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A novel tetranuclear complex [Pb4L4(CO=),]-4H,0 (1:4H,0) is reported, which was obtained through the
electrochemical oxidation of a lead anode under an ambient atmosphere in a CH3zCN : MeOH solution of
N’-isonicotinoylpicolinohydrazonamide (HL). COs?~ anions were formed through the conversion of aerial
CO, via the Pb?*—L complex system under electrochemical conditions. The ligand L links two Pb2*
cations through the carbonyl oxygen atom, while the CO5%~ anion links two Pb?* cations through two
monodentate and one bidentate oxygen atoms. The molecular structure of 1 is stabilized by a pair of
Pb---O tetrel bonds formed with the bidentate oxygen atom of the CO32~ anion, while molecules of 1 are
interlinked through reciprocal n(chelate ring)---n(chelate ring), n(chelate ring)---xr(noncovalent ring) and
Pb---n(noncovalent ring) interactions, yielding a 1D supramolecular chain. The same reaction but under a
nitrogen atmosphere yielded a novel mononuclear complex [PbL,]-MeOH-2H,0O (2-MeOH-2H,0). In the
structure of 2, each ligand L exhibits a tridentate coordination mode. Molecules of 2 are also interlinked
through reciprocal =(chelate ring)---n(chelate ring), =(chelate ring)---x(noncovalent ring)
Pb-.-t(noncovalent ring) interactions, similar to 1, yielding a 1D supramolecular chain. The energetic fea-

and

tures of these assemblies were studied using DFT calculations. Additionally, QTAIM analysis was employed
to characterize noncovalent contacts, including intermolecular Pb---N tetrel bonds. These tetrel bonds
were further analyzed using the ELF and Laplacian of electron density 2D maps, which confirmed their
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noncovalent nature. The optical properties of the complexes were revealed using UV-vis and diffuse
reflectance spectroscopy and spectrofluorometry. Both complexes were found to be emissive in a solu-
tion of MeOH. CIE-1931 chromaticity coordinates of (0.38, 0.37) and (0.31, 0.32) for 1.4H,0O and

rsc.li/frontiers-inorganic 2-MeOH-2H,0, respectively, fall within the white gamut of the chromaticity diagram.

sidered an abundant renewable resource for carbonate and
hydrocarbon products with commercial value. However, the

1. Introduction

It is well known that carbon dioxide (CO,) is the key contribu-
tor to global warming.'™ At the same time, CO, can be con-
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fDepartament de Quimica, Universitat de les Illes Balears,

Crta de valldemossa km 7.5, 07122 Palma de Mallorca, Baleares, Spain.

E-mail: toni.frontera@uib.es

SUniversity of Tyumen, Tyumen, 625003, Russian Federation.

E-mail: damir.a.safin@gmail.com

"Scientific and Educational and Innovation Center for Chemical and Pharmaceutical
Technologies, Ural Federal University named after the First President of Russia B.N.
Yeltsin, Ekaterinburg, 620002, Russian Federation

TCCDC 2257285 and 2355288. For crystallographic data in CIF or other
electronic format see DOI: https://doi.org/10.1039/d4qi01323a

Inorg. Chem. Front,, 2024, 1, 6135-6145 | 6135


http://rsc.li/frontiers-inorganic
http://orcid.org/0000-0002-4846-5283
http://orcid.org/0000-0001-6779-0359
http://orcid.org/0000-0002-5070-5936
http://orcid.org/0000-0002-0827-8504
http://orcid.org/0000-0001-7840-2139
http://orcid.org/0000-0002-9080-7072
https://doi.org/10.1039/d4qi01323a
https://doi.org/10.1039/d4qi01323a
http://crossmark.crossref.org/dialog/?doi=10.1039/d4qi01323a&domain=pdf&date_stamp=2024-09-05
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4qi01323a
https://pubs.rsc.org/en/journals/journal/QI
https://pubs.rsc.org/en/journals/journal/QI?issueid=QI011018

Open Access Article. Published on 23 July 2024. Downloaded on 12/25/2025 12:13:29 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Research Article

to value-added carbon-containing compounds is, most likely,
the most efficient way to solve this problem. Without doubt,
nature has found the best way to convert CO, to carbohydrate
molecules, such as sugars, using photosynthesis.*” Since CO,
is an inert and thermodynamically stable molecule, the most
promising way to achieve its activation is catalysis. As such,
the interaction between CO, and transition metals has
attracted significant attention from scientists because of being
the most powerful tool for activating inert molecules.®”® Both
homogeneous and heterogeneous catalyses have actively been
utilized for transition metal-mediated CO, activation and
conversion.’® Depending on experimental conditions, CO,
can be reduced by series of electron and proton transfers to a
variety of products: CO, carbonate, carbamate, methane, for-
maldehyde, formic acid, methanol or oxalic acid.®® It has
been suggested that the activation of CO, is influenced by its
one-electron reduction with the formation of a highly active
CO,"” radical anion. Experimentally, the reduction of CO,
requires great negative potentials® ' because of the formation
of high energy intermediates and the large reorganizational
energy between the linear molecule and bent radical anion.
Thus, the presence of metal complexes, as well as other experi-
mental conditions, might change these potentials significantly
and, hence, favor the activation of CO,.

On the other hand, among the great variety of noncovalent
interactions, which are a powerful tool to drive the crystal
packing, the most prominent ones are, likely, hydrogen
bonds"*™** and n-stacking’®™’ interactions. About a decade
and a half ago, the o-hole concept was introduced.'® Later on,
both o- and n-hole interactions were highly accepted as being
one of the pivotal structure-dictating forces. Within the
concept of these interactions, o- and =-holes are electron-
deficient regions localized on the atom (Lewis acid), which can
interact with an electron-rich atom (Lewis base).

Among the many types of o-hole interactions, tetrel
bonding has also been investigated in many studies. This type
of noncovalent interaction is formed by a group 14 atom
acting as a Lewis acid.'® The lead(n) cation (Pb>") seems to be
of particular interest to form tetrel bonding due to both its
variety of coordination numbers and large ionic radius.
Furthermore, the 6s> lone-pair in the Pb®" cation can generate
either hemi- or holodirectional coordination,?°** of which the
former one can facilitate tetrel bonding, yielding the formation
of supramolecular architectures with extended structures and
unique properties.

With all this in mind and in continuation of our compre-
hensive studies on the coordination chemistry of hemidirected
Pb*" architectures as well in shedding light on the role of non-
covalent interactions in the formation of extended structures,*>°
we focused our efforts on N-isonicotinoylpicolinohydrazonamide
(HL),*® which was intentionally designed to serve as a potential
bridging ligand, in the reaction with lead as a complexing
agent. Finally, to shed light on the nature of the Pb---N tetrel
bonds observed in self-assembled supramolecular dimers of
both compounds in the solid state, DFT calculations were used
along with MEP surface and QTAIM analyses.
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2. Results and discussion

Electrochemical oxidation of a lead anode under an ambient
atmosphere in a solution of HL in a mixture of CH;CN and
MeOH allowed the production of the tetranuclear complex
[Pb,L4(CO3),]-4H,O (1-4H,0), which was obtained as yellow
prism-like crystals, suitable for X-ray studies, by slow evapor-
ation of the resulting solution. The same reaction but under a
nitrogen atmosphere allowed obtaining the novel mononuclear
complex [PbL,]-MeOH-2H,0 (2-MeOH-2H,0) as orange needle-
like crystals also suitable for X-ray studies. Thus, aerial CO,
was converted to carbonate by the Pb*’-L complex system
under electrochemical conditions.

The elemental analysis data fully supported the compo-
sition of the isolated metallocomplexes. Comparison of the
FTIR spectra of the parent ligand HL and the complexes
revealed the absence of a band for the NH(C=O0) group, which
was shown at 3385 cm ™" in the spectrum of HL (Fig. 1), verify-
ing its deprotonation upon coordination. Furthermore, the
presence of the CO;>” anions in the structure of complex
1-4H,0 was supported by a broad band centred at about
1330 cm ™, which partially overlapped with the bands from the
ligand L (Fig. 1). The 'H NMR spectra of the complexes
recorded in DMSO-d, also supported the deprotonated form of
the parent organic ligand in their structures, due to the
absence of the peak for the amide hydrogen atom, which, in
turn, was revealed in the "H NMR spectrum of HL, recorded in
the same solvent, at 10.42 ppm (Fig. 1). Moreover, the signals
for the pyridyl and NH, hydrogen atoms were remarkably
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Fig. 1 IR (top) and *H NMR (bottom) spectra of HL (black),*® 1-4H,0
(red) and 2:-MeOH-2H,0 (blue).
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shifted in the spectra of the complexes in comparison to in the
spectrum of HL*® due to the complex formation (Fig. 1).

The absorption spectra of complexes 1-4H,O and
2-MeOH-2H,0 in MeOH contained bands up to about 450 and
500 nm, respectively (Fig. 2). The diffuse reflectance spectra of
the same complexes contained bands up to about 540 and
600 nm, respectively (Fig. 2). The corresponding experimental,
direct and indirect band gap values for both complexes were
very similar and varied from 2.29 to 2.42 eV and from 2.18 to
2.38 eV for 1-4H,0 and 2-MeOH-2H,0, respectively (Fig. 2).
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Fig. 2 (Top) UV-Vis (black) and luminescence (red) spectra of 1.4H,0

(solid line) and 2-MeOH-2H,0 (dashed line) recorded in MeOH. (Middle
and bottom) Kubelka—Munk (red and black solid lines), (ahv)? (dashed
line) and (ahu)? (short dashed line) spectra of 1-4H,O (middle) and
2:-MeOH-2H,0 (bottom).
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The most striking finding was that the discussed complexes
were found to be emissive in a solution of MeOH upon exci-
tation at 375 and 330 nm, respectively, with a broad band from
about 400 nm to 800 nm (Fig. 2). For complex 1-4H,0, the
emission band exhibited a maximum at about 560 nm, while
for complex 2-MeOH-2H,0, the emission band exhibited two
clearly defined maxima at about 465 and 565 nm, of which the
latter one was accompanied with a shoulder at about 625 nm
(Fig. 2). The CIE-1931 chromaticity coordinates of (0.38, 0.37)
and (0.31, 0.32) for 1-4H,0 and 2-MeOH-2H,O, respectively,
fall within the white gamut of the chromaticity diagram
(Fig. 3). Thus, both complexes are single-component white
light-emitting phosphors.

Complex 1-4H,0 crystallized in the monoclinic space group
I2/a with the [Pb,L,(CO3)] species and two molecules of water
in the asymmetric unit cell. The molecule of 1 is constructed
from two dinuclear cations [Pb,L,]**, which are, in turn,
formed by two [PbL]" cations, where each metal cation is che-
lated by the tridentate ligand L through the 2-pyridyl and
imine nitrogen atoms, and a carbonyl oxygen atom (Fig. 4).
Two mononuclear cations [PbL]" are linked to a dimeric cation
[Pb,L,J** through the carbonyl oxygen atoms, which thus
exhibit a bidentate bridging coordination mode (Fig. 4).
Dinuclear cations [Pb,L,]*" are further interlinked through two
carbonate anions, which, in turn, act as both bridging ligands
and counterions, yielding a tetranuclear molecule
[Pb,L,(COs),] (Fig. 4). Each carbonate anion is symmetrically
linked to two Pb®" cations through all the oxygen atoms, of
which two are monodentate and the third one exhibits a brid-
ging bidentate coordination mode (Fig. 4). The metal cations
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0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
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Fig. 3 CIE-1931 chromaticity diagram and the calculated CIE coordi-
nates located at (0.38, 0.37) for 1.4H,0 (black circle) and (0.31, 0.32) for
2-MeOH-2H,0 (red circle).
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Fig. 4 (top) Different views of the molecular structures of 1 (left) and 2 (right). (Bottom) supramolecular interaction of molecules 1 (left) and 2
(right) through =(CR)---x(CR), ©(CR)---n(NR), Pb---(NR) and =(2-Py)---n(4-Py) interactions (hydrogen atoms, except NH, groups, are omitted for clarity);
and coordination polyhedra, formed by covalent bonds. Displacement ellipsoids are drawn with a 50% probability. Color code: H = black, C = gold,
N = blue, O = red, Pb = magenta; N-H---N hydrogen bond = cyan dashed line, n(CR)---n(CR) interaction = pink dashed line, ©(CR)---n(NR) = grey
dashed line, Pb---(NR) = orange dashed line, and =(2-Py)---n(4-Py) interaction = yellow dashed line.

in the structure of 1 are in a six-membered N,0, coordination
environment, formed by covalent bonds. Notably, coordination
of the deprotonated ligands L in the structure of 1 leads to
some minor changes in the bond lengths (<0.06 A) within the
chelate fragments (Table 1) in comparison to those in the
structure of the parent HL.*°

Table 1 Selected bond lengths (A) in the molecular structures of 1 and 2

The Pb-O bond lengths with the carbonyl oxygen atom of
the same chelated ligand L are 2.377(2) and 2.394(2) A, while
the same bond lengths with the bridging carbonyl oxygen
atom are significantly longer and vary from 2.815(2) to 2.911(2)
A (Table 1). The Pb-O distances with the monodentate and
bridging carbonate atoms are 2.331(2) and 2.860(2) A, respect-

17 2?

Pb1-O11carbonate 2.331(2) C17-017 (carbonyl) 1.300(4) Pb1-017carbonyl 2.583(2) N22-N23 1.408(3)
Pb1-012¢4rbonate 2.860(2) C16-N12 (imine) 1.333(4) Pb1-027carbonyl 2.741(2) Pb1---Cg3(NR) 3.337
Pb1-017carbonyl 2.377(2) C17-N13 (amide) 1.304(4) Pb1-N11,.p, 2.595(3) Pb1---Cg6(NR) 3.439
Pb1-027carbony! 2.911(2) N12-N13 1.393(4) Pb1-N21,.p, 2.609(3)

Pb1-N11,.p, 2.581(3) C27-027 (carbonyl) 1.276(4) Pb1-N12imine 2.479(2)

Pb1-N12imine 2.370(3) C26-N22 (imine) 1.298(4) Pb1-N22imine 2.600(2)

Pb1-:-012acarbonate 3.214(2) C27-N23 (amide) 1.321(5) C17-017 (carbonyl) 1.282(3)

Pb2-012¢arbonate 2.295(2) N22-N23 1.396(4) C27-027 (carbonyl) 1.276(3)

Pb2-013carbonate 2.711(3) C10-011 (carbonate) 1.278(4) C16-N12 (imine) 1.303(4)

Pb2-017acarbony! 2.815(2) C10-012 (carbonate) 1.299(4) C26-N22 (imine) 1.301(4)

Pb2-0272carbony 2.394(2) C10-013 (carbonate) 1.272(4) C17-N13 (amide) 1.331(4)

Pb2-N11a,py, 2.655(3) Pb2---Cg3(NR) 3.491 C27-N23 (amide) 1.326(4)

Pb2-N12a;mine 2.401(3) N12-N13 1.403(3)

@ Cg3(NR): N23-N22-C26-N26-H26B. ” Cg3(NR): N13-N12-C16-N16-H16B; Cg6(NR): N23-N22-C26-N26-H26A.

6138 | /norg. Chem. Front,, 2024, 1, 6135-6145

This journal is © the Partner Organisations 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4qi01323a

Open Access Article. Published on 23 July 2024. Downloaded on 12/25/2025 12:13:29 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Inorganic Chemistry Frontiers

ively, for the Pb1 metal atom, while the same distances for the
Pb2 atom exhibit an opposite trend and 2.711(3) and 2.295(2)
A, respectively. The Pb-N bonds formed with the 2-pyridyl
nitrogen atoms are 2.581(3) and 2.655(3) A, while the same
bonds with the imine nitrogen atoms are about 0.21-0.25 A
shorter (Table 1).

The most striking thing is that the molecular structure of 1
is stabilized by two Pb---O tetrel bonds of 3.214(2) A formed
between the Pb1 cations and the bridging carbonate oxygen
atoms (Fig. 4 and Table 1). Furthermore, the molecules 1 are
interlinked through reciprocal n(chelate ring, CR)---n(chelate
ring, CR), m(chelate ring, CR)---n(noncovalent ring, NR), and
Pb2---n(noncovalent ring, NR) interactions, yielding a 1D
supramolecular chain (Fig. 4 and Tables 1 and 2), which is
further strengthened by reciprocal n(2-Py)---n(4-Py) interactions
formed between the 2- and 4-pyridyl fragments of the ligands
L, which chelate the Pb2 cations (Fig. 4 and Table 2). Notably,
the five-membered NR, formed by N26-H26B---N23 hydrogen
bonding between one of the NH, hydrogen atoms and the
amide nitrogen atom (Table 2), is pseudo-aromatic, as evi-
denced from the corresponding aromaticity index of 0.759, cal-
culated from the HOMHED.*' This value is higher than those

View Article Online

Research Article

of furans and (is)oxazoles.*' The 1D supramolecular chains are
linked by the reciprocal N16-H16A:--:O11 hydrogen bonds and
additional n(2-Py)---n(4-Py) interactions (Table 2). Furthermore,
molecules of water also serve as a “glue” between the supramo-
lecular chains due to the formation of O-H---O, O-H---N, and
N-H---O hydrogen bonds (Table 2).

Complex 2-MeOH-2H,0O crystallized in the monoclinic
space group P2,/n with one [PbL,], one methanol, and two
water molecules in the asymmetric unit cell. In the structure of
2, each ligand L exhibits a tridentate coordination mode, yield-
ing a six-membered N,O, coordination environment (Fig. 4).
Similar to the structure of 1, coordination of the deprotonated
ligands L in the structure of 2 leads to very minor changes in
the bond lengths (<0.05 A) within the chelate fragments
(Table 1) in comparison to those in the structure of the parent
HL.*

The Pb-Nj.py, Pb-Nipine, and Pb-Ocarpony1 bond lengths
with the coordinated sites of the same chelated ligand L are
2.595(3), 2.479(2), and 2.583(2) A, respectively, with the short-
est value observed for the bond with the imine nitrogen atom,
while the other two coordination bonds are quite similar
(Table 1). The same bonds formed with the coordination sites

Table 2 Hydrogen bond and =---w interaction lengths (A) and angles (°) in the crystal structures of 1-4H,0 and 2-MeOH-2H,0

1-4H,0 2-MeOH-2H,0”
D-X---A d(D-X) dX--A) d[D--A) «(DXA) D-X-A d(D-X) d(X---A) d(D--A)  «£(DXA)
01-H1A--013" 0.93 1.75 2.643(5) 160 01-H1--03' 0.96 1.73 2.684(3) 172
01-H1B---N14" 0.95 2.41 3.272(4) 151 02-H2A---01" 0.80 2.04 2.804(4) 159
02-H2A---013' 0.87 2.31 3.100(4) 151 02-H2B---N14™ 0.83 1.93 2.757(3) 173
02-H2A---017" 0.87 2.53 3.138(4) 128 03-H3A---027" 0.86 1.86 2.702(3) 169
N16-H16A---N13 0.91 2.28 2.635(4) 103 03-H3B---N24" 0.81 1.96 2.758(3) 168
N26-H26B---N23 0.77 2.40 2.627(4) 99 N16-H16A:--N13 0.78 2.33 2.622(4) 103
N16-H16A---011" 0.91 2.09 2.851(4) 141 N26-H26A--N23 0.85 2.22 2.589(4) 106
N16-H16B---02" 0.84 2.16 2.967(4) 161 N16-H16A---02" 0.78 2.13 2.856(3) 154
N26-H26A---01" 0.86 2.12 2.917(5) 154 N16-H16B---03" 0.78 2.21 2.905(3) 150
N26-H26B---02"" 0.81 2.34 3.120(4) 162
Cgl--Cg2 d(Cg1l--Cg2) « p 4 Cgl---Cg2 d(Cg1l---Cg2) «a p Y
Pyni1-Pynia 3.649(2) 9.1(2) 17.1 26.2 Pyni1 PyN14' 3.595(2) 7.98(13) 21.6 20.3
PyniaPynii 3.649(2) 9.1(2) 26.2 17.1 Pynia-Pynar 3.595(2) 7.98(13) 20.3 21.6
Pyno1Pynaa. . 4.252(2) 26.8(2)  23.5 46.9 Pyna1-Pyna" 3.976(2) 14.56(14) 27.2 29.5
PynoasPynaa | 4.252(2) 26.8(2)  46.9 23.5 Pynoat-Pynas 3.976(2) 14.56(14)  29.5 27.2
Cg1(CR)---Cg2(CR)™  3.432(2) 5.6(2) 18.7 19.7 Cg1(CR)--Cg2(CR)"  3.303(2) 7.52(14) 14.7 18.4
Cg2(CR)---Cg1(CR)"  3.432(2) 5.6(2) 19.7 18.7 ng(CR)---Cg1(CR)”‘ 3.303(2) 7.52(14) 18.4 14.7
Cg2(CR)---Cg2(CR)"  3.624(2) 0.0(2) 26.6 26.6 Cg2(CR)---Cg2(CR)""  3.628(2) 0.00(14) 33.8 33.8
Cg2(CR)---Cg3(NR)"  4.094(2) 3.7(2) 39.6 39.0 Cg1(CR)---Cg3(NR)"  4.000(2) 5.10(14) 40.7 39.3
Cg3(NR)--Cg2(CR)"  4.094(2) 3.7(2) 39.3 37.7 Cg3(NR)---Cg1(CR)"  4.000(2) 5.10(14) 39.3 40.7
Cg2(CR)---Cg3(NR)"  3.421(2) 8.85(14) 25.1 20.3
Cg3(NR)---Cg2(CR)"  3.421(2) 8.85(14) 20.3 25.1
Cg4(CR)--Cg5(CR)" 1 3.522(2) 1.06(14) 12.9 13.4
Cg5(CR)---Cg4(CR)"™"  3.522(2) 1.06(14) 13.4 12.9
Cg4(CR)---Cg6(NR)""  3.692(2) 5.59(14) 20.6 25.5
Cg6(NR)---Cg4(CR)""  3.692(2) 5.59(14) 25.5 20.6
Cg5(CR)---Cg6(NR)""  3.682(2) 5.99(14) 22.9 25.1
Cg6(NR)---Cg5(CR)"™"  3.682(2) 5.99(14) 25.1 22.9

“Cg 1(CR): Pb2-N21-C25-C26-N22; Cg2(CR): Pb2-N22-N23-C27-027; Cg3(NR): N23-N22-C26-N26-H26B. ngmetry code: (i) x, 1/2 =y, 1/2 + z;

(ii) x, 1 +y, z; (iii) 1/2 — x, 1/2 — y, 1/2 — z; (iv) —x, =y, —2; (V)

-1/2 +x, -1/2 +y, =1/2 + z; (vi) 1/2 + x, 1 — y, 2.

Cg 1(CR): Pb1-N11-C15-C16-N12;

Cg2(CR): Pb1-N12-N13-C17-017; Cg3(NR): N13-N12-C16-N16-H16B; Cg4(CR): Pb1-N21-C25-C26-N22; Cg5(CR): Pb1-N22-N23-C27-027; Cg6

(NR): N23-N22-C26-N26-H26A. Symmetry code: (i) x, y, z; (ii)
(i) 1 —x,1 -y, —z; (vii) 1/2 — x, —=1/2 +y, 1/2 — z; (viii) —x, —y, —z.

This journal is © the Partner Organisations 2024
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of the second ligand L are longer. In particular, while the Pb-
N,.py bond length is only 0.014 A longer, the Pb-Njpine and
Pb—Ocarbonyi bond lengths are 0.121 and 0.158 A longer,
respectively (Table 1). It should be noted that the Pb-N;.p, and
Pb-Ocarbonyt bonds formed with the first ligand L are very
similar, with a difference of about 0.012 A, while for the
second ligand L, the Pb-N,.p, and Pb-Njni,. bonds are very
similar, with a difference of about 0.009 A (Table 1). Thus, the
second ligand is more weakly bound to the cation compared to
the first ligand.

The molecules of 2 are also interlinked through reciprocal
n(CR)--n(CR), =(CR)---n(NR), and Pb1--n(NR) interactions,
yielding a 1D supramolecular chain (Fig. 4 and Tables 1 and
2), which is further strengthened by reciprocal n(2-Py)---n(4-Py)
interactions (Fig. 4 and Table 2). The five-membered NRs,
formed by N16-H16A:--N13 and N26-H26A---N23 hydrogen
bonding between one of the NH, hydrogen atoms and the
amide nitrogen atom (Table 2), are also pseudo-aromatic, as
evidenced from the corresponding aromaticity indexes of 0.739
and 0.705, respectively, which are higher than those of furans
and (is)oxazoles.*' Finally, the 1D supramolecular chains are
linked through the formation of O-H:--O, O-H:-N and
N-H:--O hydrogen bonds with the lattice solvent molecules
(Table 2).

The theoretical study focused on analysing the self-
assembled dimers represented in the lower part of Fig. 4,
which are formed by a combination of multiple interactions.
Initially, we computed the molecular electrostatic potential
(MEP) surfaces of 1 and 2 to identify the nucleophilic and elec-
trophilic regions. The MEP surface of 1 showed a minimum at
the carbonate oxygen atoms (—75.3 kcal mol™') and a
maximum at the NH, groups (56.5 kcal mol™) (Fig. 5). This
distribution explains the formation of multiple O-H---O and
N-H---O bonds (Table 2). Additionally, the MEP surface was
significantly negative at the 4-pyridine nitrogen atoms
(=47.1 keal mol™"), which engage in interactions with the co-
crystallized water molecules. Furthermore, the MEP over the
pyridine ring was negative (—25.4 kcal mol™"), while it was
positive over the Pb-coordinated 2-pyridine ring (5.6 kcal
mol ™), elucidating the formation of =(2-Py)---n(4-Py) inter-
actions (Fig. 4). The MEP surface at the Pb atom was aniso-
tropic and presented a region where the MEP was a local
maximum (o-hole), becoming evident when a reduced scale
was applied (Fig. 5). The MEP value at the ¢-hole was 12.1 kcal
mol .

The MEP surface of 2 showed a minimum at the 4-pyridine
nitrogen atom (—44.6 kcal mol™) and a maximum at the NH,
groups (56.3 kcal mol™). This distribution explains the for-
mation of hydrogen bonds with the co-crystallized water mole-
cules (Table 2). The MEP surface at the hydrazido oxygen atom
was also large and negative (—41.4 kcal mol™"), facilitating
interactions with a water molecule. Like for 1, the MEP over
the 4-pyridine ring was negative (—16.3 kcal mol™"), while it
was positive over the Pb-coordinated 2-pyridine ring (10.4 kcal
mol "), enabling the formation of n(2-Py)---n(4-Py) interactions
(Fig. 4). The MEP at the Pb atom was anisotropic and pre-
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Fig. 5 MEP surfaces of 1 (top) and 2 (bottom).

sented a large region where the MEP was a local maximum
(0-hole), which became evident when a reduced scale was
applied (Fig. 5). The MEP value at the o-hole was 20.7 kecal mol ™.

Using quantum theory of atoms in molecules (QTAIM) ana-
lysis, we examined the centrosymmetric dimer of 1 (Fig. 4),
which is stabilized by n-stacking involving both the aromatic
and chelate rings. The analysis revealed that the monomers
are interconnected by multiple bond critical points (depicted
as magenta spheres) and bond paths (illustrated with dashed
lines) (Fig. 6). These features characterize several C-H---N con-
tacts and n-stacking interactions. Remarkably, the QTAIM ana-
lysis also identified the formation of two bifurcated tetrel
bonds (Fig. 6). This arrangement resulted in a dimerization
energy of —30.5 kcal mol™", underscoring the significant role
of this intricate combination of interactions in the solid-state
structure of 1.

The QTAIM analysis of the self-assembled dimer of 2
revealed a total of 13 BCPs and bond paths interconnect both
monomers, highlighting the intricate combination of inter-
actions (Fig. 6). Most of the BCPs characterize n-stacking inter-
actions. The QTAIM confirmed the existence of Pb---N(amine)
tetrel bonds (Fig. 6). Additionally, C-H---O and C-H---n con-
tacts are present, each characterized by a BCP and bond path
linking an aromatic hydrogen atom of the non-coordinated
pyridine ring to the oxygen atom of the hydrazido group (C-
H---O) or to a carbon atom of the pyridine ring belonging to

This journal is © the Partner Organisations 2024
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‘T -30.5 kcal/mol

[

[

-29.6 kcal/mol

Fig. 6 QTAIM analysis of the dimers of 1 (top) and 2 (bottom) with the
corresponding dimerization energies. Bond critical points are shown as
magenta spheres and bond paths are depicted as dashed lines. Color
code of the highlighted areas: Pb---N tetrel bond = magenta, =---x inter-
action = yellow, C—H---N interaction = green, C—H---O interaction =
cyan, and C—H---x interaction = orange.

the adjacent monomer (C-H---m). The dimerization energy
(=29.6 kecal mol™) was similar to that obtained for the dimer
of 1 (Fig. 6), underscoring its significant role in the crystal
packing of 2.

Further investigations were carried out to understand the
attractive and noncovalent nature of the Pb---N contacts in the
self-assembled dimer of 1. This was achieved using a com-
bined 2D plot of the Laplacian of electron density (V?p) and

This journal is © the Partner Organisations 2024
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2D reduced density gradient (RDG) maps (Fig. 7). The V?p 2D
plot provides insights into the covalency of the interaction,
while the RDG map effectively identifies regions of noncova-
lent interactions, making these combined maps highly useful
for gaining a comprehensive understanding of the bonding
characteristics. Additionally, the sign of the second eigenvalue
of the Hessian matrix of V?p (1,) within these low RDG regions
indicated the presence of attractive forces, further confirming
the nature of the bond. An electron localization function (ELF)
2D map was also utilized to delineate the nucleophilic and
electrophilic regions within the tetrel-bonded dimer. This ana-
lysis provided insights into the electronic interactions and
stability characteristics of the Pb-.-N tetrel bonds in the dimer
(Fig. 7 and Table 3).

The 2D V?p analysis showed positive values (represented by
solid line isocontours) between the Pb and N atoms, illustrat-

I1.0

0.8

0.0
0.0 2.0

4.0 6.0

Fig. 7 (Top) 2D plot of the Laplacian (dashed and solid lines are for
negative and positive values, respectively), including the gradient lines
(in grey) overlapped with the 2D RDG map, and (bottom) the 2D ELF
map for 1. The 2D maps are represented in the plane defined by Pb2 and
N22 atoms (symmetry code: —x, y, 1/2 — z). The bond paths are rep-
resented as brown lines, and BCPs of the coordination and tetrel bonds
are shown as red and magenta dots, respectively. The RDG density cut-
off is 0.05 a.u.
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Table 3 QTAIM and ELF values (a.u.) for the BCPs, characterizing the coordination and tetrel bonds in 1 (symmetry code: 1/2 — x, y, —z)

BCP p(r) G(r) V() V2p(r) ELF A
Pb2-N22 0.0605 0.0520 -0.0618 0.1691 0.209 -0.0027
Pb2---N22' 0.0096 0.0066 -0.0053 0.0313 0.035 —0.0062

ing both coordination bonds (Pb2-N22 and Pb2'-N22') and
tetrel bonds (Pb2---N22' and Pb2'---N22). This distinction was
further clarified by the 2D RDG map, which showed blue iso-
contours specifically in areas corresponding to the elongated
Pb---N distances (tetrel bonds), effectively differentiating the
coordination bonds from tetrel bonds. The BCPs and bond
paths that denote tetrel bonds are coloured in magenta, where
the RDG values are near zero (Fig. 7). The ELF 2D map added
another level of detail, revealing the contrasting characteristics
of Pb-N coordination and Pb---N tetrel bonds. It showed a
peak in ELF for the lone pairs at the nitrogen atoms and
underscores the electrophilic nature of the Pb atoms.
Moreover, the map indicated that areas between the Pb and N
atoms connected by coordination bonds are coloured blue
(ELF = 0.21 at the BCP in red), suggesting some degree of elec-
tron localization indicative of electron sharing. Conversely, the
regions associated with tetrel bonds, marked by magenta BCPs
in areas of minimal electron density (depicted in black),
underscore the typical features of noncovalent interactions.
This visualization confirmed the weak noncovalent nature of
the tetrel bonds.

The QTAIM and ELF parameters at the Pb---N BCPs charac-
terize the tetrel bonds as weak (Table 3). This classification
was supported by electron density (p) values below 0.010 a.u.,
positive and small values of the Laplacian of electron density
(V?p), and the smaller absolute value of the potential energy
density (|V]) compared to the kinetic energy density (G) at this
BCP. Furthermore, the negative value of the second eigenvalue
of the Hessian matrix (4,) indicates the presence of attractive
forces. Comparative data highlight the strong differences
between the tetrel and coordination bonds (Table 3).
Specifically, in the coordination bond, the p is higher than
0.06 a.u. and the value of the total energy density is negative
(H=G + V = -0.0098 a.u.), indicative of some degree of
covalency. Moreover, the values of V?p(r), ELF, and /, are sig-
nificantly higher for Pb2-N22, consistent with the coordi-
nation nature of this bond.

3. Conclusions

To sum up, we report the synthesis and detailed analysis of
the novel tetranuclear complex [Pb,L,(CO;),]-4H,0 (1-4H,0),
which was fabricated from N’-isonicotinoylpicolinohydrazona-
mide (HL) by electrochemical oxidation of a lead anode in a
CH;CN:MeOH solution. The carbonate anions were directly
formed from conversion of aerial carbon dioxide by the lead
(1)-L complex system under electrochemical conditions, fol-
lowed by its trapping in the structure of 1. The same reaction
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but under a nitrogen atmosphere allowed obtaining the novel
mononuclear complex [PbL,]-MeOH-2H,0 (2-MeOH-2H,0). In
the molecular structure of complex 1, both the ligands L and
carbonate anions exhibit a tetradentate bridging coordination
mode. In particular, the ligand L chelated the metal cation
through the 2-pyridil and imine nitrogen atoms and carbonyl
oxygen atom. The latter atom is also linked to the second
metal cation, thus exhibiting a bridging bidentate coordi-
nation mode. In the carbonate anion, two oxygen atoms are
linked to two neighbouring metal cations, while the third
oxygen atom links the same metal two cations in a bridging
bidentate coordination mode. The molecular structure of 1 is
stabilized by a pair of Pb---O tetrel bonds formed with the
bidentate oxygen atom of the carbonate anion, while mole-
cules of 1 are interlinked through the reciprocal Pb-:-N tetrel
bonds with the N-N fragments of the ligands L, yielding a 1D
supramolecular chain. The resulting chain is further stabilized
by =---m interactions formed between the 2- and 4-pyridil frag-
ments of the ligands L. These chains are linked by the recipro-
cal N-H:--:O hydrogen bonds and =---m interactions. In the
structure of 2, each ligand L exhibits a tridentate coordination
mode. The molecules of 2 are also interlinked through
reciprocal n(chelate ring)---n(chelate ring), =(chelate ring)
---n(noncovalent ring), and Pb---n(noncovalent ring) inter-
actions, similar to 1, yielding a 1D supramolecular chain,
which is, in turn, also stabilized by x(2-pyridyl)---n(4-pyridyl)
interactions. The DFT study evidenced that the Pb---N tetrel
bonds are stabilizing and, cooperatively with other inter-
actions, contribute to the formation of the self-assembled
dimers in 1 and 2. Both complexes were found to be emissive
in a solution of MeOH with a broad band from about 400 nm
to 800 nm. The CIE-1931 chromaticity coordinates of (0.38,
0.37) and (0.31, 0.32) for 1-4H,0 and 2-MeOH-2H,0, respect-
ively, fall within the white gamut of the chromaticity diagram.

4. Experimental
Materials and physical measurements

All the reagents and solvents were commercially available and
used without further purification. HL was synthesized accord-
ing to a recently described procedure.”” The FTIR spectra in
KBr pellets were obtained with a FT 801 spectrometer. The 'H
NMR spectra in DMSO-dg were recorded with a Bruker DPX FT/
NMR-400 spectrometer. The absorption and fluorescence
spectra were recorded from a freshly prepared solution of the
complex in freshly distilled MeOH using a Jasco V-770 spectro-
photometer and Edinburgh Instruments FS5 spectrofluoro-
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meter, respectively. Elemental analysis was performed using a
LECO-elemental analyzer.

Synthesis

The complex was obtained using an electrochemical procedure
The cell consisted of a tall-form beaker (100 mL) fitted with a
rubber bung through which the electrodes entered. An aceto-
nitrile solution of HL, containing a few mg of [N(CH;),]ClO, as
a current carrier, was electrolyzed using platinum wire as the
cathode and a metal plate as the sacrificial anode (Caution!
Although problems were not encountered in this work, all perchlor-
ate compounds are potentially explosive, and should be handled
in small quantities and with great care!). The applied voltages
(4-10 V) allowed sufficient current flow for smooth dissolution
of the metal. The current was maintained at 5 mA for 1 h.
During the electrolysis, hydrogen was evolved at the cathode.
Under these conditions, the cell can be summarized as Pb,/
HL + CH_;CN/Pt(_].

1-4H,0. Electrochemical oxidation of a lead anode under an
ambient atmosphere in a solution of HL (0.048 g, 0.2 mmol)
in CH;CN:MeOH (1:1, 80 mL) at 7 V and 5 mA for 1 h caused
19 mg of lead to be dissolved, E¢ = 0.50 mol F~. Yellow prism-
like crystals, suitable for X-ray studies, were obtained by slow
evaporation of the resulting solution. Yield: 93.6 mg (94.5%).
Anal. calc. for CsoH,oN»0010Pby, 4(H,0) (1981.86): C 30.30,
H 2.44 and N 14.13%; found: C 30.40, H 2.40 and N 14.11%.

2-MeOH-2H,0. Electrochemical oxidation of a lead anode
under a nitrogen atmosphere in a solution of HL (0.024 g,
0.1 mmol) in CH;CN:MeOH (1:1, 80 mL) at 9 V and 5 mA for
0.5 h caused 10 mg of lead to be dissolved, E¢ = 0.51 mol F~'.
Orange needle-like crystals, suitable for X-ray studies, were
obtained by slow evaporation of the resulting solution. Yield:
34.7 mg (91.7%). Anal. calc. for C,,H,,N;,0,Pb, CH,O, 2(H,0)
(755.76): C 39.73, H 3.73 and N 18.53%; found: C 39.64, H 3.68
and N 18.58%.

X-Ray diffraction analysis

The X-ray diffraction data were collected at 100(2) K on a
Bruker D8 VENTURE PHOTON III-14 diffractometer (Mo-Ka,
4 = 0.71073 A, graphite monochromator). The data were pro-
cessed with APEX4*> and corrected for absorption using
SADABS.*’ The structure was solved by direct methods using
the program SHELXS-2013** and refined by the full-matrix
least-squares technique using SHELXL-2013.** All hydrogen
atom positions were located on a difference map and included
as fixed contributions riding on attached atoms with isotropic
thermal parameters 1.2 times those of their carrier atoms.

Crystal data for 1-4H,0. Cs5oH;oN»,010Pb,, 4(H,0); M, =
1981.84 g mol~*, monoclinic, space group I2/a, a = 19.1999(8),
b =15.1198(7), ¢ = 21.6170(14) A, f = 106.184(1)°, V = 6026.7(5)
A% Z=4,p=2184 g cm™, y(Mo-Ka) = 11.220 mm ™", reflec-
tions: 104 566 collected, 7479 unique, Rj,c = 0.051, Ry(all) =
0.0256, WR,(all) = 0.0381, S = 1.047.

Crystal data for 2-MeOH-2H,0. C,;H,,N;,0,Pb, CH,O,
2(H,0); M, = 755.76 g mol™", monoclinic, space group P2,/n,
a=12.783(5), b = 11.084(3), ¢ = 20.126(7) A, f = 99.868(12)°, V =
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2809.4(17) A%, Z =4, p = 1.787 g em ™, y(Mo-Ka) = 6.060 mm ™",
reflections: 78 795 collected, 6708 unique, R;, = 0.073, Ry(all) =
0.0330, wR,(all) = 0.0448, S = 1.012.

Theoretical calculations

The geometries of the complexes were computed at the PBEO-
D3/def2-TZVP level of theory,”™*” using the crystallographic
coordinates within the Gaussian-16 program.*® The “atoms-in-
molecules” (AIM)" analysis of the electron density was per-
formed at the same level of theory using the AIMAII
program.*® The reduced density gradient (RDG)*" and electron
localization function (ELF)** 2D plots were computed using
the Multiwfn program.”® The QTAIM analysis was performed
using the AIMAII program.®® The Laplacian of electron density
could be decomposed into the sum of contributions along the
three principal axes of maximal variation, giving the three
eigenvalues of the Hessian matrix (4, 4,, and 43). The sign of
A, could be utilized to distinguish bonding (attractive, 4, < 0)
weak interactions from non-bonding ones (repulsive, 1, > 0).>"

Data availability

All software packages utilized for the theoretical calculations
are thoroughly described and appropriately cited in the
Theoretical calculations section. X-ray coordinates were
employed for the calculations and can be accessed from CIF
files. Crystallographic data for compounds 1 and 2 have been
deposited at the CCDC with accession numbers 2257285 and
2355288, respectively. Additionally, CIF format crystallo-
graphic data have been included as ESLf
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