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E(@=0aqg+B g2 Mulliken -Jaffé (1935 — 1963)

X(q) = O0E(g)/dg = a + 2B g : Electronegativity
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* K. Hayashi and H. Hosono, J. Phys. Chem. Chem. Phys, 2016, 18, 323, 8186-8195
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Hard-Soft Acid-Base (HSAB) theory
Ralph Pearson (1960)

Hard acid : H*(1s°), Ti**(3d°),

K+, Ba?*, Las*

Soft base :- H(1s?), S%, I,
SO,%, CO>

Hard base : F-, 0%, OH", CI-, NH,

Hard-Hard or Soft-Soft AB react faster leading to stronger bonds !
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Fluorine is small in size and its supported charge is too high !



Mt : Partial density of charges and oxydation states
Point group ( M9 / XP-), anisotropy and networks

A way to tune the ionicity-covalency of the chemical bonding
and consequently the electronic properties !




Oultline
Rare-Earth (Ce) and Transition Metal (Ti, Fe) mixe d anions (F, O, S, H) compounds
Composition, Structural features and Energy Gap

From 2D layers to 3D tunnel networks
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Pauling : 1.8 to define local electrical field = x(2)/ r;,,
Ce**(J=0)/Ce3*(J=5/2) [Ar] 4s23d° .
Point group symmetry (M vs X),
Mixing empty d orbitals with filled ligand p orbitals
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The mixed anions systems : absorption k(  A)
and refractive index n( A)

- Electronegativity ¢ (Polarizability 7):F > 0% > S#
L?Fs La}zgg y—LIaZS3
Aabs 175nm 230 nm 440 nm
n(400 nm) 1.8 2.1 2.7

- Modulation of the chemical bond : Ln-S/O/F
Variation of the absorption wavelength and refracti ve index

- Competitive bonds around metals : anisotropy,
modification of the chemical bonds and electronic p roperties



(F, O ,S) compounds synthesis routes

Solid state route_: LnF; + Ln,0O5 + Ln,S; (stoichiometric mixture)
Sealed quartz tube, Pt crucible , T = 900°C - 1100°C

Preparation from oxyfluorides or fluorocarbonates
(precipitation of salts and annealing)
LnOF (LnFCO ;) - LnSF(O) ( T =500°C- 600°C, H,S-CS,-Ar)
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A new class of compounds : rare earth oxyfluorosulf ides

LasSE A = 440nm(Eg= 2.6 eV)
High absorption efficiency and refractive index

UV Absorbers : A, = 400 nm (Eg = 3.1 eV) ??

Modification of rare earth environment

Intergrowth of
How to change the

lonic blocks [Ln,F,]** Ionicity of blocks ?

Size
+
Charge

Covalent blocks [S,]*



A new class of compounds : rare earth oxyfluorosulf Ides

Modification of the size (ionicity) of ‘[Ln-O,F] bl ocks : double sulphur sheets

Powder and
Single crystal
X-Ray and Electron Diffraction
analysis

[Ln,AF,]4* [LnsOF,J*S |

| } [S]*

2 LnSF + AF,

2 LnSF + LnOF
Ln,AF,S, (A= Ca, Sr) Ln;OF;S,

Tetragonal |4/mmm A. Demourgues et al. , J: Alloys Cor.‘np, 2001, 323, 223-230 Orthorhombic Pnnm
a - 4 A’ C - 19 A D. Pauwels, A. Demourgues et al .Solid State Sciences, 2002, 4,. 1471-1479. a - 5_6 A’ C - 19 A



A new class of compounds : rare earth oxyfluorosulf ides

Modification of the charge (ionicity) of ‘[Ln-O,F]’ blocks : single sulphur sheet

Powder X-ray and Neutron Diffraction analysis

Hexagonal P-3m1

a= 4 1 A C= 6 9 A D. Pauwels, A. Demourgues et al .Solid State Sciences, 2002, 4,. 1471-1479.
L] ’ 1 ]



A new class of compounds : rare earth oxyfluorosulf ides

Double sulphur sheets : LaF = [La,F,]*" +
Double sulphur sheets : La,OF; = [La,OF;]*" +

Single sulphur sheets : La,O,.F =[La,0O,F]**+
Occurrence of ‘[Ln-O,F] blocks with 3+ charge ??

La,O,F,S; =2 [La,OF]3* + [S,]* + [S]? ??

Incommensurate modulated structure

[ La,O, :FS =La,0,S
3D Ribbons >C (aH)
m‘?“ o‘ 5% o n [Ln ,0, 5F%* {a oo |
é&/& [SI«= 300 000 Oow

D. Pauwels, A. Demourgues et al. Chem Mater. 2006, 18, 6121-6131



A new class of compounds : rare earth oxyfluorosulf ides

La,O,F, (3+1)D modulated structure
00900 P00 00 90, 0020000020 D9V 0.0 IO
2007 ¥885500 89,0000 50008285,

(Ce3+’Ce4+)O4 = (La,Y)4OZF2
| 3D structure o JI T 2.,
Pbam ' |

Q909 900 Q2O

Shear plane . ooﬂgoo

mechanism 50° g% &

La,0, FS = La,0,

For La ,O,F,S,

various site geometries
between site 1(Y 3%)
and site 2 (La 3%)

Competition between Fluorite-type blocks (‘ionic’ ) and Sulphur sheets (‘covalent’) :

Key role of the charge/size of Fluorite block (O/F) and the nature of rare earth



Rare earth oxyfluorosulfides and optical absorption

properties

d(La-O) =2.45A x4 | 10 -
d(La-S) =3 A x 1

~ LaSF
La,CaF,S,
— LazOF;S,
La,SrF,S
Lajollffllzs2
- La,0,S

I
500

T
400

4f 5d(La)
‘ ‘ Number of S atoms 1

Optical band gap !

t T T T
600 700 800

Wavelength (nm)

La;OF;S,

La,AF,S,
Relaxation of
Sulphur sheets
S-S distances 1t
Optical band gap

3 p(S) [La(A)-F,O] blocks

A/Ln-F/O bond distances |

1



The Ce valence states in fluorides, oxides and sulfi des

Low crystal field Ce™(4r) Ce™ (41°) High crystal field

\\ -
e \’x“ N
. H2‘~

0 o @ s O
aF 3+
F-: x(Pauling) =4 G 02 : x(Pauling) = 3.5
Hard base Ce,0,F,55- Ce, 0555 Hard base
S? : x(Pauling) = 2.6

Soft base

High crystal field
o High Madelung
Potential V,.

Low crystal field b
Low Madelung >
Potential V., Vg, r\

Distorted Two tetrahedra Cubic_site [8]
Polyhedron [9] surrounding Ce [8] Ce-O=234A

Ce-F =2.40-2.53 A Ce-S =2.80-3.00 A




From the composition and structural features of Ce compou nds

3eV

5eV

to the optical absorption properties

Ce(5d)

4f0 Ce?t

3eVCIB

y

CeO,

0, & Ce40453: Semiconducting behavior (4f)
. ESE Ce,O,,F,S; (p-type sC ?)



Structural relationships with RE T, Py, O,_F, oxypnictides

LaFS = PbFCIl = BIOCI
Charge density into Layers ( LaO)* -Fluorite- and ( FeAs) -Anti Fluorite-

— e- Transfer : LaO, F,FeAs
— LaO « réservoir » layer === FeAs conducting layer

Takahashi, H. et al. Superconductivity at 43K in iron-based
layered compound .LaO, ,F,FeAs. Nature, 2008, 453, 376-378

1-x°_x

(LaO)* layer
(FeAs)  layer

Zr(Ln,Ae

SI(O )
JE AR
I
R
9
ZrSiCuAs
: B.l. Zimmer , W. Jeitschko et al. J. Alloys and Comp, 1995, 229, 238

As(Ch Pn)




Superconducting Fe-As Materials : influence of Rare Earth series

LANTHANIDE

57 13891 | 58 140,12
La :

Formule chimique T,

Copynght & 1998.2003 EniG. (anaike. hr]
9 150.91) 60 14424 |61 (145)| 62 150,36 | 63 151.96 | 64 157.25 965 158.93 | 66 16250 | 67 164,90 68 167.26 | 69 16603 |70 173.04 | 71 174,97
u

Pr | Nd |Pm | Sm | Eu | Gd | Tb | Dy | Ho| Er [Tm | Yb | L

e e E— THULIUM | YTTERSIUM | LUTETIUM

\‘ L aFeAsQ g 15, L aFeAsQ g5 26 K, 43 K a 4 GRa
L aFeAsQ ¢ 4 41K (synthése HP a 68§Pa)
Lay geShy 1 FEASO 25 K, dopage trous \
CeFeAsQ o, 41 K
; PrFeAsQ g 15, 50-52 K
NdFeAsQ ¢Fo 4
SMFeAsQ) g5, SMFEASQ) JFj 4 55K
SMFeAsQ g 15 43 K
GdFeAsQ g5, GdFeAsQ g, 53,5-51,2 K
HoFeAsQ g 50,3 K
YFeAsQg 46,5 K
DyFeAsQ g 52,2K
TbFeAsQ g 48,5 K




- AFeAsF compounds : layers (A 2+ ,F)*

18

! 2

1 H 2A Metals Metalloids Nonmetals 34 4A 5A 6A TA  He
LooTes 2 13 14 15 16 17 40020

3 4 5 (&) 7 o 10

2 Li  Be N B C N|O| F| Ne
AL 90ITIE Transition metals 10811 1240007 | 14.0067 |18 ; 20,1797

3 1&:' 1&12 "3 4B SB 6B 7B 8B B 2B _m E"E(? E A AR
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ID0SRT ) 40078 é-l-.ﬂﬁs&- TTTET | 500415 510061 | 54,9380 55845 SROII  SE6934 | 635406 65,30 L‘.'}.?E} Tro4 | 7402160 7RG 74004 £3.20
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5 Rb | Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd_ ' Im Sn Sb | Te | Xe

BHAGTH H7.62 BEA059 01224 | 929054 | 95004 98] 101.07 | 1025055 10642  107.8682 11247 114818 LIETI0 0 120760 | 12760 1259045 131.203
35 50 1 72 73 74 75 76 77 78 79 %0 8l 82 83 84 83 B0
6 Cs Ba Lu Hf Ta W Re Os Ir Pt AusHg TI Pb Bi Po | At Rn

13290588 | 130,327 174,967 | 178,49 | 1809479 18354 | I8G.207 | 19023 192,217 | 195078 IEI:'-/Q(M 200,59 2043833 2072  MESEM | [20898) | [X9o9] | [22202)
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1223.02] | [226.03] | [26210] | [260.00] | [20&01] | [266.02) | [264.02] | [209.03] | |268.04] |[23A4.15] | [272.15] | 1277] [284] 1289 [ZEE] [292]
d

'
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Compounds T
C

CaFg_Co, AsF 22 K
Sly gl.ag ,FEASF 36 K
SlhsSmMysFeAsF | 56 K




e Li, ,FEAs compounds

/.
—Li* (FeAs), T.= 18K XM%\ [
|

/ M\\
¢ (%
— Structural features : X ¢

* FeAs layers

* Inserted Li* /.
/\/ ®L
LiFeAs(F) : Vy(F)=-3.5V! N
®
NaFeAs(F) : V,,(F)=-1.08Vv! @® ®

3 — Wang, X.C. et al. 2008. The superconductivity at 18K in
V|\/| (AS ) = + 28 V / + 31 V LiFeAs systemSolid State Communications, 148, 538-540.



Structural parameters which influence superconducti ng
properties of REO ,_ F,FeAs compounds

1-x" x

e Parameters which influence T, :

— Doping with F —
* Increasing of electron density  into FeAs layers requction of
— Application of High Pressure Sl el el ey

7

2D Structure and critical temperature T, :
— Converging to Tetrahedron FeAs,[Td] Symmetry
— Inter layers Fe,As, distance increasing

Compounds T
C

CaFg_Co, AsF 22 K
Sly gl.ag FEASF 36 K
SlhsSmysFeAsF | 56 K




The Fe?" (3d°) case stabilized in mixed anions environment

Sr,F,Fe?*,0S, (Oh)Fe0,S, (Td)SrF,

2 [Sr,F,]%

+

[Td] : SFe,

H. Kabbour, L. Cario et al. J.A.C.S, 2008, 130, 8261

[4/mmm
SC + 2D Ising AFM (T\<110K)
S=2 AFM checkerboard spin lattice

[Rocksalt blocks]
[6] CaO3S,
+

[Wutzite sheets]
[4] Fe?*OS,

[Td] : OFeCa, ’
[Oh] : ~ Fe;Ca,

_ P 3. 057w itk oF GRORRS i 6 (6 100 4 )
shy

(&
001] directions. A detailed FeOS, tetrahedron is shown in part b.

[
-
g

[Fluorite blocks]

[ Anti CuO, layers]
[Fe.0(Sp) 1%

[Td] : FSr, [Td] : OFe,

Sr,FeCu, ,O;Se
[Sr,Ga3*Cu*0,S]
[Perovskite layers]

Veo¥%

: 5] FeO: [9] SrO
2426, ol N Sr0,
% &%

[AntiFluorite sheets]
[4] CuSe,

P4/nmm
p-type (Cu+)-SC + AFM (T, >300K)

D. Berthebaud et al.
Sol. Stat. Sci. 2014, 36, 94-100

Fe2*/Cu?* or
Fe3*/Cut ?

[Td] : SeCu,
[Oh] x 2: OFe,Sr, , [Oh] : OFeSr,

Fig. 1. View of the crystal structure of Sr,CuFe0,Se,

CaOFe?*
(Td) FeO

Polar structure (P6;mc),
Magnetodielectric T\=35K

C. Dellacotte et al. Inorg. Chem.
2015, 54, 6560-6565




electronic/magnetic properties

‘Fe?* sFe3* 700 35N 65’ Na Battery

NaFe?"OF
Fe3*OF

J. Zhu and D. Deng
Angew. Chem,
54 (2015), 3079

M. Grafouté, J.M. Grenéche et al.
J. Phys: Condens. Matter 19 (2007) 226207

2D electronic/magnetic properties
Sr,F,Fe?*,0S,

168

Pauling : 2.6
[Ne] 3s23p*



X ® O

S2 0z B Xx()

Polarizability oH- Il

<€ Transition Metal (Ti)




Hydro(Solvo)thermal routes to get Ti-based mixed an  ions compounds
Influence of precursors, solvents, HF, controled T /P

Ti4* : strong polarizing effect Anionic groups X =F “JOH/O%/ H-
(d orbitals) Coord Numb (X) = [1, 2, 3]

Competition
E——— e ReO.-type
structure structure / Perovskite
TiO, Anatase/ (B)
type-structure
| Structural features and 7
electronic properties
D. Dambournet, A. Demourgues et al., Chem. Mater. 20 (4), 2008, 1459-1469 D. Dambournet , A. Demourgues et al., J. Mater. Chem. 18, 2008, 2483-2492

D. Dambournet, A. Demourgues et al., Chem. Mater. 20 (22), 2008, 7095-7106



Ti-based oxyfluorides with ReO,-derived network and optical properties

| ‘%% Rutile : ™, Ti 3d°
*.% edge/corner TiO, Charge Transfer Band
‘A,' sharing octahedra ﬁ 6 at 3.1-3.2 eV
w CN(0)=3 g, 0 2p
" 100 UV Area Visible Area
TiO, + HF (anydrous or aqueous) —* « TiOF, » [ i
80 N ;"gguuimnndIDUIID”jjIIE
ReO; and Perovskite networks :  _ 'f
3D corner-sharing octahedra > el ’ ;‘
CN(O/F)=2 g [ |
a=3.80A ! |
(Ti-O/F = 1.90 A) ol H
Pexp = 2.92-2.70 g.cm-3 : o EE— o
ptheo =3.09 g.cm -3 o B

250 300 350 400 450 500 550
Wavelength (nm)

BaTiO,,(Ti-O = 2.00 A) CTB : 3.4 eV

SITiO,,(Ti-O = 1.95A) CTB : 3.6 eV

Gl s Z2ey 27



Ti-based hydroxy-fluoride with ReO;-derived network

Hydrothermal route (TiOCI, , agueous HF(40%), water as solvent, T=90°C)
R=HF/Ti=3 molar ratio

100 F vorr T
X J 1 L
90 8107 |
————————— ———— e — I - ] -2 -
80 [
—_ 6107 |
= 4 3 [
< [ —+— TG (Wt.%)
S 70} !
o | ——DTG (wt.%/min) 1% 410°L
- L
-5
2107}
-6 I
-7 ok
Q o !t
0 100 200 300 400 500 600 700 800 a S
Temperature (C) ’g Q
<
M = |
2 8
Thermogravimetry Analysis coupled with Mass Spectrometry 3 -
(TGA-MS) s »

OH/H,0 (13 wt %, T<400°C) and TiF, (45 wt%, 400°C<T<600°C) departures
under N, flow

Chemical formulae : Tiy 75(OH), sF; 5 !



Ti-based hydroxy-fluoride with ReO  ;-derived network

Electron (SG : Pn-3m)
X Ray, Neutron (Atomic positions)
diffraction investigations

(SG :Pn-3m,a=7.6177 A)
Ti vacancies !

[ Tiys Dyys (OH/F), FIOH Jg [Ti (F/OH);],

-
— -3 —_ -3
Pexp = 2.63 g.cM™3 (Pyeo = 2.70 g.cM 3) A. Demourgues et al. Chem. Mater, 2009, 21, 1275-1283



Intensity (a.u.)

210° }
-410° |

-6 10° |

Stabilization of Ti3* in Titanium hydroxyfluoride : Tiy ;5 ,5F;sOH; 5

Solvents : Water + isopropanol, Precursor : Ti(OR), , 4(5) HF

b

-y 1
T

Microwave assisted solvothermal synthesis

.q » T=100°C

Reductive conditions !

[

ESR investigation

110°

810° |-
6 10° |
410° |

B

210

0

g = 1.90 (Ti%) (90, 97)
Room Temp

I 1
Room Temperature* 600
—5K ]

|

D, site (T = 5K) |

2500

3000

3500 4000 4500
Magnetic Field (G)

R (%)

A. Demourgues et al.
Chem. Mater , 2009, 21, 1275-1283

UV-Visible spectra

Intervalencies Ti3*-Ti4*
d-d transitions
(blue-violet caloration)

100

8O [ 7 e e e

60

40

20

Wavelength (nm)



Ti-based hydroxy-fluorides with ReO
and band gap

UV Area Visible Area

100 oeneagzretossessseEEd
ol

80 N . _‘Dnuccnnnu:l:ﬂﬂﬂﬂm‘jm
s | i
@ 60 } :
g ’
5
TS |
=2 a0 |
QL
o '

i , | TiO: Anatase
20 F --+--TiO, Rutile
TiD.TS(OH)l.SFl.S Reo.‘i
0250 300 350 400- - -450- -. -500. - 550
Wavelength (nm)
TIO BaTiO
2 3
O [3] Ti-O = CTB O [2] Ti-O =
1.931.98 A 3.1-3.2 eV 200A

s-derived network

Ti vacancies

- distorted Oh site -
Stabilization of CB Ti(3d)

X electronegativity
X[F1> X [0%] > X[OH]

(ReO,)
Tlo.75 g 250H  5F 1 5

O [2] Ti-OH-F = CTB
1.95-1.90 A 32 eV

VB OH(2p)

F(2p)

A. Demourgues et al. Chem. Mater. 21, 2009, 1275-1283



Ti-based Oxyhydrides with Perovskite network : ATiO

dx2-yf2, .-
Ti** (e,)

d
— I = e o e C o _ .;2*

Local distortion ?

ATIO, H.
(A=Ba, Sr)

G. Bouilly, H. Kageyama et al.
Chem. Mater, 2015, 27, 6354-6359

“| o* anti-bor{ding

Ly

mbonding /

o bondin

sxH, (A= Ba, Sr)

Ti1-H covalent bond

e anti-bonging

\
\

Ti-H covalent bond



Ti-based hydroxyfluorides and oxyhydrides :
How to manage the band gap ?

I Ti (3d) . H(1s)

-
-
-
-
-
-
-
-

| ocal distortion ?

O(2p)

F(2p)

Stabilization of oxy-hydroxy-fluorides ?




Structural features

of i ,.(O,0H,F),HTB

at .
2 ez
S Bragg R =8.35
S Chi"2 = 5.65
£
R
3
‘%\ A . N I TR
: 5 IO 000 0 O 0 0 A SO
J -.f;_. ] S I[W TAT Y
L»c @F 10.2'0.3'0.4'0.5'0.6'0.7'0.8'0.90
. ® H . 26 (o)
Tip.930070Hg oF1 4, 0.27 H,O (TGA/density) Powder XRD Rietveld Refinement
Pnma, a=7.5581(1) A, b= 7.322(1) A, c= 12.7893(2) A (Cu Ka A = 1.5406 A)

Intensity (arbitrary urnits)

M

Rp=251

Rwp =186
Bragg R = 8.43
Chi"2=1.78

20 40 60 80 100 120 140

~aA AN

Powder Neutron Rietveld Refinement
(A= 1.496 A, SINQ-SWI)

3 TiO,(OH,F), distorded octahedra (Neutrons) :

Ti, - 1.88-1.93 A F,/F,/O,
Ti, - 1.90-1.96 A F,/O,/F,
Tiy - 1.70- 2.11 A O,/F,/F,- Ti vacancies



From Ti-based oxy-hydroxy-fluorides with HTB-derive d network
to blue conductive Anatase TiIO ,:F

The key role of structural/electronic defects
ReO; - Tiy ,5(OH), :F, = - TiO, white (500°C-600°C)
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Blue conductive Anatase TiO
Strong UV and NIR absorption, conduction e
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ESR analysis

HTB -> Anatase
2A
- HTB- TiIOOHF, Ar, TGA, T=600°C
@295K | 2.0026
ZE Sim1
1.991 1.961
[ — |
- HTB- TiOOHF, Ar, T=500°C, 1h A Sim2
75
i —
=

2@ 15K

300 310 320 330 30 350 360 30 380 ’//_\ s
magnetic field (mT)
. SUM
Good agreement with
- HTB- TIOOHF, Ar, TGA, T=600°C _Vis- i i T T
UV-Vis-NIR absorption properties TR T T T H (mT)
T T T r T T T T gvalue
206 204 202 200 198 196 194 192

24
@ISK Comments
A 9

2B
- HTB- TiOOHF, Ar, T=500°C, 1h

0 a0 380 30

*Signal 1 -> conduction electrons (g value close to

free electron = 2.0023)
* Signal 2 & 3 -> Ti3* in two different sites
* Signal 4 -> magnetic impurity? or Ti**/** clusters?

300 | 30 320 | 330 | 340 330
magnetic field (mT)



Anatase-TiO , and orbital molecular diagram :
Generation of defects induced by mixed anions compo unds

(rtdonors) , _ _ (‘
10Dg :N>*<F <02 /|o* anti-borjding
Ti** (ey) g :
a4 d, di/ T* anti-bonping
Ti (t29) e T \ Non-bonding character of d ,, orbitals,
::\ % . . © A+ A+
d,, : d,, non—bon4 4 interactions Ti Ti4*at 3.04 A

dy, (Ti) and p,(O) levels

with non-bonding character p(T[) - -

Dense pellet obtained by SPS (82%) ‘\Ipn non—bondlh
(T=600°C, P=100 MPa) _
TiO,: Nb (2%) / F (1%) .| Ttbondin

Opy) — — —

V/Z [TiNF] = V/Z[TiO,] = 17 A3

Conductivity o(RT) = 0.2 Q'cm™? ‘

Seebeck coefficient a(RT) = -77uV/K ) TiI-Ti (Ti NF): 3.03 A

G bondin > R.=3.00 A (Goodenough)
» Localized electrons




Conclusions

How to build mixed anions 2D network ?
- The simple key role of electronegativity X and polarisability 1/n of elements
- Hard-Hard and Soft-Soft Acid-Base rule
- Zn(M)Vv/Cn; (M: with lower x) = ZZi (X; with higher X) (extension of 2"d Pauling rule)

The main networks :
- lonic blocks (F/O) vs covalent sheets (S/Se)
- Fluorite, Perovskite, Rocksalt  vs anti-Fluorite, anti-CuO ,, Wurtzite, ...

The key role of F-:the highest yand its anomalous properties !

Designing new compounds (tuning M " oxidation states)
WS 2D/3D Ribbons ( S#, 0%, F)
4. $ vs 3D (OH, 0%, F, H ) networks / zig-zag chains

Tuning the band gap and opto-electronic properties
by playing with competitive bonds around M "*

Precursors to generate defects into oxides



