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Abstract

Two new organic—inorganic hybrid compounds of molybdenum(VI) (HDBU);(NHy4)[#-M0gOs4]- H,O 1 and (HDBU)4[5-Mo0gO»¢] 2
have been synthesized and characterized by elemental analyses, FT-IR and UV-vis spectroscopies, and single-crystal X-ray diffraction
(at 293 and 100 K, respectively). Compound 1 is obtained at room temperature by adding 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) on
aqueous molybdate solution at pH = 5.7. Compound 2 is obtained hydrothermally from 1 (110°C, 24h, autogenous pressure).
Compound 1 crystallizes in the triclinic crystal system, space group PI, with a = 11.2492(9), b = 14.1907(10), ¢ = 16.7498(10) A,
o =80.993(4), p="72.272(6), y =T71.696(7)°, V = 2412.5(3)A3 at T=20°C and Z =2. The refinement of the structure leads to a
residual factor R = 0.0697 for 10234 independent observed reflections [I/a([) >2] and 623 parameters. Compound 2 crystallizes in the
triclinic crystal system, space group PI, with a = 11.3158(9), b =11.3773(8), c= 13.2884(17)A, o=92.110(8), p=112.127(9),
y = 117.581(7)°, V = 1357.4(3) A’ at T=—173°C and Z = 2. The refinement of the structure leads to a residual factor R = 0.0226 for
11812 independent observed reflections [I/a(I)>2] and 354 parameters. The structure of 1 consists of -[MogO¢]*~ anions with HDBU ©
and NH, cations connected to the mineral parts by hydrogen bonds and the structure of 2 contains 6-[MogO,g]*~ anions with HDBU *
counter-cations. Both the thermal and chemical isomerizations of the two [MogOas]*™ isomers are highlighted and discussed.
Photochromic behaviors of compounds 1 and 2 are also reported.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction morphologies, charge density, redox potential, photoche-

mical response and acidity, molecular materials based on

A powerful synthetic approach for the design of
interpenetrated new organic—inorganic hybrid materials is
the use of the synergistic interactions between the organic
and inorganic components. In this context, the synthesis
of new hybrid compounds based on polyoxometalates
(POMs) has been found to be very versatile because of their
structural and composition diversity.

POMs are inorganic oxide clusters of early transition
metals (i.e. Mo, W, V, Ta, Nb). Because of their large
variety of properties including molecular composition, size,
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these polyanions are implicate in numerous disciplines such
as catalysis [1], medicine [2] or material sciences [3].
Several strategies have been developed to this day to
obtain hybrid organic-inorganic material based on POMs.
For example, the functionalization of POMs with organic
species to modify the chemical characters of the cluster
surface has been largely explored in recent years. Most
research works concern the substitution of terminal oxo-
ligand by covalently bonded organic or organometallic
groups [4]. Due to the low density of the surface charge
associated to the m M-O interaction, favoring the
polarization of the electronic cloud of the anion towards
the interior of the cluster, the terminal M —O bonds on
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POMs are generally inert and their functionalities are often
difficult. Another strategy consists to substitute the small
cations associated with the POMs (H™, Na™, K", NH,)
by cationic organic molecules. POMs is then used as
elementary building-blocks connected to organic parts via
van der Waals, hydrogen bonding and/or electrostatic
interactions, to obtain original hybrid frameworks with
tunable dimensionality. The organic counterpart then acts
not only as charge-compensating cations and template, but
often plays a key role in the polymerization of the mineral
component, and directs the crystallization of the supramo-
lecular assemblies [5]. Moreover, the organic part may also
stimulate fascinating physical behaviors which depend on
the organic—mineral interface. For instance, it is speculated
that photochromism in organic-inorganic hybrid com-
pounds based on POMs originates from the ability of a
labile hydrogen of the organic component to migrate
towards the mineral component under UV-visible
excitation [6]. Recently, in the course of new organic—
inorganic hybrid materials with optical properties, we
have embarked on the synthesis of new photochromic
matrices obtained by self assembly of POMs associated
with a large range of organoammonium counterions. Only
the results with HDBU " cations are reported in this
paper which is organized as followed. The synthesis and
the structural and physical characterization of two new
hybrid compounds (HDBU);(NHy)[f-MogO,¢] - H,O 1 and
(HDBU)4[6-M0gO»¢] 2 are reported in Section 2. In Section
3 the structure types of both compounds are described as
well as the thermal and chemical isomerizations of the two
[MogOs6]*~ isomers, and the optical properties of the
materials. Finally, essential findings of our work are
summarized in Section 4.

2. Experimental section
2.1. Materials and methods

1,8-diazabicyclo[5.4.0]lundec-7-ene 98% N,CoH ;7 (DBU),
NH,4CI, MoO; and (NHy)¢[M0,0,4] - 4H,O were purchased
from Aldrich. All reagents were used without further
purification. Hydrothermal syntheses have been carried
out using 30 ml Teflon-lined autoclaves.

2.2. Synthesis of (HDBU);(NH,)[B-MogOss] - H>0 1

Method 1: (NHy)s[M070,4] - 4H,0 (1.235 g, 1 mmol) was
dissolved in 15ml of water. After addition of DBU
(0913 g, 6 mmol), pH was adjusted with HCI 1 M until
5.7. The mixture was stirred at room temperature for a few
minutes and filtered to isolate a pure white solid of 1. The
powder was washed with H,O, EtOH, Et,O and dried in
air (yield: 75%). Colorless needles of 1 suitable for X-ray
structure analysis were obtained hydrothermally from
white powder of 1 (160°C, 24h, autogenous pressure).
Anal. Calcd for C,7Hs,0,7,N-Mog: C, 19.31; H, 3.42; N,
5.83; Mo, 45.70. Found: C, 19.50; H, 3.38; N, 5.79; Mo,

44.77. FT-IR (cm™'): HDBU " cations, 1645 (vs), 1586 (s),
1468 (m), 1440 (s), 1384 (w), 1355 (w), 1324 (s), 1293 (sh),
1207 (m), 1105 (m), 981 (w), 954 (w); NH, cations, 1400
(s), vOAMo=0), 939 (vs), 910 (vs); v(Mo—O-Mo), 842 (s)
720 (s), 669 (s), 628 (W), 557 (m), 524 (m), 473 (W), 452 (w).
Thermal analysis reveals that compound 1 starts to
decompose above 100 °C.

Method 2: Compound 1 has been obtained hydrother-
mally from a mixture of MoOj3 (0.720 g, 5mmol), NH,4CI
(0.125g, 1.27mmol) and DBU (0.380 g, 2.5 mmol) in 20 ml
of water (160°C, 24h, autogenous pressure). Large
colorless needles were collected by filtration, washed with
H,0, EtOH, Et,O and dried in air at room temperature
(yield: 85%).

2.3. Synthesis of (HDBU ) 4[6-MogOz4] 2

Method 1: (NH4)6[M07054] - 4H>0O (1.235 g, 1 mmol) was
dissolved in 15ml of water. After addition of DBU
(0913 g, 6mmol), pH was adjusted with HCl 1 M until
5.7 leading to the formation of a white solid of 1. The
mixture was then stirred at room temperature for few
minutes and sealed in a 30ml Teflon-lined autoclave
(110°C, 24h, autogenous pressure). The resulting pale
yellow blocks of 2 were filtered off, washed with H,O,
EtOH, Et,0 and dried in air at room temperature (yield:
85%) Anal. Calcd for C36H68026N8M08: C, 2407, H, 381,
N, 6.24; Mo, 42.72. Found: C, 24.22; H, 3.78; N, 6.26; Mo,
41.57. FT-IR (cm™"): HDBU " cations, 1645 (vs), 1583 (s),
1468 (m), 1445 (m), 1392 (w), 1363 (w), 1325 (s), 1297 (w),
1207 (m), 1103 (m), 983 (w), 954 (w); v(Mo=0), 954 (s),
927 (vs), 914 (vs); v(Mo—O-Mo), 864 (vs), 815 (vs), 790
(vs), 723 (m), 690 (m), 650 (s), 536 (m). Thermal analysis
reveals that compound 2 starts to decompose above 290 °C.

Method 2: Compound 2 has been obtained hydrother-
mally from a mixture of MoO;5; (0.720g, Smmol) and
DBU (0.380g, 2.5mmol) in 20ml of water (160 °C, 24 h,
autogenous pressure). Pale yellow crystals were collected
by filtration, washed with H,O, EtOH, Et,O and dried in
air at room temperature (yield: 85%).

2.4. Characterization and physical measurements

Elemental analyses of the solids were performed by the
“Service d’Analyse du CNRS”, in Vernaison (France).
Thermogravimetric (DSC-TGA) data were measured by
flowing dry nitrogen with a heating and cooling rate of
10°C /min on a SETARAM TG-DSC 111 between 20 and
800 °C.

FT-IR spectra were recorded in the 4000-200 cm ™' range
on a BRUKER Vertex equipped with an attenuated total
reflection (ATR) device from Specac Eurolabo and
computer control using the OPUS software.

Room temperature UV-vis diffuse reflectivity spectra
were collected on a finely ground sample with a Cary 5G
spectrometer (Varian). This instrument was equipped with
a 60 mm diameter integrating sphere and computer control
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using the “Scan” software. The reflectance versus wave-
length measurements were made in the 250-800 nm range
with a 2nm step using Halon powder (from Varian) as
reference (100% reflectance). The absorption («/S) data
were calculated from the reflectivity using the Kubelka
~Munk function: o/S = (1—R)*/2R where R is the reflec-
tivity at a given wavelength, o is the absorption coefficient,
and S is the scattering coefficient. The latter was supposed
to be particle size independent, as expected for particles
with diameter larger than few micrometers. The band gap
was determined as the intersection point between the
energy axis at the absorption offset and the line extra-
polated from the linear portion of the absorption edge in
the o/S versus E(eV) plot. The color evolution under
illumination was followed by collecting diffuse reflectance
spectra after different irradiation durations (from 10 min to
the color saturation) under a UV lamp (Aexe = 365 nm;
P = 12W, Fisher Bioblock labosi).

2.5. Structural characterizations

Crystals of 1 and 2 were glued at the tip of Lindemann
capillaries by means of solvent free glue. Data collections
were carried out at room temperature for 1 and —173°C
for 2 on a Bruker—Nonius Kappa CCD diffractometer,
using graphite monochromatized MoK-L, ; radiation. The
low temperature of the latter data collection was achieved
by means of an Oxford cryostream cooler. Intensity
integrations and standard Lorentz-polarization corrections
were performed with the Bruker—Nonius Eval CCD
program package. Subsequent calculations were conducted
with the Jana2000 program suite [7], except for the crystal
shape and dimension optimization which were performed
with X-shape [8], based on the Habitus program [9], the
direct methods which were carried out with Sir2004 [10]
and the structure drawings which were realized with the
Diamond program [11].

Starting from the model obtained through the applica-
tion of the direct methods (basically the Mo and O atoms),
the atomic positions of all atoms except hydrogen atoms
could be easily found for both structures in the difference
Fourier syntheses. Using anisotropic atomic displacement
parameters, adding H atoms at calculated positions with
riding parameters and introducing a secondary extinction
coefficient [12], the refinements smoothly converged. For
compound 1, the refinement of the structure leads to a
residual factor R =0.0697 (R, =0.0930) for 10,234
independent observed reflections [I/a(]) >2] and 623 para-
meters and at R=0.163 (R, =0.124) for all 20,970
independent reflections. For compound 2, the refinement
of the structure leads to a residual factor R = 0.0226 for
11,812 independent observed reflections [I/a(]) > 2] and 354
parameters and at R = 0.0339 (R, = 0.0702) for all 13,873
independent reflections. Crystal characteristics, data collec-
tion and reduction parameters, and refinement results are
gathered in Table 1. Atomic parameters are reported in
Table 2. Crystallographic data (excluding structure factors)

for the structures reported in this paper have been
deposited with the Cambridge Crystallographic Data
Centre as supplementary publication no. CCDC 604573
& 604574. Copies of the data can be obtained free of charge
on application to CCDC, 12 Union Road, Cambridge CB2
1EZ, UK (fax: (44) 1223 336-033; e-mail: deposit@ccdc.
cam.ac.uk).

3. Results and discussion

3.1. Single-crystal X-ray analyses of (HDBU);(NH,)
[B-MogOss] - H>O 1

The structure consists of two crystallographically in-
dependent [MogO»6]*~ anions, HDBU ", NH, cations,
and water molecules, linked together via hydrogen inter-
actions. As shown in Fig. 1, the well-documented
B-[MogOs¢]*~ cluster, that is composed of two centro
symmetrical [M040;3] subunits, has the approximate C,,
symmetry and exhibits eight distorded edge-sharing
[MoQg] octahedra. The oxygen sites fall broadly into four
categories, terminal (O O,, O3, O7, Og, Oqq, O12, O13, O14,
015, 020, 021, 024, 025, 026)3 twofold coordinated (,UQ—O:
01, 04, Os, Oy, 017, Oy3), threefold coordinated (uz-O: O,
010, 022, 023) and fivefold coordinated (,U5-OZ 067 019).
Each [MoQOg] has three kinds of Mo—O bonds: two short
(1.681(3)-1.746(3) A), two medium (1.877(3)-1.991(3) A)
and two long (2.116(2)-2.369(2) 1&). All [MoOQOg] polyhedra
have a cis di-oxo conformation, except the Mos and Mo,
polyhedra which have only one Mo-O; bond. Nevertheless,
the Mo;—0O;; and Mo3;—Os distances are more typical of
terminal oxygen bond length (1.734(3) and 1.746(3)A,
respectively) and these two O;7; and Os sites have been
often classified as pseudoterminal oxygen atoms [13].

HDBU" and NH,, acting as charge-compensating
cations and space-filling structural subunits, are connected
to the f-[MogO]*~ clusters by a complex network of
hydrogen interactions. Eight terminal oxygen atoms of two
adjacent [MogO»e]*™ clusters form a pseudo tetragonal
environment around NH, cations owith short N-O
distances in the 2.867(12)-3.024(12) A range (Fig. 2a
and b). The structure can then be described as
L[NH4MogO,’ infinite chains along the [011] direction
(i.e. the vertical axis in Fig. 2a and b), well separated by
HDBU" cations and water molecules. The Oy water
molecules connect the chains in the (011) plane with one
short Ow-(4>-0) and one longer Ow—O, distance (2.801(5)
and 2.983(7) A, respectively). In addition, the HDBU "
cations are connected to the é[(NH4)(H20)M08026]3*
planes, with three kinds of hydrogen interactions (see
Table 3). Two HDDU™" cations, located between the
chains, are bonded to two O; with short and long O-H
bonds (2.028(6) and 2.368(6) A, respectively). The
third type of HDBU™ cations is located between the
2/ 0 [(NH4)(H,0)MogOx]*~ planes and links water mole-
cules with O—-H bond length of 2.193(11) A (see Fig. 2c).
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Table 1
Crystallographic data and structure refinement for 1 and 2

1 2
(a) Physical, crystallographic, and analytical data
Formula C27H57M03N7027 C3(,H68M03N8026
Crystal color colorless colorless
Molecular weight (gmol™") 1679.3 1796.4
Crystal system triclinic triclinic
Space group Pi P
Temperature (K) 293 100
Cell parameters:
a(A) 11.2492(9) 11.3158(9)
b(A) 14.1907(10) 11.3773(8)
c(A) 16.7498(10) 13.2884(17)
o (%) 80.993(4) 92.110(8)
B 72.272(6) 112.127(9)
7 (©) 71.696(7) 117.581(7)
V(A% 2412.5(3) 1357.4(3)
V4 2 1
Density (calc., g /em™>) 23110 2.1969
Crystal description thick needle block

Crystal size (mm?®)

(b) Data collection
Diffractometer
Monochromator
Radiation

Scan mode

hkl range

sin(0)// range (10\")

(¢c) Data reduction

Linear absorption coeff. (mm™")
Absorption correction

Tmin/ Tmax

Number of reflections

No. of independent refl.
Criterions for observed reflections
Rint (dn)

Average redundancy

No. of observed refl.

(d) Refinement

Refinement

F(000)

No. of refl. used in the refinement
No. of observed refl.

No. of refined parameters
R? (obs)/R* (all)

R, (obs)/R,* (all)

S (obs)/S (all)

Weighting scheme
Secondary extinction coeff.
Difference Fourier residues

~0.3 x0.09 x 0.07

Bruker—Nonius Kappa CCD
oriented graphite (002)
MoK-L,; (/. = 0.71069 A)

o (1.7° per frame)
—18<h<17

—18<k<22

-26</<25

0.124-0.811

2.099

analytical (Gaussian integration)
0.582/0.887

65,687

20,970

I>20(1)

0.0697

3.1

10,234

FZ

1629

20,970

10,234

623

0.0570/0.163
0.0930/0.124
1.19/1.10
w=1/(c*(IFo|*) 4+ 0.0019|F,|*)
0.78(4)
[—2.88,+2.96] ¢~ /A’

~0.2x0.2x0.12

Bruker—Nonius Kappa CCD
oriented graphite (002)
MoK-L,; (4 = 0.71069 A)

¢ & o (2.0° per frame)
—-17<h<19

—-19<k<11

-22<1<22

0.123-0.856

1.875

analytical (Gaussian integration)
0.653/0.825

39,174

13,873

I>20(I)

0.0290

2.8

11,812

F|2

884

13,873

11,812

354

0.0226/0.0339
0.0626/0.0702
1.16/1.12

w = 1/(c?(IFol*) + 0.0019|F,|?)
0.59(3)
[—1.77,+1.28] ¢~ /A3

R=D lIFol = IFcll/ Y _IFol.

Ry =[Sl = 1FP)/ Sow(iFal)]

3.2. Single-crystal X-ray analyses of (HDBU ) 4f6-MogO»s] 2

Compound 2 consists of discrete centro symmetrical
octamolybdate clusters J-[MogO,6]*™

with HDBU™"

cations. As shown in Fig. 3a, the 6-[MogOx]*~ cluster

has an approximate C,;, symmetry and is constructed from

[MoQy] tetrahedra (Mo,

four distorted [MoQOg] octahedra (Mo,, Mos) and four
Mo,) through edge- and
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Table 2 Table 2 (continued)
Fractional atomic coordinates, equivalent isotropic displacement para-
meters (/D\z) and s.u.’s for 1 and 2 Atom  x y z Ueq
Atom  x » - Uy Ca 0.4869(5) 0.5084(4) 0.2954(3) 0.046(2)

Cos 0.4758(6) 0.6147(5) 0.2972(4) 0.068(3)

1 Cos 0.5680(7) 0.6523(5) 0.2221(5) 0.080(4)
Mo,  —0.18588(4) 0.25919(3) 0.00139(2) 0.02667(14) Cas 0.5218(7) 0.6785(5) 0.1430(4) 0.080(4)
Mo, 0.12559(4) 0.15592(3) —0.03264(2) 0.02320(14) Cas 0.4966(6) 0.5968(5) 0.1124(4) 0.073(3)
Mo;  —0.08986(3) 0.02938(3) 0.103558(19)  0.01880(12)  Cz7 0.3982(6) 0.5495(5) 0.1740(4) 0.069(3)
Moy 0.21744(4)  —0.06990(3) 0.070492)  0.02459(14) N7 —0.0097(4) 0.7638(3) 0.2587(2) 0.0329(15)
Mos 0.18789(4) 0.24035(3) 0.47856(2)  0.02999(15) ~ O_w  0.4406(4) 0.2035(3) 0.0731(3) 0.069(2)
Mos  —0.12430(4) 0.34723(3) 0.52258(2) 0.02467(14) 5
Mo, 0.08513(3) 0.48135(3) 0.393422(19)  0.01881(12) Mo, 0.519702(13) 0.361043(12) 0.248992(10)  0.00903(5)
Mog  —0.22297(4) 0.58176(3) 0.43520(2) 0.02511(14) Mo, 0.815991(12)  0.606391(11)  0.488289(9)  0.00710(4)
O, —0.2961(3) 0.1833(2) —0.00843(18) ~ 0.0301(12) Mo; 0.203302(12) 0.258587(11) 0.300115(9)  0.00753(4)
0, —0.1556(3) 0.3075(2) —0.09968(19)  0.0378(13) Moy 0.488461(12)  0.634885(11)  0.428536(9)  0.00651(4)
05 —0.2915(3) 0.3542(2) 0.0579(2) 0.0455(15) 0, 0.60656(11) 0.61803(10) 0.37988(8) 0.0098(4)
0, —0.0242(3) 0.2514(2) 0.02195(18)  0.0295(12) 0, 0.67411(11) 0.42000(10) 0.39032(9) 0.0098(4)
05 —0.1873(3) 0.1520(2) 0.11599(16)  0.0266(11) 0, 0.34811(11) 0.34745(11) 0.24090(9) 0.0115(4)
Os —0.0432(2) 0.09395(20)  —0.03751(15)  0.0209(10) 0, 0.57515(13) 0.46048(13) 0.16469(10)  0.0165(5)
0, 0.1489(3) 0.2041(2) —0.13378(18)  0.0344(13) 0s 0.47753(13) 0.20131(12) 0.19370(10)  0.0178(5)
Oy 0.2423(3) 0.1765(2) 0.0011(2) 0.0390(14) 06 0.93655(12) 0.57086(11) 0.58325(9) 0.0127(4)
0y 0.0745(3) 0.0560(2) 0.08875(16)  0.0217(11) 0, 0.89882(12) 0.68097(11) 0.40646(9) 0.0125(4)
Oy 0.2030(3) 0.0137(2) —0.05895(16)  0.0224(11) Og 0.85619(11) 0.76780(10) 0.58035(8) 0.0091(4)
oy —0.1135(3) —0.0262(2) 0.20130(17)  0.0306(12) 0, 0.12899(13) 0.09057(11) 0.23975(10)  0.0156(4)
O 0.3471(3) —0.0298(3) 0.0623(2) 0.0432(15) Oy 0.08148(12) 0.30038(12) 0.21482(9) 0.0142(4)
O3 0.1846(3) —0.1210(2) 0.17092(18)  0.0377(14) o} 0.34157(11) 0.46848(10) 0.42406(9) 0.0094(4)
Oy 0.2926(4) 0.1559(2) 0.4109(2) 0.0513(16) 0> 0.40614(12) 0.71297(11) 0.34479(9) 0.0133(4)
Ois 0.1670(3) 0.1760(2) 0.5733(2) 0.0425(15) O3 0.59604(11) 0.74076(10) 0.56681(9) 0.0099(4)
Oy 0.0226(3) 0.2553(2) 0.46001(18)  0.0315(13) N, 0.80981(14) 0.98308(13) 0.48758(10)  0.0119(5)
0y, 0.1811(3) 0.3611(2) 0.37196(17)  0.0288(12) N, 0.77000(14) 1.09733(12) 0.35061(10)  0.0107(5)
Oy 0.2970(3) 0.3120(2) 0.49447(19)  0.0320(12) N; 0.17990(14) 0.76083(13) 0.20527(11)  0.0142(5)
Oy 0.0451(2) 0.40271(18) 0.53072(15)  0.0189(10) N, —0.05462(14) 0.71443(13) 0.08635(10)  0.0112(5)
Oa —0.2445(3) 0.3313(2) 0.4894(2) 0.0377(14) C 0.78438(18) 1.05641(15) 0.56141(13)  0.0152(6)
05, —0.1400(3) 0.2899(2) 0.62019(18)  0.0348(13) G, 0.67646(18) 1.09707(17) 0.48921(14)  0.0166(6)
On —0.0810(3) 0.4569(2) 0.40718(16)  0.0228(11) C; 0.73467(17) 1.17592(16) 0.41319(13)  0.0146(6)
Oxs —0.2035(3) 0.4850(2) 0.55931(16)  0.0217(10) C, 0.80124(15) 1.00517(13) 0.38857(11)  0.0097(5)
O —0.3549(3) 0.5445(3) 0.4423(2) 0.0429(15) Cs 0.82263(17) 0.91746(15) 0.31932(13)  0.0134(6)
Oas —0.1925(3) 0.6429(2) 0.33939(19)  0.0392(14) Cs 0.68400(19) 0.82817(16) 0.20818(13)  0.0180(6)
Oa 0.1035(3) 0.5468(2) 0.29971(17)  0.0319(12) C, 0.67143(19) 0.90368(18) 0.11562(14)  0.0209(7)
N, 0.2031(5) 0.3642(4) 0.1278(3) 0.075(3) Cq 0.65066(18) 1.02285(18) 0.13981(13)  0.0186(6)
N, 0.0008(4) 0.3595(3) 0.2122(3) 0.0413(18) Gy 0.77525(17) 1.13336(16) 0.24662(13)  0.0140(6)
N; 0.4084(4) —0.0769(3) 0.2386(2) 0.0390(17) Cio 0.25534(17) 0.89307(16) 0.18146(13)  0.0161(6)
N4 0.4774(4) —0.1060(3) 0.3582(3) 0.049(2) Cii 0.16047(19) 0.88873(16) 0.06349(13)  0.0171(6)
N; 0.5361(4) 0.4452(3) 0.3506(2) 0.048(2) Ch 0.00344(17) 0.83789(14) 0.04601(12)  0.0138(6)
N 0.4522(4) 0.4793(4) 0.2369(3) 0.049(2) Cis 0.03353(16) 0.68111(15) 0.15976(12)  0.0112(5)
C 0.1571(7) 0.4421(5) 0.0695(4) 0.079(4) Cua —0.02965(19) 0.54971(16) 0.19277(13)  0.0159(6)
C, 0.0330(8) 0.5101(6) 0.1112(6) 0.106(5) Cis —0.11283(17) 0.42196(16) 0.09557(13)  0.0145(6)
C; —0.0654(7) 0.4515(5) 0.1659(5) 0.093(4) Cis —0.26908(17) 0.38383(16) 0.01342(14)  0.0168(6)
Cs 0.1261(5) 0.3226(4) 0.1894(3) 0.035(2) Cis —0.27970(17) 0.49388(16)  —0.04546(14)  0.0181(6)
Cs 0.1883(5) 0.2326(4) 0.2323(4) 0.057(3) Cis —0.21790(17) 0.62709(16) 0.03752(14)  0.0166(6)
Ce 0.1568(5) 0.1413(4) 0.2287(3) 0.046(2)
C; 0.0266(6) 0.1354(5) 0.2775(4) 0.061(3)
Cs —0.0803(7) 0.2168(5) 0.2582(3) 0.066(3)
Co —0.0824(5) 0.3134(4) 0.2771(4) 0.054(3)
Cio 0.5178(6) —0.0414(5) 0.1881(4) 0.064(3) corner-sharing. It can be described as a central MogOg ring
Cu 0.5586(6) 0.0057(6) 0.2437(4) 0.076(4) composed by two pairs of edge-sharing octahedra con-
Cri 0.5880(6) —0.0653(7) 0.3143(5) 0.095(4) .
Cis 0.3912(5) —0.1037(3) 0.3188(3) 0.0346(19) npctegl by two tetrahedra via uz-Q atoms (O3 and O%). The
Cia 0.2717(5) —0.1296(4) 0.3641(3) 0.049(2) ring is then capped on opposite faces by two tripodal
Cis 0.1855(6) —0.0598(5) 0.4332(4) 0.059(3) corner-sharing tetrahedra (Fig. 3b). The distorted [MoOg]
Cie 0.2267(3) —0.0820(5) 0.5136(4) 0.076(3) octahedra have two Mo-O; short bonds (Og, O7, Oy, O}9)
¢ Vi) o s 00m0) in the 1.6936(13)-1.7015(12)A range, three Mo-O(u2)
clz 0.5541(5) 0.3393(5) 0.3555(3) 0.054(3) bonds (O;, O,, Og) (1.9281(12)-2.3328(12) A) and one
Cao 0.5736(6) 0.3096(4) 0.2688(3) 0.056(3) Mo-O(u3) bond (Oyy) (2.2743(9)-2.3435(13) A). The

Cy 0.4675(5) 0.3731(5) 0.2321(3) 0.058(3) [MoQOy] tetrahedra of the ring have two short Mo-Oy
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Fig. 1. Ball and stick representation of the two f-[MogOx]*~ anions in compound 1 showing the labelling scheme (top) and schematic polyhedral

representation of the f-[MogO»g]*~ building block in 1 (down).

bonds (04, Os) (1.7012(14) and 1.7043(15)1&) and two
slightly longer Mo-O(y,) bonds (O,, Os) (1.8355(14) and
1.8385(9) A). The capping [MoQO,] tetrahedra have three
kinds of Mo-O bond: one short Mo-O; bond
(1.7186(14) A), two Mo-O(u») bonds (1.7616(9) and
1.7663(15) A) and one Mo-O(u3) bond (1.8314(10) A).
Each 6-[MogO»¢]*~ anion is linked through short hydrogen
bonds to four HDBU™ cations (see Table 3), two are
connected to the terminal oxygen atoms (O1,) of the capping
[Mo0Qy,] tetrahedra and two others are linked to the u»,-O atom
(Og) of the edge-sharing octahedral dimers with O-H bond
distances of 1.941 and 2.068 A, respectively, as shown in Fig. 4.

3.3. Synthesis

The addition of DBU to an aqueous solution of
ammonium heptamolybdate at pH 5.7 has led to the
formation of two new organic—inorganic hybrid com-
pounds containing two different [MogOa]*~ clusters.
Compound 1 is obtained at room temperature in high
yield as Eq. (1), while compound 2 is formed quantitatively
by hydrothermal condition from 1 at 110°C as Eq. (2).

8[M07044]° + 21DBU + 7NH,*t + 41H;0"
< 7(HDBU)3(NH4)[8-MOgO4] - H,O + 51H,0 (1)

(HDBU)3(NH4)[f-MO;3Ox] - H,O + HDBU*
< (HDBU)4[6-MOgO26] + NH,+ + H,O ©)

In the past two decades, nine isomers of the [MogO,g]*~
cluster namely « [14,15], f [16-18], y [19,20], ¢ [21-24], ¢
[25], ¢ [26,27], & [28], n [29] and O [30,31] have been
discovered and characterized in the solid state by conven-
tional crystallization or by hydrothermal conditions. Their
topology has been well described [32] and differs by the
number and the connectivity of the different types of
Mo polyhedra, as summed up in Table 4. While the
ﬁ-[MogOZG]‘F cluster is commonly observed in numerous
organic—inorganic hybrid compounds, associated with a
large variety of ammonium cations (see for example
[33-38]), the d-isomer has only previously been described
for very few compounds principally using hydrothermal
conditions. Those conditions constitute a well-appro-
priated route to synthesize metastable organic-inorganic
hybrid phases, allowing the introduction of organic
components into oxide matrices [5,39].

The thermal and chemical interconversion pathways of
both compounds 1 and 2 have been highlighted and can be
deconvoluated as displayed in Scheme 1.

Step 1. At room temperature and pH = 5.7, the
[M0,0,4]°" anion is rapidly converted to the more acidic
B-[MogOs6]*~ polyoxometalate [40] that precipitates in-
stantaneously with HDBU™ and NH, cations to form
compound 1.

Step 2: Using hydrothermal conditions at 110 °C, the
slurry of 1 in the mother liquor is quantitatively converted
to 2 via a dissolution-crystal growth process. This process
includes an intramolecular isomerization in solution from
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ceooe

1/ [(NH,)MogO,c]>
(a)

mOZOZ

(b)

—> %/ [(NH,)(H,0)MogO,¢]*

Fig. 2. Assembly of f-[MogO,]*~ blocks into %[(NH4)M08026]3’ infinite chains (a and b). Chains connect to each other to form
é[(NH4)(H20)M03026]3* layers via water molecules. HDBU ™ cations are linked to the mineral network via three types of hydrogen bonds (a, b and c).

Table 3

Hydrogen bonding geometry (A, °)

N-H---O N-H H---O N---O N-H---O
1

Ns—Hj---Oo4 0.95 2.03 2.959(6) 166.17
N;3;-H;-+-O43 0.95 2.36 3.311(6) 172.43
N;-H;---O,, 0.95 2.19 2.918(6) 132.25

2

N;—-H;---Og 0.92 2.06 2.953(2) 160.97
N3-H,---Oy» 0.97 1.94 2.842(2) 153.50

the f-[MogOx]*™ to the 5-[MogOy]*~ cluster and the
concomitant substitution in the solid state of one NH;
by one HDBU™ cation per inorganic discrete block.

In solution, chemical isomerization between [MogOag]*™
isomers has already been reported. For instance, the
dynamic stereochemistry of the a-isomer has been shown
by a 'JO-NMR solution study [4]1] and the asf
interconversion has been characterized in the acetonitrile
solution by IR spectroscopy [42]. This unexpected isomer-
ization of the two structurally disparate isomers has been
explained via a ““bond-breaking/making” mechanism based
on an intramolecular rearrangement of the Mo—O bonds
and the formation, as a suspected intermediate species, of a
third y—[MogO%]‘F isomer that contains two molybdenum
atoms in a square pyramidal environment. This mechanism
has been reinforced by the characterization in the solid
state of the y-isomer few years later [43]. To some extent,
the J-isomer may be viewed as a derivative form of the o
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(b)

Fig. 3. Ball and stick representation of the 6-[MogO,¢]*~ anions in compound 2 showing the labelling scheme (a). Schematic polyhedral representation of

the 8-[MogOag]*~ isomer (b).

Fig. 4. Representation of the chemical environment of the 5-[MogOag]*~
anion in 2 where hydrogen bonds are highlighted.

one where two trans molybdenum cations leave their
sixfold coordination to give rise to [MoQy,] tetrahedra.
Formally, in the J-isomer of 2, the Mol—Ol and Mo;-O3
distances (2.8664(12) and 3.204(11) A, respectively) are too
long to be considered as two Mo—O bonds. At the opposite,
in the a-isomer these two contacts are shortened up to
about 2.4 A and all Mo atoms of the ring are then sixfold
coordinated.

As reported in the literature, the o isomerization
depends on the nature of counter-cations. The f-isomer,
that has the most compact structure among the nine
isomers, is more stabilized with small cations (Na™, K™,
NH, [44,45]), while the addition of large cations such as
NBu, [46], or [(C3H;)(C¢Hs)sP]" [42] to an acidified
aqueous solution (pH 3-4) of sodium molybdate leads to
the formation of the a-isomer in the solid state. Conse-
quently, during the interconversion of 1 into 2 at 110°C,
the fsysoa isomerization in solution may occur. In a
second step, the conversion of a-[MogO,6]*™ in solution to

5-[MogO,6]*~ in the solid state may be attributed to stress
effects occurred during the crystallization with HDBU "
cations. As described in the experimental part, the
formation of 2 at 110°C requests an excess of DBU
(nDBU/n[M0,0,4]°” = 6) since a similar reaction in
stoechiometric amount, as reported in Eq. (2) (ie.
nDBU/n[Mo0,0,4]° = 3.5), leads to a mixture of 1 and 2.

Step 3: The thermal interconversion from 2 to 1 in
hydrothermal conditions for temperatures beyond 110 °C
has been characterized by a series of experiments. DBU
was added to an aqueous solution of ammonium hepta-
molybdate ([Mo] = 0.35M). After adjusting the pH until
5.7 by HCI 1 M, the slurry of 1 in the mother liquor were
then placed into a 30ml Teflon-lined autoclave and were
stood for 24 h at different temperatures: 110, 130, 160 and
180 °C. In each case, the final products were characterized
by FT-IR spectroscopy and powder X-ray diffraction
analyses (by comparison of the experimental X-ray
diffraction patterns with the simulated ones obtained
from single-crystal X-ray diffraction files of 1 and 2). At
110°C, a pure phase of 2 is observed, clearly showing
the quantitative interconversion from 1 to 2. In the
110-160 °C range, the final products are a mixture of both
compounds in which 1 is the majority species at 130 °C and
the minority species at 160 °C. At 180 °C, a pure phase of 1
has been characterized, showing that the quantitative
interconversion from 2 to 1 is achieved and seems to
proceed via a [MogOog]*™ isomerization mechanism similar
to the one described in step 2.

The interconversion of the -isomer to the d-one is more
dependant on the presence of NH, cations in solution
than on the temperature value. Many experiments have
been realized, using MoQOs as a starting material, to obtain
ammonium cation exempt media. Compound 2 has been
synthesized hydrothermally by stoechiometric addition of
DBU to a MoOs slurry in aqueous solution, following
Eq. (3). A series of experiments has been realized at
different temperatures: 110, 130, 160 and 180 °C. In each
case, the final products were characterized by powder
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Table 4
Summary of selected structural characteristics of [MogO,g]*~ isomers
octahedra tetrahedra square pyramid O, O(u2) O(u3) O(uq) O(us)
o 6 2 — 14 6 6 — —
p 8 — — 14 6 4 — 2
V 6 — 2 14 6 4 2 _
14 4 4 — 14 10 2 — —
& 2 — 6 14 4 6 — —
4 4 — 4 14 6 6 — —
13 4 — 4 14 6 6 — —
n 6 — 2 14 4 8 — —
0 4 2 2 14 8 4 — —
A
B-[MogOy]*
Suspected
intermediaries

NH; excess

110 +—

T (°C)

B-[Mog0,41*

HDBU*/NH}
RT +

[Mo;0,4]*

E

in solution

N
// \
N \
/ \
/ \
4- / \
8-[MogO,4] / \
II \
| \
1 \
| ol |
| |
N
|
step 2 ! |
| I
1 |
| |
\ !
\ !
\ I
\ /
/ \ /
/ \ /
\ /
\ /
\ /
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N\ 7
N P

B-[MogO1*

Scheme 1.

X-ray diffraction analyses (see supplementary materials).
For temperatures ranging from 110 to 130°C, X-ray
diffraction patterns have shown a mixture of 2 and the
initial MoQO3, while pure phase of 2 has been obtained in
the 160-180°C temperature range. In contrast, similar
reactions carried out at 160 and 180 °C in presence of NH,
cations have led to pure compound 1, following Eq. (4).
Thus, to sum up, if ammonium heptamolybdate is used as
starting material, compound 2 is isolated as a pure phase at
110°C and the conversion from 2 to 1 is progressively
observed with increasing the temperature. In contrast,
compound 2 obtained from MoOj is stable at temperature
beyond 110 °C and the interconversion takes place only if
NH, cations are introduced in the media.

8MoO; +4DBU +2H,0 — (HDBU),[6-MO; O] (3)

8Mo0O; + 4DBU + 3H,0 + NH4+
— (HDBU);(NH,)[f-MO;sOx] - H,O + HDBU+ (4

Step 4: At 110°C, the 5-[MogO»6]*~ anion is stabilized
in the solid state but, according to Eq. (2), chemical
interconversion from 2 to 1 at this temperature should be
triggered by the introduction of an excess of NH; cations
in the solution. An excess of NH,4CI was therefore added to
a mixture of compound 2 in H,O to obtain a NH, /Mo
ratio = 2.5 and the slurry was sealed in a 30 ml Teflon-lined
autoclaves and kept at temperature of 110°C for 3 days.
Large colorless crystals of compound 1 (yield in crystal
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Fig. 5. IR spectra of 1 and 2 between 2000 and 400 cm™".

65%) were then isolated and characterized by X-ray dif-
fraction pattern checking the aforementioned prediction.

3.4. Optical properties

3.4.1. FT-IR spectroscopy

In both IR-spectra of compounds 1 and 2 displayed in
Fig. 5, the HDBU* cation absorption bands are located
between 1645 and 1000cm ™. The spectrum of 1 shows in
addition a strong absorption band at 1400 cm™", attributed
to the N—H stretching vibrations mode of the NH, cations
present in the network. Below 1000 cm™', the two spectra
present some significant differences in the range corre-
sponding to the Mo—O vibrations of the two [MogO»g]*~
isomers, that allows their unambiguous distinction. For
compound 1, the f-[MogO,4]*~ cluster is characterized by
four strong absorption bands at 950, 939, 910 and
900cm ™', corresponding to the Mo=0, vibrations, and
by three strong absorption bands at 842, 720 and 669 cm ™',
attributed to vMo-O,, vibrations [43]. The 5-[MogOsg]*~
isomer in compound 2 is characterized by only two strong
absorption bands at 927 and 914cm™', related to the
Mo =0, vibrations, and two strong absorption bands
located at 815 and 790cm™"' and attributed to vMo-O,
vibrations [21].

3.4.2. Photochromism behavior

The diffuse reflectance spectra of 1 and 2 and their
associated Kulbelka—Munk transforms are displayed in
Fig. 6. The «/S energy spectra evidence a well-defined
absorption threshold around 3.62 and 3.72eV for 1 and 2,
respectively. The optical gap is associated to an intramo-
lecular oxygen to molybdenum charge transfer (LMCT)
which differs in energy (as expected) when going from the
B-[Mo0gO,6]*~ to the 5-[MogO,6]*~ building blocks. The

Wavelength (nm)

600 500 400 300
5 T T T T T T T
4 -
1 2
3 -
(<)
3
2 -
1 -
0 N T N I i T T T T T T T
2.0 2.4 2.8 3.2 3.6 4.0 4.4

Energy (eV)

Fig. 6. Diffuse UV-vis reflectance after Kubelka-Munk transformation
versus energy for 1 and 2.

difference is due to a modification of the O-2p/Mo-4d
orbital hybridization, in relation with structural changes
(edge sharing [MoOg] polyhedra in f-blocks vs. edge and
corner sharing [MoQg] polyhedra and [MoQy] tetrahedra in
o-blocks). The observed optical gaps agree well with the
white color of the powdered samples. It is worth noticing
that the yellow pale hue of single crystals of 2 disappears
under grinding.

Figs. 7 and 8 account for the behavior of 1 and 2 under
UV excitation. For both compounds, the LMCT onset
moves slightly towards lower energy under UV excitation.
Concomitantly, an absorption band, peaking at about 2.65
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Fig. 7. Evolution of the reflectance (a) and the Kubelka—Munk transformation (b) of 1, versus energy with irradiation duration at 365 nm (0/, 10’, 20’, 50’,

110, 160, 250" and 340"). Color saturation is reached after 340 excitation.
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Fig. 8. Evolution of the reflectance (a) and the Kubelka—Munk transformation (b) of 2, versus energy with irradiation duration at 365 nm (0', 10, 20’, 50,
1107, 1507, 240, 330’and 590"). Color saturation is reached after 590" excitation.

and 2.55eV for 1 and 2, respectively, shows up, increases
up to saturation, and broadens with exposure duration,
while the base line between the two absorption regions is
raised. The evolution with time of the diffuse reflectance
spectra goes along with the successive colors observed for 1
and 2 under UV excitation, i.e. the sequences white —
yellowish brown—light brown for 1, and white— pale
purple — yellowish brown — brown for 2. At the time scale
of the week, the photo-induced hues in 1 and 2 are
irreversible at RT in darkness and daylight.

The appearance of the absorption bands peaking at 2.65
and 2.55¢eV results from the reduction of Mo®" into Mo>*
under UV excitation. The higher the concentration in
Mo>", the higher the probability to observe on-site d—d
electronic transitions and/or homonuclear intervalence
charge transfers, the more intense the color change
(stronger absorption). This change is unfortunately limited
to the surface of the irradiated grains, due to the
absorption of the impinging light in a relatively short
distance.

The displacement in energy of the LMCT band may be
related to the increase in Mo’" concentration under
illumination. Due to a lower covalence of the Mo® " —-0?~
bond compared with the Mo®"~0?~ bond, the bottom of
the Mo d-block should be stabilized in energy with Mo> "
concentration.

At this stage, the origin of the photochromism in
organic—inorganic hybrid materials based on polyoxome-
talates may be explained in terms of the seminal Yamase’s
model [6]. Briefly, this model suggests that electrons of
terminal anions (Oy), the strongest oxygen bonded to Mo
via ¢ and © bonding interactions, are promoted towards the
Mo®"-d block under higher than optical gap UV-visible
excitation. To annihilate the photo-generated hole, a labile
proton of the organic component moves then towards a
basic oxygen anion (e.g. (t»-O or u3-O) while concomitantly
an electron of the amino nitrogen atom is retroceded to the
mineral framework to form a charge transfer complex with
appearance of a weak nitrogen—oxygen bond. Nevertheless,
this model has several shortcomings: (i) The photochromic
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process is strongly dependent on the hydrogen bond
subnetwork and, consequently, upon the spatial distribu-
tion of hydrogen atoms around the mineral component.
Namely, the presence of N-H:--u-O or N-H---u;3-O
contacts are of prime importance to favor the stabilization
of a metastable state under illumination with coexistence of
Mo’" and Mo®" cations, even if this criterion is not
sufficient to predict photochromism. However, during our
investigation on hybrid Mo-POMs, photochromism has
been observed in materials where hydrogen is only involved
in hydrogen bond with terminal oxygen atoms (unpub-
lished results) which rebuts the Yamase’ model. (ii) To
facilitate the electron retro-donation from the amino
nitrogen atom towards one oxidized oxygen anion of the
mineral counterpart, some orbital overlap between the two
protagonists is expected. This implies the occurrence of
short N---O contacts and an appropriate orientation of the
organic part with regards to the inorganic one. This
criterion is not systematically observed. The model could
be maintained though if an undetected structural rearran-
gement would take place at the surface of the material. (iii)
So far, according to Yamase the color change occurs only if
the incident light bears energy higher than the energy
requested to get over the optical gap. Typically, 2 can shift
from white to brown under excitation at 413 nm, that is
0.7eV below its absorption threshold determined from
Kulbelka—Munk transformed reflectance spectra. (iv) The
Yamase’ model suggests the occurrence of free radicals on
the organic part in the colored state. So far, if those free
radicals have been observed by EPR in Keggin anions
containing hybrid materials [47], their existence in iso-
polyoxometalate has never been proved.

4. Conclusion

The syntheses of two new hybrid organic—inorganic
compounds based on Mo-POMs and HDBU " cations,
have been presented in this paper. (HDBU)(NH))
[-Mo0.O,]-H,0 1 and (HDBU),[0-Mo0.O, | 2 are obtained
at room temperature or via hydrothermal syntheses by self-
assembly of two [MOSO%]“_ isomers and organoammonium
cations to form a 3D framework via hydrogen interactions.
These compounds present both thermal and chemical
isomerizations. The 1 to 2 interconversion occurs hydro-
thermally at 110°C but 1 can be regenerate from 2 with
increasing the temperature above 110°C or by adding
NH, cations. This isomerization between the f-isomer and
the d-isomer of the octamolybdate had never been pointed
out yet, to our knowledge. Besides, optical properties of 1
and 2 have been reported. Both compounds show
photochromic behavior under UV-irradiation. 1 goes from
white to light brown, whereas 2 turns up brown via
intermediate color stages. Moreover, even if the Yamase’
model is widely adopted to explain the photochromic
properties of organic—inorganic hybrid materials based on
polyoxometalates, some shortcomings have been pointed
out and some corrections should have to be applied in the

future to better address the color change mechanism under
UV-visible illumination in hybrid compounds.

Appendix A. Supplementary materials

Supplementary materials associated with this article
can be found in the online version at doi:10.1016/j.jssc.
2006.07.031.
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