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Abstract: In the presence of different N ancillary ligands, treatment of H,MPCA with corresponding Pb(Il) salts
afforded two complexes, [Pb(HMPCA),(H,0),]-H,0 (1) and [Pb(HMPCA),(phen)]-H,O (2) (H,MPCA=5-methyl-1H-
pyrazole-3-carboxylic acid, phen=1,10-phenanthroline). In dinuclear complex 1, the [Pb(u,-HMPCA))], units are
extended into a 1D chain structure by a pair of Pb--- O secondary bonds. Then, these 1D chains are further
assembled to a 2D supramolecular structure through intermolecular hydrogen bonds. While complex 2 displays a
mononuclear structure, the Ph---O secondary bonds emerged in the Ph,0, rhomb, which are further packed into a
3D supramolecular framework though 77 --- 77 interactions and hydrogen bonds. The thermal and luminescent

properties of complexes 1 and 2 have also been investigated. CCDC: 1854209, 1; 1854210, 2.
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0 Introduction

In the past decades, the coordination chemistry
of divalent lead has attracted much attention, not only
for its toxicity and its occurrence in critical life cycles
as a result of its widespread use in the industry!, but
also due to its diverse coordination geometries™?. In
fact, the electronic configuration of Ph(Il) allows the
Ph** cation to exhibit variable coordination numbers
from 2 to 10, and diverse coordination geometries.
Therefore, the Ph(I) ion also has a tendency to form
polynuclear complexes and the potential to provide a
stable framework structure!""". Particularly, the intrinsic
features of Pb(Il), the presence of a 6s% outer electron
configuration, arouse great interest of chemists in
coordination chemistry,

chemistry, supramolecular

151416 Meanwhile,

photophysics and photochemistry!
several studies focused on the design of chelating
ligands for the removal of lead from contaminated
coordination

water and soils according to the

properties leading to preferential binding of Ph(Il) over
other essential metal ions!"'l.

Now much effort has been devoted to complexes
constructed from heterocyclic carboxylate ligands, such
as pyridine carboxylate, pyrazole carboxylate, pyrazine
carboxyate and imidazole carboxylate ligands™?*!, due
to their strong coordination ability and multi-
coordination modes by the N and O donor atoms on the
heterocyclic rings and the carboxyl groups. They
coordinated to metal ions not only in diverse bridging
modes but also in different chelating fashions. For
example,  5-methyl-1H-pyrazole-3-carboxylic  acid
(H,MPCA) has been used to react with many transition
metal ions (Cu(ll), Co(Il), Ni(Il), Cd(Il) and Mn(Il)),
generating a lot of complexes, ranging from mono-
nuclear to dinuclear, to trinuclear and then to 1D coor-
dination polymers®¥!. But, the Pb(Il) complex contain-
ing H,MPCA has been less explored™. Considering
outstanding characters of Ph(Il) ion and our group’s
interest in constructing new complexes based on
H,MPCA, we carried out reactions of H,MPCA with
Pb (I) salts, in the presence of different N-donor

ancillary ligands of pyrazine and 1,10-phenanthroline

(phen), two Pb(Il) complexes, namely, [Pb(HMPCA),
(H,0),] *H,0 (1) and [Pb (HMPCA), (phen)] -H,0 (2),
were isolated therefrom. Herein, the syntheses, crystal
structures and photoluminescent properties of the

complexes 1 and 2 were described.
1 Experimental

1.1 Materials and methods

The ligand H,MPCA was prepared according to
the literatures™¥.. All other chemicals were of reagent-
grade quality, obtained from commercial sources, and
were used as received without further purification.
(C, H and N) was performed

on a Perkin-Elmer 2400 Series Il element analyzer.

The elemental analysis

The infrared spectra were recorded on a Nicolet 460
spectrometer by using KBr pellets. Powder X-ray
diffraction (PXRD) determinations were performed on
an X-ray diffractometer (D/max 2500 PC, Rigaku)
with Cu Ka radiation (A=0.154 06 nm). The operating
voltage and current were 60 kV and 300 mA, respe-
ctively. The PXRD measurements were carried out
over a 26 range of 3°~80° in continuous scanning
mode. Single-crystal X-ray diffraction measurements
of 1 and 2 were carried out with a Bruker Smart Apex
II CCD diffractometer at 293(2) K. Thermogravimetric
analysis  (TGA) experiments were carried out on a
DuPont thermal analyzer from room temperature to
800 °C under N, atmosphere at a heating rate of 10 °C
‘min~". The luminescent spectra of the solid samples
were recorded with a Cary Eclipse spectrometer.

1.2 Preparation of [Pb(HMPCA),(H,0),]-H,O

1)

A mixture of H,MPCA (0.025 2 g, 0.2 mmol),
Pb(0Ac),-3H,0 (0.076 0 g, 0.2 mmol), KOH (0.022 4
g, 0.4 mmol), pyrazine (0.016 0 g, 0.2 mmol) and H,0
(10 mL) was sealed in a 25 mL Teflon-lined autoclave
and heated at 180 °C for one day, and then cooled to
room temperature at a rate of 5 °C-h™. After filtration,
the product was washed with distilled water and then
dried in vacuum, and colorless crystals of 1 suitable
for X-ray diffraction analysis were obtained. Yield:
58% (0.029 7 g, based on H,MPCA). Anal. Caled. for
CioHigN,O-Pb(%): C, 23.48; H, 3.15; N, 10.95. Found



5 4 ] BESEASE T S5-3I Y TR B 25 4 . 2 WL 5 440 9 o 689

(%): C, 23.51, H, 3.28, N, 10.89. IR spectrum (KBr
pellet, cm™): 3 593 (s), 3 328 (s), 3 188 (s), 3 093(s),
2 957(m), 2 838(m), 1 579(vs), 1 480(s), 1 411(s), 1 368
(s), 1 331(s), 1 281(s), 1 180(m), 1 118(w), 1 000(s), 826
(m), 789(s), 725(m), 675(s), 638(m), 538(m), 439(s).
1.3 Preparation of [Pb(HMPCA),(phen)]-H,O

(2)

To the solution of H,MPCA  (0.012 6 g, 0.1 mmol)
in EtOH (4 mL), a solution of Pb(NO;), (0.033 1 g, 0.1
mmol) in deionized water (3 mL) was added. After
stirring for 30 min, phen (0.059 5 g, 0.3 mmol) was
added to the colorless solution, and stirred for further
2 h. The resulting solution was evaporated at room
temperature slowly. Colorless block crystals of 2 were
obtained after one week. After filtration, the product
was washed with deionized water and then dried in
vacuum. Yield: 70% (0.022 9 g, based on H,MPCA).
Anal. Caled. for C,HxNsOsPb(%): C, 40.30; H, 3.07;
N, 12.82. Found(%): C, 40.62 H, 2.98, N, 12.66. IR
spectrum (KBr pellet, cm™): 3 387(m), 3 181(m), 3 131
(s), 2 920(m), 1 661(w), 1 573(s), 1 510(m), 1 418(s),

1 336(s), 1 281(m), 1 162(w), 1 093(w), 1 000(m), 844
(s), 807(s), 725(m), 632(w), 538(w), 421(w).
1.4 Crystal structure determination

Single-crystal X-ray diffraction measurements of
1 and 2 were carried out with a Bruker Smart Apex
CCD diffractometer at 293(2) K. Intensities of reflec-
tions were measured using graphite-monochro-matized
Mo Ka radiation (A=0.071 073 nm) with the ¢-w scans
mode in a range of 2.614° < 6§ < 24.998° (1) or 2.390° <
0 < 24.999° (2). The structure was solved by direct
methods using the SHELXS of the SHELXTL package
and refined with SHELXL™. H atoms attached to C
were placed geometrically and allowed to ride during
subsequent refinement with an isotropic displacement
parameter fixed at 1.2 times U, of the parent atoms.
All other hydrogen atoms bonded to O or N atoms
were located from difference maps and refined with
isotropic thermal parameters 1.5 times of their carrier
atoms. The crystallographic data parameters for 1 and
2 are listed in Table 1.

CCDC: 1854209, 1; 1854210, 2.

Table 1 Crystal data and structure refinement for 1 and 2

Complex 1 2
Empirical formula CioH1eNO-Pb CxHxNgOsPb
Formula weight 511.46 655.63
Crystal system Tricilinic Tricilinic
Space group Pl Pl
a/nm 0.844 49(17) 0.887 58(19)
b / nm 0.847 83(16) 1.185 4(3)
¢/ nm 1.176 8(2) 1.196 0(3)
al(°) 83.765(4) 91.471(4)
B/ 75.626(4) 110.507(4)
v/ (°) 66.770(3) 107.301(4)
V/ nm? 0.750 0(2) 1.113 4(5)
A 2 2
D./ (g-em™) 2.265 1.956
F(000) 484 632
#(Mo Ka) / mm™ 11.289 7.625
Independent reflection (R;,) 2 575 (0.038 7) 3 884 (0.037 2)
Data, restraint, parameter 2 575, 8, 201 3884, 0, 311
Goodness-of-fit on F? 1.102 1.053

Ry, wR, [I>20(1)]
R, wR, (all data)
Largest diff. peak and hole / (e-nm™)

0.039 1, 0.107 8
0.040 5, 0.108 6
1 502 and -3 294

0.033 5, 0.086 4
0.036 3, 0.087 7
1 865 and -2 232
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2 Results and discussion

2.1 Synthesis and IR spectra characterization
The dinuclear complex [Pb(HMPCA),(H,0),]-H,0
(1) was prepared by the hydrothermal reaction of Ph(Il)
salt with H,MPCA, pyrazine and KOH in a molar ratio
of 1:1:1:2 at 180 °C, meanwhile only a powder of
unknown composition was obtained under keeping
other reaction conditions unchanged and in the
absence of pyrazine. In this reaction, pyrazine may
play a role in regulating pH value of the reaction
system along with KOH. In 1, the H,MPCA ligand
partly deprotonated and adopted two coordination
modes: N, O-chelating (Scheme 1a) and u,-«kN,0:x0
(Scheme 1b). When ancillary ligand
phen  was the
mononuclear complex 2, [Pb (HMPCA), (phen)| - H,0,
was generated by routine solution reaction. In 2, phen
acted as chelating ligand, and the HMPCA - ligand
also adopted two coordination modes: a u,-kN,O :kO

bridging mode (Scheme 1b) and 0,0’-chelating mode

bridging mode

introduced to reaction  system,

(Scheme 1c). From the above discussion, we can see

that the N ancillary ligands and reaction temperature
play an important role in leading to various complexes
from dinuclear (1) to mononuclear (2), which may be
due to that the phen ligand chelated to Pb(Il) ion and
increased the steric hindrance around the metal ion.
Both 1 and 2 are stable in air and insoluble in water
and common organic solvents. In the IR spectra of 1
and 2, the strong and broad absorption bands around
3 200~3 600 cm™ region are assigned as characteristic
peaks of OH vibration, indicating that water molecules
exist in them (Supporting Information, Fig.S1). In 1
and 2, the sharp bands at 3 140 cm™ are assigned to
N-H vibration. The absorption peak between 1 690 and
1 730 em™ was not observed, showing that all carboxylic
groups deprotonated in 1 and 2. The intense bands at
1 330~1 360 cm™ are ascribed to the conjugated C=N
stretching vibration. The bands of 1 579 and 1 411
cm™ (1), and 1 573 and 1 418 cm™ (2) indicate the
asymmetric and symmetric vibrations of COO- groups.
Elemental analyses of 1 and 2 were consistent with
the formulas. The identities of 1 and 2 were finally

confirmed by X-ray crystallography.

(0) Q
N\ /N N
d I M= | \ M\W
\ N~ \ N~ ¢} N—
M g M N NH
@ (b) ©
Scheme 1  Different coordination modes of HMPCA™ in complexes 1 and 2

2.2 Description of crystal structure of

[Pb(HMPCA)z(HZO)z] ‘HO0 (1)

X-ray crystal structure analysis reveals that 1
crystallizes in the triclinic space group Pl. The
asymmetric unit consists of one Pb (I) cation, two
HMPCA™ anions, two coordinated water molecules and
one lattice water molecule. The coordination sphere of
Ph(Il) is defined by two nitrogen atoms (N1 and N3A)
from two HMPCA - anions, and three oxygen atoms
(01, 03 and O3A) from three HMPCA ~ anions and
two oxygen atoms (05 and O6B) from coordinated water
molecules, leading to a hepta-coordinated hemihedral
geometry. It is worth noting that the HMPCA ™ ligand
in 1 adopts two coordination modes. Firstly, the

HMPCA" ligand coordinates to the Ph(Il) ion in a N,O-

chelating fashion (referred to a five-membered chelate
ring) through the carboxylate oxygen atom O1 as well
as its adjacent nitrogen atom N1 in the pyrazole ring
(Scheme 1a and Fig.1a). Secondly, it coordinates to Pb
(I ions through a u,-kN,0:x0 bridging mode (Scheme
1b). As shown in Fig.1b, the bridging HMPCA~ anion
coordinates to the Pbl ion through N3A and O3A
atoms in the N,0-bonding moiety, and the carboxylate
oxygen O3A simultaneously coordinates to the second
Pb() ion (PblA), resulting in the formation of a
centrosymmetrical [Pb(HMPCA)( u,-HMPCA) (H,0)],
unit with the Pbl---PblA distance of 0.429 2(1) nm,
which is comparable to that in Pb(Il)-pyridinecarboxylate
complex [Pb(INO)CI] (0.430 7 nm, HINO=isonicotinic
acid N-oxide)P, and a little longer than that in the 1D
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Hydrogen atoms and solvent molecules were omitted for clarity; Thermal ellipsoid probability level: 30%;

Secondary bonds are indicated by dashed lines; Symmetry codes: A: 2-x, 1-y, 1-z; B: 1-x, 1-y, 1—2

Fig.1 Ilustrations of the crystal of 1: (a) coordination environment of Ph(Il) ion; (b) dinuclear unit;

(c) 1D chain constructed by the secondary bond of Pb---O

coordination polymer [Pb(HMPCA),|, (0.421 2(4) nm).
The Pbl---PblA distance is slightly shorter than the
(0.46 nm), which
indicates that there are weak Pb---Pb contacts within
the dinuclear units. The Pb-O bond lengths in the
Pb,0, rthomb of 1, are 0.265 4(6) nm (Pb(1)-O(3)) and
0.260 2(6) nm (Pb(1)-O(3A)), respectively. The mean
Pb-Oyypea bond length of 0.258 6(6) nm is slightly
longer than that in [Pb(HMPCA),], (0.249 2(3) nm), but
a little longer than that in the similar Pb,0, plane in
[Pb(INO)CI] (0.267 03(3) nm)". The mean Pb-N bond
length of 0.264 7(7) nm is close to those in [Pb(Hatpaa)
CI] (0.270 2(6) nm, Hjtpaa=a,a’ " -nitrilotri(6-methyl-
2-pyridinecarboxylic acid)™, and  [Pb(HMPCA),],
(0.269 7(4) nm). The distances of Ph-O,, (from coor-
dinated water) (0.271 7(6) and 0.279 7(1) nm) are
somewhat longer than the Pb-Oyypes bond length. It is

sum of the van der Waals radii

interesting to find that, there is a secondary bond of
Pb1---06 (0.292 2(1) nm) between the Pbl ion and
the coordinated water molecule 06 of the adjacent
dinuclear unit, leading to a 1D chainlike structure
(Fig.1¢). The lattice water molecule (07) is embedded

in the 1D coordination chain through intermolecular

hydrogen bonding interaction N4—-H4---O7E (Fig.S2a,
Table S2). Then the 1D chains are engaged in
hydrogen-bonding interactions between coordination
water molecules (05 and 06) and carboxylate oxygen
atoms (01, 02 and 04), and hydrogen bonds between
pyrazole N atom (N2) and carboxylate oxygen atom
(04), forming a 2D supramolecular structure (Fig.S2b).
2.3 Description of crystal structure of
[Pb(HMPCA),(phen)]-H,O (2)

Complex 2 crystallizes in the triclinic space
group P1. The asymmetric unit of 2 consists of one Pb
(I) cation, two HMPCA~ anions, one phen ligand and
one lattice water molecule. Ph(Il) ion is coordinated by
two nitrogen atoms (N5 and N6) from the phen ligand,
(N3) from the HMPCA - anion and
three carboxylate oxygen atoms (01, O2 and O3) from
two HMPCA™ anions to furnish a hemidirected [PbO;Nj;]

geometry. As shown in Fig.2a, the hexa-coordinated

a nitrogen atom

Pbl ion exhibits a distorted hemidirected geometry.
The equatorial positions are occupied by O1, 02, N5
and N6 atoms. The Pb-N (in a range of 0.254 §(5)
~0.266 3(4) nm) and Pb-O (in a range of 0.254 8(4)~
0.270 9(5) nm) (Table S1) bonds are termed as primary
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Hydrogen atoms and solvent molecules were omitted for clarity; Thermal ellipsoid probability level: 30%; Secondary

Pb---O bonds and 7r--+7r interactions are indicated by dashed lines; Symmetry codes: A: 1-x, 1-y, 1-z

Fig.2 Tllustrations of the crystal of 2: (a) coordination environment of Ph(Il) ion; (b) dinuclear unit;

(c) 1D chain constructed by -7 stacking between phen and pyrazole rings

bonds. However, the secondary bond between Pbl and
carboxylate oxygen atom (Pb1---O3A) with a distance
of 0.287 1(1) nm (dashed lines in Fig.2b) is longer than
the sum of the ionic radii but significantly shorter
than the sum of the van der Waals radii (0.354 nm)%,
which can be explained by the presence of an active
lone electron pair in the proximity of the O atoms. If
the Pb1---O3A bond is taken into account, then the
geometry around Pbl ion can be described as a hepta-
coordinated [PbO,N;] geometry. In addition, the bond
angles around Pbl are in a range of 48.78(15)°~
166.12(17)°, similar to the Ph(Il) complexes previously
The HMPCA- anion in 2 adopts two

coordination modes: one is HMPCA™ anion coordinates

reported!’.

to two Pb(Il) ions through a u,-kN,0:k0 bridging mode
(Scheme 1b); the other chelates to a Pb(Il) ion though
two carboxylate oxygen atoms Ol and 02 (Scheme
1¢), which is slightly different from the N,O-chelating
fashion, u,-kN,0:x0,0" mode, u,-kN,0:xN" mode, -
kN,0:x0,0":k0" mode and p,-kN,0:x0 mode, presented
in the reported metal complexes™* and those in 1. By
the function of the u,-HMPCA™ anion, two crystallo-
graphically equivalent [Pb(HMPCA),(phen)] units are

linked by a pair of Pb---O bonds to generate a centro-
symmetrical Pb,O, rhomb with the Pbl --- PblA
distance of 0.468 4(1) nm, which is a little longer
(0.46 nm).
This indicates that there is no Pb---Pb contacts within

than the sum of the van der Waals radii

the dinuclear unit, which is different from that in 1.
This may be due to that the phen ligands coordinate
to the Ph(Il) ions and increase the steric hindrance
around the metal ions.

By the function of four intermolecular 7 --- 77
interactions (Cgl---Cg4B 0.373 6(5) nm, Cg4---CglB
0.373 6(5) nm, Cgl---Cg5B 0.368 8(4) nm, Cg5---
CglB 0.368 8(4) nm, Cg5---Cg5B 0.355 2(4) nm; Cg
refers to the ring centroid of pyrazole of HMPCA~
ligands, the arene ring and pyridyl of phen ligands,
Symmetry codes: B: —x, 1-y, 1-z), the adjacent
dinuclear units are linked to form a 2D layer (Fig.2c).
Finally, these 2D layers further packed into a 3D
supramolecular framework via three kinds of inter-
molecular hydrogen bonds: (i) N-H---O and O-H---N
hydrogen-bonding interactions between uncoordinated
(N1, N2 and N4) and carboxylate

oxygen atom (04) and solvent water molecule (05); (ii)

pyrazole N atoms
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O-H---O hydrogen-bonding interaction between water
molecule (O5) and carboxylate oxygen atom (04); (iii)
C—-H --- O hydrogen-bonding interactions between C
atoms from phen ligands (C11 and C20) and carboxylate
oxygen atoms (01 and 02) (Table S2, Fig.S3).
2.4 PXRD and thermal analysis

In order to check the phase purity of 1 and 2,
the powder X-ray diffraction (PXRD) patterns were
recorded at room temperature. As shown in Fig.S4,
the experimental PXRD pattern for each complex
correlates well with its simulated one generated from
single-crystal X-ray diffraction data, confirming the
phase purity of the bulk materials.

In order to examine the thermal stability of 1 and
2, thermal gravimetric (TG) analyses were carried out
from room temperature to 800 °C under nitrogen (Fig.
SS5). In the TG curve of 1, the first weight loss of
9.50% in the 64~112 °C region corresponds to the
loss of three water molecules (Caled. 10.56 9%). Above
301°C , the remaining substance is decomposed
gradually, but this degradation does not end upon 800
C. In the TG curve of 2, the first weight loss of
2.46% in the 180~233 °C region corresponds to the
loss of one water molecule (Caled. 2.75%). Then, the
remaining substance is destroyed gradually, but this
degradation does not end upon 800 °C.
2.5 Luminescent properties

The luminescent behaviors of ligand H,MPCA,
complexes 1 and 2 were investigated in the solid state
at room temperature owing to excellent luminescent

properties of Pb(Il) complexes**? (Fig.3). Upon excita-

800+
4,=331 nm
700

6001
% 500

£ 400
400 H,MPCA

Intens

300-
200-
100 2
0- 1
430 440 450 460 470 480 490 500
Wavelength / nm

Fig.3 Solid-state emission spectra for complexes 1, 2 and

ligand H,MPCA at room temperature

tion at 331 nm, the strongest emission peak for the
ligand appeared at 441 nm, corresponding to the -
7* transition. Both complexes 1 and 2 exhibited a
peak centered at 442 nm, resembling that of the
ligand. Therefore the origin of the main emissions of
complexes 1 and 2 may be attributable to the internal
charge transfer of ligand. In addition, the emission
intensity of two complexes is obviously weaker than
that of the free ligand, which may be due to the
fluorescence quenching of no single-electron Ph(Il) ion

with a certain role*!,
3 Conclusions

In summary, two Ph(Il) complexes, ranging from
dinuclear (1) to mononuclear (2) have been success-
fully synthesized through the self-assembly of H,MPCA
ligand and Pb(I) salts in the presence of N ancillary
ligands. By the function of Pb--- O secondary bond,
complexes 1 and 2 are extended to a 1D chain or
dinuclear structure, respectively. In 1 and 2, the
HMPCA~ groups adopt a bridging coordination mode
and two chelating coordination modes, among which,
the 0,0’ -chelating mode has never been reported in
H,MPCA-based complexes. In addition, two complexes
display blue fluorescence in the solid state al room

temperature.
Supporting information is available at http://www.wjhxxb.cn
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