
electronic reprint

ISSN: 2053-2296

journals.iucr.org/c

An inorganic–organic hybrid supramolecular framework
based on the γ-[Mo8O26]4− cluster and cobalt complex of
aspartic acid: X-ray structure and DFT study

Morteza Tahmasebi, Masoud Mirzaei, Hossein Eshtiagh-Hosseini, Joel T.
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A new inorganic–organic hybrid based on an aspartate functionalized

polyoxomolybdate, [pentaaquacobalt(II)]-�-aspartate-[�-octamolybdate]-�-as-
partate-[pentaaquacobalt(II)] tetrahydrate, [Co2(C4H6NO4)2(�-Mo8O26)-

(H2O)10]�4H2O (1), has been synthesized under hydrothermal conditions from

the reaction of an Evans–Showell-type polyoxometalate, (NH4)6[Co2-

Mo10H4O38], and l-aspartic acid. The complex exhibits a supramolecular

three-dimensional framework structure in the crystal lattice. Compound 1 was

structurally characterized by elemental analyses, IR and UV–Vis (diffuse

reflectance) spectroscopy and single-crystal X-ray diffraction. In this compound,

aspartic acid acts as a bridge between the two Co atoms and the Mo centres, with

the –CH2COOH side chain directly linked to the Mo centre in �-[Mo8O26]
4� and

the �-carboxylate side chain bound to the Co centre. Commonly, the binding of

transition-metal complexes to POMs involves coordination of the metal to a

terminal O atom of the POM so that 1, with a bridging ligand between Mo and

Co atoms, belongs to a separate class of hybrid materials. While the starting

materials are both chiral and one might expect them to form a chiral hybrid, the

decomposition of the chiral Evans–Showell-type POM and its conversion to the

centrosymmetric �-octamolybdate POM, plus the presence of two aspartate

ligands centrosymmetrically placed on either side of the POM, leads to the

formation of an achiral hybrid. We have studied energetically by means of

density functional theory (DFT) calculations and using the Bader’s ‘atoms-in-

molecules’ analysis the electrostatically enhanced hydrogen bonds (EEHBs)

observed in the solid state of 1, which are crucial for the formation of one-

dimensional supramolecular assemblies.

1. Introduction

Polyoxometalates (POMs) are a class of transition-metal oxide

clusters which possess a large range of structures in terms of

size, shape, elemental composition and nuclearities, which

together with varied redox properties (Hutin et al., 2013; Song

& Tsunashima, 2012) make them attractive in various research

areas, including biology, magnetism, catalysis and materials

science (Mizuno & Misono, 1998; Müller et al., 1998; Ramas-

wamy et al., 2014). The design and synthesis of POM hybrids

for specific purposes and applications are still challenging and

interesting issues in modern inorganic chemistry. To obtain the

desired features, selecting suitable POMs, organic ligands and

additional metal atoms is essential (Taleghani et al., 2016;

Derakhshanrad et al., 2018; Mirzaei et al., 2014a). For example,

it can be noted that aromatic carboxylic acid ligands and
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lanthanide ions are used to improve the luminescence prop-

erties of hybrids (Mirzaei et al., 2014b), while the combination

of POMs with amino acids to produce POM–amino acid

hybrids with promising biological applications has also been

considered (Kortz et al., 2002; Alizadeh et al., 2009).

One of the most significant potential modifications of POMs

is the reduction of the initial high symmetry so as to generate

low-symmetry hybrids based on POMs. In the absence of a

symmetry plane, chiral structures may result which have

properties quite different from achiral structures. It is well

known that most POM clusters possess high symmetry and

there are very few chiral compounds in which the chirality is

due to their inherent structure. Thus, the symmetry in these

compounds must be broken by creating a vacuolar compound

by the removal of one or several metal atoms or by substitu-

tion with a different metal or other atoms. Examples of the

latter are chiral POM anions, such as [P2W17O61]
10� (Sada-

kane et al., 2001) and [SiW11O39]
8� (Kortz & Matta, 2001). In

others, the chirality is obtained from alternating bond lengths,

as in [MnMo9O32]
6� (Weakley, 1977) and [P2Mo18O62]

6�

(Garvey & Pope, 1978). Finally, one can add organic ligands to

remove the inversion or mirror symmetry in POMs.

Generally, chiral POM-based compounds can be obtained

by two routes. The first method is based on the use of chiral

species, including chiral organic molecules, chiral metal–

organic units or chiral POMs, as structure-directing agents.

Here, the chirality of substances can be transferred to the

whole structure by using dissymmetric species, by the bonding

of the metal centres to the POM cluster or by hydrogen-bond

interactions (Du et al., 2013; Teng et al., 2013; Lan et al., 2008).

This method has been a considerable development (Xin &

Pope, 1996; Fang et al., 2005; Inoue & Yamase, 1995; Kortz et

al., 2002). An example of this method is a chiral hybrid that is

constructed from [CoMo6O24]
6� clusters and histidine in

which the chirality of the amino acid is transferred to the

whole framework through the bonding of chiral histidine to

the POM cluster (Arefian et al., 2018). In another example, the

use of an Evans–Showell POM cluster as a chiral poly-

oxoanion transfers its chirality to the whole framework (An et

al., 2015b), although, in most cases, the use of chiral ligands to

synthesize a chiral hybrid is more common because of their

diversity and abundance. The second method for creating

chiral compounds is the use of achiral starting materials which

undergo spontaneous resolution without any chiral auxiliary

(Zhang et al., 2016). Spontaneous resolution is one of the

oldest and most fascinating but challenging methods to

prepare chiral POMs. On the basis of results to date, it is found

that destroying the symmetry of achiral starting species during

the assembly process should be a key factor. However, to

increase the predictability of preparing chiral conglomerates

by this method the starting species should have chiral building

units.

As already mentioned, POMs have been of great interest

for their outstanding properties and their full potential can be

optimized by associating other moieties. To modify POMs and

synthesize hybrids based on POMs, the interactions between

the organic and inorganic parts of the hybrids may be weak

and include electrostatic interactions, hydrogen bonds or van

der Waals interactions with no covalent bonding. These types

of interactions are more likely to occur when the hybrid

contains only the organic ligand and the POM. Due to the

anionic character of POMs, the protonated organic ligands

may just be the counter-cation associated with them. In

another category, moieties in hybrids are linked via strong

covalent or ionic–covalent bonds. The surface of POMs are

rich in oxygen so the nucleophilic character of the O atoms

lead to covalent interactions with electrophilic groups on the

organic ligands (Mirzaei et al., 2014b). As an example of

covalent interactions in inorganic–organic hybrids, a metal ion

in its positive oxidation state creates covalent bonding with O

atoms of the POM and also with electron-donor groups in the

organic ligands. Alternatively, the organic ligands can substi-

tute an oxo group of the POM to be directly linked to a

metallic centre of the POM.

Amino acids, as the basic units of proteins and peptides, and

an important class of major nutrients obligatory for the
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Figure 1
Aview of the molecular structure of 1. All H atoms and lattice water molecules have been omitted for clarity. Displacement ellipsoids are drawn at the
50% probability level. Half the molecule is related to the other half by a centre of symmetry at (�x + 1, �y + 1, �z + 2).
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survival of any cell, have an important role in biology and life

science (Arefian et al., 2017). As an example of modifying the

POM, these biological ligands transfer their valuable proper-

ties, such as chirality and biochemical characteristics, to the

whole structure.

In our experiment, an inorganic–organic hybrid based on

�-octamolybdate (Fig. 1) has been synthesized using [Co2-

Mo10H4O38]
6� and l-aspartic acid. Here, the building blocks

are linked via strong covalent bonds and aspartate acts as a

bridge between two metallic centres (Mo and Co). The

resulting material not only involves an organic ligand substi-

tution for an oxo group of the POM so as to be directly linked

to the metal centre of the POM but also has a transition metal

bound to the ligand. To a degree, this can be considered a

metal–organic unit and modifying the POM with a metal–

organic block, compared to an organic ligand, can be more

desirable for certain purposes. For example, for an antitumour

agent, provision of a redox cycle can be beneficial. This

condition can be provided as a result of successive redox

processes between the metal and the ligand (Zhang & Sadler,

2017; Farhan et al., 2016) and reversible-redox properties in

the POM are further enhanced.

2. Experimental

2.1. Materials and methods

(NH4)6[Co2Mo10H4O38]�7H2O was synthesized according to

the literature (Tsigdinos, 1961) and was characterized by IR

spectroscopy. All other reagents and solvents were purchased

from commercial sources and used without further purifica-

tion. IR spectra were recorded as KBr pellets on a Buck 500

IR spectrometer in the range 4000–400 cm�1. UV–Vis diffuse

reflectance (DR UV–Vis) spectroscopy was conducted in the

wavelength range 200–800 nm using a Scinco S400 spectro-

photometer. The C, H and N elemental analyses were per-

formed on a Thermo Finnigan Flash model 1112EA micro-

analyzer.

2.2. Synthesis and crystallization

(NH4)6[Co2Mo10H4O38]�7H2O (0.29 g, 0.15 mmol) was dis-

solved in water (8 ml) and ethanol (4 ml) was added, resulting

in a pH of the solution above 4. An aqueous solution (8 ml) of

enantiopure l-aspartic acid (0.12 g, 0.9 mmol) was then added,

leading to a solution pH of 3. The resulting solution was stirred

for 2 h and then transferred to a Teflon-lined autoclave (30 ml)

and kept at 110 �C for 72 h. After the mixture had been cooled

slowly to room temperature, the solution was filtered and,

after a few days, pale-pink crystals were obtained in 63% yield

(based on Mo). Analysis calculated (%) for C8H32Co2Mo8-

N2O44�4H2O: C 5.32, H 2.2, N 1.58; found: C 5.28, H 2.3, N

1.54. IR (KBr pellet, cm�1): 3180, 1612, 1411, 1316, 1144, 1081,

940, 885, 840 and 714.

2.3. Refinement

Crystal data, data collection and structure refinement

details are summarized in Table 1. H atoms were included as

riding contributions in idealized positions, with isotropic

displacement parameters tied to those of the attached atoms.

Several regions of modest residual density, well removed from

the main molecule and attributed to disordered/partially

occupied lattice water sites, were modelled with the

SQUEEZE routine (Spek, 2015) of PLATON (Spek, 2009)

before the final refinement.

The cobalt centres are CoII, as indicated by the Co—O

distances and formalized in their bond-valence sums (calcu-

lated by PLATON). This leaves a charge imbalance of �2,

since the Mo8O26 fragment has a charge of �4 and each

aspartate has a charge of �1. We propose that two protons,

which remain unlocated from the diffraction data, are present

at the periphery of the POM (i.e. two of the O atoms are in

OH groups). We do not propose exact locations for these H

atoms, and indeed they may be disordered over several sites.

2.4. CSD search

A search of the Cambridge Strructural Database (CSD;

Groom et al., 2016) was performed for the main building

blocks of 1 and structures derived from these components. In

the case of interactions between building blocks in inorganic–

organic hybrids based on POMs in two categories, i.e. covalent

bonds and noncovalent bonds, only two hybrids based on

aspartic acid for this ligand have been reported in which the

interactions between components are of the noncovalent type.

The search reveals that 182 compounds of aspartic acid have

research papers

Acta Cryst. (2019). C75 Tahmasebi et al. � An inorganic–organic hybrid supramolecular framework 471

Table 1
Experimental details.

Crystal data
Chemical formula [Co2(C4H6NO4)2(Mo8O26)-

(H2O)10]�4H2O
Mr 1817.80
Crystal system, space group Monoclinic, P21/c
Temperature (K) 120
a, b, c (Å) 11.507 (4), 12.853 (5), 15.795 (6)
� (�) 110.602 (5)
V (Å3) 2186.6 (13)
Z 2
Radiation type Mo K�
� (mm�1) 3.09
Crystal size (mm) 0.30 � 0.17 � 0.11

Data collection
Diffractometer Bruker SMART APEX CCD
Absorption correction Multi-scan (SADABS; Krause et

al., 2015)
Tmin, Tmax 0.50, 0.73
No. of measured, independent and

observed [I > 2�(I)] reflections
41259, 6170, 5156

Rint 0.049
(sin �/�)max (Å

�1) 0.706

Refinement
R[F 2 > 2�(F 2)], wR(F 2), S 0.030, 0.078, 1.03
No. of reflections 6170
No. of parameters 307
H-atom treatment H-atom parameters constrained
�	max, �	min (e Å�3) 2.36, �1.21

Computer programs: APEX3 (Bruker, 2016), SAINT (Bruker, 2016), SHELXT
(Sheldrick, 2015a), SHELXL2018 (Sheldrick, 2015b), DIAMOND (Brandenburg &
Putz, 2012), SHELXTL (Bruker, 2016) and Mercury (Macrae et al., 2008).

electronic reprint



been reported, with 128 structures having covalent inter-

actions between aspartic acid and other components, and the

rest having noncovalent interactions. In many of these

complexes, the carboxyl group and the amino group are joined

by covalent bonds to other parts. However, in some cases, the

amino group is not involved in interactions, while in some

others (79 examples), aspartic acid acts as a bridge between

metal centres through its two carboxyl groups.

A CSD search for the [Mo8O26]
4� anion or compounds

containing octamolybdate by name gave 459 compounds.

Interactions between building blocks for 353 hybrids are

noncovalent and for 106 hybrids are of the covalent type.

Covalent connections between organic parts and inorganic

clusters can be classified as (i) non-POM metal ions bridging

between the organic ligand and an electron-rich O atom of the

POM or (ii) nucleophilic atom(s) from the organic ligand

covalently linked to high-oxidation-state metallic centres in

the POM. In this search, 58 hybrids are of type (i) and 48

hybrids of type (ii).

2.5. Theoretical methods

The geometries of the complexes included in this study were

computed at the M06-2X/def2-TZVP level of theory using the

crystallographic coordinates within TURBOMOLE (Version

7.0; Ahlrichs et al., 1989). We have used the crystallographic

coordinates instead of the optimized complexes because we

are interested in estimating the binding energies of several

assemblies as they stand in the crystal structure, instead of

investigating the most favourable geometry for a given com-

plex. The interaction energies were calculated with correction

for the basis set superposition error (BSSE) using the Boys–

Bernardi counterpoise technique (Boys & Bernardi, 1970).

The ‘atoms-in-molecules’ (AIM) analysis of the electron

density was performed at the same level of theory using the

AIMAll program (Keith, 2013).

3. Results and discussion

3.1. Synthesis

The reaction of the Evans–Showell polyoxometalate and l-

aspartic acid under hydrothermal conditions formed the title

compound, 1. This POM is a chiral entity that forms with the

loss of an oxo group from each of two [CoMo6H6O24]
3� ions,

turning one �45� around the anionic equatorial plane and

joining Mo6O24 parts so that the two CoO6 octahedra share an

edge (An et al., 2015a). As it does not have the symmetry and

necessary stability of most POMs, it decomposes at tempera-

tures above 85 �C. Since these two heteropolyanions (Evans–

Showell and Anderson–Evans) have similar syntheses (Evans

& Showell, 1969; Tsigdinos, 1961; Nomiya et al., 1987), the

Evans–Showell type, after reaction at high temperatures turns

into the Anderson form (Arefian et al., 2018). In this case, its

oxomolybdate portion forms a centrosymmetric octamolyb-

date and its Co atoms, in conjunction with aspartate, form two

inorganic complexes coordinated to the octamolybdate.

Utilizing starting materials with chiral configurations as

building units increases the chance of preparing chiral

conglomerates by spontaneous resolution. Unfortunately,

here, in spite of the use of chiral starting materials, the final

product is an achiral hybrid. Thus, the POM is centrosym-

metric and, in keeping with the crystallographically enforced

centrosymmetry of the hybrid, the two aspartate ligands must

have opposite configurations about the chiral C atom (Fig. 1).

It is not clear at this point at what stage of the synthesis the

racemization of the aspartic acid (or aspartate ion) occurs but

the presence of both enantiomers in the product clearly

indicates that it has. Since the reaction was carried out at pH 3,
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Figure 2
The �-octamolybdate anion in (a) a polyhedral representation and (b) a
wire/stick representation.

Table 2
Selected bond lengths (Å).

Mo1—O1 1.712 (2) Mo3—O10 1.9534 (19)
Mo1—O4 1.725 (2) Mo3—O7 2.174 (2)
Mo1—O5 1.930 (2) Mo3—O10i 2.381 (2)
Mo1—O11 1.967 (2) Mo4—O13 1.699 (2)
Mo1—O8i 2.243 (2) Mo4—O12 1.730 (2)
Mo1—O10 2.249 (2) Mo4—O11 1.893 (2)
Mo1—Mo2 3.2092 (9) Mo4—O14 2.108 (2)
Mo2—O2 1.719 (2) Mo4—O7i 2.109 (2)
Mo2—O6 1.725 (2) Mo4—O8i 2.319 (2)
Mo2—O7 1.914 (2) Co1—O18 2.076 (2)
Mo2—O5 1.927 (2) Co1—O20 2.087 (2)
Mo2—O10 2.217 (2) Co1—O22 2.103 (2)
Mo2—O9i 2.369 (2) Co1—O19 2.104 (2)
Mo3—O3 1.700 (2) Co1—O17 2.106 (2)
Mo3—O9 1.755 (2) Co1—O21 2.125 (2)
Mo3—O8 1.911 (2)

Symmetry code: (i) �xþ 1;�yþ 1;�zþ 2.
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the carboxylic acid groups (� and side chain) are deprotonated

and the amine group is protonated (pKa1 �1.88, pKa2 �9.60

and pKa3 �3.65), so the ligands are in their zwitterionic form

initially.

3.2. Crystal description

Details of the X-ray structure determination are presented

in Table 1, with selected bond lengths appearing in Table 2.

The asymmetric unit consists of half of the total molecule and

is located on a centre of symmetry. The full molecule consists

of a �-octamolybdate anion, [Mo8O26]
4�, directly connected to

two aspartate ligands by an oxygen–molybdenum bond

[Mo4—O14 = 2.108 (2) Å] (Fig. 1).

The �-octamolybdate [Mo8O26]
4� anion, one of the eight

isomers of the octamolybdate cluster (Szymańska et al., 2014),

is built up of six distorted edge-shared MoO6 octahedra and

two MoO5 square-pyramidal subunits, so that it can be

described alternatively as two cyclic Mo4O13 units. The two

five-coordinated Mo4 atoms, placed at opposite positions in

the �-octamolydate isopolyanion, are further coordinated by

an O atom from each aspartate ligand, thereby satisfying the

distorted octahedral coordination of all the Mo atoms. The

distortion is seen in the polyhedral view (Figs. 2a and 3a).

There are four kinds of O atoms in the �-[Mo8O26]
4� anion:

terminal O (Ot), �2-O, �3-O and �4-O. In each anion, there

are 14 terminal Ot, six �2-O, four �3-O and two �4-O atoms.

Two of the four Mo atoms in each Mo4O13 unit possess two Ot
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Figure 3
(a) The distorted octahedral coordination of MoVI and (b) the octahedral
coordination of CoII.

Figure 4
(a) A polyhedral view of the 1D supramolecular chain in 1 and (b) a polyhedral view of the 2D supramolecular sheet in 1.
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atoms (Mo1 and Mo2), while one has only one Ot atom (Mo3).

The remaining Mo atom (Mo4), besides two Ot atoms,

possesses one direct Mo—O bond. Therefore, in the idealized

octamolybdate anion, there are three different types of Mo

atoms, i.e. Mo1/Mo2, Mo3 and Mo4 (Fig. 2b). Expectedly, the

distances between the Mo metal centres also vary, viz.

Mo1� � �Mo2 = 3.2093 (13) Å, Mo1� � �Mo3 = 3.4562 (14) Å,

Mo1� � �Mo4 = 3.2593 (13) Å, Mo2� � �Mo3 = 3.4613 (14) Å,

Mo2� � �Mo4 = 5.6603 (16) Å and Mo3� � �Mo4 = 3.4423 (14) Å.

The Mo—O bond lengths vary from 1.712 (2) Å for one of the

terminal Mo—O bonds to 2.381 (2) Å for Mo3—O6 bonds

that sit near the centre of each Mo4O13 unit, half of the anion,

in the plane of the four Mo atoms. In general, The Mo—O

bonds can be classified into three types by their bond lengths:

short terminal Mo—O bonds (�1.720 Å), bonds of inter-

mediate length (�1.928 Å) and long bonds (�2.258 Å).

Meanwhile, the Mo4—O14 bond to the carboxylic acid group

of aspartic acid is 2.108 (2) Å in length.

In 1, the CH2COO� side chain is directly linked to Mo4 in

the �-octamolybdate, while its �-carboxylate group coordi-

nates to the Co centre. Overall, the six-coordinate CoII atom

links to atom O17 of an aspartate ligand [Co1—O17 =

2.106 (2) Å] and five water molecules [Co—OH2 =

�2.099 (2) Å] to complete an octahedral coordination

geometry (Fig. 3b).

Strong intermolecular hydrogen bonds (full details are

available in the supporting information) are formed between

the hybrid molecules [O18� � �O8ii = 2.745 (3) Å, O19� � �O12iii =

2.800 (3) Å, O22� � �O4iii = 2.809 (3) Å, N1� � �O17iii =

2.913 (3) Å, N1� � �O14 = 2.919 (3) Å, N1� � �O19iii =

2.902 (3) Å, O24� � �O1viii = 2.892 (3) Å and O24� � �O2viii =

2.992 (3) Å; symmetry codes: (ii) x, y, z� 1; (iii)�x + 1,�y + 1,

�z + 1; (viii) �x + 1, �y + 1, �z + 2], leading to a one-

dimensional (1D) structure in the c-axis direction (Fig. 4a).

The extended chains are interconnected by other hydrogen

bonds in the b-axis direction [O22� � �O2vii = 3.104 (3) Å,

O22� � �O5vii = 3.258 (3) Å and O24� � �O21v = 2.914 (3) Å;

symmetry codes: (v) �x, �y + 1, �z + 1; (vii) x � 1, y, z � 1],

to yield a two-dimensional (2D) supramolecular layer parallel

to the ac plane (Fig. 4b). The 2D supramolecular layers are

joined to yield a three-dimensional (3D) supramolecular

framework via other hydrogen-bonding interactions

[O18� � �O15i = 2.781 (3) Å, O19� � �O11iv = 2.779 (3) Å,

O21� � �O6vi = 2.772 (3) Å, N1� � �O6vi = 2.912 (3) Å,

C2� � �O6vi = 3.134 (4) Å, C3� � �O3viii = 3.240 (4) Å,

O23� � �O15 = 2.679 (3) Å and O23� � �O4ix = 3.024 (3) Å;

symmetry codes: (i) x, �y + 3
2, z � 1

2; (iv) �x + 1, y � 1
2, �z + 3

2;

(vi)�x + 1, y + 1
2,�z + 3

2; (ix) x� 1,�y + 3
2, z� 1

2] (Figs. 5 and 6).

3.3. Spectroscopic studies

3.3.1. FT–IR spectroscopy. The IR spectrum of 1 has the

characteristic asymmetric stretching vibration peaks at 940,

885, 840 and 714 cm�1, which confirm the presence of Mo—Ot

and Mo—Ob (b is bridging) groups. These characteristic bands

are nearly identical to those of reported octamolybdate
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Figure 5
Polyhedral view of the 3D supramolecular framework of 1. The colour code for the atoms is the same as in Fig. 4(a).
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compounds (Kan et al., 2012). The bands at 1081 and

1144 cm�1 are assigned to the CN and rocking of the NH3

group in aspartic acid, respectively. The band at 1316 cm�1 is

assigned to CH bending in aspartic acid. The symmetrical and

asymmetrical COO� stretching vibrations are centred at 1411

and 1612 cm�1, respectively (Navarrete et al., 1994). The

absence of 
(CO) bands around 1720 cm�1 indicates that all

the carboxylic acid groups are deprotonated in 1. Bands

ranging from 3500 to 3000 cm�1 are assigned to the O—H

vibration of the lattice and coordinated water molecules, and

N—H and C—H stretching.

3.3.2. UV–Vis diffuse reflectance spectroscopy. The A

versus � plot is displayed in Fig. 7(a), with the absorption (A)

calculated from the reflectivity using the function: A = log(1/

R%), in which R is the reflectivity at a given wavelength. In the

ultraviolet region (200–400 nm), there are three absorption

bands at 257, 306 and 380 nm which are assigned to O!Mo

charge-transfer transitions for the POM (An et al., 2015a). In

semiconductors, the band gap-energy refers to the energy

difference between the valence band and the conduction band,

while in POMs, the band gap refers to the energy difference

between the HOMO (highest occupied molecular orbital) and

LUMO (lowest unoccupied molecular orbital) (Guo & Hu,

2007). The UV–Vis DRS plot of (ah
)2 versus h
 can be used

to calculate the band-gap energy Eg (Liao et al., 2016). An

absorption edge is located at 450 nm and the band gap

obtained as above is 3.18 eV (Fig. 7b).

3.4. Theoretical study

We have focused the theoretical study on the calculation of

the energetic features shown by the electrostatically enhanced

hydrogen-bonding (EEHB) interactions observed in the

crystal packing of compound 1. In particular, two different

types of EEHBs are observed in the solid state of 1. One
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Figure 6
Strong hydrogen bonds responsible for the expansion of the structure of 1 in the ac plane, including the lattice water molecules.

Figure 7
(a) The UV–Vis diffuse reflectance spectrum of bulk 1. (b) The plot of
(ah
)2 versus h
 to calculate the optical band-gap energy Eg.
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involves the zwitterionic aspartate (NH3
+� � ��OOC) and the

other is between the cationic [Co(AA)(H2O)5] moiety and the

anionic [Mo8O26]
4� counterpart.

In Fig. 8 we show a partial view of the X-ray structure of 1,

where an infinite 1D supramolecular assembly is represented

(see also Fig. 4a). It is generated by the formation of up to ten

EEHBs, which are represented as dashed lines in Fig. 8(b). We

have evaluated the interaction energy of one self-assembled

dimer extracted from the 1D supramolecular chain that is very

large (�E1 = �226.4 kcal mol�1), thus confirming the impor-

tance of such interactions in the solid-state architecture of 1.

In order to evaluate the contribution of the hydrogen bonds

involving aspartate, we have used a theoretical model where

the Co(H2O)5 and [Mo8O26] moieties have been eliminated.

Moreover, the carboxylic acid groups of the side chains have

been protonated to keep the charge neutrality. As a result, the

interaction energy is significantly reduced to �E2 =

�39.4 kcal mol�1. Nevertheless, it confirms the strong EEHBs

that are formed due to the zwitterionic nature of AA.

In order to provide additional evidence for the existence of

the EEHBs, we have analyzed a model of the self-assembled

dimer, where we have eliminated the computationally unaf-

fordable [Mo8O26]
4�, using Bader’s theory of ‘atoms in mol-

ecules’ (AIM) (Bader, 1990), which provides unambiguous

evidence of covalent and noncovalent bonding. The AIM

theory has been successfully used to characterize and under-

stand a great variety of interactions, including those described

herein. In Fig. 9, we show the AIM analysis of the model

where it can be observed that each intramolecular hydrogen-

bonding interaction is characterized by the presence of a bond

critical point and bond path that connect the H atom to the O

atom. Each NH3
+ group participates in three hydrogen bonds,

two intermolecular with the carboxylate group and the Co-

coordinated water molecule, and one intramolecular with the

carboxylate group of the side chain. The value of the Lapla-

cian at the bond critical points is positive, as is common in

closed-shell interactions.

4. Conclusions

In summary, a new inorganic–organic hybrid with aspartate

bridging the different metals, has been prepared under

hydrothermal conditions from the reaction of [Co2Mo10-

H4O38]
6� and aspartic acid, and represents the first POM

hybrid functionalized by aspartate. In 1, two cationic metal–

organic groups are covalently bonded to Mo in the octa-

molybdate [Mo8O26]
4�, with the CH2COO� side chain of the
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Figure 8
(a) Partial view of the 1D supramolecular chain of 1. (b) Theoretical model of the self-assembled dimer of 1. Distances are in Å. (c) The aspartate self-
assembled dimer.

Figure 9
AIM analysis of the self-assembled dimer retrieved from the X-ray
structure of 1. Bond and ring critical points are represented by green and
yellow spheres, respectively. The bond paths connecting bond critical
points are represented by dashed lines.
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aspartate directly linked to the Mo4 centre in the octa-

molybdate and its �-carboxylic acid group coordinated to Co.

Each COO� group is planar and the angle formed by the two

planes is 27.02�. Since the starting materials, i.e. Evans–

Showell POM and aspartic acid, are both chiral, it was

expected that a chiral hybrid would be formed. Unfortunately,

under the conditions used, the POM degraded to the

symmetrical octamolybdate [Mo8O26]
4� and the resulting

complex with the pentaaqua(aspartato)cobalt(II) moiety

possesses crystallographic centrosymmetry and so is achiral. In

1, strong O—H� � �O, N—H� � �O and C—H� � �O hydrogen-

bonding interactions involving both the coordinated and

lattice water molecules, as well as the amino groups, lead to

the formation of a supramolecular 3D framework structure.

The interactions have been studied using DFT calculations

and AIM analysis, revealing their very strong nature due to

the ionic nature of both the hydrogen-bond donor and

acceptor.
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An inorganic–organic hybrid supramolecular framework based on the 

γ-[Mo8O26]
4− cluster and cobalt complex of aspartic acid: X-ray structure and 

DFT study

Morteza Tahmasebi, Masoud Mirzaei, Hossein Eshtiagh-Hosseini, Joel T. Mague, Antonio Bauzá

and Antonio Frontera

Computing details 

Data collection: APEX3 (Bruker, 2016); cell refinement: SAINT (Bruker, 2016); data reduction: SAINT (Bruker, 2016); 

program(s) used to solve structure: SHELXT (Sheldrick, 2015a); program(s) used to refine structure: SHELXL2018 

(Sheldrick, 2015b); molecular graphics: DIAMOND (Brandenburg & Putz, 2012); software used to prepare material for 

publication: SHELXTL (Bruker, 2016) and DIAMOND (Macrae et al., 2008).

[Pentaaquacobalt(III)]-μ-aspartato-[γ-octamolybdato]-μ-aspartato- [pentaaquacobalt(III)] 

Crystal data 

[Co2(C4H6NO4)2(Mo8O26)(H2O)10]·4H2O
Mr = 1817.80
Monoclinic, P21/c
a = 11.507 (4) Å
b = 12.853 (5) Å
c = 15.795 (6) Å
β = 110.602 (5)°
V = 2186.6 (13) Å3

Z = 2

F(000) = 1752
Dx = 2.761 Mg m−3

Mo Kα radiation, λ = 0.71073 Å
Cell parameters from 9042 reflections
θ = 2.5–29.9°
µ = 3.09 mm−1

T = 120 K
Plate, pale pink
0.30 × 0.17 × 0.11 mm

Data collection 

Bruker SMART APEX CCD 
diffractometer

Radiation source: fine-focus sealed tube
Graphite monochromator
Detector resolution: 8.3333 pixels mm-1

φ and ω scans
Absorption correction: multi-scan 

(SADABS; Krause et al., 2015)
Tmin = 0.50, Tmax = 0.73

41259 measured reflections
6170 independent reflections
5156 reflections with I > 2σ(I)
Rint = 0.049
θmax = 30.1°, θmin = 1.9°
h = −16→16
k = −18→18
l = −21→21

Refinement 

Refinement on F2

Least-squares matrix: full
R[F2 > 2σ(F2)] = 0.030
wR(F2) = 0.078
S = 1.03

6170 reflections
307 parameters
0 restraints
Primary atom site location: structure-invariant 

direct methods
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Secondary atom site location: difference Fourier 
map

Hydrogen site location: mixed
H-atom parameters constrained

w = 1/[σ2(Fo
2) + (0.0498P)2] 

where P = (Fo
2 + 2Fc

2)/3
(Δ/σ)max = 0.003
Δρmax = 2.36 e Å−3

Δρmin = −1.21 e Å−3

Special details 

Experimental. The diffraction data were obtained from 3 sets of 400 frames, each of width 0.5° in ω, colllected at φ = 
0.00, 90.00 and 180.00° and 2 sets of 800 frames, each of width 0.45° in φ, collected at ω = -30.00 and 210.00°. The scan 
time was 10 sec/frame.
Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance 
matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; 
correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate 
(isotropic) treatment of cell esds is used for estimating esds involving l.s. planes.
Refinement. A suitable crystal of 1 was mounted on a polymer loop with a drop of heavy oil and placed in the cold 
nitrogen stream of a Bruker AXS SMART APEX diffractometer. A full sphere of intensity data was collected under 
control of the APEX3 software and reduced to F2 values with SAINT. Correction for absorption and merging of 
equivalent reflections was accomplished with SADABS, the structure was solved by direct methods (SHELXT) and 
refined by full-matrix, least-squares procedures (SHELXL). 
Refinement of F2 against ALL reflections. The weighted R-factor wR and goodness of fit S are based on F2, conventional 
R-factors R are based on F, with F set to zero for negative F2. The threshold expression of F2 > 2sigma(F2) is used only 
for calculating R-factors(gt) etc. and is not relevant to the choice of reflections for refinement. R-factors based on F2 are 
statistically about twice as large as those based on F, and R- factors based on ALL data will be even larger. H-atoms 
attached to carbon were placed in calculated positions (C—H = 0.95 - 0.99 Å) while those attached to nitrogen and 
oxygen were placed in locations derived from a difference map and their coordinates adjusted to give N—H = 0.91 %A 
and O—H = 0.87 Å. All were included as riding contributions with isotropic displacement parameters 1.2 - 1.5 times 
those of the attached atoms. Residual density remote from the main molecule and attributed to partially 
occupied/disordered lattice water sites was removed with PLATON SQUEEZE (Spek, 2015).

Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (Å2) 

x y z Uiso*/Ueq

Mo1 0.79282 (2) 0.56969 (2) 1.02435 (2) 0.00994 (7)
Mo2 0.70115 (2) 0.35694 (2) 1.08690 (2) 0.00876 (7)
Mo3 0.49705 (2) 0.52283 (2) 1.10597 (2) 0.00749 (6)
Mo4 0.60173 (2) 0.72713 (2) 0.87952 (2) 0.00887 (7)
Co1 0.18917 (4) 0.44228 (3) 0.31910 (3) 0.01078 (9)
O1 0.86206 (19) 0.59318 (17) 1.13777 (14) 0.0155 (4)
O2 0.7988 (2) 0.38560 (17) 1.19477 (14) 0.0149 (4)
O3 0.58767 (19) 0.54451 (16) 1.21552 (14) 0.0123 (4)
O4 0.90484 (19) 0.59807 (17) 0.97852 (14) 0.0153 (4)
O5 0.80114 (18) 0.41971 (16) 1.02516 (13) 0.0118 (4)
O6 0.7225 (2) 0.22598 (16) 1.07333 (14) 0.0138 (4)
O7 0.54432 (18) 0.35937 (15) 1.10358 (13) 0.0098 (4)
O8 0.35557 (19) 0.44970 (15) 1.11207 (13) 0.0100 (4)
O9 0.43556 (19) 0.64562 (15) 1.06560 (13) 0.0110 (4)
O10 0.62134 (18) 0.51433 (15) 1.04804 (13) 0.0089 (4)
O11 0.70039 (19) 0.70166 (16) 1.00178 (13) 0.0111 (4)
O12 0.7157 (2) 0.75252 (17) 0.83442 (14) 0.0142 (4)
O13 0.5401 (2) 0.84410 (16) 0.89096 (14) 0.0145 (4)
O14 0.49066 (19) 0.68947 (16) 0.74554 (13) 0.0118 (4)
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O15 0.3257 (2) 0.79201 (17) 0.72944 (14) 0.0167 (4)
O16 0.1814 (2) 0.4784 (2) 0.52425 (16) 0.0255 (6)
O17 0.3109 (2) 0.48964 (16) 0.44731 (14) 0.0125 (4)
O18 0.3245 (2) 0.49814 (16) 0.27202 (14) 0.0144 (4)
H18A 0.342437 0.564039 0.273732 0.022*
H18B 0.318342 0.479105 0.217756 0.022*
O19 0.2843 (2) 0.29945 (16) 0.33772 (14) 0.0149 (4)
H19A 0.280802 0.261958 0.291042 0.022*
H19B 0.295604 0.254166 0.380821 0.022*
O20 0.0538 (2) 0.38929 (17) 0.36856 (14) 0.0167 (4)
H20B 0.074864 0.400761 0.426307 0.025*
H20A 0.031423 0.324268 0.362422 0.025*
O21 0.10934 (19) 0.59315 (16) 0.30624 (14) 0.0150 (4)
H21A 0.160871 0.636283 0.343265 0.022*
H21B 0.094221 0.621223 0.253306 0.022*
O22 0.0663 (2) 0.3976 (2) 0.19079 (14) 0.0228 (5)
H22A 0.075882 0.393482 0.138664 0.034*
H22B −0.013157 0.406724 0.176977 0.034*
N1 0.4715 (2) 0.6140 (2) 0.56684 (17) 0.0142 (5)
H1A 0.438103 0.653076 0.515985 0.017*
H1B 0.517868 0.561863 0.555864 0.017*
H1C 0.520678 0.654834 0.612483 0.017*
C1 0.3770 (3) 0.7194 (2) 0.70490 (19) 0.0118 (6)
C2 0.2999 (3) 0.6574 (2) 0.6222 (2) 0.0130 (6)
H2A 0.265538 0.706082 0.570830 0.016*
H2B 0.228973 0.625930 0.634550 0.016*
C3 0.3703 (3) 0.5703 (2) 0.5933 (2) 0.0135 (6)
H3 0.407783 0.522734 0.646051 0.016*
C4 0.2803 (3) 0.5069 (2) 0.5154 (2) 0.0142 (6)
O23 0.0785 (2) 0.80053 (18) 0.64879 (16) 0.0230 (5)
H23A 0.067889 0.831696 0.597714 0.035*
H23B 0.158673 0.794431 0.673706 0.035*
O24 0.1348 (2) 0.4320 (2) 0.67953 (17) 0.0302 (6)
H24A 0.147226 0.459241 0.732424 0.045*
H24B 0.055531 0.418965 0.658424 0.045*

Atomic displacement parameters (Å2) 

U11 U22 U33 U12 U13 U23

Mo1 0.00948 (12) 0.01172 (13) 0.00803 (12) −0.00113 (9) 0.00235 (10) 0.00058 (9)
Mo2 0.00973 (12) 0.00873 (12) 0.00733 (12) 0.00071 (9) 0.00239 (9) 0.00025 (9)
Mo3 0.00923 (12) 0.00781 (12) 0.00543 (11) −0.00052 (9) 0.00261 (9) −0.00046 (8)
Mo4 0.01140 (12) 0.00829 (12) 0.00699 (12) −0.00114 (9) 0.00331 (10) −0.00023 (9)
Co1 0.0123 (2) 0.01163 (19) 0.00849 (18) −0.00063 (15) 0.00369 (16) −0.00057 (15)
O1 0.0163 (11) 0.0175 (11) 0.0115 (10) −0.0029 (9) 0.0034 (9) −0.0007 (9)
O2 0.0163 (11) 0.0164 (11) 0.0107 (10) −0.0025 (9) 0.0030 (9) 0.0002 (9)
O3 0.0138 (10) 0.0129 (10) 0.0101 (9) 0.0001 (8) 0.0040 (8) 0.0000 (8)
O4 0.0142 (10) 0.0187 (11) 0.0133 (10) −0.0027 (9) 0.0054 (9) 0.0010 (9)
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O5 0.0101 (10) 0.0131 (10) 0.0117 (10) 0.0007 (8) 0.0033 (8) 0.0007 (8)
O6 0.0166 (11) 0.0121 (10) 0.0126 (10) 0.0023 (8) 0.0051 (9) 0.0011 (8)
O7 0.0120 (10) 0.0088 (10) 0.0082 (9) −0.0006 (8) 0.0031 (8) −0.0004 (7)
O8 0.0125 (10) 0.0095 (9) 0.0085 (9) −0.0015 (8) 0.0044 (8) −0.0001 (8)
O9 0.0136 (10) 0.0096 (10) 0.0092 (9) −0.0008 (8) 0.0031 (8) −0.0010 (8)
O10 0.0076 (9) 0.0114 (9) 0.0080 (9) −0.0015 (8) 0.0031 (8) 0.0003 (8)
O11 0.0145 (10) 0.0101 (9) 0.0085 (9) −0.0004 (8) 0.0038 (8) −0.0009 (8)
O12 0.0146 (10) 0.0162 (10) 0.0135 (10) −0.0024 (8) 0.0068 (9) −0.0001 (9)
O13 0.0183 (11) 0.0115 (10) 0.0130 (10) −0.0012 (8) 0.0046 (9) −0.0014 (8)
O14 0.0120 (10) 0.0149 (10) 0.0083 (9) 0.0001 (8) 0.0032 (8) −0.0016 (8)
O15 0.0172 (11) 0.0164 (11) 0.0150 (10) 0.0015 (9) 0.0039 (9) −0.0036 (9)
O16 0.0286 (14) 0.0340 (14) 0.0183 (12) −0.0158 (11) 0.0136 (11) −0.0116 (10)
O17 0.0159 (11) 0.0138 (10) 0.0076 (9) 0.0015 (8) 0.0038 (8) −0.0013 (8)
O18 0.0224 (12) 0.0109 (10) 0.0131 (10) −0.0017 (9) 0.0102 (9) −0.0020 (8)
O19 0.0230 (12) 0.0111 (10) 0.0118 (10) −0.0004 (9) 0.0074 (9) 0.0000 (8)
O20 0.0176 (11) 0.0197 (11) 0.0140 (10) −0.0046 (9) 0.0071 (9) −0.0030 (9)
O21 0.0161 (11) 0.0133 (10) 0.0129 (10) −0.0021 (9) 0.0018 (9) −0.0003 (8)
O22 0.0152 (11) 0.0407 (15) 0.0105 (10) −0.0017 (11) 0.0019 (9) −0.0030 (10)
N1 0.0117 (12) 0.0159 (13) 0.0132 (12) 0.0028 (10) 0.0022 (10) −0.0028 (10)
C1 0.0159 (14) 0.0106 (13) 0.0086 (13) 0.0001 (11) 0.0041 (11) 0.0016 (11)
C2 0.0143 (14) 0.0141 (14) 0.0102 (13) −0.0001 (11) 0.0037 (11) −0.0040 (11)
C3 0.0135 (14) 0.0164 (15) 0.0096 (13) 0.0015 (11) 0.0028 (11) −0.0009 (11)
C4 0.0185 (15) 0.0128 (14) 0.0111 (13) 0.0015 (12) 0.0052 (12) 0.0005 (11)
O23 0.0177 (12) 0.0223 (12) 0.0250 (12) 0.0052 (10) 0.0024 (10) −0.0017 (10)
O24 0.0307 (15) 0.0357 (15) 0.0239 (13) −0.0006 (12) 0.0092 (12) −0.0025 (11)

Geometric parameters (Å, º) 

Mo1—O1 1.712 (2) Co1—O21 2.125 (2)
Mo1—O4 1.725 (2) O14—C1 1.297 (4)
Mo1—O5 1.930 (2) O15—C1 1.236 (3)
Mo1—O11 1.967 (2) O16—C4 1.249 (4)
Mo1—O8i 2.243 (2) O17—C4 1.264 (3)
Mo1—O10 2.249 (2) O18—H18A 0.8700
Mo1—Mo2 3.2092 (9) O18—H18B 0.8700
Mo2—O2 1.719 (2) O19—H19A 0.8699
Mo2—O6 1.725 (2) O19—H19B 0.8699
Mo2—O7 1.914 (2) O20—H20B 0.8700
Mo2—O5 1.927 (2) O20—H20A 0.8699
Mo2—O10 2.217 (2) O21—H21A 0.8700
Mo2—O9i 2.369 (2) O21—H21B 0.8701
Mo3—O3 1.700 (2) O22—H22A 0.8699
Mo3—O9 1.755 (2) O22—H22B 0.8699
Mo3—O8 1.911 (2) N1—C3 1.480 (4)
Mo3—O10 1.9534 (19) N1—H1A 0.9100
Mo3—O7 2.174 (2) N1—H1B 0.9100
Mo3—O10i 2.381 (2) N1—H1C 0.9100
Mo4—O13 1.699 (2) C1—C2 1.521 (4)
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Mo4—O12 1.730 (2) C2—C3 1.542 (4)
Mo4—O11 1.893 (2) C2—H2A 0.9900
Mo4—O14 2.108 (2) C2—H2B 0.9900
Mo4—O7i 2.109 (2) C3—C4 1.534 (4)
Mo4—O8i 2.319 (2) C3—H3 1.0000
Co1—O18 2.076 (2) O23—H23A 0.8700
Co1—O20 2.087 (2) O23—H23B 0.8700
Co1—O22 2.103 (2) O24—H24A 0.8701
Co1—O19 2.104 (2) O24—H24B 0.8701
Co1—O17 2.106 (2)

O1—Mo1—O4 105.10 (10) O18—Co1—O22 94.82 (9)
O1—Mo1—O5 99.53 (10) O20—Co1—O22 86.24 (9)
O4—Mo1—O5 99.87 (9) O18—Co1—O19 86.16 (8)
O1—Mo1—O11 93.47 (10) O20—Co1—O19 94.75 (9)
O4—Mo1—O11 100.24 (10) O22—Co1—O19 92.10 (9)
O5—Mo1—O11 152.25 (9) O18—Co1—O17 85.17 (9)
O1—Mo1—O8i 160.31 (9) O20—Co1—O17 93.76 (9)
O4—Mo1—O8i 92.80 (9) O22—Co1—O17 179.01 (9)
O5—Mo1—O8i 85.10 (8) O19—Co1—O17 88.89 (8)
O11—Mo1—O8i 75.01 (8) O18—Co1—O21 90.21 (8)
O1—Mo1—O10 89.67 (9) O20—Co1—O21 88.81 (9)
O4—Mo1—O10 164.92 (9) O22—Co1—O21 92.05 (9)
O5—Mo1—O10 74.18 (8) O19—Co1—O21 174.70 (8)
O11—Mo1—O10 81.54 (8) O17—Co1—O21 86.96 (8)
O8i—Mo1—O10 73.07 (7) Mo2—O5—Mo1 112.60 (10)
O1—Mo1—Mo2 84.86 (8) Mo2—O7—Mo4i 147.24 (11)
O4—Mo1—Mo2 133.20 (7) Mo2—O7—Mo3 105.78 (9)
O5—Mo1—Mo2 33.67 (6) Mo4i—O7—Mo3 106.97 (9)
O11—Mo1—Mo2 125.12 (6) Mo3—O8—Mo1i 112.34 (9)
O8i—Mo1—Mo2 88.83 (5) Mo3—O8—Mo4i 108.53 (9)
O10—Mo1—Mo2 43.67 (5) Mo1i—O8—Mo4i 91.17 (7)
O2—Mo2—O6 105.08 (10) Mo3—O9—Mo2i 113.30 (9)
O2—Mo2—O7 100.33 (10) Mo3—O10—Mo2 102.80 (8)
O6—Mo2—O7 102.45 (9) Mo3—O10—Mo1 152.87 (11)
O2—Mo2—O5 96.51 (10) Mo2—O10—Mo1 91.86 (7)
O6—Mo2—O5 102.05 (10) Mo3—O10—Mo3i 103.88 (9)
O7—Mo2—O5 145.35 (9) Mo2—O10—Mo3i 97.59 (8)
O2—Mo2—O10 98.14 (9) Mo1—O10—Mo3i 96.52 (7)
O6—Mo2—O10 156.79 (9) Mo4—O11—Mo1 115.22 (10)
O7—Mo2—O10 72.81 (8) C1—O14—Mo4 125.35 (18)
O5—Mo2—O10 74.98 (8) C4—O17—Co1 125.4 (2)
O2—Mo2—O9i 168.42 (9) Co1—O18—H18A 121.7
O6—Mo2—O9i 86.15 (9) Co1—O18—H18B 116.4
O7—Mo2—O9i 79.59 (8) H18A—O18—H18B 103.9
O5—Mo2—O9i 78.02 (8) Co1—O19—H19A 119.9
O10—Mo2—O9i 70.67 (7) Co1—O19—H19B 128.3
O2—Mo2—Mo1 87.22 (7) H19A—O19—H19B 104.0
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O6—Mo2—Mo1 135.75 (7) Co1—O20—H20B 111.6
O7—Mo2—Mo1 117.17 (6) Co1—O20—H20A 120.2
O5—Mo2—Mo1 33.72 (6) H20B—O20—H20A 104.0
O10—Mo2—Mo1 44.47 (5) Co1—O21—H21A 110.4
O9i—Mo2—Mo1 82.61 (5) Co1—O21—H21B 113.8
O3—Mo3—O9 104.29 (10) H21A—O21—H21B 103.9
O3—Mo3—O8 104.93 (9) Co1—O22—H22A 131.5
O9—Mo3—O8 102.64 (10) Co1—O22—H22B 119.7
O3—Mo3—O10 101.42 (9) H22A—O22—H22B 104.1
O9—Mo3—O10 98.52 (9) C3—N1—H1A 109.2
O8—Mo3—O10 140.63 (8) C3—N1—H1B 110.3
O3—Mo3—O7 96.23 (9) H1A—N1—H1B 109.4
O9—Mo3—O7 159.08 (8) C3—N1—H1C 109.0
O8—Mo3—O7 75.43 (8) H1A—N1—H1C 109.4
O10—Mo3—O7 73.08 (8) H1B—N1—H1C 109.5
O3—Mo3—O10i 176.77 (8) O15—C1—O14 125.3 (3)
O9—Mo3—O10i 78.27 (8) O15—C1—C2 117.8 (3)
O8—Mo3—O10i 76.21 (8) O14—C1—C2 116.8 (2)
O10—Mo3—O10i 76.13 (9) C1—C2—C3 115.2 (3)
O7—Mo3—O10i 81.09 (7) C1—C2—H2A 108.5
O13—Mo4—O12 106.41 (11) C3—C2—H2A 108.5
O13—Mo4—O11 99.65 (10) C1—C2—H2B 108.5
O12—Mo4—O11 100.56 (10) C3—C2—H2B 108.5
O13—Mo4—O14 100.46 (9) H2A—C2—H2B 107.5
O12—Mo4—O14 84.81 (9) N1—C3—C4 110.5 (2)
O11—Mo4—O14 156.75 (9) N1—C3—C2 110.8 (2)
O13—Mo4—O7i 94.12 (9) C4—C3—C2 110.3 (2)
O12—Mo4—O7i 154.84 (9) N1—C3—H3 108.4
O11—Mo4—O7i 89.90 (8) C4—C3—H3 108.4
O14—Mo4—O7i 77.14 (8) C2—C3—H3 108.4
O13—Mo4—O8i 161.64 (9) O16—C4—O17 125.5 (3)
O12—Mo4—O8i 91.85 (9) O16—C4—C3 116.8 (3)
O11—Mo4—O8i 74.52 (8) O17—C4—C3 117.7 (3)
O14—Mo4—O8i 82.75 (8) H23A—O23—H23B 104.0
O7i—Mo4—O8i 68.80 (7) H24A—O24—H24B 104.0
O18—Co1—O20 178.58 (8)

O3—Mo3—O9—Mo2i −178.68 (9) Mo4—O14—C1—C2 −160.46 (19)
O8—Mo3—O9—Mo2i −69.44 (11) O15—C1—C2—C3 178.1 (3)
O10—Mo3—O9—Mo2i 77.15 (11) O14—C1—C2—C3 −3.9 (4)
O7—Mo3—O9—Mo2i 12.8 (3) C1—C2—C3—N1 −62.8 (3)
O10i—Mo3—O9—Mo2i 3.34 (8) C1—C2—C3—C4 174.5 (2)
O13—Mo4—O11—Mo1 179.55 (11) Co1—O17—C4—O16 16.1 (4)
O12—Mo4—O11—Mo1 −71.59 (12) Co1—O17—C4—C3 −162.47 (19)
O14—Mo4—O11—Mo1 30.0 (3) N1—C3—C4—O16 −170.0 (3)
O7i—Mo4—O11—Mo1 85.39 (11) C2—C3—C4—O16 −47.1 (4)

electronic reprint



supporting information

sup-7Acta Cryst. (2019). C75, 469-477    

O8i—Mo4—O11—Mo1 17.40 (9) N1—C3—C4—O17 8.7 (4)
Mo4—O14—C1—O15 17.4 (4) C2—C3—C4—O17 131.5 (3)

Symmetry code: (i) −x+1, −y+1, −z+2.

Hydrogen-bond geometry (Å, º) 

D—H···A D—H H···A D···A D—H···A

O18—H18A···O15ii 0.87 1.96 2.781 (3) 156
O18—H18B···O8iii 0.87 1.90 2.745 (3) 163
O19—H19A···O12iv 0.87 2.00 2.800 (3) 151
O19—H19B···O11v 0.87 1.96 2.779 (3) 157
O20—H20B···O16 0.87 1.89 2.641 (3) 144
O20—H20A···O23vi 0.87 2.01 2.838 (3) 158
O21—H21A···O6vii 0.87 1.90 2.772 (3) 178
O21—H21B···O23ii 0.87 1.89 2.749 (3) 171
O22—H22A···O4iv 0.87 1.94 2.809 (3) 173
O22—H22B···O2viii 0.87 2.29 3.104 (3) 155
O22—H22B···O5viii 0.87 2.60 3.258 (3) 134
N1—H1A···O6vii 0.91 2.11 2.912 (3) 147
N1—H1B···O17iv 0.91 2.10 2.913 (3) 149
N1—H1C···O14 0.91 2.29 2.919 (3) 126
N1—H1C···O19iv 0.91 2.18 2.902 (3) 136
C2—H2A···O6vii 0.99 2.34 3.134 (4) 136
C3—H3···O3i 1.00 2.33 3.240 (4) 150
O23—H23A···O4ix 0.87 2.32 3.024 (3) 138
O23—H23B···O15 0.87 1.81 2.679 (3) 175
O24—H24A···O1i 0.87 2.20 2.892 (3) 137
O24—H24A···O2i 0.87 2.28 2.992 (3) 140
O24—H24B···O21vi 0.87 2.16 2.914 (3) 144

Symmetry codes: (i) −x+1, −y+1, −z+2; (ii) x, −y+3/2, z−1/2; (iii) x, y, z−1; (iv) −x+1, −y+1, −z+1; (v) −x+1, y−1/2, −z+3/2; (vi) −x, −y+1, −z+1; (vii) 
−x+1, y+1/2, −z+3/2; (viii) x−1, y, z−1; (ix) x−1, −y+3/2, z−1/2.
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