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Abstract: The synthesis and structure of the 4,4′-dipyridyl N,N′-donor ligand with a central
thiazolo[5,4-d]thiazole (tztz) unit, named Dptztz is presented. With the linker Dptztz and
isophthalate (benzene-1,3-dicarboxylate, 1,3-BDC2−) the mixed-linker, two-dimensional
coordination network [Zn(1,3-BDC)Dptztz]·DMF could be obtained (DMF = dimethylformamide),
which belongs to the class of coordination polymers with interdigitated structures (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 from CO2 adsorption. The heat
of adsorption for CO2 exhibits a relative maximum with 27.7 kJ/mol at adsorbed CO2 of about 4
cm3/g STP which is interpreted as a gate-opening effect.
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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 [1]. Many different organic functionalities have been introduced into the frameworks
either by a priori ligand functionalization or by post synthetic modification [2,3]. 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)[4]. 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 [5,6]. 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-dicarboxylic acid) and 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 [7-12].
The heterocyclic thiazolo[5,4-d]thiazole (tztz) system (Figure 1) experienced a renaissance in the
last decade after it was already originally discovered by Ketcham et al. in the 1960s [13]. 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
electronics (e.g. OFETs, OSCs) [14,15]. 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. [16]. Coordination polymers with 2,5-thiazolo[5,4-d]thiazoledicarboxylic
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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 [17,18]. D’Allesandro 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.[19] Recently the same group
published the spectroelectrochemical properties of a ruthenium coordination complex with this
ligand [20]. Additionally, Dai et al. synthesized tztz-linked microporous organic polymers, which
show a high CO2:N2 selectivity [21].

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).

2. 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).[22,23]

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

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 2). The molecule is almost planar
with a dihedral angle between the pyridine ring and the tztz moiety of 13.65°.

Figure 2. Molecular structure of Dptztz (50% thermal ellipsoids, symmetry transformation 1–x, 2–y,
2–z).
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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).
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 3, 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 4a). These double strands are pillared by Dptztz into a 2D
coordination network structure (Figure 4b). 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 4c, 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 [4-9].

Figure 3. 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 1 for selected bond length and angles.
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Table 1. Selected bond lengths and angles (Å, °) in [Zn(1,3-BDC)Dptztz].

Zn–O1
Zn–O2i
Zn–O3iii
O1–Zn–O2i
O1–Zn–O3iii
O1–Zn–O4iii
O1–Zn–N1
O1–Zn‒N4ii
O2i–Zn–O3iii
O2i–Zn–O4iii
O2i–Zn–N1

2.0532 (18)
2.0218 (18)
2.1569 (19)
119.30 (7)
88.78 (7)
148.39 (7)
89.84 (9)
86.00 (9)
151.83 (7)
91.82 (7)
91.99 (9)

Zn–O4iii
Zn–N1
Zn–N4ii
O2i–Zn–N4ii
O3iii–Zn–O4iii
O3iii–Zn–N1
O3iii–Zn–N4ii
O4iii–Zn–N1
O4iii–Zn–N4ii
N1–Zn–N4ii

2.2269 (19)
2.166 (3)
2.151 (3)
89.34 (9)
60.01 (7)
90.18 (9)
90.56 (9)
94.77 (8)
89.21 (8)
175.76 (8)

(a)

(b)

(c)

Figure 4. (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 5 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.
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Figure 5. 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 the solvent
exchange as part of the sample activation. Additionally the acetonitrile solvent was exchanged three
times per day. Afterwards, the sample was degassed at 120 °C for 15 h. 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 [4-9]. 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 6). 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.
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Figure 6. 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).

Additionally the CO2 isotherms at 273 K and 293 K were measured (Figure 6). The data is presented
in Table 2. From the CO2 isotherms at 273 K and 293 K, the heat of adsorption at zero coverage was
derived as 26.2 kJ/mol.
Table 2. CO2 sorption data for [Zn(1,3-BDC)Dptztz].

195 K
273 K
293 K

quantity adsorbed
(cm3/g, mmol/g, wt %)
138, 6.16, 27.1%
51.9, 2.32, 10.2%
35.5, 1.59, 7.0%

total pore volume
(cm3/g)
0.2461
0.0922
0.0613

at P/P0 = 0.50, 2at P/P0 = 0.03, 32at P/P0 = 0.017.

1

The heat of adsorption curve (Figure 7) 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 have usually 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 in the open phase is an endothermic process and that this process is
balanced with the exothermic adsorption process [24]. Many CIDs also show a gate-opening
phenomenon and/or an adsorbate specific expansion upon the adsorption process. 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 [25]. 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 7. 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.
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Figure 7. Heat of adsorption plot of CO2 adsorption for [Zn(1,3-BDC)Dptztz].

Figure 8. Water sorption isotherms at 293 K 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 8). 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.
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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.
3. 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. IR-spectra were recorded
on a Bruker Tensor 37 IR spectrometer with ATR unit. Thermogravimetric analysis (TGA) was done
with a Netzsch TG 209 F3 Tarsus 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).
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 product was filtered with suction 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 (91,1%); 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 the 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 x 3 mL of hot
DMF. A light yellow crystal selected to collect the single crystal data. Yield: 4mg.
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 x 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
with microfocus tube, Mo-Kα radiation (λ = 0.71073 Å), multi-layer mirror system, ω-scans; data
collection with APEX2 [23], cell refinement with SMART and data reduction with SAINT [26],
experimental absorption correction with SADABS [27]. Structure analysis and refinement: All
structures were solved by direct methods using SHELXL2014 [28,29]; 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
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"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 3. Graphics were drawn with DIAMOND [30]. Analyses on
the supramolecular interaction were done with PLATON [31] [28]. 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 9). CCDC
1812892 and 1812893 contain 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

Figur 9. PXRD pattern of [Zn(1,3-BDC)Dptztz]·DMF (simulated (red), as-synthesized (black)).
Table 3. Crystal data and refinement details.
Chemical formula
Mr
Crystal system,
space group
Temperature (K)
a (Å)
b (Å)
c (Å)
α (°)
β (°)
γ (°)
V (Å3)
Z
μ (mm−1)
Crystal size (mm)
Absorption
correction

Dptztz
C14H8N4S2
296.36

[Zn(1,3 BDC)Dptztz]·DMF
C22H12N4O4S2Zn·C3H7NO
598.94

Monoclinic, P21/c

Triclinic, P¯1

100
8.3873 (5)
6.3140 (3)
11.7170 (6)
90
93.699 (3)
90
619.21 (6)
2
0.423
0.10 × 0.05 × 0.05
Multi-scan, wR2(int) was 0.1649
before and 0.0771 after correction.
The Ratio of minimum to
maximum transmission is 0.8473.

100
9.1388 (6)
10.0354 (7)
14.2804 (11)
88.417 (4)
88.236 (5)
75.636 (4)
1267.86 (16)
2
1.181
0.10 × 0.05 × 0.01
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.
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Tmin, Tmax
No. of measured,
independent and
observed reflections
Rint
(sin θ/λ)max (Å−1)
R, wR(F2), S [F2 > 2σ (F2)]
R, wR(F2), S [all data]
No. of reflections
No. of parameters
Δρmax, Δρmin (e·Å−3)

The λ/2 correction factor is 0.0015.
0.6330, 0.7471

0.6951, 0.7460

6837, 965, 847 [I > 2σ(I)]

17151, 4743, 3696 [I > 2σ(I)]

0.049
0.639
0.0284, 0.0675, 1.067
0.359, 0.0699, 1.067
965
91
0.238, -0.182

0.045
0.612
0.0400, 0.0849, 1.055
0.0609, 0.0916, 1.055
4743
364
0.645, –0.581

4. Conclusions
The 4,4'-dipyridyl N,N’-donor ligand Dptztz with the central thiazolo[5,4-d]thiazole unit was
succesfully 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 structures (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 from CO2 adsorption, 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 interpretated as a gate-opening effect. This is the first report of the sorption characteristics of a
tztz-functionalized porous MOF material.
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