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Abstract:

Abstract: We report design and structural characterization of six new coordination polymers
fabricated from PbCl2 and a series of closely related bis-pyridyl ligands LI and HLII-HLVI,

namely [Pb2(LI)Cl4]|n, [Pb(HLII)CI2]n * nMeOH, [Pb(HLII)CI2]n = 0.SnMeOH,
[Pb2(LIV)CI3]n, [Pb(HLV)CI2]n and [Pb3(LVI)2Cl4]n = nMeOH. The topology of the
obtained networks is dictated by the geometry of the organic ligand. The structure of
[Pb2(LI)CH4]n is constructed from the [PbCl12]n 2D sheets, linked through organic linkers into a
3D framework, which exhibits a unique binodal 4,7-connected three-periodic topology named by
us as sdal. Topological analysis of the 2D metal-organic sheet in [Pb(HLII)CI2]n * nMeOH
discloses a binodal 3,4-connected layer topology, regardless of the presence of tetrel bonds. A
1D coordination polymer [Pb(HLIII)CI2]n = 0.5nMeOH is considered as a uninodal 2-
connected chain. The overall structure of [Pb2(LIV)CI3]n is constructed from dimeric
tetranuclear [Pb4(u3-LIV-k6N:N"N":u3-0)2(p4- Cl)(u2-Cl)2]3+ cationic blocks linked in a zig-
zag manner through bridging p2-Cl- ligands, yielding a 1D polymeric chain. Topological
analysis of this chain reveals a unique pentanodal 3,4,4,5,6-connected chain topology named by
us as sda2. The structure of [Pb(HLV)CI2]n exhibits a 1D zig-zag-like polymeric chain. Two
chains are further linked into a 1D grid-like ribbon through the dimeric [Pb2(u2-Cl1)2CI12] blocks
as bridging nodes. Using the bulkiest ligand HLVI, a 2D layered coordination polymer
[Pb3(LVD2Cl4]n - nMeOH is formed, which network, considering all tetrel bonds, reveals a
unique heptanodal 3,3,3,3,4,5,5-connected layer topology named by us as sda3. Compounds
[Pb2(LI)Cl4]n, [Pb2(LIV)CI3]n and [Pb(HLV)CI2]n were found to be emissive in the solid
state at ambient temperature. While blue emission of [Pb2(LI)Cl4]n is due to the ligand-
centered transitions, bluish green and white luminescence of [Pb2(LIV)CI3]n and
[Pb(HLV)CI12]n, respectively, was assigned to LMCT mixed with MC excited states.
Molecular as well as periodic calculations have been additionally applied to characterize the
obtained polymers.



INTRODUCTION

During the past few decades, rapid progress in the design of photoluminscent coordination
compounds for emitting devices has been observed.i-8 The development of white light-emitting
materials is an important target of solid-state lighting research, as these materials, coupled with
the appropriate phosphors, offer long lifetime, significant energy savings, and are on track to
replace existing mercury containing fluorescent lights. The ability to use a single white
lightemitting phosphor clearly would be advantageous. As such, different types of single-
component white light-emitting materials, fabricated from coordination compounds, have been
developed.o-15 In this connection, Pbi-based coordination complexes are of interest since Pbui,
being a heavy p-block metal ion, possesses a stereochemically active lone pair (6s26po electron
configuration), which can lead both to interesting structures and luminescence properties.i6-22
The stereochemically active lone pair plays a crucial role in the chemistry of Pbi, which arises
from the unique ability of this ion to participate in the formation of tetrel bonds.23 This
supramolecular interaction is formed between a positively charged region on a group 14 atom in
continuation of a covalent bond (o-hole) and an electron donor, analogously to a more common
halogen bond. Pbiiis particularly prone to the formation of tetrel bonds because of its size and
polarizability, as well as its specific hemidirectional coordination,24 which leaves a gap in the
coordination sphere of the Pbu cation (Chart 1), thus enabling the approach of the electron-donor.
This makes Pbu-based 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.

In this contribution we describe the synthesis, complete structural investigation and topologies of
six new Pbu coordination polymers [Pb2(L1)Cl4]», [Pb(HL1)Cl2]» * nMeOH

[Pb(HLm)Cl2]» = 0.5nMeOH, [Pb2(L1v)Cl3]x, [Pb(HLv)Cl2]» and [Pb3(Lv1)2Cl4]» = nMeOH,
derived from PbCl2 and 1,2-bis(pyridin-3-ylmethylene)hydrazine (L1), N*-(pyridin-3-
ylmethylene)nicotinohydrazide (HLm), N'-(pyridin-2-ylmethylene)nicotinohydrazide (HLur), N'-
(1-(pyridin-2-yl)ethylidene)picolinohydrazide (HL1v), N'-(1-(pyridin-2-
yl)ethylidene)isonicotinohydrazide (HLv) and N'-(phenyl(pyridin-2-
yl)methylene)nicotinohydrazide (HLv1) (Chart 2). The overall topology of the obtained Pbu
complexes varies from 1D polymeric chains in [Pb(HLm)Clz]» * 0.5nMeOH and
[Pb2(L1v)Cl3]x, [Pb(HLV)Cl2]x to 2D metal-organic networks in [Pb(HLi)Cl2]» * nMeOH,
[Pb(HLvV)Cl2]» and [Pb3(Lv1)2Cl4]» = nMeOH, and a 3D metal-organic framework in
[Pb2(L1)Cls]». We have also demonstrated 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, the resulting topology of both [Pb(HLv)Cl2]» and
[Pb3(Lv1)2Cl4]» * nMeOH is highly dictated by the Pb = = + Cl, in the former structure, and
Pb+ = = Cland Pb = - - N, in the latter structure, tetrel bonds, highlighting their crucial role
for the supramolecular self-assembly of building blocks. Furthermore, it was established that
hemidirected coordination of Pbuin the described structures dictates single-component white
light-emitting properties. DFT and TDDFT calculations were applied to shed light on the
stability of the obtained structures as well as to describe their luminescence properties.



RESULTS AND DISCUSSION

An equimolar one-pot reaction of PbCl, with a series of closely related organic ligands L! or
HL"™V' (GHE) in McOH at 60 °C in a branched tube apparatus leads to heteroleptic
complexes [Pb2(LY)Cly], [Pb(HL'™Cl:],,nMeOH, [Pb(HL")C12],-0.5nMeOH,
[Pb2(L"Y)Cls]s, [Pb(HLY)Cl,],, and [Pb3(LY")2Cls],,nMeOH, respectively (SERSHEGM). Notably,
the structures of [Pb2(L™)Cl], and [Pb3(LY"):Cls],,nMeOH each comprise the deprotonated
form of the corresponding organic ligand, while the other compounds are constructed from the

neutral form of the organic unit.

According to the single crystal X-ray diffraction data, [Pb2(L")Cls],, [Pb(HLY)Cl:], and
[Pb3(LY")2Cls],'nMeOH crystallize in the monoclinic space group P2i/c, while [Pb2(L'Y)Cls].
crystallizes in the monoclinic space group (C2/c, respectively. Compounds
[Pb(HL")Clz],»nMeOH and [Pb(HL"MCl,],°0.5nMeOH crystallize in the triclinic space group

P-1.

The asymmetric unit of [Pb2(L")Cls]. consists of one Pb! and two CI~ atoms as well as a half of
the ligand LY. Each Pb!" atom is covalently linked to four p*-Cl- and two p2-Cl- atoms, yielding a
double layered 2D sheet (FHENIMMEBIGN). These 2D sheets are bridged by the organic linkers,
coordinated through the pyridyl nitrogen atoms to the Pb! ions (-), generating a 3D
framework (-). Thus, each Pb" atom adopts a seven-coordinate coordination geometry. For
the sake of topological analysis, the 3D framework of [Pb2(L")Cls], was simplified, using the
ToposPro software,l resulting in a unique binodal 4,7-connected three-periodic topology defined

by the point symbol of (3-4%5)(3%445'%-6%) (iE). Remarkably, this topology was observed for



the first time and named by us as sdal. The [PbClz2], 2D sheets, in turn, exhibit a binodal 4,6-

connected layer topology 4.6L66 defined by the point symbol of (3-4*6)(32-4*56-6%) (EigH).

The difference between the HL" and L' ligands concerns the presence of an amide group in the
former compound instead of one of the imine fragments in the latter one (-). This however
leads to quite dramatic changes in the structure of the resulting Pb" CP [Pb(HL™)Cl,],-nMeOH,
the asymmetric unit of which contains one Pb", two CI~ atoms, one organic ligand HL!" and one
molecule of MeOH. The presence of two 3-pyridyl functions in the structure of HL! also makes
this molecule, similar to L', incapable of chelating to the Pb'' centre, but rather makes HL!"
acting as a p*-spacer and thus giving rise to the formation of a 2D CP structure (-). The six-
coordinate Pb!" atom is surrounded by two pyridine nitrogen atoms and one carbonyl oxygen
atom from three HL!" ligands, as well as three chloride ligands, forming a [Pba(u?-Cl)>Cl>] dimer
(_). The bridging chloride ligands are not placed equidistantly between the two lead
atoms with the Pb—Cl bonds being 2.716(4) and 3.066(3) A, while the binding of the terminal
chloride ligand shows a 2.696(3) A distance. The coordination sphere around the metal center in
[Pb(HL")CL;],,nMeOH is hemidirected, which allows the Pb'' atom to participate in an
additional weak Pb—N tetrel bond of 3.391(11) A involving the imine nitrogen atom of the O-
donating HL™ molecule (ill). The amide hydrogen atom of the HL™ ligand is involved in the
hydrogen bonding with the oxygen atom of the lattice MeOH (-). No other classic
hydrogen bonds were found. The 2D CP structure of [Pb(HL™)Cl:],-nMeOH is stabilized by
efficient 7w stacking interactions ([BIGH), formed between the pyridyl rings of the adjacent
organic ligands. Topological analysis of the 2D metal-organic sheet in [Pb(HL")Cl;],\nMeOH

discloses a binodal 3,4-connected layer topology 3,4L83 defined by the point symbol of



(4%6%-8)(4%6) (FiEM). 1t should be noted that tetrel bonds have no influence on the resulting

topology.

Replacing the 3-pyridyl group at the imine fragment with a 2-pyridyl one makes the ligand
molecule HL' ([SE8) capable of chelating to the Pb! atom with three donor atoms, yielding a
ID CP [Pb(HL™CL],-0.5nMeOH (FiEE). The asymmetric unit of
[Pb(HL")Cl].*0.5nMeOH consists of one Pb!" and two CI~ atoms as well as one ligand L' and
a half of the MeOH molecule. The metal atom is also seven-coordinated by two nitrogen and one
oxygen atoms from one organic ligand, one 3-pyridyl nitrogen atom from the other organic
ligand, two bridging p2-CI- atoms and one terminal Cl- atom ([iEHIGHIEBIGH). The dimeric
[Pba(u2-Cl)2Clz] block is also observed in the structure of [Pb(HL"™)Cl,],-0.5nMeOH, although
its geometry is somewhat different than that observed in [Pb(HL"™)Clz],-nMeOH. Particularly,
the bridging chloride ligands are almost equidistant from the Pb" centers with the Pb—Cl bonds
being 2.884(2) and 2.948(2) A. The binding of the terminal chloride ligand shows a 2.796(2) A
distance. While the ligand HL'! chelates one Pb! atom, the 3-pyridyl nitrogen atom of the same
ligand binds to a neighboring Pb" center (igl8). Hence, pu-HL™ acts as a linker between the
dimeric [Pba(u?-C1)2Cl2] blocks interconnecting them into 1D chains (-). The amide
hydrogen atoms of the HL™! ligands in the structure of [Pb(HL")ClL;],,nMeOH are involved in
hydrogen bonding with the terminal CI~ atoms from the adjacent chains (-), yielding a
ladder-like 2D sheet. The hydrogen bonded 2D sheet is further stabilized by =n--m stacking
interactions ([BIGH), formed between the pyridyl rings of the adjacent 1D chains. The metal-
organic 1D chain in [Pb(HL")Cl:],-0.5nMeOH can be considered as a uninodal 2-connected

chain with the 2C1 topology (HiElB).



The difference between the HL!Y and HL™ ligands concerns not only the presence of two 2-
pyridyl fragments but also the presence of a methyl group on the imine carbon atom (-).
All this leads to dramatic changes in the structure of the resulting Pb" CP [Pba(L!Y)Cls],. The
asymmetric unit of this compound consists of one seven- and one six-coordinate Pb'' atoms, one
ligand L as well as a half of the bridging u*-Cl ligand, and two and a half of the bridging p>-
CI" ligands (-). The overall structure of [Pb2(L™)Cls], is constructed from dimeric
tetranuclear [Pba(p3-LV-kON:N":N":u3-O)2(u*-Cl)(u2-Cl)2]** cationic blocks linked in a zig-zag
manner through bridging u?-Cl- ligands, yielding a 1D polymeric chain (-). The
[Pba(L™)2Cl13]** building block is symmetric with the 2-fold axis running through the p*-CI-
ligand and orthogonal to the least square plane of the Pb,O, square-like fragment (-),
formed by the two seven-coordinate Pb' atoms and two amide oxygen atoms. The seven-
coordinate Pb' atom is in an N>Cl30; coordination environment, formed by the two nitrogen and
one oxygen atoms from the chelate fragment of one organic ligand LY, one bridging oxygen
atom from the other ligand L'V, one p*-Cl- ligand and two u2-CI- ligands. The six-coordinate Pb!!
atom is in an NCI4O coordination environment, formed by the nitrogen and oxygen atoms of the
2-PyC(O) fragment of the organic ligand, one p*-Cl- ligand and three p2-Cl- ligands. Hence,
every pw-LIV-kON:N":N":u3-O ligand acts as a linker between three Pb" atoms, with the 2-
PyC(CH3)N fragment being coordinated to one Pb'" atom, the remaining 2-pyridyl nitrogen atom
being coordinated to the other Pb" center, and the carbonyl oxygen atom being linked to three
metal sites (_). Topological analysis of the 1D polymeric metal-organic chain in
[Pb2(L"Y)Cls], discloses a unique pentanodal 3,4,4,5,6-connected chain topology defined by the
point symbol of (3:42),(32-4%-52)(3%43-5)(33-43-5%6)5(33-4%-5%6%), (IGMMM). Remarkably, this

topology was also observed for the first time and named by us as sda2.



The ligand HLY, in comparison with HL!Y, contains a 4-pyridyl group on the carbonyl side of
the molecule. This makes the molecule of HLY incapable of chelating to more than one Pb!!
atoms, but rather makes HLY acting as a p2-spacer and thus giving rise to the formation of a 1D
zig-zag-like polymeric chain [Pb(HLY)CL], (Higl8). The asymmetric unit of [Pb(HLY)Cl].
consists of one seven- and one six-coordinate Pb'! atoms, two ligands HLY as well as one
bridging p2-CI- ligand, and three terminal CI~ ligands (-). The seven-coordinate Pb!" atoms
are in the same coordination environment, N3C130 (-), as it was found for the metal atoms in
the structure of [Pb(HL"™)Cl,],-0.5nMeOH (i), while the six-coordinate Pb" ions are in an
N3Cl20 coordination environment. Two 1D zig-zag chains are linked into a 1D grid-like ribbon
through the dimeric [Pba(u?-Cl)>Clz] blocks as bridging nodes, formed by the seven-coordinate
Pb! atoms ([iEMM). These dimeric blocks are quite similar to those in the structure of
[Pb(HL"Y)Cl;],-0.5nMeOH with the Pb—u2-Cl distances being 2.814(3) and 2.983(4) A, while
the binding of the terminal chloride ligand shows a 2.812(4) A distance. Interestingly, single-
crystal X-ray diffraction studies showed that the six-coordinate Pb! atoms, which serve as
terminal nodes of the 1D grid-like ribbon, exhibit a hemidirected coordination geometry, and are
involved in tetrel bonding with one of the terminal chloride atoms from the adjacent ribbons
(FESEBED). As a result of these interactions, a double-layered 2D sheet is formed. This
sheet is further stabilized by m---m stacking interactions (-), formed between the pyridyl
rings of the adjacent ribbons. The topological analysis of [Pb(HLY)Clz]., considering tetrel
bonds, revealed a uninodal 3-connected plane topology heb (Shubnikov hexagonal plane net)

defined by the point symbol of (6%), while the same analysis without tetrel bonds yields a SP 1-

periodic net (4,4)(0,2) topology (-).



The ligand HLY! is the bulkiest one among the exploited ligands in this work, and its structure
resembles that of HL™!, although containing a phenyl fragment on the imine carbon atom (-
I). Despite of the presence of bulky phenyl fragment, a 2D layered CP [Pb3(LY")2Cls],\nMeOH
is formed (-). The asymmetric unit of this compound consists of two five- and one four-
coordinate Pb™ atoms, two organic ligands L' as well as two bridging u?-ClI- ligands, and two
terminal Cl~ ligands (_). Every LV! ligand acts, considering only covalent bonds
(-), as a p’-linker, chelating one Pb" center with three atoms and coordinating the other
Pb" center through the 3-pyridyl nitrogen atom. One of the five-coordinate Pb! atoms is in an
N2Cl0 coordination environment formed by the chelate fragment of LY! and two p2-Cl- ligands,
while the other five-coordinate Pb!' atom is in an N>Cls coordination environment formed by two
nitrogen atoms from two 3-pyridyl fragments of two LY! as well as two p2-Cl- ligands and one
terminal CI- ligand. The four-coordinate Pb' atom is in an N,CIO coordination environment
thanks to the chelating fragment of LY! and one terminal CI- ligand. Notably, each Pb" atom
exhibits a hemidirected coordination geometry, and are involved in tetrel bonding with one of the
terminal chloride atoms from the adjacent ribbons (FEHIONMEBIGE). Particularly, the NoCLO
coordinated Pb!" atom forms a tetrel bond with the amide nitrogen atom from the adjacent ligand
LY!, while the N>Cl3 coordinated Pb" ion is involved in tetrel bonding with the adjacent terminal
CI" ligand, arising from the covalent coordination sphere of the four-coordinate metal atom (-
GIEEBIEN). The latter metal center, in turn, forms three tetrel bonds: one bond with the amide
nitrogen atom from the adjacent ligand L' and two bonds with the bridging p2-CI~ ligands (-
BIEBIEN). The 2D layered structure of [Pbs(LY")2Cls],,nMeOH is stabilized by n-7 stacking
interactions (-), formed between the pyridyl rings of the adjacent organic ligands.
Furtermore, one of the terminal CI" ligands is involved in intermolecular hydrogen bonding with

the OH hydrogen atom of the lattice MeOH molecule (-). A simplified underlying network



of [Pb3(LY):Cls]»'nMeOH, considering all tetrel bonds, reveals a unique heptanodal
3,3,3,3,4,5,5-connected  layer  topology defined by the ©point symbol of
(3:4-5)(3-4%6-7%8%97)(3-43-5-62-7%8)(4%-6)2(4-6>7)(4*) (EiGH®). This topology was also
observed for the first time and named by us as sda3. The topological analysis of
[Pb3(LY")2Cls],'nMeOH, considering only Pb--N tetrel bonds, reveals a unique tetranodal
3,3,4,4-connected layer topology 3,3,4,4LL1 defined by the point symbol of
(3:8%)(3-849)(3%4-82-9)(3%4) (Fi). The same analysis, considering only Pb--Cl tetrel bonds,
yields also a unique pentanodal 3,3,3,4,5-connected layer topology 3,3,3,4,5L1 defined by the
point symbol of (3:4-5%62)(3-4-5)(3-5%6*8-92)(4-5-6)(4-6*) (FigHM). However, if all the tetrel
bonds are excluded from the topological analysis, a simplified underlying network of
[Pb3(LY")2Cls],»nMeOH exhibits a uninodal 3-connected plane topology heb (Shubnikov

hexagonal plane net) defined by the point symbol of (6*) (FiEH).

EXPERIMENTAL SECTION

Materials. All ligands were prepared following the reported method as described elsewhere.l
All other reagents and solvents were commercially available and used as without further

purification.

Physical measurements. Microanalyses were performed using a Heraeus CHN-O-Rapid

analyzer. Melting points were measured on an Electrothermal 9100 apparatus.

Synthesis of complexes. PbCl, (0.139 g, 0.5 mmol) and the corresponding ligand L' or HL"—
HLY' (0.105,0.113, 0.113, 0.120, 0.120 and 0.151 g, rerspectively; 0.5 mmol) were placed in the

main arm of a branched tube. MeOH (15 mL) was carefully added to fill the arms. The tube was
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sealed and immersed in an oil bath at 60 °C while the branched arm was kept at ambient
temperature. X-ray suitable crystals were formed during the next days in the cooler arm and were

filtered off, washed with acetone and diethyl ether, and dried in air.

[Pb2(LYCl4]s. Yellow plate-like crystals. Yield: 0.155 g (81%). M. p. 190 °C, Anal. Calc. for

C12H10ClsN4Pb; (766.45) (%): C 18.81, H 1.32 and N 7.31; found: C 18.70, H 1.23 and N 7.25.

[Pb(HL™)Cl2],-nMeOH. Yellow prism-like crystals. Yield: 0.228 g (85%). M. p. 201 °C, Anal.
Calc. for Ci3H14C12N4O2Pb (536.39) (%): C 29.11, H 2.63 and N 10.45; found C 28.91, H 2.71

and N 11.00

[Pb(HL")CI],-0.5nMeOH. Yellow block-like crystals. Yield: 0.174 g (67%). M. p. 255 °C,
Anal. Calc. for C125H12C12N4O15Pb (520.37) (%): C 28.85, H 2.32 and N 10.77; found C 29.01,

H250and N 11.07 .

[Pb2(LY)Cls]s. Yellow block-like crystals. Yield: 0.124 g (65%). M. p. 294 °C, Anal. Calc. for

Ci13H11CI3N4OPb: (760.02) (%): C 20.54, H 1.46 and N 7.37; found: C 20.15, H 1.51 and N 7.57.

[Pb(HLY)ClL]4. Green parallelepiped-like crystals. Yield: 0.233 g (90%). M. p. 287 °C, Anal.
Calc. for C13H12CLN4OPb (518.37) (%): C 30.12, H 2.33 and N 10.81; found: C 30.24, H 2.17

and N 10.97.

[Pb3(LYY):Cls].»-nMeOH. Yellow needle-like crystals. Yield: 0.168 g (72%). M. p. 239 °C, Anal.
Calc. for C37H30Cl4NgO3Pbs, (1398.11) (%): C 31.79, H 2.16 and N 8.01; found: C 31.99, H 2.02

and N 8.17.
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Single-crystal X-ray diffraction. The X-ray data were collected on a Bruker four-circle single
crystal diffractometers with a sealed graphite-monochromatised Mo-Ka (A = 0.71073 A)
radiation tube and an APEX-II CCD detector. The frames were integrated with the Bruker
SAINT software package,l and the data were corrected for absorption using the program
SADABS.J The structures were solved by direct methods using the program SHELXS97.f
Non-hydrogen atoms were refined with the full-matrix least-squares procedure on [F?| by
SHELXL97.. Hydrogen atoms were inserted at calculated positions and constrained with

isotropic thermal parameters. Figures were generated using the program Mercury.l

Crystal data for [Pba(L")Cls]s. Ci2HioClsN4Pby, M; = 76642 g mol™!, T = 173(2) K,
monoclinic, space group P2i/c, a = 17.527(4), b = 7.2591(15), ¢ = 7.4711(15) A, B=93.66(3)°,
V=948.6(4) A3, Z=2, p =2.683 g cm >, u(Mo-Ka) = 18.287 mm™!, reflections: 4907 collected,

1705 unique, Rint = 0.070, R1(all) = 0.0710, wRx(all) = 0.1212.

Crystal data for [Pb(HL")CL:],,nMeOH. Ci,H;0CL:N4sOPb, CH40; M; = 536.37 g mol™!, T =
173(2) K, triclinic, space group P-1, a = 8.5656(5), b = 9.1844(5), ¢ = 11.0989(8) A, a =
95.431(5), B=109.809(6), y = 90.393(6)°, V' =817.09(9) A3, Z=2, p = 2.164 g cm >, u(Mo-Ka)
= 10.662 mm™!, reflections: 6366 collected, 3762 unique, Rine = 0.064, Ri(all) = 0.0902, wR(all)

=0.1579.

Crystal data for [Pb(HL"™)Cl;],-0.5nMeOH. Ci2H;oC:N4OPb, 0.5(CH40); M; = 520.33 g
mol ™!, T'=293(2) K, triclinic, space group P-1, a = 8.5656(5), b = 10.6025(12), ¢ = 10.6335(12)
A, 0 =95.295(2), B=103.359(2), y = 99.606(2)°, V = 788.95(15) A3, Z=2, p=2.191 g cm,
u(Mo-Ka) = 11.030 mm™!, reflections: 12624 collected, 4718 unique, Rint = 0.068, Ri(all) =

0.0592, wRy(all) = 0.1077.
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Crystal data for [Pb2(L'")Cls]s. Ci3HiiCsN4OPby, M; = 759.99 g mol™!, T = 110(2) K,
monoclinic, space group C2/c, a =24.8751(9), b=9.7305(3), c = 15.5416(5) A, f=113.718(2)°,
V =3444.12) A3, Z =8, p = 2931 g cm3, y(Mo-Ka) = 20.000 mm™!, reflections: 24128

collected, 6242 unique, Rint = 0.032, Ri(all) = 0.0338, wR»(all) = 0.0520.

Crystal data for [Pb(HLY)Cl:],. Ci3Hi2CbN4OPb, M; = 518.36 g mol™!, T = 293(2) K,
monoclinic, space group P2i/c, a = 14.5358(5), b = 15.6284(3), ¢ = 13.7627(5) A, B =
105.206(3)°, ¥V = 3017.03(17) A3, Z = 8, p = 2.282 g cm>, u(Mo-Ko) = 11.541 mm™,

reflections: 13688 collected, 5513 unique, Rint = 0.070, Ri(all) = 0.0715, wRo(all) = 0.1305.

Crystal data for [Pb3(LY"):Cls],'nMeOH. C36H26C1sNsO,Pbs, CH4O; M; = 1398.06 g mol™!, T
= 293(2) K, monoclinic, space group P2i/c, a = 21.544(5), b = 9.544(2), ¢ = 19.074(4) A, p =
100.415(4)°, V'=3857.3(15) A3, Z=4, p = 2.408 g cm 3, u(Mo-Ka) = 13.388 mm!, reflections:

20013 collected, 6814 unique, Rine = 0.123, Ri(all) = 0.1466, wR>(all) = 0.1664.

CCDC 1497457-1497462 contain the supplementary crystallographic data. This data can be
obtained free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from the
Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44)

1223-336-033; or e-mail: deposit@ccdc.cam.ac.uk.

CONCLUSIONS

In summary, we have designed and fully structurally characterized six new coordination
polymers, namely [Pb2(LY)Cl4]s,, [Pb(HL™)ClL:],-nMeOH, [Pb(HL™)CI],0.5nMeOH,

[Pb2(L™)Cl3],, [Pb(HLY)Cl:]» and [Pb3(LY)2Cls],»»nMeOH, fabricated from PbCl, and a series
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of closely related bis-pyridyl ligands L' and HL"-HLVY!. Based on the structural analysis, we
conclude that the topology of the obtained networks is dictated by the geometry of the organic

ligand.

The structure of [Pb2(L)Cls]. is constructed from the [PbCl2], 2D sheets, linked through organic
linkers into a 3D framework, which exhibits a unique binodal 4,7-connected three-periodic
topology named by us as sdal. The [PbClz], 2D sheets, in turn, exhibit a binodal 4,6-connected
layer topology 4.6L.66. The coordination sphere around the metal center in the 2D coordination
polymer [Pb(HL")Clz],-nMeOH is hemidirected, which allows the Pb' atom to participate in an
additional weak Pb—N tetrel bond. Topological analysis of the 2D metal-organic sheet in
[Pb(HL™)Cl2],-nMeOH discloses a binodal 3,4-connected layer topology 3,4L83, regardless of
tetrel bonds. A 1D coordination polymer [Pb(HL")Cl;],-0.5nMeOH is considered as a uninodal
2-connected chain with the 2C1 topology. The overall structure of [Pb2(L!'Y)Cls], is constructed
from dimeric tetranuclear [Pba(u3-LV-k0N:N".N":u3-O)2(u*-C1)(n2-Cl),** cationic blocks linked
in a zig-zag manner through bridging u?-CI- ligands, yielding a 1D polymeric chain. Topological
analysis of this chain reveals a unique pentanodal 3,4,4,5,6-connected chain topology named by
us as sda2. The structure of [Pb(HLY)CL], exhibits a 1D zig-zag-like polymeric chain. Two
chains are further linked into a 1D grid-like ribbon through the dimeric [Pba(u?-Cl1)2Clz] blocks
as bridging nodes. Single-crystal X-ray diffraction studies showed that the Pb"-based terminal
nodes of the 1D grid-like ribbon exhibit a hemidirected coordination geometry, and are involved
in tetrel bonding with one of the terminal chloride atoms from the adjacent ribbons. As a result of
these interactions, a double-layered 2D sheet is formed. The topological analysis of
[Pb(HLY)Cl]a, considering tetrel bonds, revealed a uninodal 3-connected plane topology heb

(Shubnikov hexagonal plane net), while the same analysis without tetrel bonds yields a SP 1-
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periodic net (4,4)(0,2) topology. Using the bulkiest, among the exploited in this work, ligand
HLY!' a 2D layered coordination polymer [Pb3(LY"):Cls],,nMeOH is formed, which network,
considering all tetrel bonds, reveals a unique heptanodal 3,3,3,3,4,5,5-connected layer topology
named by us as sda3. The topological analysis of [Pb3(LY"):Cls],,nMeOH, considering only
Pb--N tetrel bonds, reveals a unique tetranodal 3,3,4,4-connected layer topology 3,3,4,4L.1,
while the same analysis, considering only Pb---Cl tetrel bonds, yields also a unique pentanodal
3,3,3,4,5-connected layer topology 3,3,3,4,5L1. If all the tetrel bonds are excluded from the
topological analysis, a simplified underlying network of [Pb3(L‘")2Cl].»-nMeOH exhibits a

uninodal 3-connected plane topology heb (Shubnikov hexagonal plane net).

Thus, tetrel bonding can play a key role for the supramolecular aggregation of building units in
solid state and can legally be considered as one of the most powerful tool to design metal-organic
frameworks with different dimensionalities and topologies, as evidenced from the reported in

this work hitherto unknown topologies sdal, sda2 and sda3.
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Ligand-driven Engineering of Hybride Materials Constructed from PbCl2 and Bis-pyridyl

Organic Linkers: Design of Hitherto Unknown Topologies

Ghodrat Mahmoudi, *, " Atash V. Gurbanov,”$ Sabina Rodriguez-Hermida,” Rosa Carballo,”

Mojtaba Amini,” Alessia Bacchi,* Mariusz P. Mitoraj,™* Filip Sagan,” Mercedes Kukutka,” and

Damir A. Safin*,V

Six new Pb!! coordination polymers were assembled from PbCl, and a series of closely related
ligands L' and HL"-HLY". Their detailed structural and topological analyses are discussed. It
was established, that tetrel bonding, found in some of the obtained compounds can play a key
role for the supramolecular aggregation of building units in solid state and is legally considered
as one of the most powerful tool to design metal-organic frameworks with different

dimensionalities and topologies.
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Chart 1. The simplified diagram of the holodirected and hemidirected coordination spheres

around lead
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Chart 2. Diagrams of the employed ligands L! and HL"-HLY!
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Scheme 1. Syntheses of Pb" complexes described in this work. Tetrel bonds are shown as

dashed lines.
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Figure 1. (top) Crystal structure of [Pb2(LY)Cls]. (hydrogen atoms are omitted for clarity; color
code: C = gold, N = blue, CI = green, Pb = magenta). (bottom) A simplified underlying network
of [Pba(LNCls], with the unique binodal 4,7-connected three-periodic topology sdal defined by
the point symbol of (3-:4*5)(3%4%*5!0-6°), and constructed from layers with the binodal 4,6-
connected layer topology 4.6L.66 defined by the point symbol of (3-4*6)(3%4*5%6°) (color code:
Cl = green, Pb = magenta).
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Figure 2. (top) Crystal structure of [Pb(HL")Cl2],,nMeOH (CH hydrogen atoms and methanol

molecules are omitted for clarity; color code: C = gold, N = blue, Cl = green, O = red, Pb =
magenta). Tetrel bonds Pb--N are shown as dashed lines. (bottom) A simplified underlying
network of [Pb(HL™)Cl:],-nMeOH, considering and without tetrel bonds, with the binodal 3,4-
connected layer topology 3,4L.83 defined by the point symbol of (42:63-8)(4%:6) (color code: HL!
= blue, Pb = magenta).
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Figure 3. (top) Crystal structure of [Pb(HL™)CI;],-0.5nMeOH (CH hydrogen atoms and

methanol molecules are omitted for clarity; color code: C = gold, N = blue, Cl = green, O = red,
Pb = magenta). (bottom) A simplified underlying network of [Pb(HL"™)Cl,],-0.5nMeOH with
the uninodal 2-connected chain topology 2C1 (color code: HL™ = blue, Cl = green, Pb =

magenta).
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Figure 4. (top) Crystal structure of [Pb2(L")Cls]. (hydrogen atoms are omitted for clarity; color

code: C = gold, N = blue, Cl = green, O = red, Pb = magenta). (bottom) A simplified underlying
network of [Pb2(L'Y)Cl3], with the unique pentanodal 3,4,4,5,6-connected chain topology sda2
defined by the point symbol of (3-42)x(3%4%-52)(3%-43-5)(33-43-5%6)2(334%-5%-6%), (color code: LY
= blue, Cl = green, Pb = magenta).
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Figure 5. (top) Crystal structure of [Pb(HLY)Clz]» (CH hydrogen atoms are omitted for clarity;

color code: C = gold, N = blue, CI = green, O = red, Pb = magenta). Tetrel bonds Pb---Cl are
shown as dashed lines. (middle) A simplified underlying network of [Pb(HLY)Cla]., considering
tetrel bonds, with the uninodal 3-connected plane topology heb (Shubnikov hexagonal plane net)
defined by the point symbol of (6%). (bottom) A simplified underlying network of
[Pb(HLY)Cl:]., without tetrel bonds, with the SP 1-periodic net (4,4)(0,2) topology defined by
the point symbol of (4%:6) (color code: Pb = magenta).

29



Figure 6. (top) Crystal structure of [Pb3(LY")2ClL],,nMeOH (hydrogen atoms are omitted for

clarity; color code: C = gold, N = blue, Cl = green, O = red, Pb = magenta). Tetrel bonds Pb---Cl
and Pb-N are shown as dashed lines. (bottom) A simplified underlying network of
[Pb3(LY")2Cls],»nMeOH, considering all tetrel bonds, with the unique heptanodal 3,3,3,3,4,5,5-
connected  layer  topology  sda3 defined by the  point symbol of
(3:4:5)(3-42:6:7>-82:92)(3-43-5-62-7%-8)(4%:6)2(4*-6%:7)(4°) (color code: LVY! = blue, Cl = green, Pb =
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magenta).
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Figure 7. (top) A simplified underlying network of [Pb3(LY")2Cls],-nMeOH, considering all the

Pb--‘N tetrel bonds, with the unique tetranodal 3,3,4,4-connected layer topology 3,3,4,4L1
defined by the point symbol of (3-8%)(3-8*9)(32:4-8%:9)(3>4). (middle) A simplified underlying
network of [Pb3(LY")2Cls],-nMeOH, considering all the Pb-Cl tetrel bonds, with the unique
pentanodal 3,3,3,4,5-connected layer topology 3,3,3,4,SL.1 defined by the point symbol of
(3-4-52-6%)(3-4:5)(3:5%:6*8-9%)(4-5-6)(4:6%). (bottom) A simplified underlying network of
[Pb3(LY")2Cls],»nMeOH, without tetrel bonds, with the uninodal 3-connected plane topology
heb (Shubnikov hexagonal plane net) defined by the point symbol of (6°) (color code: LY! =
blue, Cl = green, Pb = magenta).
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Table 1. Covalent and Tetrel

Bond Lengths (A) in the Structures of Pb!' Complexes

Described in this Work
Complex Bond Bonddonor Bondlength  Bond type
[Pb2(LY)Cly]» Pb-N L 2.563(12) covalent
Pb—Cl CI” 2.766(4) covalent
Cl- 2.859(4) covalent
Cl- 2.903(4) covalent
ClI- 2.980(4) covalent
Cl- 3.203(4) covalent
Cl- 3.245(4) covalent
[Pb(HL")Cl,],-nMeOH PbN L 2.545(10) covalent
L 2.780(11) covalent
L 3.391(11) tetrel
Pb-O L 2.770(9) covalent
Cl- 2.696(3) covalent
Cl- 2.716(4) covalent
ClI- 3.066(3) covalent
[Pb(HL')CL].-0.5nMeOH Pb-N L 2.709(5) covalent
L 2.712(6) covalent
L 2.813(7) covalent
Pb-O L 2.682(5) covalent
Pb-Cl CI- 2.796(2) covalent
Cl- 2.884(2) covalent
Cl- 2.948(2) covalent
[Pb2(L™)Cls]x Pb-N L 2.468(3) covalent
L 2.513(3) covalent
L 2.534(3) covalent
Pb-O L 2.415(2) covalent
2.832(3) covalent
2.839(3) covalent
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Pb-Cl CI” 2.7839(10) covalent
Cl- 2.8262(11) covalent
Cl- 2.8366(2) covalent
Cl- 2.9231(2) covalent
Cl- 3.0279(10) covalent
Cl- 3.0445(9) covalent
Cl- 3.2221(9) covalent
[Pb(HLY)Cl,]» Pb-N L 2.587(8) covalent
L 2.626(8) covalent
L 2.723(9) covalent
L 2.743(9) covalent
L 2.784(10) covalent
L 2.872(10) covalent
Pb-O 2.824(7) covalent
2.849(8) covalent
Pb-Cl CI” 2.642(3) covalent
Cl- 2.779(3) covalent
Cl- 2.812(4) covalent
Cl- 2.814(3) covalent
Cl- 2.983(4) covalent
Cl 3.382(4) tetrel
[Pb3(LY"),Cly],»\nMeOH Pb-N L 2.458(15) covalent
L 2.474(16) covalent
L 2.557(15) covalent
L 2.624(17) covalent
L 2.660(16) covalent
L 2.684(17) covalent
L 2.989(15) tetrel
L 3.093(15) tetrel
Pb-O L 2.384(13) covalent

35



Pb—Cl

Cl
Cl
Cl
Cl
Cl
Cl
Cl
ClI

ClI

2.403(13)
2.593(6)
2.645(6)
2.723(6)
2.763(5)
3.195(5)
3.196(5)
3.440(5)
3.467(6)

3.490(6)

covalent
covalent
covalent
covalent
covalent
covalent
covalent
tetrel

tetrel

tetrel
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Table 2. Classic Hydrogen Bond Lengths (A) and Angles (°) for [Pb(HL")Cl;],-nMeOH,
[Pb(HL")CI;],0.5nMeOH and [Pb3(L""),CL],,nMeOH

Compound D-H—A d(D-H) d(H~A) d(D+-A)  Z(DHA)
[Pb(HL™)CL,],-nMeOH N(2)-H(2N)--0(2) 0.88 2.01 2862(15) 163
[Pb(HL)CL,],+0.5nMeOH*  N(3)-H(3N)--CI(1)"! 091(7)  236(6)  3.219(7)  159(6)
0(2)-H(20)-CI(1)" 0.90(14) 2.71(15) 3.284(18)  123(10)
0(2)-H(20)--0(1)" 0.90(14) 2.50(14)  3.166(19)  131(12)
[Pb3(L""),Cly],-nMeOH O(41)-H(41)-Cl(4)" 0.82 2.32 3.13(2) 169

“Symmetry transformations used to generate equivalent atoms: #1 1 +x, y, z; #2 -1 —-x, 1 —y,2 —z.
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Table 3. m-m Distances (A) and Angles (°) for [Pb(HL")ClL:]o»-nMeOH,
[Pb(HL"™)Cl,],+0.5nMeOH, [Pb(HLY)Cl3]s and [Pb3(LY")2Cls]»nMeOH?

Ceh)  Cg() d[Cg(1)-Cg())] o B Y slippage
[Pb(HL")Cl,]» nMeOH” Cg2) Cg@B)"  3.748(7) 5.4(6) 21.6 238 1.379
Cg(3) Cg)""  3.748(7) 5.4(6) 238 216 1.510
Cg(3) CgB3)? 3.512(7) 0.0(6) 119 119 0.722
[Pb(HL"™)CL],-0.5nMeOH*  Cg(1)  Cg(2)*'  3.790(4) 6.8(4) 194 250 1.260
Cg2) Cg(1)?  3.791(4) 6.8(4) 250 194 1.600
Cg2) Cg)? 3.734(4) 0.0(3) 250 250 1.579
[Pb(HLY)Cl,] Cg(3) Cg6)""  3.559(6) 3.0(5) 205 203 1.245
Cg(3) Cg6)?  3.772(6) 2.3(5) 238 226 1.523
Cg4) Cg(5)""  3.586(6) 3.2(5) 207 193 1.265
Cg4) Cg(5)®  3.625(6) 4.2(5) 141 175 0.885
Cg(5) Cg@®™  3.586(6) 3.2(5) 193 207 1.187
Cg(5) Cg@™  3.625(6) 4.2(5) 175 141 1.090
Cg(6) Cg(3)™  3.559(6) 3.0(5) 203 205 1.236
Cg6) Cg(3)?  3.772(6) 2.3(5) 226 238 1.449
[Pb3(L"");Cly]»nMeOH® Cg(5) Cg(M*  3.727(12) 7 262 277 1.643
Cg(5) Cg®)?  3.748(11) 16 167 282 1.077
Cg(5) Cg(10)? 3.727(12) 7 261 277 1.642
Cg6) Cg(N™  3.644(11) 14 237 110 1.466
Cg6) Cg(10)* 3.644(11) 14 237 110 1.467
Cg(7) Cg(B5)*  3.728(12) 7 277 262 1.732
Cg(7) Cg6)?  3.643(11) 14 11.0 237  0.69%
Cg(8) Cg(5)*  3.749(11) 16 282 167 1.772
Cg(10) Cg(5)?  3.728(12) 7 277 261 1.731
Cg(10) Cg(6)"  3.643(11) 14 11.0 237  0.69%4

Cg(I)—Cg(J): distance between ring centroids; a: dihedral angle between planes Cg(/) and Cg(J); f: angle Cg(l) —
Cg(J) vector and normal to plane 7; y: angle Cg(l) — Cg(J) vector and normal to plane J; slippage: distance between
Cg(]) and perpendicular projection of Cg(J) on ring /.

bSymmetry transformations used to generate equivalent atoms: #1 —x, 1 — y, —z; #2 —x, 2 — y, —z. Cg(2): N(1)-C(13)-
C(12)-C(11)-C(10)-C(14), Cg(3): N(4)—C(23)—C(22)-C(21)-C(20)-C(24).

‘Symmetry transformations used to generate equivalent atoms: #1 x, 1 +y, z; #2 x, -1 +y, z; #3 -1 —x, -y, | —z.
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Cg(1): N(1)-C(1)-C(2)-C(3)—C(4)-C(5), Cg(2): N(4)-C(9)-C(8)-C(12)-C(11)-C(10).

4Symmetry transformations used to generate equivalent atoms: #1 —x, 1/2 +y, 1/2 —z; #2 —x,2 -y, | —z; #3 —x, 1 —
v, 1 —z; #4 —x, —=1/2 + y, 1/2 — z. Cg(3): N(1)-C(1)-C(2)-C(3)—C(4)-C(5), Cg(4): N(4)-C(11)-C(10)-C(9)-C(13)-
C(12), Cg(5): N(5)—-C(14)—C(15)—-C(16)—C(17)—C(18), Cg(6): N(8)-C(24)-C(23)-C(22)-C(26)-C(25).

*Symmetry transformations used to generate equivalent atoms: #1 x, 1/2 -y, —1/2 +z; #2 x, -1 + y, z; #3 x, y, z; #4 x,
L+y,z;#5x,32—y, 12 +z, #6 x, 1/2 —y, 1/2 + z; #7 x, 3/2 — y, —1/2 — z. Cg(5): N(1)-C(1)-C(2)-C(3)-C(4)-C(5),
Cg(6): N(4)—-C(8)—-C(9)-C(10)-C(11)-C(12), Cg(7): N(11)-C(25)-C(24)d—C(23)d—C(22)d—C(21)d, Cg(8): N(14)—
C(28)-C(29)-C(30)-C(31)—C(32), Cg(10): C(21)-C(22)-C(23)-C(24)-C(25)c—N(11)c.
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