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The lead(II)–N'-isonicotinoylpyrazine-2-carbohydrazonamide 
complex system as a converter of aerial carbon dioxide to 
carbonate under electrochemical conditions with the formation of 
a single-component white light-emitting phosphor† 
Ghodrat Mahmoudi,*a,b,c Isabel Garcia-Santos,*d Elena Labisbal,d Alfonso Castiñeiras,d 
Vali Alizadeh,e Rosa M. Gomila,f Antonio Fronteraf and Damir A. Safin*g,h 

In this contribution, a novel binuclear heteroleptic complex [Pb2L2(CO3)]∙2CH3CN∙2MeOH (1∙2CH3CN∙2MeOH) is reported, 
which was fabricated by electrochemical oxidation of a lead anode under the ambient atmosphere in a CH3CN:MeOH 
solution of N'-isonicotinoylpyrazine-2-carbohydrazonamide (HL). The CO3

2– anion was produced from conversion of the 
aerial CO2 by the Pb2+–L complex system under electrochemical conditions. In the structure of 1, the ligands L exhibit a 
tridentate pincer-like N,N',O-coordination mode, while the CO3

2– anion exhibits a tetradentate bridging coordination mode 
with one of the oxygen atoms exhibiting a bridging μ-coordination mode. The metal cations in the structure of 1 are in a 
five-membered N2O3 coordination environment, formed by the covalent bonds. The molecular structure of 
1∙2CH3CN∙2MeOH is stabilized by a pair of intermolecular Pb∙∙∙N tetrel bonds formed with one of the NH2 nitrogen atoms of 
an adjacent complex molecule and with the acetonitrile nitrogen atom, and one Pb∙∙∙O tetrel bond formed with the carbonyl 
oxygen atom of the other adjacent complex molecule, yielding a 2D supramolecular sheet. This sheet is further stabilized by 
intermolecular N–H∙∙∙Nacetonitrile and N–H∙∙∙Ocarbonate hydrogen bonds, and πPrz···πPy interactions. The optical properties of 
complex were revealed by UV-vis spectroscopy and spectrofluorimetry in MeOH. It was established that the described 
complex is emissive upon excitation at 340 nm with a broad band from about 500 nm to 780 nm with a maximum at ~580 
nm, accompanied with a shoulder at ~620 nm. The CIE-1931 chromaticity coordinates of (0.28, 0.36) fall within the white 
gamut of the chromaticity diagram. Thus, complex 1 is a single-component white light-emitting phosphor. 

 

1. Introduction 
Nowadays, it is hard to overestimate a crucial role of carbon 
dioxide (CO2) as one of the dominant contributors to 
exacerbated global warming.1–3 However, despite its obvious 
negative influence, CO2 is of potential interest as an abounding 
source of carbon toward a great variety of product of value. This 
is even more important considering an imminent decline in 

readily available oil and natural gas reserves. While CO2 is of 
potential interest as an abundant and readily available source 
of carbonate and hydrocarbon derivatives, it is a highly stable 
molecule, which conversion to the products of value requires 
specific conditions and, usually, proceeds under catalytic 
conditions. Of a numerous different approaches, fabrication of 
the value-added carbon-containing compounds upon chemical 
activation of CO2 seems to be one of the most attractive 
procedure to overcome this problem. In this regard, using 
metal-containing compounds has become one of the most 
efficient approaches for activation of inert molecules, including 
CO2.4–6 By varying experimental conditions, CO2 can be 
transformed to a broad variety of compounds: CO, carbonate, 
carbamate, methane, formaldehyde, formic acid, methanol, 
etc.4–6 It is supposed that CO2 is activated through the reduction 
to the highly active CO2·– radical anion, which formation 
proceeds under great negative potentials.7–9 This is explained by 
both the formation of high-energy intermediates, and a large 
energy required to change the linear geometry to a bent 
structure. As such, experimental conditions can dictate these 
transformations and influence on the resulting potentials, 
facilitating the CO2 activation. 
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Modern chemistry considers and utilizes a variety of 
noncovalent interactions as an efficient tool kit to design and 
dictate crystal structures. No doubt that among a rich pallet of 
noncovalent interactions, hydrogen bonding10–12 and π-stacking 
interactions13–15 are the most recognized and actively utilized 
ones. Suffice to mention, that both types of interactions play a 
pivotal role in the formation of DNA and RNA that are essential 
for all known forms of life. About a couple of decades ago a new 
concept of noncovalent interactions, viz. σ-hole, was introduced 
in chemistry.16 Eventually, this concept was also spread to π-
hole interactions and both have gained much attention as 
universal and effective structure-dictating tools. Within this 
concept, “holes” are regions on the atom with an electrons 
deficiency, which can potentially interact with an electron-rich 
atom. As such, a Lewis acid-base pair is formed. 

A decade ago, a new type of σ-hole interactions, which is now 
known as tetrel bonding, was recognized.17 This interaction 
involves elements of group 14 as an electron acceptor,17,18 of 
which the Pb2+ cation, exhibiting a large radius and a rich variety 
of coordination numbers from 2 to 10, is of particular interest. 
Notably, the Pb2+ cation also exhibits a 6s2 lone-pair, which can 
influence to the formation of either holo- or hemidirectional 
coordination sphere.19–22 The latter sphere can generate tetrel 
bonding. It should be noted, that lead has also been in the 
limelight of many studies on metal-based electrochemical 
reduction of CO2.23 

With all this in mind and in continuation of our 
comprehensive studies in the coordination chemistry of the 
hemidirected Pb2+ architectures as well in shedding light on the 
role of noncovalent interactions in the formation of extended 
structures,24–41 we have concentrated on the N'-
isonicotinoylpyrazine-2-carbohydrazonamide (HL),42 which was 
intentionally designed to serve as a potentially bridging ligand, 
in the reaction with lead as a complexing agent. To shed light 
into the nature of the Pb∙∙∙O tetrel bonds, the DFT calculations 
have been used along with MEP surface and QTAIM analyses. 

2. Results and discussion 
Oxidation of the lead anode under electrochemical conditions 
in the ambient atmosphere in a CH3CN/MeOH solution of HL 
yielded a binuclear heteroleptic complex 
[Pb2L2(CO3)]∙2CH3CN∙2MeOH (1∙2CH3CN∙2MeOH) (Scheme 1), 
which orange plate-like crystals, suitable for X-ray studies, were 
formed by slow evaporation of the resulting solution. 
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Scheme 1 Synthesis of 1∙2CH3CN∙2MeOH. 
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Fig. 1 (top) The IR, (middle) 1H NMR, and (bottom) UV-vis (black), Kubelka-
Munk (red and solid blue), (αhν)2 (dashed blue), (αhν)1/2 (short dashed blue) 
and luminescence (green) spectra of 1∙2CH3CN∙2MeOH. 

The composition of the isolated compound was fully 
supported by the means of the elemental analysis data. The 
FTIR spectrum of complex revealed an intense band at about 
1310 cm–1 corresponding to the CO3

2– anion (Fig.1). The 1H NMR 
spectrum of complex recorded in DMSO-d6 supports the 
deprotonated form of the parent organic ligand in its structure 
due to the absence of the peak for the amide hydrogen atom 
(Fig. 1). In particular, the spectrum exhibits two broad singlets 
at 7.40 and 7.78 ppm corresponding to the pyridyl 3- and 5-, and 
2- and 6-hydrogen atoms, respectively. The NH2 protons were 
shown in the spectrum as a broad singlet at 8.50 ppm. Finally, 
the pyrazine hydrogen atoms were observed in the spectrum as 
three signals at 8.83, 8.88 and 9.48 ppm. The absorption 
spectrum of complex in MeOH contains bands up to about 720 
nm with two intense maxima at 233 and 262 nm, and two 
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moderate maxima at 340 and 385 nm, of which the latter one is 
accompanied with a low intense shoulder spanning from about 
500 nm to 720 nm (Fig.1). The diffuse reflectance spectrum of 
the title complex contains bands up to about 570 nm (Fig.1). The 
corresponding experimental, direct and indirect band gap 
values were calculated as 2.76, 2.92 and 2.61 eV, respectively. 

Interestingly, the discussed complex was found to be 
emissive in a solution of MeOH upon excitation at 340 nm with 
a broad band from about 500 nm to 780 nm with a maximum at 
~580 nm, accompanied with a shoulder at ~620 nm (Fig. 1). The 
CIE-1931 chromaticity coordinates of (0.28, 0.36) fall within the 
white gamut of the chromaticity diagram. Thus, complex 1 is a 
single-component white light-emitting phosphor. Comparison 
of the luminescence and absorption spectra of complex, as well 
as with the literature data allowed to assign the origin of the 
observed emission to a ligand-to-metal charge transfer (LMCT) 
excited state together with metal-centered (MC) transitions 
involving the s and p orbitals of Pb2+.25 

 

Fig. 2 (top and middle-left) Different views on the crystal structure of 
1∙2CH3CN∙2MeOH. (middle right) Coordination polyhedra constructed from 
covalent (top), and covalent and tetrel bonds. (bottom) A supramolecular 
framework in the crystal structure of 1∙2CH3CN∙2MeOH, constructed through 
Pb···N and Pb···O tetrel bonds, N–H···N and N–H···O hydrogen bonds, and 
πPyrazine···πPyridine interactions (hydrogen atoms, except NH2 groups, are omitted 
for clarity). Displacement ellipsoids are drawn with the 50% probability. Color 
code: H = black, C = gold, N = blue, O = red, Pb = magenta; Pb···N and Pb···O 
tetrel bonds = cyan dashed line, N–H···N and N–H···O hydrogen bonds = green 
dashed line, O–H···N hydrogen bond = pink dashed line, πPyrazine···πPyridine 
interaction = yellow dashed line. 

Complex 1∙2CH3CN∙2MeOH crystallized in monoclinic space 
group C2/c with a half of the complex molecule [Pb2L2(CO3)] (1) 

and one molecule of acetonitrile and one molecule of methanol 
in the asymmetric unit cell. Each metal cation in 1 is chelated by 
the tridentate ligand L through the 2-pyrazine and imine 
nitrogen atoms, and carbonyl oxygen atom, yielding a 
mononuclear cation [PbL]+ (Fig. 2). Two mononuclear cations 
[PbL]+ are linked into a molecular species through a carbonate 
anion, which, in turn, acts as both the bridging ligand and a 
counterion (Fig. 2). The carbonate anion is symmetrically linked 
to two Pb2+ cations through all the oxygen atoms, of which two 
are monodentate and the third one exhibits a bridging 
bidentate coordination mode (Fig. 2). The metal cations in the 
structure of 1 are in a five-membered N2O3 coordination 
environment, formed by the covalent bonds (Fig. 2). 

Table 1 Selected bond lengths (Å) and angles (°) in the molecular structure of 
1. 

Bond length 

Pb1–O11carbonate 2.3768(5) Pb1∙∙∙Pb1iiI 4.6785(5) 

Pb1–O12carbonate 2.6285(14) C17–O17 (carbonyl) 1.297(2) 

Pb1–O17carbonyl 2.3242(15) C16–N12 (imine) 1.316(2) 

Pb1–N11Prz 2.6882(16) C17–N13 (amide) 1.315(2) 

Pb1–N12imine 2.3709(16) C16–N16 (amine) 1.343(2) 

Pb1∙∙∙O17carbonyl
i 3.5997(13) N12–N13 1.389(2) 

Pb1∙∙∙N16bamine
ii 3.5308(15) C10–O11 (carbonate) 1.332(3) 

Pb1∙∙∙N1acetonitrile
ii 3.316(2) C10–O12 (carbonate) 1.269(2) 

Bond angle 

O11–Pb1–O12 52.38(5) O12–Pb1–N11 121.74(5) 

O11–Pb1–O17 86.47(4) O12–Pb1–N12 132.16(5) 

O11–Pb1–N11 82.75(5) O17–Pb1–N11 130.37(5) 

O11–Pb1–N12 85.17(5) O17–Pb1–N12 67.67(5) 

O12–Pb1–O17 86.59(5) N11–Pb1–N12 63.24(5) 

Dihedral angle 

Pyrazine∙∙∙Pyridine 14.92(9)   

Symmetry code: i) –x, 2 – y, 1 – z; ii) –x, 1 – y, 1 – z; iii) –x, y, 1/2 – z. 
 
The Pb–O bond length with the carbonyl oxygen atom of L is 

2.3242(15) Å, while the same bond lengths with the 
monodentate and bridging carbonate atoms are 2.6285(14) and 
2.3768(5) Å, respectively (Table 1). The Pb–N bond formed with 
the 2-pyrazine nitrogen atom is 2.6882(16) Å, while the same 
bond with the imine nitrogen atom is about 0.32 Å shorter 
(Table 1). The C–O bond L is 1.297(2) Å, while the same bonds 
in the carbonate anion are 1.332(3) and 1.269(2) Å for the 
bridging and monodentate oxygen atoms, respectively. The 
imine, amide and amine C–N bonds in L are very similar and vary 
from 1.315(2) Å to 1.343(2) Å, while the N-N distance is slightly 
longer and of 1.389(2) Å. Finally, the Pb∙∙∙Pb separation in 1 is 
about 4.68 Å. The bond angles around the metal cation in the 
five-membered chelate rings of the [PbL]+ cation are similar and 
of 63.24(5)° and 67.67(5)°, while the same bond angle formed 
by the pyrazine nitrogen and carbonyl oxygen atoms is almost a 
sum of the mentioned angles and of 130.37(5)° (Table 1). The 
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bond angle around the metal cation in the four-membered ring 
formed by the carbonate anion is the smallest one and of 
52.38(5)°. Interestingly, the bond angles around the Pb2+ cation 
formed by the bridging carbonate oxygen atom and donor 
atoms of the organic ligand L are similar and vary from 82.75(5)° 
to 86.47(4)°. The same angle formed by the monodentate 
carbonate and the carbonyl oxygen atoms is very similar and of 
86.59(5)°, while the bond angles formed by the monodentate 
carbonate and the pyrazine and imine nitrogen atoms are 
121.74(5)° and 132.16(5)°, respectively. The pyrazine and 
pyridine rings are only slightly rotated relative to each other as 
evidenced from the corresponding dihedral angle between their 
mean planes of 14.92(9)°. 

The most intriguing finding is that the crystal structure of 
1∙2CH3CN∙2MeOH is stabilized by Pb∙∙∙O tetrel bonds of 
3.5997(13) Å formed with the carbonyl oxygen atom of an 
adjacent complex molecule, by Pb∙∙∙N tetrel bonds formed with 
the NH2 nitrogen atom of the other complex molecule, and by 
the Pb∙∙∙N tetrel bonds formed with the acetonitrile nitrogen 
atom (Fig. 2, Table 1). As a result, a 2D supramolecular sheet is 
formed, which is further stabilized by the N–H∙∙∙N hydrogen 
bonds, formed between one of the NH2 hydrogen atoms and 
the acetonitrile nitrogen atom, and by the N–H∙∙∙O hydrogen 
bonds, formed between the second NH2 hydrogen atom and the 
monodentate carbonate oxygen atom, and by the 
πPyrazine···πPyridine interactions (Fig. 2, Table 2). Notably, the 
second donor nitrogen site of the pyrazine ring does not 
participate in the coordination of the metal center but is 
involved in the formation of O–H∙∙∙N hydrogen bonding with the 
trapped methanol molecules (Fig. 2, Table 2). 

Table 2 Hydrogen bond and π∙∙∙π interaction lengths (Å) and angles (°) in the 
crystal structure of 1∙2CH3CN∙2MeOH. 

D–X∙∙∙A d(D–X) d(X∙∙∙A) d(D∙∙∙A) ∠(DXA) 

O2–H2∙∙∙N14i 0.81 1.98 2.783(2) 171 

N16–H16A∙∙∙N1ii 0.87 2.57 3.341(3) 148 

N16–H16B∙∙∙O12i 0.91 1.88 2.770(2) 165 

Cg1∙∙∙Cg2 d(Cg1∙∙∙Cg2) α β γ 

Pyrazine∙∙∙Pyridineiv 3.7253(11) 14.92(9) 34.6 19.7 

Pyridine∙∙∙Pyrazineiv 3.7253(11) 14.92(9) 19.7 34.6 

Symmetry code: i) x, 1 – y, –1/2 + z; ii) x, y, z; iii) x, –1 + y, z; iv) –x, 1 – y, 1 – z. 
 
We have also shed some light, using theoretical studies, on 

the Pb···O tetrel bonds observed in the solid state of 1, which 
drive the formation of self-assembled dimers. Initially, we 
computed the molecular electrostatic potential (MEP) surface 
to identify nucleophilic and electrophilic regions of the complex. 
The MEP surface shows a minimum at the carbonate oxygen 
atoms (–65.3 kcal/mol) and a maximum at the NH2 groups 
(+73.4 kcal/mol) (Fig. 3). This distribution explains the formation 
of the N–H···O bonds (indicated by green dotted lines in Fig. 2), 
which facilitate the propagation of the molecule into 1D 
polymers. Additionally, the MEP surface is notably negative at 
the aromatic nitrogen atoms of the pyridine, which engage in 
interactions with two co-crystallized methanol solvent 

molecules. Furthermore, the MEP over the pyridine ring is 
negative (–6.3 kcal/mol), while it is positive over the pyrazine 
ring (+24.5 kcal/mol), elucidating the formation of 
πPyrazine···πPyridine interactions (indicated by yellow dotted lines in 
Fig. 2). The MEP at the Pb atom exhibits a positive value with 
anisotropy that becomes evident when a reduced scale is 
applied (top-right of Fig 3). This anisotropy highlights an intense 
σ-hole opposite the Pb1–O12carbonate bond (+25.7 kcal/mol). 
Remarkably, directly opposite to this bond, a Pb···N tetrel bond 
forms, which also contributes to the πPyrazine···πPyridine interaction 
(Fig. 2). This detailed MEP surface analysis provides insights into 
the electronic factors underpinning the structural organization 
of the described complex. 

 

Fig. 3 The MEP surface of 1 at the PBE0-D4/def2-TZVP level of theory. 

Using Quantum Theory of Atoms in Molecules (QTAIM) 
analysis, we have examined a centrosymmetric dimer stabilized 
by the Pb···O tetrel bonds (Fig. 4). The analysis shows that the 
monomers are interconnected by four bond critical points and 
bond paths, which link each Pb atom to two O atoms from the 
adjacent monomer. Consequently, the QTAIM analysis 
identifies the formation of two bifurcated tetrel bonds. This 
arrangement results in a dimerization energy of –13.5 kcal/mol, 
highlighting the significant role of tetrel bonds in the solid-state 
structure of 1. 

 

Fig. 4 QTAIM analysis of the dimer of 1 with the dimerization energy. Bond 
critical points are shown as small red spheres, while bifurcated Pb∙∙∙O teterel 
bonds are shown as orange dashed lines. Only intermolecular interactions are 
shown (symmetry code: –x, y, 1/2 – z). 
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Further investigations were conducted to elucidate the 
attractive and noncovalent nature of the Pb···O contacts in the 
self-assembled dimer of 1 using a combined 2D plot of the 
Laplacian of electron density (∇2ρ) overlaid with 2D reduced 
density gradient (RDG) maps (Fig. 5). The ∇2ρ 2D plot offers 
insights into the covalency of the interaction, while the RDG 
maps effectively identify regions of noncovalent interactions, 
making these combined maps very convenient for a 
comprehensive understanding of the bonding characteristics. 
Additionally, the sign of the second eigenvalue of the Hessian 
matrix of ∇2ρ (λ2), within these low RDG regions, indicates the 
presence of attractive forces, further confirming the nature of 
the bond. 

 

Fig. 5 (top) A 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) a 2D ELF map for 1. The 2D 
maps are represented in the plane defined by Pb1 and O17 atoms (symmetry 
code: –x, y, 1/2 – z). The bond paths are represented as brown lines and BCPs 
as red dots. The RDG density cut-off is 0.05 a.u. 

The electron localization function (ELF) 2D map was also 
employed in this study to delineate the nucleophilic and 
electrophilic regions within the tetrel-bonded dimer (Fig. 5). 
This analysis is supplemented by the bond critical point (BCP) 

parameters (Table 3). Together, these analyses provide insight 
into the electronic interactions and stability characteristics of 
the Pb···O tetrel bonds in the dimer of 1. 

The 2D ∇2ρ analysis displays positive values (represented by 
solid line isocontours) between the Pb and O atoms, illustrating 
both coordination bonds (Pb1–O17 and Pb1'–O17') and tetrel 
bonds (Pb1···O17' and Pb1'···O17). This distinction is further 
clarified by the 2D RDG map, which shows blue isocontours 
specifically in areas corresponding to the elongated Pb···O 
distances (tetrel bonds), effectively differentiating coordination 
bonds from tetrel bonds. The BCPs and bond paths that denote 
tetrel bonds are marked on the 2D maps, where the RDG values 
are near zero (Fig. 5). The ELF 2D map adds another level of 
detail, revealing the contrasting characteristics of Pb–O 
coordination and Pb···O tetrel bonds. It shows a peak in ELF at 
the lone pairs at the O atoms and underscores the electrophilic 
nature of the Pb atoms. The stereoactive lone pairs on the Pb 
atoms are also revealed by the ELF analysis, showing 
significantly lower ELF values (≈0.7) compared to those of the O 
atoms. This difference is attributed to the well-known inner 
lone pair effect. Moreover, the map indicates that areas 
between the Pb and O atoms connected by coordination bonds 
are colored blue (ELF ≈ 0.3), suggesting some degree of electron 
localization indicative of electron sharing. Conversely, regions 
associated with tetrel bonds, marked by BCPs in areas of 
minimal electron density (depicted in black), underscore the 
typical features of noncovalent interactions. This visualization 
confirms the weak noncovalent nature of the tetrel bonds. 

Table 3 QTAIM and ELF values (a.u.) for the BCPs, characterizing the 
bifurcated tetrel bonds in 1. 

BCP ρ(r) G(r) V(r) ∇2ρ(r) ELF λ2 

Pb1∙∙∙O12 0.0033 0.0020 –0.0013 0.0107 0.0106 –0.0013 

Pb1∙∙∙O17 0.0047 0.0030 –0.0021 0.0160 0.0155 –0.0027 

 
The QTAIM and ELF parameters at the Pb···O BCPs 

characterize the bifurcated tetrel bonds as weak (Table 3). This 
classification is supported by electron density (ρ) values below 
0.005 a.u., positive and small values of the Laplacian of electron 
density (∇2ρ), and the smaller absolute values of the potential 
energy density (|V|) compared to the kinetic energy density (G) 
at these BCPs. Furthermore, negative values of the second 
eigenvalue of the Hessian matrix (λ2) in both cases indicate the 
presence of attractive forces. Comparative data highlight subtle 
differences between the tetrel bonds (Table 3); specifically, the 
ρ, ELF and λ2 values are slightly higher for Pb1···O17. This is 
consistent with the shorter Pb1···O17' distance (3.600(1) Å) 
compared to Pb1···O12' (3.790(1) Å). 

Conclusions 
In the present contribution, we report synthesis and detailed 
analysis of the novel binuclear lead(II) complex 
[Pb2L2(CO3)]∙2CH3CN∙2MeOH (1∙2CH3CN∙2MeOH), which was 
readily obtained from N'-isonicotinoylpyrazine-2-
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carbohydrazonamide (HL) by electrochemical oxidation of a 
lead anode in a CH3CN:MeOH solution. The carbonate anion 
was formed from conversion of the aerial carbon dioxide by the 
lead(II)–L complex system under electrochemical conditions, 
followed by its trapping in the structure of 1. In 1, the ligands L 
exhibits a tridentate coordination mode through the pyrazine 
and imine nitrogen atoms, and the carbonyl oxygen atom, while 
the carbonate anion exhibits a tetradentate bridging 
coordination mode, linking two complex cations [PbL]+. 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 the Pb∙∙∙N 
and Pb∙∙∙O tetrel bonds, yielding a 2D supramolecular sheet. The 
resulting sheet is further stabilized by N–H∙∙∙N and N–H∙∙∙O 
hydrogen bonds, and πPyrazine···πPyridine interactions. The DFT 
study has demonstrated that the Pb∙∙∙O tetrel bonds play a 
crucial role in stabilizing and defining the electronic architecture 
of the studied dimers, with their noncovalent nature and 
interaction strength comparable to that of strong hydrogen 
bonds. A solution of the obtained complex in MeOH absorbs up 
to about 500 nm with intense and moderate maxima, 
accompanied with a “tail” up to about 720 nm. The solid 
material of the obtained complex exhibits bands up to about 
570 nm in the corresponding diffuse reflectance spectrum with 
the experimental, direct and indirect band gap values of 2.76, 
2.92 and 2.61 eV, respectively. Finally, the same solution of the 
discussed complex in MeOH was found to be emissive with a 
broad band from about 500 nm to 780 nm and with a maximum 
at ~580 nm, accompanied with a shoulder at ~620 nm. The CIE-
1931 chromaticity coordinates of (0.28, 0.36) were found to be 
within the white gamut of the chromaticity diagram, indicating 
that complex 1 is a single-component white light-emitting 
phosphor. 

Experimental 

Materials and physical measurements 

All reagents and solvents were commercially available and used 
as without further purification. HL was synthesized according to 
the recently described procedure using isonicotinohydrazide 
and 2-cyanopyrazine.42 The FTIR spectra were recorded on a FT 
Varian FT-IR 670 spectrometer, equipped with an attenuated 
total reflectance (ATR) accessory, in the 500–4000 cm–1 range. 
The 1H NMR spectrum in DMSO-d6 was recorded with a Bruker 
DPX FT/NMR-400 spectrometer. The absorption and 
fluorescence spectra were recorded from a freshly prepared 
solution of complex in a freshly distilled MeOH using a Jasco V-
770 spectrophotometer and Edinburgh Instruments FS5 
spectrofluorometer, respectively. Elemental analyses were 
performed on a Thermo Scientific FlashSmart 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 
acetonitrile solution of HL, containing a few mg of [N(CH3)4]ClO4 
as a current carrier, was electrolyzed using a platinum wire as 
the cathode and a metal plate as the sacrificial anode (Caution! 
Although problems were not encountered in this work, all 
perchlorate compounds are potentially explosive, and should be 
handled in small quantities and with great care!). The applied 
voltage allowed a sufficient current flow for smooth dissolution 
of the metal. The current was maintained at 5 mA for 0.5 h. 
During the electrolysis hydrogen was evolved at the cathode. 
Under these conditions the cell can be summarized as Pb(+)/HL 
+ CH3CN/Pt(–). 

1∙2CH3CN∙2MeOH. Electrochemical oxidation of a lead anode 
under the ambient atmosphere in a solution of HL (0.051 g, 0.21 
mmol) in CH3CN:MeOH (1:1, 80 mL) at 7 V and 5 mA for 0.5 h 
caused 9.5 mg of lead to be dissolved, Ef = 0.50 mol/F. Orange 
plate-like crystals, suitable for X-ray studies, were obtained by 
slow evaporation of the resulting solution. Yield: 24.4 mg 
(96.3%). Anal. calc. for C29H32N14O7Pb2 (1103.06): C 31.58, H 
2.92 and N 17.78%; found: C 31.47, H 2.84 and N 17.86%. 

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-Kα, λ = 0.71073 
Å, graphite monochromator). The data were processed with 
APEX443 and corrected for absorption using SADABS.44 The 
structure was solved by direct methods using the program 
SHELXS-201345 and refined by the full-matrix least-squares 
technique using SHELXL-2013.45 All hydrogen atom positions 
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∙2CH3CN∙2MeOH: C23H18N12O5Pb2, 
2(C2H3N), 2(CH4O); Mr = 1103.06 g mol−1, monoclinic, space 
group C2/c, a = 26.8255(16), b = 9.3424(6), c = 13.8939(8) Å, β = 
93.608(2)°, V = 3475.1(4) Å3, Z = 4, ρ = 2.108 g cm−3, μ(Mo-Kα) = 
9.744 mm−1, reflections: 101368 collected, 5310 unique, Rint = 
0.047, R1(all) = 0.0164, wR2(all) = 0.0353, S = 1.062. 

Theoretical calculations 

The geometry of complex was computed at the PBE0-D4/def2-
TZVP level of theory,46–48 using the crystallographic coordinates 
within the Turbomole 7.7 program.49 The “atoms-in-molecules” 
(AIM)50 analysis of the electron density has been performed at 
the same level of theory using the Multiwfn program.51 The 
reduced density gradient (RDG)52 and electron localization 
function (ELF)53 2D plots were computed using the Multiwfn 
program.51 The QTAIM analysis was represented using the VMD 
software.54 The Laplacian of electron density can be 
decomposed into the sum of contributions along the three 
principal axes of maximal variation, giving the three eigenvalues 
of the Hessian matrix (λ1, λ 2 and λ3). The sign of λ2 can be 
utilized to distinguish bonding (attractive, λ2 < 0) weak 
interactions from non-bonding ones (repulsive, λ2 > 0).52 
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