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ABSTRACT  

Applying identical amounts of starting materials allowed the solvothermal preparation of two 

new polyoxoniobates by controlling the pH value of the reaction mixture. Stirring the slurries 

afforded crystallization of 

K5[Cu(H2O)2(cyclam)]1.5{[Cu(cyclam)][Cu(H2O)(cyclam)]2HSiNb18O54}(NO3)·30H2O (I) and 

{[Cu(cyclam)(H2O)]2[Cu(cyclam)][Nb10O28]}n·9nH2O (II) within short reaction times and in 

high yields. While compound I crystallizes from the mother liquor at room temperature after 

hydrothermal treatment at pH values > 10.3, compound II is isolated at pH < 10.3 by filtration, 

i.e II is formed at the reaction conditions applied. Time-dependent experiments demonstrate that 

under stirring, pure samples of both compounds can be obtained within 30 min. Syntheses 

without stirring the educt mixtures leads to very low yields of I and crystallization of II in 

comparable yields afforded about 20 h reaction time. In the structure of I, the rare [SiNb18O54]
14- 

anion is found, which is surrounded by [Cu(cyclam)]2+ complexes and K+ cations. The water 

molecules form a very unusual hydrogen bonding pattern which may be classified as a 
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L4(2)4(4)5(4)10(4)16(6)42(14) water cluster. Compound II features the decaniobate anion 

[Nb10O28]
6-, is obtained after short reaction time in high yields and exhibits a reversible 

release/uptake of crystal water molecules.  

INTRODUCTION 

High nuclearity polyoxometalates (POMs) with cluster shells of different shape, charge and 

functionalities form an outstanding class of materials with enormous structural varieties and 

applications in various fields like medicine and catalysis1–12. While high-nuclearity POM clusters 

based on Mo or W crystallize in a wide pH range between approx. 0 and 8.513–19,20, the product 

formation among group V POMs is more sensitive to changes of the pH value21–24. In contrast to 

molybdates and tungstates, where a great variety of precursors like e.g. [MoO4]
2-, [WO4]

2-, 

{Mo7O24}, {PW12O40} or {P2W18O64} is available, the number of suitable starting materials 

containing pre-built cluster shells in the field of polyoxovanadates (POVs) and polyoxoniobates 

(PONbs) is limited. The usage of heteroatom containing POVs as synthons was recently 

identified as a promising approach for the generation of new POVs23,25, but such preformed 

compounds do not exist in the field of PONbs24,26,27. 

The niobium sources for preparation of PONbs are scarce: Nb2O5 is practically insoluble in 

common solvents and only reacts in alkaline melts to form a hexaniobate anion, while niobium 

alkoxide precursors like e.g. Nb(OC2H5)5 are sensitive to air and moisture24,28. The resulting 

hydrolysis product Nb2O5·xH2O
29 can be dissolved in alkali or TMA+ (tetramethylammonium) 

hydroxide solutions30. Among others, several Keggin ion derivatives like, e.g., {XNb12O40-44} (X 

= Si31,32,33,34, Ge32,33, PV2
35, V3

36 PSb2
37, PNb2

37) as well as Lindqvist type PONbs {HxNb6O19}
38–

41 (x = 0 - 4) could be crystallized using Nb2O5·xH2O as niobium source.  
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 3

One of the first PONb cluster geometries different from the prominent Lindqvist ion was the 

decaniobate anion [Nb10O28]
8- (abbreviated as {Nb10O28}) composed of ten edge-sharing NbO6 

octahedra, which crystallized from an alkaline methanolic solution of niobium ethoxide 

(Nb(OC2H5)5) after 24 h42. Due to the low stability of the alkoxide precursor, the syntheses were 

difficult to be reproduced28, but this can be enhanced by employing directly Nb2O5·xH2O
29. The 

first TM amine complex (TM = transition metal) expanded {Nb10O28} cluster was synthesized 

under hydrothermal conditions applying K7HNb6O19·13H2O
43. Charge balance was achieved by 

in-situ generated [TM(2,2´-bipy)2]
2+ complexes (2,2´-bipy = 2,2´-bipyridine; TM = Co2+, Zn2+), 

which connect the anions via O-TM-O bridges into zigzag chains. With a similar synthesis 

protocol but at elevated temperatures, two decaniobate compounds of different dimensionalities 

(0D, 1D) were obtained containing [Ni(2,2´-bipy)x]
2+ (x = 2,3) complexes . In addition, 

decaniobates were also reported containing [TM(1,10-phen)x]
2+ complexes (TM = Ni2+, Co2+, 

Zn2+; x = 2,3; 1,10-phen = 1,10-phenanthroline)44.  

Hydrothermal treatment of [Nb6O19]
8- salts can also provide an avenue to cluster geometries 

which are unprecedented in PONb chemistry. In the presence of sodium metasilicate a new 

cluster geometry was prepared featuring the C-shaped [SiNb18O54]
14- polyanion consisting of two 

full and two “half” hexaniobate subunits which encapsulate a [SiO4]
4- tetrahedron45. The 

[SiNb18O54]
14- polyanion (abbreviated as {SiNb18O54}) could be isolated by a combination of 

hydrothermal and solvent diffusion methods. The latter was crucial for the formation of solid 

products, since clear solutions were obtained after hydrothermal treatments and solvent 

evaporation led only to gel-like phases. During further solvothermal syntheses, the first 

{SiNb18O54} based inorganic-organic hybrid sample with composition 

[Cu(en)2]3{[Cu(en)2][H6SiNb18O54]}·22H2O (en = ethylenediamine) was synthesized46. The 
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polyanion could be also prepared with other main group elements as heteroatoms. Recently, the 

hydrothermal reaction between {Nb6O19} and a monolacunary {GeW11O39} Keggin-type ion led 

to the formation of H[Cu(en)2(H2O)]8[Cu(en)2(H2O)2]2{K4[Cu(en)2]2[Cu(en)2(GeNb18O54)]2}-

[Nb3W3O19]·32H2O, which represents a very interesting structure containing both C-shaped 

{GeNb18O54} and Lindqvist {Nb3W3O19} moieties47. 

Although the solvothermal approach is powerful for synthesizing new and fascinating materials, 

the products cannot be predicted48. Most compounds were obtained by a trial-and-error method 

varying systematically different reaction parameters. Because of their chemical inertness and 

porous surface which benefits the growth of single crystals, Teflon lined steel autoclaves are 

widely used. But the usage of this experimental setup prevents visual control of the reaction 

progress and the reaction slurry cannot be stirred generating concentration gradients often 

leading to inhomogeneous products.  

Applying dynamic hydrothermal conditions in glass tubes the two new compounds 

K5[Cu(H2O)2(cyclam)]1.5{[Cu(cyclam)][Cu(H2O)(cyclam)]2HSiNb18O54}(NO3)·30H2O (I) and 

{[Cu(cyclam)(H2O)]2[Cu(cyclam)][Nb10O28]}n·9nH2O (cyclam = 1,4,8,11-

tetraazacyclotetradecane) (II) were prepared under identical conditions by adjusting the pH 

value. The structures are unique because a macrocyclic amine molecule could be successfully 

integrated in the PONb structure. Compound I is a rare example of an organic-inorganic hybrid 

based on the [SiNb18O54]
14- anion and crystallizes after a short reaction time. In addition, 

compared to other known decaniobates, compound II could be obtained reproducibly in high 

yields within a very short reaction time of only 30 min. Compound II can be reversibly 

dehydrated and rehydrated without significantly affecting the crystallinity. Herein, we report the 

syntheses and characterizations of the two new compounds featuring two different PONb cores.  
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EXPERIMENTAL SECTION 

Characterization techniques 

X-ray powder patterns were recorded with Cu-Kα1 radiation (λ = 1.540598 Å, Ge 

monochromator) on a STOE Stadi-P diffractometer with a Ge monochromator and a Mythen 1K 

detector. A Bruker Alpha-P IR spectrometer was used for measuring MIR spectra in a range of 

4000 – 400 cm-1. UV/Vis diffuse reflectance spectra were collected on an UV/Vis two-channel 

spectrometer Cary 5 from Carian Techtron Pty., Darmstadt, using BaSO4 as white standard. 

Optical band gaps were estimated applying the Kubelka-Munk method49. CHN analyses were 

done with a EURO EA elemental analyzer (EURO VEKTOR). DTA-TG curves were measured 

under an air or nitrogen atmosphere on a Netzsch STA 409 CD with a heating rate of 4 K min-1. 

DSC curves were recorded on a DSC Star System with STARe Excellence software (Mettler-

Toledo AG) under air and nitrogen atmosphere. The calibration of the instruments was done 

using standard reference materials. Water sorption measurements were performed using a 

Belsorpmax instrument (BEL JAPAN INC.) at 303 K. To remove the crystal water molecules the 

samples were treated in two different ways prior to the measurements: one sample was placed in 

an ampoule which was evacuated for 12 h at room temperature; the second sample was heated to 

200 °C in N2 atmosphere. Energy dispersive X-ray analyses (EDX) were done on a Philips 

Environmental Scanning Electron Microscope ESEM XL30 with an EDX detector. For structure 

determination the intensity data collection for both compounds was performed at 170 K with a 

STOE Imaging Plate Diffraction System (IPDS-2) with Mo-Kα radiation (λ = 0.71073 Å). The 

structures were solved with SHELXT-9750 and refined against F
2 using SHELXL-201451. For 

both compounds, a numerical absorption correction was performed (Tmin/max: 0.5409/0.7507 
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 6

for I and 0.6261/0.7543 for II). All non-hydrogen atoms except some water O atoms in II were 

refined anisotropically. The C-H and N-H H atoms were positioned with idealized geometry and 

refined isotropically with Uiso (H) = 1.2 Ueq (C,N) using a riding model. In compound I, the water 

H atoms were not located but considered in the calculation of the molecular formula and the 

molecular weight. In total, 35 H2O molecules were found. 32 of the oxygen positions are fully 

occupied, two are half occupied (O96, O98), and two further water O atoms are disordered with 

an occupancy of 80:20 (O76) and 70:30 (O97). The O-H H atoms in II were located in difference 

Fourier maps, and their bond lengths were set to ideal values and finally they were refined 

isotropically with Uiso(H) = 1.5 Ueq(O) using a riding model. After the structure refinement of II, 

some additional residual electron density peaks were observed in the difference Fourier map that 

indicate the presence of water molecules. Because no reasonable structure model was found the 

data were corrected for disordered solvents using the Squeeze option in Platon52. The residual 

number of electrons collected during the Squeeze procedure is 188, corresponding to five water 

molecules per formula unit. The solvent accessible free space calculated with Platon yields 

~558 Å3. 

CCDC-1835027 (I) and CCDC-1835028 (II) contain the supplementary crystallographic data for 

this paper. These data can be obtained free charge from the Cambridge Crystallographic Data 

Centre via http://www.ccdc.cam.ac.uk/data_request/cif. 

Syntheses 

General: All chemicals except K7HNb6O19·13H2O were purchased (Nb2O5: abcr, 99.5% Nb; 

Cu(NO3)2·3H2O: Merck, >99 %, 1,4,8,11-tetraazacyclotetradecane: Alfa Aesar, >98 %, KOH, 

85 %: abcr, HCl, 37 %: VWR) and were used without further purification. K7HNb6O19·13H2O 

was synthesized applying a literature method53. The pH was adjusted with aqueous solutions of 
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 7

1 M KOH or 1 M HCl. Unless otherwise mentioned, the reactions were carried out under 

hydrothermal conditions with stirring of the slurries (magnetic stirrer) in DURAN® glass tubes 

with an inner volume of 11 mL. To interrupt the reaction, the mixtures were quenched in ice-cold 

water after distinct time intervals of 30 min, 1 h, 2 h, etc. Subsequently, the solutions were 

filtered, transferred into straight glass tubes and the solvent was left to evaporate at room 

temperature. For comparison, some reactions were carried out without stirring in Teflon-lined 

steel autoclaves (inner volume: 30 mL) and the resulting solids were washed with water after 

separation by filtration.  

K5[Cu(H2O)2(cyclam)]1.5{[Cu(cyclam)][Cu(H2O)(cyclam)]2HSiNb18O54}(NO3) 

·30H2O (I): 0.2 mmol K7HNb6O19·13H2O, 0.4 mmol Cu(NO3)2·3H2O and 0.4 mmol 1,4,8,11-

tetraazacyclotetradecane (cyclam) were dispersed in 3 mL H2O (pH = 12.3). The reaction 

mixture was kept under stirring at T = 130 °C for 3 h. The clear violet solution was transferred 

into a glass tube and after slow evaporation of the mother liquor violet block shaped crystals 

were obtained. Yield: 26 mg (6.4 % based on Nb). C90H358N38K10Cu9Si2Nb36O184: calcd. in %: C 

11.65, H 3.89, N 5.73; found C 11.48, H 3.47, N 5.33. 

{[Cu(cyclam)(H2O)]2[Cu(cyclam)][Nb10O28]}n·9nH2O (II): Method 1: The same synthetic 

procedure was performed as for I but the pH was adjusted with 1 M aqueous HCl to < 10.4. 

During the reaction, a violet powder was formed. The microcrystalline solid product was 

recovered by filtration and was identified by PXRD as compound II. Yield: 72 mg at pH = 10.3 

(26 % based on Nb). Method 2: Identical mixtures as in method 1 were reacted in a Teflon-lined 

steel autoclave with an inner volume of 30 mL under static hydrothermal conditions. After 20 h 

at 130 °C, violet needles of II suitable for single crystal structure analysis were obtained. Yield: 
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 8

120 mg (44 % based on Nb). Cu3C30H94N12Nb10O39: calcd. in %:  C 15.22, H 4.00, N 7.10; found 

C 15.24, H 3.96, N 7.05. 

 

RESULTS AND DISCUSSION 

Synthetic Aspects 

To the best of our knowledge, all literature-known PONbs synthesized via the hydrothermal 

route were obtained in Teflon-lined autoclaves. An interesting question is whether these 

materials crystallize before cooling the reactor and whether any intermediates are formed24,48. 

Beyond the lack of visual control, there are good reasons to replace the Teflon-liners as 

containers for hydrothermal syntheses. Due to the porous surface, Teflon can uptake small ions 

or molecules, which are difficult to remove and which may be released during the synthesis, 

impeding the reproducibility of the experiments. This is a disadvantage in particular for the 

preparation of PONbs, because their formation is very sensitive to changes of the reaction 

conditions54. Due to the possibility of visual control during the reaction, we used glass reactors 

and indeed, we observed the formation of one of the compounds presented here already during 

solvothermal treatment. 

Stirring the reaction mixture (´dynamic´ conditions) leads to a homogeneous distribution of 

dissolved species and often phase pure products are formed. Under static conditions, single 

crystals are often obtained despite the unwanted concentration gradient in the slurry. We want to 

note that products of a dynamic reaction are not necessarily identical with those obtained from 

identical reaction mixtures without stirring55. 

We applied K7HNb6O19·13H2O which is soluble in water and generates a pH value beneficial 

for formation of PONbs (pH ≈ 12). The in-situ generated [Cu(cyclam)]2+ complex cation was 
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 9

used because of the high stability56 and the two vacant coordination sites which may lead to bond 

formation to O2- anions of the PONb cluster. 

For the synthesis of I, K7HNb6O19·13H2O, Cu(NO)3·3H2O and cyclam were dissolved in water 

yielding a clear solution (Scheme 1) with a pH of ~12.3. After three hours, the solution was 

filtered, whereby no solid products were obtained. Slow evaporation of the mother liquor at room 

temperature to approx. 0.5 mL yielded 

K5[Cu(H2O)2(cyclam)]1.5{[Cu(cyclam)][Cu(H2O)(cyclam)]2HSiNb18O54}(NO3)·30H2O (I) as 

violet block-shaped single crystals. Phase purity was confirmed by XRPD (Fig. S1). 

 

Scheme 1: Schematic representation of the syntheses of compounds I and II.  

Time dependent syntheses demonstrated that the yield increased with prolongation of the 

reaction time. But even after 30 min. of reaction time, enough material crystallized from the 

mother liquor for XRPD characterization demonstrating phase purity of the product. The 

maximum yield could be obtained after 14 h (~43 %). In further experiments, the influence of the 

pH value onto product formation was investigated applying dynamic conditions. Prior to heating, 

the pH value of the reaction slurry was set between 8.3 and 10.3, whereby the formation of light 
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 10

violet colored precipitates was observed. Reacting the mixtures at 130 °C the new compound 

{[Cu(cyclam)(H2O)]2[Cu(cyclam)][Nb10O28]}n·9nH2O (II) was obtained as microcrystalline 

violet powder. In contrast to I, the formation of II could be optically observed during the 

reaction and the solid product that was recovered directly after filtration was identified as II by 

XRPD (Fig. S2). Evaporation of the mother liquor at room temperature did not afford further 

crystalline products. The yield was ~ 70 % (pH = 8.7) after 30 min. of reaction time, while no 

significant increase of the yield could be observed prolonging the time (after 3 h: 77 %). If the 

slurry is not stirred, the yield of II is reduced to ~2 % based on Nb after 30 min. This observation 

indicates that stirring achieves a more homogenous distribution of the reactants in solution. 

Interestingly, the yield of II decreases with increasing pH (~48% at pH = 9.5; ~26 % at pH = 

10.3 for a reaction time of 3 h). This is in full accordance with reaction dynamics studies of 

aqueous solutions of [Nb10O28]
6-; where 17O-NMR experiments in combination with ESI-MS 

revealed an increasing dissociation rate of decaniobate ions forming hexaniobate anions with 

increasing pH.57 

Single crystal structure determination and EDX analysis of I clearly evidenced the presence of 

Si4+ ions, although no silicon source was employed in the reaction slurry. Hence, it must be 

assumed that alkaline pH leads to dissolution of silica from the glass tube. Repeating the 

synthesis in a Teflon-lined steel autoclave employing sodium metasilicate (Na2SiO3·3H2O) for 

24 h at the same pH value of 12.3 without altering the remaining reaction parameters, compound 

I could be also obtained but in a very low yield. Therefore, we assume that the slow release of 

the silica species in the glass vessel benefits the crystallization of I. The incorporation of ions not 

supplied in the reaction slurry is not unprecedented and examples are 

K14Na[GaNb18O54]·31H2O
58 or in K14Na6[H4Ni10(H2O)8Nb32O102]·73H2O

59 which were 
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 11

synthesized without Na+ cation supply or K19Na4[H10Nb31O93(CO3)]·35H2O which was formed 

by uptake of CO2 from the atmosphere54.  

The study presented here validates the charge-density rule, which states that PONbs with 

higher charge densities are stable in a more alkaline pH regime24,58. The charge density is defined 

as the ratio between the charge of the anion and the number of non-hydrogen atoms. 

According to this, I has a charge density of (13/73) = 0.178 and II (6/38) = 0.16. Because 

compound I was obtained at higher pH value, the system presented here follows this rule. 

Further prominent examples for the rule is the presence of [Nb6O19]
8- at higher and [Nb10O28]

6- at 

lower pH values (charge-densities: 0.32 and 0.16, respectively)27,57. 

Crystal Structures 

K5[Cu(H2O)2(cyclam)]1.5{[Cu(cyclam)][Cu(H2O)(cyclam)]2HSiNb18O54}(NO3)·30H2O (I) 

crystallizes in the triclinic space group P-1 with one formula unit per unit cell with all atoms 

except one Cu2+ cation being located on general positions. Details of structure determination and 

refinement results are summarized in Tab. S1. The central structural motif consists of a 

{HSiNb18O54}
 PONb cluster with three Cu2+ centered complexes attached covalently via terminal 

O atoms. The cluster shell (Fig. 1) contains two Lindqvist {Nb6O19} structural units, two “half” 

Lindqvist groups {Nb3O19} and a SiO4 tetrahedron, which is connected by corner-sharing. 

Alternatively, the {Nb3O19} triads and the SiO4 tetrahedron may be viewed as a {SiNb3O26} 

Keggin fragment, connected to two Lindqvist units via corner sharing. 
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Figure 1. Different views on {HSiNb18O54} PONb cluster; Green: NbO6 octahedra; purple: SiO4 

tetrahedra. Attached Cu2+ centered complexes are not displayed. 

 
In the {HSiNb18O54} cluster, five different types of oxygen atoms can be identified: terminal 

Nb=Ot, Nb-µ2-O, Si/Nb-µ3-O, Si/Nb-µ4-O and Nb-µ6-O bridging atoms. The corresponding bond 

lengths are 1.739(5) - 1.770(5) Å, 1.811(5) - 2.076(5) Å, 1.639(4) - 2.235(4) Å, 1.626(4) - 

2.491(4) Å and 2.209(4) - 2.546(4) Å, respectively (Tab. S2) and match well with values 

reported for {SiNb18O54} containing compounds45,46. 

Bond valence sum calculations (BVS) yield an oxidation state of +5 for Nb with values 

ranging from 5.11 to 5.27 (average: 5.13, Tab. S3). The value for Si  of 4.73 indicates an “over 

bonded” Si4+ ion, but the Si-O distances of 1.626(4) – 1.650(4) Å are in good agreement with 

those reported for other Si-PONbs31,60. Charge balance requires that the anion is 

monoprotonated. BVS calculations (Tab. S3) for O2- anions provided values of 1.34 - 1.72 

(average: 1.60) for terminal, 1.68 - 2.16 (average: 1.88) for µ2-O and 1.93 - 2.09 (average: 1.99) 

for µ3-O atoms, suggesting that most probably the proton is either located on O14 (BVS: 1.35) or 

delocalized over terminal O atoms.  
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The five crystallographically independent Cu2+ cations in the structure of I are coordinated by 

cyclam molecules and O atoms (Fig. 2). 

 

Figure 2a-e. View of the different coordination environments of the Cu2+ cations in the 

[Cu(cyclam)]2+ complexes in I (OW: water oxygen atoms, ONb: terminal cluster oxygen atoms). H 

atoms are omitted for clarity. Besides the N atoms of the cyclam ligands in the equatorial plane, 

the octahedra are completed either by O atoms of water molecules (OW) or both water O atoms 

and terminal O atoms of the cluster (ONb). The long Cu-O distance is shown in dashed lines. 

Two Cu2+ cations (Cu1/ Cu3) are in an octahedral environment of four N atoms of the ligand, 

one O atom of a H2O molecule and one terminal O atom of the cluster anion (Fig. 2a, b). Cu4 has 

bonds to the N atoms of one cyclam molecule and a terminal O atom of the anion yielding a 

distorted square pyramidal environment (Fig. 2c), while Cu2 and Cu5 are surrounded by one 

cyclam ligand and two H2O molecules generating distorted octahedra (Fig. 2d, e). Cu4 has an O2- 

anion of an adjacent cluster anion at 3.031(6) Å, but this distance is longer than the sum of the 
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van der Waals radii (2.92 Å61). The Cu-N bond lengths for all complexes scatter between 

1.995(8) and 2.034(6)  Å with N-Cu-N cis-angles between 85.1(3) and 94.9(3) ° and trans-angles 

of 173.8(3) - 180.0 ° (Tab. S4), in agreement with reported values62–65. The Cu-Ow (w = water) 

bonds are in the range of 2.451(8) - 2.648(6) Å and the latter is slightly longer than those 

reported for isolated copper cyclam complexes with aqua ligands with distances up to 

2.531(2) Å63,65–69 . The Cu-O bonds to terminal O2- anions of the cluster are between 2.401(6) 

and 2.698(4) Å. Such bond lengths were also observed in [{Cu(cyclam)}(VO3)2]·5H2O
70. Along 

[010] a chain-like arrangement is observed with alternating short and long Cu-O distances (Fig. 

3). Overall, each anion is decorated by three Cu2+ centered complexes and the remaining two 

[Cu(cyclam)(H2O)]2+ molecules are located between the chain-like arrangement (Fig. S3 and 

S4). 

 

Figure 3. View of {HSiNb18O54}
 clusters decorated by [Cu(cyclam)(H2O)]2+ and [Cu(cyclam]2+ 

cations in the structure of I. Dotted line: long Cu-O distances (Cu(4)-O(45): 3.031(6) Å). Green 

polyhedra: NbO6; purple polyhedra: SiO4. Water O atoms, K+ cations and NO3
- anions as well as 

C and H atoms are not displayed for the sake of clarity. 
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Four of the five unique K+ cations are located between two {HSiNb18O54} clusters and one 

(K4) is found in the pocket of the cluster anion (Fig. 4). 

Each potassium ion is surrounded by water molecules and cluster O2- anions and have 

coordination numbers (CN) of 5 (K3), 6 (K4), 7(K1, K2) and 8 (K5) with average K-O bond 

lengths of 2.812 - 2.881 Å using a cutoff of 3.03 Å for the interionic distances. We note that the 

sum of ionic radii is 2.72 – 2.89 Å71, depending on the CN. K3 is located in the plane of four O2- 

anions, which is electrostatically not satisfiying. Therefore, K-O distances up to 3.15 Å were 

considered, which leads to an increase of the CN to 6 (K3), 8 (K1, K2, K5) and 9 (K4), 

respectively (Tab. S5, Fig. S5a). Such long K-O separations up to ~3.2 Å are not unusual and 

were already reported for KOH·4H2O
72 or in K14H[K@Si4Nb16O56]·26H2O

73. 

The polyhedra around the K+ cations are irregular and they share edges and corners e.g. the 

polyhedron around K3 shares corners with those around K1 and K5 (Fig. S5b). The KOx 

polyhedra adopt an one-dimensional arrangement between the cluster anions along [010] (Fig. 

S6). 

 

Figure 4. View of the [HSiNb18O54]
13- anionic unit in I. The location of the K4 ion is displayed. 
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Because the H atoms of the 35 H2O molecules could not be located, O···O distances up to the 

sum of the van der Waals radii (3.04 Å) were considered as possible donor-acceptor distances for 

O-H⋅⋅⋅O bonds. The O···O distances range from 2.616 to 2.987 Å (Tab. S6), and a complex 

pattern is generated in the bc plane containing H2O bonded to Cu2+ cations and proposed H2O 

molecules surrounding K+ cations. As mentioned above some H2O are disordered and for sake 

of clarity these molecules are not considered. Following the notation of Infantes et al.74,75 the 

water network can be denoted as L4(2)4(4)5(4)10(4)16(6)42(14), i.e. there are four-membered 

rings which are surrounded by two or four other rings, five-membered rings sharing H2O 

molecules of four other rings, etc. (Fig. S7). In the 16-membered rings, the 

[Cu(cyclam)(H2O)2]
2+ cations are located, while each cavity in the 42-membered rings is 

occupied by two {HSiNb18O54} clusters along [100] (Fig. 5). The view along [010] reveals that 

those rings are arranged in wave-like manner with the anions being located between the rings 

(Fig. S8). Some of the water molecules form 4-membered discrete water clusters that would be 

denoted as D3 and D4, respectively.  
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 17

 

Fig. 5. View of the arrangement of the layered L4(2)4(4)5(4)10(4)16(6)42(14) water motif along 

[100] with the {SiNb18O54} clusters located in the 42-membered rings in the structure of I. Green 

polyhedra: NbO6; purple polyhedra: SiO4; some atoms are omitted. 

The compound {[Cu(cyclam)(H2O)]2[Cu(cyclam)][Nb10O28]}n·9nH2O (II) crystallizes in the 

monoclinic space group C2/c (Table S1). All unique atoms except Cu2 are located on general 

positions. The two crystallographically independent Cu2+ cations are in a distorted octahedral 

coordination geometry with four N donors of the cyclam ligand in the equatorial plane and two 

O2- anions in axial positions. The orientation of the N-H protons of the cyclam molecules around 

both Cu1 and Cu2 yields the trans-III (S,S,R,R) configuration56,76,77 (Fig. 6). 

Page 17 of 33

ACS Paragon Plus Environment

Crystal Growth & Design

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 18

 

Figure 6. View of of the coordination environments around the two crystallographically 

independent Cu2+ cations in II. Only selected atoms are labelled. Ligand H atoms omitted. 

 

All Nb centers are in an octahedral environment of O2- anions and the NbO6 octahedra are 

connected via edge-sharing to form the {Nb10O28} decaniobate ion (Fig. 7). The geometry may 

be described as a rectangle generated by six edge-sharing NbO6 octahedra which is capped by 

four NbO6 units. The O2- anions can be grouped according to the number of bridging metal atom 

centers: Nb-Ot, Nb-µ2-O, Nb-µ3-O and Nb-µ6-O with bond lengths 1.738(3) - 1.753(3) Å, 

1.916(3) - 2.097(3) Å, 2.009(3) – 2.138(3) Å and 2.225(2) - 2.545(2) Å, respectively (Tab. S7), 

agreeing with data reported for other decaniobate compounds42–44,78. The O-Nb-O angles scatter 

from 73.2(1) to 164.3(1) ° (Tab. S8) reflecting a pronounced distortion of the NbO6 octahedra. 

BVS calculations confirm the oxidation state of +5 for all Nb centers (average: 5.05, Tab. S3).  

The [Nb10O28]
6- anion is decorated by two [Cu(cyclam)(H2O)]2+ molecules via Nb-Ot-Cu 

bonds (Fig. 7) involving ions which are the most basic sites of the decaniobate anion57.  
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Figure 7. View of the decaniobate anion in II, decorated by three Cu2+ centered complexes.Only 

selected atoms are displayed and only a few atoms are labelled. 

 

The corresponding Cu1-O3 and Cu2-O11 distances are 2.469(3) Å and 2.721(4) Å respectively 

connecting the {Nb10O28} anions into a chain directed along [100] (Fig. 8). 
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Figure 8. View of the chain generated through long Cu-O bonds in the structure of II. H atoms 

and crystal water molecules are omitted for clarity.Green polyhedra: NbO6 units.  

 

The Cu-Ow bond of 2.594(5) Å is only slightly longer than those reported for [Cu(cyclam)]2+ 

complexes containing compounds63,65–69. The Cu-N bonds are between 2.005(3) and 2.030(4) Å 

with N-Cu-N angles of 85.6(2) and 94.6(2) ° (Tab. S9), in good accordance with data reported in 

literature63,64,68,6968. Concerning the N/O-Cu-N/O angles, the [Cu(cyclam)(H2O)]2+ complex is 

more distorted (81.2(2) - 172.1(1) °) than the other one (85.5(1) - 180 °). A possible reason is the 

involvement of the H2O molecule in intramolecular H bonding interaction (N-H⋅⋅⋅O: 3.038(6) Å; 

< (NHO) = 111.6 °) and O-H⋅⋅⋅O interactions with Ot atoms of neighboring clusters (Fig. S9) (O-

H···O: 2.746(5) Å; < (OHO) = 167.7 °). Hydrogen bonds between the H2O ligand and terminal 

O atoms of the [Nb10O28]
6- anion connect the clusters along the c axis (Fig. 9). 

Strong hydrogen bonds (Tab. S10) are found between the N-H atoms of the cyclam ligands and 

the terminal and µ2-bridging O atoms of the decaniobate anion (N-H···O distances: 2.949(4) – 
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3.049(4) Å; < (NHO) = 145.9 – 168.4 °). Furthermore, C-H atoms of cyclam and terminal as 

well as bridging (µ2-, µ3-O) cluster O2- anions (C-H···O distances:  3.241(6) – 3.480(6) Å; < 

(CHO) = 123.6 ° - 158.3 °) are also involved in H bonding interactions. The crystal water 

molecules exhibit relatively strong H bonding interactions with terminal and µ2-bridging cluster 

O2- anions (O-H···O distances: 2.798(4) – 3.217(5) Å; < (OHO) = 139.1 ° - 175.4 °) and weaker 

interactions with the C-H H atoms of the cyclam molecule ((C-H···O distances:  3.258(6) – 

3.579(7) Å; < (CHO) = 125.8 ° - 169.9 °). The two unique H2O molecules form a cluster which 

can be denoted as D2 (D = discrete) following the nomenclature of Infantes et al. 74,75. This D2 

unit interacts with O2- of the cluster anions via O-H⋅⋅⋅H bonds leading to a R4 motif (R = ring). 

 
Figure 9. View of the arrangement of crystal water molecules in compound II and their 

involvement in hydrogen bonds (shown as dashed lines). Green polyhedra: NbO6; organic 

ligands are omitted for clarity. 

 

Optical properties in the UV-Vis region 
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To estimate the band gaps from UV-Vis data, the Kubelka-Munk relation was applied (Fig. 

S10 and S11). For I, the broad absorption at 519 nm (2.39 eV) arises from Cu2+ d-d transitions 

Eg → 2T2g 
79,80,81,82, while for II, the same transition occurs at 521 nm (2.38 eV). Both transitions 

correspond to the absorption of green light, in good accordance to the violet colour of the 

compounds. The strong absorption located at about 326 nm (3.8 eV) for both compounds is most 

probably a charge transfer band. 

 

Thermal investigations 

The thermal properties of both compounds were investigated in air and nitrogen atmosphere. 

Regardless of the atmosphere, compound I decomposes in not well-resolved steps (Fig. S12 and 

13). When heated in an air, the first mass loss of about 15 %, which is accompanied by an 

endothermic event (Tp = 104 °C), matches well with the emission of 35 water molecules (calc. 

14.9 %). Starting at ~ 200°C and up to 650 °C, further decomposition with a mass loss of about 

20 % is observed, which may be explained by the emission of cyclam molecules (calc. 19.5 %). 

The reflections in the XRDP of the sample obtained at 500 °C could be assigned to Cu and CuO 

(Fig. S14a). We want to note that in the XRDP of several decomposition samples, modulated 

backgrounds are observed indicating the presence of X-ray amorphous material. Heating to 1000 

°C a dark green residue is formed and most of the reflections in the XRDP could be assigned to 

CuNb2O6, K5.75Nb10.85O30 and SiO2 (Fig. S14b). Heating the sample to 1000° C in N2, the TG 

curve above 200 °C is less steep compared to decomposition in air (Fig. S15). The residue 

recovered at 600 °C showed only reflections of CuO in the XRPD (Fig. S16a). The XRPD of the 

black powder formed at 1000 °C (Fig. S16b) exhibits a large number of reflections and an 
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unambiguous assignment to known compounds is difficult, but most of them could be assigned 

to KxNbyO30 (x ~ 6, y ~10.8), Cu, NbO2 and SiO2. 

In the TG curve of II measured in air, a well resolved mass loss up to ~ 200 °C with an 

endothermic event at Tp = 129 °C occurs which can be assigned to the loss of crystal water 

molecules (Fig. S17). During structure refinement, six H2O molecules could be located. As 

mentioned above (See Experimental), five additional water molecules may occupy void spaces, 

giving rise to eleven H2O molecules per formula unit. This is in full agreement with the first 

mass loss of 8.4 % (calc. 8.4 %). The following decomposition reaction from 200 - 500 °C (∆m = 

23.2 %) is accompanied by three exothermic signals at Tp = 300, 349 and 365 °C as well as a 

broad shoulder around 400 °C, which is better resolved in the DSC curve (Fig. S18) with Tp = 

396 °C. The mass loss between 200 and 600 °C of 26 % is in good agreement with removal of 

three cyclam molecules (calc. 25.2 %).When the decomposition is stopped at ~520 °C, an olive 

green solid containing ~ 1% residual C and N is obtained. The XRDP (Fig. S19a) revealed a 

modulated background and only two very weak reflections were observed, which may be 

assigned to CuO. The light green solid isolated after heating to 600 °C does not contain any 

residual C or N. The reflections in the powder pattern could not be assigned to any known copper 

or niobium or mixed oxides (Fig. S19b). Furthermore, the material seems to be nanocrystalline in 

nature. Further investigations concerning the composition and properties are under way. After 

heating to 1000 °C, the XRPD of the light green residue shows mainly reflections of Nb12O29 and 

CuNb2O6 (Fig. S19c). 

The TG curve collected in N2 atmosphere exhibits only two mass steps until ~600 °C (Fig. S20 

and S21). The black residue at 600 °C contains elemental Cu (Fig. S22a), in contrast to the 

experiment carried out in air where an unidentified material was obtained. The decomposition is 
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not complete at 1000 °C and the sample still contains residual C (~5 %) and N (~1.3 %). Most 

reflections in the XRDP can be assigned to Cu and NbO2 (Fig. S22b).  

In contrast to I, a pronounced plateau is observed after removal of H2O. In a further 

experiment, decomposition was stopped at 200 °C and the residue was investigated with PXRD. 

The material exhibits a good crystallinity after dehydration and the powder pattern clearly differs 

from the simulated pattern of II (Fig. S23). After stirring the dehydrated sample for 2 h in water 

and drying on air, the powder pattern matches well with the simulated pattern of II, indicating 

that the material is fully recovered (Fig. S24). 

The water adsorption properties of II were investigated with water vapor sorption 

measurements using samples treated in different ways (see Experimental Section). The sorption 

isotherm of the sample dehydrated at room temperature by evacuation shows a water uptake of 

only ~ 7 of the 11 crystal water molecules at a partial pressure p/p0 = 0.9 (Fig. 10). For the 

sample heated at 200 °C the uptake of 7 H2O molecules is already reached at p/p0 = 0.7 and a 

higher partial pressure is required for adsorption of all 11 molecules. The different behavior of 

the two samples can be traced back to the crystal structures: evacuation does not significantly 

change the crystal structure while heat treatment at 200 °C leads to formation of a new 

compound with a different crystal structure (Fig. S29).   
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Figure 10. Water sorption isotherms of samples of compound II evacuated at room temperature 

(black) and heated to 200 °C (red). 

 
 
CONCLUSION 
 

We demonstrated that control of the pH value is an important synthetic parameter for the 

directed preparation of new polyoxoniobates. In addition the pH value significantly influences 

the yield of the compounds and also stirring the reaction slurry is required for formation of phase 

pure products. The rare {SiNb18O54} cluster in the structure of I is covalently expanded by 

Cu2+centered complexes. Crystal lattice water molecules form a complex network through H 

bonding interactions. In the structure of II decaniobate anions are connected into a chain via Cu-

Ot bonds of [Cu(cyclam)]2+ cations along [100]. Compound I is decomposed upon heating in 

several not well resolved steps, and depending on the atmosphere and final temperature different 

compounds are formed. The TG curve of II shows a distinct plateau due to removal of crystal 
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water molecules. The XRPD evidence that the dehydrated material exhibits good crystallinity 

and that II is recovered when treated with water. H2O sorption measurements demonstrate that 

the water molecules can be desorbed in vacuo and confirm the number of water molecules 

determined from TG experiments and elemental analysis. 

Because of the large potential of PONbs in various fields of possible applications, an efficient 

synthetic strategy with short reaction times and high yields is crucial to explore the potential of 

these new materials in a reasonable timescale. Because PONb based materials are often 

synthesized under hydrothermal conditions, systematic evaluations of the influence of a single 

reaction parameter onto product formation is necessary to understand the formation pathways. It 

is well documented that the products of hydrothermal syntheses are often inhomogeneous caused 

by concentration gradients in the reaction slurries. We demonstrated that phase pure products can 

be obtained stirring the reaction mixture which leads to a homogenous distribution of the 

reactants in solution. Furthermore, a shortening of the reaction time is advantageous for 

screening of the parameter space, thus allowing fast optimization of reaction parameters. 

Currently, we are systematically exploring if this approach is suitable for the efficient synthesis 

of new PONbs exhibiting new structural features and chemical compositions.  

 

ASSOCIATED CONTENT 

Supporting Information Additional tables with selected bond lengths and angles and bond 

valence sum analyses, images of the structures, powder patterns, DTA/TG curves of both 

compounds, DSC diagrams of compound II, IR spectra and assignments of the infrared 

absorption bands of both compounds, Kubelka-Munk plots.  
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Two inorganic-organic polyoxoniobates 

K5[Cu(H2O)2(cyclam)]1.5{[Cu(cyclam)][Cu(H2O)(cyclam)]2HSiNb18O54}(NO3)·30H2O (I) and 

{[Cu(cyclam)(H2O)]2[Cu(cyclam)][Nb10O28]}n·9nH2O (II) were prepared from the same starting 

materials by altering the pH value of the reaction slurry. 
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