
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

Dalton
 Transactions

www.rsc.org/dalton

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


Journal Name 

Cite this: DOI: 10.1039/c0xx00000x 

www.rsc.org/xxxxxx 

Dynamic Article Links ►

ARTICLE TYPE
 

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00–00  |  1 

Hemi- and holo-directed lead(II) complexes in soft ligand environment 

Muhammad Imran,
a
 Andreas Mix,

 a
 Beate Neumann,

a
 Hans-Georg Stammler,

a
 Uwe Monkowius,

b
 Petra 

Gründlinger
b
 and Norbert W. Mitzel

a,
* 

Received (in XXX, XXX) Xth XXXXXXXXX 20XX, Accepted Xth XXXXXXXXX 20XX 

DOI: 10.1039/b000000x  5 

To investigate the geometries and stereochemical activity of the lone pair at the lead atom, lead(II) com-

plexes (1 – 10) with one tripodal (L1), one dipodal (L2) boron-centred soft ligand and eight other small 

soft heterocyclic ligands, 2-mercaptobenzimidazole (L3), 2-mercapto-5-methylbenzimidazole (L4), 3-

mercapto-1,2,4-triazole (L5H), 3-mercapto-4-methyl-1,2,4-triazole (L6), 2-mercapto-1,3,4-thiadiazole 

(L7H), 2-mercapto-5-methyl-1,3,4-thiadiazole (L8H), 5-mercapto-1-methyltetrazole (L9H) and 2-mercap-10 

to-4-phenylthiazole (L10H) were prepared. The structures of these complexes were elucidated on the basis 

of X-ray crystallography, elemental analyses as well as 1H NMR, 1H DOSY, 13C NMR and 207Pb NMR 

spectroscopy. The coordination numbers of these complexes vary from 4 – 8. The majority of the com-

plexes are polymeric and possess hemi-directed environments around the lead atoms. Solution studies 

revealed that most of the complexes are dissociated in highly polar solvents. Most of the complexes are 15 

emissive under both ambient conditions and 77 K in the solid state. However, no obvious relationship 

between their solid state structures and luminescence behaviour with respect to the nature of the excited 

state could be identified. 

Introduction 

Lead(II) ions have the electronic configuration [Xe] 4f145d106s2 20 

and are classified as borderline soft metal ions in the hard and 
soft acid base concept (HSAB) of Pearson.1–2 Lead is well known 
to be toxic for the growth of organisms and its most preferred 
target in organism are the sulphur rich proteins and their zinc 
binding sites. The replacement of zinc by lead disrupts the struc-25 

tures of these proteins making them dysfunctional.3–6 

During the last few decades, the coordination chemistry of 
lead(II) with hetero-donor ligands remained an active area of 
research due to their interesting modes of bonding. A wide range 
of coordination numbers (1 – 12) for Pb(II) in such complexes 30 

has been reported.7–11 Lead(II) complexes have not only bio-
relevant importance but have also been employed as precursors 
for bulk or nanostructured PbS and PbSe materials.12 It has been 
reported that the 6s electron pair and several other factors such as 
the hard or soft nature of ligands, attractive or repulsive forces 35 

etc. affect the coordination geometries about lead(II) ions.13 
Depending on the influence of the lone pair in determining the 
geometries of lead(II) complexes, the terms holo- and hemi-
directed have been coined.14 Despite great efforts in the past for 
the coordination chemistry of Pb(II) ions with S donor ligands, 40 

rational design and tuning of the ligand structure to satisfy the 
coordination preferences and requirements of the Pb(II) ion is 
still a challenging task. Our growing interest in the field of coor-
dination chemistry of bismuth complexes with analogous sulphur 
donor ligands15,16 has prompted us to synthesize and study the 45 

coordination pattern of related lead(II) complexes with such 

ligands. For this purpose, we report here the synthesis of ten lead 
complexes with two boron-centred and eight other small hetero-
cyclic ligands. The presence of π-systems within these ligands 
may act as a chromophoric unit, which can be combined with the 50 

heavy-atom effects of lead (spin-orbit coupling) to develop cheap 
luminescent systems (compare for instance the efficient triplet 
emitter and OLED material tris(2-phenylpyridine)iridium(III).17 
Therefore, we have also investigated basic luminescent properties 
of some selected lead complexes within this work.  55 

Results and discussion 

Synthesis  

Sodium salts of the tripodal (L1)18 and dipodal (L2)16 boron sub-
stituted ligands were synthesised according to literature protocols. 
These two ligands (L1, L2) along with the other eight commercial-60 

ly available heterocyclic soft ligands (L3 – L10H) were reacted 
with lead(II) nitrate to yield lead(II) complexes (1 – 10) under 
different conditions detailed in Scheme 1.  
The reaction of PbNO3 with the tripodal boron-centred soft ligand 
(L1) in a 1:2 ratio afforded complex 1 as yellow precipitate which 65 

was found only to be soluble in dmf and 1-methyl pyrrolidinone. 
Elemental analysis data support the composition PbL1. Crystalli-
zation of 1 was achieved by slow diffusion of n-pentane into a 1-
methyl-2-pyrrolidinone solution resulting in yellow crystals of 
1a. In this case the free heterocycle coordinated to the lead ion is 70 

probably stemming from free-heterocycle impurities in the ligand 
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or its cleavage during the reaction. The majority of complexes 1 – 
10 have generally poor solubility, but they are freely soluble in 
dmso and moderately soluble in dmf. Good yields (above 65 %) 

of these complexes were obtained. Complexes 1 – 10 were char-
acterised by 1H NMR, 1H DOSY NMR, 13C NMR, 207Pb NMR, 5 

elemental analyses and finally by single crystal X-ray diffraction. 
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Scheme 1. Syntheses of lead(II) complexes 1 – 10 and labelling schemes of the ligands 

 10 

Solid state structures 

Single crystal X-ray crystallography revealed the molecular struc-
tures of complexes 1 – 10 with compositions [Pb(L1)2(L

7H)2Lʹ] 
1a (where Lʹ is 1-methyl-2-pyrrolidinone), [PbL2

2] 2, 
[PbL3

2(NO3)2] 3, [PbL4
3(µ-L4)(NO3)2]2 4, [Pb(L5)(L5H)2(NO3)-15 

(H2O)]n 5, [PbL6
4(NO3)2] 6, [Pb(L7)2(L

7H)]n 7a, [Pb(L7)2(L
7H)-

(CH3OH)]n 7b, [PbL8
2]n 8, [PbL9

2]n 9 and [PbL10
2]n 10. Selected 

bond lengths and angles are presented in Tables 1 – 6 and their 
molecular structures are shown in Figures 1 – 10.  
The molecular structure of 1a is shown in Figure 1 and exhibits 20 

coordination number six accomplished by three sulphur atoms 
(S(1) from one tripodal ligand, S(3) from second tripodal ligand, 
S(7) from thiadiazole unit), one oxygen atom O(1) from 1-me-

thyl-2-pyrrolidinone and two nitrogen atoms (N(7) from one 
thiadiazole and N(8) from another thiadiazole moiety). The im-25 

portant bond lengths and angles are listed in Table 1 which are 
comparable with those of [(TmPh)2Pb],19 [(TmPh)2Tl]+,20 
[(TmMe)2Bi]+,21 [(TmMe)2Tl]+ 22 (where Tm = hydrotris(meth-
imazolyl)borate). The Pb–S bonds in 1a vary between 2.843(1) 
and 3.095(1), and the bond angles at Pb show the stereochemical 30 

activity of the lone pair of electrons at the lead atom. In this sense 
the compound resembles the situation in Reglinski's [Bi(Tm)2X]+ 
and [Bi(Tm)X(µ-X)] species, which both show considerable 
structural distortions,23 but is in contrast [Bi(Tm)2]

+ which is 
holo-directed.24 

35 

Structure 1a can also be compared with the polymeric structure of 
its thallium analogue [{HB(mtda)3}2Tl]25 (where HB(mtda)3 = 
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L1) having a TlS6 core with octahedral geometry. The polymeric 
chain for 1a is generated by a centre of inversion and translation 
along the crystallographic a axis. 
 

 5 

Figure 1. Molecular structure of [Pb(L1)2(L
7H)2Lʹ] 1a. Hydrogen atoms 

have been omitted for clarity; displacement ellipsoids are drawn at the 
50% level. 

Table 1. Selected bond lengths [Å] and angles [deg] of lead(II) complex-
es 1 and 2 10 

1a 2 

Pb(1)–S(7) 2.843(1) Pb(1)–S(1) 2.954(1) 
Pb(1)–S(3) 2.921(1) Pb(1)–S(3) 2.713(1) 
Pb(1) –S(1) 3.095(1) Pb(1)–S(5) 2.813(1) 
Pb(1)–N(8) 2.746(2) Pb(1)–S(7) 2.969(1) 
Pb(1)–N(7) 2.638(2) H(1A)–Pb(1) 2.66(2) 
Pb(1)–O(1) 2.674(2) B(1)–Pb(1) 3.609(1) 
S(1)–C(1) 1.687(2) S(1)–Pb(1)–S(7)  168.3(1) 

S(3)–Pb(1)–S(1) 68.9(1) S(3)–Pb(1)–S(1) 89.6(1) 
S(7)–Pb(1)–S(1) 99.8(1) S(3)–Pb(1)–S(5) 76.9(1) 
S(7)–Pb(1)–S(3) 87.5(1) S(3)–Pb(1)–S(7) 78.7(1) 
N(7)–Pb(1)–N(8) 75.6(1) S(5)–Pb(1)–S(7) 97.2(1) 
N(8)–Pb(1)–S(3) 76.4(1) H(1A)–Pb(1)–S(5) 128.2(5) 
O(1)–Pb(1)–S(1) 97.3(1)   
O(1)–Pb(1)–S(3) 159.1(1)   
N(7)–Pb(1)–S(1) 157.1(1)   

 

The molecular structure of complex 2 is shown in Figure 2 and its 
important bond lengths and angles are given in Table 1. In this 
complex the lead atom is coordinated by four sulphur atoms and a 
hydrogen atom of an BH2 unit (B(1)H(1A)⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅Pb interaction). This 15 

defines one eight-membered and two six-membered rings. Over-
all the coordination geometry can be described as distorted octa-
hedron with a stereochemically active lone pair. The interesting 
feature of the complex is the B(1)H(1A)⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅Pb interaction at a 
distance of 2.66(2) Å (Pb⋅⋅⋅B(1) 3.609(2) Å) by one BH2 unit. 20 

The second distance to a BH2 unit is B(2)H(2A)⋅⋅⋅Pb at 3.02 Å 
but is too large to be significant. However, this BH2 group makes 
a weaker contact of 2.84 Å to a lead atom of a neighbouring 
molecule forming a dimer about a centre of inversion. The 
B(1)H(1A)⋅⋅⋅Pb interaction length can be compared with a related 25 

distance in [Tl(BmMe)]x (BH⋅⋅⋅Tl distance of 2.69 Å (Tl⋅⋅⋅B, 3.50 
Å).26 Such interactions are characteristic features of soft borate 
ligands, making them flexible in binding modes and adding stabi-
lizing effects.27,28  

Complex 2 when compared with its bismuth analogue [Bi(BtMe)3] 30 

(where BtMe (dihydrobis(2-mercapto-4-methylthiazolyl)borate) = 
L2) reported by us16 reveals significant differences. [Bi(BtMe)3] is 
monomeric with no BH⋅⋅⋅Bi interaction16. To best of our 
knowledge, the BH⋅⋅⋅Pb interaction in 2 is unprecedented for 
complexes with dipodal boron-centred soft ligands. A similar 35 

interaction with one BH unit has been observed for the tripodal 
boron-centred soft-ligand lead complex [TmPh]2Pb.19 

 
Figure 2. Solid state structure of [PbL2

2] 2. Hydrogen atoms except 
bonded to boron have been omitted for clarity, displacement ellipsoids are 40 

drawn at the 50% level. 

(a)  

(b)  

Figure 3. (a) Coordination environment around Pb(II) in [PbL3
2(NO3)2]n 

(3) and (b) its coordination polymer, hydrogen atoms have been omitted 45 

for clarity, displacement ellipsoids are drawn at the 50% level.  

Complex 3 possesses C2 symmetry. The lead atom is four coordi-
nated, to two sulphur atoms of benzimidazole ligands and to two 
oxygen atoms of two nitrate ions, and can be referred to as hemi-
directed (Figure 3a). Both, the benzimidazole and nitrate ligands, 50 

behave as monodentate. The bond lengths and angles are listed in 
Table 2. The interesting feature of this complex is the presence of 
significant secondary interactions (Pb(1)⋅⋅⋅O(2) 2.925(3) Å), 
which are shorter than the sum of the van der Waals radii (3.10 
Å).29 The hemi-directed tetrahedron (Figure 3a) with a stereo-55 

chemically active lone-pair of electrons on the lead atom leaves 
space for bonding of an O atom of the nitrate ligand of the adja-
cent complex resulting in a polymeric structure along the crystal-
lographic glide plane c (Figure 3b). Such secondary interactions 
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have also been reported at a distance of (Pb⋅⋅⋅O 2.989(10) Å for 
[Pb2(ins)2(CH3CH2OH)]n (ins = N-isonicotinamidosalicylanilide 
dimine).29 There are also weak N–H⋅⋅⋅O hydrogen-bond type 
intermolecular interactions where the donor-acceptor distances 
for N(1)–H(1)⋅⋅⋅O(1) and N(2)–H(2)⋅⋅⋅O(2) are 1.95(2) Å and 5 

1.97(2) Å, respectively.  
Complex 4 crystallizes in the monoclinic space group C2/c. It 
forms discrete dimeric units [Pb (L4)3(µ-L4)Pb(NO3)2]2 about a 
centre of inversion (Figure 4). The double bridging mode of 
sulphur is similar as the one reported for [(mimt)(NO3)2Pb(µ-10 

mimt)2Pb(NO3)2(mimt)2] (where mimt = 1-methylimidazoline-
2(3H)-thione).30 The distances between lead and the bridging 
sulphur atoms are Pb(1)–S(1A) 3.098(2) Å and Pb(1)–S(1) 
2.830(2) Å, while the S–Pb–S angles are Pb(1)–S(1)–Pb(1A) 
102.2°  and S(1)–Pb–S(1A) 77.8° resulting in a Pb⋅⋅⋅Pb distance 15 

of 4.617 Å. As expected, the Pb–S bonds to the non-bridging 
ligands L4 are shorter than those to the bridging ligands (Table 2) 
and are comparable with those of the discussed complex 3. Fur-
thermore, two mono-dentate nitrate ligands coordinate to each 
lead atom resulting in an overall coordination number seven.  20 

 
Figure 4. Solid state structure of [PbL4

3(µ-L4)(NO3)2]2 (4). Hydrogen 
atoms have been omitted for clarity, displacement ellipsoids are drawn at 

the 50% level. 

The relatively longer Pb–O bonds (Table 2) can be compared 25 

with those in [Pb2(phen)2(mbtfa)4] and in [Pb2(dmp)2(mbtfa)4] 
(phen, dmp and mbtfa are 1,10-phenanthroline, 2,9-dimethyl-
1,10-phenanthroline and 4-methoxybenzoyltrifluoroacetonate,31 

Pb–O distances: 2.829(5) – 2.918(5) Å, respectively). Note that 
such distances have frequently been overlooked in the past.32–33 30 

Important bond angles are listed in Table 2 and the complex can 
be classified as hemi-directed. It is somewhat surprising for a 
complex with coordination number 7 to be hemi-directed, be-
cause of possible ligand crowding. However, Glusker et al.14 
noticed that a relatively large number of lead(II) complexes with 35 

coordination number 7 were hemi-directed (21 out of 31 searched 
in the CCSD data base). 
Lead complex 5 crystallizes in the form of a sheet-like structure 
parallel the crystallographic glide plane b (space group Pbcn, 
Figure 5). In this complex, each lead ion is in hemi-directed 40 

environment by coordinating one water molecule and a bidentate 

nitrate ligand as well as three monodentate triazole ligands. Two 
of the three bind with their nitrogen sites and one through a sul-
phur site. The important feature of the structure is the bridging 
nature of S(1) that results in a sheet-like structure. The affinity of 45 

lead towards both, soft and hard donor sites, supports its border-
line placement in the HSAB concept. Important bond lengths and 
angles of 5 are given in Table 3. They can be compared with a 
closely related reported structure of [Pb(trzS)]n (where trzS = 
1,2,4-triazole-3-thiol).34 The latter complex was synthesised in-50 

situ by heating ahtrzSH (4-amino-3-hydrazino-5-mercapto-1,2,4-
triazole) and possesses a square pyramidal environment (N3S2) 
with coordination number 5. 

Table 2. Selected bond lengths [Å] and angles [deg] of complexes 3 and 
4 55 

3 4 

Pb(1)–S(1) 2.886(1) Pb(1)–S(1) 2.830(1) 
Pb(1)–S(1A) 2.886(1) Pb(1)–S(1A) 3.098(1) 
Pb(1)–O(1) 2.574(3) Pb(1)–S(3) 2.859(1) 
Pb(1)–O(1A) 2.574(3) Pb(1)–S(2) 2.953(1) 
Pb(1)–O(2) 2.925(3) Pb(1)–S(4) 2.985(1) 
Pb(1)–O(2A) 2.925(3) Pb(1)–O(4) 2.887(3) 
N(1)–H(1)⋅⋅⋅O(1) 1.95(2) Pb(1)–O(1) 2.938(2) 
S(1)–C(1) 1.719(5) S(1)–Pb(1)–S(3) 76.5(1) 
O(1)–Pb(1)–S(1) 78.1(1) S(1)–Pb(1)–S(2) 67.9(1) 
O(1)–Pb(1)–O(1A) 147.9(1) S(3)–Pb(1)–S(2) 99.7(1) 
S(1)–Pb(1)–S(1A) 95.4(1) S(3)–Pb(1)–S(4) 81.4(1) 
  S(2)–Pb(1)–S(4) 160.2(1) 
  S(3)–Pb(1)–S(1) 148.9(1) 
  S(2)–Pb(1)–S(1) 86.5(1) 
  S(4)-Pb(1)-S(1) 83.0(1) 

 

Table 3. Selected bond lengths [Å] and angles [deg] of complexes 5 and 
6 

5  6 

Pb(1)–S(1) 2.817(1)  Pb–S 3.020(1) 
Pb(1)–S(1A) 3.131(1)  Pb–O 2.726(2) 
Pb(1)–N(1) 2.540(4)  S(1)–C(1) 1.694(3) 
Pb(1)–N(3) 2.764(4)  O–Pb(1)–O cis 46.8(1) 
Pb(1)–O(1) 2.632(3)  O–Pb–O trans 147.4(1) 
Pb(1)–O(3) 2.856(3)  S–Pb(1)–S trans 153.4(1) 
Pb(1)–O(4) 2.716(3)  S–Pb(1)–S cis 93.0(1) 
O(1)–Pb(1)–S(1) 76.2(1)    
O(4)–Pb(1)–S(1) 77.1(1)    
O(1)–Pb(1)–O(4) 75.9(1)    
N(1A)–Pb(1)–S(1) 83.0(1)    
N(3)–Pb(1)–S(1) 77.8(1)    
O(1)–Pb(1)–N(3) 138.7(1)    
O(3)–Pb(1)–S(1) 121.5(1)    
O(3)–Pb(1)–O(4) 95.6(1)    

 
Complex 6 was synthesised using a methyl substituted 1,2,4-tri-60 

azole under similar conditions as for complex 5. The solid-state 
structure of 6 reveals a remarkable contrast to 5 and is monomer-
ic with coordination number 8 and S4 symmetry. The Pb atom is 
coordinated by four 3-mercapto-4-methyl-1,2,4-triazole (L6) 
ligands via their sulphur donor atoms and by two bidentate nitrate 65 

ligands (Figure 6). The Pb–S and Pb–O bond lengths are 3.020(2) 
Å and 2.726(2) Å, respectively. Complex 6 is holo-directed in 
contrast to 5. Glusker et al.14 have found the majority of lead(II) 
complexes in the CCSD database with coordination number 8 to 
be holo-directed. 70 
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(a)  

 (b)  

Figure 5. (a) Coordination environment around the Pb ion of 
[Pb(L5)(L5H)2(NO3)(H2O)]n 5, (b) part of sheet like structure of 

[Pb(L5)(L5H)2(NO3)(H2O)]n 5. Hydrogen atoms have been omitted for 5 

clarity, displacement ellipsoids are drawn at the 50% level. 

 
Figure 6. Solid state structure of [PbL6

4(NO3)2] (6). Hydrogen atoms have 
been omitted for clarity, displacement ellipsoids are drawn at the 50% 

level. 10 

Figure 7 shows the molecular structure of complex 7. In the solid 
state this complex comprises two 1D coordination polymers a 
and b. The two coordination polymers are linked through S(5) 
and run along the a axis. The two ligands (L7H) at each Pb atom 
in both molecules a and b have different coordination modes 15 

(Figures 7a and 7b). For example, in molecule a, one of the lig-
and (L7H) behaves bidentate and coordinates via S(3) [Pb(1)–S(3) 
2.852(3) Å] and N(3) [Pb(1)–N(3) 2.864(13) Å] donor atoms. 
However, S(3) is bridging and coordinates further to the next lead 
atom at a distance of Pb(1)–S(3) 3.016(3) Å. The second hetero-20 

cyclic ligand (L7H) coordinates to Pb(1) only via N(1) (Pb(1)–
N(1) 2.534(9) Å) and uses its S(1) donor site to coordinate to a 
lead atom of the neighbouring monomeric unit (Figure 7c). The 
coordination number around each lead ion of a is five with a 
distorted square pyramidal geometry. The presence of a stereo-25 

chemically active lone pair is manifest from a void as well as the 
distribution of bond angles (Table 4). In the polymer chain of b 
(Figure 7d), the coordination number at each lead ion is six with 
an additional Pb–O bond to a methanol solvent molecule. Im-
portant bond lengths and angles are listed in Table 4; they are 30 

slightly different from those of molecule a. Another difference 
between the two molecules a and b is that a has only one bridg-
ing atom, S(3), while b has two, S(7) and O(1). 

 
(a)    (b) 35 

 (c)  

(d)  
Figure 7. (a) Monomeric unit of [Pb(L7)2(L

7H)]n 7a, (b) monomeric unit 
of [Pb(L7)2(L

7H)(CH3OH)]n 7b, (c) part of polymeric structure of 

[Pb(L7)2(L
7H)]n 7a, (d) part of polymeric structure of  40 

[Pb(L7)2(L
7H)(CH3OH)]n 7b. Hydrogen atoms have been omitted for 

clarity, displacement ellipsoids are drawn at the 50% level. 

X-ray diffraction analysis for complex 8 shows it to possesses a 
polymeric structure assembled via the S(1) atom. This bridges 
two lead ions in the chain (Figure 8). The coordination geometry 45 
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of each lead atom in this polymeric chain (running along the 
crystallographic c axis, space group P21/c) is irregular five-
coordinated with a hemi-directed environment and can be best 
described as distorted square pyramidal. Selected bond lengths 
and angles are listed in Table 4. They are similar to those of 5 

complex 5 discussed above as well as with the reported structure 
of [Pb(trzS)]n (where trzS = 1,2,4-triazole-3-thiole).34 

(a)  

(b)  
Figure 8.(a). Monomeric unit of [PbL8]n 8 (b) part of polymeric structure 10 

of [PbL8]n 8. Hydrogen atoms have been omitted for clarity, displacement 
ellipsoids are drawn at the 50% level. 

In complex 9 each Pb(II) ion is five-coordinate (similar to com-
plex 8) by three sulphur and two nitrogen atoms from three tetra-
zole ligands (L9H) forming a distorted square pyramidal coordi-15 

nation geometry (Figure 9). One tetrazole ligand (L9H) acts as 
bridging bidentate via its N(4) and S(1) sites forming a chain 
along the crystallographic two-fold screw axis along b, whereas 
the second (L9H) acts as tridentate via N(8) and S(2). S(2) makes 
a bridge to the lead atom Pb(1A) of the second chain, thereby 20 

forming a double chain (running along axis b). Bond lengths and 
angles (Table 5) are similar to those in related lead complexes 
based on differently substituted tetrazole ligands.35–36 

Table 4. Selected bond lengths [Å] and angles [deg] of complexes 7a and 
7b 25 

7a 7b 

Pb(1)–S(3) 2.852(3) Pb(2)–S(7) 2.847(3) 
Pb(1)–S(3A) 3.016(3) Pb(2)–S(7A) 2.950(3) 
Pb(1)–S(1) 3.086(3) Pb(2)–S(5) 3.058(3) 
Pb(1)–N(1) 2.534(9) Pb(2)–N(7) 2.791(9) 
Pb(1)–N(3) 2.864(13) Pb(2)–N(5) 2.595(9) 

N(1)–Pb(1)–S(3) 88.5(2) Pb(2)–O(1) 2.865(12) 
N(1)–Pb(1)–S(3A) 65.7(2) Pb(2)–O(1A) 2.943(12)  
S(3)–Pb(1)–S(3) 87.3(1) N(5)–Pb(2)–N(7) 133.2(3) 
N(1)–Pb(1)–S(1) 77.5(2) N(5)–Pb(2)–S(7) 88.5(2) 
S(3)–Pb(1)–S(1) 86.6(1) N(7)–Pb(2)–S(7) 56.8(2) 
N(1)–Pb(1)–N(3) 126.8(4) N(5)–Pb(2)–S(7A) 65.7(2) 

  N(7)–Pb(2)–S(7A) 81.7(2) 
  S(7)–Pb(2)–S(7A) 88.6(1) 
  N(7)–Pb(2)–S(5A) 125.0(2) 
  Pb(2)–O(1)–Pb(2A) 88.4(3) 
  Pb(2)–S(7)–Pb(2A) 88.7(1) 

 

(a)  

(b)  

Figure 9. (a) Asymmetric unit of [PbL9]n (9) with labelling of all atoms 
for clarity, (b) part of double chain of [PbL9]n (9). Hydrogen atoms have 30 

been omitted for clarity, displacement ellipsoids are drawn at the 50% 
level.  

Table 5. Selected bond lengths [Å] and angles [deg] of complex 8 

Pb(1)–S(1) 2.778(3) 
Pb(1)–S(1A) 2.993(3) 
Pb(1)–S(3) 2.922(3) 
Pb(1)–N(3) 2.473(8) 
Pb(1)–N(1) 2.827(9) 

S(3)–Pb(1)–S(1) 91.0(1) 
S(1)–Pb(1)–S(1A) 84.3(1) 
N(1)–Pb(1)–N(3) 131.1(3) 

N(3)–Pb(1)–S(1A) 81.3(2) 
N(3)–Pb(1)–S(1) 76.5(2) 
N(3)–Pb(1)–S(3) 79.8(2) 
N(1)–Pb(1)–S(3) 86.4(2) 
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Lead complex 10 with 2-mercapto-4-phenylthiazole (L10H) ex-
hibits a polymeric structure (running along glide plane b of Pbca) 
(Figure 10). Each lead atom adopts a distorted octahedral geome-
try with hemi-directed environment defined by four sulphur and 
two nitrogen atoms of 2-mercapto-4-phenylthiazole (L10H). Both 5 

ligands (L10H) chelate the lead(II) ion and the sulphur atoms form 
bridges. Bond lengths and angles are listed in Table 6. The Pb–S 
distances are similar to those observed for complex 4 and can 
also be compared with those of [(mimt)(NO3)2Pb(µ-mimt)2Pb-
(NO3)2(mimt)2] (mimt = 1-methylimidazoline-2(3H)-thione).30  10 

Table 6. Selected bond lengths [Å] and angles [deg] of complexes 9 and 
10 

9 10 

Pb(1)–S(1) 2.810 (2) Pb(1)–S(1) 2.788(1) 
Pb(1)–S(2A) 3.108(2) Pb(1)–S(1A) 3.097(1) 
Pb(1)–S(2) 2.745(2) Pb(1)–S(3) 2.818(1) 
Pb(1)–N(8) 2.749(7) Pb(1)–S(3A) 2.980(1) 
Pb(1)–N(4) 2.589(8) Pb(1)–N(1) 2.742(3) 

S(1)–Pb(1)–S(2) 154.2(1) Pb(1)–N(2) 2.731(3) 
S(1)–Pb(1)–S(2A) 84.9(1) S(1)–Pb(1)–S(3) 87.0(1) 
S(2)–Pb(1)–S(2A) 86.3(1) S(1)–Pb(1)–S(3A) 87.3(1) 
N(8)–Pb(1)–N(4) 163.2(2) S(1A)–Pb(1)–S(3A) 173.5(1) 

N(8)–Pb(1)–S(2A) 82.8(2) S(1)–Pb(1)–N(1) 58.2(1) 
Pb(1)–S(2)–Pb(1A) 114.1(1) S(3)–Pb(1)–N(2) 57.8(1) 

Pb(1)–S(2A)–Pb(1A) 114.1(1) N(2)–Pb(1)–N(1) 155.4(1) 
  Pb(1)–S(1A)–Pb(1) 92.8(1) 
  Pb(1)–S(3A)–Pb(1) 94.8(1) 

 

(a)  

(b)  15 

Figure 10. (a) Asymmetric unit of [PbL10
2] (10) with labelling of all 

atoms for clarity, (b) part of extended structure of [PbL10
2]n (10). Hydro-

gen atoms have been omitted for clarity, displacement ellipsoids are 
drawn at the 50% level.  

 20 

Solution studies 

1H NMR spectra of the complexes were recorded in dmf-d7 and 
dmso-d6 depending on the solubility of the respective complex 
(see experimental section). The 1H NMR and 13C NMR spectra of 
complexes (1 – 10) were compared with those of the free ligand 25 

compounds (L1 – L10H). 1H NMR spectra of complexes 1, 3, 4, 6 
and 7 show slight variations in chemical shifts when compared 
with those of the respective free ligand compounds, indicating a 
significant dissociation of these complexes. However, for com-
plexes 2, 5, 8, 9 and 10 the protons of the C6H5, CH3 and CH 30 

groups exhibit a notable chemical shift (see experimental sec-
tion). For example, the 1H NMR spectrum of complex 2 exhibits 
two signals at 6.34 and 2.13 ppm for the HC-ring and CH3 pro-
tons, respectively, but at 6.22 (HC-ring) and 2.37 ppm (CH3) for 
the free ligand compound L2. Moreover, in this spectrum no BH2 35 

signals were observed at room temperature; a similar observation 
has been reported.37 Interestingly, in the 11B NMR of this com-
plex two different signals at –14.25 ppm and –1.96 ppm were 
observed indicating different environments of B atoms (Figure 
11). This might be due to the monomeric nature of the complex in 40 

solution staying in interaction with only one BH unit (the stronger 
one at a distance of 2.66 Å). However, in complex 1 no such 
interaction can be established. 

 
Figure 11. 11B NMR spectrum of complex 2  45 

The 13C NMR chemicals shifts of the complexes 1, 3, 4, 6, 7 and 
8 are very similar to those of the corresponding free ligands, 
supporting the interpretation in terms of dissociation. However, 
the 13C NMR spectra of 2, 5, 9 and 10 show significant chemical 
shifts differences for carbon signals compared to their ligand 50 

compounds. The most important feature of these 13C NMR spec-
tra is the up-field shift (ca. 4 – 15 ppm, see experimental section) 
of the C═S units in these complexes indicating thione-sulphur 
coordination. 
In order to investigate the dissociation behaviour of these com-55 

plexes in polar solvents, diffusion NMR experiments have been 
performed exemplarily for 2, 3 and 6.  The diffusion coefficients 
of 3 and 6 (see Table 7) do not differ significantly from those of 
the respective ligand compounds. This indicates 3 and 6 to be 
dissociated to a large extent. However, the diffusion coefficient 60 

of 2 is significantly smaller than that of the corresponding ligand 
compound. This indicates that in DMSO a considerable part of 2 
is not dissociated, as can also be concluded from the 1H NMR 
data.  
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For the majority of the complexes no 207Pb NMR signals could be 
recorded at room temperature or, as found for 2, 7, 8 and 9, they 
exhibit broad signals with poor signal-to-noise ratios and varia-
tions in chemical shifts indicating the presence of an equilibrium 
of different exchanging species in solution. This has been proven 5 

by an NMR experiment in which the 207Pb resonance of a solu-
tion of lead(II) nitrate in dmso disappears immediately when the 
ligand compound in 1:2 ratio was added. 
 

Table 7. Diffusion co-efficient of complexes 2, 3 and 6 10 

Compound Diffusion co-efficient (m2s–1) 
2 CH (2.34⋅10–10) 

FLC (2) CH (2.62⋅10–10) 
3 C6H5 (2.79⋅10–10) 

FLC (3) C6H5 (2.83⋅10–10) 
6 CH (3.44⋅10–10) 

FLC (6) CH (3.59⋅10–10) 

where FLC is the free ligand compound of respective complex 

 
Photophysical studies 
 
In previous publications we reported on basic luminescence 15 

properties of bismuth(III) complexes bearing the same or similar 
ligands as presented here. In general, we found that bismuth(III) 
complexes are poor emitters which can be rationalised by several 
reasons: (i) Exciting an s2-ion leads to a considerable structural 
change in the excited state. This process can result in an efficient 20 

vibronic (i.e. non-radiative) relaxation of the excited state. (ii) 
The frontier orbitals, i.e. the ‘highest’ HOMOs and ‘lowest’ 
LUMOs are each very close in energy which makes it difficult to 
tune the emission properties by straightforward ligand modifica-
tions.38 Indeed, we observed a considerable change of the nature 25 

of the luminescence properties by just small alteration of the 
coordination environment.15,16 Therefore, it is difficult to predict 
whether a complex will be emissive or not. (iii) Bond energies 
between heavy s2-elements and coordinating atoms, e.g. M–C 
bonds, are often very weak and therefore prone to photolytic 30 

cleavage. Therefore, excitation might not lead to an emission but 
to a permanent photoproduct – often to the elemental metal and 
organic coupling or oxidation products.39,40 All mentioned pro-
cesses significantly reduce the emission quantum yields or even 
prohibit luminescence under ambient conditions, particularly in 35 

solutions. As these processes are reduced at low temperature, the 
luminescence intensities can be significantly enhanced under 
cryoscopic conditions. 
Due to identical s2-electron configuration, we expected a compa-
rable emission behaviour also for lead(II). However, a series of 40 

intensive luminescent Pb(II) complexes has been reported previ-
ously.39,41,42 Neglecting the hemi- and holo-coordination geome-
try around the lead ions, the principle coordination environments 
are similar for all complexes with a sulphur substituted N-
heterocycle bonding via its S atom to the Pb atom. Hence, the 45 

following transitions are theoretically feasible: (i) a sp metal 
centred transition (MC); (ii) a ligand-to-metal charge transfer 
from the S to the Pb atom (LMCT); (iii) a π- π* intra-ligand 
transition (IL). However, we found a diverse emission behaviour, 
which makes it difficult to rationalize the luminescence behaviour 50 

in terms of structure-property relationships. 

In solution, the composition of the complexes is partly ambiguous 
due to dissociation equilibria (see above). With the exception of 5 
and 9, the UV-vis spectra of the ligands and complexes are al-
most identical. This supports the NMR investigation which re-55 

veals that in 5 and 9 the ligands are still coordinated to the metal 
ion. For the other complexes the dominant absorbing component 
is the free ligand. Therefore and also due to the poor solubility of 
the complexes in ‘standard’ spectroscopic solvents, we will focus 
on the luminescence properties in solid-state where the composi-60 

tion and structure are known. 
Contrary to the bismuth compounds, most complexes are emis-
sive both at r.t. and 77 K in the solid state (exception 2 and 10). 
In general, we observed two different shapes of luminescence 
bands shining light on the possible nature of the excited states: (i) 65 

a structured band at high energy (HE) or low energy (LE), which 
is indicative for an IL excited state; (ii) a broad LE band with a 
huge Stokes shift, particular observed at 77 K. Here, a sp-
transition or a LMCT or a mixture of both is possible. 
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Figure 12. Excitation and emission spectra of neat 1 at r.t. (red, λexc = 350 
nm, λdec = 440 nm) and 77 K (blue, λexc = 400 nm, λdec = 520 nm). 
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Figure 13. Excitation and emission spectra of neat 4 at r.t. (red, λexc = 300 

nm, λdec = 410 nm) and 77 K (blue, λexc = 320 nm, λdec = 460 nm). 75 

 
Complex 1 exhibits a structured HE band at 437 nm at r.t. and a 
broad emission with a long tail at 504 nm at 77 K (Figure 12). 
For complex 2 no authentic emission could be detected at ambi-
ent temperature. However, it is emissive at 77 K (λem = 533 nm, 80 

Figure S2). Both complexes contain a borate based ligand with an 
octahedrally coordinated lead ion. 
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Figure 14. Excitation and emission spectra of neat 5 at r.t. (red, λexc = 300 

nm, λdec = 450 nm) and 77 K (blue, λexc = 360 nm, λdec = 520 nm). 

 

Complexes 3 and 4 contain a ligand which differs only in the 5 

methyl substituent. Although they have different solid state struc-
tures, they exhibit similar luminescence behaviour which is dif-
ferent to the other complexes presented here (Figures 13 and 
S10): They feature a dual emission with a more intense HE band 
and a less intense LE band at ambient temperature. At 77 K, the 10 

LE band is dominant. All intense bands are structured. We ob-
served a similar behaviour when investigating gold complexes 
bearing aryl-substituents and assigned these emission bands to 
intra-ligand fluorescence and phosphorescence, respectively.43 

Complex 5 has a structured HE band at 436 nm 15 

at room temperature and features a dual emission 
at 77 K with both a structured HE (419 nm) and 
a broad LE band (~570 nm, Figure 14). For com-
plex 8 and 9 the solid state structures are compa-

rable leading to comparable emission spectra of 20 

the complexes (Figures 15 and S11). They are 
only slightly affected by a temperature change 
and show a broad LE emission bands at both 
ambient temperature (8: 493 nm; 9: 592 nm) and 
77 K (8: 488 nm; 9: 558 nm). Complex 10 is 25 

emissive exclusively at 77 K featuring a band at 
~556 nm (Figure S12). 
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Figure 15. Excitation and emission spectra of neat 8 at r.t. (red, λexc = 340 

nm, λdec = 480 nm) and 77 K (blue, λexc = 340 nm, λdec = 500 nm).  30 

It can be summarized that – albeit some similarities within a sub-
group of complexes are observed – no general relationship be-
tween the solid structures (coordination number and geometry, 
hemi- vs. holo-directed) or used ligand or its coordination mode 
and the luminescence behaviour is obvious. 35 

 

 

Table 8. Electronic spectroscopic data of ligands L1 – L5, L8 – L10 and complexes 1 – 5, 8 – 10 (unless otherwise stated, absorption spectra were meas-
ured in ethanol; emission and excitation spectra of solid samples). 

 Absorption [nm] (lg ε) T [K] Excitation [nm] Emission [nm] 
Ligands    
L1 249 (4.09), 307 (4.18)     
L2 234 (4.10), 317 sh (4.23)     
L3 219 (4.53), 247 (4.58), 295 sh (4.55), 306 (4.68)    
L4 221 (4.55), 250 (4.60), 302 sh (4.68), 310 (4.69)    
L5 252 (4.14)    
L8 243 (3.98), 309 (4.09)    
L9 246 (3.98)    
L10 235 (4.36), 322 (4.50)    
Complexes    
1 243 (4.26), 307 (4.36) r.t. 

 
271, 367, 401 (sh) 414, 437, 466 (sh), 498 (sh) 

  77 K 274, 386, 441 504 
2 322 (4.68) (a) 77 K <450 533 
3 216 (4.53), 247 (4.54), 295 (4.62), 306 (4.63) r.t. 264, 363 414, 437, 464 (sh), 602 (br) 
  77 K 396, 432 444, 497, 526, 552, 620 
4 221 (5.35), 250 (5.41), 300 sh (5.49), 310 (5.50) r.t. 275, 314, 346, 359 364 (sh), 389 (sh), 398, 411, 

436 (sh), 479, 490, 523, 538, 
574 

  77 K 271, 303, 314, 376, 399 439, 448, 468, 497, 551, 591 
5 273 (3.36) r.t. 263, 370, 401 (sh) 417, 436, 
  77 K 340, 365 400, 419, 439 (sh), 570 (br) 
8 314 (4.69) (a) r.t. 275, 338 (sh), 373, 425 428 (sh), 493 
  77 K <445 488 
9 238 (2.99), 290 (3.07), 378 (3.19) r.t. 324, 368, 394 523 (sh), 565, 592 
  77 K 313, 354 558 
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10 235 (4.32), 325 (4.46) (b) 77 K 281, 335, 368, 397 556 
a – dmf; b – dcm 

Conclusion 

Ten new lead(II) complexes with sulphur-rich ligand environ-
ments have been synthesized and spectroscopically as well as 
structurally characterized. The majority of them have hemi-5 

directed environment around their lead atoms with coordination 
numbers in the range 4 – 8. X-ray crystallography further re-
vealed that most of them have extended structures (polymeric 
chains, double chains or sheet like structures). Complex 2a has a 
BH⋅⋅⋅Pb interaction which makes it a unique example in the 10 

chemistry of lead with dipodal boron-centred soft ligands. All the 
complexes are almost insoluble in common organic solvents 
except dmf or dmso, however, in these highly polar solvents most 
of them are dissociated. Despite of equal opportunity of hard and 
soft donor sites in the ligands L1 – L10, the lead(II) ions exhibit 15 

affinity solely for sulphur donor sites in complexes 2, 3, 4 and 6 
while in all other cases the metal ions coordinate both, nitrogen 
and sulphur donor sites, simultaneously. Most of the complexes 
are emissive under both ambient conditions and 77 K in the solid 
state. However, no obvious relationship between their solid state 20 

structures and luminescence behaviour with respect to the nature 
of the excited state could be identified.  

Experimental work 

All the solvents used during this work were dried and distilled 
before use. 2-mercaptobenzimidazole(L3), 2-mercapto-5-methyl-25 

benzimidazole(L4), 3-mercapto-1,2,4-triazole (L5H), 3-mercapto-
4-methyl-1,2,4-triazole (L6), 2-mercapto-1,3,4-thiadiazole (L7H), 
2-mercapto-5-methyl-1,3,4-thiadiazole (L8H), 5-mercapto-1-me-
thyltetrazole (L9H), 2-mercapto-4-phenyltetrazole (L10H) and 
Pb(NO3)2 were procured from Alfa Aesar, Sigma Aldrich or 30 

Acros Organic and used without further purification. Tripodal 
boron substituted ligands (L1) and dipodal boron substituted 
ligand (L2) were synthesised according to literature procedures.18 
NMR spectra were recorded on Bruker Avance 300, Bruker DRX 
500 or Bruker Avance 500 spectrometers and the chemical shifts 35 

of 1H NMR and 13C NMR were referenced to the residual proton 
(1H) or the carbon signals of the deuterated solvents and are 
reported in ppm. Elemental analyses were performed using a 
EuroEA Elemental Analyser. Melting points were determined 
using a Büchi B 545 melting point apparatus and are uncorrected. 40 

All operations were carried out in inert atmosphere of nitrogen 
using Schlenk and glove box techniques.  
 

Syntheses of complexes 1–2 

Ligand (L1/L2) 0.720 mmol and lead(II) nitrate (0.360 mmol) 45 

were dissolved and stirred separately in 20 mL of THF and meth-
anol, respectively. The solution of ligand was slowly added to 
that of lead(II) nitrate solution under N2 atmosphere. The result-
ing solution was stirred at room temperature for 2 – 3 h and then 
filtered. The volume of the sample was reduced under vacuum. 50 

Yellow coloured solids were obtained, which were washed with 
small amounts of thf, methanol, then dried. 
[PbL1

2] 1: Crystals suitable for diffraction were obtained by slow 
diffusion of n-pentane into a 1-methyl-2-pyrrolidinone solution of 
the complex [Pb(L1)2(L

7H)2Lʹ] (1a); yield 76 %; m.p. 236 – 239 55 

°C (with decomposition). Anal. calcd. for C6H4BN6PbS6 (found): 
C 12.63 (12.85), H 0.71 (1.04), N 14.73 (14.75), S 33.72 (34.90). 
1H NMR (dmf-d7) δ = 8.07 (s, 6H, HC═N), 1H NMR (dmso-d6) δ 
= 8.54 (s, 6H, HC═N), 13C NMR (dmso-d6) δ = 189.2 (C═S), 
144.4 (C═N). 60 

Free ligand compound (L1): 1H NMR (dmso-d6) δ = 8.57 (s, 3H, 
HC═N); 13C NMR (dmso-d6) δ = 189.3 (C═S), 145.4 (C═N); 11B 
NMR (dmso-d6) δ = –2.36 ppm. 

[PbL2
2] 2: Crystals were obtained by slow evaporation of a dmf 

solution of complex 2; yield 81 %; m.p. 247 °C (with decomposi-65 

tion). Anal. calcd. for C16H20B2N4PbS8 (found): C 20.00 (20.72), 
H 2.10 (1.75), N 5.83 (5.98). 1H NMR (dmso-d6) δ = 6.34 (s, 4H, 
HC═N), not observed (BH2), 2.13 (s, 12H, H3C); 13C NMR 
(dmso-d6) δ = 175.9 (C═S), 149.6 (C═N), 109.8 (C-CH3), 17.0 
(H3C); 11B NMR (dmso-d6) δ = –14.1, –1.76 ppm; 207Pb NMR 70 

(dmf-d7) δ = –461 ppm.  
Free ligand compound (L2): 1H NMR (dmso-d6), δ = 6.22, (s, 
2H, HC-ring), 3.17 (br, 2, BH2), 2.37 (s, 6H, CH3); 

13C NMR 
(dmso-d6), δ = 189.9 (C═S), 147.7 (C═N), 105.4 (C–CH3), 19.2 
(CH3); 

11B NMR = –11.25 ppm. 75 

 

Syntheses of complexes 3 – 6 and 9 –10 

Solution of the heterocyclic ligands L3, L4, L5H, L6, L9H and 
L10H (4.00 mmol) in 10 mL of THF was added drop-wise to a 
solution of lead(II) nitrate (2.00 mmol) in 10 mL of dmf, stirred 80 

at room temperature and finally heated to 90 °C for 3 – 4 h. The 
resulting clear solutions were concentrated under vacuum result-
ing precipitation. The precipitates were filtered off, washed with 
small amounts of THF, then with acetone and finally dried. 
[PbL3

2(NO3)2] 3: Single crystals were obtained by slow cooling 85 

of a warm solution of complex 3 in dmf/methanol; yield 78 %; 
m.p. 190 °C. Anal. calcd. for C14H12N6O6PbS2 (found): C 26.62 
(27.09), H 1.91 (1.90), N 13.31 (13.15), S 10.15 (10.69). 1H 
NMR (dmso-d6) δ = 11.52 (s, 4, NH), 7.11 – 7.16 (m, 8H, H5C6-
ring); 13C NMR (dmso-d6) δ = 168.5 (C7), 132.7 (C1, C6), 122.7 90 

(C2, C5), 109.8 (C3, C4).  
Free ligand compound (L3): 1H NMR (dmso-d6) δ = 12.52 (s, 1, 
NH), 7.09 – 7.16 (m, 4H, H5C6-ring); 13C NMR (dmso-d6) δ = 
168.6 (C7), 132.7 (C1, C6), 122.8 (C2, C5), 110.0 (C3, C4).  
[PbL4

3(µ-L4)(NO3)2] 4: Single crystals were obtained by slowly 95 

cooling of a warm solution of complex 4 in dmf/thf; yield 65 %; 
m.p. 226 – 229 °C (with decomposition). Anal. calcd. for 
C72H80N20O16Pb2S8 (found): C 40.18 (39.65), H 3.75 (3.80), N 
13.01 (13.01), S 11.92 (11.99). 1H NMR (dmso-d6) δ = 12.40 (s, 
2, NH), 6.91 – 7.06 (m, 4H, H5C6-ring), 2.33 (s, 3H, CH3); 

13C 100 

NMR (dmso-d6) δ = 13C NMR (dmso-d6) δ = 168.2 (C8), 133.0 
(C1), 132.0 (C6), 130.7 (C2), 123.5 (C5), 110.1(C3), 109.6 (C4), 
21.4 (C7). 
Free ligand compound (L4): 1H NMR (dmso-d6) δ = 12.40 (s, 2, 
NH), 6.92 – 7.06 (m, 4H, H5C6-ring), 2.33 (s, 3H, CH3); 

13C 105 

NMR (dmso-d6) δ = 168.2 (C8), 132.7 (C1), 132.0 (C6), 130.6 
(C2), 123.5 (C5), 110.1 (C3), 109.6 (C4), 21.4 (C7).  
[Pb(L5)(L5H)2(NO3)(H2O)] 5: Single crystals were obtained by 
cooling the solution of complex 5 in dmf/thf in a refrigerator; 
yield 74 %; m.p. 207 – 210 °C (with decomposition). Anal. calcd. 110 

for C6H5N10O4PbS3 (found): C 12.33 (12.50), H 0.86 (1.49), N 
23.96 (24.10), S 16.46 (16.88). 1H NMR (dmso-d6) δ = 14.12 (br, 
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2H, NH), 8.56 (s, 1H, HC═N); 13C NMR = 156.6 (C═S), 147.0 
(C═N). 
Free ligand compound (L5H): 1H NMR (dmso-d6) δ = 13.38 (br, 
2H, NH), 8.25 (s, 1H, HC═N); DMSO-d6) δ = 166.0 (C═S), 
141.0 (C═N). 5 

[PbL6
4(NO3)2] 6: Single crystals were obtained by cooling the 

solution of complex 6 in dmf/thf in refrigerator; yield 87 %; m.p. 
140 – 142 °C (with decomposition). Anal. calcd. for 
C12H20N14O6PbS4 (found): C 18.20 (17.94), H 2.55 (2.60), N 
24.76 (24.92); S 16.20 (16.64). 1H NMR (dmso-d6) δ = 13.66 (br, 10 

4H, NH), 8.42 (s, 4H, CH), 3.43 (s, 12H, H3C); 13C NMR (dmso-
d6) δ = 166.6 (C═S), 143.3 (C═N), 31.7 (H3C). 
Free ligand compound (L6): 1H NMR (dmso-d6) δ C= 13.63 (s, 
1H, NH) 8.39 (s, 1H, HC═N), 3.43 (s, 3H, H3C); 13C NMR 
(dmso-d6) δ = 166.7 (C═S), 143.1 (C═N), 31.7 (H3C). 15 

[PbL9
2H]n 9: Single crystals were obtained by low evaporation of 

the solution of complex 9 in dmf/thf; yield 87 %; m.p. 203 – 206 
°C (with decomposition). Anal. calcd. for C4H6N8PbS2 (found): 
C 10.98 (11.01), H 1.38 (1.32), N 25.61 (25.09). 1H NMR (dmso-
d6) δ = 3.76 (s, 3H, H3C), 13C NMR (dmso-d6) δ = 161.7 (C═S), 20 

33.5 (H3C); 207Pb NMR (dmf-d7) δ = –2628 ppm.  
Free ligand compound L9H: 1H NMR (dmso-d6) δ = 3.78 (s, 3H, 
H3C-), 13C NMR (dmso-d6) δ = 164.6 (C═S), 33.8 (H3C). 
[PbL10

2H]n 10: Single crystals were obtained by slow evaporation 
of a solution of complex 10 in dmf/thf; yield 87 %; m.p. 266 – 25 

269 °C (with decomposition). Anal. calcd. for C18H12N2PbS4 

(found): C 36.53 (37.35), H 2.10 (2.57), N 4.73 (6.05), S 21.67 
(21.69). 1H NMR (dmso-d6) δ = 7.83 – 7.86 (dd, 2H, C2H, C6H), 
7.23 – 7.37 (m, 3H, C3H–C5H), overlap in aryl region (CH–
thiazole ring); 13C NMR (dmso-d6) δ = not measured due to 30 

limited solubility.  
Free ligand compound (L10H): 1H NMR (dmso-d6) δ = 13.66 (br, 
1H, NH), 7.75 – 7.77(dd, 2H, C2H, C6H), 7.40 – 7.48(m, 3H, 
C3H–C5H), 7.32 (CH–thiazole ring). 
 35 

Synthesis of complexes 7 and 8 
Compounds 7 and 8 were synthesized and crystallized by the 
branched tube method: 1.0 mmol of heterocyclic ligand (L7H or 
L8H) and 0.5 mmol of lead(II) nitrate were placed in a separate 
arm of a branched tube. Methanol was then carefully added under 40 

N2 atmosphere to fill both arms. The tube was stoppered and the 
ligand-containing arm was immersed in a bath held at 55 °C, 
while the other was left at room temperature. After 2 d, crystals 
were formed in the room temperature arm. These crystals were 
then filtered off, washed with acetone, dried and stored under an 45 

atmosphere of N2.  

[Pb(L7)2(L
7H)(CH3OH)]n 7: Single crystals for this complex were 

obtained by the branched tube method; yield 76 %; m.p. 196 – 
198 °C (with decomposition). Anal. calcd. for C9H7N8OPb2S8 

(found): C 11.83 (11.72), H 0.77 (0.76), N 12.26 (12.69), S 28.06 50 

(27.38). 1H NMR (dmso-d6) δ = 8.91 (s, 4H, HC═N); 13C NMR 
(dmso-d6) δ = not observed (C═S), 150.3 (C═N); 207Pb NMR 
(dmf-d7) δ = –2811 ppm. 
 Free ligand compound (L7H): 1H NMR (dmso-d6) δ = 14.63 (s, 
1H, NH), 8.87 (s, 1H, HC═N); 13C NMR (dmso-d6) δ = 188.2 55 

(C═S), 150.1 (C═N). 
[PbL8

2H(NO3)2]n 8: Single crystals for this complex were ob-
tained by the branched tube method; yield 69 %; m.p. 238 – 240 
°C (with decomposition). Anal. calcd. for C12H16N8S8Pb (found): 
C 19.58 (19.31), H 2.19 (1.97), N 15.22 (14.93), S 34.85 (33.77). 60 

1H NMR (dmso-d6) δ = 2.55 (s, 3H, CH3), 
13C NMR (dmso-d6) δ 

= 190.1 (C═S), 154.3 (C═N), 16.4 (CH3); 
207Pb NMR (dmf-d7) δ 

= –2585 ppm. 
Free ligand compound (L8H): 1H NMR (dmso-d6) δ = 2.45 (s, 
3H, CH3), 

13C NMR (dmso-d6) δ = 189.2 (C═S), 160.1 (C═N), 65 

16.2 (CH3). 
 

Photophysical Characterisation. Spectroscopic-grade solvents 
were used for all photophysical characterizations. Absorption 
spectra were recorded with a Varian Cary 300 double-beam 70 

spectrometer. Emission spectra at 300 and 77 K were recorded 
with a Jobin-Yvon Fluorolog 3 steady-state fluorescence spec-
trometer. The estimated experimental errors are 5% in the molar 
absorption coefficients. 
 75 

X-Ray diffraction experiments. X-ray diffraction data were col-
lected from single crystals of 1a, 2, 3, 4, 5, 6, 7, 8, 9 and 10. 
Crystals suitable for X-ray diffraction were picked under inert 
paratone oil, mounted on a glass fibre and transferred onto the 
goniometer of the diffractometer into a cold gas stream. Data for 80 

3, 4, 6 and 7 were collected on a Bruker Nonius Kappa CCD 
diffractometer with radiation source Mo-Kα, while data for com-
pounds 1a (with Mo-Kα radiation source) and 5 (with Cu-Kα 
radiation source) were collected using Bruker AXS Kappa with 
APEX II. Similarly crystal data of complexes 2 8, 9 and 10 (all 85 

with Mo-Kα except 2 with Cu radiation source) were collected 
using Super Nova, Dual, Atlas diffractometer. A summary of data 
collections and structure refinements is reported in Tables 9 and 
10. The structures were solved by direct methods and refined by 
full-matrix least squares cycles (programs SHELXS-97 or 90 

SHELXL-97)44 and Olex2.45 
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Table 9. X-ray crystallographic data for compounds 1 – 5 

Compound 1a 2 3 4 5 

Empirical formula C13H14BN9OPbS8 C16H20B2N4PbS8 C14H12N6O6PbS2 C72H80N20O16Pb2S8 C2H4N4O4PbS 

Mr 786.81 753.65 631.61 2152.42 387.34 

T (K) 100(2) K 100(2) K 100(2) K 100(2) K 100(2) K 

Crystal system triclinic  triclinic orthorhombic monoclinic orthorhombic  

Space group P1� P1� Pccn C2/c Pbcn 

a (Å) 10.1258(9) 9.93379(19) 12.354(5) 25.8252(2) 17.9942(7) 

b (Å) 11.5049(11) 12.2627(3) 16.814(6) 20.7570(2) 6.3605(2) 

c (Å) 12.7990(19) 12.4372(3) 9.0073(18) 15.8960(2) 13.1333(5) 

α (°) 111.827(6) 65.316(2) 90 90 90 

β (°) 108.210(6) 83.1389(17) 90 90.0600(6) 90 

γ (°) 95.805(5) 66.8959(19) 90 90 90 

Z  2 2 4 4 8 

V (Å3) 1274.3(3) 1264.40(5) 1870.9(11) 8521.10(15) 1503.13(9) 

 F(000) 756 728 1200 4288 1392 

Cryst. size (mm) 0.38 × 0.24 × 0.14 0.35 × 0.21 × 0.15 0.30 × 0.09 × 0.03 0.26 × 0.14 × 0.10 0.33 × 0.05 × 0.03 

Refl. measured 87623 74818 19912 163344 27266 

Unique refl. (Rint) 7414( 0.0263) 7372(0.0459) 2139(0.0662) 12428(0.077) 1418(0.0453) 

No. of param. 293  300 132 566 122 

R (I > 2σ(I) ) 0.0150 0.0146 0.0270 0.0319 0.0195 

Rw (all refl.) 0.0356 0.0327 0.0515 0.0825 0.0553 

Goodness-of-fit 1.047 1.085 1.016 1.039 1.195 

ρmax/min(e Å–3) 1.33/–1.17 0.52/–0.70 2.45/–0.68 1.78/–0.66 1.36/–0.84 

CCDC no. 992111 992112 992113 1008780 992115 

 

Table 10. X-ray crystallographic data for compounds 6 – 10 

Compound 6 7 8 9 10 

Empirical formula C12H20N14O6PbS4 C9H7N8OPb2S8 C6H6N4S4Pb C4H6N8PbS2 C18H12N2PbS4 

Mr 791.85 914.09 469.58 437.48 591.73 

T (K) 100(2) K 100(2) K 100(2) K 100(2) K 100(2) K 

Crystal system tetragonal  monoclinic monoclinic monoclinic orthorhombic 

Space group I 4� P21 P21/c P21/n Pbca 

a (Å) 10.5430(11) 4.0517(1) 13.3192(4) 8.94447(19) 19.9345(3) 

b (Å) 10.5430(11) 24.3412(7) 11.7420(4) 4.92209(8) 7.34785(13) 

c (Å) 11.7670(6) 10.7681(4) 7.72600(19) 23.5863(5) 24.3982(4) 

α (°) 90 90 90 90 90 

β (°) 90 93.9769(17) 93.931(2) 92.5552(18) 90 

γ (°) 90 90 90 90 90 

Z  2 2 4 4 8 

V (Å3) 1308.0(3) 1059.43(6) 1205.46(6) 1037.36(4) 3573.75(11) 

 F(000) 768 834 864 800 2240 

Cryst. size (mm) 0.30 × 0.28 × 0.28 0.20 × 0.03 × 0.03 0.20 × 0.06 × 0.02 0.49 × 0.09 × 0.03 0.18 × 0.05 × 0.04 

Refl. measured 13152 22633 44530 77856 31790 

Unique refl. (Rint) 1804(0.0373) 4808(0.097) 4649(0.0392) 1819(0.0894) 3150(0.0370) 

No. of param. 105 254 139 138 226 

R (I > 2σ(I) ) 0.0130 0.0386 0.0404 0.0357 0.0208 

Rw (all refl.) 0.0284 0.0964 0.1131 0.0943 0.0444 

Goodness-of-fit 0.965 1.013 1.095 1.121 1.187 

ρmax/min(e Å–3) 0.78/–0.74 2.18/–2.08 1.48/–1.80 3.32/–3.08 0.78/–0.68 

CCDC no. 992116 992117 992118 992119 992120 
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