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ABSTRACT: The mercury dihalides show a remarkable diversity in the structural preferences in their
minimum energy structure types, spanning molecular to strongly bound ionic solids. A challenge in the
development of density functional methods for extended systems is to arrive at strategies that serve
equally well such a broad range of bonding modes or structural preferences. The chemical bonding and
the stabilities of mercury dihalides and the general utility and reliability of the van der Waals density
functional with C09 exchange (vdW-DF-C09) in predicting or describing the energetics and structural
preferences in these metal dihalides is examined. We show that, in contrast with the uncorrected
generalized gradient approximation of the Perdew-Burke-Erzenhoff (PBE) exchange-correlation
functional, qualitative and quantitative patterns in the bonding of the mercury dihalide solids are
well reproduced with vdW-DF-C09 for the full series of HgX2 systems for X = F, Cl, Br, and I. The
possible existence of a low-temperature cotunnite polymorph for HgF2 and PbF2 is posited.

■ INTRODUCTION

A characteristic that is cited often as an inherent flaw in
traditional density functional theory is the inability of common
implementations of the exchange and correlation functionals to
accurately account for dispersion interactions. This limitation
arises due to the persisting need for approximate treatments of
exchange and correlation in practical application. Nonetheless,
various strategies exist for adding dispersion corrections to
current theoretical methods, new methods formulated to
include treatments for dispersion have appeared in the
literature over the past several years, and additional
contributions are to be anticipated as well.
A promising solution is the so-called Rutgers-Chalmers van

der Waals density functional (vdW-DF).1,2 In this approach,
the dispersion interactions are accounted for in a nonlocal
correlation functional. To date, this functional has been
successful in describing the structure and function of a wide
range of systems, including dispersion bound molecular
crystals and layered materials like graphite and hexagonal
boron nitride.3−5 Recent studies have shown that, with the
appropriate strategy for accounting for exchange (e.g., vdW-
DF-C096), these functionals are quite broadly applicable,
capable of describing the physical properties of dense bulk
materials such as ferroelectric ABO3 oxides.

7,8 In this analysis,
we consider the impact of van der Waals corrections on density
functional methods for bulk materials with a focus on a
different class of inorganic materialsthe mercury dihalides
that display a wide range of structure preferences, including a
number of molecular solids.
The mercury dihalides are an intriguing series of compounds

in which relativistic effects and competing weak electrostatic,

covalent, and ionic contributions in chemical bonding
collide.9−11 It is now well accepted that in the gas phase, all
of the simple mercury dihalide molecules (HgX2 for X = F, Cl,
Br, and I) are linear.9,12−15 It can be difficult to establish
linearity unambiguously for simple triatomic molecules in
matrix isolation studies, especially if the potential energy
surface is flat (i.e., where the barrier to bending is very
low),12,16−20 but state-of-the-art computational investigations
(and reliable electron diffraction data, where available) affirm
in fact that all of the binary and ternary mercury dihalides
(HgXY; for X = Y, and X ≠ Y) are linear.12,21−24

That preference for a linear arrangement is to be expected,
perhaps, since bending, which is observed in some of the group
2 dihalides, has been explained by a substantial mixing of the
filled ns2 orbital and unfilled (n − 1)d orbital at Ca and heavier
group 2 metal centers in their MX2 molecules, if the halides are
sufficiently polarizing.20 But that kind of s−d orbital mixing is
not achievable for HgXY systems, because the (n − 1)d
subshell (i.e., the set of 5d orbitals) is completely filled in Hg.
That general unavailability of empty and easily accessible
frontier d orbitals in Hg (and in Zn and Cd in group 12) helps
to account thus for the rigidity of their linear dihalide
molecules.23,24 Indeed, a number of different research groups
have shown that HgX2 molecules are so rigid that their dimers
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(HgX2)2 feature no intermonomer covalent bondingsimply
HgX2 monomers held together by weak electrostatic
interactions in loose pairs.12,21−23 And, remarkably, this
characteristic of weak intermonomer interactions persists all
the way through to the extended solids in some cases, but not
allwith HgF2 being the prominent exception.25−28

Models of structure types preferred at ambient condition
when the linear HgX2 molecules condense to form extended
solids are shown in Figure 1. The preferred arrangements are
the fluorite, and the namesake HgCl2, HgBr2, and red HgI2
types for X = F, Cl, Br, and I, respectively.
The mercury dibromide and diiodide structures have at least

one other competitive or metastable structure in each case that
is not included in Figure 1.25,26,29−31 The nature and relative
stabilities of the several polymorphs of HgI2 that can (co)exist
at ambient conditions have been discussed in detailed reports
by Hostettler and Schwarzenbach.25,26 The PbCl2 (cotunnite)
structure type32,33 is included in Figure 1 as a reference for
discussion later on in this report.
The dependence of the HgX2 structural preferences on X is

striking. As we just mentioned, the heavier dihalides form
molecular solids at ambient conditions,29 and there is even
experimental evidence that HgH2 forms a molecular extended
solid as well.34 The most stable form of HgI2 is a red layered
structure with vertex-linked tetrahedra, but the metastable
yellow form, for example, is a molecular solid.25,26 Yet, the
fluoride adopts unequivocally the ionic fluorite structure25,35
a fact that may be attributed to the polarity or strong ionic
character of the Hg−F bonds.23 So, even though the minimum
energy dimer and trimer of HgF2 are found computationally to
be weak assemblies of linear monomers (just like all of the
other Hg dihalides),12,21−23,36,37 the accumulating crystal
packing forces and the increasing polarization of the Hg
centers stabilize an ionic (fluorite) solid.11,37 For the HgX2
solids where X is less electronegative (Cl, Br, and I), no such
ionic alternative is observed in theory or experiment; they rely
substantially on weak interactions.23

Given this diversity in the bonding in the HgX2 solids,
therefore, and the significant role of dispersion forces in some
cases, we have selected this series of structures for a detailed
analysis of the performance of the vdW-DF-C09 method and
its ability to accurately model bonding preferences and relative
stabilities.
We find that vdW-DF-C09 reproduces, with good success,

key experimental results available for the mercury dihalides.
Importantly, our calculations affirm recent claims that the

PbCl2 structure is competitive for HgF2 at low temperatures,38

a result that is consistent with observations for a similar
compound, PbF2, as well. It has been shown in a recent high-
pressure study of HgF2, in line with an earlier computational
investigation,39 that the PbCl2 type polymorph may coexist
with the fluorite structure at ambient temperatures and
moderate pressures. In assessing the versatility of vdW-DF-
C09 as a general-purpose density functional, we raise the
question of whether low temperatures may induce this
transition as well, inviting a more expansive elucidation of
the phase diagram for the mercury dihalides. The relevance of
the method to ionic and covalent systems and long-range
interactions is demonstrated.

■ COMPUTATIONAL METHODS

All DFT calculations were performed using the van der Waals
density nonlocal correlation functional with the C09 exchange
functional (vdW-DF-C09)1,2,6 and ultrasoft pseudopotentials
as implemented in the Quantum Espresso simulation pack-
age.40 The electronic configurations of the ions were Hg:
5d106s2, F: 2s22p5, Cl: 3s23p5, Br: 4s24p5, and I: 5s25p5. K-point
meshes of 1 × 1 × 1 and 8 × 8 × 8 were employed for the
HgX2 monomers and dimers, and bulk solids, respectively. A
140 Ry planewave cutoff was used for all calculations, and the
forces on the atoms were relaxed until they were less than 5
meV/Å. For bulk solids, all lattice constants were fully
optimized. Comparisons with the MP2 method41 and the
generalized gradient approximation of Perdew-Burke-Erzenhoff
(PBE) exchange-correlation functional,42 which does not
account for dispersion interactions, were carried out in order
to understand the effects of dispersion interactions in the
molecular systems studied in this work. PBE values with the
D3 dispersion correction (PBE-D3)43 are also included for
optimized bulk HgX2 for comparison. It should be noted that
although the vdW-DF class of functionals was designed to treat
dispersion interactions within the DFT framework, recent
studies of condensed matter systems indicate that the
functional is indeed a general-purpose functional, capable of
successfully modeling systems with ionic and covalent bonding
as well as weak attractive interactions.3−5,7,8 High-throughput
DFT calculations were monitored and conducted using the
Nexus workflow management system, which is an open source
code (see https://www.qmcpack.org/nexus).44 The script is
available in the Supporting Information (SI).

Figure 1. Stable crystal structure types of HgX2 molecular crystals.
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■ RESULTS AND DISCUSSION
Figure 2 illustrates the minimum energy geometry of the HgX2
dimer and five parameters that may be used to characterize it.

The values of these parameters, which were obtained from
previous MP2 calculations23 and from our DFT vdW-DF-C09
and PBE calculations in this work are listed in Table 1.
All three methods agree on the general C2h structure of the

dimers, but we find significant differences in the magnitudes of
the monomer−monomer interaction energies (ΔEint = Edimer −
2E(free‑monomer)) and in qualitative trends. All three methods
predict that the HgF2 dimer has the strongest interaction
energy, with the MP2 and vdW-DF-C09 methods exhibiting
shorter contacts and larger binding energies overall. For the
PBE method, the heavier dimer pairs all have similar
interaction energies (−0.14 ± 0.01 eV in Table 1).
This discrepancy in PBE behavior is most likely a direct

consequence of the poor description of dispersion interactions
in that semilocal exchange-correlation functional. On the other
hand, the MP2 and vdW-DF-C09 methods show an initial
decrease in the dimer binding energy going down the halide
series but recovers some binding for the HgI2 dimer.
The trends in the MP2 and the vdW-DF-C09 data as well as

the deviations of the PBE results can be easily understood
considering the relative ionicity of the Hg−X bond and the
polarizability of the atoms involved, especially as X gets larger.
Previous work by Donald and co-workers demonstrated that,
for the HgX2 series, as we go up group 17 from I to F, there is
an increase in the ionic contribution to Hg−X bonds.23 In
other words, much more charge density is transferred from Hg
to F than from Hg to I. This is a direct result of a substantial
increase in electronegativity as you move up the halide series
from I to F, and the increases in the Hg−F charge transfer as X
gets smaller results in increased dipole−dipole interactions

between adjacent Hg−F bonds in the dimers (Figure 2). This
significantly stabilizes the intermolecular interactions in the
HgF2 dimer. This type of interaction is well accounted for by
traditional density functionals and may explain why the PBE
functional yields dimer binding energies comparable to those
obtained with vdW-DF-C09 for HgF2.
As the size of the X atom increases going from F to I,

however, there is a correspondingly substantial increase in its
polarizability, leading to an increase in the dispersion
contribution to the intermonomer bonding. The overall
bonding in the dimers, therefore, is expected to be an interplay
between London dispersion, dipole−dipole, and charge
transfer interactions, with the latter decreasing as the X
atoms get larger.
The differences in the magnitudes of the vdW-DF-C09

interactions and the MP2 values in Table 1 are in line with a
tendency for the MP2 method to overbind in some cases, and
there may be potential differences as well when including
relativistic effects in DFT calculations. Nevertheless, we believe
that in this case the vdW-DF-C09 calculations give reasonable
descriptions of the binding in these systems and are suitable
starting points for exploring the properties of the bulk solids
for the mercury dihalides as well.
Table 2 lists the structural parameters for the ground state

structures studied for each of the four HgX2 structures. For all
of the structures (where data are available), we find that the
vdW-DF-C09 method significantly improves agreement with
the experimentally determined structural parame-
ters25,28,30,31,35 relative to the PBE results. For the latter
method, the lack of dispersion contributions results in a
significant overestimation of lattice parameters along the
dispersion bound axes of the unit cell (Table 2)for HgCl2,
HgBr2, and HgI2 the lattice parameters are overshot by up to
∼10%. We note considerable improvement in PBE structural
parameters when we include the Grimme-D3 correction (see
Table 2), and the vdW-DF-C09 lattice parameters are all
typically within 2.5% of the experimental values; with the
majority of systems giving errors of less than 1%. One
exception to this, however, is HgBr2, where vdW-DF-C09
underestimates the a-axis lattice parameter by 7.6%.
Furthermore, vdW-DF-C09 gives an improved agreement
(over PBE) relative to experiment for HgF2, PbF2, and CaF2 in
the fluorite structure type, which is the global minimum at
ambient conditions for all three systems. These results affirm

Figure 2. Structural parameters for HgX2 dimer geometry.

Table 1. Geometrical Parameters and Monomer−Monomer Interaction Energies (ΔE) for HgX2 Dimers Obtained at the MP2,
vdW-DF-C09, and PBE Levelsa

dimer method c [Å] d [Å] e [Å] β [deg] γ [deg] ΔE [eV]

HgF2 MP2 1.899 1.929 2.656 177.9 108.6 −0.62
vdW-DF-C09 1.924 1.958 2.628 177.0 108.3 −0.38
PBE 1.938 1.971 2.700 176.9 109.1 −0.31

HgCl2 MP2 2.229 2.251 3.166 176.9 96.9 −0.24
vdW-DF 2.256 2.285 3.074 175.3 98.1 −0.30
PBE 2.270 2.295 3.242 175.8 98.9 −0.15

HgBr2 MP2 2.358 2.379 3.239 175.3 95.5 −0.22
vdW-DF 2.402 2.434 3.153 172.8 98.0 −0.31
PBE 2.418 2.444 3.332 174.0 97.8 −0.15

HgI2 MP2 2.540 2.559 3.460 173.7 94.5 −0.24
vdW-DF 2.592 2.631 3.242 167.5 100.5 −0.33
PBE 2.610 2.638 3.463 170.6 98.7 −0.13

aThe geometrical parameters c, d, e, β, and γ are defined as in Figure 2.
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the general applicability of the vdW-DF-C09 functional for
different types of materials and bonding modes.
To further examine the viability of the nonlocal functional

for molecular crystal structure prediction, we computed and
compared condensation energies for the HgX2 systems in the
four most relevant structures; fluorite (HgF2), HgCl2, HgBr2,
and red-HgI2.
The condensation energy, ΔEcondens, is computed as

Δ = −E E
n
E

1
condens mol solid (1)

where Emol and Esolid are the total energies of the HgX2 isolated
molecule and solid, respectively. n is the number of HgX2 units
in the unit cell of the relevant extended solid. Figure 3 depicts
the condensation energies for HgCl2, HgBr2, and HgI2 in the
four crystal structures studied. It should be noted that the
condensation energies for different crystal structures of HgF2
were also studied, but in most cases, the starting crystal
structures, other than the fluorite (HgF2) structure, were
unstable and relaxed to the fluorite structure. Nevertheless, a

striking observation is that the condensation energies for
HgCl2, HgBr2, and HgI2 obtained using vdW-DF-C09 are
considerably larger than those determined with the PBE
functional. This is a direct indication of the significance of
dispersion interactions in defining the stability of these
structures. Interestingly, we find that dispersion interactions
even stabilize the densely packed fluorite structure, which is
found to be largely unstable at the PBE level for all three HgX2

structure considered in Figure 3. We note that the PBE-D3
functional exhibits similar trends for dispersion bound
complexes as observed for the vdW-DF-C09. It is worth
noting that similar results were previously observed for
comparisons between vdW-DF-C09 and the Becke-Johnson
parametrization of PBE-D3.45 One key feature seems to be a
systematic difference in the total condensation energy with the
vdW-DF-C09 being almost ∼0.40 eV lower that the PBE-D3
values (see Figure S1 in the Supporting Information). This
could be related to the tendency for the vdW-DF-C09
functional to overbind materials. However, the PBE-D3
shows similar behavior to the PBE functional for the

Table 2. Lattice Parameters a, b, and c for the Preferred Molecular Crystal Structures for the HgX2 Series
a

system space group method a [Å] b [Å] c [Å]
bHgF2 (fluorite) Fm3 m PBE 5.635 − −

PBE-D3 5.635 − −
vdW-DF 5.531 − −
expt. 5.54(1) − −

HgF2 (cotunnite) Pnma PBE 5.933 3.883 7.714
PBE-D3 5.996 3.783 7.285
vdW-DF 5.956 3.644 7.079
expt. − − −

bHgCl2 Pnma PBE 13.373 6.578 4.514
PBE-D3 12.829 6.260 4.362
vdW-DF 12.458 5.873 4.220
expt. 12.765(6) 5.972(3) 4.330(2)

bHgBr2 Cmc21 PBE 5.063 7.026 13.653
PBE-D3 4.658 6.903 12.730
vdW-DF 4.272 6.857 12.336
expt. 4.628(2) 6.802(2) 12.476(2)

bred HgI2 P42/nmc PBE 4.509 − 14.025
PBE-D3 4.475 − 13.945
vdW-DF 4.364 − 12.205
expt. 4.361(5) − 12.450(7)

yellow HgI2 Cmc21 PBE 5.317 7.552 14.416
PBE-D3 4.624 7.663 14.188
vdW-DF 4.437 7.368 13.362
expt. 4.734(1) 7.408(2) 13.943(3)

bPbF2 (fluorite) Fm3 m PBE 6.008 − −
vdW-DF 5.906 − −
expt. 5.931 − −

PbF2 (cotunnite) Pnma PBE 6.582 3.950 7.831
vdW-DF 6.372 3.856 7.624
expt. 6.4567(9) 3.9071(5) 7.666(1)

bCaF2 (fluorite) Fm3 m PBE 5.509 − −
vdW-DF 5.422 − −
expt. 5.471 − −

CaF2 (cotunnite) Pnma PBE 6.005 7.076 3.642
vdW-DF 5.899 6.951 3.544
expt. − − −

aCompeting structures for both HgF2 and HgI2 are included for completeness. Additionally, the fluorite and PbCl2 structures for PbF2 and CaF2 are
included for later comparisons between the PBE and vdW-DF methods. bIndicates the experimentally determined ground state structure type at
ambient conditions.
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condensed matter fluorite structure (see Figure S2 in the
Supporting Information), resulting in nearly the same lattice
constants for some halide ions. This behavior may be related to
the PBE-D3 damping function, which would turn off at typical
ionic bonding distances.
As shown in Table 3, we observe a similar trend in the

predicted ground state condensation energies as in the isolated

dimers. Specifically, for PBE calculations, we find that the HgF2
structure has the strongest condensation energy (0.658 eV),
while the remaining structures all have very similar
condensation energies (0.27−0.29 eV).
On the other hand, we find for vdW-DF-C09 (and PBE-D3)

that the HgF2 structure again has the largest condensation
energy, but as we move down the table from HgCl2 to HgI2,
there is an overall increase in the condensation energy of
roughly 0.2 eV per formula unit (eV/f.u.). This latter
observation can be related to two factors: (1) as you go
down group 17 in the periodic table, the dispersion
interactions between the HgX2 monomers should increase,
commensurate with the size of the halide ions and (2) the
enhanced alignment of bond dipoles going from HgCl2 to HgI2
and the eventual condensation into a layered structure in HgI2,
which itself arises from (and is evidence for) an enhancement
of monomer−monomer interactions. Interestingly, this trend
remains if we consider all three halide compounds in the same
structure type, wherein the HgBr2 structure typethe vdW-

DF-C09 condensation energies are 0.966, 1.056, and 1.147 eV/
f.u. for HgCl2, HgBr2, and HgI2, respectively (Figure 3). This
suggests that the driving force in these materials is most likely
enhancements in dispersion interactions due to increased atom
size.
For HgCl2, as previously discussed, we find that PBE

calculations predict the HgBr2 structure type to be the ground
state by 29 meV/f.u. over the experimentally observed HgCl2
structure type.46 On the other hand, vdW-DF-C09 predicts the
HgCl2 structure to be the most stable structure (by 12 meV/
f.u.). This failure of the PBE functional can be easily
understood as well on the basis of the nature of the crystal
structures and the lack of dispersion interaction contributions.
In the HgBr2 structure, unlike HgCl2, the molecular units are
aligned such that the Hg−X bonds are parallel and shifted to
ensure that opposing dipoles interact favorably with each
other. Thus, in the absence of dispersion interactions, one
might expect that this structure would be preferred over one in
which certain molecules are arranged perpendicularly to each
other (as in HgCl2). This uniquely highlights the balance
between ionicity and weak dispersion or van der Waals
interactions in defining the properties of these compounds.
Another feature that comes out of the vdW-DF-C09 results

is the close proximity in energy (∼9 meV/f.u.) of the HgBr2
structure type to that of the red HgI2 structure for the HgI2
molecular crystal structures (as opposed to 59 meV/f.u. in the
PBE calculations). This is remarkable given that it is known
that the HgBr2 crystal structure

29,30 (denoted as the yellowM
HgI2 structure in refs 25 and 26) is a competing polymorph
that exists under ambient conditions. These results again signal
the superior performance of vdW-DF-C09 for exploratory
studies of a wide range of molecular crystal structures.
A final consideration is the crystal structure of HgF2. As

previously noted, both PBE and vdW-DF-C09 overwhelmingly
find the fluorite structure to be the ground state structure when
compared with the above-mentioned alternative crystal
structures, namely HgCl2, HgBr2, and HgI2. However, a recent
PBE study demonstrated that under pressure it may be
possible to transform the fluorite structure into the PbCl2
structure at ∼5 GPa.38 Using the above methods, we compared
the stability (condensation energies) of this structure using
both PBE and vdW-DF-C09. Surprisingly, we found that
although PBE retains the fluorite structure as the ground state,
vdW-DF-C09 predicts the PbCl2 structure to be the ground
state structure by 20 meV/f.u. (see Figure 4).

Figure 3. Condensation energy for HgCl2, HgBr2, and HgI2 for the
four possible crystal structures considered. vdW-DF-C09 and PBE
calculations are represented by black, solid bars and red, hashed bars,
respectively. In all cases, the reference energy is the isolated HgX2
molecule. A similar plot for PBE-D3 can be found in the Supporting
Information, Figure S2. The values are given in electron volts per
formula unit (eV/f.u.).

Table 3. Condensation Energies for the Ground State
Structures Predicted Using the PBE, PBE-D3, and vdW-DF-
C09 Methodsa

ΔEcondensation [eV/f.u.]

system PBE PBE-D3 vdW-DF-C09

HgF2 0.658 1.161 1.316
HgCl2 0.289 (0.260) 0.749 0.978
HgBr2 0.273 0.787 1.056
HgI2 0.296 0.903 1.156

aFor HgCl2, PBE finds the HgBr2 structure type to be the ground
state, so we include it here as well as the PBE values for the
experimentally observed HgCl2 ground state structure in parentheses.

Figure 4. Relative condensation energies for the fluorite versus PbCl2
structure for CaF2, HgF2, and PbF2 obtained using PBE (red striped)
and vdW-DF-C09 (solid blue). Positive values indicate that the
fluorite structure is the most stable structure.

The Journal of Physical Chemistry A pubs.acs.org/JPCA Article

https://doi.org/10.1021/acs.jpca.0c10847
J. Phys. Chem. A 2021, 125, 3978−3985

3982

http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c10847/suppl_file/jp0c10847_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c10847/suppl_file/jp0c10847_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c10847?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c10847?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c10847?fig=fig3&ref=pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c10847/suppl_file/jp0c10847_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c10847/suppl_file/jp0c10847_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c10847?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c10847?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c10847?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c10847?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c10847?fig=fig4&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.0c10847?rel=cite-as&ref=PDF&jav=VoR


To better understand this, we compared the behavior of
vdW-DF-C09 and PBE for two similar materials: CaF2 and
PbF2. As expected, the fluorite structure is predicted to be the
ground state for CaF2, the prototypical fluorite material.
Conversely, for PbF2, we observe a similar behavior as in HgF2,
where vdW-DF-C09 predicts the PbCl2 structure to be more
stable in contrast to the PBE calculations, which favor the
fluorite structure. Unlike HgF2, however, the phase diagram
(above room temperature) has been extensively mapped out
for PbF2. Here, we find that for PbF2, the PbCl2 and fluorite
structures coexist under ambient pressures and temperatures.47

Furthermore, a small amount of pressure results in a complete
(and irreversible) transformation into the PbCl2 structure,
while high temperatures are necessary to produce a reversible
transformation into the fluorite structure.47 This phase diagram
seems to hint at the stability of the PbCl2 structure for PbF2
and that lower temperatures may stabilize this phase. In the
context of our observations for PbF2, we consider that it is
likely that the true ground state for HgF2 may indeed be PbCl2
at low temperatures and, at ambient temperatures and
pressures, the fluorite and PbCl2 phases may coexist.

■ SUMMARY AND OUTLOOK
Exceptional features of the crystal structure preferences of the
group 12 dihalides and the critical role of dispersion
interactions in accounting for those preferences provide the
arena in which we assess the utility of the nonlocal Rutgers-
Chalmers van der Waals density correlation functional with the
C09 exchange functional (vdW-DF-C09) compared to the
more commonly employed Perdew-Burke-Erzenhoff (PBE)
exchange-correlation functional. Both density functional
approximations are considered with regard to their success in
reproducing the structural preferences of the HgF2 extended
solid as well as the molecular crystal structures of the heavier
HgX2 compounds. The difluoride is known to adopt the ionic
fluorite structure type, while all of the other systems tend to
prefer or have metastable incarnations of molecular structure
types; mercury dichloride and dibromide have molecular global
minima, and mercury diiodide has a metastable local minimum
even though a two-dimensional layered structure has been
found to be the global minimum at ambient conditions.
The vdW-DF-C09 approximation shows superior perform-

ance relative to the more commonly implemented PBE
functional in predicting the structural preferences of the global
and low-energy local minima of the series of dihalides. In
particular, the vdW-DF-C09 identifies correctly the global
minimum energy structurefrom among a set of four
alternative starting structure typesfor each of the four
mercury dihalides. This dispersion corrected method recovers
the correct geometrical preference for all of the dihalides,
confirming that the fluorite structure adopted by HgF2 is not
competitive for any of the heavier HgX2 systems. In contrast,
the PBE approximation identifies the HgBr2 structure (though
by a small margin of ∼0.29 meV over the experimentally
observed HgCl2 structure type) as the global minimum for
HgCl2 solid and uniformly underestimates the binding in the
dimers and extended solids of all of the dihalides. That is
especially clear for the three heaviest cases where polarization
is critical due to the softness (high polarizabilities) of Cl, Br,
and I.
The vdW-DF-C09 method gives noticeably better agree-

ment overall with the experimental lattice parameters for the
minimum energy structures and achieves a significant enhance-

ment in the condensation energy just mentioned for all of the
metal dihalides relative to the PBE method. Of note, the vdW-
DF-C09 method predicts a lower energy for the PbCl2
structure type for HgF2 and PbF2, for which the fluorite
structure has long been considered to be the minimum energy
geometry at ambient conditions. That, on the face of it, would
appear to betray limitations to the method, but a phase
diagram for PbF2 reveals that the metastable orthorhombic α-
PbCl2 type polymorph can coexist with the cubic fluorite at
ambient conditions and is stabilized at lower temperatures.
Our results suggest that the same may be true for HgF2,
inviting new low-temperature experimental studies to comple-
ment some evidence that has recently been reported for high
pressures.38,39
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