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1 and 2D Nanostructures suspensions: 
from discovery to applications
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Happy 75th Patrick!

ChePhyMoSS 2023
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Curriculum’s major items
 Ph. D. at LPS – Univ. Paris Saclay (Batail; Davidson) Molecular Chem

 Postdocs (1994-1995) 
 Nuclear Research Center, Risø, Denmark (K. Bechgaard) : 2D self assembly

 2y - Materials Research Laboratory, UCSB (A. K. Cheetham): Zeolites

 4y @ CNRS, Institut Jean Rouxel, Nantes, France (Self assembly of nanowires & 

nanosheets) (1996-2001)

 6y @ Nanomix: H2 Storage & CNT integration – Chemical sensors (‘01-’07)

 14y @ CEA (DRT/LETI & DRF/PTNS) Since 01/2013 => co-PI ERC REECYCLE

Since 08/2018: @NTU Labo SCARCE : ewaste recycling (microfluidics/ScCO2)

+ Since 11/2021: IRAMIS/NIMBE AND LPS!!!

Molecular Wires for Molecular Sensing
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From Solids to Chimie Douce: Patrick’s Footprint

{[Re6Q4+n-m
iQm/2

i-aX4-n
i]X6-m-l

aXl/2
a-aQm/2

a-i}(m-n+l/2)

al. & Patrick Batail
Inorg. Chem. 32(13)2894-2900, 1993; Acta Cryst. C49, 1052-1056,1993; Bull. Soc. 
Chim. Fr. 133, 783-794, 1996; J. Chem. Soc., Chem. Commun. 1998(7) 845-846, 
1998; C. R. Acad. Sci. IIc, 1, 765-770, 1998; Chem. Rev. 101, 2037-2066, 2001

1989-1993: PhD Advisor => Defense, 24th Nov 1993! 30th anniv.Santiago Uriel  Kamal Boubekeur

or How to Turn Rocks to Scientific Gold
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0D: Original CT Salts, beyond Re6: Icosaedra

+ 1st synthesis C60 in 
France: Q4/1989

Electrocrystalisation
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0D: Original CT Salts, beyond Re6: Icosaedra



6

2007

© CEA 2021. All rights reserved
Any reproduction in whole or in part on any medium or use of the information contained herein

is prohibited without the prior written consent of CEA

S
P

M= Ni, Pd

KMPS4: Chain based on [MS4] squares and [PS4] 
tetrahedra

KPdPS4/DMF : Transient textures
TEM image of dried solutions

Angew. Chem. Int. Ed., 37(12) 1711-1714, 1998.

3.5Å

RMN 31P

126           122          118           114 ppm

RMP 31P: M = Ni

From Molecular to 1D: Flexible

al. et Batail Angew. Chem. Int. Ed. 37(12) 1711-1714, 1998

1D    =>    0D
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1D: From Flexible to Rigid + H Bonds

 In DMF and DMSO, 1[Nb2PS10]- chains are flexible and 
behave similarly to 1[MPS4]- (M = Ni, Pd) in solution (3D 
swelling, globular)

 In NMF or FA = Strong H bond donors: a structuration of 
the polymer into SWNTs is observed (made of hydrogen 
bond stabilized helix, pitch = 7 nm).

 These nanotubes can aggregate into hexagonal bundles that 
can be melted by shearing

al. et Batail Nanoletters 2(4) 403-407 (2002)

S

Nb

P
S
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1D Rigid: The I-N Phase transition

Davidson, Gabriel, Levelut, Batail Adv. Mater. 5(9)665 (1993)

n

Li2Mo6Se6 Optical Microscopy, polarisers crossed
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Onsager Model (1949) for Nematic/Isotropic  transition

For Molecules:
• Rigid
• Anisotropic (batons ou disques)

Only consider hard core interactions => 
1st order transition I – N, athermal.

L

D

L

D

c = L/D • f
F: fraction volumique de particules

At transition, there is phase separation with

ciso=3,3; cném=4,2 et S = 0,80

a) L. Onsager, Ann. NY Acad. Sci., 1949, 51, 627; b) G. J. Vroege, H. N. W. Lekkerkerker, Rep. Prog. Phys., 1992, 55, 1241.

1937-2023

Anne-Marie Levelut
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Quid 2D Nanosheets?

Smectite (!) Clays

Smectic Phase?

Another Nematic BUT
=> The end of the house of card model

Gabriel et al. J. Phys. Chem. (1997)  (320 cit.)
Lemaire et al. Europhys. Lett. (2002)  

Davidson, Gabriel Clay Sc. (2005)
Paineau et al. Liq. Cryst. Rev. (2013)
K. El Rifaii et al. Langmuir (2020)

No life as we know it without lamellar phases!
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2D Nanosheets, Toward a Smectic Phase?
H3Sb3P2014

f (%)
birefringent 

gels
Biphasic 

suspensions

0.75 1.78

Monophasic 
fluid 

birefringent 
samples

Gabriel, Camerel, … Davidson, Batail
Nature 413, 504 (2001)

Davidson et al. PNAS 2018
El Rifaii, Soft Matter 2021

Cherni et la. Nanoscale 2023=> Cf presentation Patrick Davidson
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Applications?
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Enhanced NMR: Residual Dipolar Coupling

al. et Batail Nature 2001 (V2O5 & H3Sb3P2O14)

al. et Batail. Angew. Chem. Int. Ed. 2001, 40(2) 373 (V2O5)

Berthault et al. Carbohydrate Research 338 (2003) 1771/1785 (H3Sb3P2O14 & V2O5) 
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Color tuned by separation between layers
within a narrow volume fraction (f) range

... due to light scattering by the 
H3Sb3P2O14 layers stacked with a period 
of 225 nm (f = 0.75%) 

Sample iridescence observed in natural light

Application from Beautiful Science? 

Vermiculite clay
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Lawrence Hall of Science, Berkeley, CA
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Lawrence Hall of Science, Berkeley, CA
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MLCs’ Applications : New Materials?

Synthesis in acidic conditions 
with neutral or low charge 
density precursors

Synthesis by polycondensation 
of TEOS or TMOS within a 
colloidal suspension of Nematic
V2O5, n H2O

Camerel, Gabriel, Batail Adv. Funct. Mater. 2003,13(5) 377

Extraction La/Ac: Thèse Camille Guiot, Dir: P. Batail ICSM, 2009

Surf. Spé. = 207 m2/g

<Ø> = 137 Å
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MLCs’ Applications : New Materials?

Synthesis in acidic conditions 
with neutral or low charge 
density precursors

Synthesis by polycondensation 
of TEOS or TMOS within a 
colloidal suspension of Nematic
V2O5, n H2O

1 
mm

Camerel, Gabriel, Batail Adv. Funct. Mater. 2003,13(5) 377

Extraction La/Ac: Thèse Camille Guiot, Dir: P. Batail ICSM, 2009

Surf. Spé. = 207 m2/g

<Ø> = 137 Å
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MLCs’ Applications : New Materials?

Synthesis in acidic conditions 
with neutral or low charge 
density precursors

Synthesis by polycondensation 
of TEOS or TMOS within a 
colloidal suspension of Nematic
V2O5, n H2O

1 
mm

a)

b)

c)13

2

1 cm

1

2

3

Camerel, Gabriel, Batail Adv. Funct. Mater. 2003,13(5) 377

Extraction La/Ac: Thèse Camille Guiot, Dir: P. Batail ICSM, 2009

Surf. Spé. = 207 m2/g

<Ø> = 137 Å



Application from Fast & 
Large swelling?

To large distances 
(d > 200 nm)

Visible light diffraction effects
al. et Batail Nature 2001
Song, Sasaki et al.  Chem. Comm. 2015
Sano, Sasaki et al. Nature Comm. 2016
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H3Sb3P2O14’s swelling integrated?

SiO2/ H3Sb3P2O14
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Table: Possible Lyotropic Nanomaterials

Carbon nanotube based nematic phase?

Composition Synthesis method(s) Type

C Arc, Laser ablation, CVD, NT
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Carbon nanotube based nematic phase?

Experimental observation: W. Song, I. A. Kinloch, A. H. Windle Science 302, 1363 (2003)
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Flexible Electronics?

Source Drain

Gate

Nanotube network on SiO2/Si Polyimide coating

HF etch

Source Drain

Gate

Nanotube network on SiO2/Si Polyimide coating

HF etch

Source Drain

Gate

Nanotube network on SiO2/Si Polyimide coating

HF etch
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«Flexible nanotube electronics . »  K. Bradley, J.-C. P. Gabriel*, G. Grüner, Nano Letters, 2003; 3(10) 1353 (430 cit.)
LB Deposition: N. Peter Armitage, Keith Bradley, Jean-Christophe P. Gabriel, George Grüner US Patent US7956525

12 cm2/V s

 SC /Conducting / Transparent 
flexible films/FET

(Displays) – Startup Unidym

Sold to Arrowhead Research Corp.
CVD Growth/Sprayed/LB
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S D

SiO2

Vsd

gas
NT

Si back gate

Vg

Functionalization
Layer

FET: a Platform for Gas sensing

Gases

Hydrocarbons

H2

CO, NO, NO2, NH3

N2O, CO2
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Reactivity Challenge
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Star, Gabriel and co workers « Nanoelectronic Carbon Dioxide Sensors.» Adv. Mater., 16(22) 2049-2052, 2004 (Cover).

« Gas Sensor Array Based on Metal-Decorated Carbon Nanotubes.» J. Phys. Chem. B. 110(42); 21014-21020, 2006

Bradley, Gabriel and co workers PRL 91(21) 218301 (2003)
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Star, Gabriel and co workers « Nanoelectronic Carbon Dioxide Sensors.» Adv. Mater., 16(22) 2049-2052, 2004 (Cover).

« Gas Sensor Array Based on Metal-Decorated Carbon Nanotubes.» J. Phys. Chem. B. 110(42); 21014-21020, 2006

Bradley, Gabriel and co workers PRL 91(21) 218301 (2003)



CNT sensors: EBOLA Crisis

Copyright, Nanomix, Inc.

FL = PEG + AntiBody: 

=> Electronic detection of specific Antigen’s binding using nanotube FET devices

A Star, JCP Gabriel, K Bradley, G Grüner. Nano letters 3 (4), 459-463 (960 citations) 
=> US Patent 6,894,359 (220 cit.) etc.

=> nano.com => nanomixdx.com

2014

2021:  COVID-19
02/21: FDA Fast-track 

=> on Sale 2021
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 Bubble Deposition Method (BDM)
 Method initially developped and optimised @ CEA [J. Azevedo, J.J. Benattar, V. Derycke]

 Principle
 Transfer of thin water film containing nanostructures and stabilized by 

surfactants: « soap bubble »

 After transfert
 Single layer
 Low roughness (1 nm) 
 Thin (1.5 nm) 

JJ Benattar Angew. Chem. 45(25) 2006, 4186

Azevedo et al. App. Mater & Interfaces 2016 Adapted from PhD N. Sridi
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Conclusions & Perspectives: A Tribute to Patrick’s

 1D & 2D Solids have lots of potentiel
 We’ve only scratched the surface
 Many experimental results unexplained by modelisation

or even theory; many challenges:
 Charged anisotropic colloids models
 Transition metals
 Hydrogen bonds
 Solubilization theory

 Hybrids Organic/inorganic
P. Davidson, C. Safinya and coworkers Scientific Reports 2018: Clays + DNA
Galland et al. Nat. Mater. & Gabriel et al. Patent app. n°EP2626367A1 « Method for obtaining 3D actin
structures and uses thereof ». 
K. El Rifaii, H. H. Wensink, T. Bizien, JCP. Gabriel, L. Michot, P. Davidson« Destabilization of the Nematic
Phase of Clay Nanosheet Suspensions by Polymer Adsorption », Langmuir 36(42) 12563–12571 (2020) 
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Conclusions & Perspectives – Applications

 They are now in consumer electronic products
 Integrating them into products can be costly
 The IP landscape is very busy
 Development cost write off is difficult => large markets
 Future research

 Water quality sensors and other devices (3 funded projects, 2D-MEMBA)
 Thin films applications
 E-waste recycling: Joint Lab CEA-Singapour SCARCE (2018-2022)
=> Now hiring (engineers and postdocs etc…)

Alain Penicaud
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Arrival IMN, Nantes 01/01/1997 Dr. Lucy M. Bull (1968 – 2006)

Ice blocks in la Loire => Solid State NMR in Nantes
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Questions?

01/1998 Sitges, Barcelona

Rodolphe 

Clérac

Kim 
Dunbar

Rimma
Shibaeva

No Beam Stop         

Patrick’s group: Match Making
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05/1998 Noirmoutier, CONCOORD’98
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05/1998 Noirmoutier, CONCOORD’98
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1999 MRL-IMN Workshop, IMN Nantes
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1999 MRL-IMN Workshop, IMN Nantes

Jean Rouxel

1935-1998
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After the drawing, the sculpture!

THANK YOU PATRICK!!!


