,10,5,4), (3,2,5,4) for the 1:1, 1:2, 1:3, 1:5, and 1:15 solutions,
respectively. Filled circles indicate data from the 2 lowest-energy time regions.
Bottom left plot (conductivity) includes the experimental values120, connected via
dotted line.
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5.4 DISCUSSION
5.4.1 THEORY
5.4.1.1 CONDUCTIVITY VERSUS K IONIZ
Walden’s Rule (eq. 5.4), as derived from the Stokes-Einstein and Nernst-Einstein
approximations,77 is:

Dion 
Ʌ=

kT
6rion

2
𝑧𝑖𝑜𝑛
𝐹2

𝑅𝑇

Ʌ𝜂 = 𝑊 =

(Stokes-Einstein)

(𝐷𝑐𝑎𝑡𝑖𝑜𝑛 + 𝐷𝑎𝑛𝑖𝑜𝑛 )

(Nernst-Einstein)

2
2
𝑒0 𝐹 𝑧𝑐𝑎𝑡𝑖𝑜𝑛
𝑧𝑎𝑛𝑖𝑜𝑛
(
+
)
6𝜋 𝑟𝑐𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑛𝑖𝑜𝑛

… (5.4)

where {Dion , zion, rion} are the {diffusion coefficient, integral charge magnitude, radius}
of the ion, kT is thermal energy, η is viscosity, Λ is molar conductivity (per mole of
cations and mole of anions), e0 = electron charge, F is Faraday’s constant, W is the
Walden constant, and e0F/6π = 81.9 S cP cm2 Å mol-1. Using eq. 5.4, the specific
conductivity is then

  [ions ]  [ions ](W / )

…(5.5)

where [ions] is the total ion concentration, calculated from ionization equilibrium
constants Kioniz.

Using experimental values for viscosity, this Walden’s Rule

approximation for σ was found to be sufficient to fit experimental data: the constant W
was obtained via fitting, from which plausible values for rion were derived and presented.
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5.4.1.2 K IONIZ VERSUS DIELECTRIC CONSTANT
The key in explaining the optimal mixing ratios for conductivity maxima was to
recognize the dependence of the ionization equilibrium constants upon dielectric
constant ε and the ion-ion distance a in an associated ion pair. Fuoss141 derived, for an
ion-pair association constant KA, the following equation in so-called Gaussian cgs units:
KA 

4
3000

N AVO a 3 e e0 / akT
2

...(5.6a)

where NAVO = Avogadro’s constant. After inverting both sides of eq. 5.6a (for ion-pair
dissociation, i.e. ionization) and converting to SI units, Fuoss’ equation becomes

K ioniz  K  e

or

b

, K 



4
3

N AVO a

pK ioniz pK   m

1



3 1

e02
, b
,
4 0 akT

e02
, m
4 0 akT ln 10

...(5.6b)

...(5.6c)

Although Fuoss’ equation was derived for ion-pair dissociation in particular, it will be
shown that its derived dependence upon ε (eq. 5.6c) also holds for the ordinary
(covalent) acid-dissociation constant Ka for water/acetic acid mixtures, though the
equations for the slope m and intercept pK∞ in terms of a distance parameter a do not
hold.
Note that as ε falls, b rises, e-b falls, Kioniz falls, and less ionization occurs,
reflecting the fact that high-dielectric solvents are better than low-dielectric solvents at
stabilizing ions.
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5.4.1.3 DIELECTRIC CONSTANT VERSUS X A
To obtain values for Kioniz via eq. 5.6, a means of estimating solution dielectric
constant ε at each mixing ratio was needed. The 1953 data of Critchfield et al., 142 for
water/dioxane mixtures reveal that ε varies roughly linearly with mass fraction f (not
with mole fraction x) (fig. 5.9). Hence, ε was generally assumed to follow eqs. 5.7 and
5.8:

  f A *A  (1  f A ) B*
fA 

xAM A
(x A M A  xB M B )

...(5.7)
...(5.8)

where εj* and Mj are the dielectric constant and molar mass of component j when pure.
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Figure 5.9: Linearity of dielectric constant ε vs. mass fraction of one component.
Data is for water/dioxane mixtures from Critchfield et al.142
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5.4.2 ANALYSIS OF H2O/CH3COOH MIXTURES
Let A = acetic acid, B = water. Table 5.3 shows elementary data for the pure
compounds.

Table 5.3: Data123 assumed for the pure components, for H2O/CH3COOH mixtures.
ε
water

80

acetic acid 6.15

M (g mol-1) ρ (g mL-1) c (mol L-1) Vm (mL mol-1) η (cP)
18.0148

0.9982

55.41

18.05

1.000

60.0516

1.0477

17.45

57.32

1.221

5.4.2.1 DENSITY
The density plot (ρ versus xA) shows a maximum at xA ≈ 0.5. The entire curve
can be reproduced by assuming the non-ideality (excess volume) is simply proportional
to xAxB. The equations are

Vm  x AV A*  x BVB*  kV x A x B
 x A  

x A M A  xB M B
x A M A  xB M B

Vm
x AVA*  xBVB*  kV x A xB

...(5.9)
...(5.10)

where Vj* and Mj are the molar volume and molar mass of the pure substance j. With
only one fitting parameter (kV = 4.85 mL mol-1), eq. 5.10 reproduced the data easily (fig.
5.10).
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Figure 5.10: H2O/CH3COOH mixtures: density (top) and viscosity (bottom) vs.
mole fraction of acetic acid.
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5.4.2.2 VISCOSITY
The viscosity plot (η versus xA) shows a maximum at xA ≈ 0.5. As with density,
the entire curve for viscosity can be reproduced by assuming the non-ideality (excess
viscosity) is proportional to xAxB. The equation

 x A   x A *A  x B B*  k x A x B

...(5.11)

worked well with kη = 6.25 cP (fig. 5.10).

5.4.2.3 ION CONCENTRATION
Let c = Vm-1 = [A]init + [B]init, and 2α be the degree of ionization of total initial
molecules A and B. Then
Ka = [H3O+][CH3COO–][H2O]–1[CH3COOH]–1
= (αc) (αc) (xBc–αc)-1 (xAc–αc)-1
[ions] = 2αc = 2αVm-1



1  1  4(1  K a1 ) x A x B
2(1  K a1 )

pK a  5.8  58 1

...(5.12)
...(5.13)
...(5.14)

Eq. 5.14 was derived from the 1996 data of Schwarz et al.,143 who had published data on
the Ka of acetic acid in various H2O/dioxane mixtures, showing a drop in Ka′ (Ka[H2O])
from 10-5 to 10-8 as the volume fraction of dioxane rose from 0 to 0.8. This is the effect
of declining dielectric constant ε (as they well understood143). We took their volume
fractions to be mass fractions f (since the densities of water and dioxane are so similar),
converted the f values to ε values via eq. 5.7, and then plotted pKa vs ε-1 (as suggested by
eq. 5.6c) to derive eq. 5.14. See table 5.4.
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Table 5.4: Fitting of expt. pKa data vs. ε-1 to generate eq. 5.14, for H2O/CH3COOH
mixtures.
fV,d a

ε

pKa’ a Ka=Ka’/[H2O]

ε-1

pKa pKa fit b

0

80

4.74

3.29 x 10-7

0.013 6.48

6.53

0.2

64.4

5.11

1.75 x 10-7

0.016 6.76

6.70

0.5

41

5.97

3.87 x 10-8

0.024 7.41

7.21

0.8

17.6

7.9

1.14 x 10-9

0.057

9.10

8.9

a

Expt. data143; fV,d = volume fraction of dioxane, Ka’ = [H3O+][Ac−]/[HAc].

b

from eq. 5.14.
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We implicitly assume that eq. 5.14 holds for all mixtures of water and acetic
acid, including extreme concentrations and in complete absence of dioxane. Thus, for
any mole fraction xA in the H2O/CH3COOH mixtures, total ion concentration is obtained
via eq. 5.12, with its α computed from eqs. 5.13 ← 5.14 ← 5.7 ← 5.8 and its Vm
computed from eq. 5.9. These values for [ions] were then used in computing
conductivities via eq. 5.5.
As an aside, we mapped eq. 5.6c (the Fuoss equation for ion-pair dissociation
into ions) onto eq. 5.14 (covalent dissociation into ions), to see what the ion association
distance a would be. Equating slopes (m = 58) resulted in a = 5.3 Å, while equating
intercepts (

pK  = 5.8) resulted in a = 6301 Å. Clearly the a parameter has lost its

original meaning. It would appear that acid dissociation (eq. 5.14) and ion-pair
dissociation (eq. 5.6) both have linear dependence of pK vs ε-1 , perhaps because they are
both ionization reactions, but that the parametric composition of the slopes and intercepts
in the covalent acid-dissociation case would require a unique derivation.
Degree of ionization (2α) and total ion concentration are plotted in fig. 5.11, with
and without the incorporation of a varying dielectric constant (ε). The effect of a varying
ε lowers ion concentrations significantly in the middle and acid-rich regions of the plot
(where the lowered ε reflects lowered ability of the less-polar solvent to stabilize ions),
and shifts the maxima to the left: xA(2αmax) shifts from 0.5 to 0.1, and xA([ions]max) from
0.25 to 0.1.
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Figure 5.11: H2O/CH3COOH mixtures: three plots showing the effect of ignoring
(crosses) vs. incorporating (diamonds) the decline of dielectric constant as xA rises.
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5.4.2.4 CONDUCTIVITY
The conductivity plot (σ versus xA) shows a maximum at xA ≈ 0.06. The known
curve is very well fit by the one-parameter Walden-Rule equation, eq. 5.5 (fig. 5.11
bottom graph), perhaps surprisingly well given the assumptions behind Walden’s Rule.
The fit gave W = 200 S cP cm2 mol-1, which can be represented by rcation = 0.45 Å and
ranion = 5 Å; the particularly small value for rcation reflects the advantageous Grotthuss
mechanism by which H3O+ conducts electricity in aqueous solution.
The importance of this analysis should perhaps be emphasized. It is the first
theoretical reproduction and explanation of not just the maximum but the entire
conductivity curve (all possible mole fractions from 0 to 1) for a weak aqueous acid.
The maximum at xA = 0.06 in H2O/CH3COOH mixtures is due primarily to the shift of
maximum ionization from xA = 0.5 to xA = 0.1, due to the dependence of Ka upon
delectric constant. The maximum is further shifted from 0.10 to 0.06 due to the benefits
of smaller molar volume (Vm) and lower viscosity (η) that can be had if more water-rich.
Only three parameters kV, kη, and W were sufficient to reproduce all three entire curves
for density, viscosity, and conductivity.
Note that mean activity coefficients γ± were not explicitly invoked. The data
considered here (density, viscosity, and conductivity) is insufficient to determine their
values. To account for them in the theory, one would (a) replace total ion molarity
([ions]) with total ion activity in eqs. 5.5 and 5.12, and (b) correct for non-ideal ionmobility in the Stokes-Einstein and Nernst-Einstein approximations underlying eq. 5.4.
Also, note that predictive equations for γ± (eg. Debye-Huckel or various extensions144)
do not exist for the entire range of xA values.
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5.4.3 ANALYSIS OF C5H5N/CH3COOH MIXTURES
Let A = HAc = acetic acid, B = pyridine. Table 5.5 shows elementary data for
the pure compounds.

Table 5.5: Data assumed for the pure components, for pyridine/CH3COOH
mixtures.120
ε
pyridine

M (g mol-1) ρ (g mL-1) c (mol L-1) Vm (mL mol-1)

η (cP)

12.3

79.1015

0.9730

12.30

81.30

0.8354

acetic acid 6.15

60.0516

1.0378

17.28

57.87

1.0400

5.4.3.1 LIQUID STRUCTURE
According to the VASP simulations (fig. 5.6), in C5H5N/CH3COOH mixtures the
base B is sufficiently strong that the usual ionization equilibrium B + HAc

BH+ +

Ac– lies almost entirely on the right, consuming the limiting reagent at all mixing ratios.
However, due to the dielectric constant being low for all mixing ratios (ε = 12 for
pyridine, 6 for acetic acid), these ions are not stabilized well by the medium and instead
are forced to exist largely as strongly hydrogen-bonded ion pairs. This agrees with the
Raman-scattering analysis of Ulness.136,
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It disagrees with the neutron-scattering-

fitting model simulations of a QUILL group,138 which produced unprotonated pyridine;
this technique relies on fitting to a structure factor S(Q) which may be too insensitive to
H+ positions in a liquid.
To understand the various species observed, we present in fig. 5.12 a “kite”
model and imagine four hypothetical stages upon mixing.

Stage I imagines the
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formation of ion-pair kites, BAn, of uniform length n as fixed by the mixing ratio, and
contributes an increase in density and viscosity from ideal values. These kites are ion
pairs in the traditional sense, i.e. they are more properly written [BH] +·[AcnHn-1]–,
although for n=1 the kite is more of a neutral pair, B·HAc. This simpler notation BA n is
less cumbersome and more readily converted to diagrammatic models. Stage II imagines
disproportionation of these kites via acetic acid exchange. Stage III imagines
fragmentation of acetic acid dimers from excessively long kite tails, as implied by the
VASP results for the 1:15 mixture, and contributes a decrease in density and viscosity
from ideal values. Stage IV imagines formation, via pyridinium exchange, of the large
ions seen in the VASP simulations, and is the only stage contributing to the ion
concentration of the mixture.
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Figure 5.12: The “kite” model to explain equilibrium speciation in pyridine/acetic
acid mixtures. Large and small circles are base (pyridine) and acid (acetic acid)
molecules, respectively.
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The kite model arose from consideration of the simulation data (the variation
seen in the lengths of species observed at each mixing ratio), but at the same time it
revealed how terribly limited the simulation cell sizes were. Clearly, a larger variety of
kite tail lengths n should be expected at most mixing ratios, and the degrees of
disproportionation and ionization observed are forced to be badly “quantized” with so
few kites in each simulation. Unlike our simulations of molten metal halides, here our
simulations were doomed to provide poor statistical accuracy. The size of the hydrogenbonded cluster species here requires a simulation with vastly larger cell sizes to confirm
the predictions of this kite model presented above. Classical force-field simulations
might be valuable here, starting with pre-formed [BH]+ and [AnHn-1]– ions.
Despite the inability to demonstrate the expected Poisson distribution of species,
the limited speciation shown by the VASP data presented very useful items of
information, e.g. that free pyridinium ions rarely exist (and hence do not contribute to
conductivity), and that longer ion pairs are the ones that tend to lose pyridinium ions
(and hence have larger Kioniz values).

5.4.3.2 DENSITY
The density data, with a pronounced maximum at xA ≈ 0.84, could not be
reproduced with a simple excess function term proportional to xAxB. Recalling old
arguments for compound formation effects,119,
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let us suppose that the volume

contraction from ideal values is proportional to excess complex formation: the density
maximum is due to a general rise in complex formation due to Stage I (kite formation),
and a late fall in complex formation due to Stage III (fragmentation of long tails).
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We used the VASP data to compute a degree of contraction, λobs, for each
mixture, by counting the number nobs of complexes observed in the cell (table 5.6).
Subtracting off λideal, the degree of contraction expected in the idealized case of only B
and A2 species present (pyridine and acetic acid dimers), we obtain λexcess which we
hypothesize is proportional to the excess volume contraction.
Since λexcess from the crude VASP data appears to have a maximum near x A = 5/6
(7th column of table 5.6), we tried two fitting functions (8th and 9th columns) based on
xA5xB which would have a maximum there:

excess , fit1  c 6 x A 5 x B

...(5.15)

excess, fit 2  c6 x A5 xB  c2 x A xB

...(5.16)

These gave rms errors of 0.08 and 0.07, respectively, which are both within the
large uncertainty of the VASP-derived λexcess values (±0.15) due to the small simulation
cell and limited simulation time. Both these excess function forms were then tested to fit
the density data, and here eq. 5.16 performed noticeably better. Hence, the functions for
molar volume and density for pyridine/CH3COOH mixtures are:

Vm  x AV A*  x BVB*  kV 2 x A x B  kV 6 x A x B
5

 x A  

x A M A  xB M B
x A M A  xB M B

5
*
Vm
xAVA  xBVB*  kV 2 xA xB  kV 6 x A xB

...(5.17)
...(5.18)

with kV2 = 4.2 and kV6 = 31.8 (both in mL mol-1). See fig. 5.13.
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Table 5.6: Degree of contraction calculations: λ = nspecies/(nA+nB).a
xA

(nA+nB)/cell nobs/cell

λobs

nideal/cell λideal λexcess λexcess, fit1 λexcess, fit2

0.5

8+8=16

8

0.50

12

0.75

0.25

0.11

0.18

0.667

10+5=15

6

0.40

10

0.67

0.27

0.30

0.33

0.75

12+4=16

4

0.25

10

0.63

0.38

0.41

0.41

0.833

15+3=18

3

0.17

10.5

0.58

0.42

0.46

0.44

0.9375

15+1=16

2

0.13

8.5

0.53

0.41

0.31

0.28

a

nobs from VASP simulations; nideal = nB + nA/2; λexcess = | λobs – λideal |.
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5.4.3.3 VISCOSITY
The viscosity data has a pronounced maximum at xA ≈ 0.84. As with
H2O/CH3COOH, we suppose that excess viscosity is related to excess volume and so we
employed

 x A   x A *A  x B B*  k 2 x A x B  k 6 x A 5 x B

...(5.19)

which worked well (fig. 5.13) with kη2 = 1.0 and kη2 = 34.5 (both in cP), though not quite
as well as the density fit.
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Figure 5.13: pyridine/CH3COOH mixtures: density (top) and viscosity (bottom) vs.
mole fraction of acetic acid.
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5.4.3.4 ION CONCENTRATION
To compute [ions], recall the comments made at the end of the discussion of
liquid structure above (sec 5.4.3.1): (i) free pyridinium ions rarely exist (and hence do
not contribute to conductivity), (ii) longer ion pairs are the ones that tend to lose
pyridinium ions (and hence have larger Kioniz values). We supposed that the conductivity
is due to classical motion of the large ion complexes formed by the ionization stage IV
shown in fig. 5.12. One needs values for Kioniz that depend on average kite (ion-pair)
length, and for this we employed the Fuoss equation (eq. 5.6b) and took the ion-pair
distance a to be proportional to the number L of acetic acid molecules in the ion pair:
a = kLL, L = xA/xB

...(5.20)

Also needed for Kioniz is the dielectric constant ε, taken as before from eqs. 5.7 and 5.8.
Thus the only unknown in the determination of Kioniz at each mixing ratio is the
proportionality constant kL in eq. 5.20.
To move on to obtain [ions] from Kioniz, as in the H2O/CH3COOH case we let c =
Vm-1 = [A]init + [B]init, and 2α be the degree of ionization of total initial molecules A and
B. Then, to reduce the number of equilibrium constants to be considered at each mixing
ratio, we considered a single autoionization reaction:
Kioniz = [BAnB+][An–][BAn]–2
= (αc) (αc) (xBc–2αc)-2
[ions] = 2αc = 2αVm-1

  xB

1
2  K ioniz
1
4  K ioniz

...(5.12)
...(5.21)
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Thus, for any mole fraction xA in the pyridine/CH3COOH mixtures, total ion
concentration is obtained via eq. 5.12, with its α computed from eqs. 5.20 and 5.21 ←
5.6b ← 5.7 ← 5.8, and its Vm computed from eq. 5.17. These values for [ions] were then
used in computing conductivities via eq. 5.5. The unknown kL in eq. 5.20 was
determined to be 3.3 Å (per acetic acid in the ion pair) from the fitting to expt.
conductivities (see next section).
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Figure 5.14: pyridine/CH3COOH mixtures: concentration of ions (top), degree of
ionization (middle) and specific conductivity (bottom) vs. molefraction of acetic
acid.
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5.4.3.5 CONDUCTIVITY
We fit eq. 5.5 to the experimental data for conductivity, employing our derived
equations for [ions] (from Fuoss-equation Kioniz with one fitting parameter kL) and η
(from experimental viscosities, eq. 5.19). This two-parameter fit gave very reasonable
agreement with experiment (fig. 5.14), given the assumptions behind Walden’s Rule.
The fit gave the aforementioned kL = 3.3 Å, as well as W = 20.6 S cP cm2 mol-1, which
can be represented by rcation = 6.2 Å and ranion = 11 Å (eq. 5.6b).
We can now explain why x A(σmax) = 0.83. It is certainly surprising that the
conductivity maximum for pyridine/CH3COOH mixtures is at the same location where
viscosity is a maximum, since Walden’s Rule (eq. 5.12) shows that they should be
inversely related: high viscosity implies low mobility of molecules and ions in the
mixture, and hence low conductivity. The two maxima are offset in Nmethylpyrrolidine/CH3COOH mixtures: there xA (σmax) ≈ 0.83-0.90 but xA(ηmax) ≈ 0.670.75.122 The mathematics here shows that the effect of high viscosity is outweighed by
the more dominant maximum in the degree of ionization (see fig. 5.14). The location of
maximum ionization is controlled by the rate of rise of Kioniz with increasing ion-pair
distance a, whose effects are eventually overcome by the fall in kite (ion-pair)
concentration at very high xA values. It just so happens that the structural effect causing
the viscosity and density maxima to shift out to xA = 0.83 (increased complexation as
Ac−·(HAc)n get longer) also causes the increase in ion concentration, since these anions
become more stable as they get longer.
Finally, we contrast this system with the H2O/CH3COOH system where xA(σmax)
= 0.06. A conductivity maximum for all these acid:base systems would normally be
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expected near xA = .50, to maximize ion concentration via H+ transfer. Strong bases of
low dielectric constant (eg. B = amines) shift this maximum to high x A values because of
the generation of acetate ions, which are most stable when complexed to excess acid
molecules. Weak bases of high dielectric constant (eg. B = H2O) shift this maximum to
low xA values because the right-shifting effect is minor (so few acetate ions are
generated) and swamped by the-left-shifting effect of a nice high dielectric medium to
stabilize what few ions there are. If fact, all systems in table 5.1 are likely explained in
these precise ways.

5.5 CONCLUSIONS AND FUTURE WORK
Quantum-chemical simulations of 1.1 ns of various mixtures of pyridine with
acetic acid were found to be valuable for showing the ion pairs and ions to be expected
in these systems. They were not very valuable for directly predicting conductivity or
diffusion coefficients, due to insufficient timescale for equilibration of hydrogen
bonding.
The first explanations have been provided for the historical mystery of varied
optimal mixing ratios for conductivity maxima in water/acetic acid and pyridine/acetic
acid systems, and thus for amine/acetic acid (xA(σmax) > 0.5) and water/weak acid
(xA(σmax) < 0.5) systems generally: (i) strong bases of low dielectric constant (eg.
amines), when paired with CH3COOH, shift this maximum to high xA values because of
the generation of acetate ions, which are most stable when complexed to excess acid
molecules; (ii) weak bases of high dielectric constant (eg. H2O), when paired with weak
acids, shift this maximum to low xA values because of the high dielectric medium to
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stabilize what few ions there are. In the first case where both effects might be present
(H2O/CH3COOH), the right-shifting effect is probably minor (so few acetate ions are
generated) and swamped by the left-shifting effect.
A reasonably simple mathematical formalism, including dielectric constant
effects and avoiding determination of activity coefficients, was provided and shown to fit
entire curves (xA from 0 to 1) for density, viscosity, and (electrical) conductivity, for
both systems studied. A future direction would be to apply the same theory on other
acid-base systems which can help expand the limits of this theory. For instance, aqueous
salt solutions could be a good thing to try because they do not ionize through proton
transfer.
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APPENDICES: VASP INPUTS

A VASP simulation requires the following input files:
POSCAR: Bravais-lattice cell shape and size, and initial atom positions
POTCAR: the pseudopotentials for each atom used
KPOINTS: integration grid over k-space; important only for metals/semiconductors
INCAR: algorithm choices and parameters
INCAR is where we define the nature of the simulation: temperature, forces, total
timesteps, width of a timestep,... Some important tags used in the INCAR file are
described in appendix A, and the INCAR files used in my simulations are given in
appendix B.
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APPENDIX A

Tag

Description

IBRION

Determines the specific algorithm for how the ions (nuclei) are updated
and moved. IBRION=0: time-dependent molecular dynamics, IBRION=1:
quasi-Newton (RMM-DIIS), best if the initial guess is accurate. IBRION=2:
conjugate gradient, best for tough cases. IBRION=3: damped molecular
dynamics, best if the initial guess is poor.

POTIM

For IBRION=1, 2 or 3, POTIM is a scaling constant (default 0.5) for
moving the nuclei. For IBRION=0, POTIM is the time step for ab initio
molecular dynamics.

EDIFF

The energy-based criterion in eV for determining electronic SCF
convergence. Convergence is deemed complete if the total (free) energy
change and the band structure energy change (change of eigenvalues)
between two steps are both smaller than EDIFF. Default: 10-4.

EDIFFG

The criterion for determining ionic (nuclear motion) convergence. If
positive, it is an energy-based criterion like EDIFF. If negative, it is a forcebased criterion: convergence is deemed complete if the forces on all nuclei
are all smaller than |EDIFFG| in eV Å-1. Default: EDIFF*10.

SMASS

SMASS controls the velocities during ab initio molecular dynamics
(IBRION=0, 3). If negative, a micro canonical ensemble is simulated
(constant energy), and the value indicates the algorithm (-3, regular; -2, fixed
velocities; -1 annealing).

If positive or zero, a canonical ensemble is

simulated (constant temperature) using the algorithm of Nosé, and the value
indicates the damping level of temperature oscillations (2, maximal
damping; 0, no damping). If IBRION=3, then SMASS=2 corresponds to a
steepest-descent algorithm.
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APPENDIX B

INCAR file for HgBr2 simulation at 713 K

NWRITE = 2
PREC = Normal

! standard precision

ISMEAR = 0 ; SIGMA = 0.1
NELMIN=4

! minimum # electronic steps per geometry

IALGO=48

! RMM-DIIS for electrons (good for MD)

LREAL=A

! evaluate projection operators in real space

LWAVE=.TRUE.
LCHARG=.FALSE.
ENMAX = 400
IBRION = 0

! molecular dynamics

NSW = 5000

! number of timesteps

POTIM = 6.0

! timestep in fs

SMASS = 0

! NVT ensemble: 0 for 41 fs oscillations

TEBEG = 713 ; TEEND = 713

! temperature in K

GGA = 91

! requests DFT = PW91

LVDW=.TRUE.

! Grimme’s dispersion correction

VDW_C6 = 42.807 12.47

! Grimme parameters C6

VDW_R0 = 1.6 1.749

! Grimme parameters R0
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INCAR file for ZnCl2 simulation at 773 K

NWRITE = 2
PREC = Normal
ISMEAR = 0 ; SIGMA = 0.1
NELMIN=4
IALGO=48
LREAL=A
LWAVE=.TRUE.
LCHARG=.FALSE.
ENMAX = 400
IBRION = 0
NSW = 10000
POTIM = 4.0
SMASS = 0
TEBEG = 773 ; TEEND = 773
GGA = 91
LVDW=.TRUE.
VDW_C6 = 10.80 5.07
VDW_R0 = 1.562 1.639
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INCAR file for ZnBr2 simulation at 773 K

NWRITE = 2
PREC = Normal
ISMEAR = 0 ; SIGMA = 0.1
NELMIN=4
IALGO=48
LREAL=A
LWAVE=.TRUE.
LCHARG=.FALSE.
ENMAX = 400
IBRION = 0
NSW = 10000
POTIM = 4.0
SMASS = 0
TEBEG = 773 ; TEEND = 773
GGA = 91
LVDW=.TRUE.
VDW_C6 = 10.80 12.47
VDW_R0 = 1.562 1.749
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INCAR file for ZnI2 simulation at 773 K

NWRITE = 2
PREC = Normal
ISMEAR = 0 ; SIGMA = 0.1
NELMIN=4
IALGO=48
LREAL=A
LWAVE=.TRUE.
LCHARG=.FALSE.
ENMAX = 400
IBRION = 0
NSW = 10000
POTIM = 4.0
SMASS = 0
TEBEG = 773 ; TEEND = 773
GGA = 91
LVDW=.TRUE.
VDW_C6 = 10.80 31.50
VDW_R0 = 1.562 1.892
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INCAR file for the pyridine - acetic acid simulations at 303 K

NWRITE = 2
PREC = Normal
ISMEAR = 0 ; SIGMA = 0.1
NELMIN=4
IALGO=48
LREAL=A
LWAVE=.TRUE.
LCHARG=.FALSE.
ENMAX = 400
IBRION = 0
NSW = 10000
POTIM = 1.0
SMASS = 0
TEBEG = 303 ; TEEND = 303
GGA = 91
LVDW = .TRUE.
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