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Abstract
By varying reaction parameters for the syntheses of the hydrogen-bonded metal-imidazolate frameworks (HIF) HIF-1 and 
HIF-2 (featuring 14 Zn and 14 Co atoms, respectively) to increase their yields and crystallinity, we found that HIF-1 is 
generated in two different frameworks, named as HIF-1a and HIF-1b. HIF-1b is isostructural to HIF-2. We determined the 
gas sorption and magnetic properties of HIF-2. In comparison to HIF-1a (Brunauer–Emmett–Teller (BET) surface area of 
471 m2  g−1), HIF-2 possesses overall very low gas sorption uptake capacities [BET(CO2) surface area = 85 m2  g−1]. Variable 
temperature magnetic susceptibility measurement of HIF-2 showed antiferromagnetic exchange interactions between the 
cobalt(II) high-spin centres at lower temperature. Theoretical analysis by density functional theory confirmed this finding. 
The UV/Vis-reflection spectra of HIF-1 (mixture of HIF-1a and b), HIF-2 and HIF-3 (with 14 Cd atoms) were measured 
and showed a characteristic absorption band centered at 340 nm, which was indicative for differences in the imidazolate 
framework.

Keywords Gas-sorption · Ligand design · Magnetic properties · Supramolecular chemistry · Solvothermal synthesis

Introduction

The ability to control the coordination number, and thus 
geometry, around metal nodes through metal–ligand directed 
assembly allows construction of predesigned finite and rigid 
supramolecular building blocks (SBBs). These SBBs must 
have peripheral coordination sites (e.g., unsaturated metal) 
and/or peripheral organic functionalities that can either coor-
dinate additional metals not involved in the assembly or act 
as hydrogen bond donors or acceptors [1, 2].

2-Substitued 4,5-dicyanoimidazole ligands are use-
ful precursors in obtaining by in  situ hydrolysis mul-
titopic linkers which can act simultaneously as bridg-
ing and capping ligands. Such ligands are necessary for 
assembling with metal ions to porous hydrogen-bonded 
metal–organic cubes (MOC) [3–7]. For example, by the 
reaction of In(NO3)3·5H2O with 4,5-dicyanoimidazole in 
N,N′-dimethylformamide (DMF) solution, imidazolaledi-
carboxylate ligands generated in situ by complete hydroly-
sis of the cyano to carboxylate groups [3]. Twelve doubly 
deprotonated imidazolaledicarboxylate (HImDC) ligands 
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assemble with eight  In3+ metal ions forming the MOC, 
 [In8(HImDC)12]. Each cube is connected via intermolecular 
hydrogen bonds between peripheral carboxyl and carboxy-
late groups with other cubes generating the porous network 
MOC-2 [1]. Moreover, Zhu et al. used 2-amino-4,5-dicyano-
imidazole for synthesizing an amino-functionalized MOC-2 
[4].

We obtained hydrogen-bonded metal–organic cubes 
with 4,5-dicyano-2-methoxyimidazole (L1) as ligand pre-
cursor [5–7]. The linker imidazolat-4,5-diamid-2-olate 
(L2) is formed in situ in the presence of a metal salt hydrate 
{Zn(NO3)2·4H2O, (Co(NO3)2·6H2O and Cd(ClO4)2·6H2O} 
in DMF by partial hydrolysis of the cyano groups to amide 
groups and of the methoxy to the hydroxyl group followed 
by two-fold deprotonation (Scheme 1). Twelve ligands L2 
assemble with fourteen metal ions  (Zn2+,  Co2+ and  Cd2+), an 
oxide ion, two hydroxide ions as well as four or eight solvent 
molecules (DMF, water) to cubic-like molecular building 
blocks (MBB)  [M14(L2)12(O)(OH)2(S)4 or 8] (M = Zn, Co(II), 
Cd; S: solvent = H2O or DMF) with peripheral amide groups. 
The MBBs are connected with each other by intermolecu-
lar hydrogen bonds between the peripheral amide groups 
generating the porous supramolecular assemblies HIF-
1, HIF-2 and HIF-3 (Scheme 1, HIF = Hydrogen-bonded 
Metal-Imidazolate Framework). By the reaction of L1 with 
(Zn(NO3)2·4H2O and (Co(NO3)2·6H2O in addition to HIF-1 
[5] and HIF-2 [6], the metal–organic frameworks IFP-7 and 
IFP-8, respectively [IFP = Imidazolate Framework Pots-
dam)] are formed. IFP-7 and IFP-8 are the main products. 
In the case of HIF-3 [7], the MOF IFP-14 is the by-product.

Here, we varied various parameters for the syntheses of 
HIF-1 and HIF-2 to increase their yields and the crystallin-
ity of the products. We found out that HIF-1 is generated in 
two different frameworks, named as HIF-1a and HIF-1b. The 

structure of HIF-1b is new and was solved by X-ray crystal-
lography. We determined the gas sorption properties and the 
magnetism of HIF-2. Moreover, the UV/Vis-reflection spec-
tra of HIF-1 (mixture of HIF1-a and b), HIF-2 and HIF-3 
were measured.

Results and discussion

Syntheses

We repeated the syntheses of HIF-1 [5] and HIF-2 [6] by 
varying synthetic parameters. It revealed that the yields 
for both HIFs can be increased by increasing the sol-
vent volume (DMF) and by the addition of seed crystals 
(cf. experimental part). Good crystallinities of HIF-1 
and HIF-2 were obtained by a long cooling procedure 
already at higher temperatures in between 135 and 75 °C. 
To our surprise at these reaction conditions HIF-1 forms 
pale yellow crystals of different morphology, rhombic 
dodecahedrons and tetragonal elongated octahedrons. The 
dodecahedral crystals were isolated and characterized as 
3
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 [6] forms 
deep purple colored crystals which have the same tetragonal 
elongated octahedral shape as the crystals we found now in 
addition to dodecahedral crystals at the synthesis of HIF-1. 
The IR data of the tetragonal elongated octahedral crystals 
generated at the HIF-1 synthesis are almost identical to that 
of HIF-2 (cf. experimental part). This was a further hint that 
we now isolated a HIF-1 framework which is isostructural 
to that of HIF-2. We named both HIF-1 frameworks HIF-1a 
(dodecahedral crystals) and HIF-1b (octahedral crystals), 
respectively (Scheme 1).

Scheme 1  Syntheses of HIF-1a and b, HIF-2 and HIF-3
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Crystal structures of HIF‑1b

The single-crystal structure determination of HIF-1b con-
firmed our suspicion that this framework is an isostructural 

Zn homologue to HIF-2. The asymmetric unit of HIF-1b 
shows three different zinc centres (Zn1, Zn2 and Zn3) 
(Fig. 1a). At Zn1 DMF is coordinated. A MBB contains 
fourteen  Zn2+ ions (4 × Zn1, 2 × Zn2 and 8 × Zn3), twelve 

Fig. 1  Crystal structure of HIF-1b: a asymmetric unit (with-
out disordering), b tetradecanuclear zinc MBB  ([Zn14(L2)12(O)
(OH)2(DMF)4]) (hydrogen atoms are omitted for clarity), c hydrogen-

bonded supramolecular assembly (orange Zn, blue N, red O, dark 
gray C, light gray H). (Color figure online)
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ligands L2, an oxide ion, two hydroxide ions as well as 
four DMF  ([Zn14(L2)12(O)(OH)2(DMF)4]) (Fig. 1b). Each 
MBB is connected vertex to vertex with eight MBBs by 
intermolecular N–H···O hydrogen bonds of peripheral amide 
groups generating the 3D supramolecular assembly HIF-1b 
(Fig. 1c). The difference of the structures of HIF-1b and 
HIF-1a are caused by the different coordinated solvent mol-
ecules. In a MBB of HIF-1b four DMF molecules are coor-
dinated to four Zn1 centres  ([Zn14(L2)12(O)(OH)2(DMF)4]) 
and in HIF-1a instead four coordinated water molecules are 
part of the MBB  ([Zn14(L2)12(O)(OH)2(H2O)4]) [5]. The sol-
vent substitution of DMF for water lower the crystal sym-
metry of the HIF. Whereas HIF-1a crystallize in the space 
group Ia3̄d (No. 230) of the cubic crystal system, possessing 
the highest crystallographic symmetry, HIF-1b crystallize 
in the space group I4/m (No. 87) of the tetragonal crystal 
system. Both frameworks, HIF-1a and HIF1b exhibit two 
types of infinite channels containing non-coordinated DMF 
and water molecules in the as-synthesized forms. But the 
solvent-accessible void volume in HIF-1a is almost equal 
than that in HIF-1b. It amounts for HIF-1a 53% and for HIF-
1b 54.5%. The channels in HIF-1b show openings of 2.1 Å 
and 3.3 Å (see Figs. S3 and S4 in Supporting Information) 
and in HIF-1a of 3.9 Å and 6.0 Å [5]. The corresponding 
data for HIF-2, the isostructural Co homologue of HIF-1b, 
deviate only little from those of HIF-1b. For HIF-2, the sol-
vent accessible void volume of 48% was determined and 
the openings of the channels amounts 1.7 Å and 3.2 Å [6].

The PXRD pattern of simulated HIF-1 and -3 exhibited 
the diffraction peaks closely matching with the as-synthe-
sized samples (Fig. 2). However, the peak intensity of HIF-2 
is very weak; only at 2θ = 6, a peak is observed. The remain-
ing peaks at higher 2θ values are broaden that might be the 
crystalline material became amorphous or unknown reasons. 
HIF-1b exhibits very good crystalline material among three 
HIFs. The PXRD pattern of IFP materials exhibited the dif-
fraction peaks similar to that of the as-synthesized samples 
and their simulated patterns (Fig. 2). This indicates that the 
porous framework maintains the crystalline integrity and 
phase purity.

Gas sorption of HIF‑2

The channels of the as-synthesized HIF-2 contain solvent 
molecules (water and DMF). TGA measurement of as-syn-
thesized HIF-2 indicated a loss of solvent molecules up to 
200 °C based on a weight loss of 7% (Fig. 3). HIF-2 was 
activated at 120 °C heating and  10−4 mbar for 12 h. The 
activated sample of HIF-2 shows no decomposition below 
250 °C. CoO is formed at 570 °C. Upon increasing the tem-
perature, the mass increment is due to formation of  Co3O4.

The nitrogen sorption isotherm of HIF-2 at 77 K pre-
sents a negligible nitrogen uptake (Fig. 4). To check if the 

nitrogen sorption is kinetically inhibited because of small 
pore size, hydrogen (at 77 K) and carbon dioxide (at 273 K) 
sorption isotherms were also collected. The latter two gases 
have a smaller kinetic diameter  (H2: 2.89 Å,  CO2: 3.3 Å) 
than  N2 (3.64 Å). In addition, at 273 K and under higher 
absolute pressures  CO2 molecules can more easily access 
ultramicropores than  N2 at ~ 77 K [8–10]. Still, the hydro-
gen sorption isotherm at 77 K shows also an essentially 
insignificant uptake to 8 cm3  g−1. Also, the carbon dioxide 
sorption isotherm at 273 K presents only a small uptake of 
13 cm3  g−1. A tentative surface area calculation on the basis 
of the carbon dioxide uptake suggests a BET(CO2) surface 
area of 85 m2  g−1. We note however, that this is close to 
the outer surface area of a fine powder which can be up to 
50  m2  g−1. Sorption measurements with methane revealed 
that this gas is not adsorbed by HIF-2. In comparison to 
HIF-1a (BET surface area of 471  m2  g−1,  H2 uptake 95 cm3 
 g−1,  CO2 uptake at 273 K 56 cm3  g−1 [5]) HIF-2 possesses 
overall very low gas sorption uptakes. The reason for the 
very small gas uptakes in HIF-2 could be the smaller open-
ings of the channels in HIF-2 of 1.7 Å and 3.2 Å compared 
to 3.9 Å and 6.0 Å in HIF-1a or a collapse of the framework 
upon activation as may be inferred from the comparison of 
the simulated and as-synthesized powder diffractograms of 
HIF-2 (Fig. 2a).

Magnetic properties of HIF‑2

HIF-2 contained paramagnetic cobalt(II) centres [6]. The 
question was how the cobalt(II) centres are interacting with 
each other, as it was mentioned before that the metal centers 
are bridged by oxide, hydroxide and linker.

The molecular building block of HIF-2 contains four-
teen cobalt(II) centres. The cobalt atoms in the  Co14 clus-
ter form a distorted  Co8 cube (Co3) with an inscribed  Co6 
octahedron (Co1 and Co2) (Fig. 5a). The fourteen  Co2+ ions 
assemble with one oxide ion, twelve imidazolat-4,5-diamid-
2-olate ligands L2, two hydroxide ions and four DMF mol-
ecules to the MBB. The oxide ion (O1) is located in the 
centre of the MBB, surrounded by four Co1 and two Co2 
centres in an exact octahedral environment (Fig. 5b). The 
Co1 and Co2 centres are coordinated by six oxygen atoms 
in distorted octahedral coordination geometries (Fig. 5c). 
The four Co1 centres are surrounded in addition to the cen-
tral oxide ion (O1) by four olate oxygen atoms (two O2 
and two O3) and one DMF (O4). The two Co2 centres are 
coordinated by  O2− (O1), four olate atoms (O2) and one 
hydroxide ion (O5). The remaining eight Co3 atoms are 
located above the eight triangle planes of the octahedron 
formed by the Co1 and Co2 centres. They are coordinated in 
a distorted tetrahedral coordination sphere by three nitrogen 
atoms (N1, N2 and N5) from two imidazolate ligands and 
an amide oxygen atom (O6). The tetrahedron is twofold 
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face-capped by one one olate atom (O2) and an amide atom 
(O8) at longer distances (2.9 Å and 2.5 Å, respectively) 
(Fig. 5c) [6].

Variable temperature magnetic susceptibility measure-
ments were employed to investigate the magnetic behavior of 
HIF-2 over the temperature range from 2 to 300 K. Figure 6 
shows χMT (χM= molar magnetic susceptibility) as a function 
of temperature T. At 300 K, the values for µeff (µeff = effective 
Bohr magneton number) and χMT amount to 15.94 µB and 
31.74 cm3 K mol−1, respectively. The effective Bohr magne-
ton number found is in good agreement with the calculated 
spin only value of µSO = 14.49 µB (χMT = 24.94 cm3 K mol−1) 
four fourteen cobalt(II) high spin centres of the tetradeca-
nuclear MBB of HIF-2. As the temperature is lowered, the 
values of χMT and µeff decrease, which indicates antiferro-
magnetic exchange interactions between the cobalt(II) cen-
tres. At 2 K, χMT (µeff) tends to 1.34 cm3 K mol−1 (3.28 

µB), which implies almost full coupling of spins inside the 
tetradecanuclear cobalt(II) MBB. 

In the temperature interval 50–300  K, the magnetic 
susceptibility obeys almost perfectly the Curie–Weiss law 
(χ = C/(T − Ɵ)) to give C = 40 cm3 K mol−1 and Ɵ = − 76.4 K 
(Fig. 7). The big negative Weiss constant indicates strong 
antiferromagnetic couplings between the cobalt(II) ions. The 
Néel-temperature (TN) lies around 13 K.

Due to the size of the complex, only the magnetic prop-
erties of the octahedral core of the MBB were investigated. 
For the determination of the coupling constants between the 
inner cobalt atoms of the complex, a simplified model was 
considered: The L2 ligands were replaced by hydroxide ions 
and coordinated with water instead of DMF. The relative 
positions of the oxygen atoms correspond to the underlying 

Fig. 2  Powder X-ray diffraction patterns of a HIF and b IFP materials

Fig. 3  TGA curve of HIF-2 of an as-synthesized sample in compari-
son to an activated sample

Fig. 4  Gas sorption isotherms of HIF-2. Adsorption and desorption 
data points are indicated by filled and empty symbols, respectively
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crystal structure. The bond angles and bond lengths to the 
residual structures of L2 and DMF were retained during 
replacement by H atoms and only adapted for water to pro-
vide an additional bond (see Fig. 8 and Cartesian coordi-
nates in the Supporting Information). The total charge of the 
model is − 4 such that the Co(II) nature of each metal centre 
is retained. The ligands  (H2O,  OH−,  O2−) lead, as L2, DMF 
and  OH− in the full molecule, only to a small ligand field 
splitting, which is why the high spin state with a local spin 
of three unpaired electrons per cobalt centre was assumed 
for all cobalt ions.

The octahedron shown in Fig. 8 (right) is a schematic 
representation of the considered superexchange spin 

couplings between the different spin centers. The calcu-
lated coupling constants confirm the experimental results 
and suggest a consistently antiferromagnetic coupling 
character (see Table 1). However, a collinear alignment 
of the spins corresponding to these values is not possible 
for the structural arrangement under consideration, which 
suggests a spin-frustrated state. To minimize the likeli-
hood of computational artifacts, we evaluated Heisenberg 
exchange coupling constants within Kohn–Sham density 
functional theory, employing two different exchange–cor-
relation functionals. Both of them, B3LYP and TPSSh, 
show very similar trends. 

Fig. 5  Cobalt(II) centres in HIF-2: a tetradecanuclear molecular building block, b central core of the MBB, c the coordination spheres of three 
cobalt(II) centres Co1, Co2 and Co3 (violet Co, blue N, red O, dark gray C, light gray H) [6]. (Color figure online)



161Journal of Inclusion Phenomena and Macrocyclic Chemistry (2019) 94:155–165 

1 3

UV/Vis spectroscopy

The UV/Vis diffuse reflectance spectra of the supramolec-
ular hydrogen-bonded networks HIF-1 (mixture of HIF-1a 
and b), HIF-2 and HIF-3 as well as of the MOFs IFP-7 and 
IFP-8 (Fig. 9) showed similar absorption bands in the UV/
Vis region between 280 and 450 nm, which corresponded 
to intra-ligand n

→

→ �
∗ and � → �

∗ transition of imida-
zolate-4,5-diamid-2-olate L2 as well as of 2-methoxyim-
idazolate-4-amid-5-imidate L3. All three HIFs possessed 
a characteristic broad absorption band centered of imida-
zolate L2 around 340 nm. The corresponding absorption 
band of imidazolate L3 in the spectra of the IFPs IFP-7 

and IFP-8, is observed between 310 and 320 nm. In the 
visible region, HIF-2 had a broad absorption band centered 
at 610 nm, which could be assigned to the spin-allowed 
d–d transition 4A2(F) → 4T2(P) of the tetrahedral Co3(II) 
ions (Fig. 5c) [12]. In the visible region, the Co(II)-IFP 
IFP-8 [6] show absorption bands assignable to the d–d 
transitions of the trigonal–bipyramidal five-coordinate 
high spin cobalt(II) ion [13]. HIF-1 and HIF-3 showed 
no detectable luminescence. One of the possibilities of 
luminescence is due to the outer sphere energy transfer 
that can also be negated as this type of buliding-block 
structure where the ligand is not coordinated extensively 
to other metal center.

Conclusion

We showed the results of the syntheses of HIF-1 and HIF-2 
obtained at different experimental conditions. It was found 
that the yields for both HIFs can be increased by increasing 
the solvent volume (DMF) and by the addition of seed crys-
tals. The UV/Vis diffuse reflectance spectra of HIF-1 and 
HIF-2 showed a characteristic broad absorption band cen-
tered at 340 nm that corresponded to intra-ligand transition. 
In the visible region, HIF-2 had a broad absorption band 
centered at 610 nm assigned to d–d transitions of Co(II) 
ions. HIF-1 and HIF-2 are the by-products of solvothermal 
syntheses of IFP-7 and IFP-8, respectively. For their separa-
tion a relatively high yield and a good crystallinity is highly 
desirable. This can be achieved by increasing the solvent 
volume (DMF), by the addition of seed crystals and by a 
long cooling procedure already at higher temperatures in 
between 135 and 75 °C. At these reaction conditions, HIF-1 
forms pale yellow crystals of different morphology, rhombic 
dodecahedrons (HIF-1a) and the up to now unknown tetrag-
onal elongated octahedrons (HIF-1b). HIF-1b is isostructural 
to HIF-2, which crystallizes as deep purple colored tetrago-
nal elongated octahedrons. In comparison to HIF-1a (BET 
surface area of 471  m2  g−1), HIF-2 possesses very low gas 
sorption uptake properties. The reason could be the smaller 
openings of the channels in HIF-2 of 1.7 Å and 3.2 Å com-
pared to 3.9 Å and 6.0 Å in HIF-1a. A tentative surface area 
calculation based on the carbon dioxide uptake revealed a 
BET(CO2) surface area of 85  m2  g−1. The effective Bohr 
magneton number found at 300 K is in good agreement with 
the calculated spin only value four fourteen cobalt(II) high-
spin paramagnetic centres of the tetradecanuclear MBB of 
HIF-2. As temperature lowers down, the values of χMT and 
µeff decrease, which indicates antiferromagnetic exchange 
interactions between the cobalt(II) centres. This is confirmed 
by Kohn–Sham density functional theory calculations.
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Experimental

Materials and methods

All reagents and solvents were used as purchased from 
commercial suppliers (Sigma-Aldrich, Fluka, Alfa Aesar, 

Fig. 8  Model system for the 
 [Co6(OR)4(OR′)12(OH)2]4− core 
of the MBB (left) and polyeder 
representation of the considered 
couplings between the six spin 
centers (right)

Table 1  Heisenberg exchange spin coupling constants J between the 
cobalt atoms of the reduced model system shown in Fig. 8, obtained 
from Kohn–Sham density functional theory with a def2-TZVP basis 
set and employing the exchange–correlation functionals B3LYP und 
TPSSh

Coupling constants were obtained from a Green’s function approach 
[11]
The values marked in bold-face are for pairs on the opposite corners 
of the Co octahedron

Coupling constant B3LYP  (cm−1) TPSSh  (cm−1)

J1(1, 2) − 18 − 22
J2(3, 5) − 12 − 14
J3(4, 6) − 10 − 11
J4(5, 6) − 7 − 10
J5(3, 6) − 7 − 11
J6(3, 4) − 3 − 13
J7(4, 5) − 10 − 14
J8(1, 4) − 2 − 8
J9(2, 4) − 5 − 10
J10(2, 6) − 5 − 9
J11(1, 6) − 3 − 6
J12(1, 5) − 7 − 10
J13(1, 3) − 3 − 4
J14(2, 5) − 7 − 11
J15(2, 3) − 5 − 7
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Fig. 9  UV/Vis diffuse reflectance spectra (calculated via the 
Kubelka–Munk function and normalized for comparison) for HIF-1 
(mixture of HIF-1a and b), HIF-2, HIF-3, IFP-7 and IFP-8
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and others) without further purification, if not stated oth-
erwise. The linker precursor 4,5-dicyano-2-methoxyimida-
zole (L1) was synthesized following a published procedure 
[14].

Syntheses

HIF‑1a and HIF‑1b

In a sealed tube (TYP A, company: Ace) 4,5-dicy-
ano-2-methoxyimidazole L1 (0.1  g, 0,68  mmol) and 
Zn(NO3)2·4H2O (0.178 g, 0.68 mmol) were dissolved in 
DMF (7 ml) and some seed crystals are added. The sealed 
tube was closed and the mixture was heated at 135 °C for 
6 days and was then allowed to cool very slowly to 75 °C 
during 12 h in steps of 5 °C per 30 min cooling and then 
30 min waiting. Subsequently the reaction mixture was 
allowed to cool to room temperature overnight. Then the 
formed solids were separated from the reaction solution, 
washed with little DMF and tiped on filter paper. Under a 
microscope pale yellow crystals of dodecahedron morphol-
ogy (HIF-1a, 0.009 g, 6%) as well as of elongated octahe-
dron morphology (HIF-1b, 0.0075 g, 5%) could be separated 
from powdery IFP-7 by hand. IR (KBr pellet) of HIF-1b: 
νmax = 3427, 3349, 1658, 1533, 1447, 1384, 1262, 1103, 758, 
732, 692, 555, 494, 457 cm−1.

HIF‑2

HIF-2 was prepared in a similar manner to that described 
for HIF-1a and HIF-1b using L1 (0.06  g, 0.41  mmol), 
Co(NO3)2·6H2O (0.11 g, 0.38 mmol) and piperazine (0.02 g, 
0.23 mmol) dissolved in DMF (4 ml). Deep purple colored 
tetragonal elongated octahedral crystals of HIF-2 (0.005 g, 
6%) could be separated from powdery IFP-8. Co-elemen-
tal analysis (ICP-OES): calculated. for  [Co14(L2)12(O)
(OH)2(DMF)4] 25.9%, exp. 22.8%. The divergence of 18.6% 
is caused by solvent molecules (DMF and  H2O) enclosed 
in the channels of HIF-2 as well as defects in the crystal-
line polymeric material. IR (KBr pellet): νmax = 3426, 3344, 
1659, 1529, 1444, 1384, 1254, 1102, 758, 729, 695, 555, 
492, 459 cm−1.

IR spectra

IR spectra were recorded on FT-IR Nexus from Thermo 
Nicolet in the region of 4000–400 cm−1 using KBr pellets.

Powder X‑ray‑diffraction patterns

Powder X-ray diffraction (PXRD) patterns were measured 
on a Siemens diffractometer D5005 in Bragg–Brentano 
reflection geometry. The diffractometer was equipped with a 

copper tube, a scintillation counter, automatic incident- and 
diffracted-beam soller slits and a graphite secondary mono-
chromator. The generator was set to 40 kV and 40 mA. All 
measurements were performed with sample rotation. Data 
were collected digitally from 3° to 70° 2θ using a step size 
of 0.02° 2θ and a count time of 4 s per step. The simulated 
powder patterns for framework materials were calculated 
using single-crystal X-ray diffraction data and processed by 
the free Mercury v1.4.2 program provided by the Cambridge 
Crystallographic Data Centre.

Single‑crystal structure determination of HIF‑1b

A pale yellow elongated octahedron was embedded in per-
fluoropolyalkylether oil and mounted within a MicroGripper. 
For details of the data collection and the structure solution 
and refinement—see Supplementary Material. Crystal data 
 C8.5H8.25N6.5O5.375Zn1.75·2(C3H7NO), M = 548.05, tetrago-
nal, space group I4/m, a = b = 18.0657(4) Å, c = 29.1202(8) 
Å, V = 9503.9(5) Å3, Z = 16, DC = 1.532  g  cm3, 
F(000) = 4484, GOF = 0.976, R1 = 0.0587 (I > 2σ(I)), 
wR2 = 0.1558 (all data). CCDC-19011966 contains the sup-
plementary crystallographic data for this paper. These data 
can be obtained free of charge from The Cambridge Crys-
tallographic Data Centre via http://www.ccdc.cam.ac.uk/
data_reque st/cif.

Thermogravimetric (TG) analysis

TG measurements were performed in a static air atmosphere 
from room temperature up to 900 °C with a Perkin Elmer 
TGA 4000 thermal analyzer. The heating rate was 10 °C 
 min−1. The samples were placed in ceramic pans.

Gas‑sorption measurements

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. 
All used gases  (H2, 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.  H2 and  N2 sorption 
isotherms were measured at 77 K (liquid nitrogen bath), 
whereas the  CO2 sorption isotherm was measured at 
273.15 K (ice/deionized water bath).

Before the first sorption experiment HIF-2 was activated 
at 120 °C under vaccum (< 10−4 mbar) for 12 h. Due to a 
limited sample amount all experiments were performed with 
the same sample and measuring tube. In subsequent sorption 

http://www.ccdc.cam.ac.uk/data_request/cif
http://www.ccdc.cam.ac.uk/data_request/cif
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experiments the reused sample was activated for 3 h under 
same conditions.

Magnetic susceptibility measurements

The magnetic susceptibility was measured using a SQUID 
MPMS-XL5 instrument from Quantum Design. A field of 
0.5 T was applied over the temperature range. Gelatine cap-
sules in a plastic straw were used for sample preparation. 
The diamagnetic parts of the sample holder and the organic 
ligand were corrected afterwards by using measured values 
and tabulated Pascal’s constants [15].

Theoretical analysis

The electronic structures were evaluated with the Gauss-
ian09 program package [16] within Kohn–Sham density 
functional theory [17, 18]. Alrichs’ def2-TZVP basis set [19, 
20] along with the exchange correlation functionals B3LYP 
[21–26] and TPSSh [22, 23, 27] were used. The convergence 
criterion for the energy in the self-consistent field algorithm 
was set to  10−7 a.u. Heisenberg exchange spin coupling con-
stants were calculated from a Green’s function approach [11, 
28–31] with the module JGreen [11, 29] of our program 
package Artaios [30].

UV/Vis spectroscopy

The diffuse reflectance spectra were collected at a Lambda 
750 (Perkin Elmer) UV/Vis spectrophotometer equipped 
with a 60 mm integrating sphere and by using Spectralon 
(labsphere, USRS-99-010, AS-01158-060) as reference. 
For each measurement an appropriate amount of substance 
was mixed with manganese sulphate  (MgSO4). This mixture 
was pressed to a pellet and placed into the sample holder 
of the spectrophotometer. The measured reflection data R 
were converted into Kubelka–Munk K–M values according 
to the Kubelka–Munk function
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