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Preface to ”Structural Design and Properties of Coor-

dination Polymers”

Coordination polymers (CPs) or metalorganic frameworks (MOFs), have become one of the

most prominent branches of inorganic and materials chemistry due to the extensive variety of

their applications. This book covers a range of recent developments in coordination polymer

chemistry. Wang and Chuang et al. report a reversible Single-Crystal-to-Single-Crystal structural

transformation and sorption studies (Crystals 2017, 7(12), 364; doi:10.3390/cryst7120364).

Sun et al. report a three-dimensional porous CP, that showed the selective adsorption of CO2

over CH4 (Crystals 2017, 7(12), 370; doi:10.3390/cryst7120370). McCormick et al. describe the

solvent-dependent disorder in a series of CPs, demonstrating the influence of CP synthesis,

even when the overall topology of the framework is not affected (Crystals 2018, 8(1), 6;

doi:10.3390/cryst8010006). Bai et al. report the synthesis of a one-dimensional CP containing

cyclic [Ag4] clusters supported by a hybrid pyridine and thioether functionalized 1,2,3-triazole

(Crystals 2018, 8(1), 16; doi:10.3390/cryst8010016). Zhang and Hu et al. describe Prussian

Blue analogue mesoframes for enhanced aqueous sodium-ion storage (Crystals 2018, 8(1), 23;

doi:10.3390/cryst8010023). Janiak et al. incorporate the thiazolo[5,4-d]thiazole unit into a CP

with interdigitated structure and reported for the first time the sorption characteristics of a

tztz-functionalized porous MOF material (Crystals 2018, 8(1), 30; doi:10.3390/cryst8010030).

Ghosh et al. report a Zn(II)-based MOF built from a neutral N-donor linker and SiF62

anions that exhibits a two-step structural transformation, maintaining the crystallinity of the

framework (Crystals 2018, 8(1), 37; doi:10.3390/cryst8010037). Kostakis et al. describe a 12-fold

interpenetrated CP with ths topology built from Cu(II) ions and a glycine-based pseudopeptidic

ligand and its use as a heterogeneous catalyst in a A3 coupling reaction (Crystals 2018, 8(1), 47;

doi:10.3390/cryst8010047). Ingram incorporates anthracene-based ligands and Lanthanide ions

to synthesize MOFs and studied their photoluminescence and radioluminescence properties

(Crystals 2018, 8(1), 53; doi:10.3390/cryst8010053). Gu and Kirillov et al. discuss the suitability of

multifunctional aromatic carboxylic acids as versatile building blocks for the hydrothermal design of

CPs (Crystals 2018, 8(2), 83; doi:10.3390/cryst8020083).

George E. Kostakis

Special Issue Editor
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Reversible Single-Crystal-to-Single-Crystal Structural
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Abstract: A 3D supramolecular network, [Cd(bipy)(C4O4)(H2O)2]·3H2O (1) (bipy = 4,4′-bipyridine
and C4O4

2− = dianion of H2C4O4), constructed by mixed-ligand two-dimensional (2D) metal-organic
frameworks (MOFs) has been reported and structurally determined by the single-crystal X-ray
diffraction method and characterized by other physicochemical methods. In 1, the C4O4

2− and
bipy both act as bridging ligands connecting the Cd(II) ions to form a 2D layered MOF, which
are then extended to a 3D supramolecular network via the mutually parallel and interpenetrating
arrangements among the 2D-layered MOFs. Compound 1 shows a two-step dehydration process with
weight losses of 11.0% and 7.3%, corresponding to the weight-loss of three guest and two coordinated
water molecules, respectively, and exhibits an interesting reversible single-crystal-to-single-crystal
(SCSC) structural transformation upon de-hydration and re-hydration for guest water molecules.
The SCSC structural transformation have been demonstrated and monitored by single-crystal and
X-ray powder diffraction, and thermogravimetic analysis studies.

Keywords: coordination polymer; metal-organic framework; SCSC structural transformation;
hydrogen bond; gas sorption

1. Introduction

Porous materials based on coordination polymers (CPs), or metal-organic frameworks
(MOFs) [1,2] containing guest molecules are very attractive research field, not only owing to their
designable structure, unusual flexibilities, but also on their tunable functional application [3–12].
In this field, dynamic porosity has been paid much attention on the structural characteristics, as well
as on the function of guest inclusions [13–25]. In order to increase the flexibility of the porosity for
guest inclusion, the design of host framework with a flexible skeleton is required. Based on this
requirement, the dimensionality of host framework and binding forces for the component skeleton
becomes an important target. A variety of supramolecular architectures have been built up with
a large range of bonding forces, depending on the system, the interactions can range from M–L
coordination bonds, to strong halogen [26–32] or hydrogen bonds [31,32], to much weaker forces,
such as weak hydrogen bonds [33,34] and π−π stacking of small aromatics [35–39]. N,N-based
ligands, such as 4,4′-bipyridine (bipy) and pyrazine, have been widely used on the construction of

Crystals 2017, 7, 364 1 www.mdpi.com/journal/crystals
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many MOFs, including diamondoid, honeycomb, grid, T-shape, ladder, brick-wall, and octahedral
frameworks [40–48]. In the previous study, a series of interpenetrated metal-organic coordination
complexes, {[M(C4O4)(bipy)(H2O)2]·3H2O}∞ (M = Mn, Fe, Co, Ni; C4O4

2− = dianion of H2C4O4), have
been synthesized under hydrothermal condition. The reversible de-/rehydration processes of guest
water molecules in the 1D channels by heating or by vacuum were accompanied with color-changing
and structural variation of the materials, which have been identified by MS measurements,
UV spectrometry, and X-ray powder diffraction methods [49–51]. In our previous study [52],
an isostructural coordination polymer, {[Cd(C4O4)(bipy)(H2O)2]·3H2O}n (1), has been synthesized
under hydrothermal conditions and its reversible de-/rehydration property of guest water molecules
in channels accompanying structural variation is demonstrated by thermogravimetric (TG) analysis,
as well as temperature-dependent power X-ray diffraction. However, the detail structural information
on the single-crystal-to-single-crystal (SCSC) transformation associated with the de-/rehydration
of the guest water molecules in the channels, the second stage water de-/adsorption behavior of
the coordinated water molecules, and the gas sorption property of 1 are interesting and worthy of
further study. With our continuous effort on the structural transformation study of the two-step
water de-/adsorption behavior in 1, we report here on the exploration of the relationship between
the structures and de-/rehydration behavior. The dehydrated species {[Cd(C4O4)(bipy)(H2O)2]}n (1a),
after heating 1 at 90 ◦C, show CO2 gas sorption uptakes. Compound 1a also shows remarkable
reversibility to give rehydrated {[Cd(C4O4)(bipy)(H2O)2]·3H2O}n (1b), which is the same to parent 1,
when exposed to water vapor.

2. Results and Discussion

In the study, compound 1 was synthesized by solution method instead of hydrothermal method
reported in previous study [52]. The reaction yield is obviously improved from 23.4% under
hydrothermal condition to 70.4% by the solution method. The most relevant IR features are those
associated with the chelating squarate ligands. Strong and broad absorptions occurring in the range
of 1603–1323 cm−1 centered at 1470 cm−1 for 1 are characteristic of C4O4

2− ions [53], which can be
assigned to the vibrational modes representing mixtures of C–O and C–C stretching motions.

2.1. Structural Description of 1

The crystal structure of 1, synthesized by the solution method, is re-determined and is almost
the same as the crystal structure described in our previous report [52], with a 3D microporous
supramolecular network being constructed by 2D-layered MOFs. The related bond lengths and
angles around the Cd(II) ion are listed in Table 1. The squarate and bipy both act as a bridging
ligand with μ1,3-bis-monodentate and bis-monodentate coordination mode, respectively, leading the
formation of a 2D layered MOF (Figure 1b) along the b axis. The 2D MOF of 1 can be viewed in
a simplified way using TOPOS [54,55] as a four-connected uninodal net with the point symmetry
(Schläfli symbol) {44.62}. Adjacent 2D layers are arranged in mutually parallel and interpenetrated
manners to complete its 3D supramolecular network, which generates 1D channels along the c axis
intercalated with guest water molecules (Figure 1c). Hydrogen bonding interaction plays an important
role on the stabilization of the 3D supramolecular network. In the crystal packing, the coordinated
water molecules (O(3)) are held together with uncoordinated oxygen atoms (O(2)) of squarate (C4O4

2−)
by means of intramolecular O–H· · ·O hydrogen bonds with O· · ·O distances of 2.664(5) and 2.698(5).
The 3D supramolecular architecture is further reinforced by the O–H· · ·O hydrogen bonds among the
guest water molecules (O(4) and O(5)) and squarate ligands. Related bond distances and angles of
O–H· · ·O hydrogen bonds are listed in Table 2.
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(a) 
 

(b) 

 
(c)

Figure 1. (a) Coordination environment of the Cd(II) ion in 1 with atom labelling scheme (ORTEP
drawing, 50% thermal ellipsoids). The guest water molecules and H atoms are omitted for clarity.
(b) The 2D MOF in 1 via the bridges of squarate and 4,4′-bipyridine; (c) The 3D supramolecular network
with the 1D channels intercalated with guest water molecules (space-filling mode) viewing along the c axis.

Table 1. Bond lengths (Å) and angles (◦) around Zn(II) ion in 1, 1a, and 1b. 1

Compound 1 1a 1b

Cd(1)–O(3) 2.264(3) 2.303(3) 2.265(2)
Cd(1)–O(3)i 2.264(3) 2.303(3) 2.265(2)
Cd(1)–O(1) 2.294(3) 2.273(2) 2.296(2)
Cd(1)–O(1)i 2.294(3) 2.273(2) 2.296(2)
Cd(1)–N(1) 2.341(4) 2.339(3) 2.340(2)
Cd(1)–N(1)i 2.341(4) 2.339(3) 2.340(2)

O(3)–Cd(1)–O(3)i 180 180.0 180.0
O(3)i–Cd(1)–O(1)i 92.77(12) 93.61(11) 92.76(7)
O(3)–Cd(1)–O(1)i 87.23(12) 86.39(11) 87.24(7)
O(3)i–Cd(1)–O(1) 87.23(12) 86.39(11) 87.24(7)
O(3)–Cd(1)–O(1) 92.77(12) 93.61(11) 92.76(7)
O(1)–Cd(1)–O(1)i 180 180.0 180.0
O(3)i–Cd(1)–N(1) 87.82(13) 91.88(11) 87.93(8)
O(3)–Cd(1)–N(1) 92.18(13) 88.12(11) 92.07(8)
O(1)i–Cd(1)–N(1) 85.78(14) 86.46(11) 85.60(8)
O(1)–Cd(1)–N(1) 94.22(14) 93.54(11) 94.40(8)

O(3)i–Cd(1)–N(1)i 92.18(13) 88.12(11) 92.07(8)
O(3)–Cd(1)–N(1)i 87.82(13) 91.88(11) 87.93(8)
O(1)i–Cd(1)–N(1)i 94.22(14) 93.54(11) 94.40(8)
O(1)–Cd(1)–N(1)i 85.78(14) 86.46(11) 85.60(8)
N(1)–Cd(1)–N(1)i 180.0 180.0 180.0

1 Symmetry transformations used to generate equivalent atoms: i = −x + 1/2, −y + 1/2, −z + 1.
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Table 2. The O–H· · ·O hydrogen bonds for 1 and 1b, respectively. 1

Compound 1

D–H· · ·A D–H (Å) H· · ·A (Å) D· · ·A (Å) ∠ D–H· · ·A (◦)
O(3)–H(3A)· · ·O(2)i 0.81(7) 1.88(7) 2.664(5) 162(6)
O(3)–H(3B)· · ·O(2)ii 0.87(7) 1.85(7) 2.698(5) 163(6)
O(4)–H(4A)· · ·O(5) 0.83(5) 1.96(5) 2.762(5) 162(6)
O(5)–H(5A)· · ·O(1) 0.71(8) 2.11(8) 2.807(5) 171(8)
O(5)–H(5B)· · ·O(4)iii 0.79(7) 2.00(7) 2.782(5) 168(7)

Compound 1b

D–H· · ·A D–H (Å) H· · ·A (Å) D· · ·A (Å) ∠ D–H· · ·A (◦)
O(3)–H(3A)· · ·O(2)i 0.79(4) 1.89(4) 2.663(3) 166(4)
O(3)–H(3B)· · ·O(2)ii 0.81(4) 1.91(4) 2.698(3) 165(3)
O(4)–H(4A)· · ·O(5) 0.82(3) 1.95(3) 2.766(3) 169(4)
O(5)–H(5A)· · ·O(1) 0.81(4) 2.01(4) 2.808(3) 171(4)
O(5)–H(5B)· · ·O(4)iii 0.76(4) 2.04(4) 2.783(3) 168(4)

1 Symmetry transformations used to generate equivalent atoms: i = −x + 1/2, −y + 1/2, −z; ii = −x + 1/2, y − 1/2,
−z + 1/2; iii = −x + 1, −y + 1, −z + 1.

2.2. Water Adsorption Property of (1) by Cyclic TG Aanalsis and PXRD Measurements

In our previously thermal-stability study [52], the weight losses of the first and second steps
were 11.1% and 7.7%, corresponding to the release of three guest water molecules (calc. 11.5%) and
two coordinated water molecules (calc. 7.7%), respectively, and the first weight-loss step has been
proven to be a reversible de-/adsorption of three guest water molecules by cyclic TG measurements
under water vapor, as demonstrated by the display of de-/rehydration processes as a function of
time and temperature [52]. This result can be correlated to the polarity of the pore surfaces, as the
framework is adorned with high affinity for H2O due to the presence of hydrophilic sites of C4O4

2−

ligands. Unlike the complete reversibility of guest water molecules in the first stage, the removal
of coordinated water molecules is more likely to be only partially reversible in the second stage
(Figure 2). When the guest and coordinated water molecules are completely removed with the weight
loss of 18.8% after the temperature reaching 170 ◦C, only partial weight increase of 2.7% under water
vapor has been recovered during the cooling process. Such heating and cooling processes have been
repeated for five cycles (Figure 2) with weight-increasing and weight-decreasing percentages in the
range of 2.7–3.2% to demonstrate the stable but incomplete water ad-/desorption behavior during the
thermal re-/dehydration processes. This result indicates that, during the de-hydration period, the 3D
supramolecular network and the coordination environment of Cd(II) ions of completely dehydrated
form 1 might be changed after the removal of coordinated water molecules and may not be easily
recovered to the original structure, which will be discussed in the next powder X-ray diffraction part.

Figure 2. The cyclic TG measurements of water de-/adsorption processes at 170 ◦C and back to RT. Red
solid line: the variation of weight loss with time; blue dashed line: the variation of temperature with time.
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According to the TGA and single crystal diffraction results, the first structure change are
dominated from packing guest water molecules loss and the second step is triggered by coordinated
water molecules loss. To confirm the water re-absorption behavior, an in situ powder X-ray diffraction
experiment was performed and shown in Figure 3. The sample in glass capillary was heated up to
90 ◦C initially and stays 5 min to remove the packing water molecules. Compare to the simulation
pattern of rehydrated 1a at 340 K, the diffraction pattern show the first step packing guest water
molecules loss has been happened. Then the sample was taken into water and re-measured powder
pattern at 30 ◦C. Clearly, the structure can be recovered effectively. However, it was failed to recover the
structure while the coordinated water molecules be removed. A very large structure change occurred
at the second water molecules loss step, which leads to an irreversible reaction.

Figure 3. PXRD patterns of as synthesized 1 at RT (black), dehydrated 1a at 90 ◦C (red), rehydrated 1b

at RT (blue), simulated 1 from single-crystal data (pink), simulated 1a from single-crystal data at 90 ◦C
(green), and simulated 1b from single-crystal data at RT (deep blue).

2.3. SCSC Transformation Associated with Guest Water De-/Rehydration

According to the TG analysis and in situ PXRD measurements, the guest water molecules
located into the channels can be removed from the host framework by heating up to 90 ◦C. The 3D
supramolecular architecture of dehydrated 1 is rigid and stable without the guest water molecules, and
the de-/adsorption processes of guest water molecules are reversible. Moreover, the thermal stability
of the framework provides the opportunity to determine the crystal structure of dehydrated 1a after
the removal of guest water molecules from the host framework by controlled the heating condition
and crystal structure of the re-hydration 1b with the dehydrated 1a upon exposure to water vapor
at RT. Single-crystal-to-single-crystal transformation experiments were performed by single-crystal
X-ray diffraction method, which give the structures of dehydrated [Cd(C4O4)(bipy)(H2O)2]n (1a) and
rehydrated {[Cd(C4O4)(bipy)(H2O)2]·3H2O}n (1b), respectively, with very similar cell parameters
(Table 3). The structure of the dehydrated 1a reveals that the 3D supramolecular architecture
framework is nearly the same as that of 1 with the difference only on the nonexistence of guest
water molecules. The related bond lengths and angles around the Cd(II) ion are similar to that of 1

with little difference (Table 1). Furthermore, when the dehydrated 1a were exposed to water vapor
at RT, structural determination reveals that 1a re-absorbed water molecules to generate a rehydrated
{[Cd(C4O4)(bipy)(H2O)2]·3H2O}n (1b), showing a complete reversibility of de-/rehydration processes
in the 3D supramolecular network as shown in Scheme 1. The related bond lengths and angles around
Cd(II) ion are also in comparable with those of 1 (Table 1). It is important to note that hydrogen bonds
existing between the guest water molecules and the host framework found in the rehydrated 1b are

5
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almost the same as those found in 1 (Table 2). This result indicates that hydrogen bonding interaction
play a key role on the SCSC transformation mechanism of reversible de-/rehydration and provide a
memorial tracing pathway for the guest water during the guest water absorption process.

 

Scheme 1. SCSC structural transformation between 1 and 1a during the reversible de-/rehydration processes.

Table 3. Crystal data and refinement details of compounds 1, 1a and 1b.

Compound 1 1a 1b

empirical formula C14H18Cd1N2O9 C14H12Cd1N2O6 C14H18Cd1N2O9
formula mass (g mol−1) 470.70 416.66 470.70

crystal system Monoclinic Monoclinic Monoclinic
space group C 2/c C 2/c C 2/c

a (Å) 20.3421(8) 19.7226(10) 20.3589(12)
b (Å) 11.6164(5) 11.7865(5) 11.6195(6)
c (Å) 8.3198(3) 8.1877(3) 8.3196(4)

α (deg) 90 90 90
β (deg) 113.7456(15) 112.1639(15) 113.7461(18)
γ (deg) 90 90 90
V (Å3) 1799.55(12) 1762.68(13) 1801.47(17)

Z 4 4 4
T (K) 150(2) 340(2) 150(2)

Dcalcd (g cm−3) 1.737 1.570 1.736
μ (mm−1) 1.263 1.267 1.262

θ range (deg) 2.066–27.474 2.230–27.484 3.011–27.491
total no. of data collected 5780 5760 6113

no. of unique data 2070 2028 2066
no. of obsd data (I > 2σ(I)) 1681 1594 1649

Rint 0.0334 0.0318 0.0274
refine params 145 114 145

R1, wR2 (I > 2σ(I)) 1 0.0360, 0.0924 0.0389, 0.0733 0.0250, 0.0482
R1, wR2 (all data) 1 0.0464, 0.1003 0.0551, 0.0800 0.0376, 0.0537

GOF 2 1.085 1.191 1.095
1 R1 = Σ||Fo − Fc||/Σ|Fo|; wR2(F2) = [Σw|Fo

2 − Fc
2|2/Σw(Fo

4)]1/2. 2 GOF = {Σ[w|Fo
2 − Fc

2|2]/(n − p)}1/2.

2.4. Adsorption Properties of (1)

Encouraged by the structural flexibility of 1, the gas uptake capacities of the dehydrated (activated)
framework are determined. Before the measurements, powder samples of compound 1 were evacuated
at 90 ◦C for 24 h to obtain the activated form 1a (removal of three guest water molecules). The isotherm
obtained with N2 gas at 78 K revealed a typical Type-II adsorption profile with very low uptake,
suggesting only surface adsorption. (Figure 4a). Surprisingly, even though 1 is nonporous towards to
N2, we found that it is porous towards CO2 at 198 K. The CO2 adsorption isotherms at 198 K for 1a

exhibit a typical Type-I adsorption behavior (Figure 4b) with the adsorption uptake of 18.3 cm3 g−1.
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The adsorption capability of 1 for CO2 gases is low, but significant. In order to understand the
interactions of guest water molecules with the host framework, the water vapor adsorption behavior
of the activated 1a under ambient condition is measured. The activated 1a show high H2O uptake
(~43.5 cm3 g−1) at lower P/P0 (0.0–0.1), and the final uptake amount reaches 82.6 cm3 g−1, which
corresponds to 2.6 molecules of H2O per formula unit (Figure 4c).
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Figure 4. (a) N2 adsorption and desorption isotherms measured at 77 K; (b) CO2 adsorption and
desorption isotherms measured at 198 K; and (c) H2O adsorption and desorption isotherms measured
at 298 K.

3. Materials and Methods

3.1. Materials and Physical Techniques

All chemicals were of reagent grade and were used as commercially obtained without further
purification. Elementary analyses (carbon, hydrogen, and nitrogen) were performed using a
Perkin-Elmer 2400 elemental analyzer. IR spectra were recorded on a Nicolet Fourier Transform
IR, MAGNA-IR 500 spectrometer in the range of 500–4000 cm−1 using the KBr disc technique.
Thermogravimetric analysis (TGA) of compounds 1 was performed on a computer-controlled
Perkin-Elmer 7 Series/UNIX TGA7 analyzer. Single-phased powder samples were loaded into alumina
pans and heated with a ramp rate of 5 ◦C/min from room temperature to 800 ◦C under a nitrogen
atmosphere. The adsorption isotherm of N2 (77 K) and CO2 (200 K) for 1 was measured in the gaseous
state by using BELSORP-max volumetric adsorption equipment from BEL, Osaka, Japan. In the sample
cell (~1.8 cm3) maintained at T ± 0.03 K was placed the adsorbent sample (~100–150 mg), which has
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been prepared at 90 and 180 ◦C for 1 and 10–2 Pa for about 24 h prior to measurement of the isotherm.
The adsorbate was placed into the sample cell, and then the change of pressure was monitored and the
degree of adsorption was determined by the decrease of pressure at equilibrium state. All operations
were through automatically computer-controlled.

3.2. Synthesis of {[Cd(C4O4)(bipy)(H2O)2]·3H2O}∞ (1), Dehydrated {[Cd(C4O4)(bipy)(H2O)2]}∞ (1a) and
Rehydrated {[Cd(C4O4)(bipy)(H2O)2]·3H2O}∞ (1b)

An ethanol/H2O solution (1:1, 50 mL) of H2C4O4 (0.1419 g, 0.0012 mol) was added to an
ethanol/water (1:1, 100 mL) solution of Cd(NO3)2·4H2O (0.4107 g, 0.0025 mol) and 4,4′-bipyridine
(0.3904 g, 0.0013 mmol) at room temperature. After standing for one week, colorless needle-like
crystals of 1 (yield, 0.412g 70.4%) were obtained which are suitable for X-ray diffraction analysis.
Anal. Calc. for C14H12N2O6Cd1 (1): C 35.21, N 5.74, H 3.95; Found: C 35.69, N 5.94, H 3.82. IR (KBr
pellet): ν = 1603 (m), 1471 (s), 1413 (s), 1323 (m), 1221 (m), 1067 (m), 1006 (m), 672 (s), 628 (vs) cm−1.
The fresh crystals of 1 are heated at 90 ◦C to obtain dehydrated crystals {[Cd(C4O4)(bipy)(H2O)2]}∞ (1a).
The dehydrated crystals 1a are then stand at RT for one day to obtain rehydrated crystals
{[Cd(C4O4)(bipy)(H2O)2]·3H2O}∞ (1b).

3.3. Crystallographic Data Collection and Refinements

Single-crystal structure analysis for compound 1, 1a, and 1b were performed out on a Siemens
SMART diffractomerter (Taipei, Taiwan) with a CCD detector with Mo radiation (λ = 0.71073 Å) at
150 K for 1 and 1b and at 340 K for 1a, respectively. A preliminary orientation matrix and unit cell
parameters were determined from three runs of 15 frames each, each frame correspond to a 0.3◦ scan
in 10 s, following by spot integration and least-squares refinement. For each structure, data were
measured using ω scans of 0.3◦ per frame for 20 s until a complete hemisphere had been collected.
Cell parameters were retrieved using SMART [56] software (Bruker SAINT) and refined with SAINT
(Bruker SAINT) [57] on all observed reflections. Data reduction was performed with the SAINT [58]
software package and corrected for Lorentz and polarization effects. Absorption corrections were
applied with the program SADABS (Bruker, 2016) [58]. Direct phase determination and subsequent
difference Fourier map synthesis yielded the positions of all atoms, which were subjected to anisotropic
refinements for non-hydrogen atoms and isotropic for hydrogen atoms. The final full-matrix,
least-squares refinement on F2 was applied for all observed reflections [I > 2σ(I)]. All calculations
were performed by using the SHELXL-2014/7 software package [59]. Crystal data and details of
the data collection and structure refinements for 1–4 are summarized in Table 1. CCDC-1584569,
1584570, and 1584571 for 1, 1a, and 1b contains the supplementary crystallographic data for this paper.
These data can be obtained free of charge at www.ccdc.cam.ac.uk/conts/retrieving.html (or from the
Cambridge Crystallographic Data Centre, 12, Union Road, Cambridge CB2 1EZ, UK; fax: (internat.)
+44-1223/336-033; email: deposit@ccdc.cam.ac.uk).

3.4. In Situ X-ray Powder Diffraction

Variable temperature synchrotron powder X-ray diffraction data were collected at the Taiwan
Photon Source of the National Synchrotron Radiation Research Center (TPS 09A, Hsinchu, Taiwan).
The 15 keV X-ray source is delivered from an in-vacuum undulator (IU22, Hsinchu, Taiwan) and the
powder diffraction patterns were recorded by a position-sensitive detector, MYTHEN 24K (Hsinchu,
Taiwan), covering a 2θ range of 120◦. All powder samples were loaded into 0.3 mm capillary. To obtain
better random orientation, the capillary was rotated at 400 RPM during data collection. For high
temperature experiment, a hot air gas blower was placed 2 mm under the sample. Due to the small
gaps between detector modules, the two data sets were collected 2◦ apart with 60 s exposure time and
the data were merged and gridded to give a continuous dataset.
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3.5. Measurements of Gas Adsorption of Activated 1a

The adsorption isotherms of N2 (77 K), CO2 (198 K) and H2O (298 K) were measured in the gaseous
state by using BELSORP-max volumetric adsorption equipment from BEL, Osaka, Japan. In the sample
cell (~1.8 cm3) maintained at T ± 0.03 K was placed the adsorbent sample (~100–150 mg), which
has been prepared at 90 ◦C for 1a and 10−2 Pa for about 24 h prior to measurement of the isotherm.
The adsorbate was placed into the sample cell, and then the change of pressure was monitored and the
degree of adsorption was determined by the decrease of pressure at equilibrium state. All operations
were through automatically computer-controlled.

4. Conclusions

A 3D supramolecular network, {[Cd(C4O4)(bipy)(H2O)2]·3H2O}n (1), constructed by 2D-layered
MOFs has been successfully synthesized. Adjacent 2D layers were then self-assembled via the
mutually parallel and interpenetrating manners to form a 3D supramolecular network. Hydrogen
bonding interaction among uncoordinated oxygen of squarate, coordinated water molecules in the
host framework and the guest water molecules provide extra-energy on the stabilization of the 3D
supramolecular architecture of 1. The guest water molecules in the as-synthesized samples can be
removed readily by heating the sample to obtain dehydrated [Cd(C4O4)(bipy)(H2O)2]n (1a), and this
resulting microporous material is highly robust and chemically inert. Noteworthy, compound 1 shows
an interesting SCSC structural transformation between the dehydrated [Cd(C4O4)(bipy)(H2O)2]n 1a

and rehydrated {[Cd(C4O4)(bipy)(H2O)2]·3H2O}n 1b during the reversible thermal re-/dehydration
processes. It is also worthy to note that the dehydrated 1a selectively adsorbs CO2 over N2.
Moreover, the high water adsorption uptake of the dehydrated 1a is attributed to the strong
hydrogen-bonding affinity of water molecules with the uncoordinated O atoms of the squarate ligands
in the host framework.
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Abstract: A novel Pr complex, constructed from a rigid three-connected H3TMTA and
praseodymium(III) ion, has been synthesized in a mixed solvent system and characterized by X-ray
single crystal diffraction, infrared spectroscopy, a thermogravimetric analysis, an element analysis,
and powder X-ray diffraction, which reveals that complex 1 crystallizes in a three-dimensional porous
framework. Moreover, the thermal stabilities and the fluorescent and gas adsorption and separation
properties of complex 1 were investigated systematically.
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gas uptake

1. Introduction

During the past few decades, a lot of effort has been devoted to the rational design and synthesis
of coordination polymers (CPs) in the field of chemical and material science due to their fascinating
architectures and topologies together with their potential applications [1–8]. Besides the N-containing
ligands, rigid multi-carboxylate ligands are intriguing components owing to their easily predictable
and stable resulting framework [9–17]. Among all of the multi-carboxylate ligands, many C3-symmetric
tricarboxylate ligands have been extensively investigated to construct CPs with interesting architectures
and properties, including H3TATB and H3BTB (TATB denotes 4,4′,4′′-s-triazine-2,4,6-triyltribenzoate
and BTB denotes benzene-1,3,5-tribenzoate) [18–20]. At the same time, with its three carboxylate
groups almost perpendicular to the central benzene ring, a nonplanar ligand H3TMTA (TMTA
denotes 4,4′,4′′-(2,4,6-trimethylbenzene-1,3,5-triyl)tribenzoate) has also been applied to build CPs
with appealing topologies [21–23].

On the other hand, thousands of CPs based on the transition metal ions have been intensively
investigated. Compared with transition metal ions, there exists a kind of rare earth metal ion, which
possesses abundant luminescent properties. It should be pointed out that although quite a lot of
coordination complexes have been developed using different ligands in the past years, to the best of
our knowledge, porous frameworks built from rigid three-tricarboxylate ligands and rare earth ions
are still rare.

In the present paper, a novel rare earth complex was constructed from a rigid three-connected
H3TMTA ligand and a praseodymium(III) ion, (Pr(TMTA)(H2O)2]·[DMF·2EtOH·4H2O] [1, H3TMTA =
4,4′,4′′-(2,4,6-trimethylbenzene-1,3,5-triyl)tribenzoic acid). Interestingly, complex 1 shows permanent
porosity and a moderate adsorption heat of CO2 (21.6 kJ·mol−1), which can be used as a platform for
the selective adsorption of CO2/CH4 (3.56).
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2. Experimental

2.1. Materials and Methods

All chemicals were used as commercially received without further purification. The FT-IR spectra
were collected from 400 to 4000 cm−1 using the KBr pellet method. The elemental analyses (for C,
H, or N) were performed on a Perkin-Elmer 240 elemental analyzer ((PerkinElmer, Billerica, MA,
USA). The powder X-ray diffraction measurements were performed with a Bruker AXS D8 Advance
instrument (Karlsruhe, Germany). The thermogravimetric analysis was recorded on a Mettler Toledo
instrument (Mettler Toledo, Zurich, Swiss). The gas uptake was performed on the surface area analyzer
ASAP-2020 (Micromeritics, Norcross, GA, USA).

2.2. Synthesis of [Pr(TMTA)(H2O)2]·[DMF·2EtOH·4H2O] (1)

H3TMTA (2 mg, 0.0045 mmol) and Pr(NO3)3·6H2O (9.2 mg, 0.02 mmol) were dissolved in mixed
solvents, DMF:EtOH:H2O (v:v:v = 1:1:1; 1 mL). The resulting green solution was sealed in a glass
tube, heated to 75 ◦C in 5 h, kept for 40 h, then slowly cooled to 30 ◦C in 8 h. The green rod crystals
were collected, washed with EtOH, and dried in the air (yield: 40%). Elemental analysis calcd (%) for
1: C 49.84, H 5.88, N 1.57; found: C 48.98, H 5.77, N 1.74%. IR (KBr): ν (cm−1) = 3349 (m), 1618 (m),
1554 (s), 1419 (s), 1367 (s), 1273 (w), 1101 (w), 894 (w), 839 (m), 771 (m), 724 (s), 640 (m).

2.3. X-ray Crystallography

The single-crystal structure of the complex 1 was collected by an Agilent Xcalibur Eos Gemini
diffractometer (Agilent Technologies, CA, USA) with a (Cu) X-ray Source (Cu-Kα λ = 1.54184 Å).
The multi-scan program SADABS was applied to do the absorption corrections [24]. SHELXS-97 and
SHELXL-97 were used to solve and refine the final structure of complex 1 by direct methods [25,26].
PLATON was used to add the symmetry of complex 1. [27]. Table 1 contains the crystallographic
details of complex 1 and Table 2 collects the selected bond lengths and angles for complex 1.

Table 1. Crystal data for complex 1.

Empirical Formula C30H25O8Pr

Formula weight 654.41
Temperature/K 298.15
Crystal system monoclinic

Space group P21/n
a/Å 9.531(3)
b/Å 16.417(5)
c/Å 27.409(8)
α/◦ 90.00
β/◦ 93.098(6)
γ/◦ 90.00

Volume/Å3 4282(2)
Z 4

ρcalcmg/mm3 1.015
m/mm−1 1.169

F(000) 1312.0
Index ranges −10 ≤ h ≤ 10, 0 ≤ k ≤ 18, 0 ≤ l ≤ 30

Reflections collected 6198
Independent reflections 6198[R(int) = 0.1019]

Data/restraints/parameters 6198/906/354
Goodness-of-fit on F2 1.002

Final R indexes [I >= 2σ (I)] R1 = 0.1012, wR2 = 0.2613
Final R indexes [all data] R1 = 0.1277, wR2 = 0.2752

Largest diff. peak/hole/e Å−3 5.28/−1.63
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Table 2. Selected bond lengths (Å) and angles (◦) for complex 1.

Pr1-O1 2.390(8) Pr1-O1w 2.496(8) Pr1-O2 1 2.384(8)
Pr1-O2w 2.488(8) Pr1-O3 2 2.535(8) Pr1-O4 2 2.570(8)
Pr1-O5 3 2.445(8) Pr1-O6 4 2.480(8) Pr1-O6 3 2.967(8)

O1-Pr1-O1w 77.9(3) O1-Pr1-O2w 78.6(3) O1-Pr1-O3 1 76.5(3)
O1-Pr1-O4 1 124.3(3) O1-Pr1-O5 2 155.4(3) O1-Pr1-O6 2 138.1(3)

1 1 − X, −Y, −Z; 2 −1/2 + X, −1/2 − Y, −1/2 + Z; 3 –1 + X, 1 + Y, +Z; 4 1 − X, −1 − Y, −Z.

CCDC 1582391 contains the supplementary crystallographic data of complex 1 for this
paper. These data could be obtained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html
(or from the CCDC, 12 Union Road, Cambridge CB2 1EZ, UK; fax: +44 1223 336033; E-mail:
deposit@ccdc.cam.ac.uk).

3. Results and Discussion

3.1. Crystal Structure of Complex 1

Complex 1 was obtained in mixed solvents of DMF:EtOH:H2O by a hydrothermal reaction
of H3TMTA and Pr(NO3)3·6H2O at 75 ◦C. The single-crystal X-ray analysis shows that complex 1

crystalizes in a monoclinic crystal system with a p21/n space group. The asymmetry unit of complex
1 contains a praseodymium ion, a TMTA3− ligand, and two coordinated water molecules. The Pr-O
distances are 2.384(8) Å and 2.967(8) Å, and the distances of Pr-Ow are 2.488(8) Å and 2.496(8) Å,
respectively. As shown in Figure 1a, the Pr(III) ion in complex 1 adopts a nine-coordinated mode
forming a distorted {PrO9} coordination sphere. It is interesting that the carboxylic groups in 1 adopt
three different coordination modes: μ1-η1-η1, μ2-η1-η1, and μ2-η1-η2. The carboxylic groups connect
with the Pr(III) ion to form a one-dimensional infinite chain, and then the chains are linked by the
TMTA3− ligand to construct a three-dimensional framework (Figure 1b).

 

Figure 1. (a) View of the coordination environment around the H3TMTA ligand and (b)
three-dimensional porous framework of 1 viewed along the b axis.

3.2. The Fluorescent Property

Because of the presentation of rare earth ions and a rigid carboxylate group, the luminescent
property of complex 1 was tested in the solid state at 298 K. The emission band centered at
362 nm (λex = 320 nm) for H3TMTA, which could be assigned to the electronic transition based on
ligand-centered, which means the π*→n or π*→π electronic transition [28]. The emission of complex 1

was observed at 358 nm upon excitation at 320 nm for 1, which can be attributed to the emission of
H3TMTA ligands (Figure 2). There was no characteristic emission of rare earth ions.
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Figure 2. Solid-state fluorescence spectrum of 1 at room temperature.

3.3. Powder X-ray Diffraction Analysis

The powder X-ray diffraction pattern was used to certify the phase purity of complex 1 (Figure 3).
Almost all of the peak positions of the simulated and experimental patterns match very well with each
other. The preferred orientation of the powder samples accounts for the differences in intensity.

Figure 3. The powder XRD patterns and the simulated pattern from the single-crystal diffraction data
for the complex 1.

3.4. IR Spectra

The FT-IR spectrum of compound 1 was also tested. As depicted in Figure 4, the sharp bands
at 1554 cm−1 and 1419 cm−1 stand for the asymmetric and symmetric stretching vibrations of the
carboxylic group, respectively [29].
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Figure 4. The IR spectra of the complex 1.

3.5. Thermogravimetric Analyses

As shown in Figure 5, the thermogravimetric analysis (TGA) property of complex 1 was detected
under an N2 atmosphere. Complex 1 has two identifiable weight loss stages: the first stage is similar
to the removal of seven uncoordinated and two coordinated solvent molecules (obsd 26.37%, calcd
27.91%), which arises between room temperature and 273 ◦C. The second stage belongs to the collapse
of the framework, which appears at temperatures higher than 500 ◦C, which means that the present
complex 1 shows moderate thermal stability.

 

Figure 5. Thermogravimetric analysis (TGA) curves for the complex 1.

3.6. Gas Sorption and Separation Measurements

Gas adsorption–desorption measurements of N2, CO2, CH4, and H2 on complex 1 were
collected on a Micromeritics ASAP 2020 surface area and pore size analyzer at different
temperatures: 77 K (liquid nitrogen bath), 273 K (ice-water bath), and 298 K (room temperature).
The Brunauer-Emmett-Teller (BET) surface area and pore size distribution data were calculated from
the N2 adsorption isotherms at 77 K.

The as-synthesized crystals of complex 1 were exchanged three times with dry methanol.
The activated phases samples were degassed at 353 K for 10 h for the gas sorption measurements.
As can be seen from Figure 6, the active phase is highly crystalline and remains almost identical to
its as-synthesized phase. The permanent porosity of complex 1 was confirmed by the reversible N2

sorption measurements at 77 K and 1 atm, which showed a type I adsorption isotherm performance
with a saturated adsorption amount of 106 cm3 g−1. The values of the Brunauer-Emmett-Teller (BET)
and Langmuir surface areas are 327.4 and 422.7 m2 g−1, respectively, calculated from the N2 sorption
isotherm. The pore size distribution is determined with NLDFT and calculated from N2 adsorption
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isotherms at 77 K, corresponding to the pore size of 4.3 Å for complex 1, which matches well with the
crystal data.

 

Figure 6. N2 isotherms at 77 K for complex 1.

We also tested the low-pressure H2, CO2, and CH4 uptakes of a desolvated sample of complex
1 by using volumetric gas adsorption measurements. Complex 1 can adsorb 89.5 cm3 g−1 of H2

molecules. Thus, the CO2 uptake of complex 1 is 26.2 cm3·g−1 (5.158 wt %) at 273 K and 17.6 cm3·g−1

(3.46 wt %) at 298 K under 1 bar, respectively (Figure 7). The adsorption heat (Qst) of CO2 of
complex 1 is 21.6 kJ·mol−1 calculated from the Clausius-Clapeyron equation, indicating a moderate
adsorbate-adsorbant interaction. Furthermore, the CH4 uptake of complex 1 is 11.6 cm3·g−1 at 273 K
and 7.5 cm3·g−1 at 298 K under 1 bar, respectively.

Figure 7. Gas uptakes for complex 1. (a) The H2 adsorption capacity for complex 1 at 77 K; (b) The
CO2 adsorption capacity for complex 1 at 273 and 298 K; (c) The CO2 adsorption capacity for complex
1 at 273 K and 298 K; (d) The Qst of complex 1 for CO2.
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Since CO2 is a dominant component of greenhouse gas and a main contaminant of natural gas,
it is meaningful to investigate the capacity of CO2 and the selectivity of CO2/CH4. The higher CO2

uptake capacity of complex 1 prompted us to further investigate the selectivity of CO2 adsorption over
CH4. According to the calculation results over a 10:90 and 50:50 CO2/CH4 mixed gas, the CO2/CH4

selectivitie at 273 K and 298 K are 3.2 and 3.56, respectively. These values are comparable to ZIF-79
(CO2/CH4: 5.4) [30], SIFSIX-2-Cu (CO2/CH4: 5.3) [31], and PCN-88 (CO2/CH4: 5.3) [32] (Figure 8).
The results show that compound 1 may be a candidate for CO2 capture and separation from natural gas.

Figure 8. Selective gas adsorption for complex 1. The CO2/CH4 sorption isotherms for complex 1 at
273 K (a) and 298 K (b) calculated by the IAST method for two CO2 concentration.

4. Conclusions

In conclusion, A novel Pr complex, constructed from a rigid three-connected H3TMTA and
a praseodymium(III) ion, has been constructed under solvothermal conditions. Thus, the thermal
stabilities and the fluorescent and gas adsorption and separation properties of complex 1 were
investigated systematically. Complex 1 can be used as a candidate for CO2 capture and separation
from natural gas.

Acknowledgments: We gratefully thank the National Natural Science Foundation of China (No. 21401096) and
Open Funds for Key Laboratory of Marine Biotechnology in Colleges and Universities of Shandong Province for
the financial support.

Author Contributions: Jie Sun and Minghui Zhang designed the experiments; Aiyun Wang performed the
experiments; Ziwei Cai analyzed the data and Jie Sun wrote the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Forgan, R.S.; Smaldone, R.A.; Gassensmith, J.J.; Furukawa, H.; Cordes, D.B.; Li, Q.; Wilmer, C.E.; Botros, Y.Y.;
Snurr, R.Q.; Slawin, A.M.Z.; et al. Nanoporous carbohydrate metal-organic frameworks. J. Am. Chem. Soc.
2012, 134, 406–417. [CrossRef] [PubMed]

2. Zheng, S.-T.; Bu, J.T.; Li, Y.; Wu, T.; Zuo, F.; Feng, P.; Bu, X. Pore space partition and charge separation
in cage-within-cage indium–organic frameworks with high CO2 uptake. J. Am. Chem. Soc. 2010, 132,
17062–17064. [CrossRef] [PubMed]

3. Bloch, E.D.; Queen, W.L.; Krishna, R.; Zadrozny, J.M.; Brown, C.M.; Long, J.R. Hydrocarbon separations in
a metal-organic framework with open iron(II) coordination sites. Science 2012, 335, 1606–1610. [CrossRef]
[PubMed]

4. Sumida, K.; Rogow, D.L.; Mason, J.A.; McDonald, T.M.; Bloch, E.D.; Herm, Z.R.; Bae, T.-H.; Long, J.R. Carbon
dioxide capture in metal-organic frameworks. Chem. Rev. 2012, 112, 724–781. [CrossRef] [PubMed]

5. Suh, M.P.; Park, H.J.; Prasad, T.K.; Lim, D.W. Hydrogen storage in metal-organic frameworks. Chem. Rev.
2012, 112, 782–835. [CrossRef] [PubMed]

19

Bo
ok
s

M
DP
I



Crystals 2017, 7, 370

6. Li, J.R.; Sculley, J.; Zhou, H.-C. Metal-organic frameworks for separations. Chem. Rev. 2012, 112, 869–932.
[CrossRef] [PubMed]

7. Yoon, M.; Srirambalaji, R.; Kim, K. Homochiral metal-organic frameworks for asymmetric heterogeneous
catalysis. Chem. Rev. 2012, 112, 1196–1231. [CrossRef] [PubMed]

8. Ma, L.; Abney, C.; Lin, W. Enantioselective catalysis with homochiral metal–organic frameworks.
Chem. Soc. Rev. 2009, 38, 1248–1256. [CrossRef] [PubMed]

9. Sun, D.; Ma, S.; Ke, Y.; Collins, D.J.; Zhou, H.-C. An interweaving MOF with high hydrogen uptake. J. Am.
Chem. Soc. 2006, 128, 3896–3897. [CrossRef] [PubMed]

10. Ma, S.; Sun, D.; Ambrogio, M.; Fillinger, J.A.; Parkin, S.; Zhou, H.-C. Framework-catenation isomerism in
metal–organic frameworks and its impact on hydrogen uptake. J. Am. Chem. Soc. 2007, 129, 1858–1859.
[CrossRef] [PubMed]

11. Ma, S.; Wang, X.-S.; Yuan, D.; Zhou, H.-C. A coordinatively linked Yb metal-organic framework demonstrates
high thermal stability and uncommon gas-adsorption selectivity. Angew. Chem. Int. Ed. 2008, 47, 4130–4133.
[CrossRef] [PubMed]

12. Ma, S.; Yuan, D.; Wang, X.-S.; Zhou, H.-C. Microporous lanthanide metal-organic frameworks containing
coordinatively linked interpenetration: Syntheses, gas adsorption studies, thermal stability analysis,
and photoluminescence investigation. Inorg. Chem. 2009, 48, 2072–2077. [CrossRef] [PubMed]

13. Ma, S.; Yuan, D.; Chang, J.-S.; Zhou, H.-C. Investigation of gas adsorption performances and H2 affinities
of porous metal-organic frameworks with different entatic metal centers. Inorg. Chem. 2009, 48, 5398–5402.
[CrossRef] [PubMed]

14. Chen, B.; Eddaoudi, M.; Hyde, S.T.; O’Keeffe, M.; Yaghi, O.M. Interwoven metal-organic framework on
a periodic minimal surface with extra-large pores. Science 2001, 291, 1021–1023. [CrossRef] [PubMed]

15. Kim, J.; Chen, B.; Reineke, T.M.; Li, H.; Eddaoudi, M.; Moler, D.B.; O’Keeffe, M.; Yaghi, O.M. Assembly of
metal–organic frameworks from large organic and inorganic secondary building units: New examples and
simplifying principles for complex structures. J. Am. Chem. Soc. 2001, 123, 8239–8247. [CrossRef] [PubMed]

16. Chae, H.K.; Siberio-Perez, D.Y.; Kim, J.; Go, Y.; Eddaoudi, M.; Matzger, A.J.; O’Keeffe, M.; Yaghi, O.M.
A route to high surface area, porosity and inclusion of large molecules in crystals. Nature 2004, 427, 523–527.
[CrossRef] [PubMed]

17. Gedrich, K.; Senkovska, I.; Klein, N.; Stoeck, U.; Henschel, A.; Lohe, M.R.; Baburin, I.A.; Mueller, U.; Kaskel, S.
A highly porous metal-organic framework with open nickel sites. Angew. Chem. Int. Ed. 2010, 49, 8489–8492.
[CrossRef] [PubMed]

18. Yang, X.; Lin, X.; Zhao, Y.; Zhao, Y.; Yan, D. Lanthanide metal-organic framework microrods: Colored optical
waveguides and chiral polarized emission. Angew. Chem. Int. Ed. 2017, 56, 7853–7857. [CrossRef] [PubMed]

19. Cui, Y.; Yue, Y.; Qian, G.; Chen, B. Luminescent functional metal-organic frameworks. Chem Rev. 2012, 112,
1126–1162. [CrossRef] [PubMed]

20. Feng, X.; Guo, N.; Chen, H.; Wang, H.; Yue, L.; Chen, X.; Ng, S.; Liu, X.; Ma, L.; Wang, L. A series of anionic
host coordination polymers based on azoxybenzene carboxylate: Structures, luminescence and magnetic
properties. Dalton Trans. 2017, 46, 14192–14200. [CrossRef] [PubMed]

21. Zhao, X.; He, H.; Dai, F.; Sun, D.; Ke, Y. Supramolecular isomerism in honeycomb metal–organic frameworks
driven by CH . . . π interactions: Homochiral crystallization from an achiral ligand through chiral inducement.
Inorg. Chem. 2010, 49, 8650–8652. [CrossRef] [PubMed]

22. Zhao, X.; Dou, J.; Sun, D.; Cui, P.; Sun, D.; Wu, Q. A porous metal-organic framework (MOF) with unusual
2D→3D polycatenation based on honeycomb layers. Dalton Trans. 2012, 41, 1928–1930. [CrossRef] [PubMed]

23. Zhao, X.; Liu, F.; Zhang, L.; Sun, D.; Wang, R.; Ju, Z.; Yuan, D.; Sun, D. Achieving a rare breathing behavior
in a polycatenated 2D to 3D net through a pillar-ligand extension strategy. Chem. Eur. J. 2014, 20, 649–652.
[CrossRef] [PubMed]

24. Bruker. SMART, SAINT and SADABS; Bruker AXS Inc.: Madison, WI, USA, 1998.
25. Sheldrick, G.M. SHELXS-97; Program for X-ray Crystal Structure Determination; University of Gottingen:

Göttingen, Germany, 1997.
26. Sheldrick, G.M. SHELXL-97; Program for X-ray Crystal Structure Refinement; University of Gottingen:

Göttingen, Germany, 1997.
27. Spek, A.L. PLATON; A Multipurpose Crystallographic Tool; Utrecht University: Utrecht, The Netherlands, 2002.

20

Bo
ok
s

M
DP
I



Crystals 2017, 7, 370

28. Zhang, L.; Guo, J.; Meng, Q.; Wang, R.; Sun, D. Syntheses, structures and characteristics of four
metal–organic coordination polymers based on 5-hydroxyisophthalic acid and N-containing auxiliary
ligands. CrystEngComm 2013, 15, 9578–9587. [CrossRef]

29. Nakamoto, K. Infrared and Raman Spectra of Inorganic and Coordination Compounds; John Wiley & Sons:
New York, NY, USA, 1986.

30. Phan, A.; Doonan, C.J.; Uribe-Romo, F.J.; Knobler, C.B.; O’Keeffe, M.; Yaghi, O.M. Synthesis, structure,
and carbon dioxide capture properties of zeolitic imidazolate frameworks. Acc. Chem. Res. 2010, 43, 58–67.
[CrossRef] [PubMed]

31. Nugent, P.; Belmabkhout, Y.; Burd, S.D.; Cairns, A.J.; Luebke, R.; Forrest, K.; Pham, T.; Ma, S.; Space, B.;
Wojtas, L.; et al. Porous materials with optimal adsorption thermodynamics and kinetics for CO2 separation.
Nature 2013, 495, 80–84. [CrossRef] [PubMed]

32. Li, J.R.; Yu, J.; Lu, W.; Sun, L.B.; Sculley, J.; Balbuena, P.B.; Zhou, H.C. Porous materials with pre-designed
single-molecule traps for CO2 selective adsorption. Nat. Commun. 2013, 4, 1538–1544. [CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

21

Bo
ok
s

M
DP
I



crystals

Article

Solvent Dependent Disorder in
M2(BzOip)2(H2O)·Solvate (M = Co or Zn)

Laura J. McCormick 1,2,* , Samuel A. Morris 2,3, Simon J. Teat 1, Alexandra M.Z. Slawin 2 and

Russell E. Morris 2

1 Advanced Light Source, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA; sjteat@lbl.gov
2 School of Chemistry, University of St Andrews, North Haugh, St Andrews, Fife KY16 9ST, UK;

smorris@ntu.edu.sg (S.A.M.); amzs@st-andrews.ac.uk (A.M.Z.S.); rem1@st-andrews.ac.uk (R.E.M.)
3 Facility for Analysis, Characterisation, Testing and Simulation, Nanyang Technological University,

Singapore 639798, Singapore
* Correspondence: ljmccormick@lbl.gov; Tel.: +1-510-495-2887

Received: 5 December 2017; Accepted: 19 December 2017; Published: 24 December 2017

Abstract: Coordination polymers derived from 5-benzyloxy isophthalic acid (H2BzOip) are rare, with
only three reported that do not contain additional bridging ligands, of which two M2(BzOip)2(H2O)
(M = Co and Zn) are isomorphous. It was hoped that by varying the solvent system in a reaction
between H2BzOip and M(OAc)2 (M = Co and Zn), from water to a water/alcohol mixture,
coordination polymers of different topology could be formed. Instead, two polymorphs of the
existing M2(BzOip)2(H2O) (M = Co and Zn) were isolated from aqueous methanol and aqueous
ethanol, in which a small number of guest solvent molecules are present in the crystals. These guest
water molecules disrupt the hexaphenyl embrace motif, leading to varying degrees of disorder of the
benzyl groups.

Keywords: X-ray crystallography; solvothermal; polymorph; disorder

1. Introduction

Coordination polymers containing 5-substituted isophthalates have been, until recently,
comparatively rare when compared to those containing the closely related terephthalate [1–15] and
trimesate [16–18]. This family of ligands are of interest as they contain two carboxylate coordinating
groups in a fixed geometry, while the 5-substituent is remote from these binding groups so that
it can act as a structure-directing group without imposing a steric influence on the binding mode
of the ligand. We recently reported a series of coordination polymers [19] derived from 5-alkoxy
isophthalate ligands, in which the topology of the coordination polymers depended on which short
chain alkyl group (ethyl, n-propyl, n-butyl or i-butyl) was present and what solvent was used.
Given this solvent dependence of the topology of the coordination frameworks, it was hoped that
the same would hold true when an aromatic substituent was used. The 5-benzyloxy isophthalic
acid (H2BzOip, I) was selected due to its similarity to the aforementioned 5-alkoxy isophthalic acids.
It has been used as a bridging ligand in 11 coordination complexes to date [20–26], although all
but three of these [26–28] include additional bridging or terminal polydentate ligands. Two of these,
M2(BzOip)2(H2O) (M = Co [26] or Zn [27]) have the same topology as the M2(ROip)2(H2O) (M = Mn,
Co or Zn, R = Et, nPr, nBu or iBu) materials reported in 2016, and were both prepared by hydrothermal
reaction of H2BzOip and the corresponding metal nitrate. By varying the solvent system from water to
aqueous methanol, ethanol or isopropanol, it was found that, although the topology of the resulting
M2(BzOip)2(H2O) (M = Co or Zn) crystals did not vary, the level of disorder of the benzyl groups
did. Herein, we report the crystal structures of the isostructural compounds M2(BzOip)2(H2O)·solvate
(M = Co or Zn) as prepared from aqueous methanol, ethanol and isopropanol.
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2. Results

All compounds were prepared by the solvothermal reaction of H2BzOip and M(OAc)2 (M = Co
or Zn) in a 1:2 mixture of water and alcohol (methanol, ethanol, or isopropanol) and formed as purple
or colourless needle crystals, respectively. M2(BzOip)2(H2O)·solvate (M = Co or Zn) crystallises in
the trigonal space group R3 with approximate unit cell dimensions a ≈ 28 Å and c ≈ 19 Å. Details of
the first crystal structure determination for each compound are presented in Table 1, whilst selected
bond lengths and angles for all 18 structural determinations are given in Tables S1 to S36 in the
Supporting Materials. The structure determinations of Zn2(BzOip)2(H2O) from isopropanol and ethanol
are identical to that reported in [27], whilst the structure determination of Co2(BzOip)2(H2O) from
isopropanol is identical to that reported in [26].

Two crystallographically distinct metal centres and two crystallographically distinct 5-benzyloxy
isophthalate ligands are present in the asymmetric unit. One metal centre, M1, adopts a tetrahedral
coordination environment in which one oxygen atom from each of the four unique carboxylate groups
binds to the metal centre. Each of these carboxylate groups bind in an (η1:η2:μ2) fashion, three of
which connect M1 and M2 into a discrete unit that is reminiscent of a copper acetate lantern, whilst the
fourth connects M1 to an M2 centre in an adjacent lantern-like unit. M2 adopts a square pyramidal
geometry comprised of four carboxylate oxygen atoms (each from a distinct carboxylate group),
and one water molecule. Both metal centres are also involved in long interactions (see Figure 1) with
carboxylate oxygen atoms that are bound to the opposite metal centre that are deemed too long to be
a coordination bond (approximate separations M1···O 2.9 and 2.9 Å, and M2···O 3.1 and 3.3 Å for Co
and Zn, respectively).

Figure 1. The coordination environment of the metal centres in Co2(BzOip)2(H2O). Long interactions
between Co centres and carboxylate oxygen atoms are shown as thin black lines.

The isophthalate moiety of the 5-benzyloxy isophthalate ligand connects the metal centres into
a honeycomb framework that may be seen in Figure 2. The panels that constitute the walls of the
framework comprise pairs of isophthalate moieties, which are arranged parallel to each other with
a plane-to-plane separation of approximately 3.6–3.7 Å. Panels are connected to each other by infinite
columns of metal centres and carboxylate groups that extend parallel to the c-axis, leaving large
hexagonal channels parallel to the c-axis. The coordinated water molecules form hydrogen bonds to
the coordinated carboxylate oxygen atoms and the phenolate oxygen atoms. The benzyloxy groups of
the 5-benzyloxy isophthalate ligands project into and completely block these channels, where they
form aggregates of six aromatic rings.
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Figure 2. (a) A view along the c-axis of the honeycomb frameworks of Co2(BzOip)2(H2O) in which
the benzyloxy groups have been removed for clarity; (b) one segment of the framework wall panels in
Co2(BzOip)2(H2O), with the benzyl groups removed for clarity; and (c) a view of the full framework of
Co2(BzOip)2(H2O).

As there are two crystallographically distinct ligands, two distinct hexaphenyl aggregates are
formed (Figure 3). The first is well ordered in all six compounds and the six aromatic rings are involved
in a hexaphenyl embrace [29]. Within this aggregate (shown using black carbons atoms and gold
bonds in Figure 3), the methylene bridges connecting the benzyl group to the oxo isophthalate core
are arranged around the equator of the aggregate. The arrangement of benzyl groups in the second
aggregate varies from compound to compound. In both the Co2(BzOip)2(H2O) crystals from iPrOH,
and the Zn2(BzOip)2(H2O) crystal from EtOH and iPrOH, these benzyl groups are well ordered
and participate in a hexaphenyl embrace similar to that seen in the first aggregate, except that the
methylene groups are located at the ‘poles’ of the aggregate. This aggregate is shown in Figure 3a using
hatched black carbon atoms. In both the Zn and Co crystals from MeOH and the Co crystal from EtOH,
this benzyl group is disordered over multiple orientations to accommodate the presence of partial
occupancy solvent molecules. These solvent molecules participate in hydrogen bonding interactions
with the carboxylate oxygen atoms and, in some instances, the coordinated water molecules.
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Figure 3. Views of the interactions between benzyl groups that occur in (a) Co2(BzOip)2(H2O)
prepared in aqueous isopropanol; (b) Co2(BzOip)2(H2O)·0.19H2O prepared in aqueous ethanol;
(c) Co2(BzOip)2(H2O)·0.29H2O·0.29MeOH prepared in aqueous methanol. In all cases, the benzyl
groups shown in black are well ordered and participate in a hexaphenyl embrace. In (b) and (c),
the benzyl groups shown in blue also participate in a hexaphenyl embrace. The hexaphenyl aggregate
shown using hatched atoms in (a) is fully ordered in the crystals obtained from isopropanol,
but disordered in the crystals obtained from methanol or ethanol.

In the Co2(BzOip)2(H2O)·0.19H2O crystals from aqueous ethanol, the second aggregate of benzyl
groups contains one major (shown in blue in Figure 3b) and three minor orientations. The three minor
orientations are related by three-fold rotation in the ab-plane, and contain two benzyl groups from
the major (blue) orientation, and two of each of the minor orientations of the benzyl group (shown in
purple and yellow in Figure 3b). Whilst the major orientation of this aggregate results in a hexaphenyl
embrace between the benzyl groups, the minor orientations contain a tetraphenyl embrace [30] between
the benzyl groups coloured blue and purple in Figure 3b. Partial occupancy water molecules located
near to this aggregate and the major orientation of the benzyl groups are positioned such that they are
mutually exclusive, and the presence of the water molecules disrupts the hexaphenyl embrace of the
major orientation. The ratio of the major to minor orientations of this aggregate are approximately
80:20. A close-up view of the minor orientation is shown in Figure 4a.

Figure 4. Views of the interactions between benzyl groups that occur in the disordered hexaphenyl
aggregates in (a) Co2(BzOip)2(H2O)·0.19H2O prepared in aqueous ethanol; and (b)
Co2(BzOip)2(H2O)·0.29H2O 0.29MeOH prepared in aqueous methanol. Benzyl groups depicted using
the same colours are related by symmetry. Hydrogen atoms have been omitted for clarity.

In the M2(BzOip)2(H2O)·0.29H2O·0.29MeOH (M = Co or Zn) crystals, the second aggregate has
three ‘major’ orientations and one minor orientation, and the two have no benzyl groups in common.
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The minor orientation is comprised of six symmetry-related benzyl groups arranged into a hexaphenyl
embrace (shown in blue in Figure 3c) in a very similar fashion to the major orientation of the second
aggregate in Co2(BzOip)2(H2O)·0.19H2O. Conversely, the major orientations of this second orientation
are similar to the minor orientation in Co2(BzOip)2(H2O)·0.19H2O, as the three major orientations are
related by three-fold symmetry and are comprised of two of each of three further distinct benzyl group
sites (shown in purple, green, and yellow in Figures 3c and 4b). The benzyl groups coloured yellow
and green in Figure 3c participate in a tetraphenyl embrace. As with Co2(BzOip)2(H2O)·0.19H2O,
there are solvent molecules present in the area surrounding the second benzyl aggregate that interferes
with the hexaphenyl embrace motif. In these instances, there is a disordered water/methanol molecule
that is mutually exclusive of the minor orientation of the aggregate and the green site of the major
orientations (Figure 4b). In addition to this, the carbon atom of the methanol molecule lies too close to
the purple benzyl ring site, resulting in two water molecules and two methanol molecules surrounding
each of the major orientation aggregates. The ratio of the major to minor orientations is approximately
88:12 in the Co derivative, but 68:32 in the Zn derivative.

3. Discussion

In order to confirm that the disorder was not an aberration that occurred only in one crystal,
single-crystal diffraction data was collected on three different crystals from the first batch of
each of Co2(BzOip)2(H2O)·0.29H2O·0.29MeOH, Co2(BzOip)2(H2O)·0.19H2O, and Co2(BzOip)2(H2O),
and two different crystals from a second batch of each. In all cases, the level of disorder was reasonably
consistent between different crystals and different batches produced using the same synthetic
conditions. In Co2(BzOip)2(H2O)·0.29H2O·0.29MeOH, the occupancy of the minor orientation of
the disordered benzyl group (i.e., the one that forms hexaphenyl embraces, shown in blue in Figure 3c)
varies from 9.6% to 12.6% in batch 1 and 12.1% to 15.9% in batch 2 (this occupancy was 32.3% in
Zn2(BzOip)2(H2O)·0.23H2O·0.22MeOH). In Co2(BzOip)2(H2O)·0.19H2O, the occupancy of the major
orientation of the disordered benzyl group (i.e., the one that forms hexaphenyl embraces, shown in
blue in Figure 3b) varies from 78.4% to 81.0% in batch 1 and 77.9% to 79.9% in batch 2. Repeat structure
determinations were not performed on Zn2(BzOip)2(H2O)·0.23H2O·0.33MeOH. Comparison of the
calculated and experimental powder diffraction patterns for each of the 6 compounds is presented in
Supporting Materials Figures S1–S6.

The progressive exclusion of solvent from the crystals is reflected in the thermogravimetric analysis
(TGA) traces of the Co2(BzOip)2(H2O)·solvate series (see Supporting Materials Figures S7–S12), with the
mass loss step dropping from 5.07% for the crystals obtained from MeOH, to 3.83% from EtOH, to 2.79%
from iPrOH, the latter corresponding to the approximate loss of the coordinated water molecule (2.66%).
The mass losses from the corresponding Zn2(BzOip)2(H2O)·solvate series all lie between 3.47 to 4.01%
(MeOH and iPrOH, respectively). This suggests that the guest methanol is readily lost from the Zn
crystals under ambient conditions.

In all crystals where disorder of the benzyl groups are observed, there are solvent (water and/or
methanol) molecules present in the region of the hexaphenyl embraces making it sterically difficult
for the type 2 benzyl groups to adopt the hexaphenyl embrace motif. This is noteworthy, as this does
not occur when water alone is used as the preparative solvent, despite water being present in far
greater amounts. We attribute this to the relative polarities of the solvent mixtures—the most and least
polar solvent mixtures (water and aqueous isopropanol, respectively) see complete separation of the
hydrophobic benzyl groups from the hydrophilic carboxylate groups and coordinated water molecules
within the crystals in a manner that is similar to micelle formation. In the intermediate polarity
solvent mixtures, aqueous methanol and ethanol, the micelle-type separation of the hydrophilic and
hydrophobic sections of the ligand is incomplete as the solvent molecules participate in hydrogen
bonding interactions to the phenolic oxygen atom, disrupting the formation of half of the hexaphenyl
embrace motifs.
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A similar pattern regarding the micelle-type separation of the hydrophilic carboxylate groups and
hydrophobic alkyl chains was observed in coordination polymers derived from 5-alkoxy isophthalates.
The presence of short alkyl chains in both the solvent system (e.g., MeOH) and the 5-alkoxy substituent
(e.g., EtOip2−) afforded frameworks in which both alkyl chains and coordinated solvent molecules
project into the channels. Frameworks isostructural to M2(BzOip)2(H2O) (M = Co or Zn) were obtained
when large hydrophobic alkyl chains were present in the ligand (e.g., nBuOip2−), the solvent system
(e.g., neat or aqueous iPrOH), or both. Like the branched isobutyl chains, the benzyl group used in this
study is too bulky to form the M6(ROip)5(OH)2(H2O)4·xH2O framework in which the alkyl chains and
coordinated solvent both project into the same channels. It is worth noting that a related framework of
composition Zn(BzNHip) (BzNHip2− = 5-benzylamino isophthalate), which also contains hexagonal
channels in which the benzyl substituents participate in hexaphenyl embrace interactions, was prepared
from water and does not display any disorder of the benzyl substituents [31,32].

4. Materials and Methods

All reagents were obtained from commercial sources and were used without further purification.

4.1. Dimethyl 5-Hydroxy Isophthalate

Prepared using the literature method [33]. 5-Hydroxy isophthalic acid (9.11 g, 0.050 mol) was
heated to reflux in a solution of conc. sulfuric acid (2.8 mL) in methanol (150 mL) for 16 h. The solution
was cooled to room temperature, neutralised with saturated NaHCO3, and the solvent removed under
reduced pressure. The residue was triturated in water (150 mL), and the inhomogeneous mixture
extracted with dichloromethane (4 × 500 mL). The organic layers were collected, dried over magnesium
sulfate, and the dichloromethane removed under reduced pressure. Yield: 9.21 g, 0.044 mol, 88%.

4.2. Dimethyl 5-Benzyloxy Isophthalate

Prepared using the literature method [34]. Dimethyl 5-hydroxy isophthalate (6.1 g, 0.029 mol)
and freshly pulverised dry potassium carbonate (4.65 g, 0.034 mol) were suspended in a solution of
acetone (50 mL) and acetonitrile (60 mL). The solution was allowed to reflux for approximately 1 h,
and then benzyl chloride (3.65 g, 0.029 mol) was added dropwise. The mixture was allowed to reflux
for a further 16 hours before cooling to room temperature and removing the solvent under reduced
pressure. The residue was then completely taken up into a mixture of water (150 mL) and ethyl acetate
(400 mL). The organic layer was isolated and washed with water (4 × 50 mL) until the aqueous layer
reached pH 7. The organic layer was then washed with brine (50 mL), dried over sodium sulfate and
the solvent removed under reduced pressure to afford a pale yellow oil that set into colourless crystals
(9.75 g) upon cooling. The crystals were recrystallised from toluene/ethanol to give a pure product.
Yield: 6.03 g, 0.020 mol, 70%.

4.3. 5-Benzyloxy Isophthalic Acid

Prepared using the literature method [34]. Dimethyl 5-benzyloxy isophthalate (3.95 g, 0.013 mol)
was dissolved in a solution of potassium hydroxide (30.06 g, 0.54 mol) in methanol (300 mL) and the
solution refluxed for approximately 2.5 h. The cooled solution was neutralised with 2M HCl. The white
precipitate was collected by vacuum filtration, washed with water until the filtrate reached pH 7,
and dried in a vacuum desiccator for 2 days. Yield: 3.13 g, 0.011 mol, 87%.

4.4. M2(BzOip)2(H2O)·Solvate (M = Co or Zn)

Into a 23 mL Teflon-lined steel autoclave were placed 5-benzyloxy isophthalic acid (0.272 g,
1.00 mmol), and either Co(OAc)2·4H2O (251 mg, 1.01 mmol) or Zn(OAc)2·2H2O (0.220 g, 1.00 mmol),
and the solids were suspended in a mixture of water (5 mL) and methanol (10 mL). The sealed
autoclaves were placed into a 110 ◦C oven for 3 days. After this time, the autoclaves were cooled to
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room temperature and the resulting purple (Co) or colourless (Zn) needle crystals were collected by
vacuum filtration and washed with methanol. Yields:

Co2(BzOip)2(H2O)·0.29MeOH·0.29H2O from methanol: 280 mg, 0.41 mmol, 80%. Elemental
analysis Calcd for C30.29H23.74O11.58Co2 C: 52.66 H: 3.46, Found C: 52.53 H: 3.31%.

Zn2(BzOip)2(H2O)·0.22MeOH·0.23H2O from methanol: 269 mg, 0.38 mmol, 77%. Elemental
analysis Calcd for C30.22H23.34O11.45Zn2 C: 51.82 H: 3.36, Found C: 51.60 H: 2.86%.

Co2(BzOip)2(H2O)·0.19H2O from ethanol: Yields Co: 203 mg, 0.30 mmol, 59%. Elemental analysis
Calcd for C30H22.38O11.19Co2 C: 53.01 H: 3.32, Found C: 52.80 H: 3.20%.

Zn2(BzOip)2(H2O) from ethanol: 266 mg, 0.39 mmol, 77%. Elemental analysis Calcd for
C30H22O11Zn2 C: 52.28 H: 3.22, Found C: 52.15 H: 3.00%.

Co2(BzOip)2(H2O) from isopropanol: 246 mg, 0.36 mmol, 72%. Elemental analysis Calc for
C30H22O11Co2 C: 53.27 H: 3.28, Found C: 53.01 3.35%.

Zn2(BzOip)2(H2O) from isopropanol: 320 mg, 0.46 mmol, 93%. Elemental analysis Calcd for
C30H22O11Zn2 C: 52.28 H: 3.22, Found C: 52.28 H: 3.04%.

4.5. Crystallographic Analyses

All crystals were coated in a protective oil before being transferred to either a Bruker D8
diffractometer (Bruker, Madison, WI, USA) on station 11.3.1 at the Advanced Light Source
(Co2(BzOip)2(H2O)·0.29MeOH·0.29H2O from methanol, Zn2(BzOip)2(H2O)·0.22MeOH·0.23H2O from
methanol, and Co2(BzOip)2(H2O)·0.19H2O from ethanol, λ = 0.77490 Å) or a Rigaku Mercury2
SCXMiniflex (Rigaku, Tokyo, Japan) diffractometer (λ = 0.71075 Å) at the University of St. Andrews.
Appropriate scattering factors were applied using XDISP [35] within the WinGX suite [36]. Multi-scan
absorption corrections were applied to the synchrotron and in-house crystallographic data using
SADABS [37] and REQAB [38] programs, respectively. Data were solved using SHELXT [39] or
SHELXS-97 [40] and refined on F2 using SHELXL-97 [41] using the ShelXle User interface [42].
All non-hydrogen framework atoms were refined with anisotropic thermal displacement parameters,
with equivalent disordered atoms constrained to have equal Uij values. All C-bound hydrogen atoms
were included at their geometrically estimated position, while O-bound hydrogen atoms were located
in the difference map and fixed at a distance of 0.90 Å from the oxygen atom to which they are
bound. Pairs of hydrogen atoms belonging to a single water molecule were also fixed at a distance of
1.47(2) Å from each other. Disorder of the benzyl groups was modelled initially from the difference
map, with each orientation having a common occupancy such that the sum of all occupancies were
constrained to sum to 1.00. Once all orientations were modelled, a visual inspection was conducted to
determine which orientations were mutually exclusive within the hexaphenyl unit, and all occupancies
were then defined relative to a single free variable. Atoms belonging to partial occupancy solvent
molecules were initially modeled with an isotropic thermal displacement parameter fixed at 0.08 and
their occupancy allowed to refine. Visual inspection was then conducted to see which orientations of
the benzyl group were too close for this solvent molecule to be present, and the O (and C) atoms given
an occupancy related to the existing single free variable.

5. Conclusions

The level of disorder of the pendant benzyl groups in the frameworks M2(BzOip)2(H2O)·solvate
(M = Co or Zn) was found to vary according to the polarity of the preparative solvent system
used to produce the crystals, without changing the overall topology of the coordination framework.
This demonstrates the more subtle ways that synthetic solvent choice can influence coordination
polymer synthesis, even when the overall topology of the framework is not affected.

Supplementary Materials: The supplementary materials are available online at www.mdpi.com/2073-4352/8/1/
6/s1. CCDC 1525893-1525897, 1526369-1526371, and 1526372-1526381 contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.
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Abstract: A pyridine and thioether co-supported triazole ligand L (L = 2-((4-(3-(cyclopentylthio)propyl)
-1H-1,2,3-triazol-1-yl)methyl)pyridine) has been synthesized using the CuAAC click reaction.
This ligand supports the formation of a thermally stable, one-dimensional coordination polymer
[L2Ag4]n·4n(BF4) (1) possessing a cationic polymeric structure with [Ag4] metallomacrocycles,
in which the ligand L displays chelate/bridging coordination modes using all four potential donors
of nitrogen (N) and thioether (S). The dominant direction of the prism crystals of 1 aligns with the
propagation of the chain in the lattice.

Keywords: hybrid ligand; click reaction; [Ag4] metallomacrocycle; coordination polymer;
crystal morphology

1. Introduction

Coordination polymers are well-defined molecular materials consisting of metal centers and
organic ligands, and have received considerable attention because of their fascinating crystalline
structures and wide range of applications, including as luminescent sensors, catalysts, and porous
and electrochemical materials [1–5]. The formation and dimensionality of coordination polymers
are governed by the coordination number and geometry of the metal centers and the nature and
arrangement of donor atoms on the ligand. Reaction conditions—such as temperature, solvent,
metal-to-ligand ratio, and counter ions—also influence coordination diversity [6,7]. Many synthetic
chemists have dedicated themselves to the construction of new organic ligands and coordination
polymers, from which to discover the principles of controlled self-assembly. Significant effort has been
devoted to the complementarity of metal precursor and rationally designed organic ligands [8–12].
Ag(I) with d10 electronic configuration, multiple coordination geometries and luminescence resulting
from Ag· · ·Ag interactions is especially attractive to crystal engineers [13–17]. Ag(I) is a soft metal
and so favored to N, O, and S donor ligands [18–21]. N-heterocyclic pyridine, pyrazole, imidazole,
triazole, and multidentate ligands have been employed to support Ag(I) ions and clusters. We have a
particular interest in hybrid ligands with different chemical donors that demonstrate hemilability for
the design of new functional materials [22,23]. Schiff-base-, pyrazole-, and thioether-functionalized
pyridines have been used to construct magnetic and luminescent coordination polymers of MnII,
NiII, CuII/I, and ZnII [24–30]. The copper-catalyzed azide-alkyne cycloaddition (CuAAC) reactions
provide access to versatile, multidirectional 1,2,3-triazole ligands and we have used these ligands
to make copper-iodide cluster-based coordination compounds and study the relationship between
lattice weak interactions and crystal growth [31,32]. Different substituents on the ligands can be used
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to tune the possible coordination modes and these weak lattice interactions. The distance between
two coordination sites (e.g., thioether (S) and pyridine–triazole NN groups) is also appropriate for
stabilizing different sized copper-iodide clusters. As a continuation of this work, we herein report
a new pyridine and thioether supported 1,2,3-triazole ligand L synthesized using the click reaction.
This neutral ligand employs pyridine–triazole chelate-bridging and thioether bridging modes to
stabilize Ag(I) centers and form a polymeric, cationic chain with cyclic [Ag4] clusters.

2. Materials and Methods

All reagents were used as received. Infrared spectra were obtained on a PerkinElmer Spectrum
2000 FT-IR spectrometer from a sample in KBr disc. Elemental analyses were performed on a thermo electron
corporation flash EA 1112 series analyzer. Electrospray ionization mass spectrometry (ESI-MS) was recorded
in positive ion mode using a Shimadzu LCMS-IT-TOF mass spectrometer. UV–vis absorption spectrum
was recorded on a Shimadzu UV-2501PC UV–vis recording spectrophotometer. Photoluminescence
spectrum was measured on a Shimadzu RF-5301 PC spectrofluorophotometer. Powder X-ray diffraction
data was collected on a Bruker D8 Advance X-ray diffractometer with Cu-Kα radiation (λ = 1.54056 Å).
Thermogravimetric analysis (TGA) was carried out in an air stream using a TA Instruments TGA Q500
analyzer with a heating rate of 20 ◦C per min.

X-ray Crystallography

Single-crystal X-ray diffraction data were collected using a Bruker AXS SMART APEXII CCD
diffractometer using Mo-Kα radiation (λ = 0.71073 Å). Data integration and scaling were performed
using Bruker SAINT [33]. The empirical absorption correction was performed by SADABS [34].
The space group determination, structure solution, and least-squares refinements on |F|2 were carried
out with the Bruker SHELXL [35]. The structure was solved by direct method to locate the heavy
atoms, followed by difference maps for the light non-hydrogen atoms. Anisotropic thermal parameters
were refined for the rest of the non-hydrogen atoms. Hydrogen atoms were placed geometrically and
refined isotropically. CCDC reference number: 1587041 (1). Crystal Data for C32H44Ag4B4F16N8S2 (M
= 1383.57 g/mol): monoclinic, space group P21/c, a = 15.6371(4) Å, b = 9.1234(3) Å, c = 16.6824(5) Å,
β = 101.648(1)◦, V = 2331.0(1) Å3, Z = 2, T = 296(2) K, Dcalc = 1.971 g/cm3, 39572 reflections measured
(1.33◦ ≤ Θ ≤ 27.12◦), 5147 unique (Rint = 0.0277) which were used in all calculations. The final R1 was
0.0733 (I > 2σ(I)) and wR2 was 0.2093 (all data).

3. Results and Discussion

3.1. Synthesis

Sodium azide is potentially explosive. Only micro-scaled reactions should be performed.
The alkyne precursor (4-pentyn-1-ylthio)-cyclopentane was prepared following literature procedures
for thioether formation [28,32]. The crude alkyne was placed in a round bottom flask containing
2-(chloromethyl)pyridine hydrochloride (328 mg, 2 mmol), Na2CO3 (210 mg, 2 mmol), NaN3 (156 mg,
2.5 mmol), CuI (23 mg, 0.12 mmol), and CH3OH/H2O (1:1 v:v, 6 mL) (Scheme 1). The reaction was
stirred at 50 ◦C for 24 h. The residue was extracted with ethyl acetate (150 mL) and the organic
layer was washed with water (3 × 20 mL), dried (with anhydrous Mg2SO4) and concentrated by
rotary evaporator at 60 ◦C under vacuum. Column chromatography on silica gel with hexane/ethyl
acetate (2:1 v:v) as eluent produced a band at Rf = 0.1 that was collected and the solvent removed
by rotary evaporator at 40 ◦C under vacuum. The product (L) was a pale yellow oil. Yield:
330 mg, 55%. 2-((4-(3-(Cyclopentylthio)propyl)-1H-1,2,3-triazol-1-yl)methyl)pyridine (L), (C16H22N4S,
MW 302.44). ESI-MS (m/z, %): [L+H]+ (303, 100). 1H NMR (CDCl3, 500.2 MHz) δ: 8.56 (s, 1H,
pyridine, NCH), 7.68–7.65(m, 1H), 7.45 (s, 1H, triazole), 7.25–7.23 (m, 1H), 7.16–7.13 (t, 1H), 5.61 (s, 2H,
pyridine–CH2–triazole), 3.06–3.01 (m, 1H, SCH), 2.81–2.78 (m, 2H), 2.56–2.52 (m, 2H), 1.97–1.91 (m,
4H), 1.69 (b, 2H), and 1.53–1.43 (m, 4H). 13C NMR (CDCl3, 125.8 MHz): 154.7, 149.5, 147.9, 137.6, 123.5,
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122.5, and 121.6 (C in pyridine and triazole groups), 55.4 (pyridine–CH2–triazole), 43.8 (SCH), 33.9,
31.2, 29.4, and 24.9.

N
N
N N S

+

2 mmol 4 mmol

NaN3 (2.5 mmol) 
Na2CO3 (2 mmol) 

CuI (6%) 
CH3OH:H2O, 1:1, 6 mL 

50 oC, 24h

L
SN

Cl
HCl

 

Scheme 1. Preparation of ligand L.

Complex 1 was prepared by mixing a methanol solution (5 mL) of ligand L (151 mg, 0.5 mmol)
and a methanol solution (5 mL) of AgBF4 (195 mg, 1 mmol). Single crystals were obtained by slow
evaporation of the solvent over one week at room temperature (Scheme 2). The product was collected
by filtration, washed with methanol and diethyl ether, and dried in vacuum oven for overnight at
60 ◦C. Yield: 270 mg, 78%. The powder sample of complex 1 is grey and no obvious solid-state
luminescence was observed. Single crystals of 1 are prisms with a relative long axis. Anal. Calcd. for
C32H44Ag4B4F16N8S2 (1383.57): C, 27.78; H, 3.21; N, 8.10%. Found: C, 27.80; H, 3.27; N, 8.08%. Main IR
bands (cm−1): 3132(m), 3078(m), 2951(s), 2865(m), 1594(m), 1573(m), 1553(m), 1476(m), 1439(m),
1301(m), 1218(m), 1057(s, b, ν(BF4

−), 756(m), 726(m), 596(m), 534(m), and 522(m). ESI-MS (m/z, %):
[LAg]+ (409, 100), [L2Ag]+ (713, 81).

N
N
N N S

(L)

Ag

Ag

N

NN
N

S

N

NN
N S S

N
NN

N

Ag

Ag

S

NN
N

N

Ag

Ag

Ag

Ag

Ag

Ag

(1)

AgBF4

 
Scheme 2. Formation of cationic coordination polymer 1.

3.2. UV–Vis and Photoluminescent Spectra of Ligand L

An ethanol solution of ligand L absorbed UV–vis light at 203 nm and between 240–280 nm with
a maximum at about 260 nm (Figure 1a) and exhibited a broad emission between 400–500 nm with
a maximum at 442 nm upon excitation at 358 nm. Neat liquid gave a blue emission under UV 365 nm
light. (Figure 1b, insert) Coordination polymer 1 was synthesized by the reaction of L and AgBF4 in
methanol at room temperature (Scheme 2). IR spectroscopy indicated characteristic absorption by
the BF4

− anion. The polymeric structure may be disassociated into small fragments (e.g., [LAg]+ and
[L2Ag]+) in solution which were detected by ESI-MS.
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Figure 1. UV–vis (a) and excitation (dotted line) and emission (solid line) (b) spectra of ligand L

in ethanol (0.1 M). (The inset images are ligand L in a quartz cuvette under normal and 365 nm
lights, respectively).

3.3. Molecular Structure of Complex 1

Coordination polymer 1 crystallized in a monoclinic crystal system with space group P 21/c. There is
one neutral ligand L, two cationic Ag(I) centers and two lattice BF4

− anions in the crystallographic
asymmetric unit. (Figure 2a) Ag1 and Ag2 possess three-coordinated trigonal planer and two-coordinated
linear geometries, respectively. Ag1 is surrounded by two chelating N donors from pyridine and triazole
of ligand L and one bridging S donor from another ligand L. Ag2 is coordinated by one 3′-Ntriazole of
ligand L and one bridging S donor from another ligand L. These two S donors also bridge neighboring
Ag1-Ag2 centers to form a [Ag4] metallomacrocycle. The cyclic [Ag4] units are further linked by double
ligands and extend along the short b axis, which aligns with the dominant direction of the prism-shaped
single crystals. (Figure 2c,d) The polymeric chains are parallel to each other in the lattice (Figure 2b).
The counterions BF4

− occupy the cavities created by the cationic polymeric chains. The Ag1· · ·Ag2
distances are 4.28 and 4.04 Å in the [Ag4] metallomacrocycle. The shortest Ag· · ·Ag distance of neighboring
[Ag4] units is 6.06 Å. The shortest Ag· · ·Ag distance of neighboring chains is 7.60 Å.

Figure 2. (a) Cationic and polymeric chain structure in 1. (b) Packing structure in 1. (BF4
− anions are

removed for clarity) (c,d) Single crystal indexes in different orientations of 1.
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3.4. Powder XRD and TGA

The experimental powder X-ray diffraction pattern for complex 1 showed good agreement with
its simulated pattern determined from the single-crystal XRD experiment, supporting its phase purity
(Figure 3). Thermogravimetric analysis (TGA) of 1 was conducted from room temperature to 900 ◦C
under an air flow with a heating rate of 20 ◦C per min (Figure 4). Complex 1 is stable to about 230 ◦C.
There are two weight loss stages between 230 and 890 ◦C, which correspond to the removal of ligand
L, decomposition of BF4 anion, and the formation of metallic silver with a residue amount of 31.5%
(calcd. 31.2%).

Figure 3. Powder XRD patterns of 1. (T = theoretical profile referenced to the experimentally
determined single-crystal XRD pattern; E = experimental data).

 

Figure 4. TGA curves of 1.
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4. Conclusions

In summary, a pyridine and thioether functionalized 1,2,3-triazole ligand with a relatively long
methylene bridge ((CH2)3) between NN and S donors was synthesized using the CuAAC click reaction.
The reaction of ligand L and AgBF4 afforded a novel, thermally stable polymeric chain structure with
[Ag4] metallomacrocyclics. The propagation of these chains in the lattice aligns with the dominant
growth direction of the prism crystals. The observation of two types of Ag(I) coordination geometries
(linear and trigonal planar) further emphasizes the diversity of Ag(I) coordination chemistry.
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Abstract: Mesostructure engineering is a potential avenue towards the property control of
coordination polymers in addition to the traditional structure design on an atomic/molecular scale.
Mesoframes, as a class of mesostructures, have short diffusion pathways for guest species and
thus can be an ideal platform for fast storage of guest ions. We report a synthesis of Prussian
Blue analogue mesoframes by top-down etching of cubic crystals. Scanning and transmission
electron microscopy revealed that the surfaces of the cubic crystals were selectively removed by HCl,
leaving the corners, edges, and the cores connected together. The mesoframes were used as a host
for the reversible insertion of sodium ions with the help of electrochemistry. The electrochemical
intercalation/de-intercalation of Na+ ions in the mesoframes was highly reversible even at a high
rate (166.7 C), suggesting that the mesoframes could be a promising cathode material for aqueous
sodium ion batteries with excellent rate performance and cycling stability.

Keywords: Prussian Blue analogue; mesoframe; aqueous sodium ion battery

1. Introduction

Coordination polymers, for instance, metal-organic frameworks (MOFs) or porous coordination
polymers (PCPs), are molecular solids assembled by metal ions/clusters and ligands [1–10].
The physical/chemical properties of coordination polymers, including the packing ordering of their
component ions/molecules, are known to be determined by their structures [3,5,11,12]. Therefore,
the most widely used approach for the property regulation of coordination polymers is structure
design via manipulation of the atomic/molecular packing by intermolecular interactions [13–15].
Besides the great success achieved on the molecular/atomic scale, the structure design on a mesoscale
(10~1000 nm) has recently been recognized as a promising choice [16–19]. By downsizing of a bulk
crystal, the volume ratio of the surface units to the bulk units can be increased significantly, leading to
a coupling effect from the bulk structure and the surface units [17,20,21]. For instance, the meso-sized
coordination polymers can accommodate guest molecules still, but their phase-change type would
be changed owing to the suppressing effect of the surface energy [14,22–24]. Downsizing can also
shorten the diffusion distance when the guest molecules/ions travel inside, leading to high-rate
adsorption/desorption ability.

Mesoframe represents a kind of mesostructures with open holes on each surface of a cube
(Figure 1a). Comparing with the solid cubes, the open frames can provide larger accessible surfaces
and shorter diffusion distances for guest species [25–36]. Such an ability of the mesoframes
can be highly desirable for hosting guest alkaline ions. Very recently, Prussian Blue analogues
(AxM[M’(CN)6]y·V1−y·nH2O: A = alkali metal; M, M’ = transition metals; V= M’(CN) vacancy;
0 ≤ x ≤ 2; 0 < y ≤ 1), as a kind of coordination frameworks, have been recognized as an emerging
class of energy storage materials because of their exceptional capability for hosting alkali metal ions
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(Figure 1b) [37–46]. In particular, Prussian Blue analogues have interstitial sites that are quite suitable
for the alkali metal ions with a larger radius than that of the Li+ ions and thus can be used as electrodes
for a new generation of Na-ion and K-ion batteries [47–57]. However, because of the poor electron
conductivity of Prussian Blue analogues, it is necessary to make sure that Prussian Blue analogues
can have a short diffusion distance for the guest ions [58–64]. Therefore, Prussian Blue analogues
mesoframes are highly needed.

 

Figure 1. (a) Scheme for Prussian Blue analogue mesoframe. (b) Schematic crystal structure for Prussian
Blue analogue.

The most utilized strategy for the fabrication of mesoframes is selective etching, which occurs
either during the synthesis or after the formation of compounds [14,22,65–73]. For example,
when Prussian Blue crystal is crystallized in hot acid under a hydrothermal condition, the disassociation
occurs during the growth process. When the disassociation rate is higher than the growth rate,
etching of the crystal occurs [65]. By understanding the disassociation kinetics of different parts of
a crystal, post-etching becomes possible. When the location of the defects is known, a hollow cavity
can be constructed inside the crystals as desired [12]. In other cases, because of the spatial-dependent
reactivity, for a cubic crystal of Prussian Blue analogues, the surfaces tend to be dissolved in the
acidic/basic solution quicker than the corners and edges [22,74]. Although in situ etching methods
have been extensively utilized [75–79], they are not suitable for investigating the differences between
solid cubes and mesoframes because of the difficulties in controlling the size/shape and composition.
Alternatively, post-etching provides opportunities for comparison of the solid cubes and mesoframes
with similar size/shape and composition.

Despite increased knowledge of the positive effect of mesoframes, the role of mesoframes on
alkaline ion intercalation/de-intercalation in aqueous environment remains unclear. Compared to
the alkaline ion intercalation/de-intercalation in organic electrodes, aqueous alkaline ion storage is
safer and cheaper and thus is an indispensable solution for grid-scale energy storage [80–84]. In this
work, we fabricated Prussian Blue analogue (Na2Ni[Fe(CN)6], 1) mesoframes by post-etching the cubic
crystals. The mesoframes of 1 showed improved Na+ ion intercalation/de-intercalation at a high rate
(166.7 C).

2. Materials and Methods

2.1. Materials

Sodium hexacyanoferrate (Na4[Fe(CN)6]·10H2O), nickel chloride hexahydrate (NiCl2·6H2O),
hydrochloric acid (HCl), and trisodium citrate dihydrate (C6H5Na3O7·2H2O) were purchased from
Sinopharm Chemical Reagent Co. and used without further purification.
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2.2. Synthesis of Cubic Crystals of 1

Sodium hexacyanoferrate (5 mmol, 2.425 g) was dissolved in water (250 mL) to form a clear
solution (Solution A). Nickel chloride hexahydrate (2.5 mmol, 587 mg) and trisodium citrate dihydrate
(12.7 mmol, 3.75 g) were dissolved in water (250 mL) to form Solution B. Solutions A and B were mixed
under magnetic stirring for 5 min and then allowed to age at 25 ◦C for 24 h. The product was obtained
after centrifugation and washed with water and ethanol several times. Finally, the cubic crystals of 1

were collected by drying at 25 ◦C in a vacuum oven for 24 h.

2.3. Synthesis of Mesoframes of 1

The cubic crystals of 1 (50 mg) were added to 20 mL of 0.4 M HCl. The solution was ultrasonicated
for 1 h. Then, the product was obtained after centrifugation and washed with water and ethanol
several times. Finally, the mesoframes were collected by drying at 25 ◦C in vacuum oven for 24 h.
We noted that Fe(II) in the surfaces of the crystals was easily oxidized into Fe(III) during etching in
atmosphere according to the FT-IR spectrum (Figure S8). The existence of Fe(III) in the framework
changed the crystal structure from R-3 into Fm-3m (Figure S9). Therefore, the powder needed to be
reduced electrochemically to convert the Fe(III) into Fe(II), making sure the crystals structure of the
mesoframes was R-3 before further characterization.

2.4. Characterization

The morphology of the products was observed by a field emission scanning electron microscope
(FESEM, Hitachi S-4800) (Hitachi, Tokyo, Japan) and a transmission electron microscope (TEM,
JEOL JEM-2100 F) ((JEOL, Tokyo, Japan). The powder X-ray diffraction patterns were measured
with a Rigaku RINT 2500 X diffractometer with Cu Kα radiation (35 kV, 25 mA). The Fourier transform
infrared spectroscopy (FT-IR) spectra were obtained with a Thermo Nicolet i50.

2.5. Electrochemical Measurement

The electrochemical performance was measured using three-electrode cells. The working electrode
was prepared as follows: the powder of 1 (70%), acetylene black (20%), and poly(vinylidene difluoride)
(10%) were well mixed in N-methyl-2-pyrrolidone until a homogeneous slurry was formed. The slurry
was then coated onto the carbon cloth with an area of 1 cm × 2 cm and was dried at 80 ◦C in a
vacuum oven for 15 h. The mass loading of the active materials was around 2 mg cm–2 for each
test. An Ag/AgCl electrode was used as a reference. The counter electrode contained activated
carbon instead of the prepared materials, and it was also coated onto the carbon cloth. These three
electrodes were immersed in the neutral solution of 1 M NaNO3 and measured with the CHI 660E
(Shanghai Chen Hua Instrument, Shanghai, China) electrochemical workstation.

3. Results

The crystals of 1 were synthesized by a weak-chelation-agent-assisted crystallization method [85].
Approximately, nickel chloride was mixed with tri-sodium citrate to form a green solution at first.
Then, the green solution was mixed with a sodium hexacyanoferrate solution. After aging at room
temperature for 24 h, the green precipitates were harvested. Scanning electron microscopy (SEM)
revealed that the obtained crystals were of a cubic shape with a size ranging from 200 to 400 nm
(Figure 2a). Transmission electron microscopy confirmed that the crystals were solid (Figure 2b).
The cubic crystals of 1 were immersed into an HCl solution (0.4 mol L–1) under continuous stirring.
After 1 h, the samples were harvested by centrifugation. SEM images illustrate that the center of the
surfaces of the cubic crystals was empty (Figure 2c). The corners and edges were well-retained after
etching. The TEM image implies that there were solid cores inside each particle (Figure 2d). All the
evidence suggests that the mesoframes of 1 were successfully obtained after post-etching the cubic
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crystals. To facilitate our discussion, the cubic crystals of 1 are denoted as 1cube, while the mesoframes
are designated as 1frame.

Figure 2. (a) SEM image of cubic crystals. (b) TEM image of cubic crystals. (c) SEM image of the
product from etching of the cubic crystals. Inset is an enlarged image of a particle. (d) TEM image of
the product from etching of the cubic crystals.

The crystal structures of 1cube and 1frame were investigated by powder X-ray diffraction (PXRD).
The diffraction profiles of both samples are similar, indicating an identical crystal structure (Figure 3).
The diffraction patterns can be assigned to a rhombohedral structure (R–3), which is typical for Prussian
Blue analogues with the interstitial sites occupied by a rich amount of Na+ ions [86]. The slight
broadening of the peaks of 1frame is probably due to the lattice defects induced by etching. FT-IR
spectra are shown in Figure 4. For both samples, a similar peak near 2090 cm–1 was observed. This band
belongs to the characteristic of stretching vibration of Fe–CN–Ni [87]. Therefore, the PXRD and FT-IR
investigations confirm that both 1cube and 1frame present the same crystal structure and composition,
allowing us to explore the mesostructural property.

 

Figure 3. Powder X-ray diffraction (PXRD) patterns of 1 crystals.
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Figure 4. FT-IR spectra of 1 crystals.

To investigate the role of the frame-like mesostructure, we used the powders of 1 to host Na+ ions.
We selected an electrochemistry-controlled method to probe the Na-ion insertion/extraction amount.
The crystals of 1 were used as cathodes in a three-electrode system in an NaNO3 solution. In this
aqueous battery system, a reversible insertion/extraction of Na+ ions into/from the frameworks
of 1 can be realized by electrochemical redox of Fe2+/Fe3+ ions. For the storage/consumption
of one electron, an Na+ ion enters/leaves the host frameworks. Herein, we simply recorded the
capacity change to understand the intercalation/de-intercalation of the Na+ ion. The galvanostatic
charge/discharge curves shown in Figure 5 present that 1frame can deliver a reversible specific capacity
of 61 mAh·g–1 at a current density of 70 mA·g–1 between 0.001 to 1.0 V (vs. Ag/AgCl). The discharge
curve contains a plateau at 0.3–0.6 V (vs. Ag/AgCl), corresponding to the insertion of Na+ ions.
Moreover, 1cube shows similar specific capacity (60 mAh·g–1) at a current density of 70 mA·g−1

between 0.001 to 1.0 V (vs. Ag/AgCl). As we can see in the cyclic voltammetry (CV) curves (Figure 6),
the center of the positions of redox peaks of the 1cube crystals is at around 0.4 V (vs. Ag/AgCl), and the
center of the peaks of 1frame locates at around 0.36 V (vs. Ag/AgCl). The redox peaks of 1frame are
much sharper corresponding to a larger quantity of the intercalated Na+ ion in the frameworks of
1frame at this potential.

Figure 5. (a,b) Galvanostatic charge/discharge curves of 1frame and 1cube at a current density of
70 mA·g–1, respectively.
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Figure 6. CV curves of 1 crystals at a scanning rate of 1 mV·s−1.

We investigated the rate performance of the crystals of 1. Figure 7 shows that 1frame and 1cube
have similar capacities (approximately 60 mAh·g–1) at a low current density 70 mA·g–1 (1 C). However,
with the increase in the current rate, the capacity of 1cube decreased more drastically than the 1frame.
For instance, when the charge/discharge current density was as high as 10 A·g–1 (166.7 C), the capacity
retention of 1frame was as high as 88%. However, the 1cube could only retain 41% of the initial capacity
(Figure 7). The wonderful rate performance of 1frame suggests that this material could be suitable for
long-term cycling. Figure 8 illustrated that 1frame could deliver a high capacity at a current density
of 83.3 C (5 A·g–1). The retained capacity is 94.34% of the initial capacity after 500 cycles (Figure 8).
To check the performance at higher temperature, the 1frame was measured at a different current density
and cycled at 5 A·g−1 at 40 ◦C (Figure S1). The rate and cycling performances, compared with
performances at 25 ◦C, were almost unchanged. This result indicated that the rate and cycling
performances were not affected at 40 ◦C [88].

 
Figure 7. Rate performance of the 1 crystals.
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Figure 8. Cycling performance of the 1 crystals at a current density of 5 A·g–1.

4. Discussion

On the basis of the relationship between the transferred electrons and the amount of
the intercalated Na+ ions, ΔNe = ΔNNa+, we converted the electrochemical data into the
intercalation-deintercalation curves for Na+ ions against the potential (vs. Ag/AgCl) (Figures 9 and 10).
Apparently, both 1cube and 1frame can accommodate the same amount of Na+ ions at a lower uptake
rate, indicating that both samples have a similar capacity for the Na+ ions (Figure 9). However,
the uptake of Na+ ions by 1cube is much lower than that by 1frame at a higher uptake rate (Figure 10).
The uptake by 1frame did not decrease too much, while 50% of the uptake by 1cube was lost. Apparently,
the interstitial sites in 1frame could be utilized almost completely at a high rate, while the number of
the accessed interstitial sites in 1cube was significantly reduced.

There are three factors that may be affected by the meso-structure: (1) the contact between the
crystal and the electrolyte; (2) the crystal structure and meso-structure change during the intercalation
process; (3) the diffusion distance inside the frameworks. For Factor 1, we firstly measured the specific
surface area of 1frame and 1cube by the Brunauer–Emmett–Teller (BET) method (Figure S2). The specific
surface area of 1frame (59.6 m2·g−1) is close to that of 1cube (49.2 m2·g−1). Such a small difference can
be ignored by considering that the crystals have to be well mixed with the conductors and electrolytes
during the electrode preparation. Therefore, Factor 1 can be ignored. For Factor 2, we need to
understand the structure change during the intercalation process. The ex situ PXRD analysis was
carried out. For both crystals, a similar phase change between the R-3 and Fm-3m structures was
recorded as shown in Figures S3 and S4. The structure change is due to the accommodation and release
of Na+ ions. The shape of the two samples was also checked by SEM after 500 cycles. We noted that the
meso-structures of both samples were retained (Figure S5). It should be noted that the small particles
are conductive carbons that are not crystals of 1. This result suggests that Factor 2, for the mesoframes,
is not different from the cube and thus should not be considered as the reason.

Regarding Factor 3, the 1frame obviously has a shorter diffusion pathway for the Na+ ions than that
of 1cube since various parts of the crystals have been removed. For the intercalation of Na+ ions into
Prussian Blue analogues, the solvated Na+ ions need to first be de-solvated. Then, the de-solvated Na+

ions can enter the frameworks of the host. The entered Na+ ions may be partially re-solvated by the
mobile water molecules in the crystals during the next diffusion stage. Because re-solvation can enlarge
the radius of the Na+ ions, the diffusion of the re-solvated Na+ ions is slower than the de-solvated Na+

ions. Shortening the diffusion distance can likely minimize the diffusion of the re-solvated Na+ ions
and accelerate the intercalation process, leading to the utilization of the interstitial sites adequately.
To confirm this point, we measured the diffusion coefficient for both samples. The diffusion coefficient
of Na+ ions can be calculated with the Randles–Sevcik equation [89]: Ip = 2.69 × 105n3/2SCNaDNa

1/2ν1/2,
where Ip is the peak current (A), n is the number of electrons transferred per molecule during the
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intercalation/deintercalation procedure (n = 1 for Fe2+/Fe3+ redox pair), S is the effective contact
area between the electrode and electrolyte (here the area of the electrode = 1 cm2), CNa is the molar
concentration of Na+ ions (1.3 × 10–3 mol·cm–3) [90], DNa is the diffusion coefficient of Na+ ions
(cm2·s–1), and ν is the scan rate (V·s–1). We carried out CV scans at various scan rates from 0.2 to
1 mV s–1 (Figures S6a and S7a). The peak current correlates linearly to the square root of the scan
rate for both samples. On the basis of the slopes received from the plots of the anodic Ip versus ν1/2

(Figures S6b and S7b), the calculated DNa is 7.35 × 10–9 cm2·s–1 for 1cube, and 14.0 × 10–9 cm2·s–1 for
1frame, respectively. Apparently, the diffusion coefficient for Na+ in 1frame is significantly larger than in
1cube. The diffusion coefficient strongly relates to the moving of the Na+ ions, including the transfer
from the electrolytes to the interstitial sites and the movement among the interstitial sites. In general,
the transfer part is fast, while the moving part is slow. Because the transfer part for both samples is
similar owing to their close specific surface areas, the less contribution there is from the moving part,
the larger the diffusion coefficient can be. The moving step in 1frame is shorter than in 1cube because of
the shape of the mesoframe, indicating less contribution to the diffusion coefficient from the moving
step in 1frame. Therefore, the diffusion coefficient for 1frame is larger than for 1cube. The larger diffusion
coefficient means that the Na+ ions can move fast and thus utilize the interstitial sites at a high current
rate, leading to a larger capacity at a high current density. Therefore, we can say the short diffusion
distance in 1frame enlarges the DNa and is thus the apparent reason for the better rate performance of
the mesoframe structure.

 
Figure 9. (a) Accommodation–release curves for Na+ ions in 1cube against the potential (vs. Ag/AgCl).
(b) Accommodation–release curves for Na+ ions in 1frame against the potential (vs. Ag/AgCl).

 

Figure 10. Uptake of Na+ ions by 1 crystals at different uptake rates.
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The above discussion suggests that the difference in Na-ion insertion/extraction at high rates
for both samples can be explained as follows. At a low rate, the Na+ ions can be inserted/extracted
almost fully in/from both of the cubes and mesoframes. When the rate becomes high (for example,
higher than 70 mA·g–1), Na+ ions may be hard to access to the center part of the cubes during the
insertion process, while a large percentage of the interstitial site of the mesoframes can be accessed.
Therefore, the mesoframes can have a much larger specific capacity, especially at a high current rate
(higher than 0.07 A·g–1), representing an excellent rate performance. In addition, as our cycling test
was performed at a high current rate, the cycling stability of the mesoframes of course should be
superior compared to the cubes as well.

5. Conclusions

In summary, we synthesized monocrystalline NiFe(II) Prussian Blue analogue mesoframes by a
chemical etching method. This morphology significantly reduced the diffusion pathway for Na+ ions
inside the crystal, leading to fast guest ion intercalation/de-intercalation, which is hard to achieve in
solid crystals. The fast guest ion accommodation ability of the crystals could be used in aqueous Na-ion
batteries. Based on the mesoframes, cathodes suitable for a high-rate charging/discharging (166 C)
aqueous Na-ion batteries were fabricated, and it was demonstrated that the mesoframe is a promising
meso-architecture for an enhancement in the performance of coordination polymers. In addition,
the impressive cycling performance of the mesoframes may be useful for grid-scale energy storage.
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currents as functions of the square root of scanning rates; Figure S7: (a) Cyclic voltammetry curves of 1frame at
various scanning rates. (b) The anodic and cathodic peak currents as functions of the square root of scanning
rates; Figure S8: FT-IR spectrum of mesoframes before electrochemical activation; Figure S9: PXRD patterns of
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Abstract: The linker 2,5-di(4-pyridyl)thiazolo[5,4-d]thiazole (Dptztz), whose synthesis and structure
is described here, was utilized together with benzene-1,3-dicarboxylate (isophthalate, 1,3-BDC2−)
for the preparation of the two-dimensional coordination network [Zn(1,3-BDC)Dptztz]·DMF
(DMF = dimethylformamide) via a solvothermal reaction. Compound [Zn(1,3-BDC)Dptztz]·DMF
belongs to the class of coordination polymers with interdigitated structure (CIDs). The incorporated
DMF solvent molecules can be removed through solvent exchange and evacuation such that the
supramolecular 3D packing of the 2D networks retains porosity for CO2 adsorption in activated
[Zn(1,3-BDC)Dptztz]. The first sorption study of a tztz-functionalized porous metal-organic
framework material yields a BET surface of 417 m2/g calculated from the CO2 adsorption data.
The heat of adsorption for CO2 exhibits a relative maximum with 27.7 kJ/mol at an adsorbed CO2

amount of about 4 cm3/g STP, which is interpreted as a gate-opening effect.

Keywords: coordination polymer; MOF; gate-opening; thiazolo[5,4-d]thiazole; mixed-ligand

1. Introduction

Metal-organic frameworks are an intensively studied class of porous materials. Due to
the immense quantity of possible inorganic and organic building units several applications are
discussed (e.g., gas storage and separation, catalysis, sensing and heat transformation) [1–13].
Many different organic functionalities have been introduced into the frameworks either by a priori
ligand functionalization or by post synthetic modification [14–16]. 4,4′-Biypridine based ligands have
been used to construct a diverse set of different topologies (e.g., one-dimensional chains, ladders,
two-dimensional and three-dimensional networks) [17]. 4,4′-Bipyridine ligands are also widely used in
the synthesis of open network structures in combination with dicarboxylate ligands (e.g., terephthalate,
isophthalate) via the so called mixed-ligand strategy [18,19]. Through functionalization of the organic
ligands, the pore surface of those mixed-ligand MOFs can be tuned to enhance the selectivity
in their sorption or sensing properties [20–23]. One famous family of mixed-ligands MOFs are
the CIDs (coordination polymers with interdigitated structure) popularized by Kitagawa and
co-workers. CIDs consist of an angular ligand (e.g., isophthalate, benzophenone-4,4′-dicarboxylate,
azulene-1,6-dicarboxylate) and a 4,4′-bipyridine derivative and divalent transition metal ions. CIDs
show very intriguing sorption properties due to their potential for functionalization and often inherent
structural flexibility [24–29].

The heterocyclic thiazolo[5,4-d]thiazole (tztz) system (Figure 1) experienced a renaissance in
the last decade after it was first prepared by Ketcham et al. in the 1960s [30]. The tztz unit
was incorporated into photoactive materials due to its rigid and planar structure and electron
deficiency. Both Maes et al. and Dessi et al. reviewed the synthetic procedures to obtain
tztz-containing small molecules and polymers as well as their application in the field of organic
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electronics (e.g., OFETs, OSCs) [31,32]. In contrast, the tztz unit has been reported only in
relatively few coordination compounds (15 hits in the CCDC database). The first examples were
ruthenium and copper complexes with the doubly chelating 2,5-di(2-pyridyl)thiazolo[5,4-d]thiazole
synthesized by Steel et al. [33]. Coordination polymers with 2,5-thiazolo[5,4-d]thiazoledicarboxylic
acid (Figure 1) were obtained by Cheetham et al. with alkaline earth metals, whose connectivities
vary with the cation size, and by Palmisano et al. with some transition metals, in which the ligand
shows a N,O-chelating mode [34,35]. D’Alessandro et al. incorporated the donor-acceptor ligand
N,N′-(thiazolo[5,4-d]thiazole-2,5-diylbis(4,1-phenylene))bis(N-(pyridine-4-yl)pyridin-4-amine into a
two-dimensional zinc MOF and studied its electrochemical properties [36]. Recently the same group
published the spectroelectrochemical properties of a ruthenium coordination complex with this
ligand [37]. Additionally, Dai et al. synthesized tztz-linked microporous organic polymers, which
show a high CO2:N2 selectivity [38].

 

Figure 1. Examples of tztz-containing ligands.

Herein, we present the synthesis, structural analysis and the sorption properties of a new
coordination polymer with interdigitated structure of the formula [Zn(1,3-BDC)Dptztz] consisting
of Zn2+ ions, isophthalate and the 4,4′-bipyridine derivative 2,5-di(4-pyridyl)thiazolo[5,4-d]thiazole
(Dptztz) (Figure 1, Scheme 1).

 

Scheme 1. Reaction scheme for the synthesis of 2,5-di(4-pyridyl)thiazolo[5,4-d]thiazole from
4-pyridinecarboxaldehyde and dithioaxamide.

2. Materials and Methods

The chemicals used were obtained from commercial sources. No further purification has been
carried out. CHN analysis was performed with a Perkin Elmer CHN 2400 (Perkin Elmer, Waltham,
MA, USA). IR-spectra were recorded on a Bruker Tensor 37 IR spectrometer (Bruker Optics, Ettlingen,
Germany) with ATR unit. Thermogravimetric analysis (TGA) was done with a Netzsch TG 209 F3
Tarsus (Netzsch, Selb, Germany) in the range from 20 to 700 ◦C, equipped with Al-crucible and
applying a heating rate of 10 K·min−1 under nitrogen. The melting point was determined using a
Büchi Melting Point apparatus B540. The powder X-ray diffraction pattern (PXRD) was obtained on a
Bruker D2 Phaser powder diffractometer with a flat silicon, low background sample holder, at 30 kV,
10 mA for Cu-Kα radiation (λ = 1.5418 Å). Sorption isotherms were measured using a Micromeritics
ASAP 2020 automatic gas sorption analyzer equipped with oil-free vacuum pumps (ultimate vacuum
<10−8 mbar) and valves, which guaranteed contamination free measurements. The sample was
connected to the preparation port of the sorption analyzer and degassed under vacuum until the
outgassing rate, i.e., the rate of pressure rise in the temporarily closed manifold with the connected
sample tube, was less than 2 μTorr/min at the specified temperature of 120 ◦C. After weighing, the
sample tube was then transferred to the analysis port of the sorption analyzer. All used gases (He, N2,
CO2) were of ultra-high purity (UHP, grade 5.0, 99.999%) and the STP volumes are given according to
the NIST standards (293.15 K, 101.325 kPa). Helium gas was used for the determination of the cold and
warm free space of the sample tubes. The heat of adsorption values were calculated using the ASAP
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2020 v3.05 software. Water sorption isotherms were obtained volumetrically from a Quantachrome
Autosorb iQ MP instrument equipped with an all-gas option. Prior to the sorption experiments, the
compounds were degassed under dynamic vacuum.

2,5-Di(4-pyridyl)thiazolo[5,4-d]thiazole (Dptztz): 1.02 g (8.5 mmol) dithiooxamide and 2.0 mL
(22 mmol, 2.6 eq) 4-pyridinecarboxaldehyde in 50 mL anhydrous DMF were refluxed for 6.5 h under
nitrogen. During cooling the reaction mixture to room temperature, the product crystallized out
in form of yellow prisms. The ligand was filtered and washed with a small amount of DMF and
extensively with water. After drying in a vacuum oven at 60 ◦C overnight 1.82 g (6.1 mmol, 72 %) were
obtained. 1H-NMR (300 MHz, DMSO-d6) δ [ppm]: 8.78 (d, 4JH,H = 6.12 Hz, 2H), 7.88 (d, 4JH,H = 6.12 Hz,
2H); MS (EI) m/z [rel. int.]: 296 (100%); 87.9 (91%); mp 319–322 ◦C.

[Zn(1,3-BDC)Dptztz]: 5.0 mg (0.017 mmol) of Dptztz were dissolved in 3 mL of hot DMF in a
Pyrex tube. 5.4 mg (0.020 mmol) of Zn(NO3)2·4H2O and 2.8 mg (0.020 mmol) of isophthalic acid
dissolved in 2 mL of DMF were added to the warm solution. The Pyrex tube was capped and placed
into a preheated isothermal oven at 80 ◦C. After 12 h the first crystals appeared. After 3 days, the
sample was removed from the oven and the solvent was directly exchanged with 3 × 3 mL of hot DMF.
A light yellow crystal was selected to collect the single crystal data. Yield: 4 mg.

A larger amount of material was prepared by dissolving 100.4 mg (0.34 mmol) of Dptztz in
40 mL of hot DMF in a 100 mL Schott vial. Afterwards 88.4 mg (0.34 mmol) of Zn(NO3)·4H2O and
56.6 mg (0.34 mmol) of isophthalic acid dissolved in 10 mL of DMF were added and placed in an
isothermal oven preheated at 120 ◦C. The sample was taken out after 3 days and the solvent was directly
exchanged with 3 × 20 mL of hot DMF. Yield: 182.6 mg (90%). EA [%] calc. for: C22H12N4O4S2Zn C
50.25, H 2.30 N 10.70; found: C 50.89, H 2.93, N 11.51. IR (ATR) ṽmax [cm−1]: 3433, 1608, 1564, 1443,
1391, 1213, 1014, 833, 743, 724, 662, 619, 510.

Single Crystal X-ray Structures

Suitable crystals were carefully selected under a polarizing microscope, covered in protective oil
and mounted on a 0.05 mm cryo loop. Data collection: Bruker Kappa APEX2 CCD X-ray diffractometer
(Bruker AXS Inc., Madison, WI, USA) with microfocus tube, Mo-Kα radiation (λ = 0.71073 Å),
multi-layer mirror system, ω-scans; data collection with APEX2 [39], cell refinement with SMART
and data reduction with SAINT [39], experimental absorption correction with SADABS [40]. Structure
analysis and refinement: All structures were solved by direct methods using SHELXL2014 [41,42];
refinement was done by full-matrix least squares on F2 using the SHELX-97 program suite.
The hydrogen atoms for aromatic CH and for the amide group in DMF were positioned geometrically
(C-H = 0.95 Å) and refined using a riding model (AFIX 43) with Uiso(H) = 1.2Ueq(C). The hydrogen
atoms for CH3 of DMF were positioned geometrically (C-H = 0.98 Å) and refined using a riding model
(AFIX 137) with Uiso(H) = 1.5Ueq(C). In [Zn(1,3-BDC)Dptztz] the thiazolothiazol (tztz) moiety was
refined with a disorder model corresponding to a ring flip, which exchanges the S and N orientation,
using PART n commands. The occupation factors of the S and N atoms were refined to about 0.904
for the A atoms and 0.096 for the B atoms. Thus, the disorder is relatively minor with only about
9.6% of the S and N atoms in the flipped position. The major atom tztz positions are designated as
“A”, the minor ones as “B”. The minor positions could only be refined isotropically. The DMF crystal
solvent molecule contained disorder in the two methyl groups, with two positions for each methyl
group. This disorder does not give a perfect oriented Me2N group but we decided to keep the slightly
disordered DMF molecule instead of removing its contribution with SQUEEZE. Each methyl group
disorder was refined independently concerning the occupation factors. Crystal data and details on the
structure refinement are given in Table 1. Graphics were drawn with DIAMOND [43]. Analyses on the
supramolecular interaction were done with PLATON [44]. Phase purity and the representative nature
of the single crystal was verified by positively matching the simulated and experimental powder X-ray
diffractogram (PXRD) of the as-synthesized sample (Figure 2). CCDC 1812892 and 1812893 contain
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the supplementary crystallographic data for this paper. These data can be obtained free of charge via
http://www.ccdc.cam.ac.uk/conts/retrieving.html.

Figure 2. PXRD pattern of [Zn(1,3-BDC)Dptztz]·DMF (simulated (red), as-synthesized (black)).

Table 1. Crystal data and refinement details.

Dptztz [Zn(1,3 BDC)Dptztz]·DMF

Chemical formula C14H8N4S2 C22H12N4O4S2Zn·C3H7NO

Mr 296.36 598.94

Crystal system, space group Monoclinic, P21/c Triclinic, P1

Temperature (K) 100 100

a (Å) 8.3873 (5) 9.1388 (6)

b (Å) 6.3140 (3) 10.0354 (7)

c (Å) 11.7170 (6) 14.2804 (11)

α (◦) 90 88.417 (4)

β (◦) 93.699 (3) 88.236 (5)

γ (◦) 90 75.636 (4)

V (Å3) 619.21 (6) 1267.86 (16)

Z 2 2

μ (mm−1) 0.423 1.181

Crystal size (mm) 0.10 × 0.05 × 0.05 0.10 × 0.05 × 0.01

Absorption correction

Multi-scan, wR2(int) was 0.1649 before and
0.0771 after correction. The Ratio of minimum to

maximum transmission is 0.8473. The λ/2
correction factor is 0.0015.

Multi-scan, wR2(int) was 0.1533 before
and 0.0488 after correction. The Ratio of
minimum to maximum transmission is

0.9318. The λ/2 correction factor is 0.0015.

Tmin, Tmax 0.6330, 0.7471 0.6951, 0.7460

No. of measured, independent
and observed reflections 6837, 965, 847 [I > 2σ(I)] 17151, 4743, 3696 [I > 2σ(I)]

Rint 0.049 0.045

(sin θ/λ)max (Å−1) 0.639 0.612

R, wR(F2), S [F2 > 2σ (F2)]
R, wR(F2), S [all data]

0.0284, 0.0675, 1.067
0.359, 0.0699, 1.067

0.0400, 0.0849, 1.055
0.0609, 0.0916, 1.055

No. of reflections 965 4743

No. of parameters 91 364

Δ�max, Δ�min (e·Å−3) 0.238, -0.182 0.645, –0.581
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3. Results and Discussion

2,5-Di(4-pyridyl)thiazolo[5,4-d]thiazole (Dptztz) was synthesized according to the literature by
the condensation of 4-pyridinecarboxaldehyde and dithioaxamide (Scheme 1) [45,46].

Single crystals of Dptztz were obtained after recrystallization from DMF in form of yellow prisms.
Dptztz crystallizes in the monoclinic space group P21/c with half of the molecule in the asymmetric
unit as the molecule sits on an inversion center (Figure 3). The molecule is almost planar with a
dihedral angle between the pyridine ring and the tztz moiety of 13.65◦.

Figure 3. Molecular structure of Dptztz (50% thermal ellipsoids, symmetry transformation 1 − x,
2 − y, 2 − z).

Complementary CH· · ·N hydrogen bonds between N1 and C1-H1 of adjacent Dptztz molecules
form 1D strands which are parallel displaced by π-π interactions (Figure S1 in Supplementary Material).

Single crystals of the coordination network [Zn(1,3-BDC)Dptztz]·DMF were obtained after three
days from a solvothermal reaction of Zn(NO3)2·4H2O, isophthalic acid and Dptztz in a molar ratio
1:1:1 in DMF at 80 ◦C. Due to the low solubility of Dptztz in common organic solvents, the reaction
was carried out in a concentration of 3.4 × 10−3 mol/L and the mother liquor was directly exchanged
with hot DMF after the crystallization process to remove unreacted Dptztz ligand. A larger amount
of material for the sorption experiments was synthesized by scaling up the reaction by the factor of
twenty in twice the concentration (6.8 × 10−3 mol/L) at 120 ◦C.

The crystal structure of the two-dimensional (2D) coordination network
[Zn(1,3-BDC)Dptztz]·DMF was determined by single crystal diffraction analysis at 100 K. Compound
[Zn(1,3-BDC)Dptztz] crystallizes in the triclinic space group P-1. The asymmetric unit consists of one
Zn(II) ion, one molecule of the linkers 1,3-BDC2− and Dptztz, each, and a dimethylformamide (DMF)
solvent molecule (Figure 4, Figure S2). One carboxylate group of 1,3-BDC2− connects two symmetry
equivalent Zn(II) ions in a syn-syn-bis-monodentate coordination mode into a dinuclear unit with a
Zn· · ·Zn distance of 4.082 Å. The other carboxylate group chelates an adjacent Zn atom. Thereby the
1,3-BDC linkers bridge between neighboring dinuclear entities to form a one-dimensional double
strand along the b-axis (Figure 5a). These double strands are pillared by Dptztz into a 2D coordination
network structure (Figure 5b). The secondary building unit of the structure is the dinuclear unit
{Zn2(O2C)4N4}. The 2D layers assemble through π-π interactions between isophthalate aryl rings and
CH-π interactions between an isophthalate and a pyridyl-moiety of Dptztz of adjacent layers into a 3D
supramolecular network (Figure 5c and Figure S3, Table S1). The 2D network in [Zn(1,3-BDC)Dptztz]
is isotopic to the aforementioned CIDs (coordination polymers with interdigitated structure) studied
by Kitagawa and co-workers [24–29].

59

Bo
ok
s

M
DP
I



Crystals 2018, 8, 30

Figure 4. Extended asymmetric unit of [Zn(1,3-BDC)Dptztz]·DMF (50% thermal ellipsoids; symmetry
transformations: i = −x + 2, −y, −z + 1; ii = x + 1, y, z + 1; iii = −x + 2, −y + 1, −z + 1; iv = x − 1, y, z − 1;
v = −x + 1, −y, −z, vi = x, y − 1, z). For the slight ring-flip disorder of the thiazolothiazol moiety and
the DMF solvent molecule, which is omitted here for clarity, see Figure S2 in Supplementary Material.
See Table 2 for selected bond lengths and angles.

Table 2. Selected bond lengths and angles (Å, ◦) in [Zn(1,3-BDC)Dptztz].

Zn–O1 2.0532 (18) Zn–O4iii 2.2269 (19)
Zn–O2i 2.0218 (18) Zn–N1 2.166 (3)
Zn–O3iii 2.1569 (19) Zn–N4ii 2.151 (3)

O1–Zn–O2i 119.30 (7) O2i–Zn–N4ii 89.34 (9)
O1–Zn–O3iii 88.78 (7) O3iii–Zn–O4iii 60.01 (7)
O1–Zn–O4iii 148.39 (7) O3iii–Zn–N1 90.18 (9)
O1–Zn–N1 89.84 (9) O3iii–Zn–N4ii 90.56 (9)
O1–Zn-N4ii 86.00 (9) O4iii–Zn–N1 94.77 (8)

O2i–Zn–O3iii 151.83 (7) O4iii–Zn–N4ii 89.21 (8)
O2i–Zn–O4iii 91.82 (7) N1–Zn–N4ii 175.76 (8)
O2i–Zn–N1 91.99 (9)

Symmetry transformations: i = −x + 2, −y, −z + 1; ii = x + 1, y, z + 1; iii = −x + 2, −y + 1, −z + 1.

(a)

Figure 5. Cont.
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(b) (c)

Figure 5. (a) 1D double strand of Zn2+ and 1,3-BDC2− along the b-axis and (b) 2D coordination
network structure in the bc plane and (c) supramolecular 3D packing of the 2D layers in
[Zn(1,3-BDC)Dptztz]·DMF (H atoms in (a,b) and DMF solvent molecules are not shown for clarity).
In (c) the 2D layers are colored alternately black and yellow for clarity.

The thermogravimetric analysis in Figure 6 shows a weight loss of 10.6% between 90 and 200 ◦C
(calc. 12.2% for one DMF molecule per formula unit of [Zn(1,3-BDC)Dptztz]·DMF). The residual
[Zn(1,3-BDC)Dptztz] framework shows stability up to 280 ◦C.

 

Figure 6. TGA curve of [Zn(1,3-BDC)Dptztz]·DMF·in the temperature range 26–600 ◦C with a heating
rate of 10 K/min under N2 atmosphere.

Prior to the sorption experiments the crystals of [Zn(1,3-BDC)Dptztz]·DMF were collected by
suction filtration. Afterwards they were suspended in acetonitrile for three days to induce solvent
exchange as part of the sample activation procedure. Additionally, the acetonitrile solvent was
exchanged three times per day. Afterwards, the sample was degassed at 120 ◦C for 15 h under vacuum.
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The activated compound [Zn(1,3-BDC)Dptztz] shows no uptake of N2 at 77 K, which is in accordance
with the observations by Kitagawa et al. for analogous CID structures [24–29]. For CO2—with its large
polarizability and quadrupole moment—[Zn(1,3-BDC)Dptztz] shows a type I adsorption isotherm
at 195 K with a maximum uptake of 138 cm3/g at 753 mmHg of CO2 (Figure 7). At higher absolutes
pressures the desorption curve shows a small hysteresis, but at low pressures the hysteresis gap
closes. This proves the microporous nature of [Zn(1,3-BDC)Dptztz]. Because [Zn(1,3-BDC)Dptztz] is
non-porous towards N2 the CO2 data was used to calculated the BET surface area. The BET surface area
from the CO2 adsorption isotherm is 417 m2/g (calculated from p/p0 = 0.00–0.04). The pore volume is
0.246 cm3/g at p/p0 = 0.5 calculated from the isotherm measured at 195 K. The calculated accessible
surface area is 25.6% or 0.185 cm3/g calculated with PLATON from the DMF solvent-depleted structure.
The measured pore volume is about 35% higher than the one calculated from the crystal structure data.
This can be interpreted such that CO2 can create a larger interlayer volume through strong interaction
with the highly polarized surface area at 195 K.

Additionally, the CO2 isotherms at 273 K and 293 K were measured (Figure 7). The data is
presented in Table 3. From the CO2 isotherms at 273 K and 293 K, the heat of adsorption at zero
coverage was derived as 26.2 kJ/mol. The heat of adsorption of CO2 for MOFs can vary from 20 kJ/mol
to over 90 kJ/mol. A higher heat of adsorption is usually indicative for stronger framework CO2

interactions [47]. Representative values are 20kJ/mol for [Zn(1,4-BDC)(TED)], 30 kJ/mol for HKUST-1,
47 kJ/mol for Mg-MOF-74, 63 kJ/mol for MIL-100-Cr and 96 kJ/mol for mmen-Cu-BTTri [48–52].

 

Figure 7. CO2 adsorption (closed symbols) and desorption (open symbols) isotherms for activated
[Zn(1,3-BDC)Dptztz] measured at 195 K (black), 293 K (red) and 273 K (blue).

Table 3. CO2 sorption data for [Zn(1,3-BDC)Dptztz].

Quantity Adsorbed
(cm3/g, mmol/g, wt %)

Total Pore Volume (cm3/g)

195 K 138, 6.16, 27.1% 0.246 1

273 K 51.9, 2.32, 10.2% 0.092 2

293 K 35.5, 1.59, 7.0% 0.061 3

1 at p/p0 = 0.50, 2 at p/p0 = 0.03, 3 at p/p0 = 0.017.
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The heat of adsorption curve (Figure 8) has a relative maximum at a quantity adsorbed of about
4 cm3/g STP with 27.7 kJ/mol. Afterwards the heat of adsorption decreases to 25.7 kJ/mol. For most
MOF materials, the heat of adsorption curve decreases monotonically, since the adsorption sites with
the highest affinity towards the adsorbate are occupied first and at higher loadings the adsorption sites
usually have weaker affinities. Two MOF classes for which the heat of adsorption does not decrease
monotonically are the MIL-53 and MIL-47 series. Férey et al. suggested that the transformation of
MIL-53 from a closed or narrow-pore to the open or wide-pore phase is an endothermic process
and that this process is balanced with the exothermic adsorption process. Subsequently, the MIL-53
MOFs also have a local maximum between 0 and 1 bar (see Figure S4 in Supplementary Material) [53].
Many CIDs also show gate-opening phenomena and/or an adsorbate specific expansion upon the
adsorption process. Yet, to the best of our knowledge, no heat of adsorption curves for CIDs are
published in the literature. But Pera–Titus and Farruseng calculated the phase transition energies for
CID-21 and CID-22 (benzene and tetrazine spacer) to be 1.4 and 1.5 kJ/mol from the closed to the open
phase for CO2 adsorption at 195 K, respectively [54]. These values are in good accordance with the
difference between the heat of adsorption at zero coverage and the relative maximum of the curve in
Figure 8. So it can be concluded that [Zn(1,3-BDC)Dptztz] shows a gate-opening effect for CO2, which
is represented in a non-monotonic heat of adsorption curve.

Figure 8. Heat of adsorption plot of CO2 adsorption for [Zn(1,3-BDC)Dptztz].

Compound [Zn(1,3-BDC)Dptztz] gradually adsorbs H2O at 293 K with a maximum uptake
of 121 mg/g at 0.9 p/p0 (Figure 9). This uptake equals 3.5 H2O molecules per asymmetric unit.
The desorption curve shows a hysteresis, indicative for a strong interaction of H2O with the framework.
[Zn(1,3-BDC)Dptztz] adsorbs CO2 at 195 K due to its large polarizability and quadrupole moment
while N2 at 77 K is not adsorbed. The adsorption characteristics of [Zn(1,3-BDC)Dptztz] apparently
depend on the interaction between the adsorbate and the framework und not only on the pore size.
The sorption characteristics of [Zn(1,3-BDC)Dptztz] towards H2O with its pronounced hysteresis
underpin these findings. It can be concluded that the decoration of the surface with the polarized and
electron poor tztz moiety can alter sorption properties to become highly selective towards polarizable
adsorbents. Further studies on different tztz-containing materials are underway in our institute.
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Figure 9. Water sorption isotherms at 293 K for [Zn(1,3-BDC)Dptztz].

4. Conclusions

The 4,4′-dipyridyl N,N′-donor ligand Dptztz with the central thiazolo[5,4-d]thiazole unit was
successfully synthesized and its crystal structure was determined for the first time. With the linker
Dptztz, the thiazolo[5,4-d]thiazole-unit was integrated into a solvent-filled coordination network of the
formula [Zn(1,3-BDC)Dptztz]·DMF belonging to the class of coordination polymers with interdigitated
structure (CIDs). Synthesis of the coordination network was carried out via a mixed ligand strategy
in a solvothermal reaction. Interdigitation between the 2D layers to a 3D supramolecular network
appears to be controlled by π-π interactions between isophthalate aryl rings and CH-π interactions
between isophthalate and pyridyl moieties. Activated [Zn(1,3-BDC)Dptztz] shows a BET surface of
417 m2/g calculated from CO2 adsorption data, while N2 which unlike CO2 is not as polarizable
and has no quadrupole moment is not adsorbed. The heat of adsorption for CO2 exhibits a relative
maximum at a quantity adsorbed of about 4 cm3/g STP with 27.7 kJ/mol, which is interpreted as
a gate-opening effect. This is the first report of the sorption characteristics of a tztz-functionalized
porous MOF material.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4352/8/1/30/s1.
Figure S1: Section of the packing diagram of 2,5-di(4-pyridyl)thiazolo[5,4-d]thiazole (Dptztz), showing (a) the
complementary C1-H1· · ·N1 hydrogen bonds and (b) the π-π interactions, thereby giving a supramolecular layer
in the ab plane; Figure S2: Asymmetric unit of [Zn(1,3-BDC)Dptztz]·DMF showing the ring-flip disorder of the
thiazolothiazol moiety; Figure S3: π-π and CH-π interactions between the 2D layers in [Zn(1,3-BDC)Dptztz];
Figure S4: Heat of adsorption curve of MIL-53-Cr; Table S1. Distances [Å] and angles [◦] for the shortest π-π and
CH-π supramolecular interactions between the 2D layers in [Zn(1,3-BDC)Dptztz].
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Abstract: A novel three-dimensional two-fold interpenetrated bi-porous metal-organic framework
IPM-325 (IPM: IISER Pune Materials) having pcu topology was synthesized at room temperature.
Single crystal X-ray diffraction (SC-XRD) study revealed that the compound crystallizes in monoclinic
lattice with molecular formula {[Zn(L)2 (SiF6)] (CH2Cl2) xG}n where G = Guests). All metal centers
were found to have octahedral geometry. From single crystal analysis it can be inferred that SiF6

2−

anion play a vital role in extending the dimensionality of the framework by bridging between two
metal centers. Interestingly, IPM-325 exhibited two-step structural transformation maintaining the
crystallinity of the framework as characterized by powder X-ray diffraction (PXRD).

Keywords: metal-organic framework; neutral N-donor framework; structural transformations

1. Introduction

Metal-organic frameworks (MOFs)/Porous coordination polymers (PCPs) have shown immense
potential in various domains including separation, storage, sensing, catalysis, etc. [1–5]. MOFs are
extended networks constituting of metal nodes and organic moiety linked via coordination bonds
resulting in framework formation with potential voids [6,7]. MOFs can be readily functionalized using
different organic building blocks thus imparting flexibility to tune the properties [8]. Metal-organic
frameworks can also be tuned by using varied metals/metal clusters along with counter ions with
different coordinating tendency [9–13]. MOFs have been classified as neutral and ionic MOFs (iMOFs)
based on the framework charge [14]. Among various type of linkers, neutral nitrogen donor-based
linkers have played a vital role since the emergence of MOFs owing to the easy availability and facile
coordinating ability [15,16]. In pioneering reports, Zaworotko and Kitagawa have reported MOFs
utilizing SiF6

2− as counter anion and neutral nitrogen donor linker [17,18]. Recently, (SiF6
2−) anion

has been utilized extensively due to the tendency of SiF6
2− to bridge two-dimensional sheets to form

an overall three-dimensional framework with formation of one dimensional channel with varied
porosity depending on the length of the linker [19,20]. Owing to the presence of highly electronegative
fluorine atoms in SiF6

2− it leads to the formation of highly charged polar surfaces. Owing to the
highly charged polar surfaces, SiF6

2− anion based MOFs are currently being pursued in various
sorption-based applications like CO2 capture, water sorption, hydrocarbon separation, etc. [21–23].
Thus, SiF6

2− as an inorganic pillar should be utilized to develop novel materials as it imparts higher
selectivity in sorption-based applications.
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Yet another important classification within the field of MOFs is to classify MOFs as rigid MOF or
flexible MOF depending on the frameworks tendency to change the structure on the application of
varied stimuli like pressure, temperature, etc. [24–26]. Flexible MOFs are the frameworks which tend
to change the overall structure upon applications of different stimuli. Flexible MOFs have been utilized
in various adsorption-based separation processes with promising results [27,28]. Thus, development of
MOFs that exhibit structural transformation is quite crucial for the development of materials exhibiting
selective sorption.

SiF6
2− anion-based rigid MOFs have been extensively studied but less attention has been paid

towards flexible SiF6
2−-based MOF system. SiF6

2− anion-based flexible MOFs may show dual facet of
high selectivity, hysteretic sorption along with various characteristics of flexible MOFs accompanied
with properties imparted by SiF6

2− anions. Herein, we report the crystal structure of IPM-325 which
exhibits structural transformations as characterized by PXRD.

2. Materials and Methods

All the starting reagents zinc hexafluorosilicate hydrate, (1E,2E)-1,2-bis(pyridin-4-ylmethylene)
hydrazine were purchased from Sigma-Aldrich, Bangalore Karnataka, India and all the solvents
were procured locally. Powder X-ray diffraction (PXRD) patterns were measured on Bruker D8
Advanced X-ray diffractometer (Bruker AXS GmbH, Karlsruhe, Germany) at room temperature
using Cu-Kα radiation (λ = 1.5406 Å) with a scan speed of 0.5◦ min–1 and a step size of 0.01◦ in
2 theta. Thermogravimetric analysis results were obtained in the temperature range of 30–800 ◦C
on Perkin-Elmer STA 6000 analyzer (TGA, STA 6000 Perkin Elmer, PerkinElmer, Inc., Waltham, MA,
USA) under N2 atmosphere, at a heating rate of 10 ◦C min−1. Single-crystal X-ray data of IPM-325_P1
was collected at 100 K on a Bruker KAPPA APEX II CCD Duo diffractometer (operated at 1500 W
power: 50 kV, 30 mA, Bruker AXS GmbH, Karlsruhe, Germany) using graphite-monochromated
Mo Kα adiation (λ = 0.71073 Å). A crystal was mounted on a nylon Cryoloop (Hampton Research)
with Paraton-N oil (Hampton Research). The data integration and reduction were processed with
SAINT software [29]. A multi-scan absorption correction was applied to the collected reflections [30].
The structure was solved by the direct method using SHELXS-2014 [31] and was refined on F2 by
full-matrix least-squares technique using the SHELXL-2017 [32] program package within the WINGX
program [33]. All non-hydrogen atoms were refined anisotropically. All hydrogen atoms were located
in successive difference Fourier maps and they were treated as riding atoms using SHELXL default
parameters. Highly disordered guest solvent molecules were observed. SQUEEZE option was used
that eliminate the contribution of disordered guest molecules [34]. Residual electron density was
calculated from the SQUEEZE function 49 electrons/unit cell. Gas adsorption measurements were
performed using BelSorp-Max instrument (BEL Japan, Inc., Osaka, Japan).

Experimental Synthesis

Synthesis of Linker L ((1E,2E)-1,2-bis(pyridin-4-ylmethylene)hydrazine): Linker L was synthesized
by modifying a reported protocol [35]. 4-pyridinecarboxaldehyde (49.94 mmol, 4.704 mL) was taken
in a round bottomed flask. To this flask (1:1) Methanol (15 mL) and ethanol (15 mL) solution was
added and catalytic quantity of acetic acid was added to this mixture. This mixture was stirred at
120 ◦C for 0.5 h. Further, hydrazine hydrate (19.97 mmol, 0.970 mL) was added and the reaction was
maintained at 120 ◦C for 12 h. Subsequent cooling to room temperature yielded yellow crystalline
product. Crude product was recrystallized from a solvent combination of methanol: ethanol solvent
mixture. Yield = 90%.

Synthesis of IPM-325_p1: Single crystals of IPM-325_p1 were obtained by slow diffusion
1:1 mixture of zinc hexafluorosilicate hydrate (ZnSiF6, H2O) (0.1 mmol, 20.7 mg) and
L = (1E,2E)-1,2-bis(pyridin-4-ylmethylene)hydrazine (0.1 mmol, 21 mg) in a solvent combination
of Dichloromethane, methanol and benzene. Block shaped yellow colored crystal was obtained after
one week. Yield ~60%.
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Desolvated phase preparation: IPM-325_p1 was heated at 160 ◦C overnight with slow increase in
the temperature at the rate of 5 ◦C/h and then maintaining 160 ◦C overnight. The desolvated phase
was further characterized by thermogravimetric analysis.

3. Results and Discussions

IPM-325 was synthesized by slow diffusion of ligand L (Scheme 1) and ZnSiF6 at room temperature
to yield block shaped yellow colored crystals. Single crystal X-ray diffraction analysis revealed that
the compound crystallizes in C2/m space group with Z = 2 (Table 1). The asymmetric unit consist of
Zn(II) metal ion along with two linkers and SiF6

2− anion with dichloromethane molecules and other
disordered molecules present within the voids (Figure 1). Zn(II) metal node is octahedrally coordinated
with N4F2 donor set with the distance between Zn(II) and equatorial nitrogen atoms 2.139 Å while the
distance between Zn(II) and axial F atoms was 2.153 Å. SiF6

2− anions were found to bridge between
two metal centers (Figure 2a). Overall structure was found to be two-fold interpenetrated in nature with
an overall pcu topology (Figure 2b). Along the a-axis, the packing diagram showed types of rectangular
voids Pore A and Pore B having dimensions 5.55 × 7.46 Å2 and 5.84 × 6.54 Å2 respectively (excluding
van der Waals radii) (Figure 2b). The voids of the asynthesized framework (Figure 3) (IPM-325_p1;
p represents phase) are filled with dichloromethane solvent wherein the H6 atom exhibits hydrogen
bonding interaction with the F3 atom present at the metal node. To establish the bulk phase purity
of IPM-325_p1, it was characterized using powder X-Ray diffraction measurements (PXRD) which
showed a considerable shift in the observed pattern when compared to the simulated pattern (Figure 4a.
The observed shift may be due to the overall structural transformation leading to formation of new
phase named as IPM-325_p2 (p represents phase). To establish the bulk phase purity, we performed
PXRD analysis of asynthesized crystals in presence of mother liquor. The PXRD pattern corroborated
well with the simulated pattern (Figure 4a) thus establishing the bulk phase purity of IPM_325p1.

We observed a considerable shift in the PXRD pattern of the asynthesized compound upon
exposure to air. This shift may be attributed to the sliding of the interpenetrated networks at ambient
conditions due to escaping of low boiling guests from the voids. The PXRD profile showed an entirely
new pattern thus confirming the formation of another structure. Another interesting observation
from the PXRD pattern is that the intensity profile at 2θ = 5.37◦ peak exhibited a highly sharp peak
after long exposure to ambient conditions. From this it can be inferred that IPM-325_p2 retains a
crystalline nature after exposure to ambient conditions thus establishing the air stability of this phase.
Due to the drastic shift observed in PXRD, we sought to obtain a single crystal of IPM-325_p2 after
air exposure but due to the poor quality of the crystal we were unable to obtain single crystal data.
Thermogravimetric analysis of the IPM-325_p2 present at ambient conditions showed ~10% weight
loss around ~103 ◦C owing to the presence of occluded guests molecules present within the pores with
overall loss of 20% observed until 220 ◦C. (Figure 4b). To obtain the desolvated phase of compound the
material was heated at elevated temperature (160 ◦C) overnight with vacuum and further characterized
via both PXRD and TGA measurements. Desolvated phase was characterized using thermogravimetric
analysis which showed no initial loss in the desolvated phase of compound ~220 ◦C after which a
gradual loss was observed which can be correlated to the decomposition of the framework. Powder
X-ray diffraction measurement of the desolvated phase exhibited an entirely new pattern with the
retention of original peak at 2θ = 5.37◦ along with the emergence of some new peaks (Figure 4a). Thus,
IPM-325_p2 showed another structural transformation to yield the desolvated phase IPM-325_p3 (p
represents phase). Also, the peak at 2θ = 5.37◦ maintained its intensity thus from which we can infer
that the desolvated framework is highly crystalline in nature. Low temperature N2 adsorption was
performed, which revealed slow opening of the pore (Figure 5).

Thus, we have successfully synthesized and characterized a bi-porous MOF; IPM-325_p1 wherein
SiF6

2− anion acts as an inorganic pillar. IPM-325_p2 shows structural transformation as analyzed by
PXRD measurements. Further investigations regarding the structural aspect of the desolvated phase
IPM-325_p3 and its sorption measurements are currently being pursued in our lab.
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Scheme 1. Chemical diagram of linker L = ((1E,2E)-1,2-bis(pyridin-4-ylmethylene)hydrazine).

Figure 1. Ortep diagram showing coordination sphere around Zn(II) metal ion in thermal ellipsoids
(50% probability).

Figure 2. (a) Packing diagram along a-axis of IPM-325_p1 with guests solvent molecules present
within the one-dimensional pore channel; (b) Packing diagram of IPM-325_p1 along a-axis depicting
two-fold interpenetration along with two kinds of pore. (Hydrogen atoms have been omitted for clarity)
Color: Grey—C, Light Blue—N, Dark Blue—Zn, Green—Fluorine, Red—Silicon, Light green—Chlorine.
Solvent hidden for clarity.
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Figure 3. Packing diagram showing potential voids of framework. Color: Grey—C, Light Blue—N,
Blue—Zn, Light green—Chlorine.

Figure 4. (a) Powder X-Ray diffraction patterns of simulated (IPM-325_p1) Color Code—Blue,
IPM-325p1_crystals soaked in mother liquor 0 min Color Code—Green, Air exposed after 2 h
(IPM-325_p2) Color Code—Cyan, Air exposed after 24 h (IPM-325_p2) Color Code—Purple, Desolvated
framework IPM_325_p3; (b) Thermogravimetric analysis of IPM-325_p1 and IPM-325_p3.

Figure 5. Low temperature nitrogen gas isotherm for IPM_325p3 at 77 K.
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Table 1. Crystal data for IPM-325_p1.

Crystal Data IPM_MOF-325-p1

Formula Crystal {[Zn(L)2 (SiF6)]·(CH2Cl2)·xG}n Monoclinic
CCDC 1,586,047

a/Å 7.73 (9)
b/Å 20.36 (3)
c/Å 12.09 (14)
α/◦ 90
β/◦ 102.630 (2)
γ/◦ 90

Cell volume/Å3 1857.6 (4)
Space group C 2/m

Z 2
Dx/Mg m−3 1.426

R 5.4
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Abstract: We report the synthesis and characterization of a 3D Cu(II) coordination polymer,
[Cu3(L1)2(H2O)8]·8H2O (1), with the use of a glycine-based tripodal pseudopeptidic ligand
(H3L1 = N,N′,N′ ′-tris(carboxymethyl)-1,3,5-benzenetricarboxamide or trimesoyl-tris-glycine).
This compound presents the first example of a 12-fold interpenetrated ThSi2 (ths) net. We attempt
to justify the unique topology of 1 through a systematic comparison of the synthetic parameters
in all reported structures with H3L1 and similar tripodal pseudopeptidic ligands. We additionally
explore the catalytic potential of 1 in the A3 coupling reaction for the synthesis of propargylamines.
The compound acts as a very good heterogeneous catalyst with yields up to 99% and loadings as low
as 3 mol %.

Keywords: coordination polymer; copper; interpenetration; 12-fold; catalysis; A3 coupling

1. Introduction

Ever since their popularization in the last decade, coordination polymers (CPs), also known as
metal–organic frameworks (MOFs), have become one of the most prominent branches of inorganic
and materials chemistry, in no small part due to the extensive variety of their applications [1–8]. A key
factor for the rise of CPs as functional materials has been the development of rational synthetic routes
towards the optimization of their application potential [9–12]. As a result, the strategic selection of
a suitable ligand for the synthesis of CPs during the design of a new system is critical.

In recent years, a surge towards biologically derived CPs has been observed [13]. This type of
compounds is typically constructed from bioligands such as amino acids, peptides, or nucleobases,
which can offer a large variety for exploitation regarding possible coordination sites, the presence of
functional groups, the degree of flexibility, and the potential formation of strong and weak interactions.
This plethora of options has led to multiple reports of biologically related CPs with interesting
applications: for example, porous CPs with adenine- [14], serine- [15], and dipeptide-based [16]
ligands have been used successfully for the selective capture of CO2. Furthermore, several ligands
with amino acids or peptides have been employed with transition metals to induce chirality in various
catalytic procedures [17–19]. Finally, CPs containing adenine have also been reported to have potential
sensing [20] and drug storage [21] capabilities.

Pseudopeptidic ligands are another interesting type of biologically related linkers. In this case,
a scaffold, which may be aromatic or nonaromatic, has amino acids or oligopeptides attached to it
(Scheme 1). This type of ligands can offer multiple positions for coordination, as well as unlimited
choices in flexibility, aromaticity, and hydrogen bond formation.
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Scheme 1. General motif of pseudopeptidic ligands.

Our group [22–27] and others [28,29] have focused specifically on the coordination chemistry of
pseudopeptidic ligands which retain a rigid aromatic scaffold, and introduced to it flexible amino
acids. This strategy has produced a great variety of coordination polymers with many applications,
such as luminescence [30], reversible water loss [27,30,31], magnetism [29], homochirality [18],
and catalysis [26]. Additionally, this type of pseudopeptidic ligands are of great interest from a crystal
engineering point of view and can lead to fascinating topologies due to: (a) the varying nature of
the aromatic scaffold; (b) the possible formation of strong and weak hydrogen bonds as well as pi
interactions; (c) the length of the amino acids; (d) the coordination abilities of the metal ion used.

Our most recent work in this project studied the influence of the Cu(II) salt on the resulting
CPs when the pseudopeptidic ligand isophthaloylbis-β-alanine (H2IBbA) was used [25]. Encouraged
by the obtained result, we opted to investigate this effect on additional pseudopeptidic ligands.
Having also in mind (a) our ongoing interest on CPs and their catalytic properties [32–34]
and (b) the commonly limited solubility of these bulky pseudopeptidic CPs in organic solvents,
we theorized that the resulting compounds could have an interesting activity as heterogeneous catalysts.
Therefore, we herein present the synthesis, characterization, and topological evaluation of a novel
compound formulated as [Cu3(L1)2(H2O)8]·8H2O (1), where H3L1 is N,N′,N′ ′-tris(carboxymethyl)-
1,3,5-benzenetricarboxamide [35], also commonly known as trimesoyl-tris-glycine (Scheme 2).
Furthermore, we report the catalytic activity of 1 in the metal-catalyzed multicomponent reaction
(MCR) of an aldehyde, an amine, and an alkyne, also known as the A3 coupling, towards the synthesis
of propargylamines.

Scheme 2. The organic ligand H3L1 used in this study.

2. Experimental Section

2.1. Materials

Chemicals (reagent grade) were purchased from Sigma Aldrich (Gillingham, UK), Acros Organics
(Loughborough, UK), and Alfa Aesar (Lancashire, UK). All experiments were performed under aerobic
conditions using materials and solvents as received. Ligand H3L1 was synthesized according to the
reported procedure [23].
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2.2. Instrumentation

IR spectra of the samples were recorded over the range of 4000–650 cm−1 on a Perkin Elmer
Spectrum One FT-IR spectrometer (Seer Green, UK) fitted with a UATR polarization accessory. EI-MS
was performed on a VG Autospec Fissions instrument (EI at 70 eV, SIS, Ringoes, NJ, USA). TGA analysis
was performed on a TA Instruments Q-50 model (TA, Surrey, UK) under nitrogen and at a scan rate of
10 ◦C/min. NMR spectra were measured on a Varian VNMRS solution-state spectrometer (Agilent,
Stockport, UK) at 30 ◦C. Chemical shifts were quoted in parts per million (ppm). Coupling constants
(J) were recorded in Hertz (Hz).

2.3. X-ray Crystallography

Data for compound 1 were collected (ω-scans) at the University of Sussex using an Agilent
Xcalibur Eos Gemini Ultra diffractometer (Agilent, Stockport, UK) with a CCD plate detector (Agilent,
Stockport, UK) under a flow of nitrogen gas at 173(2) K and Mo Kα radiation (λ = 0.71073 Å).
CRYSALIS CCD and RED software (version 1.171.38.41) were used, respectively, for data collection and
processing. Reflection intensities were corrected for absorption by the multiscan method. The structure
was determined using Olex2 [36], solved using SHELXT (version 2015) [37,38], and refined with
SHELXL-2014 [39]. All non-H atoms were refined with anisotropic thermal parameters, and H-atoms
were introduced at calculated positions and allowed to ride on their carrier atoms. For certain
water lattice molecules, the introduction of H atoms at calculated positions led to an unsatisfactory
structure solution with certain short intramolecular D–H···H–D distances. Because of the poor quality
of the crystallographic data in three different datasets, we were unable to locate these H atoms
manually. For this reason, bond distances and angles regarding these atoms were not mentioned
further. Additional measurements of elemental and TGA analysis were performed to conclusively
validate the suggested formula and structure. Crystal data and structure refinement parameters for 1

are given in Table S1. The geometric and crystallographic calculations were performed using PLATON
(version 1.18) [40], Olex2 (version 1.2) [36], and WINGX [41] packages (version 2014.1). The graphics
were prepared with Crystal Maker and MERCURY [42], CCDC 1586912.

2.4. Synthetic Procedures

2.4.1. Synthesis of [Cu3(L1)2(H2O)8]·8H2O (1)

Method 1: 0.5 mmol (0.190 g) of H3L1 and 0.75 mmol (110 μL) of Et3N were dissolved in 15 mL of
H2O while stirring to produce a colourless solution. To this, 1 mmol (0.232 g) of Cu(NO3)2·2.5H2O
was added. The resulting light blue solution was stirred for a further 20 min at room temperature.
After the end of the reaction, the solution was filtrated and then carefully layered over Me2CO at
a respective ratio of 1:2. After 6 days, large blue block crystals of 1, as well as colourless needles of
H3L1 were formed. Yield: 27% (based on Cu). Method 2: the same procedure as above was followed,
but a solution of H2O/MeOH (10:1) was used instead of H2O to produce only crystals of 1. Yield: 18%
(based on Cu). Selected IR peaks (cm−1): 3253 (br), 1626 (m), 1557 (m), 1499 (w), 1434 (m), 1403 (m),
1304 (w), 1003 (w), 909 (w), 733 (m). Elemental analysis for C30H62Cu3N6O34: calcd. C 43.89, H 5.04,
N 6.78; found C 43.84, H 5.06, N 6.89.

2.4.2. General Catalytic Protocol for A3 Coupling

A mixture of aldehyde (0.5 mmol), amine (0.55 mmol), alkyne (0.6 mmol), Cu catalyst 1 (3 mol%,
based on aldehyde amount), and 2-propanol (2 ml) was added into a sealed tube and stirred at 90 ◦C
for 12 h. After completion of the reaction, the mixture was allowed to cool down. The slurry was
then filtered to withhold the catalyst, and the filtrate was evaporated under vacuum. The yield of the
propargylamine products were then determined by their 1HNMR spectra, which were compared with
the data reported in the corresponding literature [34].
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3. Results

3.1. Crystal Structure Description

Compound 1 crystallizes in the noncentrosymmetrical monoclinic Pn space group. X-ray
determination of the crystal structure reveals the formation of an interpenetrated neutral
three-dimensional coordination polymer (Figures 1 and 2). The asymmetric unit of 1 consists of
3 copper centres, 2 fully deprotonated ligand (L1)3− molecules, and a total of 16 water molecules;
out of these, 8 act as terminal ligands and 8 are present in the lattice. In both (L1)3− molecules, each of
the three carboxylate groups coordinate to each of the three Cu centers. Additionally, in both ligands,
the three amido groups exist in a trans conformation and all of them are in anti conformation (Figure 3).
Cu1 is coordinated to six atoms and exhibits a distorted octahedral geometry (s/h = 1.04, φ = 52.9◦ [43]).
The equatorial positions of this octahedron are occupied by four carboxylate oxygen atoms deriving
from two different ligands. Cu2 and Cu3 are each coordinated to five atoms and exhibit a square
pyramidal geometry (τ = 0.06 for Cu2, 0.17 for Cu3 [44]). In the coordination environment of both
metal centers, the basal plane consists of two oxygen atoms from two different ligand molecules,
as well as two oxygen atoms from terminal water molecules. An oxygen atom from another terminal
water molecule occupies the apical position in both cases. Selected bond lengths are listed in Table 1.
The Cu–Cu distances between the metal centers range from 11.400(3) to 14.176(3) Å. Furthermore,
the crystal structure of 1 is stabilized by strong intermolecular O–H···O hydrogen bonds, which involve
the oxygen atoms of all 16 water molecules as donors. The atoms involved as acceptors in these bonds
are oxygen atoms of either water molecules or the carbonyl group of the amide.

Figure 1. The crystal structure of 1. Lattice water molecules are omitted for clarity. Colour code:
Cu (blue), C (black), H (light pink), N (light blue), O (red).

Figure 2. Packing diagram for 1 along the a0c plane.
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Figure 3. Coordination mode of the (L1)3− organic ligand found in 1.

Table 1. Selected bond lengths (Å) for 1.

Bond Å

Cu1–O1 1.932(11)
Cu1–O2 2.668(11)

Cu1–O10 1.964(10)
Cu1–O11 2.611(11)
Cu1–O19 1.938(11)
Cu1–O20 1.931(10)
Cu2–O8 1.942(11)

Cu2–O28 1.991(9)
Cu2–O29 2.191(11)
Cu2–O30 1.959(10)

Cu2–O14 1 1.927(11)
Cu3–O5 1.928(10)

Cu3–O22 1.925(12)
Cu3–O23 2.005(11)
Cu3–O24 2.343(11)

Cu3–O18 2 1.943(10)
Cu1–Cu2 11.400(3)
Cu1–Cu3 14.176(3)
Cu2–Cu3 12.554(3)

Symmetry Operators: 1 −3/2 + X, 2 − Y, 1/2 + Z; 2 +X, −2 + Y, 1 + Z.

3.2. Topological Analysis

The complicated structure of compound 1 can be simplified into a net considering each ligand as
a three-connected node and each metal center as a two-connected node; therefore, the two-connected
nodes are not further considered for the classification. The final outcome of the topological analysis
of the three-dimensional coordination polymer 1, with the use of the TOPOS software [45] and the
standard representation methodology, is a three-connected, 12-fold interpenetrated symmetric ths net
(Figure 4). According to a literature survey in the TOPOS and CCDC databases, compounds EJISAS [46]
and KOBFEN [47] can be also represented as 12-fold ths nets; however, this simplification derives
when a standard representation is selected. The topological analysis of the latter two compounds
using the standard cluster representation and considering the Cu(O2)Cu as nodes [48], yields a 12-fold
interpenetrated diamond (dia) net, therefore compound 1 represents the first example of a standard
12-fold interpenetrated ths net.
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(a)

(b)

(c)

Figure 4. Simplified coloured versions of the 3D 12-fold interpenetrated ths network found in 1 along
the a0c (a), b0c (b), b0a (c) planes.

3.3. TGA and IR Studies

To examine the thermal behavior and stability of 1, TGA was carried out between room
temperature and 800 ◦C under N2 atmosphere. This analysis (Figure S1) shows that the first mass loss
is continuous, as it begins in the region of 50◦C and is completed at approximately 150 ◦C. This is
attributed to the loss of eight lattice and eight ligated water molecules, in good agreement with the
theoretical value (calc.: 23.60%, theor.: 23.25%). The remaining framework is then relatively stable up
to ~310 ◦C, where it is subjected to a further mass loss due to decomposition to CuO (calc.: 63.14%,
theor.: 65.14%). The reported peaks in the IR spectrum of 1 (Figure S2) are in good agreement
with the crystallographic data. A broad absorption peak is found at 3253 cm−1 and is attributed
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to the stretching vibration of the O–H bonds. The peak at 1622 cm−1 is due to the presence of the
noncoordinated carbonyl group of the amide, in good agreement with previously reported values for
similar [23] compounds. Furthermore, peaks at 1557 and 1403 cm−1 can be attributed to the ν(CO2)as

and symmetric ν(CO2)s bands of coordinated carboxylate groups, respectively. Finally, some peaks
related possibly to C–H bending vibrations appear at 909 and 733 cm−1.

3.4. Synthetic Aspects

Our initial efforts for the synthesis of 1 involved experiments in various ratios of water/alcohol
media, based on our previous experiences with H3L1 [23] as well as the related literature [30]. However,
no crystals were obtained in this case. The protocol was therefore modified with various techniques
and ratios in order to facilitate crystallization. After extensive screening, liquid diffusion in acetone was
found to be the only effective technique amongst the tested ones. The use of other suitable secondary
crystallization solvents (e.g., acetonitrile) led, instead, to amorphous material. It is worth noting that
the water/alcohol mix seems to be critical for the pure synthesis of 1, as a similar experiment in H2O
also yielded crystals of the organic ligand; however, no MeOH molecules were found in the structure,
despite their potential participation in H-bonding.

While the topology of 1 has not been observed before, the afforded compound is not the only
structure which contains a Cu(II) source and the H3L1 ligand. In fact, a search in the CCDC [49]
revealed a variety of structures, but all of these show a different topology. To shed more light into
this as well as attempt to rationalize the synthesis, we opted to perform a more systematic search
in the literature for similar tripodal pseudopeptidic ligands. This narrowed our results to a total of
28 reported coordination compounds, with 3 different ligands depending on the varying amino acid:
either Glycine (H3L1), L-Alanine (H3L2), or D-Alanine (H3L3) (Scheme 3). To provide a full insight,
we included a full list of factors that could point towards the resulting differences. These parameters
included the metal ion, the synthetic conditions including solvent and temperature, and the presence
of a base or a second organic linker. These are listed in detail in Table 2.

 

Scheme 3. The tripodal pseudopeptidic ligands compared in this study.

In regard to the H3L1 glycine-based ligand, a comparison between our result (Entry 1) and
the rest of the reported Cu(II) compounds (entries 2–5) already revealed major influences of these
parameters. Compound 1 was synthesized using Cu(NO3)2·2.5H2O, while, in the rest of the relevant
entries, CuCl2·2H2O was used as the metal source. The role of the metal ion in the resulting
structure has already been reported, especially for Cu(II) sources in similar pseudopeptidic ligands.
Therefore, our result further confirmed this effect. The rest of the parameters revealed additional
interesting information: a comparison of entries 2–4 showed that the presence and amount of base
(and as a consequence, the tuning of pH) led to different structures; in the case of entry 4, the base
(pyridine) actually coordinated to the metal center, which led to a 2D coordination polymer instead
of a 3D, and to a less exciting topology. Regarding the synthetic conditions between these entries,
a possible temperature effect over time could be observed. Efforts to obtain a crystal structure using
CuCl2·2H2O and the synthetic method of 1, or Cu(NO3)2·2.5H2O and solvothermal conditions were
unfortunately unsuccessful. However, we could obtain a wider scope for conclusions by bringing
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also the glycine-based compounds with other metals (entries 6–20) into the comparison. Through
this, it is worth noting the following: (a) the compounds of entries 2 and 6–9 had a general formula
of [M(L1)(H2O)3]2[M(H2O)6]·(H2O)3 regardless of the synthetic method; (b) our attempts to utilize
our synthetic method with other metals (Co, Zn, Mn) resulted in the same crystal structures in
entries 2 and 6–9, conclusively proving that the synthetic procedures were not the prevalent factor
in order to get structures with the 12-fold topology; (c) as expected, the presence of a second organic
linker led to even more unpredictable structures. Interestingly, a comparison between entries 5 and
12 (Cu- and Co-based respectively), in which the same linker (bpp) and similar synthetic methods
were employed, revealed significant differences in the resulting products, further pointing to the
lesser importance of the conditions compared to the choice of metal; (d) a comparison between
Ca(II)-based compounds [Ca6(L1)4(H2O)14](H2O)3 and [Ca2(HL1)2(μ-H2O)(H2O)5]·3H2O (entries 18
and 19 respectively), which were synthesized under very similar methods but with a different Ca(II)
source (chloride for entry 18, nitrate for 19), further pointed towards the metal ion influence; (e) only
the metals with flexibility in their coordination environment and geometry (copper, alkaline earth
metals, lanthanides) provided any cases of structural variety. Interestingly, the largest variety of
compounds was observed when Cu(II) sources were employed.

Table 2. Overview of the synthetic parameters and topology of all reported compounds with tripodal
pseudopeptidic ligands.

Entry Metal Salt L Additive a Conditions Formula Ref.

1 Cu(NO3)2·2.5H2O H3L1 Et3N rt/H2O/MeOH (10:1)/Me2CO [Cu3(L1)2(H2O)8]·8H2O b

2 CuCl2·2H2O H3L1 None 100 ◦C/3 h/H2O/DMF (1:2) [Cu(L1)(H2O)3]2[Cu(H2O)6]·(H2O)3 [50]
3 CuCl2·2H2O H3L1 py c 100 ◦C/24 h/H2O/DMF (1:1) [Cu3(L1)2(H2O)3]·2H2O [50]
4 CuCl2·2H2O H3L1 py 90 ◦C/40 h/H2O/DMF (1:1) [Cu2(L1)(Py)2(μ3-OH)]·(H2O)2 [50]
5 CuCl2·2H2O H3L1 bpp d 100 ◦C/48 h/H2O/MeOH (1:1) [Cu2(L1)(bpp)(μ3-OH)]·6H2O [50]
6 Zn(NO3)2·2.5H2O H3L1 None 100 ◦C/48 h/H2O/MeOH (10:1) [Zn(L1)(H2O)3]2[Zn(H2O)6]·(H2O)3 [30]
7 Ni(NO3)2·2.5H2O H3L1 None 100 ◦C/48 h/H2O/MeOH (10:1) [Ni(L1)(H2O)3]2[Ni(H2O)6]·(H2O)3 [30]
8 Mn(OAc)2·4H2O H3L1 None 100 ◦C/48 h/H2O/MeOH (10:1) [Mn(L1)(H2O)3]2[Mn(H2O)6]·(H2O)3 [30]
9 Co(NO3)2·6H2O H3L1 None 100 ◦C/48 h/H2O/MeOH (10:1) [Co(L1)(H2O)3]2[Co(H2O)6]·(H2O)3 [30]

10 Co(NO3)2·6H2O H3L1 bpy e 100 ◦C/48 h/H2O [Co1.5(L1)(bpy)1.5(H2O)3]·(H2O)5 [51]
11 Co(NO3)2·6H2O H3L1 bpe f 100 ◦C/48 h/H2O [Co1.5(L1)(bpe)1.5(H2O)2] [51]
12 Co(NO3)2·6H2O H3L1 bpp 100 ◦C/48 h/H2O [Co2(L1)(bpp)2(NO3)(μ2-H2O)2]·(H2O)2 [51]
13 Tb(III) H3L1 None N/A g [Tb(L1)(H2O)3]·H2O [31]
14 Gd(III) H3L1 None N/A [Gd(L1)(H2O)3]·H2O [31]
15 Nd(III) H3L1 None N/A [Nd(L1)(H2O)3]·H2O [31]
16 La(III) H3L1 None N/A [La(L1)(EtOH)(H2O)2]·2.5H2O [31]
17 CaCl2 H3L1 py rt/H2O/MeOH (1:1) [Ca(HL1)(H2O)2] [52]
18 CaCl2 H3L1 py rt/H2O/MeOH (1:1) [Ca6(L1)4(H2O)14](H2O)3 [52]
19 Ca(NO3)2·3H2O H3L1 NaOAc rt/H2O/EtOH (1:1) [Ca2(HL1)2(μ-H2O)(H2O)5]·3H2O [23]
20 Sr(NO3)2 H3L1 NaOAc rt/H2O/EtOH (1:1) [Sr2(HL1)2(H2O)7]·H2O [23]
21 Cu(NO3)2·3H2O H3L2 KOH/am h 80 ◦C/48 h/MeOH/DMF (10:1) [Cu4(HL2)2(H2O)4(MeO)4] [53]
22 CuCl2·2H2O H3L2 KOH rt/EtOH/DMF (4:1) [Cu12(L2)8(H2O)12]·8EtOH·40H2O [54]
23 Zn(NO3)2·6H2O H3L2 bpy/KOH rt/H2O/MeOH (3:8) [Zn3(L2)2(bpy)4]·24H2O [55]
24 Ni(NO3)2·2H2O H3L2 bpy/KOH 95 ◦C/48 h/H2O/EtOH (1:1) [Ni3(L2)2(bpy)4]·2EtOH·14H2O [56]
25 Co(NO3)2·2H2O H3L2 bpy/KOH rt/H2O/MeOH (3:8) [Co3(L2)2(bpy)4]·28H2O [56]
26 Cd(NO3)2·4H2O H3L2 bpy/teda i 100 ◦C/72 h/H2O/DMF (1:1) [Cd8(L2)6(bpy)3(H2O)4](H3O)2 [18]
27 Ni(NO3)2·2H2O H3L3 bpy/KOH 95 ◦C/48 h/H2O/EtOH (1:1) [Ni3(L3)2(bpy)4]·2EtOH·14H2O [56]
28 Co(NO3)2·2H2O H3L3 bpy/KOH rt/H2O/MeOH (3:8) [Co3(L3)2(bpy)4]·28H2O [56]
29 Cd(NO3)2·4H2O H3L3 bpy/teda 100 ◦C/72 h/H2O/DMF (1:1) [Cd8(L3)6(bpy)3(H2O)4](H3O)2 [18]

a Refers to the use of any base or secondary organic linker. b This work. c py = pyridine. d bpp = (1,3-di(4-pyridyl)propane).
e bpy = 4,4′-bipyridine. f bpe = [1,2-bi(4-pyridyl)ethane]. g N/A = Not available. h am = ammonium hydroxide,
i teda = Triethylenediamine.

In regard to the alanine-based compounds (entries 21–29), the presence of an additional methyl
group led to completely different compounds and topologies, as expected. However, the stark
difference in entries 21 and 22 (in which Cu(NO3)2·3H2O and CuCl2·2H2O were employed respectively)
once again strongly suggests a metal ion influence towards the resulting product. In summary,
when exploring the coordination chemistry of this type of pseudopeptidic ligands, the choice of the
metal ion seems to play an important role towards the resulting product and, as a consequence, in the
resulting topology and interpenetration.
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3.5. Catalytic Studies

The A3 coupling (Scheme 4) has been widely studied in recent years [57–61], as the resulting
propargylamines have been proposed as key intermediates in the synthesis of various N-containing
biologically active compounds [62–65]. Even though many metal sources and compounds, including
CPs [66–69], have been tested as catalysts for this reaction, Cu(II) CPs have been used very rarely [34].

Scheme 4. General overview of the multicomponent reaction of aldehydes, amines, and alkynes
(A3 coupling).

In order to test the possible catalytic activity of 1, initial studies were performed for the A3

coupling of cyclohexane carboxaldehyde, pyrrolidine, and phenylacetylene. After extensive screening,
optimal conditions were obtained when the mixture was stirred for 24 h in the presence of 2-propanol
(iPrOH) [70], at 90 ◦C, under air atmosphere, and by adding only 0.03 mmol of compound 1 (in 1 mmol
reaction scale of aldehyde). To our delight, these conditions accounted for quantitative yields of the
model propargylamine; this accumulated to a turnover number of 33.3 for the catalyst. Additionally,
no reaction was observed in the absence of 1, result that further supports the activity of the catalyst in
the studied multicomponent coupling.

We then employed a variety of aldehydes, amines, and alkynes as substrates in order to study
the scope of the reaction. Amine screening, as presented in Table 3, entries 1–6, indicated that
cyclic secondary amines afford the corresponding propargylamine products in excellent yields,
while acyclic secondary amines were found to be slightly less effective. Results of the aldehyde
screening (entries 7–10) revealed that aromatic aldehydes show slightly lower reactivity. Furthermore,
the reactivity and respective yields were affected by the presence of an electron-donating or
electron-withdrawing group in the aldehyde. In comparison, saturated aliphatic aldehydes displayed
high reactivity and afforded excellent yields. In regard to the alkyne selection, the employment of
either phenylacetylene or 1-hexyne resulted to the corresponding propargylamines in excellent yields
when the model aldehyde and amine substrates were also used. The relevant results can be found as
entries 1 and 11.

Table 3. Catalytic activity of 1 in the A3 coupling.

Entry Aldehyde Amine Alkyne Yield a (%)

1 cyclohexane carboxaldehyde pyrrolidine phenylacetylene 99
2 cyclohexane carboxaldehyde piperidine phenylacetylene 99
3 cyclohexane carboxaldehyde azepane phenylacetylene 94
4 cyclohexane carboxaldehyde morpholine phenylacetylene 99
5 cyclohexane carboxaldehyde diethylamine phenylacetylene 77
6 cyclohexane carboxaldehyde N-methylaniline phenylacetylene 58
7 benzaldehyde pyrrolidine phenylacetylene 67
8 4-methyl benzaldehyde pyrrolidine phenylacetylene 61
9 4-methoxy benzaldehyde pyrrolidine phenylacetylene 36
10 4-chloro benzaldehyde pyrrolidine phenylacetylene 64
11 cyclohexane carboxaldehyde pyrrolidine 1-hexyne 95
12 cyclohexane carboxaldehyde pyrrolidine phenylacetylene 96 b

a NMR yields based on aldehyde. b After the fourth cycle of catalyst use.
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The characterization by TGA and IR spectroscopy pointed towards a similar identity of this
solid compared to bulk samples of 1 (Figures S3 and S4). The compound showed no solubility in
common organic solvents during our tests; therefore, the next step was to study the heterogeneous
nature and capabilities of the recycled compound. The catalyst could be easily recovered by filtration
after the end of the reactions and then be reused after treatment with acetone and diethyl ether to
remove any reagents or product. The simulated and the “as is” synthesized compound powder XRD
patterns were in good agreement, however the spectrum of the postcatalysis recovered solid (Figure S5)
appeared to be similar to the XRD pattern of the reported compounds with the general formula
[M(L1)(H2O)3]2[M(H2O)6]·(H2O)3 (Table 2, entry 2; CCDC entry SIDJIZ was selected for comparison).
This indicates that a phase transition or structure change of compound 1 to the corresponding SIDJIZ
probably took place during the catalytic procedure. This phenomenon could not to be detected by
TGA and IR measurements because of the similarities in the general formula. Experiments carried
out with the model reaction and the recovered material showed that it can be reused at least four
times with only a slight decrease in the catalytic activity (Table 3, entry 12). Because of the lack of
porous channels within the structure of 1, as well as the similar performance of the transformed
recovered material, we envisage that the observed catalytic activity was revealed on the surface of the
coordination polymer.

4. Conclusions

To summarize, in this work, we have continued our studies on the coordination chemistry of
pseudopeptidic ligands. We synthesized a new three-dimensional Cu(II) coordination polymer with the
tripodal trimesoyl-tris-glycine ligand. Compound 1 has a unique topological standard representation
and can be considered as the first example of a 12-fold interpenetrated ths network. Synthetic-wise,
a systematic study and comparison of all reported structures with this ligand and similar tripodal
pseudopeptidic ligands showed that the choice of the Cu(II) starting material can have a large influence
towards the self-assembly of the resulting product. Furthermore, 1 showed good catalytic activity
towards the multicomponent synthesis of propargylamines under mild conditions; it was anticipated
that the catalysis took place on the surface of the coordination polymer because of the lack of porosity.
The recovered material could be reused for at least four cycles, however, PXRD studies pointed
towards a structural change to a more favourable framework during the catalytic procedure. As such,
the catalytic activity of 1 does not appear extremely promising for further efforts. Nevertheless,
these initial results certainly demonstrate that coordination compounds with pseudopeptidic ligands
could be tested as potential catalysts in organic reactions, provided that their structural framework
remains stable. As a result of the above, our future efforts will thus focus on: (a) employing a variety of
Cu(II) sources in more pseudopeptidic ligands to further study the self-assembly effect; (b) attempting
to exploit the effect in order to get more interesting topologies; (c) identifying similar pseudopeptidic
coordination compounds with higher stability in order to study their catalytic potential.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4352/8/1/47/s1, Table S1:
Crystal data and structure refinement for 1; Figure S1: TGA graph for compound 1, Figure S2: The IR spectrum of
compound 1, Figure S3: TGA graph for the recycled catalyst, Figure S4: TGA overlay of 1 (green) and the recycled
catalyst (red), Figure S5: PXRD overlay of 1 pre- (red) and post- (black) catalysis. The simulated pattern of refcode
SIDJIZ (mauve) is included for comparison; 1H NMR of product propargylamines.
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Abstract: Four anthracene-based lanthanide metal-organic framework structures (MOFs) were
synthesized from the combination of the lanthanide ions, Eu3+, Tb3+, Er3+, and Tm3+,
with 9,10-anthracenedicarboxylic acid (H2ADC) in dimethylformamide (DMF) under hydrothermal
conditions. The 3-D networks crystalize in the triclinic system with P-1 space group with
the following compositions: (i) {{[Ln2(ADC)3(DMF)4·DMF]}n, Ln = Eu (1) and Tb (2)} and
(ii) {{[Ln2(ADC)3(DMF)2(OH2)2·2DMF·H2O]}n, Ln = Er (3) and Tm (4)}. The metal centers exist
in various coordination environments; nine coordinate in (i), while seven and eight coordinate in
(ii). The deprotonated ligand, ADC, assumes multiple coordination modes, with its carboxylate
functional groups severely twisted away from the plane of the anthracene moiety. The structures
show ligand-based photoluminescence, which appears to be significantly quenched when compared
with that of the parent H2ADC solid powder. Structure 2 is the least quenched and showed an average
photoluminescence lifetime from bi-exponential decay of 0.3 ns. On exposure to ionizing radiation,
the structures show radioluminescence spectral features that are consistent with the isolation of the
ligand units in its 3-D network. The spectral features vary among the 3-D networks and appear to
suggest that the latter undergo significant changes in their molecular and/or electronic structure in
the presence of the ionizing radiation.

Keywords: lanthanide coordination polymers; crystal structures; metal-organic framework
fluorescence; radioluminescence; lanthanide metal-organic framework; lanthanide anthracene
dicarboxylate coordination polymers

1. Introduction

Metal-organic framework (MOF) structures that display linker-based luminescence characteristics
have been receiving an increasing amount of attention in recent years. Their 2-D and 3-D networks
offer the opportunity to fine-tune the luminescence characteristics of the organic linker molecules
by isolating them in well-defined environments [1–6]. Of interest to us is the potential of MOFs
as radioluminescent (scintillating) materials for the detection of ionization radiation, including
neutrons, protons, and gamma rays. Advancement in the science of detecting ionizing radiation
is of great significance in radiography, biological safety, medical devices, biochemical analysis, particle
physics, astrophysics, and nuclear materials identification and monitoring. Anthracene, with its highly
luminescent chromophore, has the highest light output (rated at 100%) among organic scintillators
and exhibits fast luminescent lifetimes [7]. The radioluminescence is based on energy transitions
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of excitable electrons in the π-bonds. This organic molecule can discriminate between subatomic
particles and gamma rays, since the delayed fluorescence it produces is dependent on the nature of
the exciting/ionizing particles. However, the natural arrangement of anthracene as a bulk solid is
not conducive to high scintillation efficiency, which is hampered by the tendency of the molecule to
dimerize on exposure to ionizing radiation [8]. It is possible that this drawback can be overcome by
isolating the anthracene chromophore as a structural component of MOFs, thereby minimizing its
tendency to undergo dimerization and reducing the associated non-radiative relaxation pathways.

Research on MOFs as radioluminescent materials has only been recent. Allendorf, Doty, and coworkers
showed that MOFs that were assembled from Zn(II) ions and the deprotonated 4,4′-trans-stilbenedicarboxylic
acid (SDC) are a new and effective class of scintillation materials [9–11]. We recently reported the synthesis
and radioluminescence behavior of ultra large pores Ln-SDC MOFs (Ln = Tm and Er) [12]. In all
cases, unique features were observed in their ligand-based photoluminescence and radioluminescence
spectra and lifetimes, corresponding to differences in the electronic and crystalline structure of each
material. The materials demonstrated increased fluorescence lifetimes that were indicative of higher
fluorescence quantum efficiency from the rigidified stilbene linker within their structures. Allendorf,
Doty, and coworkers further investigated the radioluminescence behavior of previously known MOF
structures that contain other scintillating molecules as linkers, including 4,4′-biphenyldicarboxylic
acid (Zn-based IRMOF-10), 2,6-naphthalenedicarboxylic acid (Zn-based IRMOF-8), an AlOH-based
structure, 135-trimethylbenzene (DUT-6), 5,5-(naphthalene-2,6-diyl)diisophthalic acid (NOTT-103-Zn),
and 5,5′-(anthracene-9,10-diyl)diisophthalinic acid (PCN-14) [2].

We are interested in exploring the behavior of anthracene when its molecular units are isolated in
dense 3-D MOF structures that contain little or no voids or channels. We sought to investigate whether
the inter-linker spacing within the structures would be sufficiently large to reduce inter-chromophore
coupling, while close enough to impart rigidity and stability to the structure, thus decreasing
non-radiative pathways while maintaining structural integrity upon exposure to ultraviolet or ionizing
radiation. The organic moiety, 9,10-anthracenedicarboxylate (ADC), was therefore chosen as a linker,
as this ligand is shorter and more rigid than 5,5′-(anthracene-9,10-diyl)diisophthalate of Zn-PCN-14,
the only anthracene-based MOF whose scintillation behavior has been reported to date [2].

The choice of metal ion is also of consideration. A significant number of anthracene-based CP
and MOF structures containing d-block and s-block metal ions have been reported. Among them are
Cd [13–16], Zn [17–21], Ni [22], Co [23], Mn [24], Ag [25] and Mg [26], many of which demonstrate
ligand-based photoluminescence. We chose to use the lanthanide metal ions. In comparison to
d-block metal ions, the lanthanide ions demonstrate a propensity for high and variable coordination
numbers and their flexible coordination environment are more conducive to forming more condensed
multidimensional structures. Reports on anthracene-based lanthanide MOFs are sparse. A 3-D
structure based on ADC in coordination with La(III) ions was reported by Wang et al. [13]. Like in
the case of the transition metals, ligand-based photoluminescence was observed from this structure.
Recently, Calahorro reported the synthesis and magnetic properties of Ln–ADC-based MOFs (Ln = Pr3+,
Nd3+, Gd3+, Tb3+, Dy3+, Er3+, and Yb3+) [27].

This manuscript reports the synthesis and photoluminescence and radioluminescence behavior of
four Ln–ADC MOFs that were synthesized under hydrothermal conditions from the combination of Eu3+

(1), Tb3+ (2), Er3+ (3), and Tm3+ (4) with H2ADC. Compounds 1, 3, and 4 are new. Compounds 3 and 4 are
isostructural, as are Compounds 1 and 2, and these compounds are among those recently reported [27].

2. Experimental Method

2.1. Synthesis

Synthesis of 1 (C63H59N5O17Eu2): A mixture of Eu(NO3)3·6H2O (0.043 g), ADCH2 (0.05 mmol,
0.013 g), and DMF/H2O (10 mL/10 mL) was sealed in a 20 mL scintillation vial and heated to 105 ◦C for
72 h in a convection oven. The vial was cooled to room temperature and the colorless crystals were filtered
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and repeatedly washed with fresh DMF and vacuum filtered. (Yield = 88% based on ADCH2). Elemental
Anal. (%) C, 51.80; H, 4.17; N, 4.92. Calcd. (%) C, 51.77; H, 4.04; N, 4.79. FTIR (KBr pellet, cm−1): 3341 br,
1562 s, 1450 m, 1327 s, 1284 m, 1176 w, 1105 w, 1029 w, 839 s, 794 m, 736 m, 686 s, 600 w, 468 m.

Synthesis of 2 (C63H59N5O17Tb2): The synthesis procedure was the same as 1, except
Tb(NO3)3·6H2O was used as lanthanide metal salt (0.045 g). (Yield = 86% based on ADCH2). Elemental
Anal. (%) C, 51.22; H, 4.04; N, 4.80. Calcd. (%) C, 51.27; H, 3.99; N, 4.74. FTIR (KBr pellet, cm−1):
3341 br, 1562 s, 1450 m, 1327 s, 1284 m, 1176 w, 1105 w, 1029 w, 839 s, 794 m, 736 m, 686 s.

Synthesis of 3 (C60H58N4O19Er2): The synthesis procedure was the same as 1, except
Er(NO3)3·6H2O (0.044 g) was used as lanthanide metal salt. (Yield = 92% based on ADC). Elemental
Anal. (%) C, 49.00; H, 3.98; N, 3.75. Calcd. (%) C, 50.70; H, 3.95; N, 4.69. FTIR (KBr pellet, cm−1):
3341 br, 1562 s, 1450 m, 1327 s, 1284 m, 1176 w, 1105 w, 1029 w, 839 s, 794 m, 736 m, 686 s, 600 w, 468 m.

Synthesis of 4 (C60H58N4O19Tm2): The synthesis procedure was the same as 1 except
Tm(NO3)3·6H2O (0.045 g) was used as the lanthanide metal salt. (Yield = 86% based on ADC). Elemental
Anal. (%) C, 41.74; H, 3.56; N, 3.19. Calcd. (%) C, 48.70; H, 3.93; N, 3.79. FTIR (KBr pellet, cm−1): 3341 br,
1562 s, 1450 m, 1327 s, 1284 m, 1176 w, 1105 br, 1029 w, 839 s, 794 m, 736 m, 686 s, 600 w, 468 m.

2.2. Characterization

Single crystal X-ray analysis (SCXA) was conducted on a Bruker APEX-II CCD diffractometer.
A suitable crystal was isolated from the sample and mounted onto the instrument using Paratone Oil.
Measurements were made at ω scans of 1◦ per frame for 40 s using Mo Kα radiation (fine-focus sealed
tube, 45 kV, 30 mA). The structures were solved with the Superflip structure solution program, using the
Charge Flipping solution method [28] and using Olex2 as the graphical interface [29]. The models were
refined with version 2013-4 of ShelXL using least squares minimization [30]. The total number of runs
and images was based on the strategy calculation from the program APEX2 [31]. Cell parameters were
retrieved and refined using SAINT software [32]. Data reduction was performed using the SAINT software,
which corrects for Lorentz polarization. All non-hydrogen atoms were refined anisotropically. Hydrogen
positions were calculated geometrically and refined using the riding model. Powdered X-ray diffraction
(PXRD) patterns were recorded on a Panalytical Empyrean Series 2 X-ray diffractometer. The X-ray source
was a Cu Kα (λ = 1.5418 Å) with anode at a voltage of 45 kV and current of 40 mA. Diffraction patterns
were recorded between the 2θ angles of 4◦–40◦ with a step size of 0.026◦. Simulated PXRD patterns were
obtained from SCXA data using Mercury 3.1 software from Cambridge Crystal Structure Database (CCDC).
Infrared measurements were recorded on a Bruker Alpha-P FTIR spectrophotometer (intensive pattern:
m—medium, s—strong, w—weak). The sample was introduced into the spectrophotometer using
KBr as a zero-background powder and measurements were acquired between 350 and 4000 cm−1.
Thermogravimetric analysis was conducted on a TA Instrument Q50 thermal analyzer. Approximately
4 mg of sample was heated at a rate of 5 ◦C/min from ambient temperature to 900 ◦C under airflow.
Elemental analysis was performed by Atlantic Microlab, Norcross, GA, USA.

2.3. Photoluminescence and Radioluminescence

Room temperature solid-state photoluminescence measurement was conducted on Photon
Technology International fluorometer equipped with a 75 Watts Xenon Arc Lamp, excitation and
emission monochromators, and a photomultiplier detector. A powdered sample of each structure
was smeared between quartz slides, and excitation and emission spectra were recorded. Fluorescence
lifetimes of the same samples were measured using an Edinburgh Instruments time-correlated single
photon counting (TCSPC) system. In this measurement, an excitation pulse diode laser (LDH-P-C-375,
372 nm) was used as excitation light sources. The detection system consisted of a high-speed
microchannel plate photomultiplier tube (MCP-PMT, Hamamatsu R3809U-50) and TCSPC electronics.
The decays curves were fitted by the polyexponential functions after deconvolution with the instrument
response function (IRF).
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Radioluminescence measurements were conducted using an ion beam induced luminescence
(IBIL) method in the Ion Beam Laboratory, Sandia Laboratories, New Mexico, using published
procedures [11,12]. The experimental setup and conditions involved a 2.5 MeV proton beam, a current
density 12,000 nA/cm2 with the sample under 4.3 × 10−6 Torr vacuum pressure and ambient
temperature. The beam was focused onto the sample with a spot size estimated to be 120 μm × 175 μm.
Data was collected using a fiber optics coupled CCD spectrophotometer.

3. Results and Discussion

3.1. Structure Description

Structure description of 1 and 2: The PXRD patterns of 1 (Eu) and 2 (Tb), along with the simulated
profile of 2, show peaks in identical 2θ positions for both (Electronic Supplementary Information (ESI)
Figure S1). The MOFs also show identical PXRD profiles as the simulated pattern of 1, which confirms
that each sample crystallizes as a pure phase. Crystal structure data for single SCXA are presented
in Table 1. Both PXRD and SCXA analyses show that 1 and 2 are isostructural, so detailed analysis is
given for 1 only. The crystal structure of 1 refines in a triclinic P-1 space group as a 3-D coordination
polymeric network, with minimum voids and no measurable porosity.

Metal coordination: Structure 1 consists of two crystallographically identical Eu atoms per unit
cell. There are five ADC units and two DMF molecules surrounding each Eu1 atom (Figure 1a).
The Eu1 atom has nine coordinates, all with Eu1–O bonds. Seven Eu–O bonds are with the oxygen
atoms from the five ADC ligands and two Eu1–O bonds are with oxygen atoms of two DMF molecules,
generating an irregular EuO9 coordination polyhedron. A list of select bond lengths and angles for 1

and 2 is presented in Table S1. The Eu–O bond lengths range from 2.363(1) Å for Eu–O3 to 2.572(2) Å
for Eu–O1 and are similar to those observed in related coordination polymers [33,34]. The two Eu
atoms are bridged by the oxygen atoms of two ADC ligands, with O1 atoms coordinating to Eu1 and
creating an intradinuclear Eu···Eu distance of 4.036 Å.

Table 1. Crystal structure and refinement data for 1–4.

Structure 1 2 3 4

Formula C63H59N5O17Eu2 C63H59N5O17Tb2 C60H58N4O19Er2 C60H58N4O19Tm2
Density g cm−3 1.645 1.681 1.697 1.703

μ/mm−1 2.183 2.484 2.969 3.141
Formula Weight 1462.07 1475.99 1473.62 1476.96
Crystal System triclinic triclinic triclinic Triclinic
Space Group P-1 P-1 P-1 P-1

a/Å 10.4144(5) 10.3706(9) 12.6026(14) 12.5949(3)
b/Å 11.4340(5) 11.3600(9) 14.9605(16) 14.9329(4)
c/Å 12.9875(6) 12.9850(11) 17.1024(19) 17.1174(5)
α/◦ 72.8203(11) 72.5410(10) 87.5905(14) 87.538(2)
β/◦ 89.9297(11) 89.7340(10) 69.7644(15) 69.7810(10)
γ/◦ 87.1572(12) 87.4110(10) 72.8494(14) 72.8160(10)

V/Å3 1475.56(12) 1457.7(2) 2884.5(5) 2879.8(8)
Z 1 1 4 2
Z’ 0.5 0.5 2 1

Θmin/◦ 1.867 2.551 1.938 1.430
Θmax/◦ 31.000 30.058 30.046 30.522

Measured Refl. 27,686 38,805 28,992 47,108
Independent Refl. 9326 8544 15,975 17,387

Refl. Used 8571 8036 11,489 13,514
Rint 0.0338 0.0338 0.0450 0.0527

Parameters 458 392 803 803
Restraints 95 24 98 65

Largest Peak 1.346 1.700 2.080 2.372
Deepest Hole −0.999 −0.978 −1.169 −1.057

GooF 1.102 1.053 0.967 1.048
wR2(all data) 0.0753 0.0673 0.1202 0.0906

wR2 0.0680 0.660 0.1040 0.0814
R1(all data) 0.0322 0.0285 0.0750 0.0554

R1 0.0280 0.0264 0.0470 0.0374
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Ligand coordination: The ADC unit coordinates in three modes, namely,μ2:η3 (bis-bridging-chelating),
μ2:η2 (bis-bridging), and η2 (bis-chelating). The bridging ligands link four metal atoms, whereas the
bis-chelating ligands involve the linking of two. Various interconnected polymeric chains can be identified in
the structure. Along the (100) direction, -(ADC-Eu2)n- chains are present, with the ADC units coordinating
Eu atoms in bis-bidentate chelating mode, and with two adjacent Eu1 atoms bridged by oxygen atoms
of the ligands carboxylate functional group (Figure 1b). Along the (010) direction, -(ADC-Eu2)n- chains
are also present, with the ADC units coordinating Eu atoms in bis-bidentate bridging/chelating mode
through the ligands’ carboxylate groups. Each Eu atom is coordinated by three carboxylate oxygen
atoms, and each carboxylate oxygen atom coordinates two Eu atoms. The -(ADC-Eu2)n- chains are
also present along the c direction with the ADC units in bis-bidentate bridging mode; each carboxylate
group coordinates two Eu atoms (Figure 1c). The nearest Eu···Eu distance along the length of an ADC
unit is 11.4 Å. Interestingly, the carboxylate groups are significantly twisted outside the plane of the
anthracene moiety and measure 63.6◦ (C6-C2-C1-O2) for the bis-chelating, 85.8◦ (C11-C10-C9-O3) for
the bis-bridging, and 68.7◦ for the bis-bridging/chelating ligands. The twisting of the carboxylate
groups, as compared to a coplanar configuration, is consistent with reported DFT calculations on
the parent H2ADC molecule, which showed its potential energy to be at a minimum with a 60◦

rotation of the COOH group [35]. The interconnectivity of the chains through the Eu1 atoms creates a
3-D arrangement, with channels along the b axis and the coordinated DMF solvent inside. Though
non-continuous solvent accessible voids constitute 11% of the structure, nitrogen adsorption analysis
at 77 K on the activated sample of 1 shows no appreciable porosity.

(a)

Figure 1. Cont.
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(b)

(c)

Figure 1. (a) Coordination environment of Eu1 atoms in 1. (b) Interconnectivity of bis-chelating chains
along the (100) direction. (c) Interconnectivity of bis-bridging and bis-chelating chains along the (010)
direction (Coordinated solvent and hydrogen atoms are omitted for clarity).

Structure description of 3 and 4: The PXRD patterns of 3 (Er) and 4 (Tm), along with the simulated
profile of 4, show peaks in identical 2θ positions (ESI Figure S2). The structures show PXRD profiles
that are identical to the simulated pattern of 4, which confirms that they both crystallize as pure phases.
Both PXRD and SCXA (Table 1) show that 3 and 4 are isostructural, so detailed analysis is given for 4

only. The structure is a 3-D network consisting of two crystallographically inequivalent Tm atoms,
six ADC ligands, two coordinated, and two lattice, DMF molecules, and two coordinated, and one
lattice, water molecules.

Metal Coordination: The coordination environment for each of the two crystallographically
inequivalent Tm atoms is shown in Figure 2. The Tm1 atom has eight coordinates. Six are Tm1-OCARB

bonds with oxygen atoms from four ADC units, while the seventh and eight are Tm1-OH2O and
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Tm1-ODMF bonds, respectively (Figure 2a). The distorted Tm1O8 coordination polyhedron has Tm1-O
bond lengths ranging from 2.228(2) Å for Tm1-O10 to 2.512(3) Å for Tm1-O3, and O-Tm1-O bond
angles ranging from 53.8(8)◦ to 89.1(4)◦. The Tm2 atom coordinates seven oxygen atoms to form
an irregular Tm2O7 coordination polyhedron (Figure 2a). There are five Tm2-OCARB bonds from four
ADC ligands, one Tm2-ODMF bond, and one Tm2-OH2O. A list of selected bond lengths and angles are
presented in Table S1. The Tm2-O bond lengths range between 2.219(3) Å for Tm2-O13 and 2.393(3) Å
for Tm2-O5. The O-Tm2-O bond angles range from 55.7(3)◦ to 86.3(2)◦. The Tm-O bond lengths are
similar to those observed in related MOF structures [12]. The intradinuclear Tm1···Tm2 distance
measures 4.687 Å.

Ligand coordination: Three coordination modes can be identified for the ADC linker, namely,
bridging (μ2:η2), bis-chelating (η2), and bis-monodentate (η1). The bis-chelating ligands coordinate
Tm1 and Tm2 atoms along both the b and c axes to create a 2-D “ladder-like” conformation,
with the “ladder rungs” along the b axis (Figure 2b). The “ladder” structure is like that reported
by Wang et al. in a related but different structure [13]. Along the b axis, the bis-chelating and
bis-monodentate coordinating ADC units are coordinated to Tm1···Tm2 centers in an alternating
arrangement. The bis-bridging ADC units, which are aligned along the a axis, intersect the 2-D
ladder arrangement at the bimetallic Tm1···Tm2 centers to complete the 3-D network (Figure 2b).
As in the case of 1 and 2, the carboxylate groups are significantly twisted outside the plane of the
anthracene moiety, with a twist angle of 62.2◦ (C30-C27-C26-O7) for the bis-bridging ligand and
77.6◦ (C3-C2-C1-O2) for the bis-chelating ligands. As discussed earlier, the twisting is dictated
by the minimum energy conformation from the 60◦ rotation of the carboxylate, as shown by DFT
calculations [34]. The uncoordinated oxygen atoms of the carboxylate groups on the bis-monodentate
coordinating ADC units form strong hydrogen bonds with nearby coordinated water molecules,
thus further stabilizing the ligand and providing restriction to its rotation (Figure 2c). The closest
interchromophore distance is 12.5 Å. Narrow channels are present along the b direction. However,
like 1, nitrogen adsorption analysis at 77 K on an activated sample of 4 shows no appreciable porosity.

(a)

Figure 2. Cont.

95

Bo
ok
s

M
DP
I



Crystals 2018, 8, 00

(b)

(c)

Figure 2. (a) The coordination environment of Tm1 and Tm2 in 4. (b) Interconnectivity of two chains
with the ADC units in bis-chelating and bis-monodentate coordination modes along the (010) direction.
(c) Hydrogen bonding between ADC and coordinated water molecules. (Coordinated solvent molecules
are omitted for clarity).

FTIR Analysis: The nature of the ADC units in the structures was further investigated by
analysis of their Fourier transformed infrared spectra (FTIR) and a comparison with that of H2ADC
(ESI Figure S3). The band at 3448 cm−1 in all samples indicates the presence of O–H from adsorbed
water on the MOFs and on H2ADC. The 2925 cm−1 and 2967 cm−1 bands observed in H2ADC were
assigned to weak intramolecular O···H bonds between non-planar C=O and H on the aromatic ring
at the 1, 4, 5, and 8 carbon positions. These bands were not observed in 1–4, and their absence is
attributed to C=O coordination to the metal atom, thus limiting their interactions with aromatic H.
The band observed at 1687 cm−1 in the spectrum of H2ADC is attributed to the HO–C=O, with localized
charges on the ligand’s carboxylic acid functional groups. This band was not observed in 1–4; instead,
two individual bands were observed at 1601 cm−1 and 1551 cm−1, which are attributed to variation in
stretching vibrations of the C–O bonds in the three different ligand conformations. These observations
indicate that the ligand is deprotonated (as ADC) within the MOF structures. The band at 1562 cm−1

in the MOF spectra is attributed to of metal-oxygen bonds [36].
Thermal Analysis: The thermal behavior of the structures was investigated by thermogravimetric

analysis. The TGA curves of 1 and 2 show weight loss between 100 and 450 ◦C representing the
loss of coordinated and uncoordinated DMF molecules (~30 wt %). Weight loss commencing around
440 ◦C (~40 wt %) is attributed to the loss of ADC units, and residue (~30 wt %) is attributed to
lanthanide oxides. The TGA curves of 3 and 4 show small weight loss events up to 100 ◦C, attributed
to the loss of H2O molecules (~10 wt %). Weight loss up to 400 ◦C (~15 wt %) is attributed to loss of
DMF. Weight loss event commencing around 400 ◦C (~45 wt %) is attributed to the loss of ADC units,
and residue (~30 %) is attributed to lanthanide oxides.
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3.2. Photoluminescence

The photoluminescence behavior of each compound was investigated. The room temperature
solid-state photoluminescence emission spectra of the structures along with that of solid H2ADC
are presented in Figure 3. The spectrum of Na2ADC in dilute aqueous solution was also recorded
for comparison (ESI Figure S5). The spectrum of Na2ADC in aqueous solution shows two defined
vibronic peaks: one with λmax at 425 nm and a shoulder at 450 nm. This is similar to that reported for
pure anthracene [37], except that a smaller left shoulder peak expected at ~400 nm was not defined.
The MOF structures (except 3) show emission spectra with distinct vibronic peaks that are similar
in profile to those observed for Na2ADC in aqueous solution, thus suggesting that the emission
is linker-based.

The emission peaks from the structures are within the 400–600 nm region, with their wavelength
maxima (λmax) observed between that of the Na2ADC in dilute aqueous solution at 425 nm and
that of the H2ADC powder at 500 nm. The emission maxima of the structures are therefore
red-shifted compared to the ADC sodium salt solution and blue-shifted compared to the H2ADC
powder. Further, a Stokes shift was observed among the structures as follows: 60 nm for
1 (380 nm ex-max to 440 nm em-max), 65 nm for 2 (380 nm ex-max to 435 nm em-max), 50 nm for 3

(389 nm ex-max to 430 nm em-max) and 30 nm for 4 (400 nm ex-max to 430 nm em-max), all of which
are smaller than the 87 nm observed for H2ADC. Except for 4, the Stokes shift values are larger
than the 41 nm observed in Zn-PCN-14, which contains the larger and rotatable anthracene liker,
5,5′-(anthracene-9,10-diyl)diisophthalinic acid (DPATC) [2]. With the exception of Structure 3, the peaks
are more defined than those observed in Zn-PCN-14. By comparison, the emission spectrum of H2ADC
is broad with less defined peaks and a larger Stokes shift (Figure 4). The broad spectral features of
H2ADC are likely ascribed to changes in the excited state geometry of the molecule due to the rotation
of its –COOH groups to near coplanar conformation with the anthracene moiety. This can result
in a lower energy excited state complex due to increased resonance, π overlap, and charge transfer
interactions between the functional group and the ring system [34]. However, the ADC units in
Structures 1–4 are deprotonated and are rigidified by coordination to the metal atoms. Rotation of the
carboxylate groups is expected to be restricted as a result. This ridification, coupled with the separation
of individual ADC units in the structures, will therefore reduce the level of interligand interactions
and, by extension, reduce the extent of non-radiative relaxation pathways that would otherwise exist
in solid forms of both anthracene and H2ADC.

Within each structure, the cofacial alignment of ADC units in the (100) direction is interrupted
by ADC units in the (010) direction. The closest cofacial distances are 14.5 Å in 1 and 12.5 Å in
4, which are beyond the distance within which significant interchromophore coupling interactions
among the phenyl rings of ADC units would be present [38]. The nearest distances between the
planar face of one anthracene moiety and the hydrogen atoms on the edges of another, range between
3.689 (H12···C3) and 5.242 Å (H12···C7) for 1, and between 3.397 (H4···C24) and 5.542 Å (H4···C21)
for 4. These edge-to-face distances are in the range within which C–H···π interactions are possible
between the-orbitals of the hydrogens and the π system of the anthracene moieties. Such interactions
could contribute to the non-radiative decay pathways and to the observed Stokes shifts. The broad
featureless emission spectrum of 3 could be the result of more severe structural changes that brought
ADC units closer on exposure to UV excitation. The possibility of the inductive effects of the Er atoms
on the linker that can cause perturbation of the electronic transitions occurring in the ligand to result
in more diffuse spectrum is also worthy of consideration and warrants further investigation.

Of note is that no luminescence spectral features from the lanthanide ions were detected in the
visible region (for Eu3+ and Tb3+) and were not measured in the near-infrared region (for Tm3+ and
Er3+) which is beyond the range of our standard fluorimeter. It is speculated, however, that following
direct excitation the photoemissions of the latter two metals ions would be weak or non-existent due
to their low molar absorption coefficient (typically lower that 10 L mol−1 cm−1) [1–4].
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Figure 3. Photoluminescence excitation (blue), emission (green), and IBIL (red) spectra of 1–4 and H2ADC.
(Excitation wavelength was 380 nm for all emission spectra. Excitation spectra were monitored at emission
wavelength of 435 nm for 1–4 and at 525 nm for H2ADC. IBIL spectrum was not recorded for 4).

Time-resolved photoluminescence decay: Time-resolved photoluminescence measurements were
also acquired to further investigate the local environment of the anthracene units in the 3-D networks.
Structures 1 Eu (not shown), 3 (Er), and 4 (Tm) yielded photoluminescence decay curves of low
intensity that almost overlap with the instrument response function (IRF) (ESI Figure S6), while the

98

Bo
ok
s

M
DP
I



Crystals 2018, 8, 00

decay curve for 2 (Tb), like that of H2ADC, was quite distinct from the IRF (Figure 4). The decay curves
were fitted with the biexponentional function, I = α1 exp

(
− τ

τ1

)
+ α2 exp

(
− τ

τ2

)
, which corresponds

to two different photo emissive rates, where I is the intensity, τ is the time, τ1 and τ2 are their
corresponding excited state decay lifetimes, and α is the pre-exponential factor. The faster a radiative
lifetime a major component has, the more τ1 is attributed to emission from monomeric-like ADC
units, and the more τ2 is attributed to ADC units involved in coupling interactions, as observed for
anthracene dimers. For Structure 2 (Tb), lifetimes τ1 = 0.2 ns and τ2 = 0.5 ns and weighted average
lifetime τo = 0.3 ns are much shorter than the 4.9 ns, 16 ns, and 9.5 ns, respectively, we determined for
H2ADC (ESI Table S2). These lifetimes are also shorter than the average lifetime value of τo = 2.0 ns
reported elsewhere for anthracene in monomeric isolated arrangements [39] and shorter than τo = 5 ns
reported for Zn-PCN-14 [2].

Figure 4. Photoluminescence decay curves of Structure 2 (top graph) and H2ADC (blue = IRF,
red = experimental data, black solid lines = model fit). (Excitation wavelength = 372 nm).

As discussed earlier, changes in the excited state geometry of bulk ligand molecules due to
the rotation of its –COOH groups to near coplanar conformation with the anthracene moiety and
reorganization towards end-to-face herringbone arrangement, which can facilitate excimer formation
and strong interchromophore interactions, are quite likely. This could have contributed to the much
longer lifetime (τ2) compared to the MOF structures [8,34].

The short lifetimes observed for Structures 1–4 in comparison to those of H2ADC and Zn-PCN-14
suggest that there is significant fluorescence quenching in the structures. Similar quenching of
ligand fluorescence in complexes of lanthanides ions, including Tb3+ and Eu3+ have been previously
observed [40] and is postulated to occur by the energy transfer between the ligand and the
paramagnetic lanthanide ions via a cross-relaxation mechanism.
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4. Radioluminescence

Radioluminescence (scintillation) is the emission of radiation after a material absorbs radiation
with energy generally ≥10 eV that leads to π-electron ionization (Iπ) [7]. The ionization is followed by
ion recombination (the recombining of secondary electrons with their parent electrons) that populates
available singlet (S) and triplet (T) states. This is followed by non-radiative thermal deactivation to the
lowest vibrational level of the first excited state S1 before relaxation to lower electronic levels with an
accompanying emission of radiation [41]. In this work, proton ion beam-induced luminescence (IBIL)
spectroscopy was used to assess the radioluminescence spectral profile of the structures and H2ADC,
as this is known to simulate the production of recoil protons by elastic scattering of fast neutrons
within an organic scintillator [2].

The IBIL emission spectral profiles for Structures 1–3 are compared with their respective
photoluminescence spectra and to that of H2ADC (Figure 3). The IBIL spectrum of 4 was not measured
since the crystal faces were not of sufficiently large dimensions to fit the ion beam without penetration
during data collection. The similarities in the IBIL spectral profile of 1 and 2 to their respective
photoluminescence spectrum and to that of a dilute solution of Na2ADC show that the IBIL is a product
of the MOF crystal only and not of any H2ADC impurities from synthesis or a result of any damage
caused by the beam. Interestingly, for 1, its IBIL spectrum shows two distinct vibronic peaks at 440 and
460 nm that almost overlap its photoluminescence spectrum (though a small red shift was observed).
The overlap is consistent with the local environment of highly isolated ligand units in the structure
remaining unaltered upon exposure to the proton beam [42]. For structures 2 (with λmax-IBIL at 445 nm)
and 3 (with λmax-IBIL at 475 nm), there are significant red shifts in the IBIL spectrum of each when
compared with their respective photoluminescence spectrum. This also translates into Stokes shift
values (between the photoluminescence excitation λmax and the λmax-IBIL) of 65 (445–380 nm) for 2 and
85 nm (490–375 mm) for 3, respectively. Interestingly also is that the IBIL emission peaks remained
well defined in 2, while they are broadened and featureless in 3. These Stokes shift values are within
close proximity of 78 nm reported for Zn-PCN-14 (which contains the DPATC linker) [2], but are
much less than the 115 nm (515–400 nm) that we observed for H2ADC (Figure 3). These Stokes shifts
and peak broadening (in the case of 3) suggest that the relaxation pathways described above may
not be strictly observed due to changes in the molecular and/or electronic structures of materials
on exposure to ionizing radiation. Such changes could possibly be a distortion of the chromophore
environment, resulting in a shortening of inter-ligand distances and an increase in inter-chromophore
interactions. It is notable also that, because of the significant Stokes shift, there was a relatively small
spectral overlap between excitation and emission, and this is favorable for the use of the material as
a scintillator in that self-absorption can be minimized [2].

5. Conclusions

The combination of lanthanide ions Eu3+, Tb3+, Er3+ and Tm3+ with the H2ADC under hydrothermal
conditions yielded four 3-D anthracene-based lanthanide MOFs in two different structure types; the Eu
and Tb MOFs are isostructural, as are the Er and Tm MOFs. The deprotonated ligand, ADC, assumes
multiple coordination modes in the structures and its carboxylate functional groups are severely twisted
away from the plane of the anthracene moiety, which is consistent with its lowest energy conformation.
The structures possess very narrow channels and show no appreciable porosity. The structures exhibit
ligand-based photoluminescence that is significantly quenched. The Tb-containing MOF was least
quenched and showed an average photoluminescence lifetime, τo, of 0.3 ns. On exposure to ionizing
radiation, the structures also show ligand-based radioluminescence.

Supplementary Materials: The following are available online at http://www.mdpi.com/s1. Figure S1: Powder
X-ray diffraction patterns of 1 and 2, Figure S2: Powdered X-ray diffraction pattern of simulated 3 and 4, Figure S3:
FTIR spectra of 1–4 and H2ADC, Figure S4: TGA curves of 1–4, Figure S5: Photoluminescence emission spectrum
of 0.1 M aqueous solution of Na2ADC, Figure S6: Photoluminescence decay curves of structures 3 and 4, Table S1:
Selected bond lengths (Å) and angles (◦) for 1–4, Table S2: Photoluminescence lifetimes of 2–4 and H2ADC.
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Abstract: Selected recent examples of coordination polymers (CPs) or metal-organic frameworks
(MOFs) constructed from different multifunctional carboxylic acids with phenyl-pyridine or biphenyl
cores have been discussed. Despite being still little explored in crystal engineering research, such
types of semi-rigid, thermally stable, multifunctional and versatile carboxylic acid building blocks
have become very promising toward the hydrothermal synthesis of metal-organic architectures
possessing distinct structural features, topologies, and functional properties. Thus, the main aim
of this mini-review has been to motivate further research toward the synthesis and application of
coordination polymers assembled from polycarboxylic acids with phenyl-pyridine or biphenyl cores.
The importance of different reaction parameters and hydrothermal conditions on the generation and
structural types of CPs or MOFs has also been highlighted. The influence of the type of main di- or
tricarboxylate ligand, nature of metal node, stoichiometry and molar ratio of reagents, temperature,
and presence of auxiliary ligands or templates has been showcased. Selected examples of highly
porous or luminescent CPs, compounds with unusual magnetic properties, and frameworks for
selective sensing applications have been described.

Keywords: coordination polymers; metal-organic frameworks; crystal engineering; hydrothermal
synthesis; carboxylic acids

1. Introduction and Scope

In recent years, various crystalline metal-organic architectures (MOAs) including coordination
polymers (CPs) or metal-organic frameworks (MOFs) have been an object of very intense research that
spans from the fields of crystal design and engineering to chemistry of functional materials [1–15].
In particular, a very interesting research direction concerns the search for new and versatile organic
building blocks that can be applied for the design of unusual metal-organic architectures with desirable
structural features and notable functional properties [16–19]. Despite considerable progress achieved
in this field, the assembly of coordination polymers or metal-organic frameworks in a predictable
way is often a difficult task. This is mainly because the assembly of such compounds can depend on
various factors, such as the nature and coordination properties of metal nodes [20,21], connectivity
and type of organic building blocks [22–24], reaction conditions and stoichiometry [25,26], and effects
of templates [27–29] or supporting ligands [30,31].
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A high diversity of aromatic polycarboxylic acids has been extensively applied as multifunctional
building blocks in designing novel metal-organic networks [32,33]. Among such building blocks,
flexible ligands containing biphenyl and phenyl-pyridine cores with a varying number and position
of carboxylic groups as well as distinct locations of N-pyridyl functionality have attracted a special
interest [34,35]. It can be justified by a possibility of two adjacent phenyl and/or pyridine rings
to rotate around the C–C single bond and thus conform to a coordination environment of metal
nodes. Besides, the presence of several carboxylic groups with a varying degree of deprotonation
in addition to an optional N-pyridyl functionality can provide multiple and distinct coordination
sites, thus leading to different coordination fashions and resulting in the assembly of structurally
distinct coordination polymers [36–38]. Furthermore, depending on a deprotonation degree and
crystal packing arrangement, these aromatic polycarboxylate ligands can behave as good H-bond
acceptors and donors, thus furnishing an extra stabilization of metal-organic structures and facilitating
their crystallization.

Hence, the main objective of the present work consists in highlighting selected recent examples
of coordination polymers that were hydrothermally assembled from a series of multifunctional
carboxylic acids with phenyl-pyridine or biphenyl cores (Scheme 1). These carboxylic acids are
still very poorly explored toward the design of CPs or MOFs, but can constitute an interesting type
of semi-rigid, thermally stable, multifunctional, and versatile building blocks in crystal engineering
research. Thus, the present study briefly discusses the general aspects of hydrothermal synthesis of
selected coordination polymers derived from the aromatic carboxylic acids shown in Scheme 1. Some of
them represent isomeric biphenyl tricarboxylate blocks (H3bptc and H3btc), while other are isomeric
phenyl-pyridine tricarboxylate blocks (H3cptc, H3dcppa, and H3cpta). The study also highlights
the influence of various parameters (main ligand type, metal node, molar ratio and stoichiometry,
temperature, presence of auxiliary ligand or template) on structural diversity of the obtained products.
For selected examples of CPs, functional properties and applications are also highlighted.

 

Scheme 1. Ten selected multifunctional carboxylic acids used as building blocks for the design of CPs
or MOFs.
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2. Hydrothermal Synthesis and Structural Diversity of Coordination Polymers

2.1. Advantages of Hydrothermal Synthesis

Hydrothermal synthesis is commonly applied toward the design of metal-organic
networks [39–41] and refers to the synthesis and crystallization of coordination compounds that
occur under hydrothermal conditions, typically in a hermetically sealed aqueous solution at elevated
temperatures and pressures. The hydrothermal synthesis features a number of important advantages
over other common methods for preparing CPs, namely: (i) high reactivity of reactants and unique
synthetic conditions in terms of a combination of pressures and temperatures; (ii) growth of good
quality single crystals (Figure 1) or microcrystalline phases with no need for additional work-up
and purification; (iii) possible control of solution or interface reactions, formation of metastable
and unique structures that cannot be generated by other methods; (iv) use of water as a green
organic-solvent-free reaction medium that can also aid crystallization by supplying labile H2O ligands
to complete coordination environment of metal nodes; and (v) relative simplicity of the equipment.

 
(a) (b) (c) 

Figure 1. Images showing examples of single crystals of Ni (a), Cd (b), and Cu (c) coordination
polymers generated hydrothermally.

For coordination polymers driven by multifunctional carboxylic acids with phenyl-pyridine
or biphenyl cores (Scheme 1), typical synthetic procedure begins with mixing, in water at ambient
temperature and under constant stirring, a metal nitrate or chloride salt, a main carboxylic acid
building block, and an auxiliary ligand (optional) [42–44]. The obtained mixture is then treated with
sodium hydroxide as a typical base to adjust the solution pH value in the range of 5–7. Then, the
reaction mixture is sealed in a Teflon-lined stainless steel autoclave and subjected to the hydrothermal
treatment at 80–210 ◦C for 2 or 3 days in an oven, followed by gradual cooling to ambient temperature
at a rate of 10 ◦C/h (Figure 2). The autoclaves are opened after being kept at ambient temperature
for 24 h. The obtained crystalline solids are filtered off and washed (optional) or isolated manually to
furnish a coordination polymer product (Figure 1).

(a) (b)

Figure 2. Images of the Teflon-lined stainless steel autoclaves (a) and an oven with temperature control
(b) typically applied for the hydrothermal generation of CPs.
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2.2. Effect of Building Block Type

The type of the main carboxylic acid ligand (Scheme 1) is one of the structure-defining factors
during the hydrothermal synthesis of CPs. Selected examples of different metal-organic networks
that were obtained under similar reaction conditions are summarized in Table 1. For example,
the use of different dicarboxylic acids (H2cpna, H2cppa, or H2bpydc) as main building blocks and
1,10-phenanthroline as an auxiliary ligand led to the generation of distinct manganese(II) derivatives
1−3 (Figure 3), the structures of which range from a 1D ladder [Mn(μ3-cpna)(phen)(H2O)]n (1) and
1D zigzag chain [Mn(μ-cppa)(phen)(H2O)]n (2) to a 3D MOF [Mn(μ4-bpydc)(phen)]n (3). The use of a
cobalt(II) metal source in combination with the isomeric H2cpna or H2cppa ligands and 2,2′-bipyridyl
resulted in the assembly of a 2D metal-organic layer [Co(μ3-cpna)(2,2′-bpy)(H2O)]n (4) or a 1D zigzag
chain {[Co(μ-cppa)(2,2′-bpy)(H2O)]·H2O}n (5). Similar structure-defining influence of tricarboxylic
acid building blocks can be observed in other zinc(II) (6, 7) and manganese(II) (8, 9) coordination
compounds (Table 1).

Table 1. Selected examples of coordination polymers (CPs) showing an effect of main carboxylate
ligand on product structure.

Compound Formula Ligand Structure Reference

1 [Mn(μ3-cpna)(phen)(H2O)]n H2cpna 1D ladder chain [42]
2 [Mn(μ-cppa)(phen)(H2O)]n H2cppa 1D zigzag chain [44]
3 [Mn(μ4-bpydc)(phen)]n H2bpydc 3D MOF [45]
4 [Co(μ3-cpna)(2,2′-bpy)(H2O)]n H2cpna 2D layer [42]
5 {[Co(μ-cppa)(2,2′-bpy)(H2O)]·H2O}n H2cppa 1D zigzag chain [44]
6 [Zn3(μ3-cptc)2(H2O)6]n H3cptc 1D ladder chain [46]
7 {[Zn3(μ5-dcppa)2(H2O)4]·2H2O}n H3dcppa 3D MOF [47]
8 [Mn(μ-Hdcppa)(phen)(H2O)]2·2H2O H3dcppa 0D dimer [47]
9 {[Mn(μ4-Hcpta)(phen)]·4H2O}n H3cpta 3D MOF [48]

(a) (b)

(c) 

Figure 3. (a) 1D ladder chain in 1. (b) 1D zigzag chain in 2. (c) 3D metal-organic framework in 3.
Adapted from [42,44,45].

2.3. Effect of Metal Source

The type of metal node also plays an important structure-defining role in the hydrothermal
generation of coordination polymers. This is primarily associated with different coordination behavior
and ligand affinity of distinct metal centers, their charges and ionic radii. Selected examples of CPs
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assembled under identical reaction conditions but using different metal sources are collected in Table 2.
In particular, an interesting series of compounds 14−16 can be built from H3btc and phen ligands by
using different metal(II) chlorides, namely a 1D chain{[Cd(μ3-Hbtc)(phen)(H2O)]·H2O}n (14), a 3D MOF
[Pb3(μ4-Hbtc)2(phen)]n (15), and a 0D monomer [Ni(Hbtc)2(phen)2(H2O)]·2H2O (16). Notably, despite
the diversity of these structures, they all feature a monoprotonated tricarboxylic acid block, Hbtc2−.

Apart from the nature of metal, the type of anion in a starting metal salt can
also influence the resulting structure. For example, samarium(III) coordination polymers
{[Sm(Hcpna)(μ4-cpna)(phen)]2·H2O}n (3D net, 17) and {[Sm(Hcpna)(μ4-cpna)(phen)]2·2H2O}n (1D
chain, 18) were obtained under exactly the same conditions but using Sm(III) nitrate or chloride,
respectively. MOF 17 reveals a very intricate structure, wherein the Sm2 dimeric units are linked
by the μ4-cpna2− ligands forming a dodecanuclear Sm12 macrocycle (Figure 4a) that adopts a chair
conformation. These Sm12 units are then connected with six adjacent rings by corner-forming 2D layer
motifs (Figure 4b), which are further linked by the coordination interaction with the cpna2− blocks to
furnish a very complex 3D framework (Figure 4c).

Table 2. Selected examples of CPs showing an effect of metal source on product structure.

Compound Formula Metal Source Structure Reference

10 [Co(μ-cppa)(phen)(H2O)]n CoCl2·6H2O 1D zigzag chain [44]
11 {[Cd3(μ3-cppa)3(phen)2]·4H2O}n CdCl2·H2O 3D MOF [44]
12 {[Y2(μ4-cpna)3(phen)2(H2O)]·H2O}n Y(NO3)3·6H2O 3D MOF [43]
13 [Tm(μ3-cpna)(phen)(NO3)]n Tm(NO3)3·6H2O 1D double chain [43]
14 {[Cd(μ3-Hbtc)(phen)(H2O)]·H2O}n CdCl2·H2O 1D chain [49]
15 [Pb3(μ4-Hbtc)2(phen)]n PbCl2 3D MOF [49]
16 [Ni(Hbtc)2(phen)2(H2O)]·2H2O NiCl2·6H2O 0D monomer [50]
17 {[Sm(Hcpna)(μ4-cpna)(phen)]2·H2O}n Sm(NO3)3·6H2O 3D MOF [43]
18 {[Sm(Hcpna)(μ4-cpna)(phen)]2·2H2O}n SmCl3·6H2O 1D chain [43]

(a) (b) (c) 

Figure 4. Structural fragments of MOF 17. (a) Hexagonal Sm12 macrocycle; green balls are Sm2 units.
(b) Interconnection of hexagonal macrocycles into a 2D layer motif; green balls are Sm2 units. (c) 3D
metal-organic framework. Adapted from [43].

2.4. Effect of Reagents Molar Ratio

In the synthesis of CPs, a proportion between metal node and main carboxylate ligand can be
easily modified, what can cause a change of the coordination number of metal ions and affect the
resulting structure. In addition, change of the molar ratio between main building block and alkali
metal hydroxide used as a pH-regulator can result in a partial or full deprotonation of polycarboxylic
acid ligand. As shown in Table 3, both 3D MOFs {[Co3(μ4-btc)2(μ-H2O)2(py)4(H2O)2]·(py)2}n (19)
and {[Co3.5(μ6-btc)2(μ3-OH)(py)2(H2O)3]·H2O}n (20) were obtained under exactly the same conditions,
except using a slightly different molar ratio between CoCl2·6H2O and H3btc (1.5:1 for 19 and 1.77:1 for
20). However, these products feature very different structures and topologies (Figure 5). The structures
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of product pairs 21/22 and 23/24 (Table 3) also differ significantly on varying the NaOH:H2cppa and
NaOH:H3bptc molar ratios, respectively. In these cases, an excess of sodium hydroxide leads to a
complete deprotonation of H2cppa in 22 or a generation of additional μ3-OH linkers in 24, thus making
these structures more complicated in comparison with their counterparts assembled using a lower
amount of NaOH.

Table 3. Selected examples of CPs showing an effect of reagents molar ratio on product structure.

Compound Formula Molar Ratio Structure Reference

19 {[Co3(μ4-btc)2(μ-H2O)2(py)4(H2O)2]·(py)2}n CoCl2:H3btc = 1.5:1 3D MOF [50]
20 {[Co3.5(μ6-btc)2(μ3-OH)(py)2(H2O)3]·H2O}n CoCl2:H3btc = 1.77:1 3D MOF [50]
21 [Ni(Hcppa)2(H2O)2]·2H2O NaOH:H2cppa = 1:1 0D monomer [44]
22 [Ni(μ3-cppa)(H2O)2]n NaOH:H2cppa = 2:1 2D layer [44]
23 {[Zn3(μ6-bptc)2(H2O)4]·H2O}n NaOH:H3bptc = 3:1 3D MOF [51]
24 [Zn5(μ3-OH)4(μ6-bptc)2(H2O)2]n NaOH:H3bptc = 5:1 3D MOF [51]

(a) (b) 

Figure 5. Topological representation of underlying 3D nets: (a) ant (anatase) net in 19; (b) topologically
unique net in 20 with the point symbol of (42.6)4(42.84)(46.64.814.104). Adapted from [50].

2.5. Effect of Reaction Temperature

The reaction temperature during the synthesis of metal-organic networks also has a
significant impact on the final product structure. As illustrated in Table 4, compounds
{[Co2(μ3-pyip)2(DMF)]·(solv)}n (25) and {[Co(μ3-pyip)]·2DMF}n (26) were synthesized from exactly
the same reaction mixtures but at different temperatures, 80 and 120 ◦C, respectively. These 3D MOFs
feature distinct structures (Figure 6).

Table 4. Selected examples of CPs showing an effect of reaction temperature on product structure.

Compound Formula Temperature (◦C) Structure Reference

25 {[Co2(μ3-pyip)2(DMF)]·(solv)}n 80 3D MOF [52]
26 {[Co(μ3-pyip)]·2DMF}n 120 3D MOF [52]

(a) (b) 

Figure 6. 3D metal-organic frameworks of 25 (a) and 26 (b). Adapted from [52].
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2.6. Effect of Auxiliary Ligand

The presence of an additional auxiliary ligand also plays an important role in the hydrothermal
synthesis of CPs, especially by facilitating product crystallization. Introduction of a common
auxiliary N,N-donor ligand such as 2,2′-bipyridine of 1,10-phenanthroline usually changes the
coordination environment of metal centers, thus resulting in the generation of different structures
(Table 5). For example, the reaction of a cobalt(II) salt with H2cppa with no auxiliary ligand
leads to a 2D coordination polymer [Co(μ3-cppa)(H2O)2]n (27), whereas simpler 1D zigzag
chain products {[Co(μ-cppa)(2,2′-bpy)(H2O)]·H2O}n (28) and [Co(μ-cppa)(phen)(H2O)]n (29) are
generated in the presence of 2,2′-bpy or phen, respectively. Similarly, structurally distinct CPs
{[Nd(μ-Hcpna)2(μ-cpna)2(H2O)2]·3H2O}n (34) and {[Nd(μ-Hcpna)2(μ4-cpna)2(phen)]·2H2O}n (35)
(Figure 7) were prepared under the same synthetic conditions except the introduction of phen in
35. As can be seen from various examples collected in Table 5, the use of the N,N-donor auxiliary
ligands tends to facilitate the formation of CPs with a lower dimensionality if compared to the systems
without an auxiliary ligand. However, rather complex 3D MOF {[Cd3(μ5-btc)2(phen)2(H2O)]·H2O}n

(31) can also be generated in the presence of the auxiliary ligand (Table 5).

Table 5. Selected examples of CPs showing an effect of auxiliary ligand on product structure.

Compound Formula Auxiliary Ligand Structure Reference

27 [Co(μ3-cppa)(H2O)2]n no 2D network [44]
28 {[Co(μ-cppa)(2,2′-bpy)(H2O)]·H2O}n 2,2′-bpy 1D zigzag chain [44]
29 [Co(μ-cppa)(phen)(H2O)]n phen 1D zigzag chain [44]
30 {[Cd3(μ6-btc)2(H2O)5]·4H2O}n no 3D MOF [49]
31 {[Cd3(μ5-btc)2(phen)2(H2O)]·H2O}n phen 3D MOF [49]
32 [Mn(μ3-cpna)(2,2′-bpy)(H2O)]n 2,2′-bpy 2D layer [42]
33 [Mn(μ3-cpna)(phen)(H2O)]n phen 1D ladder chain [42]
34 {[Nd(μ-Hcpna)2(μ-cpna)2(H2O)2]·3H2O}n no 2D layer [42]
35 {[Nd(μ-Hcpna)2(μ4-cpna)2(phen)]·2H2O}n phen 1D double chain [42]

(a) (b) 

Figure 7. (a) 2D metal-organic layer in 34. (b) 1D double chain in 35. Adapted from [42].

2.7. Effect of Template

Template-assisted synthesis of CPs has attracted a special attention as a promising approach
toward tunable architectures or structures that might be difficult to access by routine synthetic
methods [47,53,54]. Various inorganic ions or organic molecules can be used as templating agents in
the hydrothermal synthesis of coordination polymers. In particular, 4,4′-bipyridine acts not only as a
common linker in CPs but is frequently applied as a template. Selected pairs of structurally distinct
coordination polymers obtained with or without template are summarized in Table 6. For example,
although compounds {[Ni3(μ4-dcppa)2(H2O)6]·2H2O}n (42) and {[Ni3(μ5-dcppa)2(H2O)6]·2H2O}n (43)
were prepared under similar reaction conditions except using 4,4′-bipy as a templating agent in 43,
they feature structures of different dimensionality and topology (Figure 8).
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Table 6. Selected examples of CPs showing an effect of template on product structure.

Compound Formula Template Structure Reference

36 {[Mn2(μ3-pyip)2(H2O)4]·5H2O}n no 2D layer [55]
37 [Mn3(μ5-pyip)2(μ-HCOO)2(H2O)2]n 4,4′-bpy 2D layer [55]
38 [Co(μ3-pyip)(EtOH)(H2O)]n no 2D layer [55]
39 {[Co(μ4-pyip)(H2O)]·H2O}n cyanoacetic acid 2D double layer [55]
40 {[Mn3(μ4-dcppa)2(H2O)6]·3H2O}n no 2D layer [47]
41 {[Mn3(μ5-dcppa)2(H2O)6]·4H2O}n 4,4′-bpy 3D MOF [47]
42 {[Ni3(μ4-dcppa)2(H2O)6]·2H2O}n no 2D layer [47]
43 {[Ni3(μ5-dcppa)2(H2O)6]·2H2O}n 4,4′-bpy 3D MOF [47]

(a) (b)

Figure 8. Topological representation of underlying nets: (a) 2D layer with 3,4L83 topology in 42; (b) 3D
framework with tcs topology in 43. Adapted from [47].

2.8. Effect of Two Main Ligands

Although a substantial number of coordination polymers incorporating various kinds of
carboxylate ligands has been reported [56], the examples of heteroleptic networks constructed
from a combination of two kinds of biphenyl or phenyl-pyridine carboxylate building blocks
(Scheme 1) are barely known. It is primarily caused by different solubility of such ligands,
distinct coordination modes and charges, as well as ligand competition for metal node during the
hydrothermal synthesis and crystallization. The latter factor may often lead to the formation of a
mixture of simpler products containing only one main building block rather than more complex
products comprising both carboxylate ligands. The competition between two main carboxylate
building blocks for metal nodes can be even more pronounced when the reaction mixture also
contains an additional auxiliary ligand along with water as a solvent and frequent terminal ligand
source. The effect of two different types of biphenyl carboxylate moieties on the structure of the
resulting metal-organic network remains poorly studied. Notable examples of CPs combining
two kinds of biphenyl carboxylate blocks include a 2D network [Cd2(μ5-cpic)2(μ-bpdc)0.5(phen)2]n

(45) and a 3D MOF [Co2(μ7-btc)2(μ-bpydc)0.5(py)3]n (47) that feature distinct structures and
topologies in comparison with their counterparts {[Cd2(μ4-cpic)(μ3-OH)(phen)2]·2H2O}n (44) and
{[Co3(μ4-btc)2(μ-H2O)2(py)4(H2O)2]·(py)2}n (46), respectively (Table 7, Figure 9).

Table 7. Selected examples of CPs showing an effect of two main carboxylate ligands on
product structure.

Compound Formula Main Ligand Structure Reference

44 {[Cd2(μ4-cpic)(μ3-OH)(phen)2]·2H2O}n H3cpic 2D layer [57]
45 [Cd2(μ5-cpic)2(μ-bpdc)0.5(phen)2]n H3cpic, H2bpdc 2D layer [57]
46 {[Co3(μ4-btc)2(μ-H2O)2(py)4(H2O)2]·(py)2}n H3btc 3D MOF [50]
47 [Co2(μ7-btc)2(μ-bpydc)0.5(py)3]n H3btc, H2bpydc 3D MOF [58]
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(a) (b)

Figure 9. Topological representation of underlying nets: (a) 2D layer with 3,4L33 topology in 44;
(b) trinodal 3,3,5-connected 2D layer in 45 with the unique topology and point symbol of (4.62)(43)(44.64.82).
Adapted from [57].

3. Selected Functional Properties and Applications

3.1. Highly Porous MOFs

Some coordination polymers based on multifunctional carboxylic acids with phenyl-pyridine or
biphenyl cores possess the highly porous structures and excellent stability (Table 8). These properties
make these materials rather promising for exploring CO2 capture and gas storage applications.
As illustrated in Table 8 and Figure 10, Zhao an co-workers synthesized a UiO type MOF derived
from the H2bpydc block, [Zr6(μ3-O)4(OH)4(μ-bpydc)12] (50). This MOF exhibits high storage capacity
for H2, CH4, and CO2, showing an unusual stepwise adsorption for liquid CO2 and solvents with a
sequential filling mechanism on different adsorption sites. Other related MOFs with high porosity and
interesting N2, H2, CO2 and/or CH4 uptake behavior include [Cu2(μ3-pyip)2(H2O)2]0.5[Cu(pyip)] (48),
{[Cu(μ3-pyip)(H2O)2]·1.5DMF}n (49), and [Zn3(μ5-bpydc)2(HCOO)2]·H2O·DMF (51) (Table 8).

Table 8. Selected examples of highly porous metal-organic frameworks (MOFs).

Compound Formula Porosity
Applications in Gas

Uptake or Separation
Reference

48 [Cu2(μ3-pyip)2(H2O)2]0.5[Cu(pyip)] 60.8% N2, H2, CO2 [59]
49 {[Cu(μ3-pyip)]·2H2O·1.5DMF}n 54.0% N2, H2, CO2 [60]
50 [Zr6(μ3-O)4(OH)4(μ-bpydc)12] 68.5% N2, H2, CO2, CH4 [61]
51 [Zn3(μ5-bpydc)2(HCOO)2]·H2O·DMF 64.3% N2, CO2, CH4 [62]

(a) (b) (c) 

Figure 10. Cont.
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(d) (e) 

Figure 10. (a) 3D metal-organic framework of 50. (b–e) Adsorption isotherms of 50 for (b) N2, (c) H2

and D2 (inset), (d) CO2, and (e) CH4. Adapted from [61].

3.2. Highly Luminescent Materials

MOFs based on the europium(III) and terbium(III) nodes are highly luminescent compounds.
As illustrated in Table 9 and Figure 11, an interesting example concerns a Tb MOF
[Tb(μ4-bpydc)(μ3-HCOO)]n (53) derived from the H2bpydc building block. It features a remarkable
temperature-dependent photoluminescence. At 298 K, under UV excitation, compound 53 glows
red-orange, whereas at 77 K it emits a green light. Another example concerns a Eu(III) derivative
[Eu2(μ4-pyip)3(H2O)4]n·2nDMF·3nH2O (52) that is capable of emitting different colors ranging from
yellow to red and orange.

Table 9. Selected examples of highly luminescent MOFs.

Compound Formula λem (nm) Color Reference

52 [Eu2(μ4-pyip)3(H2O)4]n·2nDMF·3nH2O 255–365 yellow to red and then to orange [63]
53 [Tb(μ4-bpydc)(μ3-HCOO)]n 614, 541 red-orange (298 K), green (77 K) [64]

(a) (b) 

Figure 11. (a) 3D metal-organic framework of 53; (b) temperature-dependent red-orange (top, 298 K)
or green (bottom, 77 K) emission under UV excitation. Adapted from [64].

3.3. Compounds with Unusual Magnetic Properties

Some coordination polymers derived from multifunctional carboxylic acids with phenyl-pyridine or
biphenyl cores can exhibit unusual magnetic properties. Selected examples are highlighted in Table 10.
In particular, Du and co-workers assembled a 3D MOF, {[Dy2(μ4-pyip)3(H2O)4]·2DMF·3H2O}n (54), using
H2pyip as a building block. This compound possesses the pcu topology and exhibits a slow magnetization
relaxation behavior (Figure 12). Other notable examples of magnetic CPs include a nickel(II) derivative
[Ni3(μ5-pyip)2(μ-HCOO)2(H2O)2]n (55) with a long-range magnetic ordering as well as the dysprosium(III)
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[Dy(μ5-bptc)(phen)(H2O)]n (56) and {[Dy3Co2(μ4-bpydc)5(μ3-Hbpydc)(H2O)5](ClO4)2}n (57) frameworks
with a slow magnetization relaxation behavior.

Table 10. Selected examples of CPs with unusual magnetic properties.

Compound Formula Magnetic Behavior Highlight Reference

54 {[Dy2(μ4-pyip)3(H2O)4]·2DMF·3H2O}n weak ferromagnetic slow magnetization
relaxation behavior [63]

55 [Ni3(μ5-pyip)2(μ-HCOO)2(H2O)2]n weak ferromagnetic long-range
magnetic ordering [65]

56 [Dy(μ5-bptc)(phen)(H2O)]n antiferromagnetic slow magnetization
relaxation behavior [66]

57
{[Dy3Co2(μ4-bpydc)5(μ3-Hbpydc)

(H2O)5](ClO4)2·11H2O}n
antiferromagnetic slow magnetization

relaxation behavior [67]

(a) (b) (c) 

Figure 12. (a) 3D metal-organic framework of 54. (b,c) Ac susceptibility of 54 measured in zero dc
fields and plotted as χ′T vs. T (b) and χ′ ′ vs. T (c). Adapted from [63].

3.4. Selective Sensing Materials

It is known that some fluorescent MOF materials are sensitive to the presence or absence of guest
solvent molecules. As illustrated in Table 11 and Figure 13, Wen and co-workers reported a 3D MOF
based on the H2pyip ligand, [Zn(μ3-pyip)(bimb)·(H2O)]n (58). This MOF exhibits the first report of a
MOF material as a promising luminescent probe for detecting pesticides. This compound is also unique
by allowing a detection of both pesticides and solvent molecules simultaneously. Other examples of
sensing MOFs are shown in Table 11.

(a) (b) (c) 

Figure 13. (a) 3D metal-organic framework of 58. (b,c) Photoluminescence intensities of 58 introduced
to (b) various pure solvents or (c) different pesticides (1 × 10−3 M in DMF); λex = 290 nm.
Adapted from [68].
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Table 11. Selected examples of MOFs with selective sensing behavior.

Compound Formula Structure Analyte Reference

58 [Zn(μ3-pyip)(bimb)·(H2O)]n 3D MOF acetone, pesticides [68]
59 [Zr6(μ3-O)4(OH)4(μ4-bpydc)12]n 3D MOF Fe3+ ions [69]
60 [Eu2(μ4-bpydc)3(H2O)3]n·nDMF 3D MOF Cu2+ ions [69]

4. Conclusions and Outlook

In this mini-review, we featured selected recent examples of coordination polymers (CPs) or
metal-organic frameworks (MOFs) that were constructed from various multifunctional carboxylic
acids with phenyl-pyridine or biphenyl cores (Scheme 1). Despite being still little explored, these
types of semi-rigid, thermally stable, and versatile building blocks appear to be very promising
for the hydrothermal synthesis of metal-organic networks with different structural characteristics,
topologies, and functional properties. The present work also highlighted an importance of different
reaction parameters and conditions on the assembly and structural diversity of coordination polymers.
The effects of the type of main carboxylate ligand, kind of metal node, stoichiometry and molar
ratio of reagents, temperature, presence or absence of auxiliary ligands or templates were showcased.
In addition, some examples of highly porous MOFs, notable luminescent materials, compounds with
unusual magnetic properties, and frameworks for selective sensing applications were described.

We believe the application of multifunctional carboxylic acids containing phenyl-pyridine or
biphenyl cores toward the design of coordination polymers will be continued, leading to new series
of coordination compounds and derived materials with fascinating structural features and notable
functional properties. Future research might focus on: (A) widening the family of multicarboxylate
building blocks to new members with additional functional groups; (B) diversifying the types of metal
nodes; (C) assembling heterometallic metal-organic architectures; (D) optimizing the conditions of the
hydrothermal synthesis and crystallization; (E) predicting the structural and topological characteristics;
and (F) broadening the types of possible applications of the obtained coordination polymers.
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Abbreviations

0D zero-dimensional
1D one-dimensional
2D two-dimensional
3D three-dimensional
CP coordination polymer
MOF metal-organic framework
H2cpna 5-(2′-carboxylphenyl)-nicotinic acid
H2pyip 5-(4-pyridyl)-isophthalic acid
H2cppa 4-(3-carboxyphenyl)-picolinic acid
H2bpydc 2,2′-bipyridine-5,5′-dicarboxylic acid
H3bptc biphenyl-2,5,3′-tricarboxylic acid
H3btc biphenyl-2,4,4′-tricarboxylic acid
H3cpic 4-(5-carboxypyridin-2-yl)-isophthalic acid
H3cptc 2-(4-carboxypyridin-3-yl)-terephthalic acid
H3dcppa 5-(6-carboxypyridin-3-yl)-isophthalic acid
H3cpta 2-(5-carboxypyridin-2-yl)-terephthalic acid
py pyridine
phen 1,10-phenanthroline
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2,2′-bpy 2,2′-bipyridine
4,4′-bpy 4,4′-bipyridine
H2biim 2,2′-biimidazole
H2bpdc 4,4′-biphenyldicarboxylic acid
bimb 4,4′-bis(1-imidazolyl)biphenyl
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