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ABSTRACT: Hydrothermal pH-specific reactivity in the binary/
ternary systems of Pb(II) with the carboxylic acids N-hydroxyethyl-
iminodiacetic acid (Heida), 1,3-diamino-2-hydroxypropane-N,N,N′,
N′-tetraacetic acid (Dpot), and 1,10-phenanthroline (Phen) afforded
the new well-defined crystalline compounds [Pb(Heida)]n·nH2O(1),
[Pb(Phen)(Heida)]·4H2O(2), and [Pb3(NO3)(Dpot)]n(3). All com-
pounds were characterized by elemental analysis, FT-IR, solution or/
and solid-state NMR, and single-crystal X-ray diffraction. The structures
in 1−2 reveal the presence of a Pb(II) center coordinated to one Heida
ligand, with 1 exhibiting a two-dimensional (2D) lattice extending to a
three-dimensional (3D) one through H-bonding interactions. The con-
current aqueous speciation study of the binary Pb(II)−Heida system
projects species complementing the synthetic efforts, thereby lending
credence to a global structural speciation strategy in investigating binary/ternary Pb(II)-Heida/Phen systems. The involvement of
Phen in 2 projects the significance of nature and reactivity potential of N-aromatic chelators, disrupting the binary lattice in 1 and
influencing the nature of the ultimately arising ternary 3D lattice. 3 is a ternary coordination polymer, where Pb(II)-Dpot
coordination leads to a 2D metal−organic-framework material with unique architecture. The collective physicochemical properties of
1−3 formulate the salient features of variable dimensionality metal−organic-framework lattices in binary/ternary Pb(II)-(hydroxy-
carboxylate) structures, based on which new Pb(II) materials with distinct architecture and spectroscopic signature can be rationally
designed and pursued synthetically.

■ INTRODUCTION

The synthesis of discrete and polymeric metal−organic
complexes is currently attracting considerable attention because
of their unique structural topologies and properties. Building new
complexes and modifying their architectures to study their
physical properties has been a topic for many research groups.1

Lead, a heavy toxic metal, is commonly encountered in critical
life cycles because of its widespread use in numerous industrial
applications and its occurrence in the environment.2 The
diversity of lead use entails an equally diverse chemical reactivity
toward organic and inorganic substrates, ultimately leading
to numerous products. The incumbent chemical reactivity is

intimately associated with the nature and properties of Pb(II)
and the reacting partners in the involved reaction mixtures. To
this end, good knowledge of the coordination chemistry leading
to preferential binding of lead over other (non)essential metal
ions is crucial for understanding the toxicological properties of
Pb(II), the design of selective chelation therapy agents, and the
development of efficient chelating agents for the remediation of
polluted water and soil. The most common chelator studied in
the literature is EDTA, which has been used to remove lead
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nitrate from wastewater. A congener ligand, Dpot, (1,3-diamino-
2-hydroxypropane-N,N,N′,N′-tetraacetic acid) is an analogue of
ethylenediamine-N,N,N′,N′-tetraacetic acid (EDTA). The
chemical reactivity of Dpot involves employment of all four
carboxylic acid terminals and is further exemplified by the
presence of the central alcohol function, useful in promoting
dinuclear metal unit formation as an alkoxide bridge between two
metal ions.3−5

Analogous to Dpot ligand is Heida, which is simpler than Dpot
and also possesses the same coordination groups. Both Dpot and
Heida ligands can lead to the formation of monomers, dimers, or
polymers. Coordination polymers constitute one of the most
important classes of organic−inorganic hybrid materials, which
have attracted great research interest not only because of their
intriguing variety of architectures and topologies but also because
of their fascinating potential applications in functional solid
materials, ion exchange, catalysis, and the development of optical,
electronic, and magnetic devices.6−8

Consequently, a variety of coordination polymers of variable
M(II)-L composition have been constructed by careful selection
of the metal ions and multidentate bridging ligands L. Dpot and
Heida are two very promising multidentate bridging ligands.
Encouraged by successful efforts in our lab to employ hydro-
thermal synthesis for the assembly of crystalline materials con-
taining Pb(II), we used this method for the synthesis, isolation,
and crystallization of new binary and ternary compounds of
Pb(II) with variable nature O,N-containing aromatic and
carboxylic acid ligands. In an effort to delve into the molecular
factors dictating the assembly of binary and ternary Pb(II)-
alcohol-containing carboxylic acid materials, a global structural
speciation approach was adopted for the synthesis and solution
investigation of binary and ternary systems involving Heida and
Dpot ligands. To this end, we report herein on (a) the aqueous
speciation studies of the binary Pb(II)-Heida system, and (b) the
hydrothermal synthesis of binary and ternary Pb(II)-Heida/
Phenanthroline and Pb(II)-Dpot materials, where in a unique
way formation of three new compounds is achieved, contain-
ing Pb(II)-Heida, Pb(II)-Heida-Phenanthroline, and Pb(II)-
Dpot. Physicochemical characterization of all emerging synthetic
species (a) projects the characteristic features emerging from
both solution and structural studies, emphasizing the association
of the spectroscopic signature with the assembly of variable
dimensionality lattice architectures encountered in 1−3, and (b)
suggests potential pathways furthering use of 1−3 as precursors
to hydrothermally synthesized new materials with distinctly
differentiated structural and spectroscopic signature(s).

■ EXPERIMENTAL SECTION
Materials and Methods. All experiments were carried out in air.

Nanopure quality water was used for all reactions. Pb(NO3)2,
Pb(CH3COO)2·3H2O, N-hydroxyethyl-iminodiacetic acid (Heida),
1,3-diamino-2-hydroxypropane-N,N,N′,N′-tetraacetic acid (Dpot),
and sodium hydroxide were purchased from Fluka. 1,10-Phenanthroline
(Phen) was supplied by Aldrich.
Physical Measurements. FT-Infrared spectra were recorded on a

Thermo, Nicolet IR 200 FT-infrared spectrometer. A ThermoFinnigan
Flash EA 1112 CHNS elemental analyzer was used for the simultaneous
determination of carbon, hydrogen, and nitrogen (%). The analyzer
operation is based on the dynamic flash combustion of the sample
(at 1800 °C) followed by reduction, trapping, complete GC separation,
and detection of the products. The instrument is (a) fully automated and
is controlled by a PC via the Eager 300 dedicated software, and (b) capable
of handling solid, liquid, or gaseous substances.

Solution NMR Spectroscopy. Solution 13C NMR experiments for
1 were carried out on a Varian 600 MHz spectrometer. The sample
concentration was approximately 0.02−0.10 M. The compound was
dissolved in D2O. The

13C spectral width was 30000 Hz. Experimental
data were processed using VNMR routines. Spectra were zero-filled
twice and apodized with a squared sine bell function shifted by π/2 in
both dimensions. Chemical shifts (δ) are reported in parts per million
(ppm) relative to the TMS resonance peak.

Solid State NMR Spectroscopy. The solid state 13C CP-MAS
NMR spectrum of 1 was obtained on a Bruker Avance 400 NMR
spectrometer at a frequency of 100.61 MHz. The spinning rate used was
10.0 kHz at room temperature. The solid-state spectrum of 1was a result
of the accumulation of 1187 scans. The recycle delay used was 10 s,
the 1H 90° pulse length 3 μs, and the contact time 2 ms. All solid-
state spectra were externally referenced to TMS with adamantane as a
secondary reference.

Solid state CP-MAS 13C NMR spectra for 2 and 3 were obtained on a
Varian 400 MHz spectrometer operating at 100.53 MHz. In each case,
sufficient sample quantity was placed in a 3.2 mm rotor. A double
resonance HX probe was used. The spinning rate was set at 12 kHz. The
RAMP-CP pulse sequence of the VnmrJ library was applied, whereby the
13C spin-lock amplitude is varied linearly during CP, while the 1H spin-lock
amplitude is kept constant. RAMP-CP eliminates the Hartmann−Hahn
matching profile dependence from the MAS spinning rate and optimizes
signal intensity.9 The solid-state spectra of 2 and 3were recordedwith 5000
scans, using a 90ο pulse width of 6.0 μs for 2 and 5.4 μs for 3, a contact pulse
of 3.8 ms, and a recycle delay of 10 s for 2 and 3. Referencing was again
done with respect to TMS via adamantane as a secondary reference.

The high resolution solid state natural abundance 207Pb Magic Angle
Spinning (MAS) NMR spectra were recorded on a Bruker Avance
MSL400 NMR spectrometer at 83.67 MHz, with 1H high power
decoupling. The spinning rate was 7.3 kHz and the measurements were
carried out at room temperature. The 1H 90° pulse was 3 μs and the
contact time 2 ms for both 1 and 2. For 1, 884 scans with a recycle delay
of 100 s, and for 2, 4229 scans with a recycle delay of 5 s were recorded.
The spectra were referenced to Pb(NO3)2, which showed a resonance at
−3473.5 ppm.10 Analysis of the chemical shift anisotropy was done with
the program dmfit.11 Values of the anisotropy Δσ and the asymmetry
parameter η are provided according to the Haeberlen convention and
are the best fits to the individual spinning sideband intensities.12

pH-Potentiometric Measurements. The stability constants of the
proton and Pb(II) complexes of the title ligand were determined by pH-
potentiometric titrations of 25 mL samples in the pH range 2.3−11 or
until precipitation occurred, under a purified argon atmosphere. Care
was taken to ensure that titrimetric data were recorded and collected
under conditions taking into consideration the kinetically sluggish
Pb(II). Duplicate titrations were performed. The reproducibility of the
titrations was within 0.005 pH units. Titration points obtained when
5 min was not enough to attain pH equilibrium were omitted from the
evaluation. The ionic strength was adjusted to 0.20 M with KNO3.
During the measurements, the temperature was maintained at 25± 0.1 °C.
The titrations were performed with a carbonate-free KOH solution of
known concentration (ca. 0.2M). The ligand concentration was 1.7 mM
and the metal/ligand ratios were 1:2, 2:2, 2:4, 4:4, and 1:4. All other
experimental conditions were the same as in earlier studies.13−15

The pH was measured with a computer-controlled Molspin titration
system elaborated for titrations at low concentrations and a Metrohm
6.0234.100 combined glass electrode, calibrated for hydrogen ion
concentration according to Irving et al.16 The concentration stability
constants βpqr = [MpAqHr]/[M]p[A]q[H]r were calculated with the
PSEQUAD computer program.17,18 The uncertainties (3SD values) of
the stability constants are given in parentheses in Table 3.

Preparation of [Pb(Heida)]n·nH2O (1). A quantity of Pb-
(CH3COO)2·3H2O (0.37 g, 1.0 mmol) was placed in a 25 mL round-
bottom flask and dissolved in 10 mL of H2O. Subsequently, Heida
(0.35 g, 2.0 mmol) was added slowly and under continuous stirring. Finally,
an aqueous solution of sodium hydroxide was added to adjust the pH to a
final value of ∼5. The resulting reaction mixture was allowed to stir for
1/2 h and then was placed in a 23 mL Teflon-lined stainless steel reactor
and heated to 160 °C for 85 h. Subsequently, the reactor was allowed to
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cool to room temperature. The resulting solution was allowed to stand at
room temperature until colorless crystals appeared at the bottom of the
vessel. The resulting crystalline material (0.10 g, 48%) was collected by
filtration, washed with water, and air-dried. Anal. Calcd for 1,
[Pb(Heida)]·H2O, (C6H11O6NPb), Mr 390): Calculated: (%) C
18.46, H 2.8, N, 3.6. Found: C 18.55, H 2.7, N 3.5.
Preparation of [Pb(phen)(Heida)]·4H2O (2). A quantity of

Pb(CH3COO)2·3H2O (0.37 g, 1.0 mmol) was placed in a 25 mL
round-bottom flask and dissolved in 10 mL of H2O. Subsequently,
Heida (0.35 g, 2.0 mmol) was added slowly and under continuous
stirring. Then, phen (0.20 g, 1.0 mmol) was added under stirring. Finally,
a solution of sodium hydroxide was employed to adjust the solution pH
to a final value of ∼8. The resulting reaction mixture was allowed to stir
for 1/2 h. Then, it was placed in a 23mLTeflon-lined stainless steel reactor
and heated to 160 °C for 85 h. Subsequently, the reactor was allowed to
cool to room temperature. The emerging solution was allowed to stand at
room temperature and after a day colorless crystals appeared at the bottom
of the vessel. The resulting crystalline material (0.26 g, 41%) was collected
by filtration, washed with water and air-dried. Anal. Calcd for 2,
[Pb(C12H8N2)(C6H9O5N)]·4H2O (2) (C18H25O9N3Pb, Mr 634.61):
Calculated: (%) C 34.1, H 3.9, N 6.6. Found: C 34.3, H 3.7, N 6.2.
Preparation of [Pb3(NO3)(Dpot)]n (3). A quantity of Pb(NO3)2

(0.33 g, 1.0 mmol)) was placed in a 25 mL round-bottom flask and
dissolved in 10 mL of H2O. Subsequently, Dpot (0.32 g, 2.0 mmol) was
added slowly and under continuous stirring. The final pH value of the
reaction solution was adjusted with aqueous sodium hydroxide solution
to ∼4.5. The resulting reaction mixture was allowed to stir for 1/2 h.
Then, it was placed in a 23 mL Teflon-lined stainless steel reactor and
heated to 160 °C for 85 h. Subsequently, the reactor was allowed to cool
to room temperature. At the bottom of the vessel a crystalline material
had appeared. The resulting crystalline product (0.14 g, 42%) was
collected by filtration, washed with water, and air-dried. Anal. Calcd
for 3, [Pb3(NO3)(C11H13O9N2)] (3) (C11H13O12N3Pb3), Mr 1000.81):
Calculated: (%) C 13.2, H 1.3 N 4.1 Found: C 13.5, H 1.2, N 4.3.

■ X-RAY CRYSTAL STRUCTURE DETERMINATION

X-ray quality crystals of compounds 1, 2 and 3 were grown from
aqueous solutions under hydrothermal conditions. A single
crystal of 1 (0.5× 0.3× 0.1 mm) and 2 (0.3× 0.6× 0.8 mm) was
mounted in air. Diffraction measurements were made on a
Crystal Logic dual-goniometer diffractometer, using graphite
monochromated Mo−Kα radiation (λ = 0.71073 Å). Unit cell
dimensions were determined and refined by using the angular
settings of 25 automatically centered reflections in the range 11 <
2θ < 23°. Throughout data collection, three standard reflections
were monitored every 97 reflections, and showed less than 3%
variation and no decay. Lorentz, polarization, and psi-scan
absorption corrections were applied by using Crystal Logic
software. On the basis of unit cell dimensions, compound 1 was
identified as previously reported in the literature.19 A single
crystal of 3 (0.3 × 0.3 × 0.8 mm) was taken directly from the
mother liquor and immediately cooled to −93 °C. Diffraction
measurements were made on a Rigaku R-AXIS SPIDER Image
Plate diffractometer using graphite monochromated Mo Kα
radiation (λ = 0.71073 Å). Data collection (ω-scans) and
processing (cell refinement, data reduction and empirical
absorption correction) were performed using the CrystalClear
program package.20 Crystallographic details are given in Table 1.
Further experimental crystallographic details for 2: 2θmax =

50°, number of reflections collected/unique/used, 3937/3784-
[R(int) = 0.0464]/3784; 285 parameters refined; (Δρ)max/
(Δρ)min = 3.241/−2.804 e/Å3; GOF = 1.037; R/Rw (for all data),
0.0546/0.1398. For 3: 2θmax = 52; number of reflections
collected/unique/used, 18687/3489[R(int) = 0.0798]/3489;
295 parameters refined; (Δρ)max/(Δρ)min = 2.000/−2.786 e/Å3;
GOF = 1.128; R/Rw (for all data), 0.0316/0.0752.

The structures of complexes 2 and 3were solved by directmethods
using SHELXS-97,21 and refined by full-matrix least-squares tech-
niques onF2 with SHELXL-97.22Hydrogen atomswere either located
by difference maps and were refined isotropically or introduced at
calculated positions as riding on bonded atoms. No H-atoms for the
water solvatemolecules in 2 were included in the refinement. All non-
hydrogen atoms were refined anisotropically. Plots of all structures
were drawn using the Diamond 3.1 crystallographic package.23

■ RESULTS AND DISCUSSION
Synthesis. The hydrothermal synthesis of compound 1

was expediently pursued through a facile reaction between
Pb(CH3COO)2·3H2O and Heida acid in aqueous solutions.
The pH, at which the reaction was developed, was ∼5. The
adjustment of pH was achieved through addition of aqueous
sodium hydroxide. The stoichiometric reaction leading to the
formation of the title compound is shown below in reaction 1.

In a similar reaction, Pb(CH3COO)2·3H2O and Heida, in a molar
ratio 1:1, reacted inwaterwith phen and aqueous sodiumhydroxide at
pH∼8, giving rise to compound 2. The stoichiometric reaction lead-
ing to the formation of compound 2 is shown below in reaction 2.

Compound 3 was the result of the reaction of Pb(NO3)2 and
Dpot acid, in a molar ratio 1:1, in water at pH∼4.5 with aqueous

Table 1. Summary of Crystal, Intensity Collection and
Refinement Data for [Pb(phen)(Heida)]·4H2O (2) and
[Pb3(NO3)(Dpot)]n (3)

2 3

formula C18H25N3O9Pb C11H13N3O12Pb3
formula weight 634.61 1000.81
T, °K 293(2) 180(2)
wavelength, λ (Å) 0.71073 0.71073
space group triclinic P1̅ (no.2) triclinic P1̅ (no.2)
a (Å) 7.108(6) 9.0129(3)
b (Å) 9.965(7) 10.0591(4)
c (Å) 15.570(10) 10.1818(4)
α, deg 98.16(3) 85.371(1)
β, deg 94.54(3) 81.985(1)
γ, deg 95.00(3) 77.670(1)
V, (Å3) 1082.8(14) 891.76(6)
Z 2 2
Dcalcd (Mg m−3) 1.946 3.727
abs.coeff. (μ), mm−1 7.845 28.322
R indicesa R = 0.0519b R = 0.0303b

Rw = 0.1361b Rw = 0.0744b

aR values are based on F values, Rw values are based on F
2. R =∑||Fo| −

|Fc||/∑|Fo|; Rw = [∑w(Fo
2 − Fc

2)2/∑w(Fo
2)2]1/2. b[(2):3535,

(3):3365, refs I > 2σ(I)]
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sodium hydroxide. The stoichiometric reaction leading to the
formation of compound 3 is shown below in reaction 3.

The derived Pb(II)-Heida and Pb(II)-Dpot materials were easily
retrieved in pure crystalline form by hydrothermal synthesis.

Elemental analysis of the isolated crystalline products projected
the molecular formulations [Pb(Heida)]·H2O (1), [Pb(phen)-
(Heida)]·4H2O (2), and [Pb3(NO3)(Dpot)] (3), respectively.
Further spectroscopic evaluation of the crystalline products by
FT-IR confirmed the presence of the ligands bound to Pb(II),
thus being in line with the proposed formulations. Finally,
X-ray crystallography confirmed the analytical and spectro-
scopic results by rendering the molecular formulation of the
crystalline products in all three cases. Closely related reac-
tion conditions leading to structurally diversified binary and

Table 2. Bond Lengths [Å] and Angles [deg] for [Pb(phen)(Heida)]·4H2O (2) and [Pb3(NO3)(Dpot)]n (3)
a

[Pb(phen)(Heida)]·4H2O (2)
PbO(3) 2.286(6) PbN(2) 2.682(7)
PbO(1) 2.454(6) PbN(1) 2.686(7)
PbN(3) 2.608(6) PbO(5) 2.699(6)
O(3)−PbO(1) 87.4(3) N(3)−PbN(1) 136.1(2)
O(3)−PbN(3) 69.6(2) N(2)−PbN(1) 60.9(3)
O(1)−PbN(3) 64.8(2) O(3)−PbO(5) 80.1(3)
O(3)−PbN(2) 90.1(2) O(1)−PbO(5) 132.2(2)
O(1)−PbN(2) 78.6(2) N(3)−PbO(5) 67.6(2)
N(3)−PbN(2) 138.2(2) N(2)−PbO(5) 146.4(2)
O(3)−PbN(1) 72.0(2) N(1)−PbO(5) 85.6(2)
O(1)−PbN(1) 133.6(2)

[Pb3(NO3)(Dpot)]n (3)
Pb(1)O(5) 2.388(5) Pb(2)O(9) 2.556(6)
Pb(1)O(1) 2.488(5) Pb(2)O(12#) 2.816(5)
Pb(1)O(3) 2.524(6) Pb(3)O(4‴) 2.379(6)
Pb(1)N(1) 2.579(6) Pb(3)O(2) 2.417(5)
Pb(1)O(9′) 2.627(5) Pb(3)O(7‴) 2.505(6)
Pb(1)O(8″) 2.744(6) Pb(3)O(11) 2.718(7)
Pb(1)O(11) 2.851(8) Pb(3)O(13) 2.880(6)
Pb(2)O(5) 2.243(5) Pb(3)O(1) 2.809(6)
Pb(2)O(6) 2.419(6) Pb(3)O(3‴) 2.776(6)
Pb(2)N(2) 2.493(6)
O(5)−Pb(1)O(1) 89.6(2) O(4‴)−Pb(3)O(2) 74.6(2)
O(5)− Pb(1)O(3) 80.4(2) O(4‴)−Pb(3)O(7‴) 83.3(2)
O(1)− Pb(1)O(3) 133.4(2) O(2)−Pb(3)O(7‴) 80.8(2)
O(5)− Pb(1)N(1) 71.1(2) O(4‴)−Pb(3)O(11) 101.4(2)
O(1)− Pb(1)N(1) 65.8(2) O(2)−Pb(3)O(11) 69.7(2)
O(3)− Pb(1)N(1) 67.9(2) O(1)−Pb(3)O(2) 49.4(2)
O(5)− Pb(1)O(9′) 72.4(2) O(1)−Pb(3)O(11) 70.3(2)
O(1)− Pb(1)O(9′) 74.3(2) O(1)−Pb(3)O(13) 115.2(2)
O(3)− Pb(1)O(9′) 141.3(2) O(1)−Pb(3)O(3‴) 172.3(2)
N(1)− Pb(1)O(9′) 125.0(2) O(1)−Pb(3)O(4‴) 123.2(2)
O(5)− Pb(1)O(8″) 144.5(2) O(1)−Pb(3)O(7‴) 80.1(2)
O(1)− Pb(1)O(8″) 81.1(2) O(2)−Pb(3)O(13) 96.5(2)
O(3)− Pb(1)O(8″) 81.4(2) O(2)−Pb(3)O(3‴) 124.4(2)
N(1)− Pb(1)O(8″) 73.8(2) O(11)−Pb(3)O(13) 45.0(2)
O(9′)− Pb(1)O(8″) 135.6(2) O(11)−Pb(3)O(3‴) 113.3(2)
O(5)−Pb(2)O(6) 80.9(2) O(11)−Pb(3)O(7‴) 147.3(2)
O(5)−Pb(2)N(2) 74.9(2) O(13)−Pb(3)O(3‴) 68.3(2)
O(6)−Pb(2)N(2) 69.5(2) O(13)−Pb(3)O(4‴) 74.6(2)
O(5)−Pb(2)O(9) 90.4(2) O(13)−Pb(3)O(7‴) 157.6(2)
O(6)−Pb(2)O(9) 134.0(2) O(3‴)−Pb(3)O(4‴) 50.0(2)
N(2)−Pb(2)O(9) 64.7(2) O(3‴)−Pb(3)O(7‴) 94.7(2)
O(9)−Pb(2)O(12#) 158.5(2) Pb(1)−O(1)Pb(3) 144.9(2)
N(2)−Pb(2)O(12#) 136.4(2) Pb(1)−O(3)Pb(3*) 152.0(2)
O(6)−Pb(2)O(12#) 67.4(2) Pb(2)−O(5)Pb(1) 122.5(2)
O(5)−Pb(2)O(12#) 92.6(2) Pb(2)−O(9)Pb(1′) 121.9(2)

aSymmetry transformations used to generate equivalent atoms: (2) (i) x, y, z; (ii)−x, −y, −z, 3: (′) 1−x, −y, 2−z; (″) x, y, −1+z; (‴) x, −1+y, z; (*)
x, 1+y, z; (**) x, y, 1+z; (#) 1−x, −y, 1−z.
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ternary Pb(II) species of Heida and Dpot are currently being
investigated.
Compound 1 is soluble in water, in contrast to compounds 2

and 3, which are insoluble. All three compounds are stable in the
crystalline form, in the air, at room temperature for long periods
of time.
Description of X-ray Structures. The structure of 1 was

previously reported19 with no synthetic details, reaction yield,
quantitative analytical, and spectroscopic (FT-IR, NMR)
evidence. Furthermore, no detailed presentation of the structure
is either available or any relevant data exist pertaining to the
lattice assembly and composition and its incipient physicochem-
ical properties. Consequently, a detailed report on the crystal
structure of 1 is presented here, with due perspective into the
lattice architecture of 1 and its related ternary compound 2.
The X-ray crystal structures of 1, 2, and 3 reflect molecular

types of lattices. Compound 1 crystallizes in the orthorhombic
space group Pbca, whereas compounds 2 and 3 crystallize in the
triclinic space group P1̅ (Table 1). Selected bond distances and
angles for 2 and 3 are listed in Table 2. Compound 1 is a mono-
nuclear coordination polymer (Figure 1a). It consists of a single
Pb(II) ion and one Heida ligand bound to it. Heida is doubly
deprotonated, with the sites of deprotonation being the
carboxylic acid groups. Thus, binding of Heida to the Pb(II)
ion leads to a zero final charge of the complex unit. The ligand is
coordinated to the Pb(II) ion through the O atoms of the two
carboxylate groups, theO atom of the alcohol group, and through
the sp3 N atom. The two carboxylato groups adopt different
coordination modes, that is, O(1)/O(2) acts as a monodentate
ligand bridging through O(1), μ2-κ

2O, and O(3)/O(4) acts as a
syn,anti bidentate bridging group. The alcohol oxygen O(5) also
acts as a monodentate anchor, bridging two neighboring Pb(II)
ions. Therefore, eachHeida acts as a tetradentate ligand chelating
around a Pb(II) ion (through O(1), O(4), O(5), and N(1)), as
well as a bridging ligand to three neighboring Pb(II) ions
(through O(1), O(3) and O(5)). The specific coordination
of Heida promotes a layer structure for 1 which extends parallel
to the crystallographic ab plane (Figure 1b), thereby forming
a 2D polymer. The absence of coordination through the
carboxylato oxygen O(2), which stays away from any Pb(II)
and participates only in hydrogen bonding interactions to the
water solvate molecule, disrupts the development of the metal−
organic framework in the third direction. Conclusively, each
Heida ligand binds four neighboring Pb(II) ions, and the
coordination sphere of each Pb(II) ion is fulfilled by six oxygen
and one nitrogen atoms belonging to four different Heida
ligands, affording a coordination number 7 around Pb(II).
Considering only the bridging atoms and the metal ions,

two types of rings are formed within the layered structure of 1,
that is, the 4-membered Pb(1)-O(1′)-Pb(1′)-O(5) ring and the
12-membered ring consisting of O(1′) and/or O(5) atoms, the
Pb(1)-O(4)-C(3)-O(3)-Pb(1*) segment, and their symmetry
related counterparts O(1*) and/or O(5**) and Pb(1**)-
O(4**)-C(3**)-O(3**)-Pb(1′) correspondingly. The closest
Pb···Pb interatomic distances within the above 4-membered
and 12-membered rings are Pb(1)···Pb(1′) = 4.314(2) Å and
Pb(1)···Pb(1*) = 6.124(2) Å. The layers are further stabilized
through hydrogen bonding interactions between the alcohol
group of Heida and the carboxylato oxygen O(4) of a
neighboring ligand in the same layer [O(5)···O(4) = 2.562 Å
(1−x, −y, −z), H···O(4) = 1.553 Å, O(5)−H···O(4) = 169.4 o].
Hydrogen bonds arising from the water solvate molecules link
the layers together into an overall three-dimensional (3D) structure.

Compound 2 is a ternary mononuclear assembly, consisting of
a Pb(II) ion center, one Heida ligand, and one Phen molecule
(Figure 2). The Pb(II) center is coordinated by one Phen
molecule through its N terminals, taking up two coordina-
tion sites, and one Heida ligand coordinated through the O
terminals of the carboxylate groups, the alcohol group and the
sp3 N anchor. Therefore, the Heida ligand acts as a doubly
deprotonated moiety, retaining the alcohol proton and acting as a
tetradentate ligand. A doubly deprotonated Heida ligand has
been observed previously, coordinated with other metals such as
those in Na2[Ni{HOCH2CH2N(CH2COO)2}2]·4H2O,24

Cs2[Co{HOCH2CH2N(CH2COO)2}2] ·4H2O,25 [Cu-
{HOCH2CH2N(CH2COO)2}]·2H2O, {[Mn{HOCH2CH2N-
(CH2COO)2}·H2O]·H2O}n,

26 and (NH4)[Cr{HOCH2CH2N-
(CH2COO)2}2]·2H2O.27 In all of these compounds, the
alcohol group is protonated and the two carboxylate groups

Figure 1. (a) Partially labeled plot of a small fragment of the structure of
[Pb(Heida)]n·nH2O (1), showing the coordination mode of the Heida
ligand. Equivalent atoms are generated by symmetry operations; (′) 0.5+x,
0.5−y,−z; (″) 0.5−x, 0.5+y, z; (‴)−0.5+x, 0.5−y,−z; (*) 0.5−x,−0.5+y, z.
(b)Asmall fragment of the 2Dpolymer structure of1 parallel to the ab plane.
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are deprotonated. Metal-Heida compounds have been reported in
the literature, with the Heida ligand exhibiting variable deprotona-
tion states and the sites of deprotonation differing from species to
species. Characteristic examples include the cases of Zr(IV),28,29

In(III),30 V(III,IV,V),31−34 Ni(II)35 and Co(II).36,37 An entirely
different situation emerges in the case of the trivalent metal ions,
such as Al(III), Fe(III), and Ga(III), where Heida involvement
leads to multinuclear cluster assemblies and the ligand is fully
deprotonated.38−41

On the basis of the aforementioned description, the final
coordination number of Pb(II) in 2 is six. In the lattice of 2,
the neutral molecules are linked through intermolecular
hydrogen bonding interactions involving the protonated alcohol
group and the carboxylato oxygen atom O(4) [O5···O4 = 2.681 Å,
H5O···O4 = 1.934 Å, O5−H5O···O4 = 166.0o], thus leading
to polymeric hydrogen bonded chains extending parallel to the
crystallographic a-axis. Moreover, the coordinated Phen ligands
belonging to adjacent polymeric chains are parallel to each other,
participating in weak π−π stacking interactions, thereby resulting
in the development of double chains (Figure 3a). Furthermore,
intermolecular O···O distances in the range 2.761−2.884 Å,
between the four water solvate molecules as well as the
uncoordinated carboxylato oxygen atom O(2) of the Heida
ligand, are attributed to intermolecular hydrogen bonding inter-
actions, thus contributing to the stabilization of the crystal lattice
and the development of a 3D framework (Figure 3b).
Compound 3 is a coordination polymer of Pb(II) with Dpot

(Figure 4). The repeating unit in 3 consists of a trinuclear Pb(II)
assembly. It contains one Dpot ligand and one NO3

− anion, all
bound to the three Pb(II) ion centers. The polymerization of this
unit leads to 3. The N terminals of the Dpot ligand (N(1) and
N(2)) coordinate Pb(1) and Pb(2), respectively. The oxygen
terminal O(5) from the alcohol group is coordinated to the same
Pb(1) and Pb(2) centers as the N terminals, thereby acting as a
bridge between the two Pb(II) centers. The O(1) terminal from
the first carboxylate group is coordinated to Pb(1) and Pb(3)
centers, thereby acting as a bridge, while the second carboxylate
terminal O(2) from the same carboxylate group also binds the
Pb(3) center. By the same token, the second carboxylate terminal
O(3) acts as bridge between Pb(1) and the Pb(3*) of an abutting
trinuclear assembly, while terminal O(4) coordinates to the same
Pb(3*) center. In doing so, both O(1)/O(2) and O(3)/O(4)
carboxylato groups act simultaneously as chelating and
monodentate bridging agents between three Pb(II) ions,
μ2-κ

2O:κO′. On the other side of the Dpot ligand, the terminal

oxygenO(6) from the third carboxylate group binds Pb(2), while
carboxylate oxygen O(7) spans out to coordinate Pb(3*)
previously mentioned as binding O(3) and O(4). Therefore, the
O(6)/O(7) carboxylato group acts as a syn,anti bridging Pb(II)
binder. Finally, oxygen terminal O(8) from the last carboxylate
group binds to Pb(1**) from an adjacently located trinuclear
Pb(II) assembly, with the O(9) terminal acting as a bridge and
being coordinated to Pb(2) and Pb(1)′ from yet another
abutting Pb(II) trinuclear assembly in the same lattice. In doing
so, the O(8)/O(9) carboxylato group acts as a bridging agent
between three Pb(II) ions, μ3-κ

2O:κO′. Conclusively, the four
carboxylate groups of Dpot display three different coordination
modes, which along with the coordination provided by the
alcohol oxygen and the two nitrogen atoms, effectively bind six
Pb(II) ions, namely, three Pb(1), one Pb(2), and two Pb(3) sites.
Each NO3

− anion also binds three Pb(II) ions, namely, Pb(1#),

Figure 2. Partially labeled plot of the crystal structure of the
[Pb(phen)(Heida)]·4H2O (2).

Figure 3. (a) Small fragment of the double chains in the lattice of 2 due
to intermolecular hydrogen bonding interactions (dashed lines) and
weak π−π stacking interactions between the phenmolecules; the double
chains extend parallel to the crystallographic a-axis. (b)A small fragment
of the 3D structure of 2 in the ac plane due to hydrogen bonding and
π−π interactions (see text for details).

Inorganic Chemistry Article

dx.doi.org/10.1021/ic300850g | Inorg. Chem. 2012, 51, 9282−92969287



Pb(2#), and Pb(3), thus acting as a μ3-κ
2O:κO′:κO″ agent. The

Pb(II) ions in 3 exhibit different coordination numbers and
geometries. Specifically, Pb(1) and Pb(3) display a coordination
number 7, and Pb(2) has a coordination number 5.
The bridging oxygen atoms, that is, the carboxylato O(1),

O(3), O(9) and the alcohol O(5) oxygen atoms of Dpot as well
as O(11) of the NO3

− anion, along with the metal ions parti-
cipate in the construction of an inorganic PbO skeleton, which
consists of three 8-membered and one 16-membered rings
(Figure 5). Specifically, one 8-membered ring consists of the
Pb(1)−O(1)−Pb(3) fragment from the same Dpot ligand and
O(11) from the NO3

− anion in one site along with their centro-
symmetric counterparts. The second 8-membered ring consists
of the Pb(1)−O(3)−Pb(3) fragment from the above Dpot
ligand and O(11) from the above NO3

− anion in one site along

with their centrosymmetric counterparts. The third 8-membered
ring consists of the Pb(1)−O(9)−Pb(2)−O(5) segment, with
O(5) and O(9) belonging to the above-mentioned Dpot
ligand, and their centrosymmetric counterparts. Finally, the
16-membered ring consists of the Pb(1)−O(9)−Pb(2)−O(5)−
Pb(1)−O(3)−Pb(3) segment, with all oxygen atoms belonging
to the same Dpot ligand, and their centrosymmetric counter-
parts; the two segments are linked through two O(1) anchors
belonging to two different Dpot ligands. The inorganic PbO
skeleton extends parallel to the crystallographic bc plane and is
surrounded by the organic part of the Dpot ligand and the NO3

−

anion, thereby generating the overall two-dimensional (2D)
structure of 3 (Figure 6a and 6b).
In all complexes, in the literature, isolated with Dpot ligand

bound to metal ions, Dpot appears to be fully deprotonated, yet

Figure 4. Partially labeled plot of a small fragment of the 2D structure in [Pb3(NO3)(Dpot)]n (3) showing the coordination mode of Dpot ligand.
Equivalent atoms are generated by symmetry operations: (′) 1−x,−y, 2−z; (″) x, y,−1+z; (‴) x,−1+y, z; (*) x, 1+y, z; (**) x, y, 1+z; (#) 1−x,−y, 1−z.

Figure 5. Partially labeled plot of a small fragment of the PbO skeleton in the structure of 3 (see text for details).
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in each case Dpot adopts a unique coordination mode upon
binding metal ions. Characteristic complexes containing Dpot
include [Fe2(Dpot)(H2O)3Cl]·3H2O,42 NH4[Fe4O(OH)-
(Dpot)2(H2O)4]12·5H2O,42 (enH2)[Al4(OH)4(Dpot)2]·
7.5H2O,

42 K2[Zr2(Dpot)2]·5H2O,
43 Na2[Zr2(Dpot)2]·7H2O·

C2H5OH,
43 and Cs3[(VO)2(O2)2·(dpot)].

44

The Pb−O bond distances in complex [Pb(Heida)]n·nH2O
(1) are in the range 2.47(1)−3.33(1) Å,19 in [Pb(phen)-
(Heida)]·4H2O (2) are in the range 2.286(6)−2.699(6) Å, and
in [Pb3(NO3)(Dpot)]n (3) in the range 2.243(5)−2.880(6) Å.
These bond distances are similar to the corresponding distances
in other complexes, such as [Pb(NNO(FA)0.5] (2.483(8)−
2.586(8) Å),45 (NNO = Nicotinic acid N-oxide), (FA = fumaric
acid), {[Pb2(fum)2(H2O)4]·2H2O}n (2.517(5)−2.858(5) Å),

46

[Pb(fum)]n (2.399(5)−2.811(5) Å),46 [Pb(C4H4O4)]
(2.44(1)−2.91(1) Å),47 Pb2(phen)4(C4H4O4)(NO3)2
(2.490(3)−2.638(3) Å),48 [Pb(C6H6O7)]n (2.397(7)−
2.847(1) Å),49 [Pb2(C12H8N2)4(C4H2O4)](NO3)2 (2.538(3)−
2.624(3) Å),50 [Pb2(C12H8N2)4(CO3)(C4H2O4)]n·6nH2O
(2.419(5)−2.868(7) Å),50 [Pb2(C12H8N2)(C4H2O4)2]n
(2.439(3)−2.853(3) Å),50 and [Pb(C12H8N2)(C4H2O4)]n·
2nH2O (2.454(5)−2.768(6) Å).50
In [Pb3(NO3)(Dpot)]n (3), the Pb−N distances are in the

range (2.493(6)−2.579(6)Å), while those in [Pb(phen)(Heida)]·
4H2O (2) extend in the range (2.608(6)−2.686(7)Å). The Pb−N
bond distances in 1−3 are similar to the corresponding distances in
other complexes, such as Pb2(phen)4(C4H4O4)(NO3)2
(2.508(3)−2.715(3) Å).48

FT-IR spectroscopy. The FT-Infrared spectra of 1, 2, and 3
in KBr revealed the presence of vibrationally active carboxylate
groups. Antisymmetric as well as symmetric vibrations for the
carboxylate groups of the coordinated ligands were present.
Specifically, antisymmetric stretching vibrations νas(COO

−) for
the carboxylate carbonyls appeared in the range 1593−1555 cm−1

for 1, 1583−1518 cm−1 for 2, and around 1573 cm−1 for 3.
Symmetric vibrations νs(COO

−) for the same groups appeared
at 1397 cm−1 for 1, in the range 1404−1332 cm−1 for 2, and
1453−1283 cm−1 for 3. The frequencies of the observed carbonyl
vibrations were shifted to lower values in comparison to the
corresponding vibrations in free Heida andDpot acids, indicating
changes in the vibrational status of the ligands upon binding to
the Pb(II) ion. In the case of 3, nitrate binding to the Pb(II)
centers appeared in the range 1330−1380 cm−1, indicating the
distinct bidentate mode of coordination of the nitrate ion.
Confirmation of these observations came from the X-ray crystal
structure of 2 and 3.

NMR Spectroscopy. Solution NMR. The solubility of 1 in
water enabled us to record the solution 13C NMR spectrum of 1
in D2O (Figure 7a). The spectrum revealed the presence of two
sets of resonances. The first set of resonances in the high field
region (59.0−60.0 ppm) could be attributed to the CH2 groups
of the Heida ligand bound to the central Pb(II) ion. The second
set contains a signal at 181.0 ppm in the lower field region
assigned to the carbons of the carboxylate groups coordinated to
the Pb(II) ion. These signals were shifted to lower fields in
comparison to the resonances in pure Heida. The 1H NMR

Figure 6. (a) A small fragment of the 2D structure of 3 in the bc plane. (b) Plot showing two adjacent layers of 3 looking down the c-axis.
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spectrum of 1 in D2O showed one resonance at 2.9 ppm and a
number of resonances in the range 3.6−3.8 ppm, consistent with
the presence of the methylene protons on the Heida ligand
bound to Pb(II). A very small downfield shift of the proton
resonances was observed compared to pure Heida.
Solid-State NMR. The Ramp CP-MAS 13C NMR spectrum of

1 exhibits resonances in the high field area and two resonances in
the low field area (Figure 7b). The group of resonances in the
high field region could be attributed to the methylene carbons
(54.9−62.7 ppm) located adjacent to the coordinated carbox-
ylates and the alcohol group of the Heida ligand. Finally, in the
low field region, where the carbonyl carbon resonances are
expected to appear, there are two resonances at 178.8 ppm and
183.0 ppm. Both of them arise from the deprotonated
carboxylated groups coordinated to Pb(II). The observed shifts
were∼5.0 ppm downfield and were comparable to that observed
in the solution spectrum of 1. It is worth noting that the pattern
of resonances observed was also similar to that observed in the
solution spectrum of 1.
The spectrum of 2 exhibits a resonance in the high field region,

a set of resonances in the middle, and two resonances in the low
field region (Figure 8). The broad resonance in the high field area
at 63.8 ppm is attributed to the methylene carbons of the Heida
ligands. The resonances in the middle range 123.1−155.0 ppm
are consistent with the coordination of the phen molecule in the
coordination sphere of Pb(II). Finally, in the low field region,
where the carbonyl carbon resonances are expected to appear,
there are two resonances at 183.2 ppm and 185.5 ppm. Both
of them arise from the deprotonated carboxylated groups
coordinated to Pb(II).

The spectrum of 3 exhibits two resonances in the high field
region and one resonance in the low field region (Figure 9),
similar to the spectrum of 1. The set of resonances in the high
field region, 65.3−75.0 ppm, are due to the presence of the
methylene carbons of the Dpot ligand. Finally, in the low field
region, where the carbonyl carbon resonances are expected to
appear, there is a set of resonances in the range 180.0−190.0 ppm
for the Dpot carboxylate groups bound to the Pb(II) ion. All the
resonances appear to be shifted to lower fields due to metal
coordination compared to the free ligands. These observations
are consistent with the structure of the compounds revealed by
X-ray crystallography.

207Pb-CP-MAS NMR spectra were recorded in the case of
compounds 1 and 2 (efforts in the case of compound 3 did not
come to fruition). The 207Pb nucleus has a spin of 1/2, a fact that
has been reportedly exploited to gain insight into structural
features of Pb(II) compounds.51−55 To this end, the 207Pb-MAS
NMR spectra of 1 and 2 were obtained. Positive chemical shift
values (δ) are taken to correspond to lower shielding in
comparison to the reference. The spectrum of 1 exhibits
resonances in a broad range from −1100 to −2900 ppm, and
the spectrum of 2 also exhibits resonances in a broad range from
100 to −2200 ppm, with the main signals bearing multiple
spinning sidebands due to the large chemical shift anisotropy
(Figures 10 and 11, respectively). The identity of the main
resonance in each case of material (1, 2) was confirmed by
running experiments with variable spinning frequencies. The
resonance, the chemical shift of which did not change with
frequency, was the one attributed to the main resonance(s). The
rest of them were side bands. On the basis of the aforementioned

Figure 7. 13C NMR spectrum of complex 1 in D2O (a), and in the solid state (CP-MAS) (b).
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experiments, the spectrum of 1 exhibits an isotropic signal at
−1572.7 ppm (Figure 10), whereas the spectrum of 2 exhibits an
isotropic signal at −1423.9 ppm (Figure 11). The fact that only
one signal each was obtained for 1 and 2 is in congruence with
the crystal structure. There is no clear assignment of chemical
shift ranges to metal coordination numbers, and given the fairly
short difference in isotropic chemical shifts (for 207Pb, shift
ranges of more than 10000 ppm have been reported) still allows
for assignment of the corresponding coordination number 7 and 6.

The anisotropy parameters Δσ of −112.2 kHz (η = 0.45) and
−130.9 kHz (η = 1.00) indicate the symmetry of the surroundings
of the lead atom. These values are also quite similar and go along
with the crystal structure. The 207Pb chemical (isotropic and
anisotropic) shifts are very sensitive to the electronic structure of
Pb(II), suggesting that the coordination number and symmetry
are not the only contributors to the observed chemical shifts.
Further conclusions, however, would require density functional
calculations of the chemical shifts, a feat which is outside the
scope of the current manuscript. Unfortunately, sample 3 did not

Figure 9. 13C CP-MAS NMR spectrum of complex 3 in the solid state.

Figure 8. 13C CP-MAS NMR spectrum of complex 2 in the solid state.

Figure 10. 207Pb CP-MAS NMR spectrum of complex 1 (black) and
simulated spectrum (red) in the solid state.

Figure 11. 207Pb CP-MAS NMR spectrum of complex 2 (black) and
simulated spectrum (red) in the solid state.
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yield a 207Pb signal, even after three days of measurements. This
could be due to an unfavorable combination of long relaxation
times, low sensitivity, and large CSA values spreading the signals
over a broad range. Most likely, it is probably the fact that there
are three distinct Pb(II) sites present, which would disperse the
signal intensity even more.
Speciation Studies. Potentiometric titrations were carried out

on the ligand Heida acid alone and the binary system Pb(II)−
Heida acid in various metal ion to ligand molar ratios. The
neutral Heida acid exists in the “zwitterionic” form, with one of
the carboxylate groups being deprotonated, having a minus one
charge, while the central nitrogen is protonated. Naturally, in
solution if the pH is low enough, the second carboxylate group
can also be protonated, with the charge of the ligand in that
case being 1+. The acidity (pK) of the carboxylic functions are
quite low (pKa1 = ∼1.2, pKa2 = 2.24, with the accuracy of the
determination of the first pK being limited), because of the
positively charged nitrogen, and the possibility of intramolecular
H-bond formation. The pKa values were found to be very close to
the values reported by Anderegg (pKa1 = 1.46, pKa2 = 2.24).56

The nitrogen loses its proton with a pKa3 = 8.59. No sign of
deprotonation of the alcohol−OH group was detected in the
measured 2.0−11.5 pH range.
The obtained metal ion-ligand titration curves were evaluated

through different potential speciation models. An acceptable fit
between the experimental and the calculated titration curves for
the binary Pb(II)−Heida acid system was achieved by
considering the species [PbA]0, [PbAH−1]

−, and [PbA2]
2−

(where A = Heida2−, AH−1 = Heida3−, or Heida2− and OH−)
toward the end of the investigated pH range (Figure 12). The fit

was reasonably good in the overall employed pH and
concentration range, indicating that the adopted speciation
model had been satisfactorily defined. Other binary Pb(II):Heida
complexes, including variably protonated and deprotonated
species, were rejected by the computer program (PSEQUAD)
during the computational process. The omission of any of the
metal−ligand species decreased the fit by at least 25%.
Consequently, it can be stated that the proposed speciation
model, with stability constants listed in Table 3, is the best model
describing the solution state of the Pb(II)−Heida binary system
in the pH and concentration range studied. The uncertainties
(3SD values) of the stability constants are given in parentheses.
The species emerging from the speciation distribution of the

binary system are basically in line with the overall structural
characteristics encountered in species 1, which was synthesized
and isolated in the solid state. The collective data indicate that the
seven-coordinate octahedral geometry, observed in the solid
state species 1, does not persist in solution. On the basis of the
analytical and crystallographic data, the alcohol group of the
Heida retains its proton upon binding Pb(II).
As Heida acid contains N-atoms and carboxylate groups, the

speciation models and stability constants can be compared
with the congener ligand binary systems containing IDA and
NTA.57,58 On the basis of the significant difference between the
stability of the [PbA]0 complexes of Heida and IDA (Table 3), it
is clear that the alcohol−OH is coordinated to Pb(II), with the
Heida ligand behaving as a tetradentate ligand in solution as well
as in the solid state (see 1). However, it has been proven by pH
potentiometric, NMR, and CD spectroscopic methods that
Pb(II) may induce deprotonation of the weakly acidic alcohol−
OH such as that in complex 3, where the Dpot ligand is fully
deprotonated. On the basis of this, we propose as an event the
deprotonation of the alcohol−OH but not the departure of a
water molecule from the coordination sphere, when the [PbA]0

loses one proton and a species with a composition of [PbAH−1]
−

forms. No Pb(II) ternary hydroxo species was observed either
with IDA or with NTA.
What emerges as a noteworthy observation from the aqueous

speciation scheme is the 1:1 Pb(III):Heida stoichiometry for the
majority of the species present in it. The speciation diagram, even
at 1:3 metal to ligand ratio, shows a dominance of the mono-
nuclear 1:1 complexes [PbA]0 and [PbAH−1]

− (Figure 12). In
the early part of that range up to pH 6.5, there is only one
complex [PbA]0. From pH 8.5 up to pH 12.0, the predominant
species is [PbAH−1]

−. In the range pH 6.5−pH 10.0 all three
species coexist. The binding mode of the Heida ligand(s) could
be envisioned to proceed through the two carboxylate groups,
the nitrogen and the protonated or deprotonated β-alcohol−OH
as in 1 and 2. Accordingly, it is very probable that the tetradentate
coordination mode is the reason why formation of the bis-
complexes is hindered. The binding mode in the bis-complex is
problematic and formation of isomeric structures can not be
ruled out.

■ DISCUSSION
Closer Look at the Aqueous Pb(II)-(O,N-Carboxylic

Acid) Chemistry. In the present work, the aqueous synthetic
chemistry of Pb(II) with two different, yet structurally congener,
carboxylic acids was investigated under pH-specific hydro-
thermal conditions. Heida was employed in the study aiming at
the complete structural speciation in a binary system with Pb(II),
followed by an extension of the observed chemical reactivity into

Figure 12. Speciation curves for complexes forming in the binary
Pb(II)−Heida acid system; cPb = 0.001mol dm−3, cligand = 0.003mol dm

−3.
Charges are omitted for clarity.

Table 3. Proton (log K) and Pb(II)−Heida Complex
Formation Constants (log β) at I = 0.20 Ma

literature data

species log β ± (3SD) pK log β-IDA log β-NTA

[PbAH]+ 10.36 13.7
[PbA]0 9.20 ± 1 8.24 7.31 11.4
[PbAH−1]

− 0.97 ± 1
[PbA2H]

− 12.7
[PbA2]

2− 11.98 ± 10 12.8
Fit (ml) 4.14 × 10−3

ref. 58b 59c

aCollection data at 25 °C. bI = 0.50 M NaClO4.
cI = 0.10 M KNO3.
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a second ternary system encompassing Phen. The investigation
of the binary system of Pb(II) with Heida led to the isolation
of a coordination polymer [Pb(Heida)]n·nH2O (1). The arising
Pb-Heida entity in 1 stands in consonance with the aqueous
solution speciation studies of the specific binary system (vide infra).
Concomitantly, the synthetic investigation of the ternary sys-
tem of Pb(II)-Heida-Phen led to the mononuclear complex
[Pb(phen)(Heida)]·4H2O (2), thereby disrupting the emer-
gence of the polymeric lattice observed in 1 and affording a discrete
ternary complex. Ultimately, the investigation of the binary
system Pb(II)-Dpot led to the isolation of the trinuclear
coordination polymer [Pb3(NO3)(Dpot)]n (3), exhibiting
unique lattice features on account of the involvement of Dpot
as a congener multidentate, multimodal, and bulkier substrate
compared to Heida.
The structural differentiation of the lattices between 1 and 2 is

a result of the presence of the Phen ligand, coordinated to Pb(II)
in a bidentate fashion. Pb(II) in 1 is seven coordinate and all
coordination sites are taken up by O and N atoms belonging to
Heida ligands. In 2, the Pb(II) center is six coordinate, with the
coordination sites being occupied by O and N anchors of the
Heida ligand and N terminals of the Phen ligand. Hence, the O
and N atoms coordinated to Pb(II) in 1 originate in the same
ligand, and no additional neighboring ligand interferes with
the coordination around the unique Pb(II) center as seen in 2.
The Phen ligands in abutting assemblies of the crystal lattice in 2
are almost parallel to each other and participate in weak π−π
stacking interactions, which further contribute to the stability of
the compound. It is worth mentioning that the Heida ligand is
doubly deprotonated in both 1 and 2, thereby signifying the
changes observed in the coordination sphere of Pb(II) and the
influence exerted in the emergence of the lattice architecture in 2.
In the chemical reactivity of the binary system Pb(II)-Dpot

leading to the ternary species [Pb3(NO3)(Dpot)]n (3), the three
Pb(II) ions present themselves as unique centers formulating a
trinuclear assembly as the repeating unit of the polymeric
coordination compound. From coordination number 5 (Pb(2))
to coordination number 7 (Pb(1), Pb(3)), the distinct mode of
Dpot binding in each case promotes diversity in the geometry
and the nature of the assembled cluster.
Overall, there is a consistent fashion of developing chemical

reactivity in the binary (aqueous speciation and synthetic) and
ternary systems of Pb(II) with Heida/Phen and the related Dpot
substrate, producing well-defined, discrete, crystalline, polymeric
and nonpolymeric coordination compounds with lattice
assemblies reflecting the chemical and structural nature of the
two involved ligands.
Lattice Architectural Diversity in Binary and Ternary

Pb(II)-(O,N) Hybrid Systems. Compound [Pb(Heida)]n·nH2O
(1) reveals a mononuclear repeating unit 2D coordination
polymer (which extends to 3D through hydrogen bonds) where
one Pb(II) center is bound by one Heida ligand. Aqueous
speciation studies were crucial at this juncture, suggesting the
nature and salient structural features of binary species arising
in solution as a function of pH and Pb(II)-Heida molecular
stoichiometry. In this regard, speciation studies show that the
mononuclear species [PbA] (A = Heida2−) is the predominant
species in the pH range 2−9, with no other species present in the
pH range 4−6.5. To synthesize and isolate, in the solid state, new
species based on the proposed binary Pb-Heida mononuclear
assembly, likely exhibiting different and unique lattice architec-
tures, attention was focused onto the ternary system of Pb-Heida-
Phen. The pH-specific synthetic study of this system led

to the isolation of a new compound [Pb(phen)(Heida)]·4H2O
(2), which is no longer a coordination polymer but a monomer,
further linked through intermolecular hydrogen bonding inter-
actions to one-dimensional (1D) chains. The molecule of 1,10-
phenanthroline bound to the Pb(II) center positions itself in the
coordination sphere of Pb(II) in such a way that it contributes to
the formation of double chains involving π−π interactions in a
single direction as shown in Figure 3. In this regard, the new lattice
differs from that of the original coordination polymer in 1. It is
based on amononuclear assembly and projects the importance of
hydrogen bonding and π−π interactions in the emergence of
double chains, thereby extending the dimensionality of the lattice
to 3D. Undoubtedly, the well-defined nature of 1 and 2 and the
structural composition of the respective lattices, formulate the
basis of synthetic interventions in the arisen lattice of 1 (and to
that end of any such prototype compound) so as to induce
predictable lattice changes through the involvement of a bulky
ligand (i.e., Phen) dictating its structural influence in a ternary
system chemical reactivity. Such approaches in the design of new
variable dimensionality (1D−3D) lattices in Pb(II) binary and
ternary systems are currently pursued in our laboratories.
Collectively, the structural speciation approach (aqueous studies
along with pH-specific hydrothermal synthesis) adopted
emerges quite powerful in providing links between reactivity
and solid state lattice assembly in binary and ternary Pb(II)-
Heida/Phen systems (vide infra).
Poised, to this end, to pursue the synthesis of unique binary and

ternary complexes of Pb(II) with multidentate ligands, dictating
unique lattice architectures, we opted for a structurally congener,
multidentate ligand bulkier than Heida, yet containing both
carboxylate, nitrogen atom, and alcohol moieties acting as
coordination anchors, that is, Dpot. The synthetic investigation
of this binary system led to the isolation of a new trinuclear
coordination polymer [Pb3(NO3)(Dpot)]n (3), with the repeating
unit cluster (a) containing three uniquely defined Pb(II) ions
from the coordination point of view, (b) involving all Pb(II) centers
bound to Dpot and a NO3

− ion, and (c) formulated so as to
coordinatively promote polymerization of the basic trinuclear unit
leading to the assembly of a 2D structure with a unique architecture.

CoordinationGeometry of Pb(II). It has been reported that
the coordination geometry of the PbOn polyhedra in Pb(II)
materials can be described as hemidirected for low coordination
numbers (2−5) or holodirected for high coordination numbers
(9,10), with either a hemidirected or holodirected stereo-
chemistry being observed for intermediate coordination
numbers (6−8).59,60 It has been found through ab initio molec-
ular orbital calculations on Pb(II) complexes in the gas-phase
that a hemidirected geometry occurs if the ligands are hard, the
ligand coordination number is low, and attractive interactions
exist between the ligands.61,62 To this end, the seven coordinate
Pb(II) centers in 1 exhibit a hemidirected geometry. For the
six coordinate Pb(II) centers in 2, a hemidirected geometry is
observed. In 3, the seven-coordinate Pb(1) centers exhibit a
holodirected geometry, the five-coordinate Pb(2) centers exhibit
a hemidirected geometry, and the seven-coordinate Pb(3)
centers also exhibit a hemidirected geometry. In view of the
aforementioned assignments on the coordination geometry of
the title complexes, the X-ray crystal structures of the
investigated species concur with the analytical and physicochem-
ical data (FT-IR and heteronuclear NMR in the solid state and in
solution) on all three species. To this end, significant information
emerges from the NMR of the coordination compounds in the
solid state, with the 207Pb signals in the CP-MAS NMR spectra
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denoting the specific coordination geometry observed in the
investigated centers of the corresponding lattice architectures.
On the basis of past reports, various patterns had been observed,
earmarking specific regions in the 207Pb spectrum for five up to
ten coordinate Pb(II) ions.63−66 Consistent with the above infor-
mation, ten coordinate Pb(II) compounds exhibit resonances as
follows: [Pb2(HArg)3(H2O)(NO3)7]·3H2O Pb1: −1285 ppm
and Pb2: −2511 ppm.64 Eight coordinate Pb(II) compounds
show resonances as follows: [Pb(OH2)2(Val)(Ile)(NO3)2]
(from −1950 to −1790 ppm).64 Seven coordinate Pb(II) com-
pounds exhibit 207Pb resonances as follows: [Pb(Leu)(NO3)]
(−929 ppm for site 1 and −969 ppm for site 2),63 [Pb(HIle)2-
(NO3)(H2O)2](NO3) (−1774 ppm),63 [Pb(HAsp)(NO3)]
(−2439 ppm),63 [Pb2(HVal)5](ClO4)4·2H2O (from −1390 to
−1755) ppm),63 [Pb(OH2)(Ile)2][NO3]2·H2O (−1766 ppm),64
while six coordinate Pb(II) species exhibit 207Pb resonances at a
lower field, with a representative species being [Pb(OH2)2-
(Val)2(NO3)](NO3) (−1707 ppm).64 In the present work, the
arisen 207Pb data are consistent with coordination numbers six (2)
and seven (1), thereby earmarking the importance of that nucleus
in the detection of specific lattice structural properties of Pb(II)-
containing inorganic−organic hybrid materials. More work in this
direction is under way in our laboratories.
Correlation between Aqueous Speciation Studies and

Synthetic Assembly in the Binary Pb(II)-Heida System.
The aqueous speciation in the binary Pb(II)−Heida acid system
(Figure 12) can be described satisfactorily by considering the
presence of Pb(II)(aq), 1:1 ([PbA]0 and [PbAH−1]

−) and 1:2
([PbA2]

2−) Pb(II)−Heida species. At very low pH values up to
pH 4, the aquated and free of ligand coordination Pb(II) ion
emerges at dwindling concentrations with increasing pH values.
The predominant species in the wider pH range up to 8 was the
1:1 species dubbed [PbA]o. The stoichiometry and the zero
charge on the complex are features consistent with the solid state
structure of the coordination polymer and project the nature of
the repeating unit, the bound water molecules of which are fully
replaced by adjacently located units, thereby linking abutting
mononuclear assemblies into the polymer lattice observed in 1.
Due attention to the mononuclear nature of such a repeating unit
substantiates the contentions made and is satisfactorily projected
into the structure of the mononuclear complex in 2, where the
bulky ternary Phen Lewis base occupies vacant coordination sites
and, acting as an efficient chelator, aids in the isolation of the
stable species in the solid state. In the pH range 6.5−11, a 1:2
[PbA2]

2− species arises. The total fraction of the 1:2 species
reaches a maximum ∼20% at pH 8.5, quite lower than the 1:1
species [PbA]o present in the lower pH range overlapping that of
the 1:2 species. The well-defined thermodynamic parameters in
the speciation distribution attest to the presence of the 1:1 and
1:2 species as well as their position and relative concentrations in
the reaction medium. The Heida ligand is a potentially tetra-
dentate metal ion binder. Therefore, formation of a bis-complex
with Pb(II) may grow less likely as the number of ligands around
Pb(II) increases. To this end, coordination of a second Heida
ligand to the 1:1 species, thereby intruding into the coordination
sphere of Pb(II), appears to be hindered, as that is demonstrated
by the low log K(PbA2) value of 2.78 and the very high
log[K(PbA)/K(PbA2)] value of 6.42. Furthermore, at higher pH
values extending from 6.5 to 12, the species that gradually reaches
concentrations amounting to 100% beyond pH 11 is dubbed
[PbAH−1]

−. Theoretically, this species can be a mixed hydroxo
ternary complex (1) or as in the case of the congener Dpot
ligand, a complex with the alcohol−OH losing its proton (2).

No ternary Pb(II) hydroxo complexes, however, were detected
either with IDA or NTA, a fact which clarifies that the second
process likely takes place. The predominance of such species is a
logical consequence of the hydrolytic chemistry of the binary
Pb(II)-Heida system, revealing the potential interactions
between the two reagents and their significance in dictating
synthetic approaches to isolating well-defined compounds in the
solid state.
On the basis of the aforementioned observations, it is logical to

juxtapose the results of the aqueous speciation with the solid-state
structure of compound 1 and its physicochemical properties in
the solid state and in solution. To that end, the solid-state
structure of 1 reveals a mononuclear Pb(II)-Heida repeating unit,
with the central metal ion coordinated by four different doubly
deprotonated Heida ligands, thereby filling all of the seven
available coordination sites. In solution, the NMR data obtained
for 1 upon dissolution and at the equilibrium state suggest that the
species attains a solid-state equivalent, mononuclear, repeating
unit structure. The new species likely encompasses one Pb(II) ion
and one doubly deprotonatedHeida ligand, with the remainder of
vacant sites occupied by water molecules.

■ CONCLUSIONS
pH-Specific hydrothermal synthetic reactions of Heida and Dpot
acids with Pb(II) salts afforded three new metal−organic frame-
work compounds 1−3. Compound 1 is a binary mononuclear
repeating unit coordination polymer of Pb(II) with Heida,
exhibiting a 2D coordination polymer extending to 3D through
H-bonding interactions.19 Compound 2 is a ternary mononuclear
compound of Pb(II)-Heida-phen, with phen disrupting the
binary lattice in 1 and influencing the nature of the ultimately
arising ternary 3D lattice. The third compound is a 2D polymer
of Pb(II)-Dpot based on trinuclear repeating units. The
investigated chemical reactivity of Pb(II) at the binary and
ternary level toward the two (hydroxy)carboxylic acids revealed
the flexibility of Pb(II) coordinating through the O and N
anchors of the related Heida and Dpot ligands, exhibiting diverse
modes of coordination and promotion of distinct lattice
architectures of variable dimensionality. The well-defined
hydrothermal synthetic conditions were critical for the ultimate
isolation of pure and well-defined crystalline products amenable
to solid state and solution characterization, where possible.
Compounds 1−3 (a) display a unique crystal lattice composition
with distinct coordination number and geometry of bound
ligands, (b) exhibit structural features reflecting the significance
of hydrogen bonding and π−π interactions in assembling 2D or
3D lattice architectures, (c) exemplify the diversity of lattice
structure, composition, and properties originating in binary and
ternary aqueous systems of the same metal ion (i.e., Pb(II))
reacting under specific hydrothermal conditions with increas-
ingly multidentate and bulkier ligand-substrates, and (d) project
a distinct correlation between aqueous solution reactivity
chemistries with the arising crystal lattice architecture and
spectroscopic signatures. Consequently, further (a) perusal
targeting the rationalization of the diverse chemical reactivity
observed for Pb(II) in the presence of other members of the
organic (O,N)-(hydroxy)carboxylic acid family, (b) in-depth
understanding the factors governing metal-linked (O,N)-(poly)-
carboxylic acid promotion of variable dimensionality lattice
formation through metal complexation, (c) research on rational
design and construction of binary and ternary Pb(II) π−π
containing lattices, displaying unique supramolecular structures
as well as physicochemical properties (e.g., luminescence), and
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(d) development of new hybrid Pb(II)-(O,N) materials based on
the herein presented compounds as precursors, are currently
pursued by our laboratories.
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