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Metal-organic and supramolecular lead(i)
networks assembled from isomeric
nicotinoylhydrazone blocks: the effects of ligand
geometry and counter-ion on topology and
supramolecular assembly

Ghodrat Mahmoudi,*® Antonio Bauza,? Antonio Frontera,” Piotr Garczarek,®
Vladimir Stilinovi¢,*® Alexander M. Kirillov,*® Alan Kennedy' and Catalina Ruiz-Pérez®

A new series of six structurally diverse lead(i) coordination compounds was assembled from two isomeric
nicotinoylhydrazones as neutral ligands and three Pb(i) salts with different monoanions (chloride, nitrate
and thiocyanate) as starting materials. The products were isolated in good yields and were fully character-
ized, including by single-crystal X-ray diffraction and theoretical methods. Within the six compounds, three
feature 2D metal-organic networks, two are 1D coordination polymers, and another one comprises dis-
crete OD dimeric units. The structures of the latter low dimensional compounds are extendable into 2D su-
pramolecular networks. The topology of the coordination or supramolecular networks is primarily dictated
by the geometry of the nicotinoylhydrazone used as a main building block. In contrast, supramolecular in-
teractions are greatly influenced by the choice of the anion in the starting lead(i) salt, which is demon-
strated by Hirshfeld surface analysis. In fact, the topological analysis and classification of metal-organic or
supramolecular underlying networks in the obtained compounds was performed, disclosed the hcb, 2C1,
gekl, SP 1-periodic net (4,4)(0,2) and 3,4L83 topological types; the latter topology was documented for
three compounds, including both coordination and supramolecular networks. In the two compounds
containing thiocyanate moieties, there are supramolecular contacts between the thiocyanate anions and
lead centres. These were shown by DFT calculations to be strong tetrel bonds (-15.3 and -16.7 kcal mol™)
between the o-hole of the lead atom and the n-system of the thiocyanate S-C bond.

1. Introduction

Research on metal-organic frameworks (MOFs) or coordina-
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tion polymers (CPs) is nowadays among the most attractive
areas in modern chemistry."™" This is largely due to promis-
ing and already recognized applications of such compounds
as functional materials in gas storage and separation,">"’
catalysis,"® ' chemical sensing®*>* and many other areas.
Therefore, substantial effort has been put into the design and
synthesis of novel MOFs or CPs with a multitude of different
structural and topological types, since the combination of
metal nodes and organic spacers or linkers provides unlim-
ited possibilities for the fabrication of materials with various
structures and functions.

The structures and properties of CPs depend on a number
of factors such as, for example, (1) the coordination geome-
tries of metal centres, (2) the geometries and connectivity of
ligands, (3) the supramolecular interactions between the CPs’
components and (4) the presence of neighbouring/interpen-
etrating nets or interstitial guest molecules. If the organic
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ligands are neutral molecules, CPs would typically include in-
organic ions which will either occupy interstices in the struc-
tures or act as additional ligands.>>>' Because of this, the
choice of counter-ions can play a significant role in guiding
the structures of MOFs or CPs that are driven by organic
building blocks.**’

The metal-organic networks or coordination polymers
based on lead(n) remain less explored, mostly due to the tox-
icity of this metal, as well as its somewhat unpredictable co-
ordination behaviour. In fact, the electronic configuration of
Pb(n) allows the Pb>" cation to exhibit a large variety of coor-
dination numbers (from 2 to 10) and geometries. However,
interest in CPs of lead has recently substantially increased.
This is presumably related to the diversity of coordination
modes of this metal and the unique supramolecular architec-
tures and physical properties of such compounds.***® Hence,
Pb-based CPs find potential applications as luminescent
materials,”’ > ion exchangers®® and nonlinear optical mate-
rials.>® As Pb(u) cations have an affinity towards organic li-
gands containing O, N and S donor atoms,>>° hydrazone
containing building blocks are often employed in the con-
struction of Pb(u) coordination compounds, also due to their
excellent coordinating ability, versatile coordination modes,
and possible supramolecular interactions.

Additional interest in the chemistry of Pb(u) arises from
our recent work and concerns the unique ability of lead(u) to
participate in the formation of tetrel bonds.®® This newly (re)
discovered supramolecular interaction®*®® is formed between
a positively charged region on a group 14 atom in continua-
tion of a covalent bond (a c-hole) and an electron donor,
analogously to a more common halogen bond. Lead(u) is par-
ticularly prone to the formation of tetrel bonds because of its
size and polarizability, as well as its specific hemidirectional
coordination®”®® which leaves a gap in the coordination
sphere of the Pb(u) cation, thus enabling the approach of the
electron-donor. This makes lead(n) metal-organic networks
particularly sensitive to the choice of ligands and counter-
ions to form supramolecular interactions not only between
each other, but also with the metal ion itself.

Herein we describe a study of the effect of counter-ion on
the topology, geometry, and supramolecular structure of
metal-organic frameworks in two series of coordination
compounds having a general formula [PbLX,], where X is a
singly charged anion (CI, NO;, or SCN), and L is a
nicotinoylhydrazone ligand. The effect of the counter-ion was
tested against two isomeric ligands L1 and L2, differing only
in the position of the pyridyl nitrogen atom within one of the
pyridine rings (Scheme 1). This difference renders their po-
tential for assembling rather distinct metal-organic frame-
works, as L1 is expected to act as a bridging block between
two metal centres (chelating mode and binding via a pyridine
nitrogen atom), while L2 can bridge three metal centres
(binding via the central hydrazone group and two interac-
tions involving two terminal pyridine nitrogen atoms). On
the other hand, the counter-ions widely differ in their coordi-
nation ability, as well as in the possibility for the formation
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Scheme 1 Molecular diagrams of nicotinoylhydrazone building blocks
L1 and L2.

of supramolecular interactions, in particular, hydrogen and
tetrel bonds. These factors can thus exert a decisive control
over the structure of the resulting solids.

2. Experimental
2.1. Materials and measurements

The nicotinoylhydrazone derivatives (L1 and L2) were pre-
pared following the reported method*® and used without fur-
ther purification. All other reagents and solvents used for the
synthesis and analysis were commercially available and were
used as received. FT-IR spectra were recorded on a Bruker
Tensor 27 spectrometer. Microanalyses were performed using
a Heraeus CHN-O-Rapid analyser. Syntheses were carried out
using a branched tube apparatus.

2.2. Syntheses of lead(n) compounds (1-6)

[Pb(L,)CL,], (1). Lead(u) chloride (0.027 g, 0.1 mmol), and
L1 (0.024 g, 0.1 mmol) were combined 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 tem-
perature. After one day, crystals of 1 formed in the cooler
arm, and were filtered off, washed with acetone and ether,
and then dried in air. The isolated yield was 68%. Anal.
caled. (found) for C,3H;,Cl,PbN,O: C, 30.12 (30.22); H, 2.33
(2.37); N, 10.81 (10.67)%. IR (cm™) selected bands: 546(w),
662(vs), 786(vs), 941(m), 1067 (w), 1133(m), 1204(s), 1284(s),
1422(s), 1469(s), 1587(s), 1640(s), 3089(w).

[Pb(L1)(NO3),]),. (2). Similarly to 1, equimolar amounts of
Pb(NOs), and L1 were used in the same branched tube appa-
ratus under the same conditions. For 2, the isolated yield was
74%. Anal. caled. (found) for C;3H;,PbNO; C, 27.32 (27.25);
H, 2.12 (2.10); N, 14.71 (14.77)%. IR (cm™) selected bands:
474(w), 625(m), 821(vs), 897 (m), 1013(s), 1280(m), 1351(s),
1382(s), 1442(s), 1528(vs), 1589(m), 1634(m), 3073(w).

[Pb(L1)(SCN),], (3). Similarly to 1 and 2, equimolar
amounts of Pb(SCN), and L1 were reacted in the same
branched tube apparatus, under identical conditions. For 3,
the isolated yield was 70%. Anal. caled. (found) for
C30H,4Pb,N1,0,S,: C, 31.97 (32.02); H, 2.15 (2.17); N, 14.91

This journal is © The Royal Society of Chemistry 2016
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(14.87)%. IR (cm™") selected bands: 527(w), 690(s), 776(m),
1058 (w), 1156(m), 1256(w), 1439(m), 1592(m), 1623(s),
3060(w).

[Pb(L2)CL,] (4). For 4, a similar synthetic procedure to 1
was utilized, except that L1 was replaced by L2. The isolated
yield was 78%. Anal. caled. (found) for C;3H;,Cl,PbN,O: C,
30.12 (30.26); H, 2.33 (2.30); N, 10.81 (10.77)%. IR (cm ') se-
lected bands: 574(w), 694(s), 780(s), 1003 (w), 1159(m),
1250(w), 1437(m), 1576(s), 1612(s), 3060(w).

[Pb(L2)(NO3),].. (5). For 5, the synthesis was the same as
for 2, but using L2 instead of L1. The isolated yield was 88%.
Anal. caled. (found) C,3H;,PbNsO;: C, 27.32 (27.22); H, 2.12
(2.17); N, 14.71 (14.67)%. IR (cm™") selected bands: 625(m),
813(vs), 900 (m), 1027(s), 1195(m), 1312(s), 1381(s), 1536(s),
1595(vs), 1629(m), 3057(w).

[Pb(L2)(SCN),]. (6). For 6, the synthesis was the same as
for 3, but using L2 instead of L1. The isolated yield was 90%.
Anal. caled. (found) for C,3H;,PbN4OS: C, 31.97 (32.09); H,
2.15 (2.20); N, 14.91 (14.97)%. IR (cm™') selected bands:
541(w), 696(s), 810(m), 1027 (w), 1196(m), 1294(w), 1473(m),
1624(m), 2061(s), 2926(w).

2.3. X-ray crystallography

Single crystals of 1-6 suitable for X-ray analyses were selected
and crystallographic data were collected on Enraf Nonius
FR590 or Oxford Diffraction Xcalibur E®® or Bruker-AXS
Kappa APEX II CCD®*”° diffractometers with Mo K,, radiation
(# = 0.71073 A). Each data set was treated with SADABS ab-
sorption corrections based on redundant multi-scan data.”*
All the structures were solved by direct methods and refined
by full matrix least-squares procedures.”” All non-hydrogen
atoms were refined with anisotropic displacement parameters
whereas hydrogen atoms not involved in hydrogen bonding
were placed in calculated positions and given isotropic U
values 1.2 times that of the atom to which they are bonded.

2.4. Topological analysis

Topological analysis of coordination (or supramolecular) net-
works in 1-6 was performed using Topos software and follow-
ing the concept of the simplified underlying net.”>”* Such
nets were generated by contracting organic ligands (for analy-
sis of coordination polymers) or discrete metal-complex units
(for analysis of supramolecular networks), maintaining their
connectivity via coordination bonds (including some rather
long bonds/interactions) or hydrogen bonds. For the analysis
of networks involving H-bonding interactions, only strong
D-H---A hydrogen bonds were considered, wherein the H---A
< 2.50 A, DA < 3.50 A, and £(D-HA) > 120° D and A
stand for donor and acceptor atoms.””

2.5. Theoretical methods

The geometries of the compounds included in this study
were computed at the BP86-D3/def2-TZVP level of theory
using the crystallographic coordinates within the
TURBOMOLE program.”” This level of theory that includes
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the latest available dispersion correction (D3) is adequate for
studying noncovalent interactions dominated by dispersion
effects like m-stacking. The basis set superposition error for
the calculation of interaction energies has been corrected
using the counterpoise method.”® The “atoms-in-molecules”
(AIM)”” analysis of the electron density has been performed
at the same level of theory using the AIMAIl program.”®

2.6. Hirshfeld surface analysis

Hirshfeld surfaces”®" and fingerprint plot (d. vs. d;) calcula-

tions were performed using the Crystal Explorer package ver.
3.1.% Crystal structures were imported from CIF files.
Hirshfeld surfaces were generated for complex molecules
using high resolution and mapped with the d,om or shape
index functions.

3. Results and discussion

3.1. Synthesis and spectroscopic results

The reactions of L1 or L2 with PbX, (X = Cl, NO; and SCN),
in a 1:1 molar ratio in methanol, resulted in the formation
of compounds 1-6. In the IR spectra of 1-6, the v(C=N) +
y(C=C) stretching vibrations®' are in the 1650-1560 cm™"
range, characteristic for hydrazones bound to a metal ion.
The bands at 1317, 1031 and 849 cm ' are assignable to
vas(NO3), v5(NO3) and 6(NO;) vibrations of nitrate ligands in 2,
but in 5 these bands appear at 1312, 1027 and 813 cm™". The
separation between the v,s and vs bands corroborates the
symmetric coordination of the nitrate ion.>” In 4, the v,4(NCS)
and (CS) stretches of S-coordinated thiocyanate®" appear as
strong bands at 2111 and 765 cm ™", respectively. Additionally,
a 6(NCS) band is found at 452 cm™. All other less characteris-
tic vibrations of organic ligands are seen in the 1600-600
cm " range (Fig. S19-S227).

3.2. Crystal structures of 1-6

Compound 1 crystallizes in the P2,/c space group. The asym-
metric unit consists of one lead(n) atom, one p,-L1 tetra-
dentate ligand and two chloride moieties (one terminal and
L,-bridging). The Pb1 centres adopt a distorted pentagonal bi-
pyramid geometry with three chelating atoms from one L1
moiety, pyridyl nitrogen from a second L1 molecule and a ter-
minal chloride ligand in the equatorial positions. The axial
sites are taken by two symmetry equivalent p,-Cl ligands. The
Pb-N and Pb-Cl bond distances are in the 2.640(2)-2.841(2)
and 2.7027(8)-3.1048(8) A range, respectively. The Pb-O bond
has a length of 2.586(2) A. The 3-pyridyl groups of the L1 li-
gands bind adjacent Pb1 atoms forming centrosymmetric di-
meric units, whereas the p,-Cl linkers bridge these dimeric
units generating a 2D metal-organic network perpendicular
to the crystallographic axis a (Fig. 1a). For the sake of topo-
logical analysis, this network was simplified”>”* resulting in
a uninodal 3-connected underlying net (Fig. 1b). It is com-
posed of the 3-connected Pb1l nodes and the 2-connected
po-L1 and p,-Cl linkers, and displays the hcb [Shubnikov

CrystEngComm, 2016, 18, 5375-5385 | 5377
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Fig. 1 Structural fragments of 1 viewed along the a axis. (a) 2D
metal-organic network. (b) Topological representation of a simplified
underlying network showing a uninodal 4-connected metal-organic
layer with the hcb [Shubnikov hexagonal plane net/(6,3)] topology;
colour codes: 4-connected Pbl nodes (grey balls), centroids of
2-connected p,-L1 (cyan) and p,-Cl (green) linkers.

hexagonal plane net/(6,3)] topology with the point symbol of
(6®). Besides, the terminal chloride ligand acts as an acceptor
in N-H---Cl (N3-H3---Cl1 of 3.285 A) hydrogen bonds and
weak C-H---Cl contacts (C7-H7C---Cl1 and C11-H11---Cl2),
thus resulting in the extension of 2D metal-organic layers
into a 3D supramolecular structure.

Compound 2 crystallizes in the P1 space group with one
lead(n) atom, one L1 moiety and two nitrate ligands (one ter-
minal and one p,-bridging) in the asymmetric unit. The Pb1
atom is bound by a tridentate chelating L1 moiety, as well as
one terminal bidentate and two bridging p,-nitrate ligands.
The latter bind adjacent Pb1 centres to form centrosymmetric
dimers. The Pb-O bond distances fall in the 2.511(2)-2.867(2)
A range, whereas the Pb-N distances vary from 2.531(2) to
2.638(2) A. The eighth coordination position is occupied by a
pyridyl nitrogen from a second L1 molecule, with an elon-
gated Pb-N bond (2.923(2) A). The resulting structure can be
considered as a zigzag 1D metal-organic chain (Fig. 2a). To-
pological analysis of this chain discloses a 2-connected un-
derlying 1D network with the 2C1 topology (Fig. 2b). The ad-
jacent chains are interconnected by hydrogen bonds between
the N-H groups of L1 moieties and terminal nitrate ligands
(N3-H3---02 of 2.971 A forming a centrosymmetric R3(12)
motif) into 2D H-bonded layers perpendicular to the a axis.
There is also n-n stacking between the L1 ligands in adjacent
chains (closest contact, C3---C11 of 3.318 A, is between
2-pyridyl and 3-pyridyl carbon atoms).

Although compound 3 also crystallizes in the P1 space
group, its asymmetric unit consists of a non-centrosymmetric
dimer comprising two crystallographically nonequivalent
lead(n) atoms, two p,-L1 moieties and four thiocyanate li-
gands (Fig. 3a). Both six-coordinate lead(n) atoms are
surrounded by the tridentate p,-L1 ligands, pyridyl nitrogen
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Fig. 2 Structural fragments of 2 viewed along the c axis. (a) Binding
of the [PbLL(NOs),l, units into a zigzag 1D metal-organic chain
(elongated Pb---N bonds are drawn as stippled lines). (b) Topological
representation of a simplified underlying network showing a uninodal
2-connected chain with the 2C1 topology; colour codes: 2-connected
Pbl nodes (grey balls), centroids of 2-connected p,-L1 (cyan) and
n2-NOs (green) linkers.

of the other L1 moiety and two terminal N- and S-bound thio-
cyanates. However, relative disposition of donor atoms
around the two lead centres is markedly different. The Pb1
atom is coordinated in an extremely disordered octahedral
fashion with the chelating and monodentate L1 moieties ly-
ing in one plane and the two thiocyanate ligands in ¢rans po-
sition. The Pb2 centre adopts a distorted pentagonal pyrami-
dal coordination environment with one oxygen and four
nitrogen atoms (from two L1 moieties as well as one thiocya-
nate ligand) in the basal sites, whereas a thiocyanate S atom
takes the apical position. The thiocyanate ligands bonded to
Pb2 are thus at an angle of ca. 72°, as opposed to Pb1 where
they are in a trans configuration (ca. 152°). Another signifi-
cant difference is in the Pb-N bond lengths between the
lead(n) centres and the pyridyl N atoms; it is normal for Pb2
(2.76 A), but extremely long for Pb1 (3.20 A). Other than this,

Fig. 3 Structural fragments of 3. (a) A non-centrosymmetric
[PbL1(SCN),], dimeric unit with the long intramolecular Pb---N contact
is drawn as a stippled line. (b) Binding of [PbL1(SCN),l, dimers into a
supramolecular 2D sheet perpendicular to the [101] direction (inter-
molecular Pb---S contacts are drawn as stippled lines). (c) Topological
representation of a simplified underlying network showing a binodal
3,4-connected supramolecular layer with the 3,4L83 topology; colour
codes: Pbl nodes and Pb2 linkers (grey balls), centroids of L1 linkers
(cyan), and centroids of SCN nodes and linkers (green); view along the
C axis.

This journal is © The Royal Society of Chemistry 2016
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the Pb-O, Pb-N, and Pb-S bond lengths are within normal
ranges of 2.518(3)-2.525(3), 2.506(3)-2.763(3), and 2.8335(9)-
3.0019(10) A, respectively.

Interestingly, in spite of the differences in the coordina-
tion environment, both lead atoms are hemidirectionally co-
ordinated and are involved in supramolecular tetrel bonding
with the sulphur atoms of the N-bound thiocyanate ligands
of the neighbouring dimers. The Pb1 centre thus binds to
two S4 atoms from two dimers, while the Pb2 centre binds to
the S2 atom from a third dimer moiety. This leads to the for-
mation of a supramolecular layer perpendicular to the [011]
direction (Fig. 3b). From a topological perspective,”>”* this
supramolecular 2D layer can be classified as a binodal
3,4-connected underlying net with the 3,4L83 topology
(Fig. 3c). It is described by the point symbol of (4>-6°-8)(4>-6),
wherein the (4>.6°-8) and (4%-6) notations are those of the
4-connected Pbl and the 3-connected thiocyanate nodes, re-
spectively. There are also Pb2, L1 and other thiocyanate moie-
ties that participate in the formation of the net and which
are considered as linkers.

Compound 4 crystallizes in the P1 space group and has a
lead(n) atom, a p;-L2 block, one p,-bridging and one terminal
chloride ligand in the asymmetric unit. The lead(n) centre is
octahedrally coordinated by three Cl ligands as well as two
pyridyl nitrogen atoms and a carbonyl oxygen atom from
three L2 moieties. These in turn act as tridentate bridging li-
gands and coordinate three different Pb ions. The p,-Cl and
nz-L2 moieties act as linkers and spacers and interconnect
the adjacent Pb1 atoms to give a 2D metal-organic network
(Fig. 4a). The adjacent 2D sheets in 4 are further inter-
connected along the a axis by the N3-H3---CI2 hydrogen
bonds, involving the amide N-H group of L2 and the termi-
nal chloride ligand. Topological classification of such 2D

|
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Fig. 4 Structural fragments of 4 viewed along the a axis. (a) 2D metal-
organic network. (b) Topological representation of a simplified
underlying 2D network showing a binodal 3,4-connected metal-
organic layer with the 3,4L83 topology; colour codes: 4-connected
Pbl nodes (grey balls), centroids of 3-connected nz-L2 nodes (cyan),
and centroids of 2-connected n,-Cl linkers (green).
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sheets discloses a binodal 3,4-connected underlying network
with the 3,4L83 topology (Fig. 4b). Although this topology is
similar to that of the supramolecular net of 3, it however cor-
responds to the metal-organic net in 4.

Compound 5 crystallizes in the P2,/c space group and pos-
sesses one lead(n) centre, one p3-L2 block, and two nitrate li-
gands (one p,-bridging and one terminal) in the asymmetric
unit. The lead(un) centre is eight-coordinated by six oxygen
atoms, coming from one L2 moiety and three nitrate ligands,
and two nitrogen atoms from two different L2 blocks. The
bond distances lie in the range of 2.551(2)-2.874(2) A for
Pb-O bonds and 2.722(3)-2.776(3) A for Pb-N bonds. Simi-
larly to 4, each p;-L2 moiety bridges three lead(u) atoms,
whereas a p,-nitrate ligand acts as an additional linker
(Fig. 5a). As a result, an intricate 2D metal-organic network
is generated (Fig. 5a). To get further insight into this rather
complex network, we carried out its topological analysis by
generating a simplified underlying net. It is composed of the
5-connected Pb1 and the 3-connected p;-L2 nodes, as well as
the 2-connected p,-nitrate linkers (Fig. 5b). This net can be
classified as a binodal 3,5-connected layer with a rare gek1
topology. It is defined by the point symbol of (3-4-5)(3%4-5-6>
-7%), wherein the (3-4-5) and (3>-4-5-6>7%) notations corre-
spond to the p3-L2 and Pb1 nodes, respectively. Besides, the
adjacent metal-organic layers in 5 are extended into a 3D su-
pramolecular network through weak C-H:--O hydrogen bonds
(C2-H2---05, C10-H10---04).

Compound 6 crystallizes in the P1 space group and has
one lead(n) atom, one p3-L2 block, and two thiocyanate moie-
ties (one terminal ligand and one anion) in the asymmetric

Fig. 5 Structural fragments of 5 viewed along the a axis. (@) 2D
metal-organic network (hydrogen atoms were omitted for clarity). (b)
Topological representation of a simplified underlying 2D network
showing a binodal 3,5-connected metal-organic layer with the gekl
topology; colour codes: 5-connected Pbl nodes (grey balls), centroids
of 3-connected pz-L2 nodes (cyan), and centroids of 2-connected
n2-NOs linkers (green).
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unit (Fig. 6). The lead(u) centre is four-coordinated showing a
disphenoidal geometry that is filled by three p;-L2 moieties
(two via pyridine nitrogen and one via the oxygen atom), and
a nitrogen atom from a thiocyanate ligand. Although the
other thiocyanate is not coordinated to the Pb1 atom, it is hy-
drogen bonded to the amide N-H of L2 (N2-H2n:--N6 of
2.939 A). Each L2 bridges three lead(n) atoms, thus inter-
connecting them into ladder-like cationic [PbL2(SCN)],*" 1D
chains along the [011] direction (Fig. 6a). From a topological
viewpoint,”® these chains are driven by the 3-connected and
topologically equivalent Pb1 and p;-L2 nodes (Fig. 6¢). These
chains can be classified as a uninodal 3-connected underly-
ing net with the SP 1-periodic net (4,4)(0,2) topology and a
point symbol of (4*-6). The low coordination number of Pb1
allows an easy approach of two thiocyanate ions to the lead(u)
centres, forming close Pb---S tetrel bonding contacts. These
contacts interconnect the metal-organic chains into supra-
molecular sheets perpendicular to the [101] direction
(Fig. 6b). Topological classification of such supramolecular
sheets reveals the 3,4L83 topology, which is analogous to the
coordination network in 4.

3.3. Hirshfeld surface analysis

To analyse the intermolecular interactions in the crystal
structures of 1-6, Hirshfeld surfaces have been calculated for
all the structures. For the polymeric structures (1, 2, 4, 5 and
6), the Hirshfeld surfaces have been calculated around mono-
meric units. This leads to areas of the Hirshfeld surfaces with
large dnorm values corresponding to coordination bonds
(Fig. 7).

The analyses of the Hirshfeld surfaces reveal that the
dominant supramolecular interactions are primarily defined

a)

——

Fig. 6 Structural fragments of 6. (a) Cationic metal-organic
[PbL2(SCN)1,"* chain with H-bonded SCN™ anions. (b) Binding of the
[PbL2(SCN)],"* chains and SCN™ counter-ions into 2D sheets perpen-
dicular to the [101] direction by supramolecular Pb---S and Pb---C in-
teractions. (c) Topological representation of a simplified underlying 1D
network showing a uninodal 3-connected metal-organic chain with
the SP 1-periodic net (4,4)(0,2) topology; colour codes: 3-connected
Pbl nodes (grey balls), centroids of 3-connected p3-L2 nodes (cyan);
rotated view along the a axis.
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Fig. 7 Hirshfeld surfaces mapped with dnom for a) 1, b) 2, ¢) 3, d) 4, e)
5and f) 6.

by the choice of the anionic co-ligand. Thus, in both 1 and 4
the dominant supramolecular interactions are hydrogen
bonds involving the chloride ligands (24.6% of the Hirshfeld
surface in 1 and 27.0% in 4), and dispersive H---H contacts
(24.0% of the Hirshfeld surface in 1 and 26.1% in 4). Of
these, the most notable are numerous C-H---Cl and N-H:---Cl
hydrogen bonding contacts corresponding to areas of large
values of d,orm (Fig. 7a and d). The most significant differ-
ence between 1 and 4 is in the importance of C-H---7 interac-
tions (H:--C contacts comprising 21.0% of the HS in 1 but
only 7.0% in 4). This difference is readily observed when the
shape index function is mapped onto the Hirshfeld surfaces,
as this clearly shows large red ‘hollows’ indicating the pres-
ence of C-H--'r interactions (marked with plain arrows on
Fig. 8a) on the HS of 1 - a feature absent on the Hirshfeld
surface of 4 (Fig. 8d).

In 2 and 5 by far the most dominant feature is the O---H
contacts (corresponding to 47.6% of the Hirshfeld surface in
2 and 41.1% in 5) indicative of the numerous hydrogen
bonds with nitrate oxygen atoms as acceptors. In both cases
there is an area of large d,,m corresponding to the N-H---O
hydrogen bond, and many others, corresponding to C-H:--O
contacts. In addition, there are significant contributions of
C-H--'n interactions (11.2% in 2 and 11.4% in 5) and disper-
sive H--*H contacts (11.2% of the Hirshfeld surface in 2 and
18.7% in 5). When the shape index function is used to map

Fig. 8 Hirshfeld surfaces mapped with the shape index function for a)
1, b) 2 c) 3 d) 4 e) 5 and f) 6. Dashed arrows denote parts of the
surface corresponding to covalent bonds in polymeric compounds.
Full arrows mark = stacking interactions, unless stated differently.

This journal is © The Royal Society of Chemistry 2016
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the surface, bow-tie motifs can be noticed which indicate the
presence of aromatic ring stacking contacts (Fig. 8b and f).

The dominant supramolecular interactions in 3 and 6 are
hydrogen bonding contacts, in particular, multiple strong
N-H:---N and weaker C-H:*-N, C-H-*-S, and C-H---n hydrogen
bonds. -N-H--‘N and C-H--'N contacts constitute 18.0% of
the Hirshfeld surface in 3 and 13.2% in 6, C-H---S hydrogen
bonds 19.1% and 20.0%, and H---C contacts 19.7% and
19.9% respectively. Short N-H---N hydrogen bonds are notice-
able as long, sharp ‘spikes’ on the 2D plot (Fig. 9).

A particularly interesting feature of structures 3 and 6 is
the presence of Pb---S tetrel bonds. In order to observe them
by Hirshfeld surface analysis it was necessary to define the
unit of the polymeric 6 for which the Hirshfeld surface had
to be expanded to include the two additional L2 ligands cova-
lently bonded to the Pb centre, and contacts between the Pb
centre within the surface and atoms outside were studied. In
both 3 and 6 there are areas of high d,orm (Fig. 10) corre-
sponding to tetrel bonds between the Pb centre and thiocya-
nate ions. Interestingly, not only the thiocyanate sulphur, but
also the carbon atom, appears to be in contact with the
lead(u) ions. This is apparent from the Hirshfeld surface

J
(v T T PR ST R Ry

WeE e 8T W 0F 0% 6 S A 1A 18 20 e T

Fig. 9 Decomposed fingerprint plots showing the main types of
intermolecular contacts in the structures of 1-6.
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Fig. 10 Hirshfeld surfaces mapped with dnom for a) a molecule of 3
and b) an extended monomer of 6 showing the tetrel bonding
between the Pb atoms (within the surface) and thiocyanate anions.

mapped with d,.m, as pairs of fused red circles, correspond-
ing to pairs of Pb--'S and Pb---C contacts. The corresponding
traces in the decomposed fingerprint plots (Fig. 11) are con-
siderably different, with the trace corresponding to the Pb---S
contact markedly sharper and Pb---C more diffuse. There is
also in both structures a minute contribution of the Pb---N
contact.

3.4. DFT study

We have focused our study to the analysis of the noncovalent
tetrel bonding interactions involving the Pb and several
electron rich atoms. These interactions are very important
factors governing the crystal packing, as has been explained
above. Obviously in all structures reported herein, hydrogen
bonding interactions are very relevant in the solid state, as
demonstrated by the examination of the forces that govern
the crystal packing and the Hirshfeld analysis (vide supra).
However, in some structures (compounds 3 and 6), the exis-
tence of noncovalent S---Pb noncovalent interactions is worth
of investigation. Moreover, in compound 3 antiparallel stack-
ing interactions between the pyridine rings of the organic li-
gands have been also investigated. We have first examined
the molecular electrostatic potential surface (MEPS) of the
asymmetric unit of compound 3 and a model of compound
6, since it is polymeric. From the inspection of the surfaces,
some considerations arise. First, small regions of positive

Pb---S Pb---C Pb---N
20 4 W [ e ®
22 / 22 } 5] 22
:: 3 & «
3l A _ g
ST T T T ST
.u i ) .

W08 031012 1416 18 20 22 24 W08 08 1012 14 16 18 20 22 24 W05 0.8 1.0 12 14 16 18 20 22 24

d) d) dj

W08 08 10 12 14 16 18 20 22 24 W05 08 10 12 14 16 1.8 20 22 24 W 0E 08 10 12 14 15 18 20 22 24

Fig. 11 Decomposed fingerprint plots showing contacts including Pb
in 3 and 6.
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potential (c-holes) are clearly observed in the Pb atoms (+45
keal mol™ for 1 and +54 kecal mol™ for 6, see Fig. 12) that
anticipate their ability to interact with concentrations of
negative charge. Second, the SCN co-ligands show an
ambidentate behaviour. That is, one is coordinated through
the N atom and the other through the S atom. The electro-
static potential at the end of the ligand is very different
depending on the type of coordination. The N-coordinated li-
gand presents a modest potential in the S end (-16 kcal
mol ™) and, conversely, the S-coordinated ligand shows a
strong electrostatic potential at the N end (-58 kcal mol™).
This very different electrostatic characteristic of the SCN li-
gand is important in the crystal packing since the N-end of
the Pb-SCN ligand in 3 interacts with the N-H group forming
a strong H-bond as demonstrated in its Hirshfeld analysis
(Fig. 7 and 9).

At this point, it should be emphasized that the simulta-
neous ambidentate SCN coordination in Pb complexes is
quite unusual. A search in the Cambridge Structural Data-
base of complexes containing the Pb(SCN), fragment reveals
that only three structures have been structurally characterized
exhibiting both binding modes in the same complex (y ;-
bridging ligands have not been considered in the search).
Therefore, the complexes reported herein are exceptional in
this sense. Interestingly, the CSD search also reveals that only
5 structures present both SCN co-ligands coordinated via the
S atoms and that the usual behaviour is the coordination via
the N atom (17 structures).

In compound 3 we have studied energetically the forma-
tion of a self-assembled dimer in the solid state that is char-
acterized by a double tetrel bond interaction where the Pb
atoms act as acceptors and the n-system of the SCN ligands
as donors (Fig. 13). The Pb is almost equidistant to the S and
C atoms and the interaction energy is AE; = -30.6 kcal mol™*,
indicating that each tetrel bond is approximately -15.3 kcal
mol ™" (similar to a strong H-bond interaction). Pb interacts
preferably with the n-system rather than the sulfur atom, be-
cause the electrostatic potential around S atom is anisotropic
with larger negative values perpendicular to the S-C bond
than in its direction. We have also computed the interaction
energy of the antiparallel stacking between the pyridine rings
observed in the solid state. This interaction is responsible for
the formation of an infinite 1D chain in the crystal structure.
The interaction energy is larger than expected (AE, = -22.9
keal mol™) for a stacking interaction due to the strong influ-
ence of the metal coordination to the N atom of pyridine,

MEPS

WL s Y

Fig. 12 MEPS of compounds 3 and 6 at the B3LYP/6-31 + G* level of
theory.

5382 | CrystEngComm, 2016, 18, 5375-5385

View Article Online

CrysttngComm

.f AE2 = -22 9 kcal/mol

Fig. 13 Theoretical models used to analyse (a) tetrel bonding and (b)
stacking interactions in compound 3. Distances in A.

which reinforces the n-stacking (by increasing the dipole-
dipole contribution to the interaction).

In compound 6, S:--Pb noncovalent interactions are also
observed in the solid state. These interactions connect the
polymeric chains that are observed in the crystal packing (see
Fig. 6 and 14). We have used a discrete model of the poly-
meric chain in order to evaluate the tetrel bonding interac-
tions. The interaction energy of the model is AE; = —33.4 kcal
mol ™, indicating that each tetrel bond is approximately -16.7
kcal mol™. This energy is slightly higher than the one ob-
served for compound 3, in good agreement with the MEP
value observed in the c-hole, which is greater in compound 6
(see Fig. 12).

Finally, we have used Bader's theory of “atoms in mole-
(AIM) to analyse the noncovalent interactions de-
scribed above. The presence of a bond critical point and a
bond path connecting two atoms is a clear indication of
bonding. The AIM analysis obtained for compounds 3 and 6
is shown in Fig. 15. Both tetrel bonding interactions are
characterized by the presence of a bond critical point (red
sphere) that connects the S atom to the Pb metal centre. In
compound 6, the S atom also interacts with a hydrogen atom
of the pyridine ring since a bond critical point and a bond
path connecting both atoms are observed in the AIM analy-
sis. This C-H:--S hydrogen bond also contributes to the inter-
action between the infinite polymeric chains of the crystal
structure. The values of the Laplacian of the charge density
measured at the bond critical points that characterize the

cules”

Theoretical model

R *:(
AE2 = -33.4 kealimol

Fig. 14 Left: Partial view of the X-ray structure of compound 6. Right:
Theoretical model used to analyse the tetrel bonding interactions in
compound 6. Distances in A.
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Fig. 15 AIM distribution of bond and ring critical points (red and
yellow spheres, respectively) in compounds 3 and 6. The bond paths
connecting the bond critical points are also shown.

tetrel bonding interactions are positive, as is common in
closed-shell interactions (Fig. 15).

Conclusions

In the present study, we synthesized and fully characterised a
new series of lead(n) coordination compounds assembled
from the neutral nicotinoylhydrazone blocks L1 or L2 and
different inorganic anions (chloride, nitrate, or thiocyanate)
as auxiliary ligands. The obtained compounds range from a
discrete 0D lead(u) dimer 3 and infinite 1D coordination poly-
mers 2 and 6 to 2D metal-organic networks 1, 4, and 5. Their
structures are further extended via different supramolecular
interactions.

In the crystal structures of 1-3, the L1 block acts as a neu-
tral ligand in the expected 3 + 1 manner, with three atoms
(hydrazone oxygen and nitrogen and the 2-pyridyl nitrogen)
chelating to one lead(u) cation, and one atom, the 3-pyridyl
nitrogen, bridging to a neighbouring one. Unlike L1, L2 does
not act as a chelating ligand, but rather behaves as a spacer
between three lead(u) centres. Consequently, compounds 4-6
are all coordination polymers.

Topological classification of the metal-organic (in 1, 2, 4,
5 and 6) and supramolecular (in 3) underlying networks was
performed, disclosing a uninodal 4-connected layer with the
hcb topology in 1, a uninodal 2-connected chain with the 2C1
topology in 2, binodal 3,4-connected nets with the 3,4L83 to-
pology in 3 and 4, a 3,5-connected layer with the gek1 topol-
ogy in 5, as well as a uninodal 3-connected chain with the SP
1-periodic net (4,4)(0,2) topology in 6. Unlike the geometry
and the topology of the coordination networks, the supramo-

This journal is © The Royal Society of Chemistry 2016
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lecular bonding was found to be primarily defined not by the
choice of the organic ligand but rather the anionic co-ligand.
Interesting similarities within the pairs 1 and 4 (chloride de-
rivatives), 2 and 5 (nitrate derivatives), and 3 and 6 (thiocya-
nate derivatives) were observed. The supramolecular struc-
tures of the latter compounds were found to be greatly
affected by the tetrel bonding between the lead(n) containing
cations and the thiocyanate moieties. These noncovalent in-
teractions were energetically evaluated and confirmed by
means of the AIM analysis.
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