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• Zeolitic Properties
• Ion Exchange

• Catalysis

• Sorption

• Transition Metal Properties
• Magnetic, electronic, 

spectroscopic

• Uncoordinated metal sites 

• redox centers

• Organic Properties
• Diversity

• functionality

• chirality
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Mil77 is a pure cooperative ferromagnet

N. Guillou, C. Livage, M. Drillon, G. Férey, Angew. Chem. Int. Ed., 42, 5314 (2003)



Inorganic condensation Organic to avoid formation 
of simple dense oxides

S
o

lu
ti

o
n

 c
h

em
is

tr
y

Hydrothermal 
conditions

(°C)

(bar)

Supercritical
fluid

Les Rencontres LLB – SOLEIL  Diffraction de poudres 2-3 mars 2006



monoclinic solution Pmonoclinic solution P2211/c/c
aa = 7.8597(1) = 7.8597(1) ÅÅ

bb = 18.8154(3) = 18.8154(3) ÅÅ ββ = 92.0288(9)°= 92.0288(9)°
cc = 23.4377(4) Å = 23.4377(4) Å 

MM2020 = 34 = 34 andand FF2020 = 210 (0.0026, 36)= 210 (0.0026, 36)

HighHigh--resolution synchrotron data collection resolution synchrotron data collection 
on the Swisson the Swiss--Norwegian Norwegian BeamlineBeamline at the at the 

ESRF (ESRF (λλ = = 0.79990.7999 ÅÅ))

Indexing Indexing –– (DICVOL91)(DICVOL91)

Structural determination : SHELXTLStructural determination : SHELXTL
2921 reflections extracted (2921 reflections extracted (FullProfFullProf))

Direct methods calculations (SHELXS)Direct methods calculations (SHELXS)

RietveldRietveld refinement refinement ((FullProfFullProf -- WinPLOTRWinPLOTR))
RRBB = = 0.300.30 RRFF = = 0.200.20

Difference Fourier calculation (SHELXL)Difference Fourier calculation (SHELXL)

Ni7[(C4H4O4)4(OH)6(H2O)3].7H2O or MIL-73

 10  20  30  40
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location of: location of: 
-- the the 77 independent Ni atomsindependent Ni atoms

-- 1717 surrounding surrounding oxygensoxygens
-- few carbonsfew carbons

RP = 0.049

RWP = 0.062

RB = 0.063

RF = 0.066
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RietveldRietveld refinementrefinement



Ni7[(C4H4O4)4(OH)6(H2O)3].7H2O or MIL73

N. Guillou, C. Livage, W. van Beek, M. Noguès, G. Férey, Angew. Chem. Int. Ed., 42, 644 (2003)
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Ni7[(C4H4O4)4(OH)6(H2O)3].7H2O or MIL73



NiNi77(OH)(OH)22(C(C44HH44OO44))66(H(H22O)O)22 1.6H1.6H22OO
HighHigh--resolution synchrotron data collection resolution synchrotron data collection 

on the Swisson the Swiss--Norwegian Norwegian BeamlineBeamline at the at the 
ESRF (ESRF (λλ = = 0.79990.7999 ÅÅ))

Indexing Indexing –– (DICVOL91)(DICVOL91)

Structural determination : SHELXTLStructural determination : SHELXTL
1253 reflections extracted (1253 reflections extracted (FullProfFullProf))

Direct methods calculations (SHELXS)Direct methods calculations (SHELXS)

Difference Fourier calculation (SHELXL)Difference Fourier calculation (SHELXL)

RietveldRietveld refinement refinement ((FullProfFullProf -- WinPLOTRWinPLOTR))
RRBB = = 0.280.28 RRFF = = 0.170.17

Checking for a higher symmetryChecking for a higher symmetry
(Le Page)(Le Page)

monoclinic solution Pmonoclinic solution P2/2/cc
MM2020 =40 =40 andand FF2020 = 156 (0.0018,72)= 156 (0.0018,72)

RhombohedralRhombohedral solution Rsolution R--33cc
aa =21.0372(1) Å  =21.0372(1) Å  cc = 45.7975(4) Å= 45.7975(4) Å

VV = 17552.9(3) Å= 17552.9(3) Å33

location of: location of: 
-- the the 44 independent Ni atomsindependent Ni atoms

-- 1313 surrounding surrounding oxygensoxygens
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RP = 0.053

RWP = 0.062

RB = 0.046

RF = 0.037

 25  30  35  40  45

In
te

ns
ity

2θ (°)10 20 30 40

RP = 0.053

RWP = 0.062

RB = 0.046

RF = 0.037

10 20 30 40

RP = 0.053

RWP = 0.062

RB = 0.046

RF = 0.037

 25  30  35  40  45

In
te

ns
ity

2θ (°)RietveldRietveld refinementrefinement



NiNi77(OH)(OH)22(C(C44HH44OO44))66(H(H22O)O)22..1.6 H2O1.6 H2O

P. M. Forster, A.K. Cheetham, Angew. Chem. Int. Ed., 41, 457 (2002)

First 3D M First 3D M –– O O –– M dicarboxylate M dicarboxylate 
1515-- and 12and 12-- membered rings of membered rings of 
edgeedge--sharing NiOsharing NiO66 octahedraoctahedra
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NiNi77(OH)(OH)22(C(C44HH44OO44))66(H(H22O)O)22..1.61.6 HH22OO
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What to do now with complex inorganic polycrystalline
materials without any atomic contrast?

AlPO DAE
AlPO DAP

a = 15.874(1) Å

c = 22.739(4) Å

V = 5730(2) Å3

S.G.: P 42 b c or 

P 42/m b c

a = 15.914(1) Å

b = 15.994(1) Å

c = 24.2425(4) Å

V = 6240(2) Å3

S.G.: P b c n

A multi-step approach ?Simulation NMR 

Diffraction

Synchrotron data (ESRF, SNBL) (λ = 0.79986) 
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AlPO DAP



Can we apply this method to our complex AlPos ?
First case: AlPO-dae

NMR Hydrogen interations disturb chemical shifts
difficult interpretation

Probably 7 P for 5 Al (chemical analysis = 1.43)

Independent Al: 2 AlO4, 1 AlO5 and 2 AlO6 with the same multiplicity
Most in agreement with P 42 b c

Simulation AASBU : impossible (no integrant unit from NMR)

Diffraction
Direct methods (EXPO and shelxs) : unclear
impossible to find all Al and P atoms
IE2-1I = 0.732 => Spacegroup : P42 b c

Simulated annealing (FOX) with 7 PO4, 5 
Al and 2 organic moieties : no 
convergence

71 parameters
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How to solve the problem ?
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109.5°109.5° 109.5°109.5°

1 flexible unit PO4Al4 2 amines

6 PO41 Al

Fox

Randomized positions
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67 parameters

Rwp = 0.20

3061 reflections



Rp = 0.062
Rwp = 0073
RF = 0.055
RB = 0.025

51 independent atoms
152 structural parameters
2371 reflections

Al10(PO4)9(HPO4)5(OH) (H3N-CH2-CH2-NH3)4 4 H2O

2 θ (°)
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AlPO-dae - Al10(PO4)9(HPO4)5(OH) (H3N-CH2-CH2-NH3)4 4 H2O



Les Rencontres LLB – SOLEIL  Diffraction de poudres 2-3 mars 2006

AlPO-dae - Al10(PO4)9(HPO4)5(OH) (H3N-CH2-CH2-NH3)4 4 H2O
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AlPO-dae - Al10(PO4)9(HPO4)5(OH) (H3N-CH2-CH2-NH3)4 4 H2O
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AlPO-dae - Al10(PO4)9(HPO4)5(OH) (H3N-CH2-CH2-NH3)4 4 H2O



AlPO-dap

NMR Probably 7 P for 5 Al (chemical analysis = 1.47)

6 independent Al: 2 AlO4 (2) , 2 AlO5 (2) and 2 AlO6 (1)
7 independent P
In agreement with P b c n

Simulation
AASBU : impossible (no integrant unit from NMR)

Diffraction Simulated annealing (FOX) with 1 PO4Al4, 6 PO4, 2 Al 
and 2 organic moieties 
Starting positions of inorganic objects deduced 
from AlPO-dae structure (Materials Studio)
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AlPO-dap

Calculation of all atomic coordinates of 
an isolated layer 

Introduction of this layer in the 
orthorhombic unit cell – s.g P b c n

Series of translations and rotations of the
layer until exact overlapping of atoms

Removal of all redundant atoms



Rwp = 0.26
6453 reflections
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AlPO-dap
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1 flexible unit PO4Al4
2 amines

6 PO4
2 Al

Fox

Initial positions of the 
inorganic layer deduced 

from the AlPO-dae structure 



2 θ (°)

Rp = 0.091
Rwp = 0.108
RF = 0.083
RB = 0.046

55 independent atoms
160 structural parameters
6300 reflections

Al10(PO4)10(HPO4)4(H3N-CH2- CH2-CH2-NH3)4 5.5 H2O
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AlPO-dap

AlPO-dae
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AlPO-dap AlPO-dae
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