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First principles predictions of van der Waals bonded inorganic 
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bDepartment of Chemistry, Gottwald Center for the Sciences, University of Richmond, Richmond, VA 23173, United States  

Abstract 

We study the crystals structure and stability of four possible polymorphs of HgCl2 using first principles density functional theory. 
Mercury (II) halides are a unique class of materials which, depending on the halide species, form in a wide range of crystal 
structures, ranging from densely packed solids to layered materials and molecular solids. Predicting the groundstate structure of 
any member of this group from first principles, therefore, requires a general purpose functional that treats van der Waals bonding 
and covalent/ionic bonding adequately. Here, we demonstrate that the non-local van der Waals density functional paired with the 
C09 exchange functional meets this bar for HgCl2. In particular, this functional is able to predict the correct groundstate among 
the structures tested as well as having extremely good agreement with the experimentally known crystal structure. These results 
highlight the maturity of this functional and open the door to using this method for truly first principles crystal structure 
predictions.  
 
© 2015 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of The Organizing Committee of CSP 2015 conference. 
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1. Introduction 

The need for low cost, efficient, robust, and in some cases lightweight, materials for modern devices, such as 
photovoltaics (PVs), sensors, batteries and solid state lighting has driven the research into molecular crystals (MCs). 
These materials have a wide range of physical, chemical and electrical properties, such as being electrically 
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conducting, semiconducting, insulating, ferroelectric, magnetic and optically active, which are strongly linked to 

their crystal structures [1-5]. In addition, organic MCs have building blocks, comprised mainly of elements such as 
C, N, O and H, which make them suitable for lightweight applications. Furthermore, the solution based, low 
temperature and reproducible synthesis of MCs make them ideal candidates for fulfilling many of the demands of 
our energy needs. In a nutshell, MCs are highly tunable, cheap, easily processed, flexible and light. However, real 
world applications still call for materials with significant improvements in efficiency and thermal stability.  

Given the enormous variability in possible crystal polymorphs and the small differences of their corresponding 
cohesive energies to the groundstate structure, the computational discovery of molecular crystals is a daunting but 
vital task. A striking example of the effect of polymorphism can be found in the antiretroviral drug, Ritonavir. 
Shortly after it was introduced to market, it had to be recalled due to the unfortunate precipitation of a competing, 
insoluble, polymorph; which rendered the drug ineffective [6]. Such dramatic changes demonstrate the need to 
understand not only the properties of the crystal form that one intends to use, but to know how environmental 
conditions such as temperature, pressure and even synthesis conditions can affect the structure and what 
consequences this may have on function. From an energy relevant standpoint, the challenge is to understand the 
complex relationships between molecular identity, structure and electronic properties. 

Central to this challenge is the reality that our grasp of the London dispersion interactions, or van der Waals 
(vdW) forces, that control intermolecular π-π stacking interactions, is still quite rudimentary. In particular, the 
computational demands of highly, accurate quantum chemical (QC) calculations and the poor description of 
dispersion interactions within standard density functional theory (DFT) have severely limited our use of 
theory/computation in addressing this issue. Motivated by this deficiency, the past decade has seen enormous 
progress in the way vdW interactions are treated within DFT. New techniques run the gamut from post-processing, 
empirical corrections to the development of new, self-consistent, correlation functionals; with varying computational 
demands, accuracies and transferability [7-20]. Irrespective of the method, however, it is clear that the inclusion of 
vdW interactions is paramount to our ability to properly simulate the structure of MCs and hence they are 
fundamental to predicting the function of these materials [11, 21-24].  These breakthroughs are now mature enough 
that it is possible to use theory to explore crystal packing and stacking interactions within MCs thereby moving us 
into a new era of computational materials research.  

Here, we employed a state-of-the-art vdW-DF (DFT) method [7, 25] to explore the crystal structure energy 
landscape of a test case: HgCl2. Mercury dihalides are known to crystalize in a variety of structures [26, 27] (see 
Figure 1): which span the group of densely packed solids (i.e. the fluorite structure of HgF2) to layered materials 
(red-HgI2) and molecular crystals (HgCl2 and HgBr2). The preference for one structure over another is a result of a 
subtle balance between ionic bonding (giving rise to strong internal permanent dipoles) and dispersion interactions 
(particularly for the larger halide species). The HgCl2 molecular crystal structure is particularly interesting as it lies 
along the boundary in the mercury dihalide series between the ionic fluoride case and the cases where significant 
dispersion interactions engender sparsely packed molecular crystal structures. As such, this system poses a challenge 
not only for dispersion bound complexes, but for densely packed solids and thus provides a unique testing ground 
for any general purpose functional for materials modeling.  

HgCl2 

HgBr2 
red-HgI2 

Fluorite 

Figure 1 Crystal structure types studied for the HgCl2 periodic solid. The Hg atom is in grey in each case. 
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Using the vdW-DF non-local correlation functional paired with the C09x exchange functional [14], we 
demonstrate that this method is indeed capable of modeling the subtle differences between the aforementioned 
crystal structures. In particular, we find that traditional methods that do not include dispersion interactions find the 
incorrect crystal structure, and that dispersion interactions are necessary for predicting the correct groundstate as 
well as for more accurate predictions of lattice parameters; both defining features that determine many crystal 
structure electronic properties.  

Ultimately, these results demonstrate the importance of accurately modeling dispersion interactions in order to 
understand the correlations between differing crystal packing, which may include in other cases π-π stacking and 
hydrogen bonding interactions and electronic structure. They provide a stepping-stone to developing a theoretical 
understanding of the principles through which the macroscopic phenomena related to the generation of excitons and 
polarons, electronic transport and charge carrier separation can be tuned in molecular crystals for use in opto-
electronic and ferroelectric applications. Simultaneously, these results illustrate that the vdW-DF framework is 
indeed a streamlined and accurate approach for examining the physical properties of molecular crystals, polymers 
and perhaps weakly bound biologically relevant complexes in a manner now more fully developed for traditional 
inorganic materials.  

Methods 

All DFT calculations were performed using the van der Waals density non-local correlation functional with the 
C09 exchange functional (vdW-DF-C09) and ultrasoft pseudopotentials as implemented in the Quantum Espresso 
simulation package [28]. All calculations employed a 140 Ry planewave cutoff and 1×1×1 and 8×8×8 k-point 
meshes for the isolated HgCl2 molecule/dimer and the periodic solids, respectively. We explored four crystal 
structure types: fluorite, HgCl2, HgBr2 and red-HgI2. The forces on the atoms were relaxed until they were less than 
5 meV/Å and all lattice constants were optimized. The effects of dispersion interactions were analyzed through 
comparisons with the generalized gradient approximation of Perdew-Burke-Erzenhoff (GGA-PBE) exchange-
correlation functional, which does not account for dispersion interactions. It should be noted, that although the vdW-
DF class of functionals were designed to treat dispersion interactions within DFT, recent studies of condensed 
matter systems (e.g. PbTiO3) indicate that the functional is indeed a general purpose functional [20]; capable of 
modeling systems with ionic/covalent bonds and non-bonding interactions on the same footing. Condensation 
energies  were computed relative to the isolated monomer structure as follows: 

[ ] 

where  and  are the total energies of the isolated HgCl2 
molecule and solid, respectively. n is the number of HgCl2 formula 
units in the solid. 

Results and Discussion 

To calibrate our first principles calculations we first compare the 
geometry and interaction energies with highly accurate QC 
calculations. Table 1 lists the structural parameters and dimer 
interaction energies for the HgCl2 dimer as determined using second-
order Möller Plesset theory (MP2) [29, 30] and from DFT using both 
vdW-DF-C09 and GGA-PBE. Here, we see that both exchange-
correlation functionals do an excellent job in reproducing the MP2 geometries. This is largely because the dimer 
configurations are strongly defined by the interactions of the internal permanent dipoles which result in a shifted 
parallel configuration (see inset of Figure 2). Figure 2 shows the (HgCl2)2 interaction energy as a function of 
separation distance e obtained using GGA-PBE and vdW-DF-C09. Interestingly, we find that the GGA-PBE dimer 
interaction energy is half of the vdW-DF-C09 calculations. MP2 simulations give a value of -0.24 eV at the 
optimized separation, suggesting that the vdW-DF-C09 results may be more in line with the true value. The large 

Figure 2 (Color online) Interaction energy as a
function of Hg-Hg separation distance for the HgCl2

dimer as computed with GGA-PBE (red circles, 
dashed line) and vdW-DF (black squares, solid line). 
Inset: Structural parameters for dimer geometry. 
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underestimation of the GGA-PBE calculations is once again indicative of the poor description of dispersion 
interactions inherent in these semi-local exchange-correlation functionals. Nevertheless, these results signal that 
vdW-DF-C09 may indeed be a suitable starting point for exploring the relative stability and structure of bulk HgCl2. 

Table 1 Geometrical parameters c, d, e, β and γ (defined in inset of Figure 2) and dimer interaction energies ΔE for the HgCl2 dimer obtained with 
MP2 [29, 30], vdW-DF-C09 and PBE.  

Method c [Å] d [Å] e [Å] ββ  [°] γγ  [°] ΔΔE [eV] 
MP2 2.229 2.251 3.166 176.9 96.9 -0.24 
vdW-DF-C09 2.256 2.285 3.074 175.3 98.1 -0.30 
GGA- PBE 2.270 2.295 3.242 175.8 98.9 -0.15 

  

Table 2 lists optimized structural parameters for the 4 different crystal structure types studied for the HgCl2 solid 
obtained using vdW-DF-C09 and GGA-PBE. First, we see that for the experimentally determined HgCl2 groundstate 
structure [27, 31], vdW-DF-C09 gives lattice parameters that are in excellent agreement with experiment (<2.6%). 
GGA-PBE, however, consistently overestimates the lattice parameter; by almost 10% along the b-axis direction. A 
comparison of the lattice parameters of other crystal structure types again shows that GGA-PBE results predict 
lattice parameters that can be as much as 16% and 50% larger than the vdW-DF-C09 predictions for HgBr2 and 
HgI2, respectively. For HgF2, however, we find that the GGA-PBE and vdW-DF-C09 calculations give lattice 
parameters that are in reasonable agreement of each other (~2%). Once more, this is indicative of the excellent 
behaviour of both functionals in predicting the properties of densely packed solids. Nevertheless, the severe 
overestimation of lattice constants is typical of GGA-PBE for describing dispersion bound complexes, such as 
layered graphite, and is often accompanied by significant underbinding [32].  

Table 2 Lattice parameters (a, b and c) and space group symmetries for the crystal structure types studied for the HgCl2 solid. Experimental 
lattice parameters for the Pnma phase were taken from [31]. 

Crystal Structure Space Group Method a [Å] b [Å] c [Å] 
Fluorite Fm m GGA-PBE 6.679   
  vdW-DF-C09 6.534   
HgCl2 Pnma GGA-PBE 13.373 6.578 4.514 
  vdW-DF-C09 12.458 5.873 4.220 
  Expt. 12.776(4) 5.986(3)  4.333(2) 
HgBr2 Cmc21 GGA-PBE 5.029 6.735 12.723 
  vdW-DF-C09 4.320 6.527 11.337 
red-HgI2 P42/nmc GGA-PBE 4.134  11.965 
  vdW-DF-C09 4.392  7.925 

 
Figure 3 depicts the condensation energies for the four 

crystal structure types. Similar, to the dimer, we note a 
large difference in condensation energies between the 
GGA-PBE and vdW-DF-C09 calculations. As expected, 
the inclusion of dispersion interactions significantly 
enhances the condensation energies for the sparsely packed 
structures. Surprisingly, we also find that dispersion 
interactions stabilize the densely packed fluorite structure. 
Furthermore, we find that GGA-PBE calculations 
incorrectly predict the HgBr2 Cmc21 structure to be the 
groundstate by 29 meV/formula unit (f.u.) over the HgCl2 
Pnma structure. This is corrected with vdW-DF-C09, 

Figure 3 Condensation energies for
the 4 crystal structure types studied.
Black solid and red hashed bars are
for vdW-DF-C09 and GGA-PBE 
calculations, respectively. 
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which predicts the HgCl2 Pnma structure to be the most stable structure (by 12 meV/f.u. over the HgBr2 structure). 
The failure of GGA-PBE to predict the correct groundstate can be understood on the basis of the differences 
between the two crystal structures and the inadequate treatment of dispersion interactions at the GGA-PBE level. In 
the HgBr2 structure type, unlike the HgCl2 form, the molecular units are aligned such that the Hg-Cl bonds are 
parallel and shifted to ensure that opposing dipoles interact with each other. Thus, in the absence of dispersion 
interactions one might expect that this structure would be favoured over one in which the molecules are arranged 
perpendicularly to each other, as in HgCl2. The closeness in energy of the HgBr2 Cmc21 and HgCl2 Pnma crystal 
types suggests that one should expect to find the HgBr2 structure in the phase diagram of HgCl2. However, although 
HgBr2 Cmc21 has not been observed mercury dichloride, it resembles other polymorphs that are known to exist at 
moderate pressures; i.e. the P21/m (Phase IV) and R m (Phase II) phases [27].  

Finally we examine the electronic structure of these 
materials. Figure 4 shows the density of states (DOS) for 
the four crystal structures obtained using the vdW-DF-C09 
functional. Here, we observe significant differences in the 
electronic band gaps Eg of the four different crystal 
structure types. Most notably, the densely packed fluorite 
structure has a negligible band gap while the layered 
structure (red-HgI2) is semi-conducting with a band gap of 
1.41 eV, and finally the molecular crystals (HgCl2 and 
HgBr2) have very similar (<2.5 eV) band gaps. These 
results further highlight the importance of correct crystal 
structure predictions as it is clear that in this case, 
stabilization of any of the covalently bonded solids could 
signify a dramatic reduction in the predicted band gap. 

Conclusions 

In summary, we have employed the vdW-DF non-local correlation functional with the C09 exchange functional, 
to explore the structure and stability of possible polymorphs of the HgCl2 crystal. Our results demonstrate that the 
inclusion of dispersion interactions is not only necessary in order to use density functional theory to predict the 
correct groundstate structure of sparsely packed materials, but that they have significant effects on predicted 
condensation energies. These affect both whether a crystal would form and at what temperatures it would 
vaporize/melt. Furthermore, we show that the traditional GGA-PBE functional fails to predict the correct 
groundstate and, for van der Waals bonded axes, it overestimates lattice parameters. Of equal importance is the link 
between crystal structure and electronic structure. Here, we observe a range of band gaps (from metallic to 2.79 eV) 
that arise in the four different crystal structures studied. Naturally, here the correct prediction of crystal structure 
would have dramatic consequences when attempting to predict functionality of these materials. In essence, these 
results highlight the need for a method that can accurately predict crystal structure and stability (even in sparsely 
packed solids) and demonstrate that vdW-DF-C09 is a general purpose method. As such, this work provides a 
necessary benchmark for true crystal structure predictions in a wide range of materials. 
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Figure 4 Density of states for the 4 crystal structure types studied for 
the HgCl2 system. Electronic band gaps Eg are denoted in the plots. 
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