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ABSTRACT

Three new dinuclear molybdenum(VI) oxalate (Pr,NH,) 4 [M0,06(C504)2] (1), (iPrZNH2)4~[M0206((‘qO4)2] (2) and (HDabco)4[M0,0(C504)-21-2H,0 (3) compounds,
have been prepared by one pot-synthesis at room temperature and characterized by single crystal X-ray diffraction and vibrational spectroscopies. Each compound
contains the binuclear [M0206(C;04),]*~ anion where each molybdenum is in an octahedral MoOg environment. In compound (3), the interconnection between
[MOzOG(C204)ﬂ4_ anions, [HDabco] * cations and water molecules (H20) leads to an infinite inorganic-organic chain structure. Similarly, in compounds (1) and (2)
the interactions between [M0205(C204)z]4_ anions and respectively [Pr,NH,]* and [iPerHZ] * cations leads to an infinite inorganic-organic chain structure. A
remarkable difference between the compounds is that in compounds (1) and (2) interactions between the chains involve only Van der Waals forces giving rise to
layer-like structures, which also interact between them only by Van der Waals forces, whereas in compound (3) the chains interact also through hydrogen bonds
giving a 3D supramolecular structure. The thermal properties of the compounds were investigated through thermogravimetric and differential thermal analyzes. The
differences in the thermal decomposition of the compounds in the solid state are discussed in relation with their crystal structure. Cyclic voltammetry shows that the

[M0,04(C,04),1*~ anion can be reduced in both aprotic solvent and water.

1. Introduction

Nowadays molybdenum chemistry remains one of the most exciting
research focus areas. Various stable oxidation states ranging from —1II
to + VI and coordination numbers from 4 to 6 confer to molybdenum a
very diversified chemistry and allow the preparation of compounds
with very original properties. Among them, dialkylammonium dimo-
lybdates and oxalate complexes of molybdenum (VI) like
Mz[MOzOs(C204)2(H20)2] {M = NH4, Na, K, Rb, CS} exhibit phOtO-
chemical and photochromic properties [1-5]. For [Mo,04(n2-0)
{HC(3,5-Me2pz)3},1(BF4)2 and [M0303(03)3(12-0)(H20){HC(3,5-
Me,pz)3}] catalytic performances have been observed while
[M05,04(05),L(H,0),]-H,0 {L = MBA (N-[1-morpholinobenzyl] acet-
amide), PBA (N-[1-piperidinobenzyl] acetamide)} and Mo,0,4(05),L
(H,0)4 {L = BTEH (Benzoic acid [1-(thiophen-2-yl) ethylidene] hy-
drazide), BTMH (benzoic acid [(thiophen-2-yl)methylene] hydrazide)}
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exhibit successfully antibacterial activities [6-8]. Since these pioneer
studies [1-8] several dinuclear molybdenum(VI) oxalate and/or di-
nuclear molybdenum(VI) compounds have been isolated and char-
acterized. All the dinuclear molybdenum(VI) oxalate complexes cur-
rently known can be classified into four distinct categories. The first
category concerns the binuclear [M0203(C204)4]1%~ anion. Until now
only one compound has been isolated and characterized, namely
(CgoH14N)2(CgH2N)2[M0203(C204)4] [9]. The two metal ions are linked
via a single (u — oxo) bridge. The coordination sphere of each metal ion
is completed by a terminal oxo ligand and two monochelating oxalates.

The dinuclear [M0204(C204)2(L)d2' anions where L is most often a
neutral amine or a water molecule belong to the second category. Some
typical examples include Bay[M0,04(C204)2(H,0),1-H,0,
(PyH)3[M0,04(C204)2Py51,  (4-Me-PyH)3[M0,04(C20,),(4-MePy),]Br,
(4-EtpyH)2 [M0204(C204)2(4~Eth)9J, (PyH)z[M0204(C204)2(3.5—Lut)2] N
(PyH)2[M0,04(C,04)2(H20),] and [(CeHs)4P12[M0,04(C204)2Py.1-H,0



(Py = pyridine. 4-MePy = 4-methylpyridine. 4-EtPy = 4-ethylpyridine.
3.5-Lut = 3.5-lutidine) [10-12]. Each metal ion is coordinated by a
terminal oxo ligand, a monochelating oxalate and a L ligand. In contrast
to the previous category, the two metal ions are linked viaa di-(u  oxo)
bridge. The  third category  concerns the  binuclear
[M0,05(C204)2(H20),]%~ anions. Among many others we can mention
R2[M0205(C204)2(H20)2] (R = K, Rb, CS, NH4, PyH, }/-PiCH, (CH3)4N
and Py = pyridinium, Pic = picolinium, ...) [1-5,9,13,14]. In these ox-
omolybdate species each metal ion is coordinated by two terminal oxo
ligands, a monochelating oxalate (C,04)?~ and water molecule (H.0).
The two metal ions are linked via a single (v  oxo) bridge. The fourth
recently isolated and described category [15] concerns this binuclear
[M0,06(C204)2]1*~ anion, where each molybdenum atom is coordinated
by a monochelating oxalate, two terminal oxo ligands and linked via a di-
(v oxo) bridge. In this category only one compound is currently
known: [Co(en)s]4[Mo050¢(C204)-] [15].

However, this field of investigation of oxalatomolybdate compounds
is still not fully explored.

Continuing our research on polyoxometalates as organic-inorganic
hybrid materials, and more specifically on oxomolybdate complexes
[16], we have isolated in the present paper three molybdenum oxalate
anionic species with three different ammonium counter cations, di-
propylamine, diisopropylamine and Dabco (1,4-diazabicyclo[2.2.2]oc-
tane), respectively. These binuclear species, namely
(ProNH) 4 [M0,06(C204)2] (1), (ProNH;)g[Mo206(C204)2] (2) and
(HDabco)4[M05,0¢(C204)2]1-H>0 (3) were both obtained from the same
reagents (ammonium heptamolybdate tetrahydrate and oxalic acid)
and using a similar simple procedure (one pot-synthesis in aqueous
phase). All three compounds contain the same binuclear
[M0506(C50.4)>]*~ anion. Their structures have been determined by X-
ray diffraction and confirmed by infrared and Raman spectroscopic
studies. Thermal and redox properties of complexes were also in-
vestigated by thermogravimetric and/or differential thermal analysis
and cyclic voltammetry.

2. Experimental section
2.1. Materials

Oxalic acid (100%), dipropylamine (98%), diisopropylamine (99%),
Dabco (98%) and ammonium heptamolybdate tetrahydrate (100%)
were purchased from Sigma-Aldrich and used without further pur-
ification. Methanol and distilled water were used as solvent.

2.2. Synthesis

(ProNH,) 4 [M0206(C204)2] (1): oxalic acid (1.00 g, 11.1 mmol), di-
propylamine (2.24 g, 22.1 mmol) and ammonium heptamolybdate tet-
rahydrate (1.06 g, 0.9 mmol) were dissolved in water (60 ml) at room
temperature. The solution was then stirred for one hour and evaporated
in the oven at 60 °C to yield a whitish precipitate. The purification by
recrystallization of the precipitate in methanol readily leads after 2-
week slow evaporation at room temperature to pretty white crystals of
1 (60% yield).

(iProNH,) 4 [M02,06(C204)-] (2): similarly to (1), oxalic acid (1.00 g,
11.1 mmol), diisopropylamine (2.24g, 22.1 mmol) and ammonium
heptamolybdate tetrahydrate (1.06g, 0.9 mmol) were dissolved in
water (60 ml). The solution was then stirred for one hour and evapo-
rated in the oven at 60 °C to yield white crystals of 2 after four days
(54% yield).

(HDabco)4:[M0,0(C204)2]'H20 (3): this compound was obtained
by direct reaction of oxalic acid (1.00g, 11.1 mmol), Dabco (2.50 g,
22.1 mmol) and ammonium heptamolybdate tetrahydrate (1.06g,
0.9 mmol) after dissolution in water (60 ml) at room temperature. The
solution was then stirred for one hour and evaporated in the oven at
60 °C to yield a whitish precipitate. The purification of this precipitate

carried out by recrystallization in methanol leads after 2-week slow
evaporation at room temperature to pretty white crystals of 3 (72%
yield).

2.3. Elemental analyses (C, H, N) measurements

Elemental CHN analyses were performed using a PERKIN ELMER
2400 serie II analyzer. Two experimental analyses were made for each
compound and the reproducibility is very good as shown by the low
absolute uncertainties. The theoretical and experimental values found
for the three compounds are given hereafter. Compound (1):
Theoretical: C: 38.5%, H: 7.3%, N: 6.4%; Experimental: C:
38.84 = 0.10%, H 8.61 * 0.04%, N: 6.49 = 0.02%. Compound (2):
Theoretical: C: 38.5%, H: 7.3%, N: 6.4%; Experimental: C:
38.00 = 0.10%, H: 8.32 * 0.11%; N: 6.85, 6.79 = 0.06%.
Compound (3): Theoretical: C: 35.30%, H: 5.92%, N: 11.76%;
Experimental: C: 32.52 = 0.07%; H: 6.75 = 0.06%; N:
10.75 *= 0.01%.

2.4. Powder X-ray diffraction (PXRD) measurements

Powder X-ray diffraction (PXRD) patterns were measured at room
temperature with a Bruker AXS D8 diffractometer using Cu-Ka radia-
tion (A = 1.5418 A).

2.5. Structure determination

Suitable crystals for compounds (ProNHj)s[M0506(C204)2]1 (1),
(PrNHy) 4 [M02,06(C204)2] (2) and (HDabco) 4 [M0,06(C204)21H20 (3)
were measured on a Rigaku Oxford Diffraction SuperNova dif-
fractometer at 293K at the MoKa radiation (A = 0.71073 ;\). Data
collection reduction and multiscan ABSPACK correction were per-
formed with CrysAlisPro (Rigaku Oxford Diffraction). The structure was
solved by Patterson method using ShelXT-2015 and refined with
SHELXL-2015 [17,18]. Crystallographic Information files were com-
piled with Olex2.12 [19]. Crystallographic data are summarized in
Table 1.

2.6. Spectroscopic measurements

The IR spectra were recorded with a Vertex 70 spectrometer from
Bruker equipped with a Harrick diamond ATR cell, a globar source and
a KBr beamsplitter. 256 scans with 4 cm ™! resolution were averaged.
The final spectra were corrected from the atmospheric contributions of
H,0 and CO, gases. The Raman spectra were obtained with an Invia
Raman Microscope from Renishaw operating at 1 = 514nm. Five
spectra obtained with 10s irradiation time and 25 mW laser power
were averaged.

2.7. TGA measurements

Thermogravimetric analysis (TGA) measurement was carried out
with a Setaram Sensys Evo under Argon flow, from room temperature
to 1000 °C with a heating rate of 10 °C min ~*. These conditions allow to
study only the thermal stability under inert gas and not the degradation
by reaction at high temperature in an oxidizing medium (in air for
example), which would be more complex. The test portion of each
product was between 14 and 24 mg. The return to ambient temperature
(25°C) from the 1000 °C at the end of the analysis was made always

under Ar flow with a negative temperature ramp of —33°C min™".

2.8. Cyclic voltammetry measurements
The cyclic voltammetry measurements were carried out either in

DMSO with 0.1 M nBusPF¢ or in H,O with 0.1 M KCI as supporting
electrolyte with a conventional three electrodes cell connected to a



Table 1
Crystallographic data of compounds 1, 2 and 3.

Compound (€)) ) 3

Formula weight (g mol 1) 872.71 872.71 952.68

Crystal system Orthorhombic Triclinic Monoclinic

Space group Pca2, P-1 P2,/c

a (A) 9.1509 (1) 8.5134 (1) 10.96383 (15)

b (&) 21.9124 (3) 9.6363 (1) 17.9763 (2)

cA) 21.6434 (3) 12.4286 (6) 9.75418 (14)

a() 90 83.136 (1) 90

B® 90 84.244 (1) 100.0550 (13)

v () 90 84.999 (1) 90

vV (A% 4339.90 (10) 1004.28 (5) 1892.92 (5)

Z 4 2 4

Temperature (K) 293 298 293

u (mm™1) 0.64 0.69 0.74

Crystal size (mm®) 0.34 x 0.32 x 0.16 0.30 x 0.30 x 0.16 0.34 x 0.24 x 0.14

R1[I = 20(D] 0.035 0.021 0.025

WR2[I = 20(D)] 0.095 0.060 0.060

Radiation MoKa radiation (A = 0.71073 10%) MoKa radiation, A = 0.71073 A MoKa radiation (A = 0.71073 A)

26 range for data collection v 3.4-27.5 2.8-30.1 3.9-28.1

hkl range —-11<h<11; —-11<h<11; —14<h<14
—28 <k<28; —-13<k<13; —23 <k<24;
—27 <127 -17 <117 —-12<1<12

Reflections collected 92,083 5831 55,943

Independent reflections 9333 233 4491

Goodness-of-fit on F> 1.05 1.10 1.05

Largest diff. peak/hole (e A™3) 0.50/—-0.32 0.34/-0.76 0.30/-0.48

Princeton Applied Research VERSASTAT 4 potentiostat. In H,O, the pH
of the solution was adjusted by adding small aliquots of 1 M hydro-
chloric acid or sodium hydroxide solutions. A 3 mm diameter glassy
carbon disk was used as working electrode and a platinum wire as
counter electrode. A silver chloride electrode (3M KCI) was used as
reference electrode in aqueous solution and a platinum wire as pseudo
reference electrode in DMSO. In the latter case, ferrocene was added at
the end of the experiment and used as internal standard. The solutions
were degassed with argon for 20 min prior to the measurements.

3. Results and discussion
3.1. Elemental analysis using CHN

For the compounds (1) and (2), the experimental data are in very
good agreement with the expected composition according to the em-
pirical formula determined by the crystallographic structure. The dif-
ference between the theoretical and experimental values for the com-
pound (3) reveals the presence of impurities. For all three compounds,
the presence of the oxomolybdic moieties (M05Og) results from frag-
mentation reactions of ammonium heptamolybdate tetrahydrate (AHM)
used as starting material. Hence the residual presence of 7.8% percent
of AHM as an impurity in the compound (3) would lower the calculated
relative contents of C (35.30% for the pure product) to reach a sa-
tisfactory agreement with the experimental values (ca. 32.5% in the
presence of AHM impurity).

3.2. Powder X-ray diffraction (PXRD)

The purity of compounds was also monitored by powder X-ray
diffraction (PXRD). The similarity of the experimental and calculated
PXRD patterns of compounds (see Fig. SI1, in Supporting information)
indicated that synthesized compounds match with the simulated one
respectively, except for some intensity difference. The intensity differ-
ences can be owed to the different orientation of the crystals in the
powder samples. The impurities revealed by the CHN analysis for
compound 3 are confirmed by the powder X-ray diffraction (PXRD)
showing two additional peaks on the experimental XRD powder pat-
terns of this compound (3). These two peaks at 26 (°) = 32 and 40 can

be attributed to the presence of ammonium heptamolybdate tetra-
hydrate in compound (3) as impurities [20].

3.3. Crystal structures description

The three title compounds consist of [M0506(C204)51*~ dinuclear
complex anions (Fig. 1) stabilized by either [ProNH,]*, ['Pr,NH,] " or
[HDabco] * cations. The compound (1) crystallizes in an orthorhombic
Pca2, space group system. Its asymmetric unit consists of one
[Mo0,06(C204)2]1*~ and four [ProNH,]" cations. The compound (2)
crystallizes in a triclinic P — 1 space group system. Its asymmetric unit
consists of half [M0,0¢(C204)]* and two [Pr,NH,]" cations. The
compound (3) crystallizes in a monoclinic P2,/c space group system. Its
asymmetric unit consists of half [Mo0506(C204)2]1%~, one lattice water
molecule (H,0) and two [HDabco]* cations. In all three compounds,
each molybdenum is in its highest degree of oxidation (Mo""). This
oxidation state exhibits a much richer chemistry than any of other
oxidation states of molybdenum, namely —1II, 0, +1II, +1III, +IV, V and
+VI [21]. The metal displays here a marked tendency to dimerize
through two oxygen bridges to form the {Mo0,O¢} fragment. The co-
ordination sphere of each molybdenum is completed by a bidentate
oxalate (Fig. 1). Each oxalate ligand is linked to the molybdenum center
via two oxygen atoms, all being in cis to the terminal oxo ligands. For
all compounds, the two oxygen bridges are not quite symmetrical; the
two Mo—O distances are at 2.198 (4) A, 1.783 (3) A, 1.790 (3) A, 2.201
(4) A for the (1); 1.8409 (9) A, 2.1631 (8) A for the (2) and 1.8229 (11)

Fig. 1. Dinuclear anion [M0506(C204).1*~ in compounds 1-3.



Table 2
Selected bond lengths (A) and bond angles (*) in compounds 1, 2 and 3.

Compound (1)

Compound (2)

Compound (3)

Mol—Mo2 3.1191 (5)
Mo1-01 1.694 (4)
Mo1-02 1.727 (5)
Mo1—-03 2.172 (3)
Mol1—-04 2.271 (3)
Mo1—-07 2.198 (4)
Mo1-08 1.783 (3)
Mo2-07 1.790 (3)
Mo2—08 2.201 (4)
Mo2—-09 1.730 (3)

04—Mol—Mo2 81.79 (11)
07—Mol—Mo2 34.09 (9)
07—Mo1—-04 74.84 (14)
08—Mol—Mo2 43.52 (12)
08—Mo1-03 153.77 (17)
08—Mo1—-04 93.78 (15)
08—Mo1—-07 77.60 (15)
07—Mo2—Mol 43.48 (12)
07—Mo02—-08 77.40 (15)
07—Mo2-011 152.61 (17)

Mo02—010 1.725 (5)
Mo2—-011 2.144 (3)
Mo2—-012 2.227 (3)
03—C2 1.262 (6)
04—C1 1.238 (6)
05—C1 1.241 (6)
06—C2 1.227 (6)
011-C3 1.271 (6)
012—C4 1.246 (6)
013—C4 1.234 (6)
014-C3 1.223 (6)

0O1—Mol—Mo2 103.8 (2)
01-Mo1-02 103.3 (3)
01-Mo1-03 85.80 (17)
01-Mo1-04 157.04 (17)
01-Mo1-07 97.1 (2)
01-Mo1-08 105.61 (19)
02—Mol—Mo2 142.1 (2)
02—Mo1—03 96.6 (2)
02—Mo1-04 83.57 (19)
02—Mo1-07 158.39 (19)

07—Mo2—012 87.99 (14)
08—Mo2—Mol 33.92 (9)
08—Mo2—-012 77.76 (15)
09—Mo2—Mol 99.71 (17)
09—Mo2—-07 107.35 (18)
09—Mo2—-08 89.5 (2)
09—Mo2—011 87.11 (16)
09—Mo02-012 157.62 (16)

010—Mo2—Mol 144.65 (18)

010—Mo02—07 103.8 (2)
010—Mo02—08 164.82 (19)
010—Mo02—09 104.3 (2)
010—Mo02—011 94.6 (2)
010—Mo02—012 87.1 (2)

011-Mo2—Mol 112.33 (12)

011-Mo02—-08 79.64 (15)
011-Mo02—-012 72.63 (12)
012—Mo2—Mol 80.01 (12)

Mol—Mol' 3.1464 (2)
Mo1—02 1.6981 (10)
Mo1—07 1.7364 (10)
Mo1—01 1.8409 (9)
Mol—04 2.1312 (9)
Mol-01' 2.1631 (8)
Mo1—03 2.2898 (9)
03—C1 1.2513 (15)
04—C2 1.2785 (16)
05—C1 1.2455 (16)
06—C2 1.2248 (16)
01-Mol' 2.1631 (8)
02—Mo1—-07 103.41 (6)

02—Mo1-01 105.54 (5)
07—Mo1-01 99.96 (5)
02—Mo1—-04 89.70 (5)
07—Mo1—-04 96.68 (5)
01-Mo1—-04 154.01 (4)
02—Mo1-01" 95.04 (5)
07—Mo1-01" 161.44 (5)
01-Mo1-01' 76.70 (4)
04—Mo1-01" 81.16 (4)
02—Mo1-03 161.49 (5)
07—Mo1-03 83.86 (5)
01-Mo1-03 89.63 (4)
04—Mo1-03 72.41 (3)
01'-Mo1-03 77.91 (4)
02—Mol—Mol' 102.54 (4)
07—Mol—Mol! 138.84 (4)
01-Mol—Mol' 41.99 (3)
04—Mol—Mol' 114.85 (3)

Mol—Mol' 3.1854 (3)
Mol—01 2.2337 (13)
Mo1-02 2.1362 (12)
Mo1-05' 2.2370 (11)
Mo1—05 1.8229 (11)
Mo1—06 1.7033 (14)
Mo1—026 1.7193 (14)
01-C1 1.257 (2)

02—-C2 1.276 (2)

03—-C2 1.224 (2)

04—C1 1.237 (2)
05—Mol' 2.2370 (11)
01-Mol—Mol! 80.89 (4)
01-Mo1-05' 77.80 (5)
02—Mol—Mol' 111.22(4)
02—Mo1-01 73.07 (4)
02—Mo1-05' 78.20 (4)
05—Mo1—Mol' 43.20 (4)
05'-Mol—Mol' 33.91 (3)
05—Mo1-01 89.00 (5)
05—-Mo1-02 152.04 (5)
05—Mo1-05' 77.11 (5)
06—Mo1—Mol! 99.12 (5)
06—Mo1-01 160.14 (6)
06—Mo1—02 88.67 (6)
06—Mo1—05 104.69 (6)
06—Mo1—05' 91.09 (6)
06—Mo1—026 103.28 (8)
026—Mol—Mol' 145.46 (5)
026—Mo1—01 86.53 (7)
026—Mo1-02 95.36 (6)
026—Mo1-05 104.99 (6)

02—Mo1-08 103.4 (2)
03—Mol-Mo2 111.33 (11)
03—Mo1-04 71.55 (12)
03—Mo1-07 77.59 (14)

01'—Mo1—-Mol! 34.71 (2) 026—Mo1—05' 164.19 (6)

03—Mol—Mol' 81.50 (2)

Symmetry transformations used to generate equivalent atoms: compound (1): () x — 1/2, —y + 2, z; (ii) —x + 3/2,y, z + 1/2; (iii) x — 1/2, —y + 1, z; compound

(2): 1) —x, =y, —z + 1 and compound (3): (i) -x, —y + 1, —z + 1.

;\, 2.2370 (11) A for the (3) (Table 2). The binuclear unit consists of two
molybdenum centers in distorted octahedral environments. The two
metal ions are linked by double bridge (p-oxo). In the binuclear anion,
the interaction between two metal ions is at Mo-Mo distance equal to
3.1191 (5) A, 3.1464 (2) A and 3.1854 (3) A respectively for the
compounds (1), (2) and (3).

The [M0,04(C204)>]1*~ anions thus consist of two MoOg octahedra
contiguous on one side. The variation of the Mo—O bond lengths [in the
1.694 (4)-2.271 (3) A range for (1), in the 1.6981 (10)-2.2898 (9) A
range for (2) and in the 1.7033 (14)-2.2370 (11) A range for (3)] as
well as that of the O—Mo—O angles [in the 71.55 (12)-158.39 (19) °
range for (1), in the 72.41 (3)-161.49 (5)° range for (2) and in the 73.07
(4)-164.19 (6)° range for (3)] confirms that the octahedra are irregular
(Table 2). Overall, the Mo—O lengths and O—Mo—O angles found here
are consistent with [M0,05(C204)2(H20),]%~ dinuclear complexes an-
ions previously reported [22-24].

Mo—O bond lengths for shared oxygen [Mol—03 = 2.172 (3) 13;,
Mo1—-04 = 2.271 (3) ;\, Mo2—07 = 1.790 (3) 10\, Mo2—08 = 2.201 (4)
A, Mo2-011 = 2.144 (3) A, Mo2—012 = 2.227 (3) A for the (1),
Mol—-01'=21631 (8) A, Mol—-04=21312 (9) A,
Mo1—03 = 2.2898 (9) A for the (2) and Mol1—01 = 2.2337 (13) A,
Mol—02 = 2.1362 (12) A, Mol—05i=2.2370 (11) A,
Mo1—-05 = 1.8229 (11) A for the (3)] are significantly higher than the
Mo—O bonds for terminal oxygen Ot [Mol—O1 = 1.694 (4) f\,
Mo1—-02 = 1.727 (5) A, M0o2—-09 = 1.730 (3) A, M02—010 = 1.725
(5) A for the (1), Mo1—01 = 1.8409 (9) A, Mo1—02 = 1.6981 (10) A,
Mo1—07 = 1.7364 (10) A for the (2) and Mo1—06 = 1.7033 (14) A,
Mol1—026 = 1.7193 (14) A for the (3)]. This suggests, for all com-
pounds, that Mo—Ot are double bonds and Mo-(p-oxo) single bonds.

Furthermore the Mo—Ot bond lengths are in good agreement with Mo=
O double bonds reported in the literature [25,26]. In addition, de-
pending on the oxygen atoms involved in the coordination of mo-
lybdenum, the oxalate C—O bond lengths vary slightly.

For each compound, the oxalate C—O bond lengths for oxygen in-
volved in the coordination of Mo(VI) [03—C2 = 1.262 (6) 10\,
04—C1 = 1.238 (6) A, 011-C3 = 1.271 (6) A, 012—C4 = 1.246 (6) A
for the (1), 03—C1 = 1.2513 (15) A, 04—C2 = 1.2785 (16) A for the
(2) and 02—C2 = 1.276 (2) A, 01—-C1 = 1.257 (2) A for the (3)] are
slightly higher than the C—O bonds, for uninvolved oxygen
[05—C1 = 1.241 (6) A, 06—C2 = 1.227 (6) A, 013—C4 = 1.234 (6) A,
014-C3 =1.223 (6) A for the (1), 05-Cl =1.2455 (16) A,
06—C2 = 1.2248 (16) A for the (2) and 03—C2 =1.224 (2) A,
04—C1 =1.237 (2) A for the (3)]. This may be due to the same dis-
turbance phenomenon.

In compound (3), the anion is stabilized by four [HDabco] * cations
through simple N—H---O and bifurcated N—H---(O, O) hydrogen bonds,
respectively involving O5 bridging oxygen and (03, O4) oxygen atoms.
This leads to the neutral entity (HDabco)4[M02,0g(C204)2]. Each
(HDabco)4[Mo0,0(C204),] entity connects to its neighbor through
lattice water molecules. The interactions are via the 026 of MoO3 and
03 of oxalate through two links of hydrogen bonds of types
026---H—07—H---03. This leads to the infinite chain shown in Fig. 2c.
We note that the same oxygen atom O3 involved in the hydrogen-bi-
furcated bond N—H---(03, 04) is also involved in the single bond
07—-H---03, while 06 oxygen atoms remain “free”. The overall struc-
ture of the compound consists of infinite chains not connected but in-
teracting with each other by Van der Waals forces (see Fig. SI2¢c, in
Supporting information). The electronic correlation effects of Van der



Fig. 2. Infinite chains in compounds 1 (a), 2 (b) and 3 (c). Hydrogen atoms are omitted for clarity.

Waals forces are purely no localized and in none case a local or semi-
local approximation will not be able to account for it. However, we can
note that along the b-axis the metal-metal (Mo---Mo) distances for ad-
jacent chains at short range are in the order of 8.6 A and those at long
range about 11.9 A. In compound (3), [HDabco] * cations cannot act as
bridges between two different anions. This, partly because of the im-
possibility of direct interaction between an oxygen of the anion and the
non-protonated nitrogen atom. In addition, the steric strain of a tertiary
ammonium group prevents the hydrogen atom to get involved in a
bifurcated hydrogen bond bridging two different anions. As a con-
sequence, the presence of water molecules is required to ensure the
anion-anion connections in compound (3).

In contrast, the anion-anion interactions in compounds (1) and (2)
do not require the presence of water molecules because they can be
ensured respectively by two protons of the dipropylammonium and
diisopropylammonium cations. Thus, in compound (1) each binuclear
entity [M0,06(C204)2]*~ interacts with eight dipropylammonium ca-
tions through bifurcated N—H---(0, O) [N1-H---(03, 06),

N2—H---(013, 014), N4—H---(05, 06)] and simples N—H-:--O
[N1-H--09, N2—H--013, N3—H--02, N3—H.-010, N2—H---02,
N4—H.---05] hydrogen bonds, involving oxo ligands (O*~) or oxygen
oxalates.

We can note that except O1, all the oxo 0%) ligands within the
binuclear anion are involved in hydrogen bonds.

The fact that the oxygen atom O1 is not involved in hydrogen bonds
is manifested by the short length Mo1—01 (1.694 (4) 1°\) as compared to
other Mo—O lengths of the complex anion [Mol—03 = 2.172 (3),
Mo1-04 = 2,271 (3), M02—-07 = 1.790 (3) A, Mo2—-08 = 2.201 (4)
A, Mo2-011=2144 (3) A, Mo2-012=2227 (3) A,
Mol1-01 = 1.694 (4) 10\, Mo1-02 = 1.727 (5) 10\, Mo2—-09 = 1.730 (3)
A, Mo2-010 = 1.725 (5) Al.

Thus, each binuclear anion [Mo,0g(C204),]*~ bound to four di-
propylammonium stabilizing cations connects to two neighbors via four
others to lead to an infinite chain shown in Fig. 2a.

The global structure is a stack of infinite chains interacting through
hydrogen bonds N—H---O, N—H---(O, O) involving cations and anions
giving rise to a 3D network (see Fig. SI2a, in Supporting information).

In this structure, by occupying their crystallographic sites, the dipro-
pylammonium cations are arranged in such a way as to leave free
tunnels into which [Mo,06(C204)2]1*~ zigzag ribbons are inserted.
Moreover, in compound (2), the anion laterally connected to four
['ProNH,] " links to two neighbors via four cations. These interactions
involve simple N—H---O and bifurcated N—H---(O, O) hydrogen bonds,
involving respectively O1, O7 or O5 and (05, O6). This leads to an
infinite chain (Fig. 2b). In addition, these infinite chains interact
through simple hydrogen bonds, N2—H---O1 and N2—H---07, leading to
an infinite layer structure (see Fig. SI2b, in Supporting information). As
in compound (1), only van der Waals interactions are observed between
the layers. The absence of disturbance of oxygen atom O2 via interac-
tions of hydrogen bonding type is also manifested by the short length

Mo—02 (1.6981 (10) f\) as compared to its counterparts
[Mo1-07 = 1.7364  (10) A, Mol-01=1.8409 (9) A,
Mol—-04 =2.1312 (9) A, Mol-01'=21631 (8) A,
Mo1—03 = 2.2898 (9) A, 0O1-Mo' = 2.1631 (8) Al.

3.4. IR spectra

As expected from their common core structure, the three com-
pounds exhibit a similar infrared spectral signature (see Fig. SI3, in
Supporting information). We focus here on the attribution of the most
characteristic bands. In the high frequency region of the spectra, the
signals between 3000 and 2400 cm ™! can be assigned to the (N—H)
and (C—H) stretching vibrations of the secondary or tertiary ammo-
nium groups [27-29]. Compound 3 also exhibits two additional bands
at 3437 and 3488 cm~! which can be attributed to the (O—H)
stretching vibration of the lattice water molecules. The oxalate ligands
exhibit three sets of characteristic bands which reflect their binding
mode [30]. Compound (1) exhibits three distinct bands at 1682, 1652
and 1626 cm ™!, whereas compounds (2) and (3) only two at 1653,
1625 and 1666, 1633 cm ™~ * respectively. This seems consistent with the
higher variation of C—O bond lengths observed in compound (1). The

s(O—C—0) stretching vibrations contribute in the 1450-1280 cm !
range. Each complex exhibit two main bands, at 1337-1347 cm~* and
1280-1290cm™'. The &(0—C—0) bending vibrations probably



contribute to the band observed at 791 cm ™! for compound (1) and
785cm ™! for compounds (2) et (3). The position of the oxalate bands
here are consistent with those reported before for analogous com-
pounds containing terminal bidentate oxalates [9,10,24].
The bands in the 1000-850 cm ! range can be attributed to the
v(Mo==0t) stretching vibrations. Compound (1) exhibits two large
splitted bands centered at 907 and 851 cm ™!, whereas compound (2)
and (3) shows two narrower bands centered at 931/858 and 918/
871 cm ™! respectively. This again reflects t he higher d issymmetry of
the {Mo,Og¢} core in compound (1). The intense band observed in the
710-750 cm ™! range for the three compounds can be attributed to the
v(Mo—O—Mo) stretching vibrations [9,31].

3.5. Raman spectra

Raman spectroscopy is an appropriate and highly efficient to ol for
the identification of oxomolybdenum species [ 32-38]. The Raman ab-
sorption bands in the 1000-600cm™! region (See Fig. SI4, in
Supporting information) indicate the presence of oxomolybdic frag-
ments. The (Mo=0t) stretching modes are observed at 921, 894 and
858 cm ™! for compound (1), 933 and 863 cm ™! for compound (2) and
921 and 873 for compound (3) [36-38]. The positions of these bands
are consistent with their counterparts in the IR spectra. At lower wa-
venumbers the bands between 800 and 650 cm ™! are typical for the
vibrations of double-bridged Mo—O—Mo modes [36-38]. At higher
frequency, the C—O stretching vibrations of the oxalate ligands
(1450-1430cm ™! for the symmetric modes and 1660-1690 for the
antisymmetric modes) and the C—H stretching vibrations of the am-
monium cations (3000-2800 cm ™ 1) range contribute [39].

3.6. Thermal analyses

The thermal properties of the compounds were investigated by
thermogravimetric analysis (TGA). Between 0 and 1000 °C under inert
atmosphere (Ar), the TGA curve of compound (1) (see blue trace in
Fig. 3) indicates a total mass loss of the order of 92% in several steps
reflecting a continuous degradation mechanism. The thermal stability
of the compound was observed up to 140 °C. A first loss of mass of the
order of 20% of the total mass occurring in 140-210 °C range corre-
sponds to the departure of the 2[C,04]. This is done in 2 endothermic
peaks which overlap around 180 °C. The second mass loss of the order
of 46% is carried out in 210-350 °C range. This loss of mass due to the
cations is done in 4 stages which are distinguished on the DTA curve: 3
peaks grouped at 225, 240 and 250 °C, and a fourth at 350 °C (Fig. 4).
The third loss of mass of the order of 10% occurs slowly in 350-780 °C

Fig. 3. TGA diagrams of compounds (1), (2) and (3).

Fig. 4. TGA (green curve) and DTA (blue curve) diagrams of compound (1).
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

range. The process is at least two steps based on the slope changes of the
TGA curve. This loss is assigned to the progressive decomposition of
Mo,0g entities into volatile MoO3 molecules with the departure of x
moles of MoOs which sublimes from the solid residue [40]. The 10%
loss of mass could then correspond to approximately 0.67MoO3; moles.
So we would have the decomposition reaction:

Mo,04(s) = (2-0.67 = 1.33)MoOs(s) + 0.67 MoOs(g)

The MoO3 melting corresponds to the large endothermic peak at
around 770 °C because in the environment of the crucible of the TGA
analyzer, it must be considered that it has impurities with this MoO3
phase (for example the other residues resulting from the decomposition
in progress).

Since the presence of impurities in a solid lowers its melting point it
is normal for it to drop from 795 (pure) to about 770 °C in our case. It
follows that the very fine endothermic peak at 825 °C would correspond
to the vaporization of a mole of MoOs. This loss of one mole of MoO;
occurs from 780 to 920 °C and is from the liquid phase (since MoOj3 is
melted) which is a fairly fast process, in any case faster than the sub-
limation loss from a solid. After as indicated below, there would remain
the solid residue of approximately 0.33 MoO, corresponding to a mass
of about 8% of non-volatile oxides as MoO, and mixed-valence oxides.
The TGA diagram of compound (2) (black trace in Fig. 3) is quite si-
milar to that of compound (1). One difference is a very sharp loss of
mass of about 2% at 130 °C which is not representative of the loss of
water from the crystal lattice. It could be due to the loss of con-
tamination water (adsorbed) since this compound is the only one of the
series that has not been recrystallized from methanol. Thereafter the
loss of the 2 C,04 (exp. 19 wt%); cal. 20 wt%) occurs in the 160-210 °C
range, then the 4 ProNH, (exp. 45 wt%); cal. 46 wt%) in the temperature
range 210-340 °C. The thermal decomposition of the Mo-based entity is
substantially different than in the compound (1) since it starts at the
same temperature (340°C) but ends at 800°C (instead of 920 °C)
without leaving a solid residue: experimental loss 36 wt% (instead of
26 wt% for compound (1)); calculated 33 wt% for Mo5Og. This de-
composition occurs in two steps, 340-690 °C (4.0 wt%) and a second
one (690-800 °C) largely dominant (33 wt%).

For compound (3) (red trace in Fig. 3), the curve indicates a total
mass loss of the order of 78% in several steps reflecting also a con-
tinuous degradation mechanism of the compound. The water content in
the crystal lattice was detected from mass loss of the order of 3% (3.8%
calculated) is observed in the 125-160 range. This is a departure of a
molecule of water (hydration water molecule). A second fast mass loss
of the order of 13% (18.9% calculated) taking place in the 160-210 °C
range corresponds to departure of the two (C2042~) anions in the form
of carbon dioxide (CO,) but it is difficult to distinguish from the next



Table 3

Temperature range corresponding to the successive loss of the different entities constituting the three compounds.

Compound Lost entities (experimental wt%) Solid residue (wt%)
H,0 Cy04 Amine Mo,0¢
1) N/A 140-210 (20.2) 210-350 (46.0) 350-780 (10.0) 8
780-920 (16.0)
2) 130 (2.0)" 160-210 (19.0) 210-340 (45.0) 340-690 (4.0) 0
690-800 (32.0)
) 125-160 (3.0) 160-210 (13) 210-450 (45) 450-690 (15.0) 22

690-900 (2.0)

@ Very sharp decrease which is not representative of the loss of water from the crystal lattice. This could be due to contamination water (adsorbed).

step (a slope change is visible at 210 °C). The third mass loss in the
210-450 °C range occurs in several steps and probably corresponds to
departure of the 4 [HDabco] * cations. This overall loss is of the order of
45 wt% (48.2% calculated). The fourth loss of mass in the 450-900 °C
range corresponds to the decomposition of the Mo,Og entity with re-
lease of molybdenum trioxide and possibly oxygen. It occurs with a
dominant step in the 450-690 °C (exp. 15%) assigned to the loss of one
MoO3 (cal. 15%) and a very slow loss in the 690-900 °C (only 2%)
leaving a solid residue of 22% at 1000 °C corresponding likely to O,
release and the formation of refractory molybdenum oxides as MoO,
which is the most stable at high temperature [41]. Numerical data of
the TGA analyses of the three compounds are reported in Table 3.

It allows a quick comparison of the thermal properties of all com-
pounds. Oxalate ligands are removed in the same temperature range
(140-210 °C), immediately followed by the ammonium cation.

Once the ammonium cation have been decomposed the oxo-mo-
lybdate {Mo,Og} entity is destabilized and starts to decompose by re-
leasing volatiles MoO3 molecules. The main difference between com-
pound 3 and the other two concerns the decomposition mechanism of
these {Mo0,O¢} entities. Their decomposition starts at higher tempera-
ture (450 °C) as compared to compounds 1 and 2 (340 °C). Then, above
these temperature thresholds the mass loss is significantly lower for
compound 3 (17 wt%) than for compounds 1 (26 wt%) and 2 (36 wt%).
As a result, the TGA analysis of compounds 3 leaves a relatively higher
amount of solid residue (22 wt%) while compounds 1 and 2 leave 8 wt
% and 0wt%, respectively. This singularity in thermal properties of
compounds 3 can be related to differences in its crystal structure.
Indeed, the anion-anion connections occur by lattice water molecules in
compound 3 instead of ammonium cations as in compounds 1 and 2.
This induces changes in the nature of H bonds and interactions between
the binuclear [Mo0,0¢(C204)-1*~ anions, and subsequently affects the
stability of the {M0,0¢} core. Compound 3 is also the only one where
the anion is stabilized by tertiary ammonium counterions. The differ-
ence in stability of compounds (1) and (2) is probably due to a differ-
ence in crystalline cohesion. In compound (2), the crystalline cohesion
of the compound in infinite layers is ensured by Van der Waals inter-
actions whereas in compound (1) this cohesion is by hydrogen bonds.
The interactions of the hydrogen bonding type are stronger than the
Van der Waals type interactions, which is why (1) is thermally more
stable than (2). TGA thus could suggest that the [Mo0206(C20.4)21%~
anion is thermally much more stable when isolated with tertiary am-
monium cations.

3.7. Redox properties

The redox properties of compounds (1-3) were studied by cyclic
voltammetry (CV) in DMSO with 0.1 M NBu4PFg as supporting elec-
trolyte first. The voltammogram of compound (1) is shown in Fig. 5a.

Almost the same voltammograms were obtained for compounds (2)
and (3), which contain the same binuclear anion [M050g(C20.4)5]%~
core. An irreversible oxidative signal at +0.46V vs Fc*/Fc can be
observed, which is tentatively attributed to the oxidation of the oxalate

ligands on the basis of previous studies of metal oxalate complexes [42]
or oxalate ions alone [43]. Two mono-electronic reduction signals can
also be seen at —1.95 and —2.21V vs Fe*/Fc (—1.51 and —1.77V
respectively vs SCE) which probably correspond to the sequential re-
duction processes of the Mo"" ions (Mo"-Mo"" — Mo"-Mo"" and Mo"-
MoV — MoVY-Mo"). These reduction processes are irreversible, since
very weak anodic peaks can be observed in the same potential range in
the reverse scan. As compared to previously described Mo"" complexes
[44,45], the reductions of the metal centers occur here at significantly
lower potentials. Reduction of the [M0505(C204)4]*~ anion is not ex-
pected to be favored in aprotic solvents such as DMSO, since it results in
an increase of the negative charge of the complex. For this reason, the
redox behavior of the complex was also examined in water (Fig. 5b). In
the available potential range, only one reduction signal was observed at
c.a. —0.56V vs SHE (—0.8V vs SCE). The observation of a single re-
duction peak suggests that this time the reduction of the two Mo""
centers occurs simultaneously (Mo“-Mo"" — Mo"-Mo"). This signal
exhibits a —50 mV/pH unit dependency (see Table 4), showing that the
transfer of electrons is accompanied by the uptake of protons. On the
reverse scan, two anodic peaks can be observed at c.a. —0.05 and
+0.85V vs SHE. We note that oxalate ions show an irreversible oxi-
dation signal at 0.1V vs SHE at pH 4.7 (see Fig. SI5, in Supporting
information), so one of these anodic peaks is probably due to oxalate.
Unlike previously described monomeric Mo"! catechol complexes [46],
[Mo0505(C504)4]1*~ does not show an ideal reversible reductive beha-
vior even at relatively fast scan rates.

4. Conclusion

In summary, from two key precursors, ammonium heptamolybdate
tetrahydrate and oxalic acid, three new inorganic-organic hybrids based
on dinuclear molybdenum(VI) complexes have been prepared by one-
pot strategy and their structures determined by X-ray crystallography.
X-ray studies showed that all compounds have the same binuclear anion
[Mo0506(C204)51*~, in which the molybdenum centers connected by a
di-(u-oxo) bridge are each coordinated by a monochelating oxalate and
two oxo ligands. An exhaustive bibliographic synthesis shows that this
binuclear anion [Mo0,06(C204)21*~ represents today the fourth cate-
gory of the series of binuclear molybdenum oxalate compounds. In
order to achieve well-refined and reliable molecular identities, this X-
ray diffraction analysis has been coupled with IR and Raman spectro-
scopic studies. The thermogravimetric analysis shows a good corre-
spondence between theoretical and experimental losses of masses. All
the compounds exhibit good thermal stability but the ATG study re-
vealed that the binuclear anion [M0,04(C204)>]*~ could thermally be
much more stable if isolated with tertiary ammoniums such as the
[HDabco] * cation. The thermal decomposition in the solid state of the
{Mo0,0¢} core is likely influenced by interactions between
[Mo0,06(C204)2]1*~ anions in the crystal structure. A singularity has
been found for compound 3 since lattice water molecules instead of
ammonium cations as in compounds 1 and 2 ensure such interactions.
As a result, decomposition of {Mo,O¢} core starts later (450 °C)



Fig. 5. Cyclic voltammograms of compound (1) in DMSO + 0.1 M nBuy4PFs (a) and in H>O + 0.1 M KCl at different pH values (b). Scan rate 0.1V s™L

Table 4

Peak potentials observed for compound (1) in water.
pH Epa(V) Epc(V)
3.7 —0.03; +0.93 -0.51
4.7 —0.05; +0.85 —-0.56
5.7 —-0.12; +0.99 -0.61

compare to other compounds (340 °C), and leaves higher amount of
solid residue. On the other hand, these new compounds have very si-
milar redox properties. The cyclic voltammetry shows that the acidity
of the medium favors the reduction of the binuclear anion
[Mo0506(C204)-]1*~ and reveals that the exchange of [HDabco] * cation
by [ProNH,]* or ['Pr,NH,]" cation in stabilization of the binuclear
anion [Mo0,06(C204).1%~ does not affect the electrochemical behavior
of the anion. An irreversible oxidative signal centered on the oxalate
ligand and two irreversible cathodic signals centered on the metals
were observed in aprotic solvent. In water, only one broad and pH-
dependent reduction signal was observed and two anodic peaks in the
reverse scan. These complexes could play a fundamental role either in
the preparation of materials of synthetic or industrial interests, e.g. in
catalysis or electrochemistry, or in the direct synthesis of antibacterial
products. In the further study, we will extend this research to various
dinuclear molybdenum(VI) carboxylates.
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