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From monomers to polymers: steric and
supramolecular effects on dimensionality of
coordination architectures of heteroleptic
mercuryĲII) halogenide–tetradentate Schiff
base complexes†

Ghodrat Mahmoudi,*a Vladimir Stilinović,*b Masoumeh Servati Gargari,a

Antonio Bauzá,c Guillermo Zaragoza,d Werner Kaminsky,e Vincent Lynch,f

Duane Choquesillo-Lazarte,g K. Sivakumar,h Ali Akbar Khandari

and Antonio Frontera*c

In this study, neutral mercuryĲII) complexes of the composition ĳHgĲL1)Ĳμ-Cl)2Hg3Cl6]n (1), ĳHgĲL1)Ĳμ-

Br)2HgBr2] (2), ĳHgĲL3)Br2] (2a), ĳHgĲL1)I2] (3), ĳHgĲL2)Cl2]ĴCH3OH (4) and ĳHgĲL2)Ĳμ-Br)HgBr3]2 (5) (L1 =

benzilbisĲ(pyridin-2-yl)methylidenehydrazone); L2 = benzilbisĲ(acetylpyridin-2-yl)methylidenehydrazone))

are described. Single-crystal X-ray crystallography showed that the molecular complexes can aggregate

into larger entities depending upon the anion coordinated to the metal centre. Iodide gives discrete mono-

meric complexes, bromide generates a 1D coordination polymer formed through Hg–Br–Hg bridges and

chloride gives rise to an inorganic–organic hybrid material. The significant differences in the reaction condi-

tions indicate that the anions exert a substantial influence on the formation of the compounds – smaller

anions show a larger potential for bridging metal ions and forming coordination polymers. A minute

increase in the bulkiness of the ligand (two extra methyl substituents in L2) dramatically changes the coor-

dination architectures, and leads to the formation of monomeric (chloride and iodide) and oligomeric (bro-

mide) structures, rather than polymeric structures. The noncovalent C–H/π and π-hole interactions

observed in the solid state architecture of some complexes have been rationalized by means of theoretical

DFT calculations.
1. Introduction

Construction of coordination networks by self-assembly has
attracted considerable attention in crystal engineering and
supramolecular chemistry, due to their versatile structural
diversity and potential applications in different areas from
catalysis to nonlinear optics.1–9 Factors that play important
roles in controlling the architecture of self-assembled species
include: the structure of ligands, coordination geometry of
metal ions, counter-anions, and supramolecular interactions
of the coordination compound with its surroundings.10–16

Among these, anions play a very important role in the self-
assembled construction.17–24

Due to their applications in the paper industry and as pre-
servatives, fluorescent lamps, sensors and batteries,24–29 mer-
cury and its compounds are of immense importance in
chemistry and related disciplines. The spherical d10 configu-
ration of HgĲII) is associated with a flexible coordination
environment, thus the geometries of these complexes can
vary from linear to octahedral or even distorted hexagonal
, 2015, 17, 3493–3502 | 3493
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bipyramidal, and severe distortions from ideal coordination
polyhedra occur easily. Furthermore, due to the lability of d10

metal complexes, the formation of coordination bonds is
reversible, which enables metal ions and ligands to rearrange
during the supramolecular assembly to allow the formation
of the thermodynamically most stable structure, by varying
the coordination polyhedron and coordination number of the
mercury atom. Consequently, mercuryĲII) can readily accom-
modate different kinds of coordination frameworks, using a
variety of organic ligands along with different inorganic/
organic bridging units.30

In line with the above discussion, we recently reported on
the syntheses and self-assembly of some HgĲII) compounds
of the composition ĳHg2Ĳμ-L)ĲSCN)4]n, ĳHg2Ĳμ-L)Ĳμ-Cl)2Cl2]n,
ĳHg2Ĳμ-L)Br4]ĴĳHg2Ĳμ-L)(μ-Br)2Br2]n and ĳHg2Ĳμ-L)I4] {L =
N,N′Ĳbis-Ĳpyridin-2-yl)benzylidene)-1,2-ethanediamine}.31 Schiff
base ligands are frequently used in coordination chemistry due to
their significant ability to form stable complexes with metal
ions.32 The Schiff base ligand (L) previously used by us31a

played an important role in the formation of coordination
polymers with fascinating structures. In this manuscript we
investigated the effect of related azine-based Schiff base
ligands (Scheme 1) on the solid state architecture of a series
of HgĲII)-containing coordination compounds, namely ĳHg-
ĲL1)Ĳμ-Cl)2Hg3Cl6]n (1), ĳHgĲL1)Ĳμ-Br)2HgBr2] (2), ĳHgĲL3)Br2]
(2a), ĳHgĲL1)I2] (3), ĳHgĲL2)Cl2]ĴCH3OH (4) and ĳHgĲL2)Ĳμ-
Br)HgBr3]2 (5), prepared by the reaction of a ligand (L1 or L2)
and HgX2 (X = Cl, Br, I) in a 1 : 10 molar ratio. Herein, we
report the structures and topological analyses of these com-
pounds and discuss the influence of the anions on the struc-
tures of the coordination species. Moreover, the noncovalent
C–H/π and π-hole interactions observed in the solid state
architecture of some complexes have been rationalized by
means of theoretical DFT calculations.

2. Experimental methods
2.1. Materials and measurements

The ligands L1 and L2 were prepared following a reported
method described elsewhere31b and used without further
purification. All other reagents and solvents used for the syn-
thesis and analysis were commercially available and used as
received. FT-IR spectra were recorded on a Bruker Tensor 27
3494 | CrystEngComm, 2015, 17, 3493–3502

Scheme 1 Molecular diagrams of L1 and L2.
FT-IR spectrometer. Microanalyses were performed using a
Heraeus CHN–O-Rapid analyzer. Melting points were measured
on an Electrothermal 9100 apparatus and were uncorrected.

Caution! Mercury and its compounds are toxic.33 Only a
small amount of these materials should be prepared and
handled with care.
2.2. Synthesis of L1 and L2

Benzil dihydrazone (5.61 g, 23.58 mmol) was dissolved in 100
ml of anhydrous methanol. To this colourless solution, 4.50
ml (47.16 mmol) of freshly distilled 2-pyridinecarboxaldehyde
was added. The resulting yellowish mixture was refluxed for
18 h, while maintaining a dry atmosphere. Then it was slowly
cooled to room temperature to yield a yellowish crystalline
solid, which was filtered off and dried in air. L2 was prepared
using the same procedure as that for L1 except that
2-pyridinecarboxaldehyde was replaced with 2-acetylpyridine.
2.3. Synthesis of ĳHgĲL1)Ĳμ-Cl)2Hg3Cl6]n (1), ĳHgĲL1)Ĳμ-
Br)2HgBr2] (2), ĳHgĲL1)I2] (3), ĳHgĲL2)Cl2]ĴCH3OH (4)
and ĳHgĲL2)Ĳμ-Br)HgBr3]2 (5)

MercuryĲII) chloride and L1 (0.021 g, 0.05 mmol; 0.135 g,
0.5 mmol) were placed in the main arm of a branched tube.
Methanol (10 ml) was carefully added to fill the arms. The
tube was sealed and immersed in an oil bath at 60 °C while
the branched arm was kept at ambient temperature. After
2 days, crystals of 1 that were isolated in the cooler arm were
filtered off, washed with acetone and ether, and dried in air.
Crystals of 2 and 3 were prepared by a similar synthetic pro-
cedure to that used for 1, except that HgCl2 was replaced with
HgBr2 and HgI2, respectively. For 4 and 5 a similar synthetic
procedure to that used for 1 and 2 was used except that L1
was replaced with L2. It is interesting to note that in all these
cases an excess amount of HgX2 (X = Cl, Br and I) was used –

all attempts to prepare crystalline complexes in the branched
tube from equimolar mixtures were unsuccessful. For 1:
(0.157 g, yield 84%), found: C, 20.68; H, 1.43; N, 5.67%; calcd.
for C26H20Cl8Hg4N6: C, 20.79 H, 1.37; N, 5.59%. IR (cm−1)
selected bands: 527(w), 687(vs), 776(vs), 973(m), 1155 (w),
1185(m), 1258(s), 1298(s), 1438(s), 1477(s), 1588(s), 1617(s),
3060(w). For 2: (0.277 g, yield 74%), found: C, 27.35; H, 1.83;
N, 7.49%; calcd. for C26H20Br4Hg2N6: C, 27.46 H, 1.77; N,
7.39%. IR (cm−1) selected bands: 491(w), 625(m), 685(vs), 778
(m), 977(s), 1250(m), 1435(s), 1555(vs), 1613(m), 1651(m),
3060(w). For 3: (0.295 g, yield 68%), found: C, 35.75; H, 2.37;
N, 9.76%; calcd. for C26H20I2HgN6: C, 35.86 H, 2.31; N,
9.65%. IR (cm−1) selected bands: 527(w), 690(s), 776(m), 1058
(w), 1156(m), 1256(w), 1439(m), 1592(m), 1623(s), 3060(w).
For 4: (0.205 g, yield 55%), found: C, 46.44; H, 3.85; N,
11.35%; calcd. for C29H28Cl2HgN6O: C, 46.56 H, 3.77; N,
11.23%. IR (cm−1) selected bands: 574(w), 694(s), 780(s), 1003
(w), 1159(m), 1250(w), 1437(m), 1576(s), 1612(s), 3060(w). For
5: (0.118 g, yield 74%), found: C, 28.75; H, 2.15; N, 7.28%;
calcd. for C28H24Br4Hg2N6: C, 28.86 H, 2.08; N, 7.21%.
This journal is © The Royal Society of Chemistry 2015
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IR (cm−1) selected bands: 566(w), 692(s), 778(m), 1010 (w),
1157(m), 1250(w), 1435(m), 1592(m), 1620(s), 3059(w).

2.4. Synthesis of ĳHgĲL3)Br2] (2a)

To a solution of benzilbisĲ(pyridin-2-yl)methylidenehydrazone)
(0.021 g, 0.05 mmol) in methanol, (50 mL) a solution of HgBr2
(0.18 g, 0.5 mmol) in methanol (40 mL) was added dropwise
under stirring, which resulted in the immediate formation of a
yellow precipitate. Stirring was continued for 5 h and then
the mixture was filtered. The residue was washed with metha-
nol (3 × 10 mL) and dried under vacuum. The dried solid was
dissolved by boiling in acetonitrile (45 mL) and filtered while
hot. The filtrate, upon cooling to room temperature, afforded
a yellow crystalline material (0.193 g, yield 44%); found: C,
46.35; H, 2.93; N, 8.09%; calcd. for C34H25Br2HgN5O: C, 46.41
H, 2.86; N, 7.96%. IR (cm−1) selected bands: 688(m), 772(m),
1011(m), 1158 (m), 1385(s), 1437(m), 1565 (m), 1588(m),
1616(m), 1672(m), 3026(w).

2.5. X-ray crystallography

The diffraction data were collected using a Nonius KappaCCD
(1, 100 K, λ = 0.71073 Å), a Bruker APEX II (2 and 2a, 100 K,
λ = 0.71073 Å), a Bruker X8 Proteum (3, 296 K, λ = 1.54178 Å)
and an Oxford Diffraction Xcalibur Kappa CCD (4 and 5,
295 K, λ = 0.71073 Å) X-ray diffractometer. Data were
processed with HKL Scalepack (1),34 Apex2 (2, 2a, 3)35 and
CrysAlisPro (4 and 5)36 programs and corrected for absorp-
tion using SADABS.37 The structures were solved by direct
methods,38 which revealed the position of all non-hydrogen
atoms. These atoms were refined on F2 by a full-matrix least-
squares procedure using anisotropic displacement parame-
ters.38 All hydrogen atoms were located in difference Fourier
maps and included as fixed contributions riding on attached
atoms with isotropic thermal displacement parameters 1.2
times those of the respective atom. All calculations were
performed and the drawings were prepared using the WINGX
crystallographic suite of programs.39 The crystal data are
listed in Table 1. Further details are available from the Cam-
bridge Crystallographic Centre – CCDC 1046009–1046016
contain the supplementary crystallographic data for 1–5, 2a,
L1 and L2.

2.6. Theoretical methods

The geometries of the complexes included in this study were
computed at the BP86-D3/def2-TZVP level of theory using the
crystallographic coordinates within the TURBOMOLE pro-
gram.40 This level of theory that includes the latest available
dispersion correction (D3) is adequate for studying non cova-
lent interactions dominated by dispersion effects like
π-stacking. The basis set superposition error for the calcula-
tion of interaction energies has been corrected using the
counterpoise method.41 The “atoms-in-molecules” (AIM)42

analysis of the electron density has been performed at the
same level of theory using the AIMAll program.43
This journal is © The Royal Society of Chemistry 2015
3. Results and discussion
3.1. Synthesis and spectroscopic results

Ligands L1 and L2 were synthesized by refluxing benzil
dihydrazone with the corresponding aldehyde/keton in alco-
hol, according to the well-known condensation reaction
between a primary amine and a ketone. The yields were
almost quantitative in all cases. The reaction of equimolar
amounts of these ligands and HgX2 (X = Cl, Br and I) in
methanol gave the corresponding complexes. However, single
crystals could only be obtained if a tenfold excess of HgX2

was used.
An original attempt to produce single crystals of 2 using

an equimolar mixture of reactants failed and an attempt was
made as described in section 2.4. This however yielded an
unexpected product (2a). Apparently this procedure led to
partial hydrolysis of the ligand (L1). This hydrolysis must
have yielded several products among which probably were
benzil and asymmetric benzyl-hydrazone-Ĳ(pyridin-2-yl)-
methylidenehydrazone). The condensation of these two inter-
mediates would then produce ligand L3 (Scheme 2) which
was detected in the crystal structure of 2a.

The IR spectra of 1–5 exhibit νĲCN) + νĲCC) stretching
vibrations44 in the range 1650–1560 cm−1, which are charac-
teristic of metal bound imines.

3.2. Crystal structures of 1–5

Single crystal X-ray diffraction studies of all six coordination
compounds 1–5 were made. All the bond lengths and angles
in the ligands have the usual values for coordinated
imines.45,46 ORTEP representations of the molecules of 1–5
and perspective views of structural motifs in the crystal struc-
tures are shown in Fig. 1–8.

Single crystal diffraction experiments have shown 1 to be
a 1D coordination polymer. The monomeric unit of the poly-
mer comprises four symmetrically independent mercuryĲII)
cations interconnected by bridging chloride anions. The poly-
meric structure is achieved through chains of HgCl2 units
along the crystallographic a axis which are further garnished
with Hg2Cl4L1 units comprising a HgCl4 tetrahedron to
which a terminal HgL1 is bonded (Fig. 1a). The two symmet-
rically independent mercury atoms which form the backbone
of the coordination polymer (Hg3 and Hg4) have a distorted
octahedral coordination with two short (ca. 2.3 Å) and two
long Hg–Cl bonds (ca. 3.0 Å) forming the ĲHgCl2)n chain, and
two long Hg–Cl bonds of which one (2.82 Å and 2.95 Å) binds
the Hg atoms of the chain to the HgCl4 tetrahedra, while the
substantially longer other one (3.25 Å and 3.60 Å) binds the
Hg atoms of one ĲHgCl2)n chain to bridging chlorides of a
neighbouring chain (Fig. 1b). The HgCl4 tetrahedra formed
about mercury atoms Hg2 are disphenoidally distorted with
two shorter bonds to a terminal chloride (Hg2–Cl4 of 2.33 Å)
and to a chloride bridging to the ĲHgCl2)n chain (Hg2–Cl3 of
2.40 Å), and two longer bonds to chlorides bridging to the
terminal mercury Hg1 cation (Hg2–Cl1 of 2.70 Å and Hg2–
Cl2 of 2.68 Å) of which one (Cl2) also bridges to the ĲHgCl2)n
CrystEngComm, 2015, 17, 3493–3502 | 3495
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Scheme 2 Molecular diagram of L3.

Fig. 1 a) ORTEP plot of a monomeric unit of 1 with the labelling of
the metal and donor atoms. Thermal ellipsoids are shown at 50%
probability and hydrogen atoms are shown as small spheres of
arbitrary radii. b) A section of the polymeric double chain in the
structure of 1.

Fig. 2 a) ORTEP plot of a monomeric unit of 2 with the labelling of
the metal and donor atoms. Thermal ellipsoids are shown at 50%
probability and hydrogen atoms are shown as small spheres of
arbitrary radii. b) A section of the polymeric chain in the structure of 2.

Fig. 3 a) ORTEP plot of a molecule of 3 with the labelling of the metal
and donor atoms. Thermal ellipsoids are shown at 50% probability and
hydrogen atoms are shown as small spheres of arbitrary radii. b) A
C–H⋯N hydrogen bonded dimer in the structure of 3.
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chain. The coordination of the terminal mercury ion can be
described as a heavily distorted trigonal prism with two chlo-
ride anions and N1 of the ligand L1 as vertices of one base
and N2, N3 and N4 as vertices of the other. Of the Hg–N
bonds, the bonds with the pyridine nitrogen atoms are mark-
edly shorter (Hg1–N1 of 2.21 Å and Hg1–N3 of 2.26 Å) than
those with imine nitrogen atoms (Hg1–N2 of 2.60 Å and
Hg1–N4 of 2.47 Å). The molecule of L1 is helically twisted to
encompass the Hg1 atom so that the ligand molecule
assumes a conformation of approximate C2 symmetry.

Compound 2, formed when chloride was replaced with
bromide, was also found to be a coordination polymer. Here
however the monomeric unit comprises only two symmetri-
cally independent mercuryĲII) cations, each bonded to two
bromides which acted as bridges between mercury cations
forming a polymer along the crystallographic b axis (Fig. 2).
One of the mercury cations (Hg2) is the centre of a HgBr4 tet-
rahedron, which is again disphenoidally distorted with two
shorter bonds to terminal bromides (Hg2–Br3 of 2.45 Å and
Hg2–Br4 of 2.46 Å) and two longer bonds to bridging bro-
mides (Hg2–Br1 of 2.82 Å and Hg2–Br2 of 2.86 Å). The coor-
dination of the other mercury cation (Hg1) is similar to that
of Hg1 in 1 with two bridging bromides and a tetra-
coordinating L1. Here however all the Hg–N bonds are of
similar lengths (in the range 2.42 Å to 2.55 Å), and the overall
coordination polyhedron is an intermediate between a
(distorted) octahedron and a (distorted) trigonal prism.
CrystEngComm, 2015, 17, 3493–3502 | 3497
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Fig. 4 a) ORTEP plot of a molecule of 2a with the labelling of the
metal and donor atoms. Thermal ellipsoids are shown at 50% probability
and hydrogen atoms are shown as small spheres of arbitrary radii. b)
Overlap of the molecules of 2a (brown), 3 (violet) and HgI2L2 (blue)
showing the overall similarity of the three molecules. The chelate ring
atoms have been chosen as anchor atoms for the overlap.

Fig. 5 ORTEP plot of an asymmetric unit of 4 with the labelling of the
metal and donor atoms. Thermal ellipsoids are shown at 50%
probability and hydrogen atoms are shown as small spheres of
arbitrary radii.
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Although structurally quite different from the chloride
derivative 1, the bromide derivative was found to be iso-
structural with a previously described chloride analogue32

(see Fig. S1†) from which it only differs due to the larger Hg–
Br bond lengths as compared to the Hg–Cl bonds, which sub-
sequently leads also to an increase in the length of the b axis,
as compared to the isostructural chloride.

Introduction of iodide, in place of chloride or bromide,
leads to a significant change in the molecular structure.
Unlike 1 and 2, which are polymeric, the iodide derivative 3
was found to be a mononuclear complex. Also, L1 is in this
case only bidentate, chelating mercuryĲII) with only one pyri-
dine and one imine nitrogen atom. This makes the mercury
ion tetrahedrally coordinated with the two nitrogen atoms
and two iodide anions (Fig. 3a). This HgI2ĳN]2 tetrahedron
shows even larger disphenoidal distortion, not so much due
to the difference in Hg–I (Hg1–I1 of 2.64 Å and Hg1–I2 of
2.65 Å) and Hg–N bond lengths (Hg1–N1 of 2.45 Å and Hg1–
N3 of 2.56 Å), but due to the large difference between the
chelate bite angle ĲφĲN1–Hg1–N2) = 67.0°) and the I1–Hg1–I2
angle ĲφĲI1–Hg1–I2) = 135.4°) caused by the large van der
Waals radius of iodide (non bonded I⋯I distance of 4.46 Å).
The large van der Waals radius of iodide is also the probable
3498 | CrystEngComm, 2015, 17, 3493–3502
cause of the change of the coordination mode of L1 which
due to the increased size of the halogen can no longer act as
a tetradentate ligand because of steric hindrance. The molec-
ular structure is almost identical to that reported for the
HgI2L2 complex,47 with minor differences in the conforma-
tion of the ligand molecule, most ostensively in the non-
chelating arm of the ligand. These differences are likely
caused by the different supramolecular environments – the
azomethine CH group of the uncoordinated arm of L1 forms
a hydrogen bond with a pyridine nitrogen of a neighbouring
molecule (C26–H26⋯N32 of 3.60 Å) closing a centrosymmet-
ric R2

2(8) motif (Fig. 3b). Such a C–H⋯N hydrogen bond,
which is often a significant interaction in imines derived
from pyridine,48 is not possible in the case of L2, as there the
azomethine hydrogen has been replaced with a methyl group.

The steric effect on the coordination of the ligand to
mercuryĲII) halogenides is also demonstrated by 2a (HgBr2L3),
where mercury is coordinated by two bromides and an
organic ligand derived from L1 by replacing one 2-pyridyl
group with a benzyl and a phenyl ring, rendering it far bulk-
ier (Fig. 4a). Not only is the coordination polyhedron of the
cation here almost identical to that in the iodide complexes,
being a disphenoidally distorted tetrahedron with similar
Hg–Br (Hg1–Br1 of 2.45 Å and Hg1–Br2 of 2.49 Å) and Hg–N
bond lengths (Hg1–N1 of 2.38 Å and Hg1–N2 of 2.70 Å) while
the angle between terminal Hg–Br bonds ĲφĲBr1–Hg1–Br2) =
142.0°) is much larger than the chelate angle ((N1–Hg1–N2) =
66.7°), but the general shape of the molecule is also quite
similar to the shapes of 3 and HgI2L2 molecules (Fig. 4b).
This journal is © The Royal Society of Chemistry 2015
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Fig. 6 a) ORTEP plot of a monomeric unit of 5 with the labelling of
the metal and donor atoms. Thermal ellipsoids are shown at 50%
probability and hydrogen atoms are shown as small spheres of
arbitrary radii. b) Tetranuclear molecules of 5 interconnecting into
chains via weak Hg–Br interactions.

Fig. 7 Overlap of Hg2Br4L units in 2 (red) and 5 (blue). Mercury atoms
are shown as small spheres. The chelated mercury atom and the
chelating nitrogen atoms of the organic ligand have been chosen as
anchor atoms for the overlap. Mercury atoms are shown as spheres
and bromides as sticks.
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Unlike in the case of the iodide complex where the
replacement of L1 with its dimethyl derivative L2 does not
This journal is © The Royal Society of Chemistry 2015
lead to any significant change in coordination or molecular
geometry, both the mercuryĲII) chloride and bromide com-
plexes obtained with L2 have been found to be quite different
from the respective L1 complexes.

The chloride derivative (4) is a monomeric species found
to crystallise as a methanol solvate. The coordination of the
mercuryĲII) ion is similar to that of the terminal Hg1 in the
structure of 1, with the four nitrogen atoms of the tetra-
dentate L2 and two chloride anions defining the vertices of a
highly irregular polyhedron (intermediate between a octahe-
dron and a trigonal prism). Unlike in 1, however, all the
Hg–N bonds are of similar lengths (in the 2.50 Å to 2.57 Å
range), and the Hg–Cl bonds are considerably shorter (Hg1–
Cl1 of 2.44 Å and Hg1–Cl2 of 2.47 Å) than those in 1, which
is only to be expected as here the chlorides are not shared
with another mercury cation. The slight difference in length
of the two Hg–Cl bonds can be connected to intermolecular
hydrogen binding. As noted earlier, 4 crystallises as a metha-
nol solvate, and the methanol molecule is hydrogen bonded
to one coordinated chloride (O1–H1o⋯Cl2 of 3.14 Å), which
can be assigned as a reason for the slight stretching of the
Hg1–Cl2 bond (Fig. 5). By binding to a coordinated chloride,
the methanol molecule blocks it from forming other interac-
tions, and thus prevents the chloride to act as a bridge
towards another mercury atom. Therefore, although L2 is a
slightly sterically more demanding ligand than L1, it cannot
be concluded that the absence of polymerisation in this case
is due to the change of the ligand. Rather, the supramolecu-
lar environment (i.e. hydrogen bonding of the coordinated
chloride) which prevents the formation of chloride bridges
appears to be a more likely cause of the monomeric nature
of 4.

The latter conclusion is to an extent justified by the struc-
ture of the bromide derivative (5), which was found to be a
tetranuclear complex with bridging bromides. This complex
consists of two Hg2Br4L2 monomeric units, equivalent to
those forming the polymer 2, although of a different confor-
mation (Fig. 6a and 7). Unlike in 2, however these units bind
in a head-to-head manner to a centrosymmetric dimer. The
resulting complex molecule thus comprises two terminal
HgBrL2 units and two HgBr4 tetrahedra with a common edge
(consisting of two Hg4 atoms related by an inversion centre)
which bridges them. The HgBr4 tetrahedra are extremely
distorted with the Hg2 atom almost coplanar with Br4, Br5
and Br6 (elevated from the Br4–Br5–Br6 plane by only 0.13 Å)
to which it binds with short bonds (Hg2–Br5 of 2.62 Å, Hg2–
Br4 of 2.47 Å and Hg2–Br6 of 2.48 Å) and with a very long
bond (Hg2–Br6 of 3.24 Å) to the other Br6. The coordination
of the terminal Hg1 cation is quite similar to the one
described in 2, with similar Hg–N bond lengths (in the range
2.40 Å to 2.58 Å), although with a large difference between
the terminal (Hg1–Br3 of 2.64 Å) and the bridging Hg–Br
(Hg1–Br5 of 2.86 Å) bonds. The Br3–Hg1–Br5 angle is also
significantly larger ĲφĲBr3–Hg1–Br5) = 150.4° in 5 as opposed
to 110.9° in 2), although this can be attributed to the close
proximity of Br3 from a neighbouring molecule which
CrystEngComm, 2015, 17, 3493–3502 | 3499
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Fig. 8 Dimeric crystal fragments of compounds 2a (A), 3 (B) and 4 (C) and their interaction energies.
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approaches Hg1 (Hg1⋯Br3′ contact of 3.52 Å) between the
two coordinated bromides spreading them apart. This weak
quasi-coordinative interaction interconnects the tetranuclear
molecules into chains in the crystallographic [−1 0 1] direc-
tion (Fig. 6b).
Fig. 9 Theoretical models used to evaluate the noncovalent
interactions in compound 2awithout (A) and with (B) the phenyl groups.
3.5 Theoretical study of the supramolecular assemblies

We have focused the theoretical study on the analysis of the
interesting supramolecular assemblies observed in the solid
state of complexes 2a, 3 and 4 (see Fig. 8). In complex 2a we
have analysed the C–H⋯π/π⋯π/π⋯H–C supramolecular
assembly (see Fig. 8A) observed in the solid state. In 3 we
have analysed a self-complementary dimer that is governed
by two symmetrically related C7⋯N9 π-hole interactions.
That is, the lone pair of the N9 atom interacts with the posi-
tive π-hole located at the carbon C7 atom of the imidic CN
bond (see Fig. 8B). This lp⋯π-hole interactions49 are
attracting increasing attention from the scientific community
due to their important role in crystal engineering and supra-
molecular chemistry.50 Finally, in compound 4 we have also
analysed a self-assembled dimer where two complementary
C–H⋯π interactions are established (see Fig. 8C).

The complexation energies of the selected crystallographic
fragments are also included in Fig. 9. It can be observed that
they are large and negative, indicating that they are strong
binding motifs in the solid state structures. We have focused
the theoretical study on the analysis of the influence of the
complexation of the organic ligand to the HgĲII) metal centre
on the strength of the noncovalent interactions. Therefore we
have used several theoretical models based on the crystal
structures. For compound 2a we have used two models and
the binding energies (Fig. 9) are compared to the correspond-
ing one obtained for the crystallographic dimer shown in
Fig. 8A.
3500 | CrystEngComm, 2015, 17, 3493–3502
We have first analysed the influence of the intramolecular
C–H⋯π interaction on the binding energy of the dimer.
Therefore we have used a model where the phenyl groups
that participate in the C–H⋯π interactions have been
replaced with hydrogen atoms (see arrows in Fig. 9A). As a
result the binding energy (ΔE4 = −16.4 kcal mol−1) was slightly
reduced compared to ΔE1 = −16.7 kcal mol−1 (see Fig. 8A),
therefore the influence of the C–H⋯π interaction on the
strength of the π⋯π interaction is almost negligible. Sec-
ondly, we have analyzed the influence of the metal complexa-
tion on the binding energy by eliminating the HgBr2 part of
the molecule. By doing so, the interaction energy is signifi-
cantly reduced to ΔE5 = −7.0 kcal mol−1 which is the
This journal is © The Royal Society of Chemistry 2015
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Fig. 10 Theoretical models used to evaluate the noncovalent
interactions in compounds 3 (A and B) and 4 (C).
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contribution of the π⋯π interaction to the supramolecular
assembly. The difference between ΔE1 and ΔE5 corresponds
to the contribution of both C–H⋯Br hydrogen bonds, that is
ΔE1 − ΔE5 = −9.7 kcal mol−1.

The theoretical models used to analyse the contribution of
the different noncovalent interactions in complexes 3 and 4
are shown in Fig. 10. For complex 3 we have used two
models. In the first one we have replaced the phenyl groups
that establish the C–H⋯π interaction with hydrogen atoms
(see small arrows in Fig. 10A). As a result the interaction
energy is reduced from ΔE2 = −27.6 kcal mol−1 (see Fig. 8B) to
ΔE6 = −18.8 kcal mol−1 which corresponds to the interaction
energy associated with the double π-hole interaction. There-
fore each C–H⋯π interaction can be estimated as (ΔE2 − ΔE6)/
2 = −4.3 kcal mol−1. In order to analyze the influence of the
metal coordination on the π-hole interaction, we have used
another theoretical model (see Fig. 10B) where the HgI2 moie-
ties have been eliminated. In this model the interaction
energy is further reduced to ΔE6 = −5.8 kcal mol−1, indicating
that the complexation of the imidic nitrogen atom to the Hg
metal centre has a strong influence on the magnitude of the
π-hole at the carbon atom. To corroborate this explanation,
we have computed the atomic Mulliken charge at C7 carbon
in the presence and absence of the HgI2 moiety. As a result,
the charge at the imidic carbon atom becomes 0.16 e more
positive in the presence of the metal centre.

Finally, in complex 3 we have used a theoretical model to
evaluate the influence of the metal complexation on the self-
complementary CH3⋯π interaction (see Fig. 10C). In this
case the interaction energy in the absence of HgCl2 is consid-
erably reduced from ΔE2 = −24.9 kcal mol−1 (see Fig. 8C) to
This journal is © The Royal Society of Chemistry 2015
ΔE6 = −11.3 kcal mol−1 which corresponds to the interaction
energy associated with the double CH3⋯π interaction. A
likely explanation for this significant reduction is that the
acidity of the methyl hydrogen atom increases as a conse-
quence of the complexation of the organic ligand to the HgĲII)
ion.

In order to characterize the noncovalent interactions
explained above, we have used Bader's “atoms-in-molecules”
methodology42 which provides an unambiguous definition of
chemical bonding. The existence of a bond critical point and
a bond path connecting two atoms can be used as a confir-
mation of covalent/noncovalent bonding. AIM analyses of the
theoretical models corresponding to compounds 2a, 3 and 4
are shown in Fig. S2 and S3.† All noncovalent interaction
described above have been confirmed by the existence of sev-
eral bond critical points and bond paths connecting the
interacting atoms (see the ESI† for details).

4. Conclusions

In conclusion, we herein reported the syntheses and struc-
tural characterization of six new mercuryĲII) complexes 1–5
with halogenide and organic ligands, where a comparison
between structurally similar ligands, L1 and L2, was made.
Although the difference between the two ligands is minute
(they differ only in the presence/absence of two methyl
groups) the choice of ligand has an immense effect on the
coordination behaviour of mercury when bromide or chloride
was the anionic ligand present. This is related to the differ-
ences in the supramolecular assemblies formed by the com-
plexes, which in turn affect the molecular packing. The sim-
ple addition of a methyl group to the ligand controls on one
hand the formation of a dimer instead of a polymer (as in
compound 5) and, on the other hand, the formation of supra-
molecular assemblies due to the participation in CH3⋯π

interactions, as demonstrated by DFT analysis.
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