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1. Supporting information – Introduction
New compounds designed and synthesized especially for the purpose of this study were: A1, B1, B2, B4, C4. Compound D2 is a material commercially available, other compounds are known and were obtained in our laboratory to carry out catalytic tests. Except D2, only two compounds: A2 and D1 were synthesized and described in the literature, for the first time, by other research groups. However, for the purposes of the tests described in this work, these compounds have been obtained in our laboratory using optimized by us procedures (described in chapters Syntheses of catalysts, see SP-code). Information about conditions of the syntheses, structures and thermal stability of the investigated compounds are listed in Table SI, data for new compounds is written using bold font.
Table SI. Investigated compounds
	Compound code
	Crystal structure: reference or CCDC number [if this work],  

PDF-4+ Number.
	 Synthesis description, thermal stability (XRK): reference or figure number [if this work] 

	A1
	[1], CCDC 780060
	Synthesis and thermal stability [1]

	A2
	[2], CCDC 253578, PDF-4+ [56-1511]
	SP-A2, thermal stability [1] 

	A3
	CCDC 1041613, PDF-4+ [62-1197] 
	SP-A3, Fig. SI-1.

	B1
	CCDC 909664
	SP-B1, Fig. SI-2.

	B2
	CCDC 1042866, PDF-4+ [57-1676]
	SP-B2, Fig. SI-3.

	B3
	[3], PDF-4+ [58-1248] 
	[3], Fig. SI-4.

	B4
	CCDC 1042865, 
	SP-B4, Fig. SI-5.

	C1
	[4a], PDF-4+ [50-2221]
	SP-C1, Fig. SI-6.

	C2
	[5], PDF-4+ [65-1015]
	SP-C2, Fig. SI-7.

	C3
	[6], CCDC 1007300*, PDF-4+ [59-1048]
	SP-C3, Fig. SI-8.

	C4
	CCDC 1041614, PDF-4+[64-1061] 
	SP-C4, Fig. SI-9.

	D1
	[7] ICSD 75417, PDF-4+[01-082-1342], PDF-4+ [048-0399]
	SI_D1, Fig. SI-10

	D2
	[8], Commercially available, 
PDF-4+ [35-609], [01-076-1003] 
	Structure and basic properties [8], and in crystallographic databases.


* - within this study structure data were updated and submitted to CCDC

2. Syntheses of catalysts

Molybdenum trioxide, molybdic acid (H2MoO4.H2O), 2-propanol and aniline were bought from POCH Gliwice. Other chemicals were purchased from Sigma-Aldrich company. The following descriptions give the synthesis procedures used.

SP - A2

0.01 mol of MoO3 was mixed with 50 ml of boiling water. Next, 0.01 mol of 4-methylopyridine was added and the mixture was boiled under reflux for 2 h. Then, the hot solution was filtered off and left for crystallization. White transparent crystals were obtained. Analysis: C18.46% (calc. 18.48), N3.58% (calc. 3.59), H1.99% (calc. 2.07).

SP - A3

0.01 mol of molybdic acid was dissolved in 150 ml of boiling water. Then, 0.01 mol of 4-methylaniline dissolved in 50 ml of acetic acid was added to boiling solution and boiled for 2 h. Next hot solution was filtered off and left for crystallization. After a few hours white transparent crystals appear. Yield 77%, analysis: C20.36% (calc. 20.36), N3.37% (calc. 3.39), H2.65% (calc. 2.68).

SP - B1

0.01 mol of molybdic acid was mixed with 0.01 mol of 1,2-phenylenediamine and with 20 ml of water. The mixture was placed in a teflon lined stainless autoclave and heated 24 h. at temperature 140º C. Obtained yellow-brown precipitate was washed with 2-propanol.  Analysis: 27.91% (calc. 28.59), N10.90% (calc. 11.11), H3.16% (calc. 3.20).

SP - B2

Method a) 0.01 mol of molybdic acid was dissolved in 150 ml of boiling water. To this boiling solution 0.01 mol of 3,5-dimethylaniline dissolved in 15ml of water (acidified by 0.01 mol of HCl) was added and boiled for 24 h. Grayish-white precipitate was filtered off from the hot solution and washed by 2-propanol. 

Yield 70%, analysis: C27.67% (calc. 27.76), N4.15% (calc. 4.05), H3.44% (calc. 3.49).

SP - B4

0.01 mol of molybdic acid was mixed with 15 ml of water and 0.01 mol of 4-methylaniline. The obtained mixture was placed in twisted vessel in thermo-block and kept in temp. 75º C for 7 days. Obtained white product was filtered off and washed with 2-propanol. Yield 80%, analysis: C24.88% (calc. 25.32), N3.95% (calc. 4.22), H2.95% (calc. 3.04).

SP - C1  C4

The same procedure can be used for compound C1-C4, in fact they differ only in p-substituents on the aniline ring.

0.01mol of molybdic acid was dissolved in 150 ml of boiling water (solution A). To 15 ml of water 0.015 mol of aniline and 0.015 mol of HCl (conc.) was added (solution B). Both solutions were mixed together and boiled for ~12 h. Obtained grayish-white polycrystalline material was filtered off, washed with water - isopropanol mixture (1:1) and dried on air. Aniline hydrochloride can be used if available. In the case of C4: yield 90%, analysis C19.38% (calc. 19.61), N2.81% (calc. 2.86), H2.45% (calc. 2.47).

SP - D1. ‘Hexagonal MoO3’ precipitates from warm, strongly acidified molybdate solutions. An example of synthesis route:

0.01 mol of molybdic acid was dissolved in 150 ml of boiling water. To this boiling solution 0.01 mol of ethanoloamine (2,4,6-tribromoaniline or  sulphanilic acid) dissolved in 50ml of acetic acid was added and boiled for 12 h. The hot solution was filtered off and left for crystallization. After a few hours white product appears. Almost identical diffraction patterns, lattice constants (a=~10.59, c=~3.79Å) and crystal structures are reported for hexagonal penta-, deca-, tetradecamolybdates of monovalent cations (NH4, Li, Na, K, Rb, etc.. [7a,b]).

Chemical analysis (formula Mo5.3O17.7NH6.5, [7b] ): N1.6270% (calc. 1. 72), H0.54% (calc. 0.8).

3. Crystal Data

3.1. Single crystal studies:
The temperature of the crystals during measurement was 293K (compound A3) and 100K (compound B2). X-ray data were collected on κ-CCD Bruker-Nonius diffractometer, radiation MoK. The multi-scan procedure was performed by diffractometer software for absorption correction. The SHELXS and SHELXL-97 programs [9a] were used to solve and refine the structures. The refinement was performed using F2 against all reflections. All non-hydrogen atoms were refined anisotropically and the hydrogen atoms were located from difference Fourier maps. Data concerning structure determination and structure description are listed in Tables SI-1 and SI-2, structures are depicted on figures SI-A3 and SI-B1. 
Table SI-1. Crystal data and structure refinement obtained from single crystal diffraction data for compounds A3 and B1.

	Compound name
	tetrakis(4-methylanilinium)
β-octamolybdate dihydrate
	o-phenylenediamine molybdenum(VI) oxide

	Code
	A3
	B1

	CCDC code 
	1041613
	909664

	Empirical formula
	C28 H44 Mo8 N4 O28
	C6 H8 Mo N2 O3

	Moiety formula 
	(Mo8 O26). 4(C7 H10 N).2(H2O)
	MoO3(C6​H4(NH2)2)

	Formula weight
	1652.19
	252.08

	Temperature K 
	293(2)
	100(2)

	Wavelength [Å]
	0.71073
	0.71073

	Crystal system, space group
	monoclinic, P21/c
	orthorhombic, Pnma

	Unit cell dimensions [Å,°]
	9.764(2), 26.664(6), 10.923(2), 123.615(10)                          
	19.4290(6), 10.1089(3),  3.83318(10)

	Volume [Å3] 
	2368.2(8)
	752.86(4)

	Z, Calculated density [mg/m3]
	2,  2.317
	4,  2.224

	Absorption coefficient [mm-1]
	2.317
	1.706

	F(000) 
	1600.0 
	496.0

	Crystal size [mm] 
	0.35 x 0.255 x 0.114 
	0.32 x 0.10 x 0.03

	Theta range for data collection [°]
	2.619 to 27.49
	2.91 to 32.11

	Index ranges
	-9<=h<=12, -32<=k<=34, -14<=l<=14 
	-28<=h<=28, -14<=k<=15, -5<=l<=5 

	Reflections collected / unique
	13850 / 5418 [R(int) = 0.0408] 
	17612 / 1383 [R(int) = 0.0118

	Completeness to 2theta = 27.49
	99.6% 
	98.7% 

	Max. and min. transmission 
	0.792 and 0.557 
	0.950, 0.6113

	Refinement method 
	Full-matrix least-squares on F2 
	Full-matrix least-squares on F2 

	Data / restraints / parameters 
	5418 / 2 / 319 
	1364 / 0 / 58 

	Goodness-of-fit on F^2 
	0.968
	1.051

	Final R indices [I>2sigma(I)] 
	R1 = 0.0303, wR2 = 0.0634 
	R1 = 0.0161, wR2 = 0.0202 

	R indices (all data) 
	R1 = 0.0499, wR2 = 0.0682 
	R1 = 0.0397, wR2 = 0.0409 

	Largest diff. peak and hole [e. Å-3]
	0.553 and -0.634 
	0.453 and -0.525 

	C-C bond precision, <shift/su> 
	0.013, 0.00
	0.002, 0.00


Table SI-2. Selected bond distances in compound A3.

	Tetrakis(4-methylanilinium) β-octamolybdate dihydrate

	Atoms [symmetry operation]
	Bond length [Å]

	Mo1
	O3
	1.6972(27)

	Mo1
	O1
	1.7439(24)

	Mo1
	O2
	1.9439(25)

	Mo1
	O4
	1.9455(26)

	Mo1
	O7
	2.1782(21)

	Mo1
	O7 [1-x, -y, 1-z]
	2.3158(24)

	Mo2
	O5
	1.7017(33)

	Mo2
	O6
	1.7025(26)

	Mo2
	O12
	1.8832(20)

	Mo2
	O2
	2.0123(26)

	Mo2
	O7
	2.2885(28)

	Mo2
	O4 [1-x, -y, 1-z]
	2.2993(29)

	Mo3
	O9
	1.6972(37)

	Mo3
	O8
	1.7023(29)

	Mo3
	O10
	1.8959(26)

	Mo3
	O4
	2.0040(21)

	Mo3
	O2 [1-x, -y, 1-z]
	2.3187(24)

	Mo3
	O7
	2.3411(24)

	Mo4
	O13
	1.6883(24)

	Mo4
	O11
	1.6962(27)

	Mo4
	O10
	1.9274(30)

	Mo4
	O12
	1.9567(21)

	Mo4
	O1 [1-x, -y, 1-z]
	2.2929(27)

	Mo4
	O7
	2.4516(23)


a) [image: image1.png]


b)[image: image2.png]



Fig. SI-A3. a) Cations and -octamolybdate anion, b) packing of molecules. 
Table SI-3. Selected bond distances in compound B1.

	o-phenylenediamine molybdenum(VI) oxide

	Atoms [symmetry operations]
	Bond length [Å]

	Mo
	O2
	1.7265(10)

	Mo
	O2 [x, 1.5-y, z]
	1.7265(10)

	Mo
	O1 [x, y, -1+z]
	1.7960(12)

	Mo
	O1
	2.1195(12)

	Mo
	N3
	2.3398(10)

	Mo
	N3 [x, 1.5-y, z]
	2.3398(10)
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a)                                                                                   b) 
Fig. SI-B1. a) Polymeric chains of hybrid molybdenum oxide, b) packing of molecules.
3.2. Powder diffraction studies
XRPD data were collected on a PANalytical X’Pert PRO MPD diffractometer working in Bragg-Brentano geometry. Radiation Cu K 1.54187Å, 2 range: 3 - 85°; the interpolated step size was 0.02°2. For final refinements measurements in Debye-Scherrer-Hull geometry with samples loaded into capillaries (0.5-0.7mm) were performed to minimize preferred orientation (texture). In the case of compound B2 and C4 diffraction patterns were recorded at synchrotron Center DIAMOND and DESY. The second derivative method and the Sonneveld-Visser program were used to determine the peak positions in diffraction patterns. The unit cell parameters were obtained using the PROSZKI package [9b]. Structure solutions were performed using FOX and EXPO programs [9c,d]. Restrained Rietveld refinement was carried out with the use of the Jana2006 program [9e]. Data describing structure solution and refinement as well as crystal structure can be found in Tables SI-3 and SI-4, figures SI-B2, SI-B4 and SI-C4 illustrate determined structures. 

Table SI-4. Crystal data and structure refinement obtained from powder diffraction data for compounds B2, B4 and C4.

	Compound name
	Bis(3,5-dimethylanilinium) trimolybdate
	Bis(4-methylanilinium) trimolybdate
	Bis(4-ethylanilinium) pentamolybdate

	code
	B2
	B4
	C4

	CCDC code
	1042866
	1042865
	1041614

	Empirical formula
	C16 H24 Mo3 N2 O10
	C14 H20 Mo3 N2 O10
	C16 H24 Mo5 N2 O16

	Moiety formula
	Mo3 O10, 2(C8 H12 N)
	Mo3 O10, 2(C7 H10 N)
	Mo5 O16, 2(C8 H12 N)

	Formula weight [g/mol]
	692.19
	664.14
	980.07

	Temperature K
	293(2)
	293(2)
	293(2)

	Wavelength [Å]
	0.82558
	1.54178
	0.20728

	XRPD measurement
	beamline I11, DIAMOND Light Source, UK,
	X’PERT PRO MPD, lab. diffractometer, Bragg-Brentano
	HRPD Beamline P02.1, PETRA III, (DESY, Hamburg, Germany)

	Crystal system, space group
	triclinic, P -1
	monoclinic, P21/c
	monoclinic, C2/c

	Unit cell dimensions [Å, °]
	8.9359(8), 16.7840(14), 7.5917(6) 91.965(6), 93.325(6), 98.175(5)
	15.157(3), 7.598(6), 17.958(3), 101.149(14)
	32.273(4), 5.7182(9), 14.328(2), 109.882(11)

	Volume [Å3]
	1124.09(16)
	2029.1(17)
	2486.5(6)

	Z, Calculated density [mg/m3]
	2,  2.045
	4,  2.174
	4,  2.618

	Absorption coefficient [mm-1]
	2.525
	15.47
	2.317

	F(000)
	680.0
	1296.0
	1888.0

	Theta range, step size [°]
	2.0, 51.9, 0.01
	3.99 to 70.97, 0.02
	0.285 to 7.884, 0.004

	Index ranges (h, k, l = max)
	9,17,8
	20, 4, 9
	20, 4, 9

	Refinement method
	restrained Rietveld refinement
	restrained Rietveld refinement
	restrained Rietveld refinement

	Number reflections/data points
	2750 / 4991
	915/3350
	379/2000

	Number of atoms/ parameters/restraints
	55, 126, 75
	49, 62, 24
	32, 69, 20

	Goodness-of-fit
	1.74
	2.16
	1.69

	Final Rwp/Rp factors
	Rp = 0.0606, Rwp = 0.0833
	Rp = 0.0634, Rwp = 0.0808
	Rp = 0.0434, Rwp = 0.0593

	RF and wRF factor
	RF = 0.0333, wRF = 0.0403
	RF = 0.0183, wRF = 0.0230
	RF = 0.0314, wRF = 0.0390

	C-C bond precision, <shift/su>
	0.0544, 0.0048
	0.0011, 0.0071
	0.0139, 0.0058


Table SI-5. Selected bond distances in compound B2.

	Bis(3,5-dimethylanilinium) trimolybdate

	Atoms [symmetry operations]
	Bond length [Å]

	Mo1
	O5
	1.76(4)

	Mo1
	O6
	1.79(5)

	Mo1
	O3
	2.06(6)

	Mo1
	O4
	2.06(6)

	Mo1
	O1
	2.42(6)

	Mo1
	O2
	2.46(7)

	Mo2
	O8
	1.67(5)

	Mo2
	O7
	1.70(5)

	Mo2
	O1 [-x, 1-y, -z]
	1.87(7)

	Mo2
	O2 [x, -1+y, z]
	1.93(7)

	Mo2
	O4 [-x, 1-y, -z]
	2.22(7)

	Mo2
	O4 [x, -1+y, z]
	2.28(7)

	Mo3
	O10
	1.72(6)

	Mo3
	O9
	1.74(6)

	Mo3
	O2 [x, -1+y, z]
	1.89(7)

	Mo3
	O1 [-x, 1-y, 1-z]
	1.97(7)

	Mo3
	O3 [x, -1+y, z]
	2.24(7)

	Mo3
	O3 [-x, 1-y, 1-z]
	2.28(6)


a)[image: image5.png]
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 Fig. SI-B2. B2 - polymeric anion Mo3O102- and packing of molecules.

Table SI-6. Selected bond distances in compound B4.

	Bis(4-methylanilinium) trimolybdate

	Atoms [symmetry operations]
	Bond length [Å]

	Mo1
	O2
	1.69(9)

	Mo1
	O5
	1.79(11)

	Mo1
	O1
	1.95(7)

	Mo1
	O6
	1.98(10)

	Mo1
	O4
	2.20(12)

	Mo1
	O3
	2.493(10)

	Mo2
	O7
	1.71(9)

	Mo2
	O8
	1.79(12)

	Mo2
	O1 [x,-1+y,z]
	1.97(7)

	Mo2
	O6
	1.99(9)

	Mo2
	O3 [-x,-0.5+y,1.5-z]
	2.18(12)

	Mo2
	O4 [-x,-0.5+y,1.5-z]
	2.47(10)

	Mo3
	O9
	1.74(11)

	Mo3
	O10
	1.79(8)

	Mo3
	O4 [1-x,1-y,1-z]
	1.93(16)

	Mo3
	O3 [1+x,1.5-y,-0.5+z]
	2.01(14)

	Mo3
	O6 [1-x,1-y,1-z]
	2.13(10)

	Mo3
	O1 [1+x,1.5-y,-0.5+z]
	2.35(9)


a)[image: image7.png]


b)[image: image8.png]



Fig. SI-B4. a) Trimolybdate anion and cations, b)  packing of molecules in B4.
Table SI-7. Selected bond distances in compound C4.
	Bis(4-ethylanilinium) pentamolybdate

	Atoms [symmetry operations]
	Bond length [Å]

	Mo1
	O3
	1.90(8)

	Mo1
	O3 [-x, y, 0.5-z]
	1.90(8)

	Mo1
	O2 [-x, y, 0.5-z]
	2.08(8)

	Mo1
	O2
	2.08(8)

	Mo1
	O1 [-x, y, 0.5-z]
	2.09(6)

	Mo1
	O1
	2.09(6)

	Mo2
	O6
	1.73(8)

	Mo2
	O4
	1.74(4)

	Mo2
	O7 [-x, y, 0.5-z]
	2.04(11)

	Mo2
	O1
	2.07(8)

	Mo2
	O5
	2.11(9)

	Mo2
	O2 [-x, y, 0.5-z]
	2.48(6)

	Mo3
	O8
	1.74(5)

	Mo3
	O2
	1.84(8)

	Mo3
	O7
	1.92(9)

	Mo3
	O7 [-x, -1-y, 1-z]
	2.09(9)

	Mo3
	O5 [x, -y, 0.5+z]
	2.09(9)

	Mo3
	O3 [x, -1+y, z]
	2.54(8)


[image: image9.png]
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a)                                                                                   b)

Fig. SI-C4. a) Unit cell b) anionic layer in structure of C4.

4. Thermal stability studies
Thermal stability was tested by powder X-ray diffraction measurements vs. temperature, performed in air, with the use of Philips X‘Pert Pro MPD powder diffractometer, equipped with a high-temperature chamber (XRK, Anton Paar). X-ray data were collected at temperatures range: 25-800°C, the 2θ range was from 5 to 60°.  

Very brief descriptions of thermal stability are included in figures’ captions. In general, all investigated samples are stable in conditions of catalytic reaction (120 °C).
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Figure SI-1. Thermal decomposition of 4-methylanilinium -octamolybdate hydrate - (A3), initial phase is stable up to 150 ºC, about 400 ºC MoO2 is formed.
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Figure SI-2. Thermal decomposition of hybrid molybdenum oxide - (B1), initial phase is stable up to 250 ºC, about 350 ºC MoO3 is formed.
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Figure SI-3. Thermal decomposition of 3.5-dimethylaniline trimolybdate (B2), initial phase is stable up to 200 ºC, about 350 ºC MoO3 is formed.
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Figure SI-4. Thermal decomposition study of 1,3-diammoniumbenzene trimolybdate (B3), initial phase is stable up to 250 ºC, about 400 ºC MoO3 is formed.
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Figure SI-5. Thermal decomposition study of 4-methylanilinium trimolybdate hydrate (B4), initial phase is stable up to 150 ºC, about 400 ºC MoO3 is formed.
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Figure SI-6. Thermal decomposition study of anilinium pentamolybdate (C1), initial phase is stable up to 275 ºC, about 500 ºC MoO2 is formed.
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Figure SI-7. High temperature series PXRD measurement for 4-methylanilium pentamolybdate (C2), initial phase is stable up to 250 ºC, about 400 ºC MoO3 is formed.
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Figure SI-8. Thermal decomposition study of 4-bromoanilinium pentamolybdate (C3), initial phase is stable up to 250 ºC, about 400 ºC MoO3 is formed.
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Figure SI-9. Thermal decomposition of 4-ethylanilinium pentamolybdate (C4), initial phase is stable up to 200 ºC, about 400 ºC MoO3 is formed.
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Figure SI-10. Thermal decomposition of hexagonal molybdenum oxide (D1), initial phase is stable up to 350 ºC, about 375 ºC MoO3 is formed.
4.1  Stability of B1, C2 in cyclooctane

B1 and C2 samples were mixed with cyclooctane and boiled 24 h under reflux. Filtered precipitates were studied by XRPD (Fig. SI-11,12) and IR methods (Fig. SI-13,14).
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Figure SI-11. Diffraction pattern of fresh B1 catalyst, and after treatment in boiling cyclooctane.
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Figure SI-12. Diffraction pattern of fresh C2 catalyst, and after treatment in boiling cyclooctane.
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Figure SI-13. IR spectra of fresh B1 catalyst, and after treatment in boiling cyclooctane.
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Figure SI-14. IR spectra of fresh C2 catalyst, and after treatment in boiling cyclooctane.
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