Open Access Article. Published on 23 January 2025. Downloaded on 5/9/2026 5:54:46 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

CrystEngComm

7 ROYAL SOCIETY
PN OF CHEMISTRY

View Article Online

View Journal | View Issue

i '.) Check for updates ‘

Cite this: CrystEngComm, 2025, 27,
1128

Received 26th November 2024,
Accepted 9th January 2025

DOI: 10.1039/d4ce01187b

rsc.li/crystengcomm

Aqueous solution as a playground of {MoO,},
{MO4012}, {M°8026}: {M08V5040} and {V7M02027}
species in the presence of carboxylic acids and
[Co(C204)(NH3)4]* or [Co(en)s]** cationst

D. Kuzman,*® V. Damjanovi¢, @° M. Cindri¢ @*2 and V. Vrdoljak @2

Nine tetraammineoxalatocobalt(i) salts built of different oxomolybdate anions, i.e. {B-MogO.e}*™ (in 1, 2,
and 6), {Na,MogO,o(H-0)43,*™ (in 3), {IB-M0ogO6(H20)sl[y-MogO26l}% (in 4), {y-MogOae(H20)o}* (in 5, 7).
{M04015(C4H40N-*™ (in 8), and {y-MogOe},*™ (in 9) were isolated as the product(s) of the reaction of
sodium molybdate and [Co(C,04)(NH3)4INO3-H,O in the presence of acetic or succinic acid.
Octamolybdate isomers, namely distinct B- and y-octamolybdates along with complex cobalt(in) cations
and water molecules are the building blocks of three-dimensional supramolecular frameworks (in 1, 2, and
4-7). In some cases, octamolybdate subunits are interconnected by sodium cations or a pair of shared
oxygen atoms to form infinite anionic chains (in 3 and 9), or by coordinated succinate anions to assemble
into a two-dimensional MOF (in 8). When [Co(CO3)(NH3)4INO=-H,O was used as a precursor, neutral
compounds  [MosCo,047(HCO3)(H4C4O4H)(NH3);1  (10) [Mo,C0,04g(NH3);1  (11)
Furthermore, two molybdovanadates of proposed formula [Co(C,04)(NHz)4]5[H,MogVsO40Nax(H,0)gl (12)
and unique Nas[Co(en)s[V;M0,0,7] (13) were obtained in the reactions of sodium molybdate, ammonium
vanadate and [Co(C,04)(NHz)4INO3-H,O or [Colen)s]Clz in the presence of acetic or succinic acid,
respectively. The products 1-9 were characterized in the solid state via single-crystal X-ray diffraction,
infrared spectroscopy, and thermogravimetric and elemental analyses.

and were obtained.

Introduction

Polyoxomolybdates represent compounds of highly versatile
structures and have potential applications as functional
materials in many scientific fields."™ The great majority of
polyoxomolybdates are discrete molecules, generated via
condensation of molybdate anions, MoO,>". However,
sometimes the condensation process may continue yielding
infinite molecular self-assemblies organized in 1D chains, 2D
layers or 3D networks. The design of polyoxomolybdate
architectures is non-trivial because their formation is highly
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dependent on the reaction conditions. Although the pH of
the reaction mixture and temperature are considered the
most important factors affecting speciation, other parameters
such as nature of the used counter ion, ionic strength of the
solution or the presence of chelating or reducing agents must
also be considered. The ability to control the aggregation
process or linkage of the building blocks to pre-establish
structure-type as well as engineer the physical properties is an
immeasurable challenge.” One-pot synthesis is a common
method used for the preparation of most polyoxomolybdates
but despite its apparent simplicity, the above-mentioned
conditions under which synthesis is performed act as crucial
structure defining parameters. A slight change in one of these
parameters can lead to a completely different
polyoxomolybdate architecture that prevents the ability for
reliable  control or design of the framework.
Polyoxomolybdates are generally anionic and associated with
charge-balancing cations, such as alkali or alkaline earth
cations. These cations play a crucial role in controlling the
dissolution, precipitation, and purification of POMs. More
complex cations, such as [ML,[*" (where M is a d or an f block
element; L is a mono or polydentate ligand), exhibit various
interaction modes, including hydrogen bonding, ion-dipole

This journal is © The Royal Society of Chemistry 2025
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interactions,  partial  covalency, and  van-der-Waals
interactions.>® These divergent interaction modes facilitate
templating and stabilization from both within and outside
the POMs, contribute to framework construction and
supramolecular assembly, and enhance reactivity and
speciation.” The unique structure-directing properties of
different organic, inorganic or inorganic-organic cations have
been exploited to design new organic-inorganic hybrid
materials using octamolybdate isomers as versatile building
blocks.**° So far, eight isomers of octamolybdates are known:
a, B, 1, 8, & ¢, m and 6, with the o- and B-isomers being the
best-known and frequently encountered.’” In order to explain
the inter-conversion of o- and p-forms, Xi and Ozawa®
proposed the y-isomer as an intermediate in the
isomerization process between these two forms. The o-isomer
is built up from a ring of six MoOs edge-shared octahedra
bicapped by MoOj, tetrahedra,"* B-[MogO,]* consists of three
distinct types of edge-shared MoO, groups'® unlike the
y-isomer”*® which is built from six MoOg octahedra and two
MoOs square pyramid subunits.

The various structural isomers of octamolybdates are
present and play a significant role in developing many
organic-inorganic hybrid materials, which are of great
interest in the field. For instance, the 3-isomer can be found
in the compounds [(n-CsMesRh),(u-SMe);]s[(M0gO,6)]-2CH3-
CN and [{Cu(4,4"-bipy)}4sM0gO,6]. The e-isomer is present in
the compound [{Ni(H,0),(4,4-bipy),},M0g0,¢], while the
E-isomer is present in the compound [{M(phen),}&-MogOy6)],
where M can be either Ni or Co and phen refers to 1,10-
phenantroline. Such isomeric forms of octamolybdates serve
as versatile structural blocks, facilitating the formation of
organo-inorganic hybrid materials with tailored properties."”

As part of our efforts to systematize'®° the factors that
direct the polyoxomolybdate composition, in this study we
explored the influence of different Co(m) ammine complex
cations, along with the pH value of reaction medium and the
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temperature at which the reaction is conducted. The selected
cations exhibit varying stability when dissolved in solution,
which can impact how they interact with other species.
Moreover, they can act as either donors or acceptors of
hydrogen bonds. This ability influences reactions, affects
solubility, and contributes to the formation of different
hybrids.

Furthermore, the  similarity in  chemistry of
polyoxomolybdates and polyoxovanadates® prompted us to
investigate whether the addition of ammonium vanadate will
influence the composition and structure of
polyoxomolybdate. By applying solution-based methods we
were able to isolate thirteen products of different nuclearity
and composition (Scheme 1).

The structures of the seven compounds 3-9 are reported
here for the first time. Compound 4 represents the first
example of a salt containing both p- and y-forms of
octamolybdate anion in its structure.

Results and discussion
Synthesis

As a continuation of our previous research,"*® herein we
have investigated reaction systems containing [MoO,]*”
anions, [Co(C,04)(NH;),]" or [Co(COs)(NH;),]" cations, and
acetic or succinic acid at different pH values or temperatures
(Scheme 1, Table 1). The pH value of the reaction mixtures
was between 2 and 5 (Tables S1-S57). Depending on the acid
concentration, along with the reaction temperature we were
able to isolate ten crystalline products of different nuclearity.
The crystal structures of compounds 1, 2, and 11 are
described in the literature™® but crystals were obtained under
the different reaction conditions.

Solution based reactions between molybdate anions,
tetraammineoxalatocobalt(m) cations and acid were
performed in aqueous medium. When the reactions were

OH {B-Mo3O,} (in 1,2, 6), {Na,Mo030y(H,0),}, (in 3
O {[B-M03055(H,0),][y-M05O]} (in 4)
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Scheme 1 Schematic representation of the diverse polyoxomolybdates formed utilizing solution-based synthesis methods.
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Table 1 Overview of polyoxomolybdates 1-11 and the corresponding reaction conditions for their synthesis

[Co]* + M0O,>~

Acetic acid

Succinic acid

Method R.T. Reflux ~ Hydrothermal 110 °C  R.T. Reflux ~ Hydrothermal 110 °C
Compound PH range PpH range
[CO(C,04)(NH;)]4[B-M0g0.4]-12H,0 (1) 2.0-5.0 3.5-5.0 3.5-5.0 3.5 3.5-5.0 3.5-5.0
[C0(C,04)(NH;),]4[B-M0gO,]-10H,0 (2) 2.0-5.0 3.5-5.0
[C0(C204)(NH;)4]1,[Na;M0gO,6(H,0),],-6nH,0 (3) 3.5-5.0 4.5 3.5-5.0 3.5-5.0
[Co(C204)(NH;)4]s[B-M05056(H,0),][v-M0gO56]-12H,0 (4) >3.5 >3.5

[Co(C20.4)(NH3)4)4[y-M0gO,6(H,0),]-6H,0 (5) >3.5 >3.5

[C0(C204)(NH;),]a[B-M0gO,]-4H,0-C,HeO, (6) 2.0-3.5 2.5-5.0 3.5-5.0
[C0o(C20.4)(NH;)4)4[y-M03gO,6(H,0),]-12H,0 (7) 3.5-5.0 3.5-5.0
[CO(C204)(NH3)4]5,[M0401,(H,C40,)],-3nH,O (8) 3.5-5.0 3.5-5.0
[CO(C204)(NHy)4Jan[¥-M0gOs6],-9nH,0 (9) 2.0
[Mo5C0,0,,(HCO;)(C4H,0,H)(NH;),]-5H,0 (10) 3.0-4.0 3.0-4.0 3.0-4.0 3.0-4.0 3.0-4.0 3.0-4.0
[M05C0,0,4(NH;),]-5H,0 (11) 3.0-4.0 3.0-4.0 3.0-4.0 3.0-4.0 3.0-4.0 3.0-4.0

¢ Compounds 1-9 were obtained by the solution based methods using [Co(C,0,)(NH;),]NO;-H,O, while 10 and 11 were obtained using

[Co(CO;)(NH;),JNO; as a [Co] precursor. ”

performed at room temperature with the addition of acetic
acid, they resulted in the formation of a mixture of unstable
dark pink rods of [Co(C,04)(NH3)4]4[f-M0gO,6]-12H,0 (1) and
stable pink plates of [Co(C,0,4)(NH3),]a[B-M0gO,6]-10H,0 (2),
regardless of the applied pH value. In the reaction with
succinic acid (pH around 4.5), a pink powder precipitated
immediately after mixing the reactants, and its
transformation into polymer [Co(C,0,)(NH3)4]sn[Na,Mog-
0,9(H0),],,-6nH,0 (3) was completed within four days. At
higher concentration of succinic acid (pH around 3.5) pink
powder transformation resulted in unstable dark pink rods
of 1 after several days, while at lower pH values (pH range
between 2.0 and 3.5), the final product of transformation was
cocrystal [Co(C,0,)(NH;3)4]4[B-M050y6]-4H,0-C,HO, (6).

When the reactions were carried out at higher
temperatures in the presence of acetic acid, and within the
pH range between 3.5 and 5.0, a mixture of pink plates of
polymer 3 and unstable dark pink rods of 1 (under reflux) or
a mixture of 1 and 2 (solvothermal) was obtained. At pH
above 3.5 and conducting the reaction under reflux or
solvothermally yielded pink prisms of [Co(C,0,)(NH3)4]s[B-
Mo0gO,6(H,0),][7-M0gOs6]-12H,0 (4) that were completely
transformed into pink prisms of [Co(C,0,)(NH3)4]s[y-Mog-
0,6(H,0),]-6H,0 (5) within 24 hours. It seems that acetic acid
as a poor chelating ligand allowed the formation of the
corresponding discrete octamolybdates or an octamolybdate-
based polymer, as the dominant species.

Most of the reactions carried out at higher temperatures
and/or under higher pressure with the addition of succinic
acid resulted in the formation of the p- and y-octamolybdate
mixture, or polymeric species {M0,01,},, {Na;M0gO0,(H,0)4}»
and {y-MogO,6}, as the main products. Different reaction
outcomes can be attributed to better chelating properties of
succinic acid when compared to acetic acid.

Reactions carried out at higher temperatures (under reflux
or solvothermally) in the presence of succinic acid (in the pH
range 3.5 to 5.0) yielded initially a pink powder which upon

130 | CrystEngComm, 2025, 27, 1128-1138

Compound 3 was also obtained by mechanochemical synthesis.

standing under room temperature transformed into a
mixture of oxomolybdates: hybrid octamolybdates 1 (unstable
dark pink rods) and [Co(C,0,)(NH3),]4[M0gO,6(H,0),]-12H,0
(7) (light pink plates), octamolybdate-based cocrystal 6 (pink
prisms), more complex polymer 3 (pink plates), and 2D
metal-organic framework [Co(C,0,)(NH3),]zn[M0,01,(C,Hy-
0,4)],-3nH,0 (8) (light pink needles). Reactions performed
under reflux at pH value below 2.5 resulted in the formation
of cocrystal 6, while the solvothermally conducted reaction
(pH around 2.0) additionally enabled isolation of a few red
rods of polymer [Co(Cy04)(NH3)4]sn[y-M0gOs6],-9NH,O (9)
before the formation of the final cocrystal 6.

By applying the mechanochemical synthesis, all the
reactions (independent of the type and the amount of
carboxylic acid) yielded polymer 3 after the solid mixture,
obtained by milling together sodium molybdate,
tetraammineoxalatocobalt(ui) nitrate and acid, was exposed
to water vapor. Its exclusive formation can be attributed to
the increased concentration of building units in the reaction
mixture.

The isolation of polyoxomolybdates also depends on the
properties of the applied counter ion, its electrostatic
potential or its ability to stabilize the present polyoxo species
through hydrogen bonding. This could be documented with
results when performing the reactions with [Co(CO3)(NH;),]"
(Table 1). A violet powder of [MosC0,04,(HCO3)(C,H,0,H)
(NH3),]:5H,0 (10) was observed as the only product of the
reactions between tetraamminecarbonatocobalt(ur) nitrate
and sodium molybdate at pH below 4.0 (independent of the
used synthetic approach and used carboxylic acid). If the
violet powder was left to stand at room temperature in
mother liquor for two months, its transformation resulted in
[M05C0,0,4(NH3),]-5H,0 (11). The transformation of the
amorphous precipitate of 10 to the crystalline product 11 is
influenced by the stability of intermediates, [Co(NH3);]*" and
[Co(NH;),]*" cations, formed in the reaction of [Co(COs)
(NH;),]" cations with carboxylic acids, as known from the

This journal is © The Royal Society of Chemistry 2025
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literature.” The same result was obtained at higher
temperatures (solvothermal synthesis or under reflux) and
lower pH values.

The presence of hydrogen succinate and hydrogen
carbonate anions in 10 was corroborated by >*C NMR and IR
spectroscopy (Table S7, Fig. S9 and S101). The *C NMR
spectrum of 10 contained three signals at 35.92 ppm, 167.13
and 179.21 ppm arising from C,H4O,H  and CO;*/HCO;~
anions. The signals observed at 35.92 and 179.21 belong to
H,C,0,H  while the signal at 167.13 to HCO; anions,
respectively. This is in accordance with the literature data.*
Compound 11 was described in the literature but obtained by
a different synthetic route.

Inspired by our previous investigation,” we aimed to
explore the correlation of the hydrogen bonding ability of
macrocations and the pH of the solution on the
molybdovanadate formation. The solution-based synthesis of
tetraammineoxalatocobalt(m) performed with the addition of
ammonium vanadate led to the isolation of rose sticks of
molybdovanadate [Co(C,0,)(NH3)4],[H,M0gV50,40Nay(H,-
0)g]-xH,0 (12) only when the reaction was conducted under
reflux or solvothermally at pH value around 2.0. In all other
solution-based reactions we were not able to isolate a product
of defined composition. When [Co(en);]** was used as a
counterion, all the solution-based reactions resulted in the
formation of a mixture of insoluble powder products.
However, by applying a liquid-assisted ball milling method
and exposing the solid mixture to water vapor we isolated
yellow crystalline product Naz[Co(en);][HV;M0,0,;]-xH,0
(13).

Structural studies

The oxomolybdates and molybdovanadates described in this
paper were obtained through various reactions resulting in
twelve crystalline compounds. Among these compounds, 1, 2
and 11 have been previously described in the literature."*
Compounds 3-9 are reported here for the first time (Table
S91). Compounds 12 and 13 were characterized in the solid
state based on preliminary findings from single-crystal X-ray
diffraction, along with data gathered from infrared
spectroscopy and  elemental analyses (see  ESIY).
Unfortunately, the crystals lacked the necessary quality for a
satisfactory structural determination.

Polymer [Co(C04)(NHj)4]4,[NayM0gO,0(H,0)4],-6nH,0 (3)
consists of octamolybdate chains interconnected by
sodium cations. Each sodium cation is coordinated by
seven oxygen atoms forming a distorted capped
octahedron. Two vertices of the octahedron are occupied
by oxygen atoms of the octamolybdate anion, with the
remaining vertices being occupied by four water
molecules, two of which are bridging water molecules
between two sodium cations making the two oxygen
polyhedra around sodium cations have (in 3 and 9) a
shared edge. An additional oxygen atom from the
molybdate anion also coordinates the sodium cation with

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

cceoeoec
%z

T O Z O

(

(a)

(b)

Fig. 1 Crystal structure of 3: (a) a fragment of the two-dimensional
coordination polymer layer perpendicular to the crystallographic ¢
axis; and (b) crystal packing viewed along the crystallographic b axis of
the coordination polymer layers (blue) bridged by hydrogen-bonded
cobalt(m) cations and water molecules.

a longer bond length (d(Na1-09) of 2.949(5) A, as opposed
to d(Na1-04) of 2.325(4) A or d(Na1-05) of 2.632(5) A)
capping the octahedron on the face defined by the oxygen
atom belonging to the first anion, a bridging water
molecule and a terminal water molecule (Fig. 1a).

The structure of the polyoxomolybdate anion is in
accordance with the ones previously reported.>* There is an
extensive network of hydrogen bonds between the
coordination polymer layer, the ammine and oxalate ligands
of the complex cation and water molecules interconnecting
the former two. The ammine ligands of the cobalt(m) cation
are oriented towards the negative oxygen atoms of the anion
forming long hydrogen bonds (N4-H4B---01¢ of 2.953(5) A,
N4-H4C---010” of 3.033(6) A, N4-H4A---013“ of 3.029(6) A,
N7-H7A---014% of 2.992(5) A and N8-H8A--06” of 3.042(5) A;
a=-x,1-y,1-z;b=x,-1+Y,2).

The ammine groups and the oxalate groups of the
cobalt(m) cations form a mutual hydrogen bond (N8-
N8C---017 of 2.976(6) A), as well as hydrogen bonds with the
surrounding water molecules, thus further interconnecting
the layers into a three-dimensional supramolecular
framework (Fig. 1b). The water molecules coordinated on the
sodium atom also form hydrogen bonds with the oxygen
atoms of the molybdate within the same layer (O3W-

CrystEngComm, 2025, 27, 1128-1138 | 1131
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H3WB:--012” of 2.843(6) A and O1W-H1WB-:-07° of 2.888(6)
Ab=x,-1+y,z;c=1+x,Y,2).

In the crystal lattice of [Co(Cy04)(NHj),]s[B-M0gOye(H,-
0),][-M0gO,6(H,0),]-12H,0 (4) are present two isomers of
the octamolybdate pB-form and y-form. This
compound is the first example of a hybrid salt containing
two isomers of the octamolybdate anion. The structure of
both anions is consistent with similar structures described
in the literature.”® In compound 4, anions and cations
form a three-dimensional supramolecular network. The
NH; molecules coordinated to the cobalt atom form
hydrogen bonds with the oxalate ligands of neighboring
cations, connecting cations in two-dimensional layers
perpendicular to the crystallographic a axis (Fig. 2a). Layers
of cations are bridged by anions forming hydrogen bonds
with them (Fig. 2b). The B-octamolybdate anion forms
eleven and y-octamolybdate twelve bonds with [Co(C,0,)
(NH;),]" cations (Table S107).

The water molecule coordinated to the molybdenum of
the y-octamolybdate anion forms an intramolecular hydrogen
bond with the molybdate oxo ligand (027-H27A---019 of
3.197(12) A) while the water molecules present in the crystal
lattice also participate in the creation of an extensive
supramolecular network.

anion:

View Article Online
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In compound [Co(C,0,)(NH;)4]s[y-M0gO,6(H,0),]-6H,O (5),
the y-octamolybdate anion and four [Co(C,0,4)(NH;)4]" cations
crystallize as a hexahydrate salt. The crystal structure is an
extensive three-dimensional supramolecular network of
cations and anions connected by hydrogen bonds. The
cations are connected by hydrogen bonds in a three-
dimensional network, where the nitrogen atoms of the NH;
group are donors of hydrogen bonds, and the oxygen atoms
of oxalate ligands are acceptors. Water molecules also
participate in the network. The structure built by complex
cations contains voids in which octamolybdate anions are
placed (Fig. 3). A water molecule coordinated to molybdenum
of the y-octamolybdate acts as a hydrogen bond donor and
interacts with oxalate ligands (014-H14B---016“ of 3.049(6) A
and O14-H14B:-018“ of 2.800(6) A; a =1 -x, 1 -y, 1 - 2),
and the other oxygen atoms of molybdate anions are
acceptors of hydrogen bonds that they create with NH;
groups of cations.

The unit cell of [Co(C,0,)(NH3)4]4[-M0gOy]-C4HsO4-4H,0
(6) comprises four complex cobalt(m) cations, a
B-octamolybdate anion, and a molecule of succinic acid. One
of the two symmetrically independent complex cations (Co1)
forms hydrogen bonds with succinic acid (N3-H3C---022% of
3.400(4) A, N3-H3B---023“ of 2.969(5) A and 022-H22--016"
of 2.830(4) A;a=2-x,1-y,1-z b =x,Y, z) forming two-
dimensional layers perpendicular to the crystallographic b
axis (Fig. 4a). The layers are further interconnected by a
series of hydrogen bonds (formed between the anions and
the cations in the layers as well as the other symmetrically
independent cation (Co2) and water molecules) resulting in
an extensive three-dimensional supramolecular framework
(Fig. 4b). Each anion participates in twenty-four hydrogen
bonds with ammine ligands of the surrounding cations and
water molecules, with the oxygen atoms of the molybdate
anion acting as acceptors.

The structure of [Co(C,0,)(NHj3)4]4[y-M0gO,6(H,0),]-12H,0
(7) contains a three-dimensional supramolecular framework
consisting of y-octamolybdate anions*® hydrogen-bonded to
[Co(C,04)(NH;),]" cations and water molecules. The NH;
ligands of the cation form hydrogen bonds with oxygens from

Fig. 2 Crystal structure of 4: (a) supramolecular layer of hydrogen-
bonded cations perpendicular to the crystallographic c axis; (b) unit
cell packing viewed along the crystallographic a axis with layers of
cations (blue) bridged by octamolybdate.
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network of [Co(C,0,)

Fig. 3 Three-dimensional
(NH3)4]" cations with molybdate anions (blue) located in voids in the
crystal structure of compound 5.

supramolecular
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(b)

Fig. 4 Crystal structure of 6: (a) fragment of the two-dimensional

layer perpendicular to the crystallographic b axis comprising
hydrogen-bonded cations bridged by succinic acid molecules; and (b)
crystal packing viewed along the crystallographic a axis with layers of
cations and succinic acid (gray) interconnected by molybdate anions
and complex cobalt cations.

oxalate ligands of other cations (N1-H1C---022% of 2.966(5)
A, N2-H2A---021” of 3.006(6) A, N4-H4B---018” of 2.986(6) A,
N5-H5C---020” of 2.986(5) A, N6-H6A---022” of 3.051(6) A,
N7-H7B---018° of 2.797(5) A and N8-H8C:--018° of 3.092(6)
A;a:x,y,1+z;b:2—x, -, 1 -2;¢=1x,Y, z) forming a two-
dimensional layer perpendicular to the crystallographic a axis
(Fig. 5a). The oxygen atoms of the molybdate anions act as
acceptors of hydrogen bonds formed with the cation layers
(N1-H1B---O11 of 2.946(6) A, N2-H2B---012 of 2.961(6) A,
N4-H4A---O1 of 3.088(6) A and N5-H5A---09 of 3.098(5) A)
expanding the layers into a 3D network.

The hydrogen-bonded network of anions and cations is
arranged in a way that it leaves channels along the
crystallographic ¢ axis that contain water molecules (Fig. 5b).
Additionally, two water molecules coordinated on
molybdenum atoms also form hydrogen bonds with
neighboring water molecules. This is the probable reason for
a longer Mo1-O1W bond length (2.160(4) A) compared to
other terminal oxygen atoms with an average bond length of
about 1.710 A.

Compound  [Co(C,0,)(NH3),],[M0,01,(C4H404)],-3nH,0
(8) is a two-dimensional metal-organic framework with
polyoxomolybdate chains interconnected by coordinated
succinate ions. The molybdate octahedra form a chain in a

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Crystal structure of 7: (a) fragment of the hydrogen-bonded
two-dimensional cation layer perpendicular to the crystallographic a
axis; and (b) crystal packing viewed along the crystallographic c axis
with cations and anions forming channels containing water molecules.

way that every octahedron shares an edge with two
neighbouring ones making the three octahedra have a shared
vertex. The succinate ions act as bridging ligands between
four molybdenum ions, bidentate coordinating two
neighbouring octahedra of the first chain and the two
neighbouring octahedra of the second chain via two carboxyl
groups (Fig. 6a). The geometry of the anion chain in 8 is
similar to chains formed by MoOs octahedra in
molybdenum(vi) oxide, the layers being separated by the
succinate anions (Fig. 6b).>”

The layers are interconnected by a series of hydrogen
bonds formed between the oxygen atoms of the molybdate
anions and the ammine ligands of the complex cobalt cation.
Each monomeric unit of the anion participates in the
formation of eleven N-H--*O hydrogen bonds with the
surrounding cations (Table S117). The extensive network of
hydrogen bonds connects the cations and anions into a
three-dimensional supramolecular network with voids that
contain additional water molecules (Fig. 6¢).

The crystal structure of [Co(C,0,)(NHj),]sn[y-Mog-
Oy6]r9nH,0 (9) consists of complex cobalt(m) cations
and infinite anionic molybdate chains built of

CrystEngComm, 2025, 27, 1128-1138 | 1133
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Fig. 6 Crystal structure of 8: (a) fragment of the two-dimensional
metal-organic framework layer perpendicular to the crystallographic a
axis; (b) crystal packing viewed along the crystallographic b axis with a
network of hydrogen-bonded cations and MOF layers; (c) polyhedral
representation of the anionic chain in 8 (left) and layered structure of
MoOs (right).

y-octamolybdate units connected by a pair of shared
vertices (Fig. 7a). The octamolybdate subunits found in
9 are isostructural with those found in the literature.?®
The polyanions are interconnected by a series of
hydrogen bonds formed between oxygens of the anion
and the hydrogens from the ammine ligands of the
cations. Each {MogO,,} monomer participates in the
formation  of hydrogen bonds with the
surrounding cations (Table S127). The cations are further
connected through hydrogen-bonding of oxygen atoms of
the oxalate ligands and the hydrogen atoms of the
ammine ligands connecting the overall structure into a
three-dimensional supramolecular network that leaves
channels containing water molecules (Fig. 7).

eleven
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Fig. 7 Crystal structure of 9: (a)

polyhedral
polyanionic [y-MogO2¢l*™ chains; (b) crystal packing viewed along the
crystallographic a axis showing a three-dimensional supramolecular
network of hydrogen-bonded cations and anions with channels
containing water molecules.

representation of

XPRD, spectroscopic and thermal investigations

To further study the purity of all crystals, the bulk products
were crushed into a fine powder suitable for PXRD analysis.
The PXRD patterns confirmed that the bulk powder is a
single-phase material. As shown in Fig. 8 and Fig. S11-S14
(see ESIt), the diffraction peak positions in the experimental
PXRD patterns for samples 1-9 agree well with the simulated
patterns. This indicates that the structures of the bulk
powders are consistent with those of single crystals,
confirming that the phase purity is satisfactory.

The IR spectra of the prepared compounds 1-13 were
examined in detail (Table S7}) and related to the structural
information obtained by X-ray analysis and to the data
reported in the literature.>**° In 1-10, 12 and 13 the strong
bands between 993 cm™ and 822 cm™' were assigned to the
stretching vibrations of the terminal Mo-O bonds. The very
strong bands observed in the regions between 836 and 796
em ™ and 575 and 484 cm™, respectively, were assigned to

Counts

2500

1600
900 -
400
100

0 T T T T
10 20 30 40 50
Position [°26] (Copper (Cu))

Fig. 8 PXRD patterns of compound 3: red - simulated pattern; blue -
experimental pattern.
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Mo-O stretching within the Mo-O-Mo bridge. The broad and
medium intensity bands present at 3498-3286 cm™'
confirmed the existence of the O-H:--O hydrogen bonds. In
the IR spectra of all the compounds, the strong bands at
1744-1699 cm " and 1560-1289 cm ' were assigned to the
asymmetric and symmetric stretching vibrations of C-O and
C-C from the oxalate ligand present in the Co(ur) complex
cation and succinate ligand (present in 8 and 10) or succinic
acid (present in 6).

Thermogravimetric  studies conducted on all
products under an oxygen atmosphere and in the
temperature interval of 25-600 °C (Fig. S1-S8,f Table S6). The
dehydration and decomposition of the anhydrous part of the
examined compounds were observed, and agreed with other
investigations, e.g. structural analysis and literature data.*'
The decompositions of compounds 1-4, 6, 8, and 10-12
proceeded in three steps, starting with the endothermic
process associated with the loss of water molecules of
crystallization (in the range of 36-146 °C for 1; 46-155 °C for
2; 37-166 °C for 3; 126-296 °C for 4; 36-103 °C for 6; 33-291
oC for 7; 39-100 °C for 8; 28-155 °C for 10; 31-154 °C for 11;
40-282 °C for 12).

For compound 4, the initial step began at a notably higher
temperature of 126 ©°C, unlike the other compounds
examined. This observation can be attributed to the
interactions between the two-dimensional layers, specifically
to a series of hydrogen bonds involving water molecules, B-
and y-octamolybdate anions, and Co(m) cations. In contrast,
compound 7 exhibits solvent loss at a significantly lower
temperature of 33 °C. This can likely be attributed to the
presence of water molecules within the channels of the
structure, which are formed by the hydrogen bonding
between the cations and y-octamolybdate anions. The TG
curves for compounds 4 and 7 are presented in Fig. 9.
Additional data for compounds 1-3, 5, 6, and 8-12 can be
found in the ESI;} Fig. S1-S8.

The notable further weight loss can be attributed to the
degradation of the unsolvated species in two distinct stages.
The first one occurred in the temperature range of 146-316
°C (for 1; 155-316 °C for 2; 166-287 °C for 3; 206-297 °C for
4; 103-331 °C for 6; 291-383 °C for 7; 120-300 °C for 8; 155-
298 for 10; 154-298 °C for 11; 282-342 °C for 12) and the
second stage in the range of 316-361 °C (for 1; 316-398 °C
for 2; 287-353 °C for 3; 297-434 °C for 4; 331-499 °C for 6;
320-385 °C for 8; 298-395 °C for 10; 298-365 °C for 11; 342-

were

40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 460 480 500 520 540 560 580 °C

Fig. 9 The TG-curves for compounds 4 (red) and 7 (blue).
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389 °C for 12). These two stages represent the decomposition
of Co-cation and oxomolybdate cores. The residual solids
consisted of mixtures of Co,Mo,0, (of 1, 2, 4, 6, 7, 8, 10, and
11) or NaCo,Mo,0, (of 3) or Co,Mo,V, (of 12).

Conclusions

We synthesized and structurally characterized
polyoxomolybdates and two molybdovanadates with varying
nuclearities. These salts include {Na,MogO,o(H,0)4},*"™", {[B-
Mosoze[Hzo)z][Y'Mosozs]}8_7 {B-M08026(H20)2}4_, {M0,04,(Cys-
H,0,4)},""", and {}-MogO,c},"" anions, which represent to
the best of our knowledge the first reported structures of that
kind. The assembly processes are sensitive to the type of
carboxylic acid used, and both succinic and acetic acids
promote the formation of hybrid polyoxomolybdates.
However, it is important to note that reaction temperature
and pressure also play a significant role in influencing the
polymerization process. Under reflux or hydrothermal
conditions, octamolybdate®® emerges as the primary
structural framework in the products obtained. This is largely
attributed to the thermal stability of the species involved in
the equilibria present in aqueous solution. The less dense
three-dimensional supramolecular framework, comprising
either - or y-octamolybdates, is preferentially formed within
the pH range between 2 and 5. In this pH range at room
temperature, the dominant species consist of discrete
MogO,¢"~ units or the chains built up from MogO,s""
connected with sodium cations. Lastly, we isolated the
molybdovanadate Naj[Co(en);][HV;M0,0,,] by exposing a
solid reaction mixture to water vapor, which opens up new
avenues for exploring the chemistry of molybdovanadates.

seven

Experimental section

General methods and materials

Starting cobalt(1) complex salts, [Co(CO;)(NH;),]NO;s-H,O0,
[Co(en);]Cl; and [Co(C,0,)(NH;),]NO3-H,O used as reaction
precursors, were prepared according to the literature data.*’
Na,Mo0,-2H,0, NH,VO;, acetic acid and succinic acid were
commercially available reagent-grade chemicals that were
employed as received without further purification. Elemental
analyses were provided by the Analytical Services Laboratory
of the Ruder Boskovi¢ Institute, Zagreb and by the Analytical
Services Laboratory of the Faculty of Science and Faculty of
Forestry, University of Zagreb. Thermal studies (TGA-SDTA)
were performed on a Mettler Toledo TGA/DSC3+ STARe
Systems instrument using aluminum oxide crucibles under
an O, atmosphere and in the temperature range from 25 to
600 °C. The heating rate was 10 °C min . Infrared spectra
were recorded on a PerkinElmer Spectrum RXI FTIR-ATR
spectrometer in a 4000-400 cm™' range. *C NMR spectra
were recorded on a Bruker Avance III HD 400 spectrometer
operating at 400 MHz. Compounds were dissolved in a
mixture of NaOH and D,O and measured in 5 mm NMR
tubes at 298 K with TMS as the internal standard. The
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sample concentration was 10 mg mL™". Single-crystal X-ray
diffraction data of 1-9 and 11 were collected on an XtaLAB
Synergy-S CCD diffractometer with CuK, (1 = 154184 A)
radiation at room temperature or at 170 K. Data reduction
was performed using the CrysAlis software package.**
Solution, refinement and analysis of the structures were
performed using the programs integrated in the WinGX*®
and OLEX2%® systems. All structures were solved and refined
with the SHELX program suite.’” Structural refinement was
performed on F> using all data. All hydrogen atoms were placed
at calculated positions and treated as riding on their parent
atoms. Geometrical calculations were performed using
PLATON.?® Drawings of the structures were prepared using
PLATON and MERCURY programs.®® Powder X-ray diffraction
(PXRD) data were collected on a Malvern Panalytical Aeris
powder diffractometer in the Bragg-Brentano geometry with a
PIXcel'® detector, using CuK,, radiation (1 = 1.5406 A). Samples
were contained on a Si sample holder. Powder patterns were
collected at room temperature in the range from 5° to 50° (26)
with a step size of 0.043° and 7.14 s per step. The data were
collected and visualized by using the Malvern Panalytical
HighScore Software Suite."’

Procedures for the synthesis of compounds 1-13. By
solution based methods at room temperature (Method a),
reflux (Method b), in an autoclave at 110 °C (Method c) and
liquid-assisted ball milling followed by vapor-assisted aging
(Method d) with [Co(C,04)(NH;),]JNO5-H,0, [Co(CO;)(NH;),]
NO;-H,0 or [Co(en);]Cl; as precursors. Experimental details,
analytical and spectroscopic data are given in the ESI (Tables
S1-S87).

General procedure for solution-based methods. The
aqueous solution (5 mL) containing sodium molybdate (5
mmol) and acetic or succinic acid, respectively, was added to
an aqueous solution (15 mL) of the Co(m) complex salt (2
mmol). Depending on the amount of added acid, the pH
value of the resulting reaction mixture was in the range
between 2.0 and 5.0. The resulting reaction mixture was left
to stand at room temperature for several days, or was
refluxed for 2 hours, or heated for 1.5 hours in an autoclave
at 110 °C, respectively.

All isolated products were filtered off, washed with cold
water and dried to constant mass in a desiccator. In the case
when the final product was a mixture of crystals, they were
separated mechanically, washed with cold water and dried to
constant mass in a desiccator.

Methods a) and c¢). When the complex salt [Co(C,0,)
(NH3),4]NO;3-H,O was used as a precursor, regardless of the
amount of added acetic acid, the mixture of crystals of
[Co(C,0,)(NH;),]4[B-M0gO46]-12H,0 (1) and  [Co(C,0,)
(NH3)4]4[B-M0g0O,6]-10H,0 (2) was isolated (yield of 1: 53 mg
36.30%; 2: 46 mg 35.40%). At higher pH and by method c)
crystals of [Co(C,0,)(NH3)4]4[B-M0gO,6(H,0),[y-Mog-
0,6]-12H,0 (4) and [Co(C,04)(NH;)4]4[B-M0g0,6(H,0),]-6H,0
(5) were isolated additionally (yield of 4: 41 mg 34.30%; 5: 1
mg). In the reaction with 1.22 mmol of succinic acid, the first

product was a pink voluminous powder which was
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transformed to [Co(C,04)(NH3)4]an[Na;M0g0,6(H,0),],:6n1H,0
(3) (yield of 3: 48 mg 40.38%). The transformation ended
after three to four days. When a higher amount of succinic
acid (2.44 mmol) was used, the first product was a pink
voluminous powder which was transformed to 1 (yield of 1:
51 mg 34.29%) within 24 hours or to [Co(C,0,)(NH3),]s[Mog-
0,6]-4H,0-C,HO4 (6) (yield of 6: 98 mg 82.50%) in the case
when the reaction was carried out in an autoclave. The same
product 6 was isolated at much higher concentrations of acid
(7.93 or 15.90 mmol) regardless of the used synthetic method
(vield of 6: 96.07 mg 83.85% or 107.00 mg 93.45%). In the
reaction carried out in an autoclave several pink rods of
[Co(C,0,)(NH3)4]un[y-M0gOy6],-9nH,0 (9) were also isolated
(vield of 9: 0.3 mg).

Method b). With the [Co(C,04)(NH;),]NOs-H,O complex
salt as a precursor and by the addition of 1.22 or 2.44 mmol
of acetic acid, crystals of 3 were isolated as the only reaction
product (yield of 3: 54.00 mg 45.43%). If the higher amounts
of added acid mixture were used, a mixture of 1 and 3 and
crystals of [Co(C,04)(NH3)4]a[B-M0gO,6(H,0),][y-Mog-
0,6]-12H,0 (4) and [Co(C,04)(NH;)4]4[B-M0g0,6(H,0),]-6H,0
(5) were isolated (yield of 1: 30.00 mg 36.29%; 3: 25.34 mg
21.32%; 4: 23.11 mg 17.57%; 5: 2.5 mg). In reactions with
succinic acid, depending on the amount of added acid
crystalline product 3 (yield of 3: 98 mg 82.49%) or a mixture
of 1 (yield of 1: 25.56 mg 22.07%), [Co(C,0,)(NH3)4]4[y-Mog-
0,6(H,0),]-12H,0 (7) (yield of 7: 41.00 mg 34.30%) and
[C0(C,04)(NH3)4],,[M0401,(C4H,0,)],-3nH,O (8) (vield of 8:
12.00 mg 9.42%) was isolated.

Methods b) and c). With the [Co(C,0,)(NH;),]NOs;-H,O
complex salt as a precursor and by the addition of NH,VO; (5
mmol), acetic or succinic acid (1.22, 2.44, 7.53, 15.90 mmol),
crystals of [Co(Cy04)(NH;3)4]o[HaM0gV50,40Na,(H,0)s]-xH,O0
(12) (yield of 12: 28.33 mg) were isolated as the main reaction
product.

Methods a) and c¢). When the complex salt [Co(COj3)
(NH;3),]NO; was used as a precursor, regardless of the
amount of added succinic acid, compounds [Mo5Co,-
0,,(HCO;)(H,0,C,H)(NH;),]-5H,0 (10) (yield of 10: 20.42 mg
17.93%) and [Mo5C0,0,5(NH;),]-5H,0 (11) (yield of 11: 62.09
mg 55.32%) were isolated at room temperature. Immediately
after mixing the solutions (independent of the pH value) a
violet voluminous powder of 10 was obtained. The same
product was obtained in reactions carried out in an autoclave
and with the addition of higher amounts of succinic acid.
The product 10 was collected by filtration, washed with a
small amount of cold water and dried to constant weight in a
desiccator. When the violet powder was allowed to stand at
room temperature in the mother liquor for one month, it was
transformed into violet crystals 11. Product 11 was collected
by filtration, washed with a small amount of cold water and
dried to constant weight in a desiccator (yield of 11: 74.54
mg 66.07%).

Methods b) and c¢). With the [Co(CO3)(NH;),]NO; complex
salt as a precursor, all the reactions conducted at room
temperature (regardless of the pH value) resulted in the

This journal is © The Royal Society of Chemistry 2025
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formation of 10 and 11 (yield of 10: 16.22 mg 14.30%; 11:
54.11 mg 48.45%) respectively. We were able to isolate the
above-mentioned products at higher-temperature only when
the highest amounts of acid were used (pH 3-4). All the other
reactions conducted at elevated temperature resulted in the
formation of a green-brown solution and precipitation of an
unidentified black-brown precipitate.

General procedure for liquid-assisted ball milling followed by
vapour-assisted aging

a) Na,Mo00,-2H,0 (5 mmol), Co(m) salt (2 mmol), acetic or
succinic acid (1.22, 2.44, 7.53, 15.90 mmol) and acetone (25
uL) were placed within a 10 mL stainless steel jar. The
reactants were milled for 1 hour at 25 Hz frequency. The
produced pink solid reaction mixture was exposed to 100%
humidity at room temperature. In all cases, the
transformation resulted in the crystalline product 3 (yield of
3:14.00 mg 11.78% or 11.67 mg 9.82% or 14.89 mg 12.52%),
regardless of the added acid or its amount.

b) Na,M00,-2H,0 (5 mmol), NH,VO; (5 mmol), Co(um) salt
(2 mmol), acetic or succinic acid (1.22, 2.44, 7.53, 15.90
mmol) and acetone (25 uL) were placed in a 10 mL stainless
steel jar. The reactants were milled for 1 hour at 25 Hz
frequency. The produced rose solid reaction mixture was
exposed to 100% humidity at room temperature. From all the
solid reaction mixtures, after their exposure to water vapour,
crystalline product 13 (yield of 13: 4.21 mg) was obtained,
regardless if the reaction was conducted with or without
carboxylic acid.

For compounds 5, 9 and 13 thermogravimetric analysis as
well as elemental analysis for 5 and 9 could not be performed
since only several crystals were produced. The obtained
amount of these compounds was only sufficient for their
single-crystal ~XRD analysis and IR  spectroscopic
characterization.

All products were filtered off, washed with cold water and
dried to constant mass in a desiccator.

Data availability

The data supporting this article have been included as part
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