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Low-lying isomers of mercury sulfide (HgS), (n = 2-16, 20) clusters are located by unbiased global search
method combining the genetic algorithm with density functional theory. The global minimum structures
of mercury sulfide clusters are found to be monotonous rings up to n =8, and multiple rings at n > 9, and
are much different from any other 1:1 clusters. The (HgS), clusters have large HOMO-LUMO energy gaps

(greater than 3.0eV at n > 3). S---Hg secondary bonds are found between the rings in multiple-ring
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structures, where direct evidences for the S- - -Hg secondary bonding networks are given by noncovalent
interaction index analysis. The S --Hg secondary bonding play the key role for the stability of multiple-
ring structures, which has a binding energy of about 0.2 eV. Such a secondary bond is due to the strong
relativistic effects of Hg and may be the reason for the novel geometric properties of (HgS), clusters.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Semiconductor chalcogenides nanocrystals have attracted
extensive interest not only because of their size-dependent
characteristic but also because of their novel electronic and optical
properties arising out of quantum confinement effects compared
with the corresponding bulk compounds [1-10]. II-VI semicon-
ductor materials play the central role in many areas of materials
of modern science and technology [11-14].

HgS is one of the most important II-VI semiconductor com-
pounds possessing excellent optoelectronic properties. It can be
widely used in ultrasonic transducers, electrostatic image materi-
als, photoelectric conversion image materials, and photoelectric
conversion devices [14]. Generally speaking, bulk HgS consists of
cinnabar (hexagonal, red HgS) and meta-cinnabar (cubic, black
B-HgS) [15-16].

In recent years, some studies have been done on some binary
clusters in ratio of 1:1. Shao et al. [17] reported four types of
structures, namely double helical, crown, catenane, and separate
rings for (AuSR),. The catenane structure becomes the most stable
at n=10-12, followed by the double helical and crown structures.
For (ZnS), [18-24], (ZnO), [25-29], (BeO), [30] and (BN),, [31-40]
clusters, the structures are rings and cages. Earlier studies have
shown that the most stable structure for (ZnS), clusters with
n =10-47 are hollow polyhedral clusters [19]. For (BeO), clusters,
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the global minimum (GM) structures are rings to n=>5, double
rings at n=6 and 7, and cages at n > 8 [30]. For (MgO), [41-51],
(TiO), [52] and (BaO), clusters [53], the structures are preferred
over the cubic-like ones. Puente and Aguado [44] showed that
the interpretation of the magic numbers of small (MgO), clusters
in terms of stacking small (MgO)s; subunits is cube. There are many
specific cluster size (n=4, 5, 8) where the cubic-like structures
have the lowest energy of (TiO), clusters [52].

In this article, we adopted density functional theory (DFT)
method combined with genetic algorithm to predict the structures
of (HgS), clusters at n=2-14. Based on the geometric knowledge
at small size, putative structures at n = 15, 16, 20 were constructed.
The results show that the GM structures are monotonous rings at
n = 2-8 and multiple-ring structures at n = 9-16, 20. The geometric
structures of (HgS), clusters are very unique and different from any
other clusters. Moreover, we found that the S...-Hg secondary
bonding play the key role for the stability of the multiple-ring
clusters. Similar to hydrogen bond and halogen bond, the S.--Hg
secondary bond is also a kind of noncovalent interaction, which
is weaker than covalent bond but is much stronger than van der
Waals (VDW) interactions. Such a secondary bond may be due to
the strong relativistic effects of Hg.

2. Computational details

In this work, the TPSSh functional [54] was selected in DFT
calculations, which has been proven reliable for (AuSR), clusters
compared to experiments [55].
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The low-energy isomers of (HgS), (n=2-14) clusters were
located by two ways. One is by starting from the low-energy iso-
mers of (ZnS), [18-24], (BeO), [30], (MgO), [41-51] and (AuSR),
[17] clusters as reported in literatures. The other is by unbiased
global search by the combination of genetic algorithm (GA) and
DFT method, which has been successfully applied in the structural
prediction of a number of systems [30,56-61]. GA is a search
heuristic that mimics the process of natural selection. This heuris-
tic is routinely used to generate useful solutions to optimization
and search problems. GA belongs to the larger class of evolutionary
algorithms, which generate solutions to optimization problems
using techniques inspired by natural evolution, such as inheri-
tance, mutation, selection, and crossover.

In GA-DFT procedure, small basis sets (6-31G* [62] for S and
LANL2DZ [63] for Hg) are selected for saving time to perform
unbiased search of the potential energy surface. The structures of
(HgS), (n=15, 16, 20) cluster were constructed based on the geo-
metric structures of small (HgS), clusters. After global optimiza-
tion, the low-lying isomers were fully relaxed with larger basis
sets (6-311G* [64] for S and def2-TZVP [65] for Hg). For Hg, we
used a 19-valence-electron scalar relativistic pseudopotentials
together with the corresponding (8s8p6d1f)/[6s4p3d1f] valence
basis set [66]. The energies and HOMO-LUMO gaps are also
obtained at TPSSh/6-311G*/def2-TZVP level of theory. All calcula-
tions are carried out using the GAUSSIAN 09 package [67].

3. Results and discussion

Combining the GA with DFT method, we obtained a series of
structures for (HgS), (n=2-14) clusters at TPSSh/6-311G*/def2-
TZVP level. All putative GM structures of (HgS), clusters at n=2-14
were located in GA-DFT unbiased search. For comparison, some
typical GM structures of (BeO),, (ZnS),, and (AuSR), clusters in
literatures were also optimized. For larger sizes, n=15, 16 and
20, it is very difficult for unbiased global search using GA-DFT
method, and some typical structures were modeled based on the
geometric structures of small clusters. The isomers of (HgS),
(n=2-8) and (HgS), (n=9-16, 20) clusters are plotted in Fig. 1
and Fig. 2, respectively. Both the three lowest-energy isomers
and the isomers with typical motifs, which may be the GM struc-
tures of some other clusters, are plotted. The plotted isomers are
either top 3 lowest-energy All the isomers are verified to be true
local minima by frequency check. The GM structures are monoto-
nous rings up to n =8, and multiple rings at n=9-16, 20.

3.1. Geometry structures

(HgS),, (n=2-8). The GM structure of (HgS), is a rhombus (2I,
D) with bond length of Hg-S =2.50 A and bond angle of S-Hg-
S =111.1°. The structure is 0.25 eV lower than the V-shaped config-
uration (2II). The lowest-energy structure of (HgS)s is a triangular
ring (31, D3;) with bond length of Hg-S = 2.39 A and bond angle of
S-Hg-S = 158.8°, which is also the most stable structure of (ZnO)s
cluster [28]. The lowest energy configuration found for (HgS), is a
square ring (4I, Do4) with bond length of Hg-S = 2.36 A and bond
angle of S-Hg-S =177.9°, which is 3.27 eV more stable than the
cage structure 4II (T;). A monotonous ring structure is obtained
for (HgS)s (51, Cs) as the lowest energy structure. 5I and 5II(C,) in
helix have nearly equal energy. 5III with a 4-membered ring and
one tail (Hg-S). For (HgS)s, a crown monotonous ring (61, Ds4) is
found to be most stable. 61 is only 0.05 eV more stable than a helix
(611, Dy). 6III (D34) with two 3-membered rings is much less stable
than 6I. A monotonous ring of (HgS), (71, C;) was found to be the
most stable structure. 7II (G;) with a helix is less stable than 71
by only 0.02 eV, where such a helix structure was also found for
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Fig. 1. The global minimum and low-energy isomers for (HgS), (n = 1-8) clusters at
the TPSSh/6-311G*/def2-TZVP level. The structures in column I correspond to the
global minima; columns II-IV correspond to isomers (local minima) that are higher
in energy, and the symmetry and the relative energies in eV are labeled in figure.
Hg-gray, S-yellow. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

(AuSR); [17]. 7HII (Cs) consists of a 4-membered ring and a 3-mem-
bered ring. A crown is obtained for (HgS)s (8I, D4q4) as the lowest-
energy structure. 8II (C;), in similar helix structure with (AuSR)g
[17], is only 0.04 eV higher in energy than 8I. 8III (D44) consists
of two 4-membered rings with high symmetry.

(HgS),, (n =9-14). For (HgS)o, a double-ring structure (91, Cy) is
the most stable isomer. The second isomer has a helix structure
(911, C3), which is the most stable structure of (AuSR)g [17]. 9III
(C3) consists of 31 and 6I. A C,, isomer (9IV) and a D3, isomer
(9V) are 1.01, 1.65eV higher in energy, respectively. The most
stable structure of (HgS),o (101, C,,) consists of two 5-membered
rings. The second low-lying isomer (10II) is in Ds; symmetry.
10III (G;), which consists of a 4-membered ring and a 6-membered
ring, and 10IV(Dsg4, crown) are nearly identical in energy. The cate-
nane structure 10V(D,), known as GM structure of (AuSR)q, is
1.09 eV higher in energy than 10I. For (HgS);1, 111 (C;) which con-
sists of a 7-membered ring (chair like) and a 4-membered ring is
most stable. 11IV with C, symmetry is the most stable config-
uration of (AuSR);;. The GM structure 12I consists of a 4-mem-
bered ring and a 8-membered ring (crown) with C4, symmetry.
1211 (D34) consists of two 61 (6-membered ring). 12111 (Dg4y,) consists
of three 4-membered rings. 12IV (Dgg) is a crown structure. 12V
(G;) has similar structure with the most stable structure of
(AuSR);5. 12VI (Tp,) is the most stable structure of ZnO [28] and
BeO [30] and is 1.27 eV higher in energy than 12I. For (HgS):s,
13I(C;) consists of a 5-membered ring (5I) and a 8-membered ring
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Fig. 2. The global minimum and low-energy isomer for (HgS), (n=9-16, 20)
clusters at the TPSSh/6-311G*/def2-TZVP level. Hg-gray, S-yellow. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

(8I, crown). 1311 (C;) and 13III (C;) are both double-ring structures.
The catenane 131V with C; symmetry is 0.47 eV higher in energy
than 13I. The lowest-energy configuration of (HgS)4 is 141 in G,
symmetry, which consists of a 6-membered ring and a 8-mem-
bered ring (81, crown). 141l (C,y) is a triple-ring structure and
14101 (Cyy) is a double-ring structure.

(HgS), (n=15, 16, 20). For (HgS);5, 151 which consists of a
5-membered ring and a 10-membered ring (crown) is in Cs, sym-
metry. The most stable structure for (HgS),¢ with D4y symmetry
consists of two 4-membered rings and a 8-membered ring (crown).
1611 in D4y symmetry is 0.70 eV higher in energy than 161, which
consists of two 8-membered rings (81, crown). 161II (T) is the most
stable structure of (ZnO)s [25,27,28] and is 2.09 eV higher in
energy than 16l. For (HgS),, 201 consists of two 5-membered rings
and a 10-membered ring (crown) in Dsy; symmetry. 20II, which
consists of one 4-membered ring and two 8-membered rings, is
0.40 eV less stable than 20L.

3.2. Stability

The energy gap (Ey.) between the highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO)
is an important factor of the stability. As shown in Fig. 3a, the
(HgS), clusters have large HOMO-LUMO energy gaps (greater than
3.0eV at n > 3), indicating high electronic stability. The Ey.
increases with cluster size increasing and reaches the maximum
at n=6. It is because the small rings are strained in geometric
structure, and the release of the strains increases the Ey; value.
There is an odd-even effect in energy gaps at n=6-8. Atn > 9,
gaps of the multiple rings are obvious lower than those of monoto-
nous rings at n = 6-8, because there are small rings (n < 5) in the
multiple-ring clusters.
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Fig. 3. (a) The energy gap Ey; of the global minima of (HgS), (n=1-16, 20) as a
function of the cluster size n. (b) Atomization energy per HgS unit (E,;) of the global
minima as a function of the number of HgS units n. (c) Enlarged atomization energy
per HgS unit (E,) of the global minima in 4.82-5.05 eV region.

The average atomization energy (E,) of the (HgS), clusters is
defined as the average binding energy per HgS unit:
[n « E(Hg) + n = E(S) — E(HgS),]/n. Fig. 3b and ¢ plot the E, of the
most stable structures of (HgS), as a function of cluster size. It
can be seen that E,; increases rapidly with cluster size increasing
at n < 4, and changes little at n > 5. The E,. of n =6 is the highest
in the monotonous rings, and the E, of n=12, 16, 20 are higher
than other clusters in multiple-ring structures, as a consequence
of the stability of their geometric structures.

3.3. Secondary bonding

For n > 9, the multiple-ring structures are more stable than
other structures, and these multiple-ring structures are much dif-
ferent from any other 1:1 clusters. We infer that the stability of
multiple-ring structures may due to the secondary bonds in those
structures. The structure of many main group compounds often
reveal short distances between a heavy p-block element and one
or more atoms which possess lone pair of electrons. The distance
cannot be dismissed as “non-bonded interactions” [68]. Alcock
used the term “Secondary bonding interactions” in 1970 for these
types of interactions [69,70].

Here we select 10I and 10II as examples to illustrate the differ-
ence of S...-Hg secondary bond and the coulomb interactions
between S and Hg. As we know, S is partially negative charge
and Hg is partially positive charge in (HgS), clusters. 101l is the
optimal double-ring motif for coulomb interactions, which has
the maximum nearest-neighbor coulomb interactions. However,
10II is even 0.33 eV higher in energy than another double-ring
structure (10I). Fig. 4 compares the geometric structures of 10I
and 10II in detail. It is found that S-Hg bond lengths in these
two structures are nearly identical (~2.35 A), and the 10 nearest-
neighbor coulomb distances in 101l are 3.56 A. Interestingly, there
are two S.--Hg interactions between the two rings in 10I with
distances 3.19 A, which is 0.84 A longer than S-Hg bond and
0.37 A shorter than coulomb distance. Thus, we infer that these
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Fig. 4. (a) Secondary bonding patterns for 10I; (b) Coulomb interaction patterns for
10II. Hg-gray, S-yellow. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 5. Secondary bonding patterns of 12I, 15I, 161, 201, 20II. S-yellow, Hg-gray. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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Fig. 6. (a) AANDP localized bonding patterns of structure 4I; (b) AANDP localized
bonding patterns of structure 8I; (c) AANDP localized bonding patterns of structure
12I. ON corresponds to the occupancy number; 2c-2e (two-center two-electron).

two S. - -Hg interactions should be secondary bonding interactions,
and such a secondary bond is the reason why 10 I is more stable
than 10IL

In Fig. 5, some typical structures with S---Hg secondary bonds
(121, 151, 161, 201, 20II) are plotted. The S---Hg distances of those
clusters are about 3.10-3.17 A. There are 4 S. - -Hg secondary bonds
between the 8-membered and 4-membered rings in 121. 151 with a
10-membered ring and a 5-membered ring structure includes 5
S...Hg secondary bonds. There are 8 S.---Hg secondary bonds in
161 between the central 8-membered ring and two 4-membered
rings in both sides. Similarly, there are 10 S- - -Hg secondary bonds
in 20I and 8 S- - -Hg secondary bonds in 20IL

As we know, the bonding energy of one hydrogen bond (O---H
secondary bond) is nearly 0.20 eV [66,67]. 12I consists of (HgS)s
and (HgS), and has four S- - -Hg secondary bonds, so the interaction
energy of each S.--Hg secondary bond can be roughly calculated
E(S---Hg) = [E(HgS)s + E(HgS)s - E(HgS)2]/4. The calculated
E(S---Hg) in 12I, 151, 161, 201, 20I are 0.23, 0.18, 0.23, 0.18,
0.20 eV, respectively, which are obviously in the energy level of
hydrogen bonds. As a comparison, the coulomb interaction in
1011 is calculated to be only 0.02 eV (the calculated natural charges
for S and Hg are —0.82]e| and +0.82|e|, respectively). For (HgS),o, in
the geometric structures part, we introduced that 20I is 0.40 eV
more stable than 20II. And the S.--Hg secondary bonds in 20I are
two more than those in 20IL. The two more S- - -Hg secondary bonds
result in about 0.40 eV lower energy of 20L

The bonding pattern of HgS clusters is very clear. Each Hg atom,
which is in sp hybridization, is bonded with two S atoms with S-Hg-S
angle about 180°. Similarly, S atom is in sp> hybridization linked by
two Hg atoms, and the Hg-S-Hg angle is about 100°. To gain
direct insight into the nature of bonding of (HgS), clusters, we
apply a tool named adaptive natural density partitioning (AdNDP)
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Fig. 7. (a) Plots of the reduced density gradient versus the electron density multiplied by the sign of the second Hessian eigenvalue, and (b) NCI isosurfaces (s = 0.45) for 101l

(top) and 161 (bottom).

[71-73] to obtain patterns of chemical bonding. 41 is an octagonal
ring, 8I is a crown and 12I consists of 4I and 8I. Therefore we ana-
lyze the chemical bonding of 4I, 8I and 12Iby using AANDP as plot-
ted in Fig. 6.

According to AANDP analysis, 41 contains eight two-center two-
electron (2c-2e) o-HgS bonds with occupancy number
ON = 1.98|e| close to the ideal limit of 2.00|e| (Fig. 6a). Similarly,
8I includes sixteen Hg-S o bonds with same occupancy numbers
ON = 1.98|e| (Fig. 6b). As expected, the ADNDP bonding shows that
12I can be viewed as two separated parts (41 and 8I) without cova-
lent interactions. However, for the eight Hg-S bonds with S atoms
involved in the S.--Hg secondary bonds, the ONs are only 1.85|e|
(Fig. 6¢). From AANDP analysis, the S---Hg secondary bonds cannot
be viewed directly, but the low ONs of HgS bonds involved in
S---Hg secondary bonds may indicate certain non-Lewis
interaction.

The secondary bonding is a kind of non-Lewis/noncovalent
interaction and cannot be studied directly by the natural
bonding orbital methods such as AANDP. Recently, Yang group
[74,75] developed a noncovalent interaction (NCI) index
approach to detect noncovalent interactions based on the elec-
tron density and its derivatives. NCI index provides a rich
representation of VDW interactions, hydrogen bonds, and
steric repulsion. The definition of NCI index is based on the
reduced density gradient, s, and the electron density, p, where

1 |Vpl
2(3m2)'3 pA3”

and which permits to highlight interactions characterized by a
low-density regime. The bonded and nonbonded interactions can
then be identified by the sign of the second Hessian eigenvalue
(12), whereas the density itself provides information about their
strength.

Fig. 7a plots the reduced density gradient (s) versus the electron
density (p) multiplied by the sign of 1, of the two typical structures
10II and 161. The low-density regime represents noncovalent/weak
interactions. In the data of 10II, the low density, low-gradient spike
lying at negative values indicates stabilizing weak interactions
(nearest neighbor SHg coulomb attraction between the two rings),
and the spike at positive values represents unstabilizing weak
interactions (nearest neighbor SS and HgHg coulomb repulsion
between the two rings). There are corresponding coulomb SHg,
SS and HgHg interactions in the data of 16l as in 10Il. However,
there is a low-gradient spike lying at about sign (1) p = —0.025
au in the data of 16l similar to that in water dimer, which
represents strong stabilizing noncovalent interactions (S---Hg
secondary bonding). Fig. 7b displays low-gradient (s=0.45 au)
NCI isosurfaces, subject to the constraint of low density, for 10II
and 16I. The gradient isosurfaces are colored according to the
corresponding values of sign (/)p, which is a good indicator of
interaction strength. The gradient isosurfaces provide a rich
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visualization of noncovalent interactions as broad regions of real
space, where the coulomb attracting (green), coulomb repulsion
(brown), S---Hg secondary bonding (blue) and steric repulsion
(red) are viewed directly. The NCI studies are carried out using
Multiwfn package [76], and the NCI isosurface images are created
using VMD [77].

3.4. Relativistic effects

Au has the largest relativistic effects in all elements [78-79],
which results in novel geometric structures of (AuSR), clusters.
Hg also has reasonable large relativistic effects [80], and (HgS), is
binary clusters in ratio of 1:1 the same as (AuSR),. However, there
are great differences between geometries of (HgS), and (AuSR),
clusters. (AuSR), clusters favor catenane structures. Schmidbaur
and co-workers [81-83] investigated that the mechanism of the
surprisingly facile catenane formation can be assumed to include
various intermediates with different forms of aurophilicity
interactions which lower the activation barriers of significant steps
of the reactions. However, for (HgS), clusters, the multiple-ring
structures are found to be stable for large size. It is clearly seen that
the S---Hg secondary bonds in isomers play the key role for the
stability of the multiple-ring structures.

(ZnS),, clusters [18,19] favor cage-like structures, and are much
different from those of (HgS), clusters, where the reason for the
difference is suggested to be the relativistic effects. To verity the
relativistic effects in (HgS), clusters, we compared the energy of
12I and 12VI using the Sttutgart-Dresden non-relativistic pseu-
dopotentials [84], where the cage-like 12VI is the lowest-energy
structure of (ZnS);, cluster [19]. Interestingly, for (HgS);» cluster,
the cage-like 12VI is calculated to be even 1.87 eV lower in energy
than 12I using the non-relativistic pseudopotentials, which indi-
cates that the relativistic effects lead to the special S.--Hg sec-
ondary bonding in HgS clusters.

4. Conclusions

In summary, we predicted the geometric structures of (HgS),
(n=2-16, 20) clusters using DFT calculations. The GM structures
are monotonous rings at n=2-8 and multiple rings at n > 9.
(HgS), clusters have large HOMO-LUMO energy gaps (greater than
3.0eV at n > 3) indicating high electronic stability. By analyzing
the bonding energy and distances, it is found that the multiple-ring
structures are stabled by the networks of S.--Hg secondary bonds.
The calculated distance of the S. - -Hg secondary bond is about 3.1 A
(0.84 A longer than S-Hg bond distance and 0.37 A shorter than
coulomb distance) and the energy level is about 0.2eV.
Moreover, direct evidences of the S.--Hg secondary bonding net-
works in the multiple-ring structures are given by noncovalent
interaction index analysis. The geometric structures of (HgS),
clusters are much different from those of (ZnS), clusters due to
the relativistic effects, where the later favor cage-like structures.
However, the non-relativistic calculations show that (HgS);» clus-
ter also favors cage-like structure. Strong relativistic effects lies
in both (HgS), and (AuSR), clusters, but leads to different results:
secondary bonding networks and aurophilicity interactions.
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