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ABSTRACT: Solvothermal reactions of Pb(Ac)2 with a new
flexible 1,3-bis(4-pyridyl-3-cyano)propane (1, BPCP) ligand
under different synthesis conditions via an in situ ligand
transformation reaction produced three true coordination
polymorphs, namely, [PbL2−]n (for 2 and 3) and [Pb3L

2−
3]n

(4) , a s we l l a s the i r po lymorph ic f r amework
[(Pb2L

2−)·2H2O]n (5) (H2L = 1,3-bis(4-pyridyl-3-carboxyl)-
propane). These compounds were characterized by elemental
analysis, IR, TG, PXRD, and single-crystal X-ray diffraction. In
these compounds, the L2−ligand exhibits different coordination
conformations and modes tuned by different synthesis conditions, including reaction temperature, cooling rate, and additive, and
constructs various architectures by bridging a variety of building units. Polymorphs 2 and 3 display a 3D framework with 1D
channels built up from dinuclear ringlike [Pb2L

2−
2] units and dinuclear semi-ring-like [Pb2L

2−] units, respectively. Polymorph 4
also features a 3D architecture constructed from dinuclear ringlike [Pb2L

2−
2] units interlinked by the L

2− ligand. Interestingly, the
framework of 4 is big enough to allow the other net to penetrate to form a 2-fold interpenetrating framework with a trinodal
(3,6,10)-connected topology with a point symbol of (43)(44·610·8)(48·624·89·104). For 5, there exists two kinds of dinuclear
ringlike [Pb2L

2−
2] units. These [Pb2L

2−
2] units are interconnected by Pb atoms to afford a 2D undulant network that is further

connected by the hydrogen-bonding interactions and weak interactions to afford a 3D supramolecular network. In addition, the
photoluminescence properties of 1−5 and the H2L ligand in the solid state at room temperature were also investigated.

■ INTRODUCTION

Supramolecular isomerism, as coined by Zaworotko, is used to
describe the existence of more than one type of network
superstructure for a given set of components.1 In some
instances, supramolecular isomerism can be synonymous with
polymorphism that is an intriguing phenomenon in crystal
engineering. However, in other situations, supramolecular
isomers are not true polymorphs for their different chemical
compositions caused by the coexistence of different guest
molecules.1d In this context, the term polymorphic f rameworks
was defined by Matzger to better describe these different
architectures or superstructures with the existence of guest or
solvent molecules.2 Because of the dissimilarity in crystal
structures, supramolecular isomers (including polymorphs and
polymorphic frameworks) can vary significantly in their
physicochemical properties. An understanding of the relation-
ship between the structure and property in supramolecular
isomers is particularly important as epitomized by the fast
growing number of crystal structures in the Cambridge
Structural Database (CSD)3 as well as the rapidly expanding
scope of attention and a great many research reports on
supramolecular isomers.4 However, methods of controlling the

synthetic pathways are required for the rational design of
supramolecular isomers with unique structures and properties,
and it is generally difficult to structurally predict for complexes
produced by new components.5 In comparison to supra-
molecular isomers with different chemical compositions due to
the coexistence of guest components,1c,6 polymorphs with a
fixed stoichiometry for all components are particularly rare for
coordination polymers (CPs),7 although it is widely observed
for organic compounds.8

Currently, the self-assembly of coordination polymers
depends on many factors, such as the nature of the metal
ion,9 structural features of the organic ligand,10 counterion,11

and a number of experimental variables containing reaction
temperature, reagent ratio, pH value, solvent system, and the
methods of the crystallization.12 Most research results suggest
that a subtle alteration by means of these factors can lead to
totally different products.13 In this regard, reaction temperature
has been verified as a crucial parameter in influencing the
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formation of CPs with variable topologies based upon the
conformations of ligands.14 It is well-known that flexible
organic linkers inherently hold the potential of adopting
different conformations under different conditions, especially at
different temperatures.15 The thermodynamically favored
conformer associated with a large activation barrier can be
achieved at high temperature, whereas low temperature favors
the kinetic conformer because the thermal energy relies on the
temperature proportionally. Therefore, the thermodynamically
or kinetically favored conformers could be obtained by carefully
controlling the reaction temperature.14,16 Accordingly, it is
expected that the reaction temperature should play an
additional crucial factor in determining the CP topology and
the dimensionality of the structures through controlling the
ligand conformation.
On the other hand, most of the research on CPs so far has

focused on d-block transition CPs, and p-block main CPs have
been relatively less explored. Compared with the transition-
metal atoms, the main group metal lead atom, with a larger
radius and [Xe]4f125d106s26p2 electronic configurations, can
give the Pb(II) cation variable coordination numbers (from 2
to 10), which provide unique opportunities for the construction
of novel network topologies and some fascinating physical
properties.17 Thus, lead-based structural chemistry has recently
been receiving increasing attention due to its fantastic
architectures and good physical properties.
In the light of the above-mentioned motivations, we are

focusing our attention on using a novel 1,3-di(4-pyridyl-3-
cyano)propane ligand (BPCP, Scheme 1), as the flexible ligand
to construct CPs, which is based mostly on the following
considerations: (1) Two cyano groups of BPCP could be easily
hydrolyzed to carboxylic groups through an in situ ligand
transformation reaction under solvothermal conditions, and the
resulting flexible dicarboxylate linker (H2L = 1,3-di(4-pyridyl-3-
carboxyl)propane) shows a much greater thermal stability.
Therefore, this lignand has the ability to provide insight into

supramolecular isomerism or polymorphism, similar to that
observed in the previous reports.6 (2) The H2L ligand has a
relatively longer spacer, and the two pyridyl groups can rotate
along its C−C bonds to form six configurations (Scheme 2).
Thereby, we anticipated that the conformational changes of the
H2L ligand could be controlled by regulating solvothermal
reaction conditions, which maybe lead to the generation of
various coordination polymers with different topological
structures. Fortunately, the foregoing effort has led to the
isolation of three true polymorphs, [PbL2−]n (for 2 and 3),
[Pb3L

2−
3]n (4), and their polymorphic frameworks

[(Pb2L
2−

2)·2H2O]n (5), with entirely distinct topological
networks by the assembly of Pb(II) acetate with the H2phda
ligand under different solvothermal reaction conditions,
including different temperatures, reaction components, and
crystallization conditions. Herein, we will present the in situ
syntheses, crystal structures, and thermal and photolumines-
cenct properties of compounds 1−5.

■ EXPERIMENTAL SECTION
General Procedure. 1,3-Bis(4-pyridyl)propane-N,N′-dioxide was

prepared according to the literature methods.18 All chemicals and
reagents were obtained from commercial sources and used as received.
The IR spectra were recorded on a Nicolet 6700 FT-IR spectrometer
in the 4000−400 cm−1 region. Elemental analyses for C, H, and N
were carried out on a Flash 2000 elemental analyzer. Powder X-ray
diffraction (PXRD) measurements were performed on a Bruker D8-
ADVANCE X-ray diffractometer with Cu Kα (λ = 1.5418 Å).
Luminescent spectra were recorded with a Rigaku RIX 2000
fluorescence spectrophotometer. Thermogravimetric analyses were
carried out on a SDT Q600 thermogravimetric analyzer. A platinum
pan was used for heating the sample with a heating rate of 10 °C/min
under a N2 atmosphere.

Preparation of 1,3-bis(4-pyridyl-3-cyano)propane (BPCP, 1).
To a solution of 1,3-bis(4-pyridyl)propane-N,N′-dioxide (4.61 g, 20
mmol) in CH2Cl2 (280 mL) was added 26.67 mL of Me3SiCN (200
mmol) with stirring at 0 °C. After stirring for 2 h, 9.28 mL of benzoyl

Scheme 1. Synthetic Route of H2L Ligand

Scheme 2. Possible Conformations of H2L Ligand
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chloride (80 mmol) was added dropwise within 20 min, and the
solution was stirred at room temperature for 60 h. The resulting
solution was added to 500 mL of 10% aq K2CO3, and the mixture was
further stirred at room temperature for 1 h. The mixture was then
extracted with CH2Cl2 (3 × 50 mL). The combined organic layers
were washed with saturated NaHCO3 (500 mL) and NaCl (500 mL),
respectively, and dried with anhydrous MgSO4, and the solvent was
removed in vacuo to yield the crude product. Purification by silica gel
chromatography using 100−200 mesh ZCX II eluted by petroleum
ether−ethyl acetate (1:2, v/v) gave compound 1 (4.52 g, 91%). Anal.
Calcd. for C15H12N4: C, 72.56; H, 4.87; N, 22.57. Found: C, 72.57; H,
4.68; N, 22.75. IR (KBr disk): 2960 (w), 2918 (w), 2857 (w), 2232
(m), 1596 (s), 1472 (w), 1446 (m), 1407 (m), 1350 (m), 1226 (m),
989 (m), 926 (w), 861 (m), 784 (m), 479(m) cm−1. 1H NMR (400
MHz, CDCl3): δ 8.63 (d, J = 4 Hz, 2H, ArH), 7.54 (s, 2H, ArH), 7.34
(d, J = 4 Hz, 2H, ArH), 2.75 (t, J = 8 Hz, 4H, CH2), 2.03 (q, J = 8 Hz,
2H, CH2).
Preparation of [PbL2−]n (2). A mixture of Pb(Ac)2 3H2O (38 mg,

0.1 mmol), BPCP ligand (25 mg, 0.1 mmol), and pyridine/H2O/
EtOH (1/1/1, 5 mL) was sealed in a 23 mL Teflon-lined stainless steel
container and heated at 130 °C for 5 days, then cooled to room
temperature at a rate of 1.5 °C·h−1. The colorless prisms of 2 were
collected and washed with EtOH and dried in air. Yield: 32 mg (65%,
based on Pb). Anal. Calcd. for C15H12N2O4Pb: C, 36.66; H, 2.46; N,
5.70. Found: C, 36.39; H, 2.33; N, 5.92. IR (KBr disk): 2964 (w),
2915 (w), 2856 (w), 1597 (s), 1553 (m), 1472 (w), 1447 (m), 1406
(m), 1352 (m), 1226(m), 987 (m), 926 (w), 860 (m), 784 (m), 478
(m) cm−1.
Preparation of [PbL2−]n (3). A mixture of Pb(Ac)2 3H2O (38 mg,

0.1 mmol), BPCP ligand (25 mg, 0.1 mmol), 4,4′-bipyridine (9 mg,
0.05 mmol), and pyridine/H2O/EtOH (1/1/1, 5 mL) was sealed in a
23 mL Teflon-lined stainless steel container and heated at 130 °C for 5
days, then cooled to room temperature at a rate of 1.5 °C·h−1. The
colorless blocks of 3 were collected and washed with EtOH and dried
in air. Yield: 27 mg (53%, based on Pb). Anal. Calcd. for
C15H12N2O4Pb: C, 36.66; H, 2.46; N, 5.70. Found: C, 36.49; H,
2.83; N, 5.90. IR (KBr disk): 2962 (w), 2912 (w), 2850 (w), 1594 (s),

1553 (m), 1470 (w), 1442 (m), 1403 (m), 1355 (m), 1221 (m), 980
(m), 919 (w), 862 (m), 780 (m), 460 (m) cm−1.

Preparation of [Pb3L
2−

3]n (4). A mixture of Pb(Ac)2 3H2O (38
mg, 0.1 mmol), BPCP ligand (25 mg, 0.1 mmol), and pyridine/H2O/
EtOH (1/1/1, 5 mL) was sealed in a 23 mL Teflon-lined stainless steel
container and heated at 130 °C for 5 days, then cooled to room
temperature at a rate of 15 °C·h−1. The colorless prisms of 4 were
collected and washed with EtOH and dried in air. Yield: 30 mg (60%,
based on Pb). Anal. Calcd. for C45H36N6O12Pb3: C, 36.66; H, 2.46; N,
5.70. Found: C, 36.58; H, 2.53; N, 5.90. IR (KBr disk): 2960 (w),
2916 (w), 2855 (w), 1595 (s), 1559 (m), 1475 (w), 1449 (m), 1404
(m), 1350 (m), 1222 (m), 980 (m), 921 (w), 860 (m), 782 (m), 470
(m) cm−1.

Preparation of [(Pb2L
2−

2)·2H2O]n (5). A mixture of Pb(Ac)2
3H2O (38 mg, 0.1 mmol), BPCP ligand (25 mg, 0.1 mmol), 4,4′-
bipyridine (9 mg, 0.05 mmol) (11 mg, 0.05 mmol), and pyridine/
H2O/EtOH (1/1/1, 5 mL) was sealed in a 23 mL Teflon-lined
stainless steel container and heated at 160 °C for 5 days, then cooled
to room temperature at a rate of 1.5 °C·h−1. The colorless blocks of 5
were collected and washed with EtOH and dried in air. Yield: 33 mg
(67%, based on Pb). Anal. Calcd. for C30H28N4O10Pb2: C, 35.36; H,
2.77; N, 5.50. Found: C, 35.31; H, 2.93; N, 5.72. IR (KBr disk): 3339
(m), 2952 (w), 2910 (w), 2840 (w), 1584 (s), 1548 (m), 1468 (w),
1440 (m), 1400 (m), 1352 (m), 1221 (m), 978 (m), 919 (w), 866
(m), 781 (m), 450 (m) cm−1.

X-ray Crystal Structure Determination. Crystallographic data of
1−5 were collected at 296 K on a Bruker Smart APEXII-CCD Area
Detector instrument with Mo Kα monochromated radiation (λ =
0.71073 Å) using the ω−φ scan technique. Data were reduced using
SAINTPLUS, and an empirical absorption correction was applied
using the SADABS program. The crystal structures were solved by the
direct method19 refined on F2 by full-matrix least-squares using
anisotropic displacement parameters for all non-hydrogen atoms. All
the H atoms in 1−5 were introduced at the calculated positions and
included in the structure-factor calculations. All the calculations were
performed on a Dell workstation using the SHELXTL-97 crystallo-
graphic software package. A summary of key crystallographic
information for 1−5 is given in Table 1. CCDC 872267 (1),

Table 1. Summary of Crystallographic Data for 1−5

1 2 3 4 5

empirical formula C15H12N4 C15H12N2O4Pb C15H12N2O4Pb C45H36N6O12Pb3 C30H28N4O10Pb2
fw 248.29 491.47 491.46 1474.40 1018.96
cryst syst triclinic monoclinic orthorhombic monoclinic triclinic
space group P1̅̅ P21/c Fdd2 C2/m P1̅
a (Å) 6.8839(15) 12.5956(17) 14.2347(12) 22.976(13) 11.795(2)
b (Å) 8.8678(19) 13.2999(18) 19.772(2) 19.587(11) 13.2729(11)
c (Å) 10.965(2) 9.7711(13) 10.8817(10) 10.776(6) 13.9455(12)
α (deg) 90.466(3) 118.039(1)
β (deg) 102.738(3) 101.025(2) 101.912(7) 105.782(1)
γ (deg) 101.102(3) 92.554(1)
V (Å3) 639.8(2) 1606.7(4) 3062.6(5) 4745(5) 1815.8(4)
Z 2 4 8 4 2
T (K) 296(2) 296(2) 296(2) 296(2) 296(2)
ρcalc (g/cm

3) 1.289 2.032 2.132 2.064 1.864
F(000) 260.0 920.0 1840.0 2760.0 960.0
μ (Mo Kα, mm−1) 0.081 10.518 11.036 10.685 9.315
total reflns 4770 12 020 6854 18 162 13 017
unique reflns 2358 2985 1875 4544 6528
no. of observations 1432 2349 1648 3405 5330
no. of params 172 199 101 333 415
R1
a 0.0424 0.0284 0.0254 0.0482 0.0273

wR2
b 0.1167 0.0716 0.0532 0.1327 0.0656

GOFc 1.019 1.030 1.063 1.074 1.083
aR1 = ∑∥Fo| − |Fc|/∑|Fo|.

bwR2 = {∑w(Fo
2 − Fc

2)2/∑w(Fo
2)2}1/2. cGOF = {∑w(Fo

2 − Fc
2)2/(n − p)}1/2, where n = number of reflections and p =

total numbers of parameters refined.
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872268 (2), 872271 (3), 872269 (4), and 872278 (5) contain the
supplementary crystallographic data. These data can be obtained free
of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the
Cambridge Crystallographic Data Center, 12 Union Road, Cambridge
CB2 1EZ, U.K.; fax: (44) 1223 336-033. E-mail: deposit@ccdc.cam.ac.
uk). Selected bond lengths and angles for 2−5 are listed in Table S1
(see Table S1 in the Supporting Information).

■ RESULTS AND DISCUSSION

Synthetic and Spectral Aspects. Reactions of 1,3-bis(4-
pyridyl)propane-N,N′-dioxide with 10 equiv of (Me)3SiCN and
4 equiv of benzoyl chloride in CH2Cl2 produced a new flexible
1,3-bis(4-pyridyl-3-cyano)propane (1) in 91% yield (Scheme
1).
Recent studies have revealed that the in situ ligand

transformation reaction may occur during hydro(solvo)thermal
reactions, which is currently regarded as a feasible and effective
strategy to obtain novel CPs that are inaccessible or not easily
achieved by the conventional methods.20 However, the
controlled synthesis of supramolecular isomers is still a major
challenge.5 Small changes in one or more of the variables of
hydrothermal reactions, such as reaction temperature, pH value,
duration, and the presence of other contributing additives,
either the solvent or other species, have a profound influence
on the crystallization outcome.7c,21 As far as these factors are
concerned, polymorphs 2−4 and their polymorphic frame-
works 5 were successfully obtained by in situ reaction of BPCP
with Pb(II) acetate through tuning the solvothermally temper-
ature, reaction cooling rate, and additive. According to our
experimental results, the polymorphs 3 and 2 were
solvothermally prepared from Pb(II) acetate and the BPCP
ligand in the presence of 4,4′-bipyridine, or not, at 130 °C,
respectively. Interestingly, although 4,4′-bipyridine does not
participate in the structure construction, we cannot obtain the
product 3 without the addition of 4,4′-bipyridine. This fact
strongly suggests that the additive can effectively promote the

formation of different superstructures. A similar phenomenon is
observed in the reports by Tong7c and Hu.21a The preparation
of polymorph 4 is similar to that of polymorph 2, except that
the cooling rate of 1.5 °C·h−1 was replaced by 15 °C·h−1.
Notably, when the reaction temperature was raised up to 160
°C, complex 5 was generated through the similar manner to
that described for 3. Significantly, the use of pyridine to adjust
the pH value of the reaction systems is another key point for
the crystallization of 2−5, and when other basic reagents, such
as NaOH, KOH, and 2,6-dimethylpyridine, were used instead,
crystalline products suitable for X-ray diffraction could not be
obtained under similar conditions.
Compounds 1−5 were stable toward oxygen and moisture. 1

was soluble in CH3Cl, MeOH, DMF, and DMSO, but 2−5
were almost insoluble in common organic solvents. The
elemental analyses of 1−5 were consistent with their chemical
formula. The1H NMR spectrum of 1 in CDCl3 exhibited one
singlet and two doublet for the phenyl groups at 8.63 ppm (d, J
= 4 Hz), 7.54 ppm (s), 7.34 ppm (d, J = 4 Hz), and the
bridging methylene groups at 2.75 (t, J = 8 Hz), 2.03 (q, J = 8
Hz). In the IR spectra of 1, the strong bands at 2232 cm−1 were
assigned to be the CN stretching vibration.22 The IR spectra
of 2−5 showed peaks in the range of 1548−1559 and 1468−
1474 cm−1, suggesting that the CN groups hydrolyzed to
COOH groups.23 The strong peaks at about 860 cm−1, and
middle peaks in the range of 449−477 cm−1, mean the
existence of pyridyl groups in the complexes 1−5.24 The PXRD
patterns of 2−5 were matched with the simulated patterns
generated from their single-crystal data (see the Supporting
Information, Figure S1).

Crystal Structure of 1. Compound 1 crystallizes in the
triclinic space group P1 ̅,and its asymmetric unit contains one
BPCP molecule (Figure 1a). As shown in Figure 1b, the N
atoms of the pyridyl groups interact with the H atoms of the
pyridyl groups with C5 and C11 [C5···N3 (1 − x, 1 − y, 1/2 −
z); C11···N1 (1 − x, 1 − y, 1 − z)] to afford intermolecular

Figure 1. (a) View of the molecular structure of BPCP (1). (b) View of the one-dimensional chain structure formed via H-bonding interactions in 1
extending along the c axis. Atom color codes: H, pink; N, blue; and C, green. All H atoms except those related to H-bonding interactions were
omitted for clarity.
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hydrogen bonds, forming a 1D chain extending along the c axis
(Figure 1b).
Crystal Structure of 2. Polymorph 2 crystallizes in the

monoclinic space group P21/c, and its asymmetric unit contains
one PbL2− unit. Each Pb atom adopts a distorted octahedral
geometry and is coordinated by four O atoms of four bridging
carboxylate groups from four different L2− ligands and two N
atoms from two L2− ligands (Figure 2a). The mean Pb−O
bond length (2.582(4) Å) is shorter than that of [Pb(pydc)]n
(H2pydc = pyridine-2,6-dicarboxylic acid (2.648(8) Å), while
the mean Pb−N bond length (2.512(4) Å) is shorter than that
in [Pb(pydc)]n (2.486(3) Å).

25 The L2− ligand in 2 only takes
TT conformation (Scheme 2a), and the carboxylate groups
display μ2-η

1:η1- or μ2-η
2-bridged modes. Thus, each L2− ligand

in 2 acts as a μ4-bridge to link four Pb(II) atoms. Pb1 and its
symmetry-related Pb1A are bridged by two L2− ligands to
generate a dinuclear [Pb2L

2−
2] ringlike unit with an

approximate diameter of 6.41 Å (between C8 and C8A) ×
13.42 Å (between Pb1 and Pb1A) (Figure 2b). Each Pb1 atom
in the [Pb2L

2−
2] unit interconnects its equivalent ones via

bridging carboxylate groups to form a 1D [Pb2L
2−

2]n double
chain extending along the c axis (Figure 2c). One pair of rings
(green and cyan) is arranged in an almost vertical way. The
aforementioned 1D double chains are further connected to
adjacent ones by Pb1 atoms, leading to a 2D ladder-like
structure in the ac plane (see the Supporting Information,
Figure S2). Each 2D structure is further connected by
carboxylate groups to generate a 3D porous structure with
1D channels (6.64 Å × 11.34 Å) running along the c axis
(Figure 2d). The effective solvent accessible volume of 163.7 Å3

per unit cell (10.2% of the total cell volume calculated by the
Platon program) is filled with guest molecules.26 A better
insight into the nature of 2 can be achieved by the application
of a topological approach, namely, reducing multidimensional
structures to simple node-and-linker nets. As discussed above,
the L2− ligands act as 3-connected nodes and Pb(II) centers act
as 6-connected nodes. In this way, the resulting structure of 2 is
symbolized as a (3,6)-connected (4·52)(42·52·67·73·8) topology
(Figure 2e).
Crystal Structure of 3. For polymorph 3, there are the

same components as that of 2 in the fundamental unit (Figure
3a), however, the L2− ligand takes a different conformation,
TT″ (Scheme 2c), and the two carboxylate groups display the
same μ2-η

1:η1-bridged modes, which are distinguished from that
of 2. Herein, different from that of 2, first, 3 crystallizes in the
orthorhombic space group Fdd2, and its asymmetric unit only
contains half a PbL2− unit. Second, different from that of 2, the
structural feature of 3 is that Pb1 and Pb1A are linked by one
L2− ligand to afford a [Pb2L

2−] semi-ring-like unit. Each Pb1
atom in the [Pb2L

2−] unit interconnects its equivalent ones via
bridging carboxylate groups to form a 1D [Pb2L

2−]n chain along
the b axis (see the Supporting Information, Figure S3).
Moreover, each 1D chain is connected to neighboring ones by
Pb1 atoms to afford a 2D sheet in the ab plane with square
meshes (12.18 Å × 12.18 Å) (Figure 3b). Finally, different from
that of 2, the different packing mode in 3 is that the 2D layers
are further connected by L2− bridges to generate a 3D
framework with 1D channels (11.11 Å × 12.18 Å) running
along the c axis (Figure 3c). The bridging ligands are located in
the 1D channels, so there is still approximately 3.7% of the
crystal volume to be filled by solvent molecules, which is much
lower than that of 2. Topologically, both L2− ligands and Pb

Figure 2. (a) View of the coordination environments of the Pb1 center
in 2 with labeling schemes. Symmetry codes: (A) −x + 1, −y + 1, −z +
1; (B) −x + 1, y − 1/2, −z + 1/2; (C) −x, −y + 1, −z. (b) View of
one dinuclear [Pb2L

2−
2] ringlike unit of 2. Symmetry codes: (A) −x +

1, −y + 1, −z + 1. (c) View of a section of the 1D double chain
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atoms act as a 4-connected node, and thus the 3D structure of 3
can be rationalized as a (66)2 net (Figure 3d).
Crystal Structure of 4. For polymorph 4, there are the

same components as that of 2 and 3 in the fundamental unit,
which crystallizes in the monoclinic space group C2/m, and its
asymmetric unit contains half a Pb3L

2−
3 unit. As shown in

Figure S4 (see the Supporting Information), the Pb atoms in 4
adopt two different coordination geometries. Both Pb1 and Pb2
are seven-coordinated, each coordinated by six O atoms of four
bridging carboxylate groups from four different L2− ligands and
one N atom from one L2− ligand, to complete a pentagonal
bipyrimidal coordination environment (see the Supporting
Information, Figure S4a,b). The mean Pb1−O bond length
(2.621(5) Å) is longer than that of {[Pb6(pydc)6]·H2O}n
(2.529(7) Å), while the Pb1−N bond length (2.514(10) Å)
is longer than that in {[Pb6(pydc)6]·H2O}n (2.492(3) Å).27

The mean Pb2−O bond length (2.637(3) Å) is shorter than
that of [Pb(dpaea)(H2O)]2·[Pb(dpaea)]·6H2O (H2dpaea =
N,N-bis[(6-carboxypyridin-2-yl)methyl]ethylamine, 2.467(2)
Å).28 Pb3 is eight-coordinated by four O atoms of four
bridging carboxylate groups and four N atoms from four
different L2− ligands (see the Supporting Information, Figure
S4c), and the coordination geometry around Pb3 may be
described as a distorted trigonal dodecahedron. The mean
Pb3−O and Pb3−N bond lengths (2.715(5) vs 2.662(1) Å) are
shorter than those of the corresponding ones in [Pb(pydc)]n
(2.612(8) vs 2.692(2) Å).29 In 4, the Pb−N and Pb−O bond
lengths fall in the ranges of 2.361(8)−2.829(8) and 2.491(13)−
2.669(14) Å, respectively, which are comparable to the
previously reported values.30 The L2− ligand in 4 takes
conformations TT and TT′ (Scheme 2a,b), and the carboxylate
groups display μ2-η

2:η1- or μ2-η
2-bridged modes.

In 4, Pb3 and Pb3A atoms are linked by two L2− ligands to
form a dinuclear ringlike [Pb2L

2−
2] unit with a rough diameter

of 5.92 Å (between C23 and C23A) × 14.04 Å (between Pb3
and Pb3A), similar to that observed in 2 (Figure 4a). Each Pb3
atom in the [Pb2L

2−
2] unit interconnects its equivalent ones via

bridging carboxylate groups to form a 1D [Pb2L
2−

2]n chain
along the a axis (Figure 4b). Such 1D chains are linked by Pb1
and Pb2 atoms to afford a 2D network with rectangular grids
(6.09 × 10.84 Å) in the ab plane (Figure 4c). Other L2− ligands
act as a pillar to link the adjacent 2D networks to form a 3D
framework with dimensions of 10.84 × 14.86 × 19.59 Å3 along
the ac plane (Figure 4d). This framework was big enough to
allow the other net to penetrate to form a 2-fold inter-
penetrating framework, which can be described as a trinodal
(3,6,10)-connected topology with a point symbol of (43)-
(44·610·8)(48·624·89·104) (Figure 4e). The Platon program
analysis suggests that approximately 12.7% (4) of the crystal
volume is accessible to the solvents, which is a little higher than
that of 2 (10.2%).
Crystal Structure of 5. Complex 5 crystallizes in the

triclinic space group P1 ̅, and its asymmetric unit contains one
Pb2L

2−
2 unit and two H2O molecules. As shown in Figure 5a,b,

each Pb atom in 5 is eight-coordinated by two nitrogen atoms

Figure 2. continued

extending along the c axis. (d) View of a 3D porous structure in 2
along the c axis. (e) Topological view showing the equivalent 3D
framework of 2. The purple pillars represent the 1D channel in 2.
Atom color codes: Pb, cyan; O, red; N, blue; and C, green. All
hydrogen atoms are omitted for clarity.

Figure 3. (a) View of the coordination environments of the Pb1 center
in 3 with labeling schemes. Symmetry codes: (A) −x, −y − 1, −z; (B)
−x + 1/4, y − 1/4, z − 1/4; (C) x − 1/4, −y − 3/4, z − 1/4; (D) −x
− 1/2, −y − 1/2, z; (E) x + 1/2, y − 1/2, z; (F) x + 3/4, −y − 3/4, z
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from two L2− ligands, five carboxylate oxygen atoms from four
different L2− ligands, and one coordinated water molecule, and
thus the coordination geometry around Pb may be described a

distorted trigonal dodecahedron. The mean Pb1−O and Pb1−
N bond lengths (2.682(2) vs 2.597(1) Å) are longer than those
of the corresponding ones in 4 (2.657(2) vs 2.588(1) Å). The
average Pb2−O and Pb2−N bond length (2.758(3) vs
2.600(5) Å) is longer than that of [Pb(HOIP)(pyc)2]2
(2.460(5) vs 2.563(5) Å; HOIP = 2-(4-hydroxylbenzene)
imidazo[4,5-f ]1,10-phenanthroline, Hpyc = pyridyl-2-carbox-
ylic acid).31 The L2− ligand in 5 takes conformations TT′ and
TG″ (Scheme 2b,f), and the carboxylate groups display μ2-
η2:η1- or μ2-η

2-bridged modes. As shown in Figure 5c,d, it was
interesting that there existed two kinds of dinuclear [Pb2L

2−
2]

units in 5. One of the dinuclear [Pb2L
2−

2] units showed a little
flat ring with a rough diameter of 5.75 Å (between C23 and
C23A) × 14.04 Å (between Pb2 and Pb2A) (Figure 5c).
Another displayed a distorted ring with an approximate 6.32 Å
(between C9 and C9A) × 12.54 Å (between Pb1 and Pb1A)
(Figure 5d). These two [Pb2L

2−
2] units are interconnected by

bridging carboxylate groups in a alternate fashion to form a 1D
[Pb2L

2−
2]n ladder-like chain (Figure 5e). Such 1D chains are

further linked to its adjacent ones by Pb1 and Pb2 atoms to
afford a 2D undulant network with a 6-connected (36·46·53)
topology (Figure 5e−g). The weak interactions (2.925(2) Å)
between Pb2 and O9 and the hydrogen-bonding interactions
[C4−H4···O9, 2.583(5) (Å)] between O atoms of H2O
molecules (O9) in one network and H atoms of pyridine rings
in the adjacent network connect the 2D networks to afford a
3D framework with 1D channels (4.20 Å × 7.50 Å) looking
along the c axis. There is still approximately 19.9% of the crystal
volume to be filled by solvent molecules, which is much higher
than that of 2−4.

Effects of Reaction Conditions and Conformations of
Ligand on the Formation of Four Coordination
Polymers. Polymorphism, which can be considered a specific
subset of supramolecular isomerism, is particularly rare for
coordination polymers.7 To the best of our knowledge, there is
only one case reported about the polymorphs constructed from
a single flexible linked dicarboxylate as the building block
materials.6a Fortunately, the present study shows that the new
flexible ligand, BPCP, can also act as a convenient building
block for the construction of novel CPs, whose syntheses can
be easily accomplished by solvothermal reactions. During the
preparation of four novel coordination polymers, process
temperature, cooling rate, and additive are three key factors
in controlling the topologies of CPs. For example, by fine-
tuning the reaction temperature to 130 and 160 °C, complexes
3 and 5 have been synthesized, respectively. Complex 3
possesses a 3D metal−organic framework with a 1D channel
(11.11 Å × 12.18 Å), in which dinuclear semi-ring-like
[Pb2L

2−] units are bridged by L2− ligands. Complex 5 features
a 3D supramolecualr architecture constructed from 2D
undulant layer motifs joined by hydrogen-bonding interactions
and weak interactions. The difference of the bridging mode and
the conformation of L2− ligands in the two complexes must be
induced by different reaction temperatures, which should be
mainly responsible for the different architectures of 3 and 5.
The L2− ligand in 3 adopts a μ4-bridging mode and TT″
conformation to link Pb(II) centers, resulting in a dinuclear
semi-ring-like [Pb2L

2−] unit. The L2− ligand in 5 takes a μ4-
bridging mode and TT′ and TG″ conformations to connect
Pb(II) atoms, leading to two dinuclear ringlike [Pb2L

2−
2] units.

Thus, this result reveals that, for a more flexible ligand, the
assembly will be more dependent on the temperature.
Comparing polymorph 2 with 3, the addition of 4,4′-bipyridine

Figure 3. continued

− 1/4; (G) −x − 3/4, y − 1/4, z − 1/4. (b) View of a 2D sheet in 3
extending along the ab plane. (c) View of a 3D framework in 3 along
the b axis. (d) Topological view showing the equivalent 3D framework
of 3. Atom color codes: Pb, cyan; O, red; N, blue; and C, green. All
hydrogen atoms are omitted for clarity.

Figure 4. (a) View of one dinuclear [Pb2L
2−

2] ringlike unit of 4.
Symmetry codes: (A) −x + 5/2, −y + 1/2, −z. (b) View of a section of
the 1D chain along the c axis. (c) View of a 2D network in 4 along the
ab plane. (d) View of a 3D framework in 4 along the b axis. The purple
and yellow pillars represent 1D channels in 4. (e) Schematic
representation of the trinodal (3,6,10)-connected topology with a
point symbol of (43)(44·610·8)(48·624·89·104). Atom color codes: Pb,
cyan; O, red; N, blue; and C, green. All hydrogen atoms are omitted
for clarity.
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promotes the formation of 3 under similar reaction conditions.
A similar phenomenon can be documented by recent reports by
Tong7c and Hu.21a Thus, this fact strongly suggests that the
additive can effectively promote the formation of different
superstructures. Additionally, the preparation of polymorph 4 is
similar to that of polymorph 2, except that the cooling rate of
1.5 °C·h−1 was replaced by 15 °C·h−1. The result demonstrates
that this crystallization condition can also play another

important role in the formation of complexes. To our
knowledge, there is no case reported about the polymorphs
constructed from a subtle difference in cooling rate as a
dominant structural factor.

Photoluminescence Properties. The photoluminescent
properties of 1−5 and H2L in the solid state at room
temperature were studied. The result demonstrated that the
BPCP ligand (1) did not show photoluminescent properties.

Figure 5. (a, b) View of the coordination environments of Pb centers in 5 with labeling schemes. Symmetry codes: (A) −x + 1, −y + 2, −z + 2; (B)
x − 1, y − 1, z − 1; (C) −x + 1, −y + 2, −z + 1 ; (D) −x, −y + 1, −z + 1. (c) View of one dinuclear [Pb2L

2−
2] ringlike unit of 5. (d) View of one

distorted dinuclear [Pb2L
2−

2] ringlike unit of 5. (e) View of a section of the 1D ladder-like chain along the c axis. (f) View of a 2D network in 5 in the
bc plane. (g) A schematic representation of the 6-connected (36·46·53) topology. The red dashed lines represent hydrogen-bonding interactions.
Atom color codes: Pb, cyan; O, red; N, blue; and C, green.
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The emission spectra of supramolecular isomers 2−5 and the
H2L ligand are very similar, as shown in Figure 6. Upon

excitation at 371 nm, the strongest emission peak for the free
H2L ligand appears at 435 nm, corresponding to the n → π*
transitions. For 2−5, excitation of the microcrystalline samples
at 384, 387, 378, 363, and 351 nm leads to the generation of
intense fluorescent emissions (Figure 6), with similar maximum
peaks observed in the blue region (2, 543 nm; 3, 535 nm; 4,
520 nm; and 5, 540 nm), which may be attributed to the ligand-
centered π → π* electronic transitions.32 The different
emission bands of compounds 2−5 may be assigned to the
coordination diversities of the Pb(II) ion centers and the rigid
differences of these Pb(II) coordination frameworks.
Thermogravimetric Analysis. To investigate the thermal

stability of 2−5, TGA and DSC experiments were performed
for these materials under a N2 atmosphere. As depicted in
Figure 7, the thermograms of polymorphs 2−4 show similar

profiles. The three polymorphs are thermally very stable up to
312 °C. Because there are no solvent molecules in the
frameworks, there is a plateau region ranging from 25 to 390 °C
in 2, 393 °C in 3, and 312 °C in 4, followed by a sudden
decrease in the weight, suggesting the onset of the
decomposition temperature of the complexes. This can be
confirmed by DSC analysis. The DSC curves show an
endothermic peak, corresponding to the decomposition

process. The final residue of ca. 54.3, 54.9, and 54.7% for
polymorphs 2−4, respectively, is in agreement with the
percentage of PbCO3 in all cases (calcd. 54.5%), as observed
in the previous studies.32a,33 The TGA of 5 exhibits two main
steps of weight loss. A weight loss of 6.1% in the temperature
range of 50−119 °C shows the release of all guest water
molecules (calcd. 3.5%). The second step of weight loss from
378 °C corresponds to the thermal decomposition of the
organic groups. The final residue of ca. 49.3% is in agreement
with the percentage of PbCO3 in 5 (calcd. 48.9%). In addition,
the weight loss, being an endothermic process, occurred at ca.
119 °C for 5, 312 °C for 4, 390 °C for 2, and 393 °C for 3,
implying an increase in thermal stability from compounds 5, 4,
2, and to 3.

■ CONCLUSIONS
In conclusion, three novel true polymorphous CPs and one of
their polymorphic frameworks were successfully synthesized
employing the same ratio of reaction materials, containing a
new flexible linker BPCP with a relatively long spacer, via an in
situ ligand transformation reaction, cooperating with fine
control over synthetic conditions. The structural results show
that utilizing the flexible ligands is a deliberate strategy to
achieve diversity in CP structures, which may help chemists
obtain new polymorphs. Analyses of synthetic conditions,
structures, and coordination modes of the L2− ligand reveal that
reaction temperature, cooling rate, and additive are three key
factors to products and coordination conformation of the L2−

ligand . The L2− ligands in 2−5 adopt a μ4-bridging mode, and
a TT, TT′, TT″, or TG″ conformation, to link Pb(II) centers,
resulting in a dinuclear ringlike [Pb2L

2−
2] unit in 2 and 4, a

dinuclear semi-ring-like [Pb2L
2−] unit in 3, and two dinuclear

ringlike [Pb2L
2−

2] units in 5, respectively. Based on these
different building units, polymorphs 2 and 4 display a 3D
framework with 1D channels. Polymorph 3 features a 2-fold
interpenetrating framework with a trinodal (3,6,10)-connected
topology with a point symbol of (43)(44·610·8)(48·624·89·104).
Polymorphic framework 5 exhibits a 3D supramolecualr
architecture built up from 2D undulant layer motifs joined by
hydrogen-bonding interactions and weak interactions. The
differences in conformation and packing alignment should be
mainly responsible for the different architectures of complexes
2−5. Most importantly, the study also reveals that the structural
differences of 2−5 result in the differences in photo-
luminescence properties. This work may provide a useful
approach for the design and construction of other structural
isomeric crystalline materials, which further helps us to
understand the relationships between structures and properties.
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