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ABSTRACT: The structure of molten ZnCl2 is investigated using a combination of
computer simulation and experimental methods. Ab initio molecular dynamics (AIMD)
is used to model the structure of ZnCl2 at 600 K. The structure factors and pair
distribution functions derived from AIMD show a good match with those previously
measured by neutron diffraction (ND). In addition, Raman spectroscopy is used to
investigate the structure of liquid ZnCl2 and identify the relative fractions of constituent
structural units. To ascertain the assignment of each Raman mode, a series of ZnCl2
crystalline prototypes are modeled and the corresponding Raman modes are derived by
first-principles calculations. Curve fitting of experimental Raman spectra using these
mode assignments shows excellent agreement with both AIMD and ND. These results
confirm the presence of significant fractions of edge-sharing tetrahedra in liquid ZnCl2.
The presence of these structural motifs has significant impact on the fragility of this
tetrahedral glass-forming liquid. The assignment of Raman bands present in molten
ZnCl2 is revised and discussed in view of these results.

1. INTRODUCTION

The storage of solar energy in the form of heat using high-
temperature fluids is a key approach in the development of
efficient concentrated solar power plants. In that respect,
molten salts have proven to be some of the most attractive
media to store and transport thermal energy.1 In particular,
ZnCl2-based salts have recently been the focus of regained
interest for this application.2,3 The key to the performance of
these salts is their thermodynamic and transport properties.
Understanding and predicting such properties relies on accurate
structural information.4

Glassy and molten ZnCl2 have been extensively studied
because of their unique nature as a prototypical ionic network
glass-forming system.5−15 Unlike other 2−1 salts, ZnCl2 has
low conductivity and high viscosity and tends to form glass
easily.16−19 This is usually associated with the persistence of a
tetrahedral network structure in the liquid, somewhat
reminiscent of silica melts.6,7,10 The structure of molten
ZnCl2 has been studied using multiple techniques including
Raman spectroscopy,7,20−23 neutron diffraction (ND),8,10,14

and extended X-ray absorption fine structure (EXAFS).24 All
these techniques indeed indicate the predominance of
tetrahedra consisting of Zn2+ ions surrounded by four Cl−

ions. These ZnCl4 building blocks are then interconnected to
form an extended network. However, it was recently suggested
using both Raman7 and ND10,14 that unlike silica melts (where
all tetrahedra are corner-shared) the structure of ZnCl2
contains a significant fraction of edge-shared tetrahedra.
These structural features are believed to have important
consequences on the dynamical behavior of the molten salt.13

Hence, a detailed description of the melt structure is valuable,

in particular regarding the ratio of edge- and corner-sharing
units. The objective of this work is therefore to study the
structure of liquid ZnCl2 at 600 K using a combination of ab
initio molecular dynamics (AIMD), first-principles calculations,
and high-temperature Raman spectroscopy.
Raman spectroscopy is a powerful method to explore the

structure of solids and liquids; however, one of its limitations
lies in the uncertainty of the peak assignments required for
curve-fitting complex spectral features. In this study we
therefore use first-principles calculations to determine the
Raman-active modes associated with different structural motifs
in order to ascertain the validity of the peak assignment. We
then curve fit the high-temperature spectra to obtain the
fraction of each structural unit in order to characterize short-
range order in liquid ZnCl2. Furthermore, we use a density
functional theory (DFT)-based AIMD simulation to predict the
molten salt structure. The AIMD results are shown to be in
excellent agreement with experiment.

2. METHODS

2.1. Computational Methods. 2.1.1. Ab Initio MD of
ZnCl2 Melt. Several classical molecular dynamic simulations of
molten ZnCl2 have been previously attempted using a variety of
potentials to describe ionic interactions.25−30 However, these
models either failed to reproduce the experimental pair
correlation functions or used unrealistic dispersion terms.
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Therefore, for a more accurate description of the ZnCl2 melt
structure, we performed DFT-based AIMD simulations.
AIMD simulations were carried out with the Vienna Ab

Initio Simulation Package (VASP)31,32 using the projector
augmented wave (PAW)33,34 method with the Perdew−Burke−
Ernzerhof (PBE)35 exchange-correlation functional. The New-
ton equations of motion were calculated by using a Verlet
algorithm, as implemented in VASP, with a time-step of 3 fs. A
canonical ensemble with a Nose thermostat is used to control
the temperature, wherein the Nose massi.e., a parameter to
control oscillations in the temperature of the ensembleis
estimated using the vibrational frequency of molten ZnCl2.
A cubic simulation cell with randomly placed Zn (36 atoms)

and Cl (72 atoms) is initially equilibrated at 2000 K for 6 ps
and is subsequently quenched to 600 K, using a quench rate of
1.8 × 1014 K/s. The equilibrium volume of the cell
corresponding to zero pressure at 600 K is obtained from a
series of five high-accuracy calculations, employing a plane wave
cutoff energy of 560 eV and a Monkhorst−Pack k-mesh of 2 ×
2 × 2 size. A final run to predict the liquid structure of ZnCl2 at
the obtained equilibrium volume is carried out for 17.88 ps. On
the basis of a series of runs performed at 9.88 and 12.88 ps, the
17.88 ps duration in AIMD was found to be long enough to
reach convergence, and the populations of various structural
features such as tetrahedral units, and their corner or edge
sharing, were found to be converged within ±1.1%. All the
runs, except the high-accuracy runs to predict the equilibrium
volume, were carried out using a plane wave cutoff energy of
280 eV and with a Gamma point k-mesh of 1 × 1 × 1. The
structural analysis of ZnCl2 liquids is performed by using the
R.I.N.G.S. code.36

2.1.2. First-Principles Calculation of Raman Modes. If the
structure of the ZnCl2 melt is considered to be composed
entirely of ZnCl4 tetrahedral units, only three distinct types of
Zn local structural environments can be identified as depicted
in Figure 1. The environments denoted Zn(0), Zn(1), and Zn(2)

represent a tetrahedron that shares all corners but no edges,
shares one edge, and shares two edges with other tetrahedra,
respectively.14

To calculate the Raman mode for each of these environ-
ments, three tetrahedrally connected solid structural models
were chosen to model the three types of connectivity. The
structure types are δ-ZnCl2 (Pna21),

37 BeCl2 (Ibam),38 and
GeS2 (P121/c1)

39 as depicted on Figure 2. The δ-ZnCl2
structure consists of only corner-sharing tetrahedra and hence
represents Zn(0). The BeCl2-type structure has only edge-
sharing tetrahedral units and is used to model Zn(2). The GeS2-
type structure is a prototype of mixed corner- and edge-sharing
tetrahedra that contains 50% Zn(0) and 50% Zn(1) units. For the
Raman mode calculation, the δ-ZnCl2 structure was used “as is”
but the hypothetical ZnCl2 structures corresponding to BeCl2
and GeS2 were modeled by first-principles calculation. Zn was

substituted for Be and Ge in BeCl2 and GeS2, respectively, and
Cl was substituted for S in GeS2. The volume of the BeCl2- and
GeS2-type unit cells was then altered such that the Zn−Cl
distance was the same as the one in δ-ZnCl2. Another
correction method was used to adjust the volume based on
δ-ZnCl2 density; however, density correction resulted in Zn−Cl
shrinkage that was not physical for some structures.
For the Raman mode calculation, density functional theory

(DFT) calculations were implemented within the plane-wave
based CASTEP40 code. Phonons and Raman activities were
calculated using the density-functional perturbation theory
method (DFPT).41 Ion-valence electron interaction was
described using norm-conserving pseudopotentials,42 as these
are the only pseudopotentials adopted for DFPT calculation in
CASTEP. To achieve high accuracy, generalized gradient
approximation (GGA)-PBE was used to describe correlation
and exchange potentials. All calculations were performed with a
700 eV energy cutoff. Geometry optimization of the structures
was done using several convergence parameters. The first one is
that the change in total energy was <10−6 eV/atom. Other
convergence parameters include a force per atom smaller than
10−3 eV/Å and a maximum displacement of atoms less than
10−3 Å. Phonon calculations were conducted with the same
accuracy as the geometry optimization, and Raman calculations
were done at the gamma point (q = 0). Primitive unit cells were
used for all the structures. The k-mesh for each structure was
chosen to get the same level of accuracy: 2 × 2 × 2 for δ-ZnCl2,
2 × 2 × 4 for BeCl2, and 1 × 1 × 2 for GeS2.

2.1.3. Convergence Test. A convergence test was also
performed in order to ensure total energy and phonon
convergence as a function of both cutoff energy and k-mesh.
First, single-point energy was calculated at 400 eV with k-mesh
ranging from 2 × 2 × 2 to 16 × 16 × 16. The difference in
energy between 2 × 2 × 2 and 16 × 16 × 16 was 1.76 meV per
atom, indicating good convergence for 2 × 2 × 2. Then, the
energy convergence for 2 × 2 × 2 at different cutoff energies
was also done where the difference between 700 and 900 eV
was 31.86 meV per atom. This is quite a large difference, but we
used 700 eV in our calculations due to CPU limitation and
because its effect on phonon density of states (PDOS) is not so
large.
The phonon convergence test was done as a function of both

k-mesh and cutoff energy. First, phonon convergence at 700 eV
with k-mesh ranging from 2 × 2 × 2 to 4 × 2 × 4 was

Figure 1. Local environment of Zn atoms in liquid ZnCl2.

Figure 2. Crystalline prototypes used to model the Raman modes of
structural units present in ZnCl2 liquid.
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performed and phonon convergence was evaluated by the
difference between the major peaks as well as the highest-
frequency phonon positions. The difference between the 2 × 2
× 2 and 4 × 2 × 4 was ∼1.5 cm−1. Then phonon convergence
was performed for 2 × 2 × 2 from 700 to 900 eV. The
frequency difference between 700 and 900 eV was <2.5 cm−1,
which validates the use of 700 eV in our calculations. Hence,
the propagation of these two errors yields a total error bar on
Raman spectra of 2.9 cm−1.
2.2. Experimental Method. Anhydrous ZnCl2 (99.999%

purity) was purchased from Alfa Aesar and stored in a glovebox
under an argon atmosphere with <0.1 ppm of H2O and O2
concentrations. The crystal structure of the sample was
confirmed to be δ-ZnCl2 using X-ray diffraction performed in
a quartz capillary sealed under argon to prevent contact with
moisture. The melting point of high-purity ZnCl2 was found to
be 588 K using differential scanning calorimetry.
Raman measurements were collected using a Jobin-Yvon

Horiba Lab Ram HR800 spectrometer with an inverted
microscope. The spectra were collected using an argon ion
laser (λex = 514.5 nm) in a backscattering configuration using a
long working distance 10× objective (WD = 35 mm, NA =
0.28) and 1800 g/mm grating to give a beam spot size of 100
μm. The power of the laser was 100 mW. The spectra
integration time was 4 min, and an average of two spectra were
collected. The Raman shift was measured from 0 to 800 cm−1.
This range emcompasses the anticipated Raman signal of liquid
ZnCl2, which extends up to <500 cm−1.
A custom-made heating stage was used for measuring Raman

spectra of liquids up to 400 °C. It consisted of a heating block
fitted with four symmetrically positioned heating cartridges for
homogeneous heat distribution and a thermocouple for
temperature control. The samples (4 g) were sealed in a
glass vial (outer diameter was 16 mm with 2 mm thick walls)
under vacuum and inserted in a tight-fitted cylindrical opening
along the vertical length of the heating block. The Raman signal
was then collected through the 2-mm-thick flat bottom of the
vial with optical access afforded by a hole at the bottom of the
heating block. The laser beam was first focused on the bottom
of the glass vial (as confirmed by observation of the
characteristic glass Raman spectrum). Repositioning of the
objective allowed the focus to then be moved an estimated 2−3
mm into the melt volume. The final focus position was
optimized by maximizing the δ-ZnCl2 Raman spectrum
intensity. The sample was allowed to equilibrate for 45 min
before taking the measurement. All Raman spectra were
baseline corrected and thermally reduced to account for the
temperature dependence of the scattering intensity.

3. RESULTS

3.1. Computational. 3.1.1. Ab Initio MD of ZnCl2 Melt at
600 K. Figure 3 presents the total structure factor and partial
structure factors SCl−Cl, SZn−Zn, and SZn−Cl calculated from the
AIMD simulations of ZnCl2 at 600 ± 45 K. The structure
factors are obtained from the Fourier transform of the radial
distribution functions. The structure factor in the low-q range
reveals the short-range order in these network-forming liquids.
To assess the validity of the AIMD structural predictions, the
structure factors are compared with experimental neutron
diffraction data obtained by the isotopic substitution method
and reverse Monte Carlo (RMC) modeling from Zeidler et al.10

These results indicate that the features of the theoretical

structure factors are in good agreement with the experimental
data.
The partial pair distributions for Zn−Cl, Cl−Cl, and Zn−Zn

are also in good agreement with those derived from
experimental ND (Figure 4). In particular the first peak of

gZnCl(r) at rZnCl = 2.27 Å is consistent with the expected Zn−Cl
bond distance in a ZnCl4 tetrahedron.

37 Interestingly the Zn−
Zn pair correlation gZnZn(r) exhibits two peaks centered near
3.1 and 3.8 Å that are also present in the ND. Considering a
Zn−Cl bond distance of 2.27 Å, the 3.8 Å peak is in agreement
with the Zn−Zn distance expected between the central Zn ions
in two adjacent corner-sharing tetrahedra while the 3.1 Å peak

Figure 3. Total and partial structure factors (Zn−Cl, Zn−Zn, and Cl−
Cl) calculated from AIMD (black solid) and compared with
experimental ND results from Zeidler et al.10 (red line) and the
corresponding RMC model (green dash).

Figure 4. Partial pair-distribution function for Zn−Cl, Cl−Cl, and
Zn−Zn calculated by AIMD (blue curve) and ND results from Zeidler
at al.10 obtained by Fourier transform of the structure factors of Figure
3.
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is consistent with the Zn−Zn distance expected between the
central Zn ions in two adjacent edge-sharing tetrahedra.10

Furthermore, these peak assignments are consistent with the
Zn−Zn distances for edge- and corner-sharing tetrahera derived
from the crystalline prototype depicted in Figure 2, as will be
discussed in section 3.1.2.
This structural interpretation is further supported by the

bond angle distribution for Zn−Cl−Zn shown in Figure 5. The

bond angle shows a dual distribution centered near 84° and
112°. Considering a Zn−Cl distance of 2.27 Å, a Zn−Cl−Zn
bond angle of 112° would result in a Zn−Zn distance of 3.76 Å,
which corresponds to the corner-sharing tertahedra peak
observed in gZnZn(r) at 3.8 Å. Similarly, the Zn−Cl−Zn bond
angle of 84° would result in a Zn−Zn distance of 3.05 Å, which
relates to the edge-sharing tetrahedra peak observed in gZnZn(r)
at 3.1 Å. These bond angle assignments are also consistent with
those for edge- and corner-sharing tetrahedra derived from the
crystalline prototype depicted in Figure 2, as will be discussed
in section 3.1.2.
Overall, the good match between the experimental and

calculated structure factors and pair distribution functions lends
credence to the structure derived from AIMD for ZnCl2. The
presence of both corner- and edge-sharing tetrahedra is also
consistent with other models for liquid ZnCl2.

15,43 To visualize
the structural motifs present in the network, a snapshot of the
108-atom model is plotted in Figure 6. This structure reveals
the three different types of connectivity predicted in Figure 1,
namely, Zn(0), Zn(1), and Zn(2). In addition to these tetrahedral
connectivities, we also observe a minor concentration of 3- and
5-fold coordinated Zn. The fractions of each type of
connectivity at 600 K were as follows: 57(±7)% Zn(0),
32(±6)% Zn(1), 6(±2)% Zn(2), 3(±3)% 3-fold, and 2(±2)%
5-fold.
3.1.2. Crystal Prototypes and First-Principles Calculation

of Raman Modes. The three structure types depicted in Figure
2 were used to gain insight on the three different Zn
environments, Zn(0) (δ-ZnCl2), Zn(1) (GeS2), and Zn(2)

(BeCl2). While the δ-ZnCl2 structure was used “as is”, the
hypothetical ZnCl2 structures corresponding to GeS2 and BeCl2
were modeled as described in section 2.1.2. In particular these
structure prototypes were used to calculate Raman modes, Zn−

Zn distances, and bond angle distributions for each environ-
ment.
As illustrated in Figure 5, the Zn−Cl−Zn bond angles

derived from these structure prototypes are consistent with
those found by AIMD simulations of the ZnCl2 liquid structure.
δ-ZnCl2 has a single Zn−Cl−Zn bond angle of 110°
corresponding to a pair of corner-sharing tetrahedra, while
BeCl2 has a single bond angle at 80° corresponding to a pair of
edge-sharing tetrahedra. GeS2 instead has two corner-sharing
tetrahedra angles near 100° and one edge-sharing tetrahedra
angle at 82°. These Zn−Cl−Zn bond angles are consistent with
the two bond angle distribution peaks centered at 84° and 112°
that are assigned to edge- and corner-sharing tetrahedra,
respectively (Figure 5).
Similarly, the Zn−Zn bond distances derived from the

structure prototypes are consistent with those derived from the
partial pair distribution function calculated by AIMD. Figure 7

shows an enlarged view of the Zn−Zn pair distribution function
gZnZn(r) along with the Zn−Zn bond distances for each
structure prototype. Again the pair distribution function shows
two peaks centered at 3.8 and 3.1 Å assigned to corner- and
edge-sharing tetrahedra, respectively, which are consistent with
the Zn−Zn distances for corner-sharing tetrahedra of 3.85 and
3.6 Å found in δ-ZnCl2 and GeS2, respectively, as well as the

Figure 5. Bond angle distribution for Zn−Cl−Zn calculated from
AIMD. The lines correspond to the bond angles calculated for the
structure prototypes δ-ZnCl2 (blue), GeS2 (green), and BeCl2 (red).

Figure 6. Snapshot of the liquid ZnCl2 at 600 K obtained by AIMD.
The unit cell containing 108 atoms reveals the presence of the three
different local Zn environments: Zn(0), Zn(1), and Zn(2).

Figure 7. Close-up of the pair-distribution function for Zn−Zn
calculated by AIMD. The lines correspond to the Zn−Zn distances
calculated for the structure prototypes δ-ZnCl2 (blue), GeS2 (green),
and BeCl2 (red).
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Zn−Zn distances for edge-sharing tetrahedra of 3.06 and 3.11 Å
found in BeCl2 and GeS2, respectively.
Raman modes were then calculated by DFPT for each crystal

prototype. Figure 8 shows the position and normalized

intensity of all Raman modes for each structure type. The
most intense modes for each structure were selected for further
comparison with experimental spectra, and a vector analysis was
performed to determine their symmetry.
Figure 9 shows that the most intense Raman mode of δ-

ZnCl2 at 225 cm−1 corresponds to a bending vibration of two
corner-sharing tetrahedra. The most intense mode of BeCl2 at
274 cm−1 corresponds to an edge-stretching vibration of two

edge-sharing tetrahedra. The two modes of GeS2 at 237 and
307 cm−1 show major contributions from the bending vibration
of corner-sharing tetrahedra and edge-stretching vibration of
edge-sharing tetrahedra, respectively.

3.2. Raman Spectroscopy. Raman spectra were acquired
for both δ-ZnCl2 at room temperature and liquid ZnCl2 at 600
K as depicted in Figure 10. The main Raman mode around 230

cm−1 broadens considerably in the liquid state as previously
observed.6,7 In addition, a sideband around 310 cm−1 becomes
clearly visible as pointed out by Yannopoulos et al.7 As
expected for a crystalline solid, the main band of δ-ZnCl2 is very
sharp. This line is centered at 227 cm−1, which is in good
agreement with the value of 225 cm−1 found by first-principles
calculation for δ-ZnCl2 (Figure 10). This good match
substantiates the validity of the DFPT method for calculating
reliable Raman shifts.

4. DISCUSSION
4.1. Comparison of Experimental and Computational

Results. To perform a quantitative comparison of the
structural model obtained by AIMD with that derived from
Raman spectroscopy, the Raman spectrum collected at 600 K
was analyzed using the mode assignment calculated by first
principles using CASTEP in Figure 8. After background
removal and thermal reduction, curve fitting of the resulting
spectrum was pursued, involving the use of Gaussian peaks
whose center frequencies were associated with the primary
vibrational resonances derived from the DFPT analysis.
Goodness of fit was determined by examination of the residual
error between the experimental and multi-Gaussian envelope
function. Four major peaks were used in the fit, as dictated by
the DFPT results (Figure 8). These included the corner-sharing
δ-ZnCl2 mode (peak 1) at 225 cm−1, the edge-sharing BeCl2-
type mode (peak 2) at 274 cm−1, and the two GeS2-type
modes, one corner-sharing (peak 3) at 237 cm−1 and one edge-
sharing (peak 4) at 307 cm−1. Peak number designations are
also provided in Figure 11. An additional peak centered near
∼350 cm−1 was also used to account for the small fraction of
nontetrahedral Zn that arises from broken Cl bridges at higher
temperature (peak 5). This assignment was made based on that
suggested by Yannopoulos et al.7 The fraction of these 3-

Figure 8. Position and normalized intensity of Raman modes for the
structure prototypes δ-ZnCl2 (blue), GeS2 (green), and BeCl2 (red).

Figure 9. Vector analysis of the main Raman modes for the three
structure prototypes.

Figure 10. Raman spectrum of δ-ZnCl2 at room temperature and
liquid ZnCl2 at 600 K. The line indicates the position of the main
Raman mode predicted by first-principles calculations for δ-ZnCl2.
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coordinated Zn is estimated at ∼3% from AIMD. During the
fitting process, the peak positions were allowed to vary by ±5
cm−1 in order to optimize agreement with the experimental
spectrum. Peak widths were allowed to vary but not exceed the
width of peak 1 (δ-ZnCl2). In addition, the ratio of peak 3 to
peak 4 (GeS2-type) was fixed at the same ratio as that calculated
in Figure 8. The result of this curve fitting is shown in Figure
11. The R2 value for the fit in Figure 11 is 0.9979.
The percentage areas of each peak are given in Table 1. The

percentage of δ-ZnCl2 is equal to 25%. GeS2 percentage is equal

to 62% (peak 3 + peak 4). Finally, BeCl2 is 11%, and ZnCl3 is
5%. Peak areas were largely insensitive to changes in starting
peak position parameters. These percentages can then be used
to estimate the relative abundance of each Zn local environ-
ment. Peak 1 (δ-ZnCl2) corresponds to pure Zn(0), while peak
2 (BeCl2) corresponds to pure Zn(2). The percentages
corresponding to the GeS2-type modes were quantified as
follows. The unit cell of the GeS2 prototype crystal (Figure 2)
contains as many Zn(0) as Zn(1); hence, the total intensity of
peak 3 + peak 4 divided by 2 was used to quantify the fraction
of each Zn type. This treatment requires that the structure
contains a roughly equal number of Zn(1) and Zn(0) of the
GeS2-type. This requirement is found to be satisfied a posteriori
by compiling the fraction of various Zn environments found in
the 108-atom AIMD model. This calculation requires differ-
entiating each Zn environment based on their first Zn
neighbors. For example, a Zn(0) can share corners with all
Zn(0), all Zn(1), or a combination of the two. Here we consider
that Zn(0) sharing corners with 3 or 4 other Zn(0) are similar
and are assigned to peak 1. Similarly, Zn(0) sharing corners with
2 or more Zn(1) are close to the GeS2-type motif and are
assigned to peak 3. Then all Zn(1) are assigned to the GeS2-type
peak 4 and all Zn(2) are assigned to the BeCl2-type peak 2.

Hence, the percentage of each Zn environment is calculated as
follow:

= + × + ×%Zn %peak1 %(0.5 peak3 0.5 peak4)(0)

= × + ×%Zn %(0.5 peak3 0.5 peak4)(1)

=%Zn %peak3(2)

The results of this calculation are reported in Table 2. It must
be mentioned that the small fraction of 3-coordinated Zn was

ignored in the calculation of the Raman and AIMD ratios in
order to compare with the ND data reported by Zeidler at al.14

Overall the results of Table 2 indicate a good quantitative
agreement between ND, Raman, and AIMD. This further
supports the validity of the structure derived by AIMD.

4.2. Assignment of Raman Bands in Liquid ZnCl2. The
assignment of the main Raman band in tetrahedral MX2
systems has been interpreted in various ways.44 Bell and
Dean initially assigned the main Raman mode to a rocking
motion of the X atom perpendicular to the X−M−X plane.44

However, Galeener later interpreted it as the symmetric stretch
of the X atom along a line bisecting the X−M−X angle.45 For
ZnCl2 this main mode has been broadly interpreted as a “totally
symmetric stretching mode” of ZnCl4 tetrahedra22,23,46 or
specifically as an A1 breathing mode.

7 In that respect the vector
analysis of δ-ZnCl2 shown in Figure 9 indicates that the main
mode at 225 cm−1 is associated with a motion of the Cl atom
perpendicular to the Zn−Cl−Zn plane. This assignment is in
good agreement with that initially proposed by Bell and Dean
for MX2 tetrahedral systems.

44 This divergence in assignment
most likely arises from the fact that many studies commonly
use the factor group analysis to interpret the Raman modes of
crystalline ZnCl2.

6,7 However, this analysis treats structural
units as individual molecules in order to assign point group
symmetries and to derive atomic motions.47 While this is an
adequate approach for treating molecular solids, it would
appear to be inadequate for solids showing strong network
character such as ZnCl2. Overall our results agree well with
those of Bell and Dean, which were indeed derived from an
extended three-dimensional model of silica.44 Nevertheless,
while the exact symmetry of the main Raman mode at 225
cm−1 may be debated, there is no question that it is associated
with the vibration of corner-sharing tetrahedra, and therefore it
can reliably be used as a mean of quantifying the relative
abundance of this type of structural unit.
The first-principles calculations of Figure 8 and the vector

analysis of Figure 9 also suggest some new assignments for
Raman bands present in molten ZnCl2. The shoulder peaks
arising near ∼275 and ∼300 cm−1 at high temperature have
initially been associated with an increasing concentration of
broken −Cl− bridges in the ZnCl2 network.20,22,46 Irish and
Young suggested the formation of individual ZnCl2, ZnCl3

−,
and ZnCl4

2− units,20 while later studies assigned these modes to

Figure 11. Curve-fitting of the ZnCl2 Raman spectra at 600 K using
the Raman modes calculated by first principles in Figure 8. Curve
numbering is detailed in the text.

Table 1. Percentage Area of the Five Raman Peaks Resulting
from the Curve Fitting Shown in Figure 11 (Uncertainties
Calculated from Multiple Curve-Fitting Attempts Were
<1%)

% area

peak 1 25%
peak 2 8%
peak 3 51%
peak 4 11%
peak 5 5%

Table 2. Comparison of the Relative Fraction of Zn(0), Zn(1),
and Zn(2) Derived by Raman, AIMD, and ND (From Zeidler
et al.14)

Raman AIMD ND

Zn(0) 59% 60% 60%
Zn(1) 32% 34% 30%
Zn(2) 9% 6% 10%
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nonbridging Cl22,46 on the basis of the “split cell model” of
Angell and Wong.6 Cacciola et al. instead assigned these bands
to a LO−TO splitting of the antisymmetric tetrahedral
stretching mode.23 Yannopoulos et al. were the first to suggest
that the shoulder near ∼300 cm−1 could instead be associated
with BeCl2-type strips of edge-sharing tetrahedra.7 They
describe the melt structure as a mixture of chains of edge-
sharing tetrahedra and clusters of corner-sharing tetrahedra.
Our results support the presence of edge-sharing tetrahedra but
only in small chain fragments of 2−3 units, which are in turn
fully integrated within the continuous network structure of the
melt. This model requires the presence of a significant fraction
of Zn(1) to link edge- and corner-sharing tetrahedra. We
therefore suggest that two modes associated with edge-sharing
tetrahedra are present, one BeCl2-type mode (Zn(2)) near 274
cm−1 and one GeS2-type mode (Zn(1)) near 306 cm−1. The
existence of significant concentrations of these edge-sharing
tetrahedra in molten ZnCl2 has since been unambiguously
demonstrated by ND.10,14 The present AIMD calculation also
corroborates their existence. This further reinforces the validity
of these Raman mode assignments.
4.3. Edge-Sharing Tetrahedra in Liquid ZnCl2. The

existence of edge-sharing units in tetrahedral network liquids is
of significant importance as it appears to be affecting the
transport properties of the melts. Indeed, molecular dynamic
simulations of MX2 tetrahedral liquids have shown that the melt
fragility increases with the number of edge-sharing motifs.13

These predictions are also consistent with the temperature-
dependent constraint model of Gupta and Mauro,48 which
correlates the number of topological degrees of freedom to the
melt fragility. Indeed, a pair of edge-sharing tetrahedra
generates 12 angular constraints compared to 14 for a pair of
corner-sharing tetrahedra;49 hence, an increasing fraction of
edge-sharing tetrahedra will result in more structural degrees of
freedom and consequently will lead to increased fragility. An
investigation of the temperature dependence of edge-sharing
tetrahedra concentration would therefore be of much interest
and will be the subject of a future study.

5. CONCLUSIONS
In this paper, the structure of liquid ZnCl2 at 600 K was
investigated using a combination of experimental and ab initio
numerical methods. Liquid structure information derived from
AIMD was used to investigate short-range ordering. This
structural information is shown to be in good agreement with
isotopically substituted ND data previously published by
Zeidler et al.10 and suggests the presence of both corner- and
edge-sharing tetrahedra in the melt. The AIMD model was
further validated by Raman spectroscopy. First, the Raman
mode assignments were derived from three simulated
prototypical structures for ZnCl2 using CASTEP and employed
for the curve fitting of experimental spectra. This approach led
to an excellent agreement between the fractions of structural
motifs obtained by Raman, ND, and AIMD. The structure of
liquid ZnCl2 at 600 K was shown to be composed of a three-
dimensional network of corner-sharing tetrahedra with a
homogeneously distributed fraction of edge-sharing tetrahedra.
Having such understanding of the structure and its evolution as
a function of temperature will enable better prediction of
thermal and transport properties such as the melt fragility. In
the case of zinc chloride, this information is crucial in predicting
and designing thermal and transport properties of ZnCl2-based
heat transfer fluids.
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