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ic hybrid materials based on PbBr2
and pyridine–hydrazone blocks – structural and
theoretical study†

Ghodrat Mahmoudi,*a Vladimir Stilinović,*b Antonio Bauzá,c Antonio Frontera,*c

Agata Bartyzel,d Catalina Ruiz-Péreze and Alexander M. Kirillov*f

Five lead(II) coordination compounds based on PbBr2 and a series of neutral hydrazone and hydrazine

ligands (L1–L5) were prepared and structurally characterised, namely [Pb(m2-Br)(Br)(L1)]2 (1), [Pb(m2-

Br)(Br)(m2-L2)]n (2), [Pb(m2-Br)(Br)(m3-L3)]n (3), [Pb(m2-Br)(Br)(m2-L4)]n (4) and [Pb3(m3-Br)2(m2-Br)4(L5)2]n (5).

In all compounds, there are bridging bromide ligands that interconnect Pb(II) centres and generate either

[PbBr2]2 dimers (in 1, 2 and 3) or [PbBr2]n chain motifs (in 4) and [Pb3Br6]n ribbons (in 5). These

correspond to three structural fragments present in the lead(II) bromide structure. Depending on the

terminal (in 1 and 5) or m2- and m3-bridging (in 2, 3 and 4) coordination modes of organic building

blocks, the [PbBr2]n fragments constitute discrete molecules (1) or extend to structurally distinct 1D (2

and 5) or 2D (3 and 4) metal–organic networks. Topological analysis and classification of these networks

in 2–5 were performed, disclosing underlying chains or layers with the 2C1, 3,4L83, hcb topologies, and

a trinodal 3,4,6-connected net of unprecedented topology, respectively. Theoretical calculations (DFT)

were employed to analyze some relevant noncovalent interactions observed in the solid state. In

particular the inter-ligand p–p stacking interactions in 1 and the influence of the metal coordination on

their strength were analyzed. In 3, the role of intramolecular tetrel and p–hole unconventional

interactions in the solid state architecture was demonstrated.
1. Introduction

Coordination polymers (CPs) represent nowadays one of the
most explored types of compounds in the areas of crystal engi-
neering, coordination and materials chemistry. This is primarily
governed by a relatively easy adjustment of the combination of
metal nodes and organic building blocks, which opens enor-
mous possibilities towards the fabrication of different materials
with various structures, topologies and functional properties.1
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Depending on their composition and properties, CPs can have
potential applications in the elds of gas adsorption/storage,
separation, catalysis, sensing and magnetism.2–6 Since the
structural features and functional properties of CPs frequently
depend on the coordination modes of metal centres, type of
ligands and presence of supramolecular interactions, the selec-
tion of organic building blocks plays an important role.7–12 If the
organic ligands are neutral molecules, coordination polymers
typically bear (inorganic) counter-ions to equalize charges.
However, in many cases these counter-ions can act as additional
(monodentate and/or bridging) ligands and signicantly alter
the resulting structures of CPs.13–19

In particular, coordination polymers of lead(II) have recently
received an increasing attention because of specic and very
versatile coordination behaviour of this metal as well as unique
supramolecular features and interesting physical properties of
such compounds.20–28 In fact, various Pb(II) CPs have found
potential applications, for example, as luminescent,29–34 ion
exchanging35 and optical materials.36 Since lead(II) ions have an
affinity to organic ligands containing O, N and S donor
atoms,37–41 various hydrazone building blocks are oen used for
assembling Pb(II) CPs. On the other hand, the interest in lead(II)
coordination polymers also arises from their rich family of
halometalates – compounds derived from lead(II) halides and
organic ligands.42,43 These represent particularly interesting
RSC Adv., 2016, 6, 60385–60393 | 60385
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Scheme 1 Structural diagrams of the employed ligands (L1–L5).
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examples as many of them can be described as inorganic–
organic hybrid materials44–47 due to interconnections realised
solely by Pb–X bonds in some directions. Bearing these points
in mind, herein we report the synthesis, characterization,
crystal structures, topologies and theoretical investigation of
ve coordination compounds 1–5 derived from lead(II) bromide
and ve pyridine–hydrazone ligands (L1–L5; Scheme 1). The
obtained products vary from a discrete dimer [Pb(m2-
Br)(Br)(L1)]2 (1) to 1D coordination polymers [Pb(m2-Br)(Br)(m2-
L2)]n (2) and [Pb3(m3-Br)2(m2-Br)4(L5)2]n (5), and 2D metal–
organic networks [Pb(m2-Br)(Br)(m3-L3)]n (3) and [Pb(m2-
Br)(Br)(m2-L4)]n (4). We also demonstrate how an alteration of
the orientations of terminal pyridine groups and the bulkiness
of the ligand may control the dimensionality and topology of
the metal–organic network. Furthermore, a remarkable feature
of all the obtained compounds consists of the presence of the
PbBr2 subunits interconnected into the [PbBr2]n fragments,
which correspond to motifs of the PbBr2 precursor structure48

(Fig. 1). The sizes and dimensionalities of these inorganic
fragments are also controlled by the choice of the organic
ligand.
Fig. 1 A [101] layer in the structure of lead(II) bromide48 with marked
[PbBr2]n fragments I–III that can be identified in the structures of 1–5:
fragment I – [PbBr2]2 dimer, fragment II – [PbBr2]n chain, and fragment
III – [PbBr2]n triple chain.

60386 | RSC Adv., 2016, 6, 60385–60393
2. Experimental
2.1. Materials and measurements

All ligands were prepared following the reported method as
described elsewhere.49 All other reagents and solvents were
commercially available and used as without further purica-
tion. FT-IR spectra were recorded on a Bruker Tensor 27 FT-IR
spectrometer. Microanalyses were performed using a Heraeus
CHN–O-Rapid analyser. Melting points were measured on an
Electrothermal 9100 apparatus.

Caution! Lead and its compounds are toxic.41 Only a small
amount of these materials should be prepared and handled
with care.

2.2. Synthesis and analytical data of compounds 1–5

Synthesis was performed in a branched tube apparatus. PbBr2
(5 mmol) and the corresponding ligand L1–L5 (5 mmol) were
placed in the main arm of a branched tube. Methanol (15 mL)
was carefully added to ll the arms. The tube was sealed and
immersed in an oil bath at 60 �C while the branched arm was
kept at ambient temperature. Crystals of products 1–5 were
formed in 5 days in the cooler arm and were ltered off, washed
with acetone and ether, and dried in air.

2.2.1. [Pb(m2-Br)(Br)(L1)]2 (1). Yield: 71%. Mp 184 �C. Anal.
calcd for C27H24Br2N4Pb: C, 42.03; H, 3.14; N, 7.26%. Found: C,
42.15; H, 3.27; N, 7.15%. FTIR (cm�1), selected bands: 704(s);
740(m); 997(m); 1311(m); 1431(m); 1583(m); 1630(m); 2855(w);
2928(w); 3044(w).

2.2.2. [Pb(m2-Br)(Br)(m2-L2)]n (2). Yield: 80%. Mp 211 �C.
Anal. calcd for C12H10Br2N4OPb: C, 24.30; H, 1.70; N, 9.44%.
Found: C, 24.45; H, 1.57; N, 9.55%. FTIR (cm�1), selected bands:
579(s); 713(m); 1153(m); 1294(s); 1466(m); 1569(s); 1669(s);
2993(w); 3145(m).

2.2.3. [Pb3(m3-Br)2(m2-Br)4(L5)2]n (3). Yield: 67%. Mp 255 �C.
Anal. calcd for C13H12Br2N4OPb: C, 25.72; H, 1.96; N, 9.27%.
Found: C, 25.80; H, 1.86; N, 9.33%. FTIR (cm�1), selected bands:
601(m); 706(s); 977(m); 1018(m); 1141(s); 1285(s); 1414(m);
1537(s); 1586(m); 1663(s); 3032(w); 3202(w).

2.2.4. [Pb(m2-Br)(Br)(m2-L4)]n (4). Yield: 78%. Mp 209 �C.
Anal. calcd for C13H12Br2N4OPb: C, 25.70; H, 1.99; N, 9.24%.
Found: C, 25.85; H, 1.83; N, 9.38%. FTIR (cm�1), selected bands:
615(m); 706(s); 976(m); 1030(m); 1147(s); 1287(s); 1421(m);
1538(s); 1580(m); 1662(s); 3042(w); 3205(w).

2.2.5. [Pb(m2-Br)(Br)(m3-L3)]n (5). Yield: 77%. Mp 274 �C.
Anal. calcd for C26H24Br6 N8O2Pb3: C, 19.75; H, 1.53; N, 7.09%.
Found: C, 19.85; H, 1.42; N, 7.28%. FTIR (cm�1), selected bands:
695(m); 748(s); 911(s); 1033(s); 1160(s); 1347(s); 1466(m);
1520(s); 1591(s); 1644(m); 2925(w); 3061(w).

2.3. X-ray crystallography

Single crystals of 1–5 suitable for X-ray analyses were selected
and crystallographic data were collected at 100(2) K on a Bruker
AXS SMART APEX CCD diffractometer using Mo Ka radiation (l
¼ 0.71073 �A) in the u-scan mode. The detector frames were
integrated by use of the SAINT50 program and the empirical
absorption corrections were performed using SADABS
This journal is © The Royal Society of Chemistry 2016
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program.51 All the structures were solved by direct methods and
rened by full matrix least-squares procedures using the
SHELXTL.52 All non-hydrogen atoms were rened with aniso-
tropic displacement parameters. Hydrogen atoms bonded to
carbon atoms were placed in calculated positions with isotropic
U values 1.2 times higher than those of the parent atom. The
hydrogen atoms bonded to nitrogen have been located from the
electron difference map and rened isotropically, with the
exception of 5 where the hydrogen atom was placed in the
calculated position. Materials for publication were prepared
using SHELXTL and PLATON.53 Details of crystallographic data
are given in Table 1.

2.4. Topological analysis

Topological analysis and classication of metal–organic
networks in 2–5 were carried out using Topos soware and
following the concept of the simplied underlying net.54,55 Such
nets were obtained by reducing all ligands to the respective
centroids and maintaining their connectivity by coordination
bonds. Terminal bromide ligands were also omitted.

2.5. Theoretical methods

All calculations were carried out using the TURBOMOLE version
7.0 using the BP86-D3/def2-TZVP level of theory.56 To evaluate
the interactions in the solid state, we used the atom coordinates
as obtained from the crystal structures. This procedure and
level of theory were successfully used to evaluate similar inter-
actions.57 The interaction energies were computed by calcu-
lating the difference between the energies of isolated
Table 1 Crystal structure and refinement data for compounds 1–5

1 2

Chemical formula C54H48N8Pb2Br4 C12H10N4OPbBr2
Mr 1543.00 593.25
Crystal system Triclinic Triclinic
Space group P�1 P�1
a/�A 10.1876(4) 7.5893(3)
b/�A 10.6582(4) 10.6608(5)
c/�A 12.8044(5) 10.7299(9)
a/� 94.099(1) 97.040(5)
b/� 103.293(1) 102.644(5)
g/� 105.080(2) 99.802(5)
V/�A3 1293.66(9) 823.10(9)
Z 1 2
rcalc/(g cm�3) 1.981 2.394
m/mm�1 9.632 15.103
F[000] 732 540
Crystal size/mm3 0.51 � 0.39 � 0.18 0.31 � 0.21 � 0.09
T/K 100(2) 293(2)
Reections collected 15 494 13 960
Unique reections 8524 3948
Observed reections 6865 3570
Parameters 307 169
R1(obs) 0.0252 0.0398
wR2(all) 0.0614 0.1074
S 1.024 1.070
Max./min Dr/(e �A�3) 1.865/�1.744 2.789/�1.276

This journal is © The Royal Society of Chemistry 2016
monomers and their assembly. The interaction energies were
corrected for the Basis Set Superposition Error (BSSE) using the
counterpoise method.58 The molecular electrostatic potential
(MEP) surfaces were computed at the B3LYP/6-31+G* level of
theory by means of the Spartan soware.59 The “atoms-in-
molecules” (AIM)60 analysis was performed at the BP86-D3/def2-
TZVP level of theory. The calculation of AIM properties was
done using the AIMAll program.61
3. Results and discussion

One-pot synthesis in a branched tube apparatus and using as
reagents lead(II) bromide and different organic building blocks
L1–L5 in MeOH afforded a new series of lead(II) crystalline
products 1–5. They range from a discrete dilead(II) complex
[Pb(m2-Br)(Br)(L1)]2 (1) to 1D coordination polymers [Pb(m2-Br)
Br(m2-L2)]n (2) and [Pb3(m3-Br)2(m2-Br)4(L5)2]n (5), and 2D metal–
organic networks [Pb(m2-Br)(Br)(m3-L3)]n (3) and [Pb(m2-
Br)(Br)(m2-L4)]n (4), depending on the coordination modes of
hydrazone and bromide ligands. All compounds were obtained
in good yields, and were fully characterized by elemental anal-
ysis, FTIR spectroscopy, single crystal X-ray diffraction, topo-
logical analysis and theoretical calculations.
3.1. Crystal structures of 1–5

In all ve crystal structures there are discernible fragments of
the PbBr2 structure. In three structures (1, 2 and 3), the PbBr2
blocks are connected into centrosymmetric dimeric motifs
(fragment I), in 4 their interconnection is in a head-to-tail
3 4 5

C13H12N4OPbBr2 C13H12N4OPbBr2 C26H24N8O2Pb3Br6
607.28 607.28 1581.56
Triclinic Monoclinic Monoclinic
P�1 P21/c P21/n
8.2036(11) 9.3608(3) 7.50290(10)
8.7101(12) 16.1741(6) 17.6124(2)
10.9517(15) 10.6812(4) 14.2437(2)
100.390(3) 90 90
92.092(3) 99.959(3) 101.0623(7)
94.892(3) 90 90
765.83(18) 1592.79(10) 1847.25(4)
2 4 2
2.633 2.532 2.843
16.235 15.612 20.164
556 1112 1416
0.14 � 0.06 � 0.06 0.25 � 0.20 � 0.18 0.16 � 0.14 � 0.05
110(2) 293(2) 103(2)
16 558 6714 42 758
5837 3494 5384
5274 2517 4571
190 191 206
0.0228 0.0436 0.0206
0.0518 0.0853 0.0415
1.028 0.993 0.985
1.252/�1.739 1.354/�1.242 0.963/�0.848

RSC Adv., 2016, 6, 60385–60393 | 60387
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Fig. 3 Structural fragments of 2. (top) Metal–organic chain composed
of repeating [PbBrL2]2 motifs. (down) Topological representation of
a simplified underlying network showing a uninodal 2-connected
chain with the 2C1 topology (rotated view along the a axis); colour
codes: 2-connected Pb1 nodes (grey balls), centroids of 2-connected
m2-L2 (cyan) and m2-Br (brown) linkers.
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fashion leading to chains (fragment II), while in 5 the largest
ribbon-like fragment of the PbBr2 structure (fragment III) has
been preserved.

Although compounds 1, 2 and 3 all comprise dilead(II) blocks
[Pb2(m2-Br)2(Br)2], their overall structures are markedly different
due to the distinct coordination modes of hydrazone ligands
L1–L3 that act either as terminal ligands (L1; 1) or m2- (L2; 2) and
m3-spacers (L3; 3). Thus, the structures of 1–3 vary from a 0D
dimer 1 to a 1D coordination polymer 2 and a 2D metal–organic
network 3.

In 1, the seven-coordinate Pb1 atom is surrounded by four
nitrogen atoms of L1, one terminal bromide (Br2) and two
bridging bromide ligands (Br1), forming a [Pb(m2-Br)(Br)(L1)]2
dimer (Fig. 2). The dimers are centrosymmetric (they lie on
crystallographic inversion centres) so that the two bridging
bromide ligands and the two Pb1 atoms are related by an
inversion centre. The bridging bromide ligands are almost
equidistant from the two Pb centres [Pb1–Br1 3.0541(3), Br1–
Pb10 3.0735(4) �A], while the binding of the terminal Br2 ligand
shows a shorter distance [Pb1–Br2 2.9228(4) �A]. A considerable
bulkiness of L1 and its N,N,N,N-chelating mode prevent an
additional binding to adjacent Pb centres, thus resulting in
a discrete structure. The neighbouring dimers are however
interconnected by weak interactions. The most signicant
intermolecular contacts are C–H/Br hydrogen bonds, with the
terminal bromide acting as an acceptor in two such contacts
[C2–H2/Br2 of 3.565 �A and C2–H2/Br2 of 3.701 �A], and the
bridging bromide in one [C22–H22/Br1 of 3.550 �A].

In a 1D coordination polymer 2 (Fig. 3), the Pb1 atom is also
seven-coordinate by four atoms from m2-L2 ligands, one
terminal bromide (Br2) and two bridging bromide moieties
(Br1). The dimeric [Pb2(m2-Br)2(Br)2] blocks are quite similar to
those in 1, and thus will not be discussed further. However,
unlike L1, L2 cannot act as a tetradentate ligand to one lead
atom, but rather chelates one Pb(II) atom with two nitrogen (2-
pyridyl and hydrazone) and an oxygen atom, while the 3-pyridyl
Fig. 2 Structural fragments of 1. (top) Centrosymmetric discrete
lead(II) dimer. (down) Topological representation of adjacent dimers in
the crystal packing pattern (view along the b axis); colour codes: Pb1
atoms (grey balls), m2-Br linkers (brown), centroids of terminal L1
ligands (cyan).

60388 | RSC Adv., 2016, 6, 60385–60393
nitrogen atom binds to a neighbouring Pb1 centre. Each Pb1
atom is therefore coordinated by three chelating atoms of one
m2-L2 ligand and a pyridine nitrogen atom of another m2-L2
moiety. Hence, m2-L2 acts as a linker between lead(II) dimers
interconnecting them into chains along the crystallographic
a axis. From the topological viewpoint, the metal–organic chain
in 2 can be considered as a 2-connected underlying 1D network
with the 2C1 topology (Fig. 3, down). As in 1, there are some
hydrogen bonds in 2, namely one N–H/Br bond [N3–H3n/Br2
3.442�A] and two weak C–H/Br bonds [C6–H6/Br2 3.711�A and
C10–H10/Br2 3.881�A], which interconnect the adjacent chains
into supramolecular 2D layers perpendicular to the crystallo-
graphic c axis.

Replacing the 2-pyridyl group with a 3-pyridyl one (L3) makes
the hydrazonemolecule incapable of chelating to Pb centre with
three atoms as was the case in 2, but rather makes L3 acting as
a m3-spacer and thus giving rise to the formation of a 2D coor-
dination polymer structure (Fig. 4). The centrosymmetric
[Pb2(m2-Br)2(Br)2] dimers are still preserved, although their
geometry is somewhat different than that observed in 1 and 2.
The bridging bromide ligands are not placed equidistantly
between the two lead atoms with one Pb1–Br1 bond comparable
to those in 1 and 2 [3.0439(4)�A] but the other one [2.8888(4)�A]
being shorter than the Pb1–Br1 bond of the terminal bromide
[2.9515(5) �A]. The six-coordinate Pb1 atom is surrounded by
three bromide ligands as well as two pyridine nitrogen atoms
and one carboxyl oxygen from three different m3-L3 blocks.
These interconnect the [Pb2(m2-Br)2(Br)2] units into sheets
perpendicular to the crystallographic a axis. The coordination is
hemidirectional which allows the Pb1 centre to participate in an
additional weak Pb1/N2 contact of 3.228�A involving the imine
nitrogen atom of the O-donating m3-L3 molecule. The most
signicant intermolecular contacts are hydrogen bonds
involving bromide moieties [N3–H3/Br2 3.427 �A and C12–
H12/Br1 3.585 �A]. Topological analysis of the 2D metal–
organic sheet in 3 discloses a binodal 3,4-connected underlying
layer with the 3,4L83 topology (Fig. 4, down). This topology is
dened by the point symbol of (42$63$8)(42$6), wherein the
(42$63$8) and (42$6) notations correspond to the 4-connected
Pb1 and 3-connected m3-L3 nodes, respectively; there are also
the 2-connected m2-Br linkers.
This journal is © The Royal Society of Chemistry 2016
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Fig. 4 Structural fragments of 3. (top) 2D metal–organic network
composed of [Pb2Br2] motifs and m3-L3 blocks. (down) Topological
representation of a simplified underlying network showing a binodal
3,4-connected layer with the 3,4L83 topology (rotated view along the
a axis); colour codes: 4-connected Pb1 nodes (grey balls), centroids of
3-connected m3-L3 nodes (cyan), 2-connected m2-Br linkers (brown).

Fig. 5 Structural fragments of 4. (top) 2D metal–organic network
composed of [Pb(m2-Br)]n chain motifs interconnected by m2-L4
linkers. (down) Topological representation of a simplified underlying
network showing a uninodal 3-connected layer with the hcb topology
(view along the a axis); colour codes: 3-connected Pb1 nodes (grey
balls), centroids of 2-connected m2-L4 linkers (cyan), 2-connected m2-
Br linkers (brown).
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The only difference between the L2 and L4 ligands concerns
the presence of a methyl group on the 2-pyridyl side of the
molecule. This however leads to quite dramatic changes in the
structure of the resulting lead(II) coordination polymer 4
(Fig. 5). In this compound, the Pb1 centre is also seven-
coordinate in a similar fashion as in 2 with two bridging and
one terminal bromide ligands, three atoms from one m2-L4
molecule and a 3-pyridyl nitrogen from another one. However,
unlike in 2, in the structure of 4 the PbBr2 units are not inter-
connected into centrosymmetric dimers but rather they bind in
a head-to-tail fashion, leading to the generation of [PbBr2]n
chain motifs which stretch along the crystallographic c axis.
These motifs are then held together by the m2-L4 linkers, thus
giving rise to a 2D metal–organic network (Fig. 5, top). This
network can be topologically classied as a uninodal 3-con-
nected underlying layer (Fig. 5, down) with the hcb [Shubnikov
hexagonal plane net/(6,3)] topology and the point symbol of
(44$62). This layer is assembled from the 3-connected Pb1 nodes
and the 2-connected m2-L4 and m2-Br linkers.

In 4, only one m2-bromide ligand interconnects the adjacent
Pb1 centres. The corresponding Pb1–Br bonds are not equal,
one is very short [2.8882(10)�A] and the other one is substantially
longer [3.1044(10) �A]. The bonding of the terminal bromide
ligand is of intermediate length [3.0492(9) �A], which is slightly
longer than in the previously described structures. The presence
of the methyl group blocks the approach of a hydrogen acceptor
to the N–H group of the L4 ligand. Hence, the N–H/Br
hydrogen bonding described in 2 is not observed in 4. The
terminal bromide ligand thus participates only in a very weak
hydrogen bond between a methyl group of L4 from a neigh-
bouring layer (C7–H7a/Br1 of 3.745 �A), and the bridging
This journal is © The Royal Society of Chemistry 2016
bromide with an aromatic hydrogen from the same molecule
(C12–H12/Br2 of 3.760�A). The only difference between the L2
and L4 ligands lies in the presence of the methyl group, which
in turn causes this difference in hydrogen bonding capability of
the ligand. Thus, it appears that the discriminating force
between the layered structure with [PbBr2]n chains in 4 and the
chain structure with [PbBr2]2 dimers in 2, is the hydrogen
bonding between non-covalently bonded structures, i.e. crystal
packing forces. This would indicate that there is only a small
energy difference between the two structural motifs (fragment I
and II).

Compound 5 features the largest fragment of the PbBr2
structure observed within the ve studied examples (fragment
III). The structure can be described as a metal–organic ribbon
with the repeating [Pb3(m3-Br)2(m2-Br)4(L5)2]n blocks (Fig. 6).
There are two distinct Pb1 and Pb2 centres, one m3-Br spacer
(Br1), two types of m2-Br linkers (Br2, Br3) and one terminal L5
ligand. The seven-coordinate Pb1 atom is surrounded by four
bridging bromide moieties and three atoms of the L3 ligand.
The Pb2 atom is six-coordinate and its coordination octahedron
is lled solely by the bridging bromide ligands. The Pb–Br
distances vary from 2.9775(4) to 3.2218(3) �A and closely corre-
spond to those in the structure of PbBr2. However, unlike in
PbBr2 where the bromide ions bridge also to a second layer of
lead(II) atoms, in 5 such bonding is blocked by the bulkiness of
RSC Adv., 2016, 6, 60385–60393 | 60389
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Fig. 6 Structural fragments of 5. (top) 1D metal–organic ribbon
composed of [Pb3(m3-Br)2(m2-Br)4(L5)2]n motifs; it exhibits a fragment
III of the PbBr2 structure. Intramolecular N3–H3/N4 hydrogen bond
is shown as a yellow stippled line. (down) Topological representation
of a simplified underlying network showing a trinodal 3,4,6-connected
ribbon with the unique topology defined by the point symbol of
(32$44)2(3

2$4)2(3
4$42) (view along the b axis); colour codes: 6-con-

nected Pb2 and 4-connected Pb1 nodes (grey balls), 3-connected m3-
Br nodes and 2-connected m2-Br linkers (brown), terminal L5 ligands
(cyan).

Fig. 7 Fragment of the crystal structure (A) and theoretical models (B–
D) used to evaluate the H-bonding and p–p stacking interactions
compound 1, distances in �A.
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L5 that acts as a terminal ligand. To get further insight into
a very intricate structure of the metal–organic ribbon in 5, we
performed its topological analysis. Hence, the ribbon is built
from the 6-connected Pb2 and 4-connected Pb1 nodes, 3-con-
nected m3-Br nodes and the 2-connected m2-Br linkers (Fig. 6,
down). Its topological analysis reveals a trinodal 3,4,6-con-
nected net with the unique topology dened by the point
symbol of (32$44)2(3

2$4)2(3
4$42), wherein the (32$44), (32$4), and

(34$42) indices are those of the Pb1, m3-Br and Pb2 nodes,
respectively. An undocumented type of the present topology was
conrmed by a search of different databases.54,55,62,63

Further interconnection of the neighbouring [Pb3(m3-Br)2(m2-
Br)4(L5)2]n ribbons is achieved only through weak hydrogen
bonding contacts [C13–H13/Br2 3.679 �A and C3–H3a/O1
3.225 �A]. Interestingly, the 2-pyridyl nitrogen atom is not
involved in the linkage of ribbons neither by bridging to Pb
atoms of neighbouring ribbons, nor by acting as a hydrogen
donor. This is due to both steric reasons and the presence of an
intramolecular hydrogen bond [N3–H3/N4 2.627 �A] which,
despite being geometrically strained [N3–H3/N4 angle of
103�], renders both the amide N–H unable to act as intermo-
lecular hydrogen donor and the 2-pyridyl nitrogen atom as
intermolecular H-bond acceptor. This intramolecular hydrogen
bond thus makes L5 acting as a tridentate ligand with all
available donor atoms chelating to a Pb centre. Therefore,
further binding can only be achieved through coordination of
additional bromide ions to the Pb atoms. As L5 is only
60390 | RSC Adv., 2016, 6, 60385–60393
tridentate and sterically much less demanding than L1, in 5 this
leads to the generation of the intricate [Pb3(m3-Br)2(m2-
Br)4(L5)2]n ribbons, while in 1 only the [Pb(m2-Br)(Br)(L1)]2
dimers are formed.

3.2. Theoretical study

Apart from 1, the solid state architecture of the rest of
compounds reported herein is determined by their polymeric
nature due to the existence of intricate interconnections of
[PbBr2L]2 dimeric units. Regarding the noncovalent interac-
tions and assemblies observed in the solid state architecture of
compound 1, we have mainly focused our attention to the p–p

stacking interactions involving the aromatic rings of the ligands
and the inuence of their coordination to the metal centre upon
the p–p binding strength.

In compound 1, using the crystallographic coordinates, we
have evaluated the energetic features of the C–H/Br and p–p

interactions observed in the solid state, which are important in
the crystal packing. In Fig. 7 we show the original structural
fragment as obtained by X-ray diffraction, and theoretical
models used for the calculations.

As can be observed in Fig. 7A, 1 forms a ladder motif in the
solid state due to a combination of weak H-bonds and p-
stacking interactions. The C–H/Br interaction is established
between one aromatic hydrogen atom of L1 and the bromide co-
ligand, while the p–p interaction is achieved by the antiparallel
stacking of two pyridine moieties of L1. The evaluation of the
interaction energy for one dimeric unit retrieved from this
innite layer (see Fig. 7B) shows that this energy is large and
negative (DE1 ¼ �21.9 kcal mol�1), likely due to enhanced
acidity of the H atoms of the ligand due to its coordination to
the Pb(II) metal centres and the anionic nature of the electron
donor atom (Br), thus favouring the H-bonding interaction and
also the antiparallel arrangement of the p-stacking. In an effort
to estimate the contribution of each interaction, we have
This journal is © The Royal Society of Chemistry 2016
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computed an additional theoretical model where the bromine
atoms have been replaced by hydrogen (see Fig. 7C) and,
consequently, the interaction energy is reduced to DE2 ¼ �11.9
kcal mol�1, which is the contribution of the p-stacking and the
difference with DE1 (�10 kcal mol�1) is the contribution of both
H-bonds. The interaction energy for the p-stacking is very large
likely due to the antiparallel arrangement and the effect of the
metal coordination that increases the dipole–dipole interaction.
In an effort to roughly evaluate this contribution, we have
computed an additional model where the Pb atoms and counter
ions have been eliminated (see Fig. 7D). As a result, the overall
interaction energy is signicantly reduced to DE3 ¼ �4.1 kcal
mol�1, conrming the strong inuence of the metal coordina-
tion on the p-stacking binding energy.

Another aspect that we have analysed theoretically is the
noncovalent N/Pb interaction observed in 3; it is not present in
the related compounds 2, 4 and 5. This is due to the different
position of the nitrogen atom of the pyridine moiety relative to
the imino group. In compounds 2, 4 and 5 the ligand is tri-
dentate in one side (N,N,O) and monodentate on the other side
(see Scheme 1 and Fig. 3, 5 and 6).

However, in 3 the ligand is coordinated to three Pb metal
centres, each one in a monodentate manner. Interestingly, one
of these monodentate coordination modes is via the O atom of
the ligand and this coordination is additionally supported by
a noncovalent N/Pb tetrel bonding interaction (dashed line,
see Fig. 8A). The N/Pb distance (3.22�A) is larger than a normal
Pb–N coordination bond but shorter than the sum of van der
Waals radii (3.57 �A). We have recently demonstrated64 by
combining the CSD analysis and DFT calculations that tetrel
bonding interactions are non-isotropic and play an important
role in determining the solid state architectures of several Pb(II)
metal–organic networks. The presence of this interaction in 3
conrms its importance in the solid state. Moreover, we have
also observed a p–hole interaction in this compound between
the bromide ligand and the carbon atom of the coordinated
C]O (see blue dashed line in Fig. 8A). It is worth mentioning
that this type of noncovalent interactions (counterpart of a s–

hole) can be dened as is a region of positive electrostatic
potential that is perpendicular to a portion of a molecular
Fig. 8 (A) Fragment of the crystal structure of compound 3. Distances
in�A. (B) MEP surface of the ligand. Value in kcal mol�1. (C) Distribution
of critical points in an fragment of the crystal structure of 3. Bond, ring
and cage critical points are represented by red, yellow and green
spheres, respectively. The bond paths connecting the bond critical
points are also indicated.

This journal is © The Royal Society of Chemistry 2016
framework. Such interactions have attracted considerable
attention in recent years due to their importance in several
elds including crystal engineering.65 We have computed the
molecular electrostatic potential (MEP) surface of the ligand
(see Fig. 8B) where a positive isosurface (blue contour) can be
observed. This isosurface reaches the position of the C atom
(+14 kcal mol�1) thus explaining this unconventional interac-
tion, which is electrostatically favoured. We further analysed
both the tetrel and p–hole interactions using the Bader's theory
of “atoms in molecules” that provides an unambiguous deni-
tion of chemical bonding.66 We used a fragment of the poly-
meric structure (see Fig. 8C). The AIM analysis of this fragment
conrms the presence of the tetrel bonding interaction which is
characterized by the presence of a bond critical point that
connects the nitrogen atom of L3 to Pb centre. The p–hole
interaction is also characterized by the presence of a bond
critical point that connects the bromine atom to the carbon
atom of the C]O. In both cases the Laplacian of the electron
density at the bond critical point is positive, being common for
closed shell interactions.66
4. Conclusions

The present work reported the synthesis, characterization,
crystal structures, topological classication and theoretical
analysis of a new series of lead(II) coordination compounds
driven by bromide and different pyridine–hydrazone building
blocks. In the all ve compounds there are discernible frag-
ments of the structure of lead(II) bromide. The most common is
the smallest fragment – centrosymmetric [Pb2(m-Br)2(Br)2]
dimer. Its presence in three structures (1, 2 and 3) demonstrates
the stability of the [PbBr2]2 units as a building block for the
generation of metal–organic structures of variable dimension-
ality, which is achievable through the choice of an additional
ligand with a certain potential to act as a linker or spacer.

In fact, similar reactions of PbBr2 with L1, L2 or L3 led to
discrete dimers 1, 1D (2), or a 2D coordination polymer 3,
respectively. Similarly, other structural types of 2D and 1D
coordination polymers 4 and 5 were generated from PbBr2 and
L4 and L5, respectively. Topological analysis and classication
of the simplied underlying networks in the compounds 2–5
were performed, disclosing a uninodal 2-connected chain with
the 2C1 topology in 2, a binodal 3,4-connected layer with the
3,4L83 topology in 3, a uninodal 3-connected layer with the hcb
topology in 4, and a topologically unique trinodal 3,4,6-con-
nected ribbon in 5.

The variability of the PbBr2 fragments that appear in the
structures of coordination polymers 2–5 as a response to rather
minor differences in the employed ligands L2–L5 demonstrates
a high potential of the present synthetic approach towards the
design of inorganic–organic hybrid materials based on PbBr2
and other related metal halide precursors. Moreover, the ob-
tained data show that it is still difficult to control an inorganic
fragment which will be preserved (or, to be more exact, will be
recreated upon the self-assembly of the coordination
compound) from the structure of the inorganic precursor.
RSC Adv., 2016, 6, 60385–60393 | 60391
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D. Butler, L. Beauvais, W. S. Kassel, W. G. Dougherty and
D. VanDerveer, Cryst. Growth Des., 2015, 15, 1336.

13 L. N. Dawe, T. S. M. Abedin and L. K. Thompson, Dalton
Trans., 2008, 1661.

14 L. N. Dawe, K. V. Shuvaev and L. K. Thompson, Inorg. Chem.,
2009, 48, 3323.

15 L. N. Dawe, K. V. Shuvaev and L. K. Thompson, Chem. Soc.
Rev., 2009, 38, 2334.

16 M. Ruben, J. Rojo, F. J. Romero-Salguero, L. H. Uppadine
and J.-M. Lehn, Angew. Chem., Int. Ed., 2004, 43, 3644.

17 M. Ruben, J.-M. Lehn and P. Müller, Chem. Soc. Rev., 2006,
35, 1056.

18 V. A. Milway, S. M. T. Abedin, V. Niel, T. L. Kelly, L. N. Dawe,
S. K. Dey, D. W. Thompson, D. O. Miller, M. S. Alam,
P. Müller and L. K. Thompson, Dalton Trans., 2006, 2835.
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