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Sois toujours tres imprudent, mon petit, c’est la seule fagon
d’avoir un peu de plaisir a vivre dans notre époque de
manufactures. [...] Tu peux étre tout ce que tu veux et fou en
surplus, mais il faut étre fou, mon enfant. Regarde autour de
toi le monde sans cesse grandissant de gens qui se prennent

au séerieux.

Jean Giono, Le Hussard sur le toit

Always be very foolhardy, my dear, it’s the only way of
getting a little pleasure out of life in this factory age of ours.
[...] You can be anything you like and crazy into the
bargain, but it’s essential to be crazy, my child. Look
around you at the ever-increasing number of people who

take themselves seriously.

Jean Giono, The Horseman on the roof






TABLE OF CONTENTS

TABLE OF CONTENTS......oooovvvvvvvvvensssssssssssssssssssssssssssssssssnssssssssssssssssanssssssssssssssssnnnns 5
ABREVIATIONS LIST ....ovooseereesssvesrsssnsssssssssssssssssssssssssssssssssssssssssssssssssssssassssssssssssses 7
PART | — GENERAL INTRODULCTION ......cuuoveeeeeiiieeiireeiiieniireeinrseisensissesisssssissssiessssssssssssssnnsns 9
1. POLYOXOMETALATES ......ooooscvresssssssssesssssssssssssssssssossssssssssssssessssssssssssssessssssons 10
1.1. HISTORICAL INTRODUCTION ........ccccoiiiieieiieieestete sttt 10

1.2. OVERVIEW ..ottt sttt sttt sttt sttt sttt esa et et e st e e esesbe s eneetesaeneesenee 11

2. POLYOXOMETALATE-BASED HYBRIDS.........coooccccesvsrrrrsssssessssssssssssssessssssessases 16
21. HYBRIDS: PRESENTATION & SYNTHESIS ..........cccooiiiieeeeeeeee e 16

2.2. SELECTED EXAMPLES ............co oottt st s 18

3. PROBLEM-STATEMENT AND OBJECTIVES .........ooosceroresssesssssssssssssesssssssssesons 22
8. REFERENCES ...ooooccccescsrorssssssssessssssssssssssssssssssssssssssssssssssssssssssssssssasssssssssssossases 23
PART Il = MACROMOLECULAR AUTO-ASSEMBLIES .......c..cuueeeuireeireeirreirienisnesissnsseasnannes 27
1. INTRODUCTION ..oooosevrrresessesssssssssesssssssesssssssssssssssssssessssssssssssssesssssssssssssssssasssee 28
1.1. AUTO-ASSEMBLIES OVERVIEW ............coccooiiitieieeseeesee ettt nan 28

1.2. APPLICATIONS ...ttt ettt b b e s ese s enseseesebenaesesn 32

2. METALLOMACROCYCLES .....ooosceroressssessessssssssssssssssssssssssssssssssssssssssssssssssssssaes 35
21. PREVIOUS WORK ..........ooiiiiiiieieistce sttt ettt s et be e ese st eaesestenaenessenes 35

2.2. SOLUTION TO TRIANGLE ISSUE: NEW METALLIC CENTER ...........cccccoovnevvninieennnn. 38

23. POST-SYNTHESIS ANALYSIS ..ottt et 39

24. SOLVENT IMPACT: AGGREGATION ..ottt 41

2.5. SUMMARY ...ttt sttt sttt st et be st e e et e st e s e st e tesseseesesbeneesesseneeseetesenessesaeneesenee 43

3. GELSceoevooooseseesessssssssssssssessssssssssssssesssssssssssssesessss s esssssssssssssessss s a4
3.1. PREVIOUS WORK ..........oooiiiiiieieirtete sttt ettt a et e s sesbeaesestenaeneesenes 44

3.2. AUTO-ASSEMBLY FORMATION: SAXS AND NMR ANALYSIS..........c.cccoovneivvivnereenn 45

3.3. AGGREGATION AND GEL FORMATION ........ccooeoiiiiiieireeeeeieeeieseeee et nes 47

3.4. SUMMARY ...ttt sttt sttt st et be st e e et e st e s e st e tesseseesesbeneesesseneeseetesenessesaeneesenee 49

4. CONCLUSION AND PERSPECTIVES........ooooccccrsssrsrsssssssrsssssssssssssssssssssssssssossases 50
5. BIBLIOGRAPHY ......ooocceorresesssssssssssssssssssssssssssssssssssassssssssssssssasssssssssssssssssssossases 51
PART Il - ANILINE, DIAZONIUM, GRAFTING AND MEMORY EFFECTS .......cuuureveriereeirennrrannns 53
1. INTRODUCTION ...ooossevreresessesssssssssesssssssssssssssssssssssssssessssssssssssssesssssssssesssssssssssee 54
1.1. POM/SUBSTRATE INTERACTION ........ccoooiiiiieeeseetes ettt 54

1.2. COVALENT GRAFTING .........coiiiiieteeeeee ettt sttt sttt sa et s ae e ene e 57

1.3. MOLECULAR MEMORY .........ccooiiiiriiieisiieists ettt sae et a e ste s e eseee 62

2. DEVELOPMENT OF THE METHOD .......ooooscereeressseesesssssssssssesssssssssssssssssssssessanes 68
21. POMS SYNTHESIS............ooo ottt ettt b e ene e 68

2.2. IN SITU DIAZONIUM FORMATION ........cocooiiieiiiticieesteeee ettt sttt st ese s 72

23. GRAFTING PROCESS INVESTIGATION...........ccooiirireceeeeeeeseeee e 74

3. MONO AND MULTIGRAFTING .......ooroscerorrsssssesssssssssssssssssssssssssssssessssssssssssssossaees 85



3.1. THICKNESS DETERMINATION ........cocooiiiiirrreecectr st 85

3.2, FUNDAMENTAL ELECTRONIC PROPERTIES CHARACTERISATION.............cccoc...... 92

4. MEMORY TESTS ..ottt sse s s s s sss st ssssssssesessesssesas 95
41. PROCESS DESCRIPTION ...ttt 95

4.2, RESULTS AND DISCUSSION..........c.ccoiiiiiiieiececcnre ettt 95

E TR 010 111 [0 I U KSR 99

6. FUTURE WORK .......cooiiiititititincstnsncsac st sss s s s s s s se s s s sanesnnssnns 99

7. REFERENCES. .......... ittt sae s s sss s s s 100
PART IV - GENERAL CONCLUSION .......cuuucrveueiireeeierieniiirenesisiensinsensiismessissesssinseessissesssens 103
APPENDIX coeeueiiieuiirieniiiriniiisieniiisieesiisiessiimmemsiiriessiismessiisiesssssmssssismessssssesssssmesssssssssossnens 107
ARTICLES. ...ceuueveeeririeniiirieeiiirieniiisientiisiensiiisessiisiessissmesssismesssssssssssssessssssessssssessssssssssssnens 133



ABREVIATIONS LIST

AFM: Atomic Force Microscopy

CV: Cyclic Voltammetry

DOSY: Diffusion Ordered Spectroscopy

EDX: Energy-dispersive X-ray spectroscopy

IR: Infrared spectroscopy

ITO: Indium Tin Oxide

KPFM: Kelvin Probe Force Microscopy

NMR: Nuclear Magnetic Resonance

POM: Polyoxometalate

RRAM: Resistive Random-Access Memory
SEM-FEG: Scanning Electron Microscopy — Field Emission Gun
SSRM: Scanning Spread Resistance Microscopy
TBA: Tetrabutylammonium

XPS: X-ray Photoelectron Spectrometry






PART | — GENERAL
INTRODUCTION




PART | — GENERAL INTRODUCTION

1. POLYOXOMETALATES

1.1. HISTORICAL INTRODUCTION

s a way to enter history, the Swedish scientist Jons Jacobs Berzelius didn’t

want to wait 1864 (one of the reasons being his human nature that led him

to die 16 years before, 1779-1848) when his name was given to an

unforgettable albeit rather small street of Paris 17" district. A safer and
easier way for him to make it to school books was to multiply the discoveries and
achievements in his predilection field: chemistry. His major accomplishment, regarding
this thesis, was obtained in 1826 when he reported the first synthesis of a
polyoxometalate, (NH4)3z [PMo012040]aq as it happens. This yellow precipitate obtained
in a laboratory in Stockholm opened a new field of chemistry which is still nowadays
under investigation because of their promises for modern technological progress.
Jean-Charles Galissard de Marignac (who discovered and characterized the first
heteropolytungstate), Arthur Rosenheim, Linus Pauling and many others talented and
renowned scientists participated in this adventure.

1826 — Berzelius 1864 — St-Germain 1933 — Keggin

first POM Street is renamed  solved structure
description Berzelius Street problem

1862 — Galissard 1929 — Pauling’s 1999 - Achim

de Marignac first  structure theory Muller reports
describes Bielefeld giant
heteropolytungstate wheel

Figure 1 - Timeline of some major POMs achievements

It is James F. Keggin who first solved the problem of the complex octahedral
structure of the polyoxometalates in 1933" by suggesting that the octahedral units were
linked by both corners and edges, in rectification of Pauling’s system,? when he
suggested in 1929 that only corners were linkers. In more recent days, scientists like

Pierre Souchay, Michael T. Pope or Achim Mdller>-® brought the subject at a next step,
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deepening (better comprehension on synthesis key parameters, isomers study...)® and
extending (discovery of the giant wheel structure,” nano hedgehog structure...)® the

knowledge in the domain.

1.2. OVERVIEW

1.2.1. PRESENTATION

Polyoxometalates, or POMs, are nano-scaled early transition metal oxides
cluster anions. As explained previously, their structure relies on polyhedral units, with
a metallic atom at its center and oxygens around, that share edges and corners.

As they always need to control, weigh, measure and classify things - otherwise
they would have been poets - scientists indexed POMs in category and sub-category.
The two big families representing the first level of classification are
isopolyoxometalates and heteropolyoxometalates. The first one concerns POMs with
only metallic elements ([M,Oy]™, where M = Mo (VI), W(VI), V(V), Nb(V)...), one
example being the Lindqvist series (Fig. 2); the second one concerns POMs that
contain one or multiple heteroatoms at the core of their structure ([XxMpOy]™, where X
=P, Si... and M = Mo (VI), ), W(VI), V(V), Nb(V)...).

S

Lindqvist Anderson-Evans Keggin a- Dawson a-
[MBO19] [XM6024] [XM12040] [X2M18062]n-

Figure 2 - Some of the most popular POMs structures

For this thesis we will focus on heteropolyoxometalates and more specifically
on Keggin and Dawson types, but it is worth noticing that other compounds can lead
to over nanometer-scaled structures.® It is also noteworthy that many structures have
isomers (for instance, the Dawson one has 6 isomers). The Keggin structure is based

on twelve metal atoms surrounding one heteroatom, each metal is linked to six
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oxygens and the heteroatom to four. More precisely, it is composed of four “M3013”
(three edge-sharing octahedra) groups each one of them being connected to others
and to the heteroatom. This complex structure has symmetry axes fitting with the
tetrahedron group, giving hence rise to multiple possibilities of rotation and isomers. In
case of the Dawson anion, its structure is actually based on two lacunary (a POM
formally lacking one or many of its metallic centers) Keggin, [XMgO34]™, merging in a

dimer with eighteen metals and two heteroatoms.

POMs synthesis has been refined for nearly two centuries but in the end the
basic principle itself is well-known and quite easy to sum up. It is based on the addition
of acids to an aqueous solution of oxide metallic salt. A polycondensation —
olation/oxolation processes occur when precursors are turned into hydroxides and then
oxides, as schematized in Fig. 3. Due to their anionic profile, polyoxometalates are
surrounded by cations (potassium, sodium, tetrabutylammonium...). POM synthesis is

thus governed by pH control and continues to be studied by scientific community.'®

0
1 o—n|n—o r » 0 rL o/
) l
H H H
| o o Hf\o/ o H\o/ o o
0
2. 0—M—0  0—M—0 ——» o—nln—((I)—\M/o E — o—nln—o—\M/  — O—h|II—O—M—0 +H,0
| H | /\o | /\0
0 0 0 0 0 o 0 0

Figure 3 - POM synthesis; 1. Acidic catalysis; 2. Oxolation

1.2.2. CHARACTERISATION

Once it has been synthesized, POMs displays various properties that can be
investigated through a wide variety of analytical techniques. While IR spectroscopy
can be an interesting way to distinguish isomers (among others information),’ NMR
("8W, %Mo, °'V)'? or mass spectrometry'?® can also give information on the structure

of synthesized in solution. At the solid-state, scanning tunneling microscopy (STM)'4
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is able to provide insightful information (Fig. 4) — even if reproducibility of this technique

is questionable.

9.76nmx9.76nm 13.40nmx13.40nm
Figure 4 — STM images of (a) H3PW 1,045, (b) HiSiW 1204, (c) HsBW 12040, (d)
HsCoW1,040 freshly deposited on graphite. I. K. Song et al.; Inorg. Chem., 2002, 41, 5,
1292-1298.

1.2.3. REDOX PROPERTIES

As oxidized forms of POMs are composed of metals in their highest oxidation
state, these compounds often display fascinating redox properties. Among the different
seires, the Keggin and Dawson ones stand out. A famous example in Keggin is the
metatungstate ion [H2W12040]¢ that can be reduced 24 times, by Prof. J.-P. Launay, in
a fully reversible process;' but Dawson reversible multi-redox experiment was also

observed (Fig. 5).'® In both cases, the added electrons are located on the metallic

69

I (A

T T v T v T v T v T
-2000 -1500 -1000 -500 0 500

E (mV) vs Fc'/Fc
Figure 5 — Cycling voltammograms (0.1 V.s) obtained in 1-n-butyl-3-methylimidazolium
hexafluorophosphate, with glassy carbon working electrode, POM being (TBA)4[S:W1s062] (5 mM). J.
Zhang et al.; Inorg. Chem., 2005, 44, 5123.
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atoms in d orbital with a non-binding character, leading to very limited nuclear

reorganization, facilitating the reversibility of the redox properties.

1.2.4. APPLICATION

Not only thanks to their vast versatility in composition, structure, dimension or
charge, but also because of their stability and non-toxicity, POMs offer a wide range of
applications, which has, most of the time, for only limitation the imagination of
researchers around the world. The most historical application field for them is catalysis.
They have been indeed highly for their catalytic activities, in both homogeneous'” and
heterogeneous'®'® situations and many reviews where published on potential
applications, such as the one from Prof. Ronny Neumann and coll. enlightening
electron transfer oxidation for catalysis.?® POMs exhibit both multi-electron redox
potentials and fast reversible charge transfer properties, this combination makes them

[Co,(PW,05,),(H,0),]'"""@MIL-100 (Fe)

Figure 6 — Encapsulation of cobalt-based POMis in the cavities of
iron-based PMOF (MIL-100) for photocatalytic OER (Oxygen
Evolution Reaction) process. W. A. Shah et al.; Appl. Catal. Gen.,
2018, 567, 132-138.

highly relevant in the quest of solar induced water splitting and their encapsulation in
large MOFs-based or COFs-based frameworks is under vigorous study.?'2?
Furthermore, POMs are also used for other applications thanks to their redox
properties.?® For instance they have been used studied for batteries,?* electro- and
photochromic?® and memory?® devices. A notable example in POM-based lithium-ion
batteries was reported by Prof. Kunio Awaga and coll. with the case of carbon

14



nanotubes for electrode.?” To solve the problem concerning slow charging/discharging
rate and insufficient cyclability, they developed a nanohybridization between POMs
((TBA)3[PMo012040]) and carbon nanotubes. This new system presented a higher
battery capacity and faster charging/discharging in comparison with precedent
systems. The goal being to improve both electron transport and Li* dispersion in
batteries. A recent review from Prof. Jia-Jia Chen and coll. presents in details this
POMs application topic involving their intrinsic charge carriers characteristic in various
situations (memory, solar and thermal driven system, energy storage...).®

15



2. POLYOXOMETALATE-BASED HYBRIDS

2.1. HYBRIDS: PRESENTATION & SYNTHESIS

POMs can be covalently associated to one or several organic arms giving rise
to so-called polyoxometalates-based hybrids. While the term POM hybrid is also used

0-[XW,049]™ 0-[XW,;0;,]@*9- 0-[XW 405, ] 6>

pH

Figure 7 - Keggin dismemberment under basic conditions

for species resulting from the electrostatic association of a POM with an organic cation,
in this thesis we define POM-based hybrids as compounds in which one or several
organic moieties are covalently grafted onto the polyoxometalate framework. The
science of attaching organic moieties to these oxo-clusters requires a certain degree
of finesse in execution but allows to multiply the possibilities of application.?®

It often starts with the obtention of a lacunary species, which is the name given
to a polyoxometalate that formally lacks one metallic center. To do so, the POM needs
to be dismembered in a basic aqueous solution, the key parameter being a very precise
control of the pH (Fig. 7).

For the next step, its reaction with an organometalloid is realized under, again,
closely controlled acidic pH. After purification, the final product is an organic/inorganic
hybrid compound in which the polyoxometalate has exchanged one (or several)
metallic center for an organometalloid. Among the most frequently utilised organic
groups for POM hybrids are organotin,® organosilicates (Fig. 8) and
organophosphonates.
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Figure 8 - Examples of POM hybrids used in this thesis; Keggin-type [PW110395nCsHal]*

(left); Dawson-type [P2W1706:5iC12Hsl2]¢ (right)

Now that an organic arm is attached to the POM, the final step is to post-
functionalize it to obtain the desired platform. In this thesis used Sonogashira cross-

coupling reactions (Fig. 9), but other processes can be used like peptide bond

formation have also been reported (with amino-terminated POM-based platforms).

Named after Kenkichi Sonogashira, who first reported this reaction in 1975 with Nobue

Hagihara, it is based on two cycles with two different catalysts (palladium and copper).

This reaction allows to substitute the halogen termination of the arm with a triple

carbon-carbon bond. Practically, this reaction can be applied to an almost unlimited

Pd'L,X,
R'——R? l

Pd°L,

élimination

réductrice addition

oxydante
R1
g = r? T
! R'—pd-X
L

isomérisation
cis / trans

transmétallation

Figure 9 - Scheme of Sonogashira cross-coupling

RsNH* X
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number of compounds bearing a terminal alkyne function and thus allows the
elaboration of a large variety of hybrid POMs starting from a limited number of hybrid
POM-based platforms.

2.2. SELECTED EXAMPLES

Hybridization of POMs can aim at a gain in structuration, allowing a POM-based
architecture deposition or a new deposition possibility, or in properties. Since the
domain of POM-based hybrids is too vast to be summarize here, it was necessary to
determine some limits. Thus, this part will mostly focus on the expertise of our group,
i.e. POM hybrids, and self-assembled POM-based systems as this will constitute a part
of the work developed in this thesis.

In the properties enhancement’s area, in 2018, Dr. Elizabeth A. Gibson and Dr.
Guillaume Izzet and coll. studied the photoactive character of POMs hybridized with
bodipy sensitizers. They evaluated the kinetic of the electron transfer (forward and
backward), when the compound was light irradiated.®' This study successfully revealed
the occurrence of photoinduced electron transfer, from the bodipy to the POM, opening
the door for future applications in solar energy conversion.

If POM hybridization can be seen as a way to add supplementary properties to
the polyoxometalate itself, it is frequently the opposite that is aimed: enhancement of
the organic moiety or of a third compound characteristics by the addition of the
polyoxometalate. In a paper from 2013, Prof. Pierre Mialane and coll. reported a very
interesting case of property enhancement induced by the attachment of a POM.3?
Spiropyran derivatives (SPR) are renowned for the photochromic property in solution,
but not in solid-state. However, when covalently bonded to a lacunary polyoxometalate,
the system revealed the appearance of a large absorption peak in the visible domain
(Fig. 10).
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A (nm)
Figure 8 - (right) TBA.Ksn[SPR]; (upper left) photographs of powders of TBA.Kso[SPR] after
different 365 nm UV irradiation times (in min); (bottom left) evolution of the photogenerated
absorption in TBA.Ksn[SPR] after 0, 0.166, 0.5, 1, 1.5, 2, 3, 4, 5, 8, 15 and 30 min of UV irradiation
(365 nm). A. Parrot et al.; Inorg. Chem., 2013, 52, 11156-11163.

However, POMs hybridization can be realized, not to obtain new properties but
in order to deposit the POM on new surfaces, or to structure the deposition. In a paper
from 2014, Prof. Anna Proust, Prof. Eugenio Coronado and coll. enlightened the case
of POM hybrids ([P2W17061{O(Si-phenyl-ethynyl-pyrene)2}|®) utilized to enhance
single-walled carbon nanotubes (SWCNT), turning it into a potential electron reservoir
thanks to POM capacity to play the electron acceptor role and SWCNT the electron
donor role (when it is usually an electron acceptor).3® Polyoxometalate hybrids cover
around 10 % of the total nanotube surface thank to 1 — 11 stacking between sidewalls

and 1T — conjugated pyrenes.

In another domain but still with the objective of gaining more control and
understanding on POM hybrid and their organization, Prof. Anna Proust and coll.
published in 2016 an article about surface organization on POM hybrids immobilized
on gold surface.?* Here a lacunary Keggin is functionalized by a remote acid group to
allow S-Au covalent bond, but the key of the system is a two-dimensions honeycomb
structure obtained by self-assembly of melamine and PTCDI (perylene-3-4-9-10-
tetracarboxylic acid diimide) (Fig. 11). This network allowed to obtain an ordered
structure from the bonded POM hybrids.
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—| 4TBA

Figure 9 — Representation of the level of organization of (a)
TBA4[PW11O39{GE(C5H4)CEC(C5H4)NHCO(C7H1352)}] on bare Au (111),' (b)

TBA4[PW11039{Ge(CsH4)C=C(CsH4)NHCO(C;H13S2)}] on the PTCDI/Melamine templated Au(111) surface;

(bottom) scheme representation of the concerned POM. A. Lombana, et al. ; J. Phys. Chem. C, 2016,
120, 2837-2845

In 2019 Prof. Tianbo Liu and Prof. Leroy Cronin investigated the driving forces
ruling a POM hybrids-based macrostructure.3® The idea being to ally nature’s building
blocks, aka peptides, with the inorganic building blocks that are POMs. The hybrid
developed was based on the Anderson-Evans structure hybridized by the addition of
two peptides. While the hybrid behaves as discrete species in acetonitrile,
oligomerization process will occur when water is poured to the solution, to finally reach
a single-layered blackberry structure formation (Fig. 12). This study concluded that the
self-assembly structure is ruled by strong electrostatic interaction and weak hydrogen

bonding.

s o e Lol

» 3 2 e | T o v -
i, Oligomerization ¢ " Y‘} o+~ Blackberry formation
) A Lol :

] f————1

At 4
X W XL - 7
{3{“ 7" é s

Figure 10 — lllustration of single-layer blackberry-like formation process. J. Luo et al.; Eur. J. Inorg.
Chem., 2019, 380-386
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By definition, POM hybrids can easily be tuned to be amphiphilic species.
Indeed, the polyoxometalate will be water soluble (if the correct counter-ion is selected),
so the addition of an alkyl chain (which has a tendency to hydrophobia) will reveal the
amphiphilic potential of the compound. This is quite interesting since it means
possibility to interact with two different phases, it generally leads to self-assembled
highly ordered structures.®® Furthermore, in 2003 Prof. R. Carlisle Chambers reported
mono and multilayers reversible films obtained from Keggin hybrids with alkyl chains,
using the Langmuir-Blodgett technique to synthesize it at the air-water interface.?’

Finally, it is worth noticing that sometimes, hybridization of POMs can lead to
both of the possibilities detailed previously. One recent example is from Dr Guillaume
|zzet and coll., where a lacunary POM was functionalized by the addition of
bis(thiophene)thienothiophene (BTTT) units (Fig. 13).38 These organic functional
groups allowed the apparition of a smectic-like multi-layered structure and at the same
time brang an electron donor property, complementary with the intrinsic electron

acceptor character of the POM.

8.0 7.8 76 7.4 v (] 7.0 6.8 6.6 6.4
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Figure 11 — (top) Molecular representation and elargement of the aromatic ppm region of the
H NMR of Ksi[BTTT-2] in CD,Cl,. (down) 3D schematic representation of Ks;[BTTT-2]
arrangement. X. Zhu et al.; Angew. Chem. Int. Ed., 2021, 60, 8419-8424.
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3. PROBLEM-STATEMENT AND OBJECTIVES

As previously discussed, polyoxometalates are promising compounds in many
aspects of cutting-edge science as well as daily life issues like energy production.
Being a co-tutelle, this thesis aims to leverage the strengths of two different groups,
universities and scientific cultures and approaches in view of making one step further
in the direction of inserting POM hybrids in soft materials for nano-electronics devices.
Allying expertise of the Prof. Proust group at Sorbonne Université on turning POMs in
platforms for multiple applications, with the application aspect offered by Prof. Lee
group at Nanyang Technological University. Two fields were chosen for this work, auto-
assemblies and memory devices, where the goal was to obtain a stable POM-based
system without the classical issues encountered in memory such as volatility.

In this thesis, the work will be detailed in two parts. On one hand,
polyoxometalates hybrids-based self-assemblies, in both discrete and macro
structures, looking for applications as soft materials (described in Part II). On the other
hand, grafting of POMs hybrids to substrates, reaching for memory devices
applications in nano-electronics (described in Part 1ll). The hypothesis relying on the
unique feature that the redox behavior of the POMs hybrids could provide in the
electrical performance of the bistable memory states with the aid of the self-assembly

structures on conductive surfaces.
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PART Il - MACROMOLECULAR AUTO-ASSEMBLIES

1.INTRODUCTION

1.1. AUTO-ASSEMBLIES OVERVIEW

Auto-assembly corresponds to the auto-induced aggregation of tuned
molecules in larger concretion. The formation can be governed by different interactions
covalent or not (11- 1 stacking, Van der Waals interaction, electrostatic interaction,
polarity, hydrogen bonding, metal-ligand interaction...). Self-assembled systems, if not
well prepared upstream, can lead to various unexpected structures. To avoid this issue,
a solution can be to proceed to a selection when it comes to the building block and the
bonding type. Metal-ligand bond, being directional and selective can be seen as a
solution. Indeed, the preferential geometry of many metallic ions is well-known, high
predictability of the obtained discrete structure can then be expected.

The impact on the synthesis conditions and the final product, of the variation
from both the ligand and the metallic complex, has been studied to obtain better
understanding on this kind of system. When it comes to self-assembly architecture, the
competition between the enthalpy and the entropy is a keystone. When enthalpy will
try to preserve the original structure of the components, entropy will prefer to constrain
it to form the smaller discrete species.

One famous example of metal-ligand based auto-assembled structures in a
previously determined geometry has been reported by Prof. Fujita and its group.” They
presented a square-shape nanostructure born from the interaction between palladium
() clusters and pyridine moieties (Fig. 1).

After confirming that the resulting species was square-shaped as expected, they
investigated the impact of a metallic variation by comparing it with an analogue
platinum (ll) complex. While the square shape is easily obtained at ambient
temperature in the first case, modification of the metallic center into platinum requires
heating of the solution for several weeks to override the natural inertia of platinum

complexes.
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Figure 12 — Synthesis of a square-planar Pd(ll) complex
[(en)Pd(4,4°-bpy)]4(NO3)s. M. Fujita et al.; J. Am. Chem. Soc.,
1990, 112, 14, 5645-5647.

Still on the subject of variation impact, but of the ligand too this time, Prof.
Severin et al. published a study where the ratio length/thickness of the ligand was
studied.? To do so, they compared the different auto-assembled systems obtained from
the interaction of clathrochelate ligand with metallic centers. Their work revealed that
if the final geometry is dependent of the metal, it also relies on the characteristic of the
ligand as shown by Fig. 2. Indeed, different species were observed when the ligand is
elongated, shortened or thickened.

© = Fe(ll) © = Pd(ll)

Figure 13 — Rigid rod-type ligands with different aspect ratios give
rise to different coordination cages. K. Severin et al.; J. Am. Chem.
Soc., 2016, 138, 6, 2046-2054.

When it comes to polyoxometalates, since they are charged structures,
electrostatic interactions become key components for POM-based discrete self-
assemblies. In many examples, the amphiphilic character that can be present in such
species is exploited to form larger aggregates.
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Prof. Wu and his group reported a study where Lindquist-type POMs
([MosO19]*) form a self-assembled structure by switching its counter-ions,
tetrabutylammonium (TBA), for cationic surfactants (dioctadecyldimethylammonium,
DODA).3 If the system will first form a helical structure when the discrete species are
in dichloromethane/propanol solution (4:1), it can be turned into spherical shape by the
reduction of the POM (induced by light irradiation), as shown in Fig. 3. This process is
reversible since a re-oxidation, by the addition of H202, turns the system back to its
helical structure. Since the aggregation of the discrete species is governed by
electrostatic interactions, modification of the POM charge induced a change in the
macro structure. In another study from 2013, the same group reported another
structure where POMs (Anderson type with two azobenzene grafted arms) will react
with quaternary ammonium-ionized 3-cyclodextrins to form a discrete self-assembled
system, then the aggregation was based once again on light-induced reversibility.*
This time, light irradiation was used to switch between cis- et trans- forms of the grafted
azobenzene-derivated organic arms, allowing a control of the aggregation of the
discrete species.

light
—
H202

Figure 14 — (left) SEM images of a 1 mg.mL™ solution of (DODA):[Mos01s] in
dichloromethane/propanol (4:1) at 30 °C after UV irradiation for a) 0.5, b) 1.0, c) 1.5, d) 2.0,
e) 3.0 and f) 4.0 min; (right) schematic evolution of the assembly of (DODA),[MosO1s] from
helical strips to spherical structures under UV irradiation. L. Wu et al.; Chem. Eur. J., 2013,
19, 25, 8129-8135.
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This switch between cis- and trans- forms was also used by Prof. Cronin et al.
for a Dawson POM hybrid, grafted with bipyridine units, to obtain a vesicle shape (Fig.
4). The discrete species are aggregated thanks to the amphiphilic character gained
when the organic part is in its correct cis- form.® The difference here is that the switch
is not induced by light but relies on the presence or not of Zn ions (allowing rotation of
the C3-C4 bond).
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Figure 15 - Bllayer model for the vesicle structure. L. Cronin et
al.; J. Am. Chem. Soc., 2013, 135, 36, 13425-13432.

However, POM-based self-assemblies relying on electrostatic interactions lack
directionality. To gain control on the structure and form more complex architectures,
the metal-ligand bond can be privileged, since it is selective and directional. Thus, it is
worth noticing two more papers, from B. Hasenknopf and coll.>” In the first one a
discrete triangle was obtained by the self-assembly of a POM-based hybrid with trans-
[PACI2(CH3CN)2] (Fig. 5). This publication is even more interesting when read in
parallel of the other one where a linear dimer was obtained. This dimer turns into a gel
when the correct solvent (methanol) is added to the solution (a technic that will be
detailed in part 3. of this chapter).
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Figure 16 — Synthesis of discrete triangle from functionalized POM derivative
and PdCl;(CH3CN),. B. Hasenknopf et al.; Chem. Commun., 2012, 48, 200-202.

1.2. APPLICATIONS

After all these fundamental studies investigating the discrete species formation,
the aggregation process in large nanostructure and the variation impact of the different
components, the next logical step was to consider applications. In this part some
examples will be detailed to show the great potential of polyoxometalate auto-
assembled macromolecular structures in human health and environment.

When it comes to human health it is not difficult to find a more harmful and global
disease than cancer. This is why it is under immense attention for all scientists. In this
domain, an advanced progress was made thanks to polyoxometalate. In a paper
published in 2014, Prof. Li and coll. presented a hierarchical nanostructure (flower-like,
Fig. 6) constituted of a self-assembly of dopamine and phosphotungstatic acid (PTA,
H4[PW12040]*) used for oral drug delivery.®

The chosen drug for the test, doxorubicin hydrochloride (a widely used
anticancer drug in chemotherapy), was loaded in the structure, the aim being to deliver
it at will. Interestingly, a pH gap between stomach acidic conditions (pH 1-3) and

intestine neutral conditions (pH 5-8) can be observed and thus used for delivery
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conditions. As shown by Fig. 7, the release of the drug is succesfully realised at pH 7.4
while it is still loaded inside the nanostructure at pH 2.8.

DA Nucleation and O
. . . .
+ nuclei growth ®
° | ) Y J ®

PTA & ( I

Secondary growth ﬂ

Further growth
|

Figure 17 - Schematic illustration of the morphological
evolution of flower-like hierarchical nanostructures. DA =
Dopamine, PTA = Hy[PW;204]". Li et al.; Chem. Eur. J., 2014,
20, 499-504.

e

00
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Figure 18 — Drug release profiles of doxorubicin-loaded flowerlike
microspheres in pH 2.8 glycine-HCI buffer solution (e) and pH 7.4
phosphate buffered saline (PBS) solution (A ).Li et al.; Chem. Eur. J.,
2014, 20, 499-504.

Treatments of the dyes found in waste water is of primordial aspect from an
ecological point of view. It has been studied through the prism of POM-based auto-
assemblies. Prof. Grohn and coll. reported the case of selective photocatalytic
activities resulting from the association of Keggin type POM ([SiW12040]*) with cationic
dendrimers by electrostatic self-assembly.® Discrete species were aggregated in

supramolecular structures in aqueous solution revealing high potential for application
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in photodegradation of dyes (methyl red here) degradation via the formation of radicals
(Fig. 8).
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Figure 19 — Schematic representation of POM-dendrimer self-assembly and photocatalysis in
aqueous solution. Catalyzed model reaction is the photo-degradation of the dye methyl red. F.
Gréhn et al.; Nanoscale, 2018, 10, 3, 914-920.

Another example of dye degradation induced by POM-based self-assembled
system is was presented recently by Prof. Edler et al., in this case the dye being
rhodamine B (RhB)." In this study, they used organosilyl derivatives of Dawson-type
POM ([P2W17061]%") associated to hydrophobic organic tails (with three different
lengths) and displaying amphiphilic properties. In aqueous solution, this compound
formed micelles that were used for templating nanostructured TiO2 formation (Fig. 9).
The ability of this hybrid material to photodegrade RhB was studied. The authors found
that the system was five times superior to sodium dodecyl sulfate templated TiO2, a

Figure 20 — (A) TEM and (B) HRTEM micrographs of the POM-TiO, material. HRTEM micrograph in
(B) is a zoom from the region indicated with a red circle in (A). Dashed green circles in (B) are the
possible locations of POM in the material. Di et al.; Nanoscale, 2020, 12, 43, 22245-22257.
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traditional well-known material for RhB degradation. It is worth noticing that methylene
blue degradation was also studied with other POM-based auto-assembled systems. "

2.METALLOMACROCYCLES

2.1. PREVIOUS WORK

Our group has important experience in the elaboration of geometrically-shaped
self-assembled structures. In 2015, the E-POM team presented a new system where
an auto-assembly process lead to the formation of a triangle-shaped (Fig. 10)
supramolecular structure, characterized by DOSY NMR and SAXS measurements. In
this system they used an organosilyl Dawson-type polyoxometalate hybrid, associated
to two organic arms ending by pyridyl moieties and trans-[PdCl2(MeCN)z] in 1:1

stoichiometry.'?

Figure 21 - Optimized structures of the two
molecular triangle. G. Izzet et al.; Chem. Eur. J.,
2015, 21, 19010-19015.

Next year, the remote ligands were changed for a terpyridine units and the
palladium complex for Fe(ll)."® The idea behind this modification was to use a cationic
metal linker (by contrast to the formal “PdCI.” linker) to obtain a reversible aggregation
of the discrete species when dropped in the correct solvent. Indeed, as shown by Fig.
11 (a), in acetonitrile the discrete triangles assembled in dense monodisperse
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nanostructures, due to a lower solvation. This was confirmed by combination of SAXS

and TEM measurements.
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Figure 22 — (a) Schematic representation of the formation of the nanosized aggregates by
hierarchical self-assembly of Dsitpy] upon complexation with Fe?. (b) 1H NMR spectra and
(left) and SAXS curves (right) of solutions of Dsi[tpy] (1 mM) in the presence of 1 equiv. of
[Fe(H20)s](ClO4) in DMSO-ds (blue), DMSO-ds/CDsCN (1/1) (red), and DMSO-ds/CDsCN (1/4)
(black). G. Izzet et al.; J. Am. Chem. Soc., 2016, 138, 5093-5099.

In 2017, the group published the case of a Keggin hybrid, displaying two remote
pyridyl-units, self-assembled with trans-[PdClz(MeCN);].'* In this study, they showed
that owing to the lower charge of the building block, a mixture of square-shaped and

triangle-shaped assemblies in the supramolecular discrete species was observed (Fig.
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12). It can be explained by the entahlpy/entropy competition, the entropy favorized the
smaller triangles while enthalpy prefered the non-constraining squares.

This study outlined the decisive effect of the charge of the POM disfavoring the
formation of large asssemblies probably owing to an important entropic contribution.
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Figure 23 — Metal-driven formation of the molecular triangle and square from the
POM hybrid Ksi[pyr]. M. Piot et al.; Inorg. Chem., 2017, 56, 8490-8496.

They also observed that while the POM-based molecular building block and
related coordination oligomers displayed different shapes, a power law between the
diffusion coefficient D and the molecular mass M was applicable to this series of
hybrids, indicating that the diffusion coefficient of these compounds was mainly
determined by their occupied volume rather than by their shape.

Finally the next year, a Dawson hybrid with a remote pyridine was auto-
assembled with [Co(H20)e](NO3)2 and formed both squares and triangles in DMSO
(Fig. 13)."5 In a DMSO/MeCN (1:4) solution, the discrete species aggregate in a dense
nanoparticle shape as with Fe(ll) linker. In this study they evaluated the effect of the
charge of the metal linker to see if this could affect the shape and size of the aggregate.
Indeed, if the Co(ll) complex is oxidized upon the addition of TBABR3 in DMSO (prior
the aggregation) the nanostructure will not be a nanoparticle but a more elongated
worm-like structure as a consequence of stronger electrostatic interactions between

the metallomacrocycles.
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Figure 24 — Schematic representation of the formation of the nanosized aggregates by
hierarchical metal-driven self-assembly of POM (1) according to the solvent composition (DMSO-
de/CDsCN mixtures) and the metal linker charge. M. Piot et al.; PNAS, 115, 36, 8895-8900.

2.2. SOLUTION TO TRIANGLE ISSUE: NEW
METALLIC CENTER

As previously detailed in the latter part, a way to have discrete POM-based
metallomacrocyles from self-assembly of hybrid POMs with metallic complex was
developed. However, in most cases, a mixture between triangles and squares was
unavoidably obtained, as a result of the high entropy cost for the association of highly
charged species. To prevent the attainment of different discrete supramolecular
species, a new method is needed to be developped. In the previous structures, metallic
complexes used were linear and POM on the corners, determining the angles and thus
the geometry of the structures. However, the flexibility of the organic arms attached to
the POM allowed a wide variety of angles, leading to the square/triangle mixture
formation.

In this thesis, a new system based on a new metallic complex was prepared,
[Pd(en)-(MeCN).](BF4)2, this node is well-known and the ethylenediamine (en) ligand
assurates the rigidity of the coordination sites, leading to a less modular angle. In this
structure, squares are composed of only two polyoxometalates and two metallic
complexes (Fig. 14) when the precedent structure had the double of both. To perform
the discrete structure synthesis, Keggin-type POM with pyridine-ending organic arms
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((TBA)3[PW11039{O(SiC13HsN)2}], Ksi[pyr]) was put in presence of [Pd(en)-
(MeCN)2](BF4)2, 1.2 equivalents, in DMSO-d.
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Figure 25 — Metal-driven formation of the molecular square from the POM hybrid Ksi[pyr]. R.
Salles et al.; Inorg. Chem., 2020, 59, 2458-2463.

2.3. POST-SYNTHESIS ANALYSIS

Formation of the discrete square species (Ksi[pyr]2¢[Pd(en)]2) was observed by
NMR. As revealed by Fig. 15, reaction requires 1.2 equivalents of [Pd(en)-
(MeCN)2](BF4)2 to have a 1:1 stoichiometry in the final metallomacrocycle. The little
excess of metal node, observable at 5.5 ppm, is independent from the square but
necessary to complete the reaction with the pyridyl ligands, as shown by DOSY NMR,
still Fig. 15, revealing a unique diffusion coefficient of 7.7 x 10" m2.s™" for the auto-
assembly.

As previously mentioned, with the Ksi[pyr] hybrid, a correlation between the
diffusion coefficient and nuclearity of the species was found.' For instance in the case
of the formation of a dimer, the ratio between the diffusion coefficient of the monomer
and the dimer was found to be 1.7'4. In the present case, the D1/D2 = 1.6 (D1 = 1.2 x
1019 m2.s' and D2 = 7.7 x 10" m2.s™"), confirming the dimeric POM structure of the

macrocyclic species.
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Figure 26 — (left) H NMR of Ksi[pyr] (5 mM) in DMSO-ds with addition of [Pd(en)(MeCN),](BF4); : O
equiv. (blue), 0.5 equiv. (red), 1 equiv. (green), 1.2 equiv. (purple). (right) *H NMR in DMSO-ds of
Ksi[pyr] (5 mM, blue) with corresponding DOSY and its resulting supramolecular assembly in the
presence of 1.2 equiv. of [Pd(en)(MeCN),](BF4), (red).

In the same time, an optimized computational structure, obtained by density-
functional tight-binding (DFTB) method, was developed by Dr. E. Derat from Sorbonne
Université (Fig. 16). It helped us to understand the most likely structure of our system,
with an estimated distance POM-POM of 14.7 A and a Pd-Pd distance of 24.0 A,

Small angle X-ray scattering (SAXS) is frequently used to characterize
nanosized objects under 100 nm. It allows to have insight on the internal architecture
of such compounds. In this case, we computed the theoretical SAXS patterns of the
dimer using CRYSOL software and compared it to the experimental SAXS pattern of
the dimer in DMSO solution. As shown by Fig. 17, the estimated SAXS spectrum fits

well with the experimental one for both small g value and first oscillation.
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Figure 16 — Optimized structure (left: top view; right: side view) of Ksi[pyr]-»[Pd(en)].. R.Salles et
al.; Inorg. Chem., 2020, 59, 2458-2463.
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Figure 17 — Experimental SAXS pattern of a solution of Ksi[pyr] (0.5 mM in DMSO-d6, black), the
resulting supramolecular assembly in the presence of 1.2 equiv. of [Pd(en)-(MeCN)2](BF4). (blue)
and the computed SAXS pattern (CRYSOL) of the optimized structure of Ksi[pyr]2[Pd(en)]-
(red). R.Salles et al.; Inorg. Chem., 2020, 59, 2458-2463.

2.4. SOLVENT IMPACT: AGGREGATION

In previous papers, it has been shown that in solvent other than pure DMSO-ds,
because they are protic or less dissociative, discrete species will tend to aggregate by
electrostatic interactions (thanks to positively and negatively charges areas in the
structure). Thus, DMSO-ds/CD3CN: 1/4 and DMSO-ds/D20: 1/1 were tested.
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In SAXS analysis (Fig. 18), the CD3CN-induced aggregation revealed a peak at
that can be deconvoluted for a mono-q value, q = 0.436 A", corresponding to a
distance of 1.44 nm. For the D20 case, the peak is deconvoluted in two q values, q1 =
0.376 A (d1 = 1.67 nm) and g2 = 0.490 A (d2 = 1.28 nm), the second one being the
main one. This results revealed a shorter POM-POM distance in water than in

acetonitrile.
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Figure 27 - Experimental SAXS pattern of a solution of the POM-Pd supramolecular assembly in
DMSO-ds/D;0: 1/1 (red) and DMSO-ds/CDsCN: % (blue). R.Salles et al.; Inorg. Chem., 2020,
59, 2458-2463.

Various models were tested to fit with the experimental data, to understand the

structure of the resulting aggregates. In the case of D20, the closest one was a nearly
infinite flexible cylinder, with 5.4 nm radius, a polydispersity of 50% and a Kuhn length
(basically the average size of straight segment) of 15 nm. TEM results (Fig. 19)
confirmed this result, revealing a ramified flexible cylinders system, apparented to
cherry-branch design in ukiyo-e, with a segment size of around 8-10 nm.
In DMSO/CD3CN, TEM images shown isotropic polydisperse round aggregates with a
diameter range of 15-55 nm. Even if polydispersity made it harder to fit with SAXS
analysis, the closest system found is a multishell vesicle model (1.5, half/half mixtures
of single and double layers, one layer being 2.3 nm thick).

The shape variation between the solvents (cherry-branches versus vesicles) is
explained by the solvation of the charged species and some hydrophobic effect. Indeed,
the vesicles have thin layers leading to a surface-to-volume ratio larger than in the
case of cherry-branches, meaning that the number of POMs pointing toward solvent is
greater in comparison with the elongated structure in water, a solvent in which all the
components are individually insoluble (POM when counter-ions are TBA and Pd(en)
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complex). This better packing in water and shorter POM-POM distance is due to less
solvated POM, because of their hydrophobic character.

e . S Sy -

Figure 28 — TEM micrograph of the POM-Pd assemblies in DMSO/D,0 1:1 (left) and DMSO-
ds/CDsCN 1:4 (right, magnification of three vesicles in the upper right corner) mixtures. R.Salles
etal.; Inorg. Chem., 2020, 59, 2458-2463.

2.5. SUMMARY

This work was presented in a paper published in 2020.'® It sums up the
synthesis and characterization of the discrete structure, square-shaped, auto-
assembled from Ksi[pyr] and [Pd(en)(MeCN).](BF4)2. This was allowed by the addition
of a new metallic complex with more rigid arms, limiting the architecture possibilities.
Squares were aggregated in different macrostructures according to the solvent, it is
explained by solvation process and hydrophobic effect. Next step for this work would
be to think about application. In particular, cherry-branches could be interesting for

semiconductor device in neuromorphic networks.
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3.GELS

3.1. PREVIOUS WORK

In the self-assembly domain, polyoxometalate-based gel is a not so developed
area yet. However, thanks to their redox properties and color swap possibilities, they
could be relevant candidates for many applications like photochromic and

electrochromic devices which are currently under interest.'”

As mentioned in the introductory part of this chapter, at the beginning of the
century B. Hasenknopf and coll. presented a system where an Anderson-type
polyoxomolybdate hybrid with pyridine-ending organic arms
(IMNMosO18{(OCH2)sCNHCO(4-CsH4N)}]*-) formed a gel in the presence of a Pd
complex ([PdCI2(PhCN)2])”. The addition of the latter in CD3CN and the subsequent
formation of macrostructure was followed by NMR. Gel formation is generally induced
by the addition of the right solvent. In this case, methanol is the key (and patience too
since it requires ageing for a few days). It finally turned in an orange transparent gel,
revealing a birefringent character, proving its anisotropic arrangement, when observed

under crossed polarized light (Fig. 20).

Figure 29 — Two photographs of the gel in a test tube of 1 cm in diameter. Left : taken under
ambient light to show the transparency of the gel; right: taken through crossed polarizers to show
the birefringence of the gel. S. Favette et al.; Chem. Commun., 2003, 2664-2665.

A slightly more recent example, from Prof. Marcella Bonchio and coll., reported
the case of self-assembled gel system with a fibrillar nanostructure.'® The POM here

is a chiral aminophosphonate pentamolybdate, [(RPO3).Mos01s]*; the idea being to
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protonate the amino groups ending the organic arms to form a network of hydrogen
bonds leading to a rodlike structure. In an EtOH/H20 (90/10) solution it turns into a gel
with an internal structure of entangled fibers. This hierarchical architecture was
observed by electron microscopy (Fig. 21), measuring the homogeneous fibers with a

diameter between 20 and 40 nm and a maximum length of 5 um.

1.8 nm

S

Figure 30 — Left: TEM analysis of entangled fibers network. Right: crystal packing diagram for
POMs arrangement.

3.2. AUTO-ASSEMBLY FORMATION: SAXS AND
NMR ANALYSIS

Terpyridine ligands are known for their abilities to form linear arrangement with
various divalent and trivalent metal cations. In the way to form dumbbell-like POM-
based dimers, we then grafted terpyridine units to monotopic organotin derivatives of
POMs (in the Keggin and Dawson series). The resulting hybrids, respectively named
Ksn[tpy] and Dsn[tpy] were obtained through a classical Sonogashira cross-coupling
reaction from the parents iodo aryl terminated hybrids. In presence of [Co(H20)e](NO3)2,
paramagnetic Co(ll) terpyridine complexes immediately formed. This phenomenon is
clearly visible by NMR analysis (Fig. 22) since paramagnetic character induced an
easily identifiable broadening of the 'H peaks in the vicinity of the metal center. The
conversion is total after the addition of 0.5 equivalent of metal complex per POM,
indicating a 2:1 stoichiometry.

45



To switch from Co(ll) to Co(lll) complex, tetrabutyl ammonium tribromide
(TBABr3) was added (0.5 equivalent) and the solution went from an orange tint to an

intense yellow.
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Figure 31 —H NMR (300 MHz) in DMSO-ds solution containing Ksa[tpy] (2mM, top left) and

Dsn[tpy] (top right) in the presence of 0.5 equiv. of [Co(H20)s](NOs), (middle); after oxidation of the

Co(ll) with 0.5 equiv. TBABrs; (down). M. S. Centallas et al.; Chem. Sci., 2020, 11, 11072-11080.

The final discrete species has a dumbbell-like structure. It was analyzed by

SAXS and the obtained patterns confirmed this architecture by its positive comparison
with the theoretical one computed by CRYSOL software (Fig. 23). Computational
calculated model was developed by Prof. Carles Bo and his team, by density-functional
theory method.
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Figure 32 — Top: energy-minimized structures of the dumbbell-like species (a) Ks[tpy].Co", (b)

Ksn[tpy].Co", (c) Dsu[tpy].Co", (d) Dsn[tpy].Co™. Bottom: SAXS pattern of a 1 mmol solution of the

molecular building-units Ks,[tpy] (left, black curve) and Dsy[tpy] (right, black curve) in DMSO-ds and

therir resulting dumbbell-shaped Co(ll) (red curves) and Co(lll) blue curves complexes and the

computed SAXS pattern (CRYSOL) of the optimized structures of Ks[tpy].Co" and Ds[tpy].Co" (dotted

black). M. S. Centallas et al.; Chem. Sci., 2020, 11, 11072-11080.
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3.3. AGGREGATION AND GEL FORMATION

In the correct solvent (water or acetonitrile) the linear dimer assemblies tend to
aggregate. SAXS analysis (Fig. 24) showed that the characteristic oscillations
observed earlier disappeared and new ones were observed, at g mid-values (around
0.4 A"), corresponding to new POM-POM interactions from a dimer to another, within
the aggregate. SAXS patterns also revealed that increasing the charge of the metal
center lead to bigger aggregates and shorter POM-POM distances (indicated by higher
g values) since the change from Co(ll) to Co(lll) induces stronger electrostatic
interactions. Same mechanism is observed between Keggin and Dawson, indicating

that when the charge of the POM is closer to the Co one, the aggregate will be gain in

stacking.
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Figure 33 — Top: SAXS pattern of a 1 mmol solution of the molecular building-unit Ks,[tpy] (left,
black curve) and Dsi[tpy] (right, black curve) and the resulting aggregates POM.Co" (red curves) and
POM.Co" (blue curves) assemblies in CDsCN. Bottom: data extracted from the SAXS curves of
Ksn[tpy].Co", Ksn[tpy].Co", Dsy[tpy].Co" and Dsy[tpy].Co" in CDsCN solution, d = 2r/q; values in bold
correspond to the main peak. M. S. Centallas et al.; Chem. Sci., 2020, 11, 11072-11080.
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It was observed that when dropped in ethanol, the discrete dumbbells formed
an organogel. This gel was washed in pure ethanol and then analyzed by
thermogravimetric analysis (TGA), resulting in the information that it was constituted
at around 7% by dimers, the rest being solvent molecules. When this gel is dropped in
water, solvent molecules are exchanged and a hydrogel is observed (clearly
distinguished by the slow sinking of the aggregate while molecules are exchanged),
TGA indicating this time 5% of dimer (Fig. 25).
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Figure 34 — (a) Ethanol organogel of Ksu[tpy].Co". (b) TGA of Ksn[tpy]
(black) and Ks.[tpy].Co™ as an ethanol organogel (red) and hydrogel
(blue). M. S. Centallas et al.; Chem. Sci., 2020, 11, 11072-11080.

Finally, SAXS analysis were run to gain information on gel structure (Fig. 26).
First information came from the peak observed between 0.2 and 0.7 A indicating that
a nanostructure organization is still existent. SAXS pattern also confirmed that
previously identified trends were also present here, meaning that Keggin systems are
more stacked than Dawson ones and Co'"'than Co'" (higher g values, indicating shorter
POM-POM distances).
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Figure 35 — Left: SAXS pattern of the POM.Co" organogels: Ks,[tpy].Co" (plain blue), Ksa[tpy].Co" (plain
red), Dsy[pty].Co" (dotted blue) and Ds,.Co" (dotted red). Right: data extracted from the SAXS curves
of Ksa[tpy].Co", Ksn[tpy].Co", Dsu[tpy].Co" and Dsn[tpy].Co™ as organogels, d = 2rt/q; values in bold
correspond to the main peak. M. S. Centallas et al.; Chem. Sci., 2020, 11, 11072-11080.
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3.4. SUMMARY

The work presented here was detailed in a paper published in early 2020."°
From this article, only the results obtained as part of this thesis were detailed here, but
a large work has also been done on the computational part, feel free to refer to it if
interested.

Discrete dumbbell-like species were synthesized from auto-assembly of POMs
(both Dawson and Keggin) hybrids and Co complex in DMSO. When dispersed in
acetonitrile the discrete species reacted to form larger nano-assemblies, while in
ethanol an organogel was obtained. In both cases, electrostatic interactions ruled the
formation. Next logical step from here would be to obtain more information about

mechanical properties of the gel.
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4. CONCLUSION AND PERSPECTIVES

Polyoxometalates hybrids are greatly promising for self-assembly structures owing
to their charged and chaotropic nature. In this part, two examples of those were
detailed. In the first one, a unique discrete supramolecular species was obtained, while
in most cases mixtures of species of different nuclearities were formed. To do so, a
new metallic complex with rigid organic arms was used to obtain only square-shaped
discrete species. Aggregation of this species in different solvents (acetonitrile and
water) was studied. Large structures (i.e. vesicles and elongated cherry-branches)
were formed and characterized by combination of SAXS and TEM. A possible
application for these systems could be in semiconductor devices for neuromorphic
systems. The presence of a cavity-topology, similar to those developed by Fujita redox-
active cages-like supramolecular species, could also be considered.?®

In the second case, organogel and hydrogel were obtained from self-assembled
POM dimers around a cobalt center. Due to the original character of such a system, a
complete physico-chemical study is required, mechanical characteristics of the gels
should be investigated and a detailed rheological study seems necessary before
thinking about applications. Then, another interesting work should concern the impact
of POMs and metallic center variation and see what impact it can have on gel
properties.
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1. INTRODUCTION

1.1. POM/SUBSTRATE INTERACTION

1.1.1. MOTIVATION

he great structure versality presented by polyoxometalates, offering a

multitude of potential properties in many different fields, makes them highly

relevant candidates for applications in a wide variety of domains, such as
memory devices as it will be detailed later; however, it is quite often mandatory to
immobilize them first on a substrate.

To obtain a system where the POM is deposited on a surface, many ways are
possible: drop casting / spin-coating, ionic interactions (negatively charged
polyoxometalates with positively charged counter species), MOF / COF / polymer
embedment, covalent grafting... While layer-by-layer (LBL) systems, relying on
opposite charges interactions, are mainly used widely, this thesis will focus on covalent
grafting.

Regarding substrates selection with conductive nature, the most common
choices are gold, ITO, silicon, HOPG and glassy carbon. One will be favored over the
others according to the deposition method and the final application aimed or
characterization techniques used.

1.1.2. LAYER-BY-LAYER: SELECTED EXAMPLES

Among the most commonly used paths for polyoxometalate deposition on
surface is the layer-by-layer (LBL) method and there are two main reasons for that.
First, it allows a step-by-step control of the thickness of the deposited system. Second,
generally, on POM-based LBL systems, polyoxometalate layers are separated by
layers of positively charged organic molecules, offering possibility to tune the system
by introducing new properties.
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The construction of a LBL system is well summarize in a review published by
Prof. Dirk G. Kurth and coll. in 2003" about polyoxometalates integration in larger
system for technological applications by electrostatic layer-by-layers self-assembly
method (called ELSA). The process is quite simple, it relies on the alternation of dipping
a non-neutral (electronically speaking) substrate in solution of negatively charged
POMs or cations (Fig. 1).

POM Deposition

Wash PE Deposition
Figure 36 — ELSA deposition example scheme (PE =
Polyelectrolyte, many PE/POM combinations, here PE is
poly(allylamine hydrochloride) and POM
[Na(H20)PsW300110]**). S. Liu et al.; Journal of Cluster
Science, 2003, 14, 3, 405-419

In a paper from 2011, Prof. Christoph Bubeck and coll. presented a system
where H3PW12040 POMs were assembled with graphene oxide according to the LBL
method.? Aiming for the photocatalytic property of POM to allow the reduction of the
graphene oxide (GO) under UV irradiation, the idea is to implement it in a field-effect
transistor (FET) device to tune its performance. Since the photoreduction was
confirmed by a color swap (Fig. 2), they created a FET device based on it and
successfully shown the impact of the system thickness (the number of deposited

layers) on its performance (on/off ratio and charge carrier mobility).
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Figure 38 — Optical images of a LBL POM-GO based multilayer film prepared on
a quartz substrate before (A) and after (B) 6 h of UV photoreduction and on a
flexible PET substrate before (C) and after (D) 6 h of UV photoreduction. Both
substrates are coated first by a PET/POM precursor film. H. Li et al.; J. Am.
Chem. Soc., 2011, 133, 24, 9423-9429

In the global ecological crisis that we are living, it is primordial for scientists to
participate in the general effort, thus it is interesting to observe how polyoxometalates
are used in this area. Artificial photosynthesis being one of the hottest topics of our
time, it is not a huge surprise that some researchers thought about polyoxometalates
in this domain too. This is the case of Prof. Jungki Ryu and coll. who reported in 2017
a photoelectrochemical device enhanced by POMs incorporation.® A photoanode for
solar water oxidation was ornamented by a LBL deposited topping of POMs (Fig. 3) in
the idea of improvement regarding stability and photocatalytic properties. Once again,
the degree of improvement is depending on the thickness of the system.

Repeat
ex. Fe, 0,5, TIO,
, BiVO,, etc.
‘ ‘ o

Polyelectrolytes POM(-) Photoanode-(PE/POM),
(PE) (+)

Figure 37 —Scheme of LBL assembly of a photoelectrochemical device. D. Jeon et al.; ACS Appl. Mater.
Interfaces, 2017, 9, 40151-40161

Another example of potential ecological application was reported by Prof.
Timothy McCormac and coll. last year.* Phosphate excess provoked by mankind
existence leads, by an eutrophication process, to an oxygen impoverishment of the
seabed and the death of aquatic ecosystems. The Dawson-based POM / Cu-
phthalocyanine (Cu(PC)) LBL system presented here is aiming to help phosphate
detection and quantitative estimation in water sample analysis. To do so, the device

was tested by cyclic voltammetry: waves presence and evolution were compared while
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adding phosphate in the solution (Fig. 4). The system has shown his efficiency and
hopefully more and more papers will be published in the future regarding this topic.
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Figure 39 — Cyclic voltammogram of a multilayer assembly of Cu(PC)/PSS comprised of 4 bilayers
in the presence and absence of various concentration of phosphate in pH 7.0 buffer solution (Tris-
ammonium + maleic anhydride + NaCl) at a scan rate 10 mV.s™. B. Ali et al.; J. Elec. Chem., 2020,
858, 113170

1.2. COVALENT GRAFTING

1.2.1. PREVIOUS WORK  AND SELECTED
EXAMPLES

In comparison to the LBL method, where the POM doesn’t need modification to
be immobilized since it's already negatively charged, it is true that covalent grafting
can first seems as an overcomplication in the way of immobilizing POM on a surface.
Indeed, to be able to covalently graft a polyoxometalate it is necessary to add a
connecting moiety and then to modify our species (lacunary POM, functionalization,
Sonogashira post-functionalization...). However, whereas LBL relies on electrostatic
interactions obtained by a reversible reaction, a covalent bond means stronger
interaction, hence stability of the final device and a diminution of denaturation risk.
Moreover, by simplifying the final device (elimination of the cationic intermediary
species) there is more control on the POM — substrate interaction.

57



Covalent grafting can actually be achieved by two paths: one-step (direct) or
two-steps (indirect). In this thesis only direct grafting, where the linking moiety is
already attached to the POM, will be used, but it is important to mention that indirect
grafting has also been explored, a two steps reaction where a monolayer of reactive
moiety is grafted on the surface before POM hybrid bonds to it.

One of the examples of POMs covalently immobilized on surfaces is from 2005,
when Prof. John Errington and coll. reported a system where POMs were grafted in
two steps.® In this paper, silicon surface is covered by alkyl chains terminated by
alcohol moieties, then a Lindqvist-based POM hybrid, [TiWs01s(MeQO)]*, is grafted

through an alcoholysis reaction to form covalent alkoxide bonds (Fig. 5).

Figure 40 - Two-steps POM grafting process on hydrogenated Si surface.
R. J. Errington et al.; Angew. Chem. Int. Ed., 2005, 44, 1254-1257.

Few years later, Prof. Leroy Cronin and coll. reported the case of a covalent
SAM of Anderson-type POM hybrids asymetrically grafted.® The idea is to exploit the
affinity between human fibroblast cells and pyrene platform, polyoxometalates were
designed to have a pyrene moiety on one side and an amino on the other side :
[MnMogO24(C4sHsN)(C20H1sN)]*>. 16-mercaptohexadecanoic acid is first deposited on a
gold surface to allow the subsequent covalent bonding with the amino moiety. Since
the SAM is deposited according a micropattern, they confirmed by microscopy that the
cells respected POM-location (Fig. 6). Moreover, variation tests revealed that with two
amino moieties, or without the POM, cells didn’t respect any location pattern, indicating

that if the pyrene platform is essential, it is also true for the polyoxometalate.
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Figure 41 - SEM images of the interactions between hTERT cells and the pyrene
group modified Anderson cluster linked to the SAMs. Cell locate themselves
exclusively on the patterned areas: (a) full overview on the surface; (b-d)
enlarged images. Y.-F. Song et al.; JACS, 2009, 131, 1340-1341.

On the direct grafting side, many papers have been published by our group. In
2018, Dr. Maxime Laurans et al. reported a study about the identification of the POM
(TBA3[PW11039{Sn(CeH4)C=C(CsH4)N2}]) molecular signature after grafting to an
hydrogenated Si surface.” By varying the constitutive metal (W/Mo) they showed that
solid-state grafted POMs follow the trend of free POMs in solution (the Mo-based one
is easier to reduce) by running I-V curves, on silicon-molecules-metal (SMM) junctions
by applying a mercury drop as top electrode (Fig. 7), which disclosed tunneling barrier
heigths. This work also revealed a primordial aspect of grafted POM: the electronic
coupling between the POM and the substrate is weak, meaning a long data retention
time, which is favorable for memory application.

I ;|4TBA ! T]4TBA 74TB; l T]4TBA

Figure 42 - Scheme of the molecular layer grafted on a Si substrate and the SMM
junction Si-POM-//Hg. M. Laurans et al.; Nanoscale, 2018, 10, 17156-17165.
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It is worth noticing that not only metal variation has been investigated but also
nearly all the major fundamentals aspects of the POM/substrate interaction, not only
they have been characterized (by electrochemistry, XPS, IRRAS...) but the charge
transfer kinetics between POM and substrate has also been studied on different
surfaces (graphene, Si, Au...); impact of variables such as organic arm length and
grafting method were also reported.8-"°

When it comes to grafting, our group used to synthesize a POM hybrid with an
organic arm ending by a triazene moiety (N3Et2) by Sonogashira cross-coupling.
Aiming for a diazonium ending moiety, the POM hybrid was dissolved in acetonitrile
and 3 equivalents of HCI were added (Fig. 8). After precipitation, the final POM hybrid
was stored in the freezer and was stable for some weeks.
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Figure 43 —*H NMR monitoring of Kse[N2'] formation from Kese[NsEt:] by addition of HCI
in CDsCN. C. Rinfray, thesis, Université Pierre et Marie Curie, 2014.

The grafting itself is realized by cyclic voltammetry. The first step is the reduction
of the diazonium moiety, it leads to the releasing of dinitrogen and the formation of
highly reactive radical aryl which will immediately covalently bonds to the substrate
(Fig. 9).° It is worth noticing that the activation is unnecessary on silicon-hydrogenated
or graphene substrates since the grafting occurs spontaneously.
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Figure 44 — Mechanism (a) and cyclic voltammogram (b) of electroreduction grafting of the
diazonium Kse[N>']. C. Rinfray, thesis, Université Pierre et Marie Curie, 2014.

1.2.2. DIAZONIUM IN SITU FORMATION

The previous synthesis path presented an issue that leads to the research of a
new way to form N.* termination. Indeed, the acid introduction in the last step,
formation of diazonium by HCI addition, induced a partial counter-ions swap (H*
instead of TBA*) which modifies and complicates the interpretation of the peaks
obtained in cyclic voltammetry. This problem was solved by an in-situ formation of the
diazonium without proton addition in the solution.

Prof. J.C. Lacroix and his team reported an acid-free path for R-N>* formation
from R-NH, relying on tert-butyl nitrite (tBuO-NO) addition in large excess (15
equivalents).'2 While the mechanism itself is still under investigation, the diazonium
formation was confirmed by evidences on absorption spectra and cyclic voltammetry

characteristic wave (Fig.10).
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Figure 45 -Cyclic voltammogram of, in-situ formed, diazonium
salt reduction (5 x 10* M in acetonitrile with Bus;NBF; 0.1 M)
on GC electrode: 1st cycle to 5th cycle. Scan rate 0.1 V/s. V.
Stockhausen, G. Trippé-Allard, N. Van Quynh, J. Ghilane, J.-C.
Lacroix; J. Phys. Chem. C, 2015, 119, 19218-19227.

1.3. MOLECULAR MEMORY

1.3.1. INTRODUCTION

Dynamic random-access memory (DRAM) is currently the leading memory
device in industrial applications, it is based on the combination of a transistor for
reading and writing steps, and a capacitor for information storage. However, it has
structural defaults such as an intrinsic volatility. Thereby, other memories devices are
under vigorous research. Among them, resistive random-access memory (RRAM) is
carefully observed with high expectations. RRAMs have a simple metal-insulator-metal
structure and many advantages such as their nonvolatility.

According to the set-up, what is called “memory effect” can be represented by
different aspects such as mechanic or magnetic, however in RRAM it corresponds to
electric resistance switches. In this kind of device, the application of a determined
voltage leads to a lowering of the resistance switching the device from an insulating
state to a conductive state through the apparition of a conduction path.'
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WORM (Write-Once-Read-Many) and flash are two types of RRAMs that can
be obtained from the fabrication of memory devices. While both are non-volatile, which
is mandatory to outperform DRAMSs, they have different characteristics. WORM, as
indicated by its name, offers a high stability, both time and electrically speaking. As
indicated by its name, when an information is stored in a WORM device, it can be read
as many times as desired but it cannot be erased. On the other hand, flash offers the
possibility to erase and re-write over and over.

In this emerging domain, the utilization of a molecule as the molecular memory
layer is even more emerging area and that will be the focus of this part with POM-
based hybrids deposited between two metal electrodes.

1.3.2. SELECTED EXAMPLES

Among the most studied molecules for molecular memory are ferrocene and
porphyrin.'-16 Porphyrins present multilevel potential, because of the different charge
states in which they present high stability (at ambient temperature and pression):
neutral, monocationic and dicationic. When it comes to porphyrin, information storage
means removing an electron, leaving a hole and forming a Tr-cation radical). Thus,
writing means charge storing and reading means measurement of the stored charges.

Since DRAMs volatility, due to leakage from transistor (millisecond scale),
requests frequent refreshment, presenting a higher charge retention time could be a
way to outperform the old DRAMSs. In a paper from 2000, Prof. Werner G. Kuhr and
coll. reported a system where four different porphyrins were tested.'” Porphyrin-
derivates were obtained by attaching a thiol-ending organic arm, allowing a self-
assemble monolayer film to be formed on a gold microelectrode. They tested the
charge retention time of their system and the impact of the length of the organic arm
on it. They conclude that elongating the arm led to higher retention time, up to 885
seconds and a multiplication superior to seven times when the longest arm is
compared to the smallest. Few years later, Prof. Jonathan S. Lindsey and Prof. David
F. Bocian went a step further and synthesized, in collaboration with the industrial sector,
a prototypical test chip.'®
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Another example of memory device newly developed is the one presented by
Prof. Pooi See Lee in 2016."° In this article a RRAM flexible device is fabricated.
Hexagonal boron nitride (hBN) is deposited on Cu foil / PET substrate and recovered
by Ag plots as top electrodes (Fig. 11). After memory property is disclosed (Fig. 12) by
analyzing switching mechanism and retention time of hBN, they confirmed that the Cu
foil (partially oxidized) did not interfere on its performance by testing another substrate
(ITO) and top electrodes (Au). The system presented highly performant retention time,
writing-erase cycles and, furthermore, bending capacity.

Cu foil BE

Figure 47 — (a) Schematic of the Ag/hBN/Cu foil on PET substrate device array. (b) Cross-
section TEM image of the Ag/hBN/Cu foil memory cell, and the thickness of hBN is about = 3
nm. K. Qian et al.; Adv. Funct. Mater., 2016, 26, 2176-2184.

1E-3 +

1E-4
< 1ES
N
5 1E-64
E
=
© E-74
1E-8+ =
-1.0 0.5 0.0 0.5 1.0

Voltage (V)

Figure 46 — The switching characteristics for the hBN memory device after electroforming
process. K. Qian et al.; Adv. Funct. Mater., 2016, 26, 2176-2184.

1.3.3. POM IN MEMORY DEVICES

As previously explained, molecules that can have multi-redox stable stages are

highly interesting for memory devices since it means multi-level storage property and
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thus downsizing possibility (density increase). In this context POMs, considering their
properties, are logically contemplated to integrate this kind of system.2°

Transition metal oxide (TMO)-based memory devices aim for fabrication of non-
volatile resistive random-access memories (RRAM). In this kind of device, the memory
property is governed by resistive switching. This mechanism corresponds to a
resistance modification in the TMO induced by the application of a determined voltage.

In view of gaining understanding on the precise role of the POM in the memory
device and the underlying mechanisms, Prof S.-T. Han reported studies investigating
the resistive switching and the role of the redox property, characterizing
polyoxometalates, in the formation of the conductive path.?!-22

Prof. Qichun Zhang, Prof. Pooi See Lee and coll. published in 2014 a paper
where the multi-redox property of POMs was used to obtain a highly performant RRAM
device.? In this example, Anderson-based hybrid POM
(IN(C4Hog)4]3[MnMosO1s{(OCH2)3-CNH2}2]) (Fig. 13) is embedded in a polymer for its

processability.
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Figure 48 - The synthesis of the POM hybrid polymer. B. Hu et al.; Chem.
Sci., 2013, 00, 1-5

The obtained system presents a ternary memory property (Fig. 14),
corresponding to 3 reduction states of the POM (Mn (+1V), Mn (+1ll) and Mn (+II)). To
switch from one to another, a precise voltage needs to be applied:

- -2V, OFF (or high resistance state) to ON (low resistance state): Mn (+IV) is
reduced to Mn (+lI).
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-+ 1V, ON to intermediary state: Mn (+II) oxidized to Mn (+lII).

- +1.5V, intermediary to OFF: Mn (+1ll) oxidized to Mn (+1V).
They successfully synthesized a highly performant multilevel rewritable memory
device based on polyoxometalate hybrids.
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Figure 49 — (a) Schematic illustration and (b) the |-V characteristics of the memory
device based on the POM hybrid polymer. B. Hu, C. Wang, J. Wang, J. Gao, K.
Wang, J. Wu, G. Zhang, W. Cheng, B. Venkateswarlu, M. Wang, P. S. Lee, Q.
Zhang; Chem. Sci., 2013, 00, 1-5

More recently, Prof. Zhi-Rong Chen and his group reported the case of Keggin-
type POMs ([GeW12040]*) embedded in a metalloviologen ([Coz(bpdo)s(H20)s]x*")
metal-organic framework (MOF).?* The idea is that POMs will form hydrogen bonds in
MOF cavities, and thus form a stable non-volatile memory device (Fig. 15 (a-b)). A big
expected asset for it concerned its thermal resistency. To confirm it, endurance was
tested at both room temperature and at 150°C (Fig. 15 (c-d)). Heating revealed a
structural compression but no loss in performance, opening the door for potential

usage in harsh environments.
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Figure 50 — POM here is [GeW1,040]*. (a) I-V curves of the ITO/POMOF/Ag device with
one cycle; (b) Schematic illustration of the ITO/POMOF/Ag memory device; (c) cycle
endurance of the ITO/POMOF/Ag device at room temperature; (d) cycle endurance of

the device treated by heating at 150°C. B. Chen et al.; Chem. Mater., 2021, 33, 2178-
2186.

The examples here were selected in the idea of showing that POMs are
promising candidates for taking the role of insulator in the classic metal-insulator-metal
structure of RRAMs. That is why in the following of this part, the case of a grafted thick

and robust layer of polyoxometalates on ITO, developed between NTU and SU, will be
presented.
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2.DEVELOPMENT OF THE METHOD

Aiming to continue to explore the potential of POMs in electronic molecular
domain, the idea in this thesis was to develop a covalent bond with the substrate,
thanks to the activation of a diazonium moiety, generated in situ. Logically the first step
was then to obtain a POM hybrid with amino ending.

2.1. POMS SYNTHESIS

Selection of the right POM-based hybrid, to obtain multilayers of good quality,
has been the first subject of discussion for this thesis. Both Keggin and Dawson-type
POMs were considered (Fig. 16) because of their outstanding redox potential as
detailed in introduction. POM hybridization (especially addition of tin and bis-silyl
organic arms) is quite well mastered in our laboratory in the form of a reaction between
nucleophilic oxygens of the lacunary POM and presynthesized organo-tin or -silyl
(SnCl3CsHal or RSi(OH)3). For the counter-ion, tetrabutylammonium (TBA, N(C4Ho)4")
was chosen, since it allows to solubilize the POM in organic solvents.

NH,

NH
Il

z o
Q. ()

® 3

Figure 51 — for all, TBA counter-ions are not represented for clarity; (left) Kso[ArNH.]; (center)
Ks,‘[AfNHZ];' (right) Ds,[AfNHz].

[N(CsHo)4]Ja[PW11039{Sn(C14sH10N)}]  (Ksn[ArNH2]) was obtained from
Sonogashira cross-coupling of the hybrid POM [N(C4Ho)]4[PW11039{Sn(CsHal)}] (Ksn[l])
with 4-ethylaniline, catalyzed by bis(triphenylphosphine)palladium(ll) dichloride
(PdCI>(PPh3)2) and copper(l) iodide (Cul) in DMF; same goes for
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[N(C4Ho)4]3s[PW11039{Si>O(C14H10N)2}] (Ksi[ArNH2]) from
[N(C4Ho)4]3[PW1103e{Si2O(CesHal)2}] (Ksi[l]) and
(IN(C4Ho)als[P2W17061{Si2O(C14H10N)2}]) (Dsi[ArNH2]) from

[N(CaHo)]le[P2W17061{Si20O(CeHal)2}] (Dsi[l]) (Fig. 16).

To confirm the successful synthesis and after a washing process (precipitated
in ether, addition of CH2Cl>, washed in water and reprecipitated in ether), they were
characterized by 'H (3'P in annex) NMR (Fig. 17) and electrochemistry (Fig. 19). Peaks
of the newly elongated organic arm ending by an amino group were undoubtedly
observed. Even if they are not present on Fig. 17, TBA peaks are present on '"H NMR
spectra (3.14, multiplet, 32H, N-CH>-CH2-CH2-CHs; 1.65, multiplet, 32H, N-CH2-CH.-
CH2-CHgz; 1.43, sextuplet, Ju,n = 7.5 Hz, 32H, N-CH2-CH2-CH2-CHs3; 1.00, triplet, Jun =
7.5 Hz, 48H, N-CH2-CH2-CH2-CH3). The particular doublet of doublet peaks
observable in the case of Ksn (for instance: Fig. 17 (a, top)) is due to J-coupling
between H and Sn (Jsnn = 15.32 Hz and Jsnn = 47,44 Hz).
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Figure 52 — part of *H NMR spectra in CDsCN of (a) Ks.[l] top and Ks,[ArNH>] bottom; (b) Ksi[l] top and
KsifArNH,] bottom; (c) Dsi[l] left and Dsi[ArNH] right.
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About choosing the right POM, research started with Ksn[ArNH2] since it was
the best known by the team. However, to obtain a bi-functionalized POM was thought
to be more interesting than a mono-functionalized one. Indeed, the expectation was
for one arm to form a covalent bond with the substrate and for the second to bond with

an arm from another POM, allowing the possibility to form thicker film (Fig. 18).

ﬁo 6‘# ﬁo
b s pi

Figure 53 - Scheme representation of the expected chaotic grafting of Dawson POM with two silyl
arms. Inspired by V. Derycke (Y.-P. Lin et al.; Sci. Rep., 2016, 6, 1, 31932.

Thus, Ksi[ArNH2] was studied. Yet, since Berzelius’ yellow precipitate, POM
solubility is an issue. This new hybrid being negatively charged only three times, it was
not surrounded by enough TBA to allow a good solubilization in acetonitrile (especially
with [N2]* moieties). A highly charged POM with two arms was necessary, then
Dsi[ArNH2] appeared to be the best choice.

In Fig. 19, CV of Ksh[ArNH2], Ksi[ArNH2] and Dsi[ArNH2] are represented with
ITO as working electrode and glassy carbon (for Ksn[ArNH2] and Dsi[ArNH]). When
the electron transfer to the mono-functionalized POM seems reversible, it appears to
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be not so clear for the bi-functionalized one. It is also worth noticing that the working

electrode has a real impact on the spectrum quality since the ones ran with glassy

carbon are way more precise than those realized with ITO (Ksn[ArNH2] example is

displayed in Fig. 19). The glassy carbon example reveals the reversibility of the redox

property of the hybrid (first reduction peak: -1.04 V, first re-oxidation peak: -0.96 V,

gap: 80 mV, V vs ECS).
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Figure 54 - CV of (top left) Dsi[ArNH>] on ITO; (top right) Ks[ArNH] on ITO; (bottom left) Ksp,[ArNH] on
ITO, (bottom right) Kso[ArNH,] on glassy carbon. 1ImM. 0.3 V.s™. In acetonitrile, with TBAPFs (0.1 M).
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2.2. IN SITU DIAZONIUM FORMATION

2.2.1. NMR MONITORING

Since the mechanism of the in situ diazonium formation by addition of tBuO-NO

is still under investigation, it is only known that a large excess of it is needed, it was

necessary to determine the exact number of equivalents by monitoring the formation

of the diazonium function formation with NMR. Fig. 20 represents this follow-up for
Ksn[ArNH2] and Dsi[ArNH2]. 15 equivalents appeared to be the minimum necessary

amount. Increasing of this number was tested but revealed to having no impact. In the

case of Ksn[ArNH2] NMR monitoring indicated that after five equivalents, new peaks

appeared but the resulting spectra was highly chaotic and rough-hewn. It required

a
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tBuO-NO 5 equiv
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Figure 55 — "H NMR spectra in CDsCN of (a) Ksn[ArNH:] on top, after the addition of 5 equivalents of
tBuO-NO in the middle, after the addition of 15 equivalents at the bottom; (b) Dsi[ArNH2] on top, after
the addition of 20 equivalents of tBuO-NO in the middle, after the addition of 40 equivalents at the

bottom.

fifteen equivalents to get it clear and distinct. In the other hand, for Dsi[ArNH], addition
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of tBuO-NO only lead to an impasto, or an extreme broadening depending on the side
it is considered from, where more than precise peaks, only lumps can be distinguished.
The most likely explanation for this phenomena is that Dawson anions present higher
charge than Keggin anions, favorizing species aggregation, electrostatic interactions
being induced by the apparition of positive charges at the end of the organic arms.

From this point it was decided that 15 equivalents of tBuO-NO were sufficient to
perform a full synthesis, this being used for the rest of the work detailed later in this
thesis, unless contrary is indicated.

2.2.2. COMPLEMENTARY TESTS WITH NOBF4

For comparison, synthesis of the diazonium derivatives was tried with NOBF4,
a way to obtain and isolate diazonium moieties. To do so, six equivalents of NOBF4
(for each amino moiety) are added to a solution of Dsi[ArNH:] in acetonitrile at -20°C.
The number of equivalents was decided thanks to previous work from Dr. Rinfray, as
he explained in his thesis that 2 or 4 equivalents were not sufficient. After five minutes,
the obtained POM hybrids (after precipitation in ether and filtration) are analyzed.
However, as revealed by NMR (Fig. 21), the resulting precipitation seems to have more
distinguishable peaks (this being explained by the fact that large agglomerates are
eliminated during the washing process and resolubilization) and as it will be detailed
later, post-grafting analysis did not reveal any real improvement.

tBuO-NO NOBF,

T T T T T T T ‘
9 !
Figure 56 —1H NMR spectra in CDsCN of (left) Ds,[Aer*] obtained via tBuO NO (20
equivalents); (right) Dsi[ArN,*] obtained via NOBF, (6 equivalents).
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2.3. GRAFTING PROCESS INVESTIGATION

2.3.1. GRAFTING METHODOLOGY

The grafting itself takes place in a three-electrode electrochemical cell (Fig. 22).
POM[ArNH] is solubilized (1 mM), under nitrogen atmosphere, in a solution of TBAPFe
(as electrolyte) 0.1 M in acetonitrile. ITO was chosen as substrate, it can perfectly plays
the role of bottom electrode in the final system, it is not so expensive price and is
interesting in view of applications and the groups, both in NTU and SU, had already

developed a savoir faire towards it.

Reference electrode:
saturated calomel
electrode

Counter electrode:
Pt wire

Working electrode:
ITO substrate

TBAPFs 0.1 M
in CHsCN

Figure 57 — Scheme representation of the
electrochemical cell three-electrode set-up

When tBuO-NO is added to the solution, formation of a small precipitate can be
observed. As it is considered undesirable in the close vicinity of the substrate, a waiting
time of five minutes is added to the process, allowing the precipitate to reach the

bottom of the cell.

Standard procedure corresponds to a POM concentration of 1 mM and 10
successive grafting cycles between 0 and -1 V. After grafting, substrate is washed (with
CH3CN and DMSO) and put back in the cell containing only the supporting electrolyte.
CV are then run to confirm the presence of immobilized POMs on the substrate (Fig.
23). Post-grafting cyclovoltammograms indicated high reversibility in the redox process

as shown by waves values and gap (for Ksn, first reduction peak: -1.053 V, first re-
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oxydation peak: -1.028 V, gap: 25 mV,; for Ks;, first reduction peak: -0.365 V, first re-
oxydation peak: -0.349 V, gap: 16 mV; for Dsy, first reduction peak: -0.637 V, first re-
oxydation peak: -0.559 V, gap: 78 mV).

A voltage sweeping rate study was performed to confirm the strengh of the
bonding between the POM and the substrate. The obtained data of the intensity of the
first reduction peak as a function of voltage sweep-rates or speed (from 0.1 V/s to 5
V/s) were plotted and the coefficient of determination close enough to 1 to assurate
the linearity of the plot and thus that POMs is successfully immobilized on the substrate.
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Figure 58 - CV of grafted POMs on ITO. (top) Keggin with Sn arm; (center) Keggin with Si arms;
(bottom) Dawson with Si arms. 0.3 V.s™.. (Graph) first reduction peak relative maximum intensity (A)
evolution with speed (V/s)
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2.3.2. METHODOLOGY REFINEMENT

2.3.21. SUBSTRATE COVERAGE

Quickest way to determine the substrate coverage, and thus to judge the
grafting efficiency, relies on surface coverage or gamma calculation (equation 1).

(eq. 1) r=Q/FA [mol.cm?]

Where T is the surface coverage in mole per square centimeters, Q is the redox charge
in Coulombs, F the Faraday constant (96 485 C.mol ") and A the surface area (in cm?).
The key point to reach gamma is the integration of the reduction peak that will offer the
Q value. Thanks to that coverage, estimation of the surface is available. For instance
in Fig. 23, it indicates that Ks[ArNH2] leads to a very low coverage, 1.08 x 10-'" mol.cm-
2, in comparison with Ksn[ArNH2] and Dsi[ArNH2], 1.57 x 10" mol.cm? and 1.38 x 10-

9 mol.cm™ respectively.

According to Dr. Corentin Rinfray calculations (cf. C. Rinfray, thesis, Université
Pierre et Marie Curie, 2014), a fully packed POM-hybrids monolayer corresponds to a
gamma value of 9.2 x 10" mol.cm™. This is calculated in the case of the Keggin, since
Dawson is mostly used in this thesis, and the aim being multilayers, this value gives a

pretty relevant worst-case estimation for our grafting structure determination.

Gamma value gave information about the impact of any changes during the
grafting process. It allows to monitor the effects of several parameters such as
potential range and number of cycles confirming that they had no impact on the
coverage. The idea to check a possible impact of the potential range on grafting came
from a paper published by Prof. Kim Daasbjerg and coll. where they reported the case
of anthraquinone (AQ) moieties electrografted by diazonium activation on gold
substrate.?® In this article they detailed that according to the potential range during
electrografting, the thickness of the layer was controllable (thicker layer when the
reduction peak of AQ is included in the potential window for grafting, thinner when only
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diazonium activation peak is). In the case of this thesis, while the two first reduction
waves of Dawson and Keggin-type POMs are included between 0 and -1.5 V, the
reduction one of the diazonium on the other hand lies between -0.3 V and -0.5 V.
Investigation on the potential impact of POM reduction waves on the grafting was then
realized by comparing grafting when including the two waves, just one and finally only
the diazonium reduction (Fig. 24), but it revealed to be none (Fig. 25). Same goes for
the study about cycling repetition, increasing of this number up to 75 was tested but it

didn’t reveal to have any real impact

Current (A) Current (A)
1,00E-04 5,00E-05
0.00E+00 0,00E+00
-1,00E-04
-5,00E-05
-2,00E-04
-1,00E-04
-3,00E-04
-1,50E-04
-4,00E-04
-2,00E-04
-5,00E-04 ’ ] ) ) )
p 05 0 08 -06 -04 02 0
Applied potential (V vs SCE) Applied potential (V vs SCE)

Current (A)

1,00E-05
0,00E+00
-1,00E-05
-2,00E-05
-3,00E-05
-4,00E-05
-5,00E-05
-6,00E-05
-0,5 -0,3 -0,1

Applied potential (V vs SCE)

Figure 59 — CV of Dsi[N>"] (top left) between 0 and -1 V; (top right) between 0 and -0.75V;
(bottom) between 0 and -0.5 V. 0.3 V.s™,

Gamma variation indicates that most of the time, a second grafting process
(from a new solution) increases the amount of grafted POMs (gamma increases),
leading the double grafted substrates to be categorized as the basic substrates for
further characterizations. After that, it is harder to find a general rule, but on some

occasions a gamma increase during multiple grafting (up to six) was successfully

78



PART Il — ANILINE, DIAZONIUM, GRAFTING AND MEMORY EFFECTS

obtained - notably the case of three substrates grafted successively from the same
hybrid batch and with the same method, the first one being double grafted (I' = 1.35 x
10-'° mol.cm™), the second quadruple grafted (I' = 3.51 x 10" mol.cm) and the third
sixfold grafted (I' = 6.60 x 10-'° mol.cm-?).
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Figure 60 - Different average gamma values according to where grafting
cycles are stopped.

Other modifications than potential range were also tested to check a potential
impact on the grafting performance. POM concentration variations seemed to reveal
that a plateau was reach at 1 mM, under this value lower gamma were obtained, but
higher value didn’t show any improvement (Table 1). Waiting time after the addition of

tBuO-NO was studied too but without revealing any gamma impact.

el R R R N
(mM)

I (mol.cm?) 223x10  964x10 1.38x10° 1.18x107

Table 1 - Gamma values of grafted Dsi[ArNH;] on ITO. Variation of the POM concentration
Following standard grafting procedure except on concentration. All realized in the same
conditions with the same batch.

Then, chronoamperometry (CA) was considered, to check if stabilizing the
potential at a determined value (-0.5 V so it includes the diazonium activation peak)
could improve grafting performances. However, it didn’t reveal any gamma value

enhancement as shown by Fig. 26.
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Figure 61 - (top) CV of complete substrates with POM layers grafted by chronoamperometry with
different grafting times (10 s in blue, 30s in orange, 1 min in grey and 2 min in yellow). (bottom) Table
of gamma values of the grafted layer after CA.

Before concluding this subpart, it is important to precise one last thing about
reproducibility. If frequently the gamma ends in the expected range, situations with a
very low gamma (under 5 x 10""" mol.cm™ for a double grafted Ds; layer that should
lands around 2 x 107" mol.cm?) were sometimes encounter. Most logical explanation
being a lower quality POM batch, but it is not clearly determined yet. Thus, it is safe to

say that in around 80% of the cases, no problem was encountered.

23.2.2. AFM CHARACTERIZATION & SWISS-CHEESE
STRUCTURE

After repeated grafting completion, average gamma estimation was in a range
between 1.2 x 107" mol.cm? to 2 x 107" mol.cm™ (for monografting), meaning that
grafting was successful but further characterization was necessary, to get an idea of
the surface uniformity. To do so, the substrate was analyzed by AFM.

Topographic microscopy revealed surprising results. Indeed, what was
expected to be a thin film (our POM size being estimated under 3 nm), luckily uniform,
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turned out to be a thick holey film that could grow up to 1 um. The three different POMs
were tested to confirm our results (Fig. 27).
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Figure 62 — AFM images of monografted layers on ITO and corresponding height profile. (a)
KSn[AI‘NHz_]; (b) Ks[[AI’NHz],‘ (C) Ds[[AI‘NHz].
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These images being in total contradiction with the gamma value (all estimated
under 2 x 10" mol.cm?) even a very optimistic mind would find this thickness
suspicious for this system. However, it was repeated again and again, and a very thick
layer was obtained every time. Elemental analysis was the solution found to
understand this phenomenon. Scanning Electron Microscopy coupled with Energy-
dispersive X-ray spectroscopy (SEM-EDX) analysis were run both at the surface of the

film and inside the holes.

Results presented in Fig. 28 solved this squaring the circle-problem: if POM can
be observed at the bottom of the holes, the thick layer on top is essentially composed
of TBAPFe, the electrolyte used during grafting. If the reason for its immobilization on
top of the substrate - strong enough to survive to repeated acetonitrile and dimethyl
sulfoxide washing - is still a mystery, the way to eliminate it was found in ultrasonication

of the substrate in pure acetonitrile for approximately ten minutes (Fig. 29).

250um
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Figure 63 — SEM and corresponding EDX spectra of grafted layer on ITO. (left) at the surface of the
layer; (right) in the bottom of the holes.
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Figure 64 — AFM images and corresponding topographic profiles of a same Dsi[ArNH;]
double grafted substrate before (top) and after (bottom) sonication in CHsCN for 10 min.

A complementary test was run, trying to understand if the thick layer of TBA
deposition was caused by the POM presence underneath. However, with only 4-

iodoaniline grafting, same issue was encountered.
2.3.3. FINAL PROCESS DESCRIPTION

After all these wonderings, a from head to toe-process was obtained and will be
detailed here.
1. A 5 mL solution of TBAPFs (0.1 M) in acetonitrile is poured in a
electrochemical cell under nitrogen atmosphere.
2. ITO substrate is cut and washed in ultrasonicate baths of acetone and

ethanol. Typical aimed grafting area being 1 cm?.
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3. A three-electrode system is set-up, with ITO as working electrode.

4. POMI[ArNH:] is added to the solution (1 mM).

5. CVisrun, 3 cycles between 0 and -1.2 V to confirm the POM presence and
quality

tBuO-NO is added (15 equiv.), 5 minutes are waited.

CVis run, 10 cycles between 0 and -1 V.

Electrochemical cell is emptied and washed.

© ®©® N ©

Substrate is washed in acetonitrile and DMSO, then ultrasonicate for 10 min

in an acetonitrile bath.

10. A new solution of TBAPFe (0.1 M) in acetonitrile is poured under nitrogen
atmosphere in the cell, newly grafted ITO is used as working electrode.

11. CVis run to observe the waves of grafted POM hybrids, varying the voltage
range according.

12. Substrate is washed in acetonitrile and DMSO, then ultrasonicate for 10 min

in an acetonitrile bath.

Since a multilayer film is the aim, multi-grafting was tested to see if it allows to
graft more POM on the surface. In this case, steps 4, 6, 7, 8 and 9 are repeated as
many times as desired. Firstly, multi-grafting was considered as a possible way to
solve the holey structure issue, desiring to see if the newly grafted POMs would fill the
holes. After the revelation of the TBAPFs constitution of the thick layer and its
elimination by sonication, multi-grafting was considered as a way to increase the
gamma value of the thin yet uniform layers. However, the gamma — thickness relation

was finally found to be less direct than expected, as it will discussed later.
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3. MONO AND MULTIGRAFTING

3.1. THICKNESS DETERMINATION

3.1.1. AFM & ETCHING

Now that the grafting process was clearly determined and the TBAPF¢ excess
eliminated, AFM images confirmed that the coverage was uniform, with a rugosity
always measured between 2 and 3nm (which corresponds to the rugosity of the raw
ITO used in this set-up) on large image (50 pm x 50 um), as presented in Fig. 30 where
the average roughness value (Ra) is 1.357 nm, while average roughness of these ITO
substrates was measured around 3 nm. It seems that, similarly as a carpet on gravels,

the uniform POM film tends to smooth the irregularities of the substrate.
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Figure 65 — AFM image of grafted double layers originated from
DsifArNH>] on ITO.

Next step being to determine with precision the thickness of the film, etching
technique has been suggested. The substrate used in this set-up is composed of glass
with an ITO layer of 150 nm on top of it. The idea of the etching was to eliminate ITO
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in the middle of the substrate. This new design would allow to only graft on one side of
the substrate, and thus to obtain the thickness value by comparing the height of the
raw ITO side with the grafted one. To do so, the area where ITO is preserved are
covered by tape, then the substrate is covered by Zn powder and highly concentrated

HCI is poured. Then, acid is neutralized by a large amount of water and the tape is

withdrawn (Fig. 31).

STEP 1 :

f ETCHING
Znis) + HCl(liq)

l

Tape——» <——-Tape

Rinse with water then
remove the tape.

k Sonicate in ethyl acetatj

Figure 66 — Scheme representation of the etching method.

STEP 2 :

MEASUREMENT
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However, this technique revealed poor results for this system. Height measure

had a very large variation, reproducibility of the values was close to none and it even
happened that raw ITO was measured higher than grafted ITO (Fig. 32).
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Average
(nm)
ITO 98 97 122 134 112.75
ITO + POM 142 190 190 157 134 191 167.33

565 nm

200 T
02 '%

Figure 67 — (top) Measured height (in nm) of the two interfaces on 6 different POMs double grafted
substrates. (bottom) AFM image and corresponding topographic profile of etched ITO substrate after
Dsi[ArNH,] double grafting, at the interface between glass (red, left) and ITO + POM (orange, right)
areas.

An explanation could be that the tape did not preserved the ITO as well as
expected. However, the clean and frank obtained edges observed is not indicating in
this way. Maybe the etching method was not complete or was inhomogeneous. More
investigation would be necessary to clearly determine the reason of this failure, but a
new method of thickness determination was quickly found.

3.1.2. SEM-FEG

Once again, solution came from SEM. A slice view of the substrate by electron
microscopy allowed to observe and measured each layer of our system: glass, ITO,
POM hybrids, and potential TBAPFs on top. Results indicated a POM layer with an
average thickness always superior to 10 nm in case of double grafted substrates (Fig.
33).
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Figure 68 — SEM slice vision of a double grafted layer (originated from Dsi[ArNH;]) on ITO.

These measurements appear to be clear, reproducible and pretty positive
according to the fact that multi-layer was aimed. However, a uniform film of 15 nm does
not match with the gamma value, which barely indicates 2 x 10" mol.cm?
(corresponding to a bit more than 2 layers, so less than 10 nm). This gap between the
SEM value and the gamma value leads to an interrogation about the effective meaning,
precision and relevance of the gamma, since the SEM value seems indisputable.
Gamma appears to be more an indicator of tendency, a way to know if the grafting is
successful or not, than a way to determine the exact amount of grafted POMs. Indeed,
a situation was encountered were a very small gamma (inferior to 5 x 10”"" mol.cm-?)
after two grafting (which happens time to time when one of the variabilities of the
grafting goes wrong, a poor-quality POMs hybrids batch for instance) revealed under
SEM analysis a non-uniform layer, with thick areas, and others with nearly no POMs.
This is due to the chaotic aggregation of grafted POMs, which is smoothed when
enough polyoxometalates are grafted. However, the highest values obtained (superior

to 20 nm) were always measured on high-gamma substrates (Fig. 34).
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POM ]
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5.0kV 2.2mm x200k SE(U) 200nm

5.0kV 2.9mm x150k SE(U,LA3) 300nmI

Figure 69 — (top) SEM slice vision of a quadruple grafted layer (originated from
Dsi[ArNH,]) on ITO with a particularly high gamme value. (bottom) Tilted picture
showing uniformity.

A possible explanation for the under estimation of the gamma, is the electrolyte
size, indeed a too dense layer would block the path of a too big electrolyte, leading in
reducing the apparent conductivity in cyclic voltammetry. This hypothesis is powered
by a complementary test where TBAPFs is replaced by LiBF4, a smaller electrolyte. In
this experiment, LiBFs was use as electrolyte in both the grafting and post-grafting
analysis. Then, another post-grafting was run with TBAPFe in CH3CN. In comparison,
a four times higher gamma value is obtained with the smaller electrolyte (3.92 x 101°
mol.cm with LiBF4 versus 1.02 x 107'° mol.cm2 with TBAPFeg).
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Interestingly, when SEM was ran on double grafted Ksi[ArNH2] layers, we
obtained layer thinner than with the Dawson but thicker than the expected monolayer,
around 10 nm. However, when the same experiment was tried with Ksa[ArN2*] isolated
as described in part 1.2.1., not generated in situ, no layer was visible, even if the POM
presence was confirmed by CV and XPS, indicating that the grafted film was thinner

than 5 nm and corresponds to a monolayer (Fig. 35).

5.0kV 3.1mm x350k SE(M,LA3) 5.0kV 2.3mm x350k SE(U,LA3) 100nm

Figure 70 — SEM images of (left) mono grafted Ks,, obtained from diazonium formed in situ,
on ITO; (right) mono grafted Ks,, obtained from diazonium isolated previously, on ITO.

3.1.3. XPS analysis

X-ray photoelectron spectrometry (XPS) was used to gain information about the
internal structure of the layer. In particular, as shown by Fig. 36, the case of nitrogen
revealed that a secondary peak (399.91 eV), next to the large one representing the N
in the tetrabutylammonium counterion (402.32 eV), indicates that another type of
nitrogen is still present in the layer, forming a strong bonding with another organic arm,
resulting from the, initially formed, radical evolution. Tungsten characteristic doublet
(4f 7/2 and 4f 5/2, respectively 35.70 eV and 37.85 eV)confirmed the presence of POM-
based hybrids at the surface.
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Figure 71 — XPS spectra of nitrogen (top) and tungsten (bottom) in a sixfold grafted layer (originated
from Dsi[ArNH;]) on ITO. Baseline (grey), fitted line (yellow), participation peaks (blue and orange).

The XPS study was also used to obtain an estimation of the thickness of the
tested layers, via a method based on mean free path calculus. Three substrates were
tested but the gamma — calculated thickness relation was found contradictory
(respectively T' = 1.35 x 10" mol.cm?, T' = 3.51 x 10" mol.cm? and T = 6.60 x 10"°
mol.cm2 for calculated thickness of 8.8 nm, 10,2 nm and 7.2 nm) and thus a third
method (SEM) was find necessary, to confirm which one was right. The set of three
substrates presented earlier was analyzed by SEM, XPS and gamma estimation,
leading to Table 1, revealing the differences between the techniques.

Number of Gamma value
i

grafting, (mol.cm?)
2 1.35x 1070 12.0 8.8
4 3.51x101° 21.3 10.2
6 6.60 x 1010 243 7.2

Table 2 — Comparison of thickness or coverage estimations by different techniques
(gamma, XPS and SEM), varying the number of grafting.
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3.2. FUNDAMENTAL ELECTRONIC PROPERTIES
CHARACTERISATION

Electrical surface characterizations of the substrate were realized via atomic
force microscopy using the conductive mode scanning spread resistance microscopy
(SSRM). Since the POM are non-conductive species, the aim was to investigate on
the gamma — thickness connection. Indeed, a thicker layer should be indicated by a
lower current. Thus, if the substrates with a larger gamma would be the one with the
higher resistance, a link could be established between gamma and thickness. However,
it turned out to be unsuccessful. To show that, a representative selection of data is
presented in Table 3, revealing that while gamma increases, it is hard to find similar or
opposite trend in resistance and in current. This is even more clear when the data are
plotted. Fig. 37 shows that if there is a resistance variation it is too small to be observed

out of the background noise.

2.29x 1011 0.179 -2.13
3.87x 1011 0.477 -3.5
4.06 x 1011 0.479 -0.927
5.66 x 1011 0.086 -3.422
6.46 x 1011 0.604 -0.643
6.82 x 1011 0.477 -0.946
6.88 x 1011 0.455 -1.155
1.02 x 1010 0.525 -0.887
1.18 x 1010 0.309 -1.096
1.31x 1010 0.527 -0.834
1.36 x 1010 0.410 -1.223
1.52 x 1010 0.522 -0.758
1.73 x 1010 0.451 -0.664

Table 3 - Representative selection of gamma, resistance, and current
values, measured on double grafted ITO substrates with Ds;.
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Figure 72 — Resistance plotted according to gamma variations.
Measured on double grafted ITO with Ds.

Nevertheless, it is worth noticing that these experiments gave interesting results
on other aspects: uniformity and work function. Images confirmed the uniformity of the
substrate both in conductivity (picoampere scale) and resistance (teraohm scale) as
shown by Fig. 38 (a).

SSRM is a technique relying on the measurement of resistivity, the current being
calculated from the combination of the applied bias and the measured resistance (c-
AFM). It provides information on the surface potential, such as the work function
(Kelvin Probe Force Microscopy, KPFM). Variations observed on the obtained work
function maps revealed a gap of approximately 200 meV (correlation from Volt to eV
is direct) on the surface. It is highlighting the thickness variation, since the denser the
layer is, less the ITO will impact the POM work function and more it is related to the
other POMs surrounding it, diminishing the influence of the substrate. As shown by
Fig. 38 (b) a gap of 90 meV can be observed between a representative “up” position
and a representative “low” position. Highest positions (which corresponds to where the
layer should be thickest) present a weaker work function. It is important to mention that
KPFM requires calibration to obtain absolute values, without that (problems were

encountered during calibration), the measurement are relatives one to another.
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Figure 73 — (a) c-AFM images of the same double grafted layer (originated from Ds[ArNH.]) (left)
topography, (center) resistance, (right) current. (b) KPFM images of (top) the same substrate as (a)
topography and work function map; (bottom) topography, work function map and 3D view of a
similar substrate
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4. MEMORY TESTS

4.1. PROCESS DESCRIPTION

To perform resistive memory test on the system, it was necessary to get top
electrodes on the device. To do so, gold plots are formed and deposited by chemical
vaporization. After that, I-V curves are obtained by applying a voltage on the top
electrode and measuring the exit value to observe potential resistive switch in the POM
hybrids film (Fig. 38).

Figure 74 - (left) Photo a complete system with top electrode. (right) Scheme representation
of a complete system and the tip (point-of-contact) positioning for memory effect
measurement.

4.2. RESULTS AND DISCUSSION

More than one hundred devices were tested on multiple substrates, with 40%
of the devices successfully detected with memory effect. Over these positive
responses, 95% of them corresponded to WORM memory and 5% to flash memory
(Fig. 39 (a)).
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As detailed in the introduction part, flash memory is characterized by its
erasability property. In Fig. 39 (a, left) the step that can be seen between 1 and 2 (or
5 and 6) corresponds to the resistance switch from OFF to ON states, when the step
between 3 and 4 (or 7 and 8) represents the resistance switch from ON to OFF states.
Similarly, the WORM memory presented in Fig. 39 (a, right) shows the resistance
switch from OFF to ON states at -1.2 V and the persistence of the ON mode up to 5 V.
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Figure 75 - (a) Graph representatives of Flash memory (left) and WORM memory (right). (b) (left) Graph
representation of the stability of the current over time; (center) WORM forced reset scenario; (right)
chart of the threshold activation voltage for two representatives substrates (double grafted layer
originated from Ds[ArNH]).

The non-volatility of the system and its high stability were characterized by
current measurement over time when the device is on mode ON. As shown in Fig. 39
(b), trying to force to erase a WORM memory leads to a destruction of the memory
effect. Interestingly if the threshold voltage (voltage value to switch from OFF to ON
states) is pretty narrow when different positions are tested on the same substrate, it
varies between a substrate and another. Since the same POM is grafted (Dsi[ArNH2])
in all the tested systems, a possible explanation of the threshold variation could be that
it is caused by thickness and density variations. Indeed, in a paper from 2017, T.
Venkatesan and coll., discussed the role of counterions in the non-volatile memory
device.?® Their system is based on a ruthenium molecular film (mer-

[Ru(2(phenylazo)pyridine)s](PFs)2), while testing different counterions they noted that
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they had an impact of the hysteresis and they concluded that counterions size, and
thus mobility, where related to the hysteresis. In the case of this thesis, the counterion
is not changing (except one LiBF4 try), but from one sample to another, the thickness
and the density of the film vary, and so does the mobility of the TBAPFe. It could explain
the variation in the Vset values.

Finally, a capacitance measurement was realized. The OFF state to ON state
transition was analyzed, Fig. 41 (a), and it revealed that the capacitance was multiply
by four after the resistance switch (1.2 V), from ~ 0.2 nF (OFF) to ~ 0.8 (ON), indicating
a higher energy storage capacity in ON state. Then, after being turned ON, 0 to 2 V
domain was tested. The stability and uniformity of the capacitance values obtained
over this potential area confirmed the WORM character of the memory device and thus
its intrinsic unerasable property.
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Figure 76 — Capacitance measurements, realized on ITO substrate covered by double

grafted Ds; film. (a) OFF to ON states transition; (b) ON state stability over large
potential range.

In the case of polyoxometalates, the resistive switch corresponds to the
reduction of the POM. From that point, the electron needs to reach the bottom
electrode and thus two main scenarios are possible for it. One presenting an electron
hopping from one hybrid to another, the other where the conductive filament are
formed by oxygen vacancies. The second hypothesis is the most referenced, explored
and thus, likely.?" According to this scenario, oxygen vacancies are formed, and
randomly distributed, when the redox reaction occurs. Then, they will migrate at the
bottom electrode and after enough accumulation, they will form conductive filaments,
switching the resistance from OFF to ON. Finally, the last information we can get from
the capacitance is obtained via equation 2:
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(eq. 2) Q=CxU [C]

With Q, the stocked charge (in C), C the capacitance (in F) and U the voltage (in V).
From that, it is easy to obtain the number of elementary charges stocked and to
compare it with the estimation of grafted POMs (obtained via I'). When comparing the
numbers, it turned out that around 1 on 1000 POM is actually reduced, indicating that

the system is far from exploring its whole potential.
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5. CONCLUSION

Firstly, different POMs were synthesized and post-functionalized to obtain
aniline-ending organic arms (Ksn[ArNH2], Ksi[ArNH2], Dsi[ArNH2]). Then all the different
characteristics of the diazonium synthesis and the activation/grafting process were
studied and tweaked (number of cycles, voltage range...).

After a successful clean grafting of polyoxometalate, the layer was confirmed to
be uniform and thick by different characterization techniques (AFM, CV, SEM-EDX).
For the device fabrication aiming for memory system application, top electrodes were
deposit and |-V curves were measured to determine its characteristics. The final device
with its relatively thick layer corresponds to a WORM-type device, a non-volatile and
unerasable memory system that presents the advantage of a high stability in data
storage.

6. FUTURE WORK

A certain level of thickness mastering of the polyoxometalate layer was achieved,
but it has to be increased to analyze its impact on memory properties. The ideal goal
would be to gain the ability to determine two synthesis paths, one for the WORM and
one for the flash, as it has been successfully described by others, like Prof. Wai-Yeung
Wong and coll. who reported the case of ferrocene-base polymer, with the possibility
to form either WORM or flash-type memory according to the organic arm add by
Sonogashira cross-coupling to the ferrocene.?” A similar process was reported by Prof.
Qichun Zhang and coll., with an unique starting molecule and different pathways to
reach either flash or WORM memory-types.?® Reaching this kind of system allow the
researcher to choose between systems according to what is needed. Moreover,
considering the capacitance results and the estimation of 0.1% of POMs reduced, two
paths could be considered: diminishing the number of grafted POMs since most of it is
not reduced, or finding a way to enhance the percentage of reduced POMs while
keeping the same amount of grafted POMs.
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This thesis tried to reveal the promising potential of polyoxometalate-based
hybrids as platforms for future applications, by initiating a synergy between E-POM
laboratory at Sorbonne Université and Prof. Lee’s laboratory at the Nanyang
Technological University. To do so, the focus was put on two areas: self-assembly and

covalent grafting for resistive random-access memory.

Post-functionalization via Sonogashira cross-coupling is an ideal tool for a
precise designing of the desired platforms. In this work, the first example concerns the
addition of pyridyl moieties to an organosilyl hybridized polyoxometalate. To solve a
previous issue of mixture between squares and triangles, resulting of a balanced
competition between enthalpy and entropy, a new metallic center was imagined and
synthesized, [Pd(en)(MeCN)](BF4)2, allowing to eliminate triangles from the equation
after the self-assembly process, thanks to the rigidity of the connecting arms. This new
discrete species, isolated in DMSO, was described and analyzed by a combination of
theoric computational study, 'H and DOSY NMR and SAXS technique.

It was found that varying the solution composition by mixing solvents could lead
to the aggregation of the squares in different architectural macrostructures. TEM
analysis revealed that, in presence of D20 vesicles were formed while cherry-branches
were observed in presence of CD3CN. Structure variations are due to solvation and
hydrophobic properties.

Another POM-based platform for auto-assembly was synthesized, Ksn[tpy],
forming dimer structure around a cobalt metallic center. This discrete species formation
was followed by '"H NMR and SAXS. The idea behind these dimers was the formation
of a POM-based organogel or hydrogel. SAXS analysis confirmed that a nanostructure
organization was present inside the gel. Tests variation were run on Dawson instead
of Keggin and Co'" instead of Co", revealing that it was possible to have an impact on
the POM-POM distance, thus the POM density, of the gel. The novel character of this
compound induces the necessity of physico-chemical studies, in rheological domain

for instance.

In part Il of this thesis, POM-based hybrids were designed to be covalently
bonded to an ITO substrate. To do so, a new method was developed, adapted from
literature, where the diazonium moieties ending the organic arms of the hybrids were
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formed in situ, and not previously isolated, avoiding a potential protonation issue. To
define the right grafting method, repetitions and variations were necessary, testing
every parameters one by one: the hybrid itself (Keggin or Dawson, mono-
functionalized or bi-functionalized), potential range, cycling number, grafting
repetition... When the correct methodology was defined, analysis of the layer became
the new objective. If AFM and XPS were not satisfactory, SEM, EDX, c-AFM and
SSRM allowed to get some understanding of the immobilized film on ITO, its presence,
its thickness (around 15 to 25 nm) and its uniformity. Finally, gold top electrodes were
deposited to perform resistive memory tests, revealing the WORM character of the
final devices. A memory based on resistance switching of the compound, allowing a
non-volatile and unerasable storage of information. The future of this system should
rely on the synthesis of a second device, presenting a property of erasability,
increasing the application field to both flash and WORM resistive memories, but
working on increasing the estimated percentage of reduced POMs should also be
considered.

In this work, the synergy of the two labs revealed its full potential since the
laboratory in Paris mastered the synthesis and the grafting parts while the laboratory
in Singapore brought its expertise on the memory application side. This new
connection created between these two laboratories will hopefully be strong enough to

survive and grow over time.
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APPENDIX

APPENDIX A: EXPERIMENTAL PARTS

1. Materials & methods

1.1. Chemicals
Every reagent and solvent issued from commercial sources were bought from
Alfa-Aesar, Aldrich, Acros, Fisher and VWR-Prolabo and used directly.
1.2. Characterisations
1.2.1. NMR Spectroscopy

'H and *'P NMR spectra were obtain from Bruker spectrometer (Avance |1l 300
MHz, Avance |1l 400 MHz and Avance |l 600 MHz, with BBFO probes). 'H spectra are
referenced according to tetramethylsilane. Solvent signal is used as internal reference.

31P spectra are referenced according to phosphoric acid at 85%.
1.2.2. Electrochemistry
Cyclovoltammetry and chronoamperometry were performed on an Autolab
PGSTAT 100 (Metrohm). The set-up is a classic three-electrodes set-up, with Pt wire
as counter-electrode and saturated calomel electrode (SCE) as reference electrode.
Glassy carbon or ITO were used for the working electrode.

1.2.3. Elemental analysis

Elemental analysis were realize by the Institut des Sciences Analytiques at
Villeurbanne (France).

1.2.4. SEM-FEG/EDX
SEM-FEG and EDX analysis were performed by David Montero from the Institut
des Matériaux de Paris Centre, on respectively a Hitachi SU-70 and an Oxford X-Max

50 mm2.
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1.2.5. AFM

AFM measurements were realized under the supervision of Dr Ludovic Tortech
at the Comissariat a 'Energie Atomique (Saclay, France), on a Nano-Observer from
Scientec. Electrical measurements are performed through a “resiscope”, a set-up
developed by the Génie Electrique et Electronique de Paris to perform SSRM-like
measurements over a dynamic range of 10’ Q. The surface potential, KPFM, is

performed using a dual lock-in set-up, decoupling the vibrational signal of topography
from the alternative bias applied to the tip.
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Figure 77 — Schematic representation of the vibrational
mode in KPFM
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Figure 2 — Global schematic of the working mode
KPFM

Tips used are 240 AC-PP from pmasch for the overall characterization.
Conduction is ensure by a Pt/Ir coating. Stiffness is given at 2 N/m (v = 70 kHz). For
fine measurements, PPP-NCLPt from nanosensor are used, with a stiffness given at

48 N/m (v = 190 kHz). In both cases, tips radius is of 20 nm, and height of 15 pm.
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1.2.6. SAXS

SAXS measurements were perform at the Source Optimisée de Lumiére
d’Energie Intermédiaire du LURE, a synchrotron based at Saint-Aubin (France).
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1-iodo-4-(trichlorostannane)benzene

CeHslCI3Sn
367.91 g.mol”’

I
\©\ _ClI
Sn

CI/ “Cl

1-iodo-4-(trimethylstannane)benzene (6.0 g, 16.3 mmol, 1 equiv.) and tin chloride (15.4
mL, 131 mmol, 8 equiv.) are introduced in a micro-wave and heated for 70 min at
120°C. Then, at ambient temperature, crude products are evaporated at 75°C to obtain

the final product.

'"H NMR (CD3CN): & 7.96 (d, 2H, Ju.+ = 8 Hz, Jsn.n = 42 Hz), 7.37 (d, 2H, Ju-+= 8 Hz,
Jsnn= 112 Hz).

wwp

T T T T T T T
8.6 8.4 8.2 8.0 7.8 7.6 7.4
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1H NMR spectra of CsH4lClsSn in CDsCN.
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1-iodo-4-(triethoxysilyl)benzene
Ci2H10lSi
367.91 g.mol”’

[
\O\ _OEt
Si

EtO/ \O Et

Under Ar atmosphere, i-PrMgCl (15.5 mL, 2 M in THF, 31 mmol, 1 equiv.) is added
dropwisely in a 1,4-diiodobenzene solution (10 g, 30 mmol in 76 mL of THF, 1 equiv.)
at -30°C. The obtained yellowish solution is stirred for 5h30 and added to a
tetraethoxysilane solution (40.5 mL, 182 mmol in 60 mL of THF, 6 equiv.) still at -30°C.
After one hour, the solution is launch for 2 days at ambien temperature, still under
vigorous stirring. The obtained precipitate is filtered and distilled. The second product
is the 1-iodo-4-(triethoxysilyl)benzene.

1H NMR (CDsCN): 5 7.80 (d, J = 8.10 Hz, 2H), 7.42 (d, J = 8.10 Hz, 2H), 3.86 (q, J =
7.15 Hz, 6H), 1.20 (t, J = 7.15 Hz, 9H).

AJ“JWAJL_M#L . ~ S I _ e ,L) (O

T T T T T T T T T T T T T T T T
85 80 75 70 65 60 55 50 45 40 35 30 25 20 1.5 ppm

lH NMR Of C12H19/5i in CD3CN
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(TBA)4[PW11039{Sn(CsH4l)}] Ksn[l]

PW11039SnC7oH145IN4
3968.77 g.mol"

K7[PW11039] (2.5 g, 2953 g.mol", 0.85 mmol) is dropped in water (25 mL) and ClsArPhl
is added (0.5 g, 428 g.mol', 1.17 mmol). pH is set at 3.1 by addition of KOH (1 M).
After 15 min of stirring, solution is centrifugated. Under vigorous stirring, TBABr (2 g,
323 g.mol!, 6.2 mmol) in 2 mL of water is added. After another centrifugation, white

precipitate is isolated and washed by ethanol and ether.
Elemental analysis: (Cal %) C 21.17,H 3.73, N 1.41 (Exp %) C 20.73, H 3.65, N 1.37.

IR (KBr, cm™'): 2962 (s), 2935 (s), 2874 (s), 1629 (1), 1483 (s), 1474 (s), 1070 (s), 963
(s), 885 (s), 814 (s), 711 (1), 662 (I), 514 (m), 381 (s).

H NMR (CDsCN): & 77.85 ppm (d, 2H, Ji.n = 8.08 Hz, Jsn+= 31.15 Hz), 7.46 ppm (d,
2H, Jrn = 8.08 Hz, Jsn.n = 95 Hz), 3.12 ppm (m, 36H), 1.62 (m, 36H), 1.38 (m, 36H),

0.98 (m, 54H).

31P NMR (CD3sCN): & -10.76 ppm (s, Jsn.p = 24.4 Hz)
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1H and 3P NMR spectra of Ksu[l] in CDsCN.
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(TBA)4[PW11039{Sn(C29H13N3}] Ksn[tpy]

PW11039SNCo3H162N7
4174.253 g.mol”’

@

A mixture of Ksn[l] (300 mg, 0.076 mmol), 4’-(4-ethynylphenyl)-2,2":6’,2”-terpyridine (51
mg, 0.153 mmol, 2 equiv.), Cul (2.3 mg, 0.012 mmol, 0.16 equiv.) and [PdCl>(PPhs).]
(6.4 mg, 9.1 x 103 mmol, 0.12 equiv.) in 4 mL of dry DMF was prepared in a Schlenk

tube under Ar atmosphere. After careful degassing with argon for 10 minutes, freshly
distilled TEA (200 uL, 1.43 mmol, 19 equiv.) was added. The mixture was stirred
overnight at room temperature. Upon completion of the reaction (monitored by 'H
NMR), the product was then precipitated by the addition of an excess of diethyl ether.
The residue is then redissolved in the minimum amount of DMF and diluted into 30 mL
of DCM containing TBABr (500 mg, 1.55 mmol, 20 equiv.). Some insoluble impurities
are then discarded, solution is concentrated to 5 mL and precipitated upon the addition
of an excess of ethanol. The almost colorless solid was then redissolved in ca. 4 mL
of MeCN and added to ca. 8 mL of ethyl acetate. A slight brown precipitate was
removed from the colorless supernatant that precipitates by the addition of a large
excess of diethyl ether, yielding a colorless powder.

Elemental analysis: (Cal %) C 26.76, H 3.91, N 2.35 (Exp %) C 27.08, H4.11, N 2.23.

IR (KBr, cm'): 2960 (s), 2935 (s), 2873 (s), 2233 (s), 1629 (1), 1483 (s), 1474 (s), 1381
(1), 1348 (s), 1069 (s), 962 (s), 885 (s), 811 (s), 711 (1), 662 (1), 514 (m), 381 (s).

1H NMR (CDsCN): 5 8.79 (s, 2H), 8.76 (ddd, J = 0.9 Hz, 1.8 Hz, 4.7 Hz, 2H), 8.72 (dt,
Ji=1.0 Hz, Jg= 7.9 Hz, 2H), 7.99 (td, Jo = 1.8 Hz, J; = 7.7 Hz, 2H), 7.96 (d, J = 8.4 Hz,
2H), 7.79 (d, J = 8.4 Hz, 2H), 7.77 (d, Jin = 8.1 Hz, Jsnw = 88 Hz, 2H), 7.69 (d+dd, Jun
= 8.1 Hz, Jsnn = 40 Hz, 2H), 7.47 (ddd, J = 1.0 Hz, 4.7 Hz, 7.5 Hz, 2H), 3.12 (m, 32H),
1.63 (m, 32H), 1.39 (h, J = 7.3 Hz, 32H), 0.99 (t, J = 7.3 Hz, 48H).
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3P NMR (CD3CN): 5 -10.66 (s+d, Jsnp = 24.0 Hz)
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1H and 3P NMR spectra of Ks,[tpy] in CDsCN.
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(TBA)4[PW1 1 039{Sn(C6H4)CEC(C5H4)N Hz}] KSn[ArN H2]

PW11039SNnC7sH154N5
3958.61 g.mol"

Ksn[l] (390 mg, 0.098 mmol), 4-ethynylaniline (30.9 mg, 0.264 mmol, 2.69 equiv.),
[PdCI2(PPhs)2] (11.8 mg, 0.017 mmol, 0.17 equiv.) and Cul (3.9 mg, 0.020 mmol, 0.20
equiv.) are added in dried Schlenk under Ar atmosphere with 5 mL of dried DMF and
distillated TEA (270 uL, 1.96 mmol, 20 equiv.). The solution is stirred overnight at
ambient temperature and precipitated in ether. After centrifugation, the obtained solid
is dissolved in a minimum of acetonitrile with TBABr (300 mg, 0.931 mmol, 9.5 equiv.).
The solution is precipitated in ethanol, centrifugated and washed in ethanol and in

ether.

Elemental analysis: (Cal %) C 23.67, H3.92, N 1.78 (Exp %) C 23.52, H 3.80, N 1.66.

IR (KBr, cm™): 2960 (m), 2933 (m), 2873 (m), 1483 (m), 1380 (f), 1069 (F), 962 (F),
886 (F), 813 (F), 515 (f), 380 (m).

1H NMR (CDsCN): & 7,67 (d+dd, 3Ju.n=8,18Hz, 3Jsn.n=95,36Hz, 2H, Ar-H), 5=7,54
(d+dd, 3J.1=8,18Hz, *Jsn.n=34,16Hz, 2H, Ar-H), 5=7,28 (d, 3Jn.+=8,68Hz, 2H, Ar-H),
5=6,63 (d, 3Jn.n=8,71Hz, 2H, Ar-H), 5=4,46 (s, 2H, Ar-NHz), 5=3,12 (m, 32H, N-CH,-
CH2-CH2-CHs), 8=1,63 (m, 32H, N-CHo-CHa-CH2-CHs), 5=1,39 (sex, 3Ju.n=7,44Hz,
32H, N-CH2-CHo-CHa-CHs), 5=0,98 (t, 3Jk.#=7,40Hz, 48H, N-CH2-CHa-CHa-CHs).

3P NMR (CD3CN): & -10.98 ppm (s+d, Jsn.p = 23.14 Hz)
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(TBA)3[PW11040{Si(CeHal2)}] Ksi[l]

PW11040Si2C12Hsl2
3882.06 g.mol"

Qo (5

K7[PW11039].14H20 (4g, 1.25 mmol, 1 equiv.) and 1-iodo-4-(triethoxysilyl)benzene
(2.74g, 7.5 mmol, 6 equiv.) are dissolved in a H2O/CD3CN (1/1) solution. In an ice bath,
pH is set at 2.0 by addition of HCI (1 M). Solution is stirred at ambient temperature
overnight. Precipitation is obtained by the addition of TBABr (1.21 g, 3.75 mmol, 3
equiv.). The solution is filtered and the precipitate washed by water, ethanol,

chloroform and ether.

Elemental analysis: (Cal %) C 18.56, H 3.01, N 1.08 (Exp %) C 19.74, H 3.24, N,
1.25.

IR (KBr, cm™): 2962 (s), 2933 (s), 2873 (s), 1572 (m), 1780 (m), 1377 (m), 1111 (s),
1067 (s), 996 (s), 964 (vs), 872 (vs), 824 (s), 767 (s), 721 (s).

1H NMR (DMSO-ds):  87.85 (d, J = 8.1 Hz, 4H), 7.67 (d, J = 8.1 Hz, 4H), 3.45 (m,
24H), 1.85 (m, 24H), 1.45 (sextuplet, J = 7.74 Hz, 24H), 0.99 (t, J = 7.4 Hz, 36H).

3P NMR (CDsCN): & -13.3 (s).
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1H NMR spectra of Dsp[tpy] in CDsCN.
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(TBA)3[PW11039{0(SiC5H4|2)2}] KSi[pyr]

PW11040Si2C74H52N5
4112.49 g.mol"

N/
«

Ksi[l] (442 mg, 0.114 mmol), 4-ethynylpyrydine hydrochloride (100 mg, 0.72 mmol, 6.32
equiv.), Cul (2.1 mg, 0.011 mmol, 0.10 equiv.) and [PdCI2(PPhz)] (13.4 mg, 0.019
mmol, 0.17 equiv.) are added in a dried Schlenk under Ar atmosphere. 5 mL of dryed
DMF are added with distillated TEA (0.32 mL, 2.30 mmol, 20 equiv.). The solution is
heated at 80)C for 1 hour in a micro-wave. 0.7 g of TBABr are added and the solution
is precipitated in a large volume of ether. The obtained green precipitate is dissolved
in a minimum amount of acetonitrile and precipitated in ethanol. The obtained solid is

centrifugated and washed in ether.

Elemental analysis: (Cal %) C 23.19; H 3.26; N 1.83; (Exp %) C 22.78; H 3.13; N
1.63.

IR (KBr, cm™): 2964 (s), 2875 (s), 2221 (w), 1632 (w), 1598 (m),1540 (w), 1482 (m),
1470 (m), 1384 (m), 1153 (w), 1110 (s), 1067 (s), 1040 (s), 965 (vs), 873 (vs), 824 (vs),
769 (s), 715 (s), 623 (m), 600 (m), 523 (M), 395 (s), 384 (s), 353 (m), 335 (m).

"H NMR (CDsCN): 6 8.61 (d, J =6.0 Hz, 4H), 7.93 (d, J = 8.2 Hz, 4H), 7.70 (d, J = 8.2
Hz, 4H), 7.48 (d, J = 6.0 Hz, 4H), 3.12 (m, 24 H), 1.64 (m, 24 H), 1.40 (m, 24 H), 1.00

(t, J = 7.4 Hz 36 H)).

3P NMR (CD3CN): 6 -12.02 (s).

121



I 8.[5 810 7.‘5 ppm \ 1I0 (; —10 -2|0 —éO ppm
[ |
i prorrrrTeT proTrrTeeT rorrrrTT prorrrTTeT rorrTeeT [P [rerrrTTT prorrreeTT [rerrrTrTT [
10 9 8 7 6 5 4 3

1H and **P NMR spectra of Ksi[pyr] in CDsCN.
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(TBA)3[PW11040{Si(CsH4)C=C(CcH4)NH2}:] Ksi[ArNH;]

PW11040Si2C76H128N5
3859.386 g.mol"’

HoN

Ksi[l] (500 mg, 0.16 mmol), 4-ethynylaniline (93.72 mg, 0.80 mmol, 5 equiv.),
[PACI2(PPhs)2] (11.65 mg, 0.016 mmol, 0.15 equiv.) and Cul (4.58 mg, 0.024 mmol,
0.10 equiv.) are added in dried Schlenk under Ar atmosphere with 5 mL of dried DMF
and distillated TEA (440 uL, 3.18 mmol, 20 equiv.). The solution is stirred overnight at
ambient temperature and precipitated in ether. After centrifugation, the obtained solid
is dissolved in a minimum of acetonitrile with TBABr (500 mg, 1.55 mmol, 9.7 equiv.).
The solution is precipitated in ethanol, centrifugated and washed in ethanol and in
ether.

Elemental analysis: (Cal %) C 23.63, H3.31, N 1.81 (Exp %) C 25.98, H 4.25, N 2.05.
'"H NMR (CD3CN): 8 7,84 (d,J = 4.7 Hz, 4H), 7.56 (d, J = 4.1 Hz, 4H), 7.30 (d, J = 4.4

Hz, 4H), 6.66 (d, J = 4.3 Hz, 4H), 4.48 (s, 4H), 3.10 (m, 28H), 1.63 (m, 28H), 1.38 (m,
28H), 0.99 (t, J = 7.3 Hz, 42H).
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1H NMR spectra of KsifArNH;] in CDsCN.
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(TBA)7[P2W17061{Sn(CeH4l)}] Dsn[l]

P2W17061SNC118H2s6l
6182.17 g.mol"

Ki1o[P2W17061].20H20 (3g, 4917 g.mol', 0.61 mmol) is dropped in water (30 mL) and
ClsArPhl is added (0.47 g, 428 g.mol', 1.1 mmol). pH is set at 3.2 by addition of KOH
(1 M). After 15 min of stirring, solution is centrifugated. Under vigorous stirring, TBABr
(2 g, 323 g.mol", 6.2 mmol) in 2 mL of water is added. After another centrifugation,

white precipitate is isolated and washed by ethanol and ether.
Elemental analysis: (Cal %) C 24.36, H4.22, N 1.82 (Exp %) C 23.91, H4.15, N 1.82.

IR (KBr, cm™): 2960 (1), 2934 (1), 2872 (1), 1484 (m), 1089 (s), 954 (m), 911 (s), 780
(s), 526 (m), 362 (s), 330 (m).

H NMR (CD3CN): & 7.8 (d, 2H, Ji+ = 8 Hz, Jsnn = 27 Hz), 7.5 (d, 2H, Juw = 81 Hz,
Jsnn= 91 Hz), 3.15 (m, 40H), 1.64 (m, 10H), 1.4 (m, 40H), 0.98 (m, 60H).

3P NMR (CD3CN): 8 -10.6 (s, 1P, Jsnp = 27 Hz), -13.7 (s, 1P)
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1H NMR spectra of Dsy[l] in CDsCN.
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(TBA)6[P2W17061{Sn(C29H1sN3}] Dsn[tpy]

P2W17061SNC125H234Ng
6387.27 g.mol"

A mixture of Dsn[l] (200 mg, 0.032 mmol), 4’-(4-ethynylphenyl)-2,2’:6’,2”-terpyridine (21
mg, 0.064 mmol, 2 equiv.), Cul (1.0 mg, 5.1 x 10° mmol, 0.16 equiv.) and
[PdCI>(PPhs)2] (2.7 mg, 3.8 x 10 mmol, 0.12 equiv.) in 4 mL of dry DMF was prepared
in a Schlenk tube under Ar atmosphere. After careful degassing with argon for 10
minutes, freshly distilled TEA (134 uL, 0.96 mmol, 30 equiv.) was added. The mixture
was stirred overnight at room temperature. Upon completion of the reaction (monitored
by '"H NMR), the product was then precipitated by the addition of an excess of diethyl
ether. The residue is then redissolved in the minimum amount of DMF and diluted into
30 mL of DCM containing TBABr (300 mg, 1.24 mmol, 39 equiv.). Some insoluble
impurities are then discarded, and the solution is washed 4 times with water. The
organic layer was collected and concentrated up to ca. 5 mL, precipitated as a colorless
solid by addition of diethyl ether (122 mg, 59%).

Elemental analysis: (Cal %) C 26.51, H4.26, N 2.19(Exp %) C 25.93, H 4.12, N 2.01.

IR (KBr, cm™"): 2961 (s), 2932 (m), 2872 (m), 2206 (w), 1633 (w), 1540 (s), 1472 (s),
1383 (m), 1321 (M), 1264 (w), 1195 (s), 1124 (w), 1070 (s), 963 (vs), 886 (s), 813 (vs),
801 (vs), 717 (w), 705 (w), 661 (w), 515 (w), 381 (s).

1H NMR (CDsCN): & 8.79 (s, 2H), 8.76 (ddd, J = 1.0 Hz, 1.8 Hz, 4.7 Hz, 2H), 8.72 (dt,
Ji= 1.0 Hz, Jg = 7.9 Hz, 2H), 7.99 (td, Js = 1.8 Hz, J: = 7.7 Hz, 2H), 7.95 (d, J = 8.4 Hz,
2H), 7.79 (d, J = 8.3 Hz, 2H), 7.77 (m, 4H), 7.62 (d, J = 8.0 Hz), 7.47 (ddd, J = 1.0 Hz,
4.7 Hz, 7.5 Hz, 2H), 3.17 (m, 32H), 1.65 (m, 56H), 1.42 (h, J = 7.3 Hz, 56H), 0.99 (t, J
= 7.3 Hz, 84H).

127



3P NMR (CDsCN): & -10.49 (s+d, Jsnp = 31.0 Hz), -13.54 (s).
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1H and 3P NMR spectra of Ds,[tpy] in CDsCN.
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(TBA)s[P2W17062{O(Si(CeHa)l)2}] Dsi[l]

P2W17062Si2l2C108H224N6
6096.33 g.mol"

IOSi'O\SiQ|

K1o[a2-P2W17061].20H20 (2 g, 0.407 mmol, 1 equiv.) is dropped in a 20 mL H.O/CH3CN
(1/1) solution. At low temperature (iced bath), pH is set at 2.0 by a dropwise addition
of HCI solution (1 M). 1-lodo-4-(triethoxysilyl)benzene (600 mg, 1.628 mmol, 4 equiv.)
is then added under vigorous stirring. After overnight stirring at ambient temperature,
precipitation is obtained by the addition of TBABr (920 mg, 2.86 mmol, 7 equiv.).
Centrifugation is used to separate the precipitate from the solvent. Then, the solid is
dissolved in a minimal amount of CH3CN, precipitated in ethanol, centrifugated,

washed with ether, centrifugated again and finally dried.

Elemental analysis: (Cal %) C 21.28, H 3.70, N 1.38 (Exp %) C 21.17, H 3.67, N 1.38.
IR (KBr, cm™) : v 2962 (s), 2935 (s), 2874 (s), 1570 (m), 1483 (s), 1378 (m), 1151 (m), 1124
(s), 1089 (s), 1042 (s), 988 (m), 955 (s), 916 (s), 813 (s), 767 (s), 722 (sh), 598 (m), 562 (m),

529 (s), 389 (5), 353 (), 330 (5).

1H NMR (CD3CN): 5 7.76 (d, J = 8.1 Hz, 4H), 7.58 (d, J = 8.1 Hz, 4H), 3.15 (m, 48H),
1.64 (m, 48H), 1.41 (sextuplet, 7.2 Hz, 48H), 0.99 (t, J = 7.2 Hz, 72H).

3P NMR (CDsCN): 5 9.22 (s, 1P), 12.19 (s, 1P).
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(TBA)s[P2W17062{Si(CeH4)C=C(CeH4)NH2}] Dsi[ArNH:]

P2W17062Si2C124H236Ns
6074.40 g.mol"

HoN

Dsill] (1.1 g, 0.18 mmol), 4-ethynylaniline (110 mg, 0.94 mmol, 5.2 equiv.),
[PACI2(PPhs)2] (13.22 mg, 0.018 mmol, 0.10 equiv.) and Cul (5.2 mg, 0.027 mmol, 0.15
equiv.) are added in dried Schlenk under Ar atmosphere with 5 mL of dried DMF and
distillated TEA (540 uL, 3.90 mmol, 21.7 equiv.). The solution is stirred overnight at
ambient temperature and precipitated in ether. After centrifugation, the obtained solid
is dissolved in CH2Cl2 (40 mL) with TBABr (500 mg, 1.55 mmol, 8.6 equiv.) and washed
with water three times. The solution is then concentrated and precipitated in ether.

Elemental analysis: (Cal %) C 24.51, H 3.89, N 1.84 (Exp %) C 27.71, H 4.40, N 2.31.
1H NMR (CDsCN): & 7,83 (d, J = 4.8 Hz, 4H), 7.48 (d, J = 4.4 Hz, 4H), 7.29 (d, J = 5.0

Hz, 4H), 6.65 (d, J = 5.1 Hz, 4H), 4.48 (s, 4H), 3.14 (m, 72H), 1.64 (m, 72H), 1.40 (m,
72H), 0.99 (t, J = 7.4 Hz, 108H).
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The formation of hierarchical nanostructures using preformed dumbbell-like species made of covalent
organic—inorganic polyoxometalate (POM)-based hybrids is herein described. In this system, the
presence of charged subunits (POM, metal linkers, and counter ions) in the complex molecular
architecture can drive their aggregation, which results from a competition between the solvation energy
of the discrete species and intermolecular electrostatic interactions. We show that the nature of the
POM and the charge of the metal linker are key parameters for the hierarchical nanoorganization. The
experimental findings were corroborated with a computational investigation combining DFT and
molecular dynamics simulation methods, which outlines the importance of solvation of the counter ion
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Introduction

The development of nanostructured soft materials through
hierarchical self-assembly is drawing growing attention of
scientists inspired by the structural complexity of natural
systems.’ These compounds involve a variety of interaction
combinations that can lead to the emergence of innovative
structures or even functionalities.* Classical synthetic strategies
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control of their supramolecular organization.

of such artificial assemblies with multiple levels of organization
rely on the use of molecular building units displaying orthog-
onal and switchable interactions (e.g. metal coordination,
electrostatic and hydrophobic effects...).>” In this context we
recently described the hierarchical self-assembly of organic/
inorganic polyoxometalate (POM)-based hybrids in which the
POM is covalently bonded to remote binding sites.*** POMs are
nanosized polyanionic molecular metal-oxo clusters that
constitute original building units for the elaboration of multi-
functional materials™™” owing to their multiple properties
(such as electron reservoirs)*® and sensitiveness to different
interactions.” > As they are polyanionic species they establish
strong electrostatic interactions with cationic species. Further-
more, owing to their large size and their delocalized charges
they display chaotropic behavior*?* and may give rise to self-
assemblies with large association constants, albeit resulting
from very weak interactions.”” In our reported system, the
coordination-driven self-assembly of a ditopic hybrid (display-
ing two remote terpyridine binding sites) in the presence of
a cationic metal linker (Fe**, Co®>" or Co®") provided different
supramolecular organizations (discrete metallomacrocycles,
dense nanoparticles, and 1D worm-like nanoobjects), according
to the solvent composition or the redox state of the metal ion.
We concluded that the aggregation of the discrete metal-
lomacrocycles combining negatively charged POMs and
cationic metal linkers, resulted from a competition between the

This journal is © The Royal Society of Chemistry 2020
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solvation energy of the discrete species with the electrostatic
interactions between the charged units. In order to understand
the thermodynamics of the formation of the discrete metal-
lomacrocycles, we also compared the metal coordination
behavior of two analogue ditopic building units differing by the
nature (and hence the charge) of the POM (i.e. Keggin-versus
Dawson-types).>® This study outlined the decisive effect of the
charge of the POM disfavouring the formation of large assem-
blies probably due to an important entropic contribution. This
was confirmed by an isothermal titration calorimetry (ITC)
experiment that confirmed the stronger association in the case
of the Keggin hybrids. However, the analysis of the previous
system was particularly intricate since mixtures of molecular
triangles and squares were observed, which limited the inter-
pretation. In order to simplify the system, we decided to
investigate the self-assembly behavior of monotopic hybrids
either in the Keggin or the Dawson series. We herein describe
the formation of molecular dimers with dumbbell structures
from these hybrids. We also show that these supramolecular
systems are prone to aggregation according to the solvent
composition and demonstrate that the difference in the nature
of the POM, the charge of the metal linker or the solvent
composition considerably affects the supramolecular organi-
zation, which in some cases lead to the formation of molecular
gels retaining the initial nanostructuration. Since in previous
studies some of us and other authors have shown that

—| 4TBA
“laTea N
O o=
N
Ksqlll 4-(4 2 2 6',2"-terpyri Ksaltpyl
Pd(PPh3)20I2 cul
triethylamine, DMF j 7TBA
a
“l771eA -N
nd )i nd Y—=—C)—CN
N
'

Dg,[1] Ds;[tpy]

Scheme 1 Synthetic route to Ks,ltpyl and Ds,ltpy] (in the polyhedral
representation, the WOg octahedra are depicted with oxygen atoms at
the vertices and metal cations buried inside). Color code: WOg octa-
hedra, blue; PO4 tetrahedra, green.
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molecular dynamics (MD) simulations provided unique insight
into the origin of POMs/counter-cation interactions,*”**
show here that the solvent plays a key role by modulating ion-
pairing and thus self-assembly.

we

Results and discussion

Synthesis of the POM-based molecular units

The POM-based building units [PW;;030{SnC,oH;sN3}]* and
[P,W1,061{SnC,oH;gN3}|7 respectively denoted as Kgy[tpy] and
Dg,[tpy]i contain one terpyridine (tpy) unit connected to the
mono-lacunary site of a Keggin-([PW,,050]" ) and Dawson-(o.,-
[P,W1,061]'°7) type polyoxotungstate. Their synthesis is per-
formed in one step from the iodo-aryl terminated POM-based
platforms Kg,[I] and Dg,[I] by adapting our reported proce-
dure involving a Sonogashira cross-coupling reaction (Scheme
1).>* The hybrid POMs are isolated as tetrabutyl ammonium
(TBA) salts and characterized by "H and *'P NMR spectroscopy,
mass spectrometry, elemental analyses and FTIR spectroscopy
(Fig. S1-S4%).

Formation and characterization of discrete molecular
dumbbells

Terpyridine ligands produce a linear arrangement when coor-
dinated to a metal center such as Co(u). The addition of
[Co(H,0)6](NO3), to a solution of Kg,[tpy] or Dg,[tpy] (2 mM) in
DMSO-d instantly leads to the appearance of a single set of
signals in the "H low-field region (above 10 ppm) attributed to
the formation of paramagnetic Co(u) terpyridine complexes
(Fig. 1). The reaction is complete after the addition of 0.5 equiv.
of Co per POM hybrid, in agreement with the formation of
a supramolecular species displaying a 2:1 stoichiometry
between the POM and the metal linker. The "H signals of the
supramolecular species (especially those of protons located at
the vicinity of the metal centre) are considerably broadened
compared to those of the parent hybrid Kg,[tpy] or Ds,[tpy] as
a result of the paramagnetism of the Co(u) center. However,
their linewidths are similar to those of a reference Co(u) bis-
terpyridine complex (Fig. S51), suggesting that the POM-based

Ksn[tpyl ‘ '_< D, [tpy]
iy ok
A SV ico(H,0)(NO,), (05 eq.) UL
DMSO-d,
) | I\ o _ ‘\\ J\ /‘\\ . ~ | U L N 4"‘ ,L\J s o
TBABr; (0.5 eq.)
A I A n/n X N
NS | N | WS .5 S/ L L W . N W, S . A (.
I L IL
90 80 70 60 50 40 30 20 " 10.5 10.0 95 9.0 85 80 7.5 90 80 70 60 50 40 30 20 1" 10.5 10.0 9.5 9.0 85 80 75
8/ ppm 8/ppm

Fig. 1 'H NMR (300 MHz) in DMSO-ds solution containing Ksaltpyl (2 mM, top left) and Dspltpyl] (top right) in the presence of 0.5 equiv. of
[Co(H20)6l(NO3), (middle); after oxidation of the Co(i) with 0.5 equiv. TBABrz (down).
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supramolecular compounds are discrete species in DMSO-ds.
The addition of tetrabutyl ammonium tribromide (0.5 equiv.,
20 mM in DMSO-d,) into a DMSO-d, solution containing Kg,[-
tpy] or Dg,[tpy] in the presence of 0.5 equiv. of [Co(H,0)s](NOs),
leads to a rapid fading of the solution colour from bright orange
to the characteristic yellow colour of the low-spin Co(m) bis(-
terpyridine) complex, the process being complete in a few
minutes.

The "H NMR spectra of the resulting species display well-
resolved "H NMR signals, yet broader than those of the
parent hybrid since transverse relaxation T, is faster for large
molecules. No signal is observed above 10 ppm, indicating the
absence of paramagnetic species. These studies suggest that in
DMSO-d, all POM.Co™ complexes (in the following, POM.M"™
stands for the supramolecular species displaying a 2 : 1 stoi-
chiometry between the POM hybrid and the metal linker at the
oxidation state N) behave as discrete species. Computational
studies confirm the stability of the 2:1 supramolecular
structures. The optimized DFT structures of Kgy[tpy].Co",
Dgy[tpy]-.Co", Ksu[tpy].Co™ and Dg,[tpy].Co™ show an octa-
hedral coordination of central cobalt (Fig. 2 and S6%). The
most stable electronic and spin configuration for both Co(u)
complexes is a paramagnetic doublet state with one unpaired
electron in a orbital of sigma character, in which the d metal
orbital and equatorial nitrogen atom lone pairs are involved.
For Co(in) systems, the ground-state is a singlet low-spin. This
difference in electronic configuration gives significant differ-
ences in Co-N distances, which are enlarged from 1.96 to 2.19
when going from Kgy[tpy].Co™ to Ksi[tpy].Co™. While the
energy-minimized structures of the dumbbell-like species
Ksn[tpy].Co™ and Kgp[tpy].Co™ are almost identical (dp_p =
4.29 nm for both structures), we observe a slight discrepancy
in the structures of Dg,[tpy].-Co™ and Dgy[tpy].Co™. Keggin
systems show more linear structures, than the corresponding
Dawson complexes. Indeed, as Dg,[tpy] lacks the additional
pseudo symmetry plane found in Kgy[tpy],>® various
conformers differing by the relative orientation between the
Dawson units exist with Dgp[tpy].Co~. The conformational
difference between the energy minimized structures of Dgy[-
tpy].Co" and Dg,[tpy].Co™ (dpy_py = 4.19 and 4.16 nm, dp,_p, =
4.94 and 4.65 nm for Dgy[tpy].Co™ and Dg,[tpy].Co™ respec-
tively) does not correspond to a specific structural modifica-
tion upon the change of the Co centre charge but mostly
reflects the structural diversity of the Dawson-based dumbbell-
like species Dgp[tpy].Co™.

Fig. 2 Energy-minimized structures of the dumbbell-like species
Ksnltpyl.Co'" (a), Ksnltpyl.Co" (b), Dsnltpyl.Co" (c) and Dsltpyl.Co" (d).
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We performed small-angle X-ray scattering (SAXS) to
complete the characterization of the dumbbell-like species in
DMSO-d,.

SAXS is a powerful technique to characterize the structures of
large synthetic molecules, molecular assemblies, nanoparticles®*
and aggregates with sizes ranging from 1 to 100 nm.***® With
regard to POM chemistry, we and others have shown that this
technique is particularly well-suited to characterize nanosized
metal-oxo cluster assemblies.>**** A significant SAXS signal is
visible for both molecular building units, consistent with well-
dispersed nanometric objects (Fig. 3). Electrostatic interactions
between the POMs result in a small decrease in intensity at small
wave vectors, which prevents the observation of the Guinier
regime as previously observed.*'** The SAXS diagrams of all
dumbbell-like Co(u) and Co(ur) complexes display oscillations as
we have observed in other supramolecular systems.*® These
oscillations reveal characteristic distances larger than the POM
dimension and have, in the low g region, a higher intensity than
the starting building units, as a consequence of larger structures.
Interestingly, for both hybrids, the SAXS pattern of the Co(u) and
Co(m) complexes is almost identical, even in the low g region,
which indicates that neither the structure nor the dispersion of
the supramolecular systems is altered by the change in the redox
state of the metal linker. To confirm the structure of the
dumbbell-shaped species, theoretical SAXS patterns of the
energy-minimized structures of the POM-based building units
and molecular dimers have been computed using the program
CRYSOL* without any adjustment of free parameters (Fig. 3 and
S7t). For both dumbbells, the theoretical intensity is very similar
to the experimental that in the SAXS patterns. In particular, the
two oscillations and the intensity at small q values (neglecting the
decrease in intensity below 0.04 A™* caused by the electrostatic
interactions) are nicely reproduced, which further supports the
structure and the discrete character of the dumbbell-like species
in DMSO-d,. It should be noted that despite the slight discrep-
ancy between the energy-minimized structures of Dg,[tpy].Co"
and Dg,[tpy]-Co™, their computed SAXS patterns are very similar

(Fig. S71).

0.1
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Fig. 3 SAXS pattern of a 1 mmol solution of the molecular building-
units Ks,ltpyl (left, black curve) and Ds,ltpy] (right, black curve) in
DMSO-de, and their resulting dumbbell-shaped Co(n) (red curves) and
Co(mn) (blue curves) complexes and the computed SAXS pattern
(CRYSOL) of the optimized structures of Ks,ltpyl.Co" and Dgnl-
tpy].Co'" (dotted black). The solvent and the capillary were subtracted
to obtain these patterns.

This journal is © The Royal Society of Chemistry 2020
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Comparison of the complexation energy between the Keggin-
type and Dawson-type POM-based hybrids

In order to probe the thermodynamics of the formation of these
complexes, an isothermal titration calorimetry (ITC) experiment
was performed. A solution of [Co(H,0)s](NO;), in DMSO (2.2
mM) was incrementally injected into a solution of Kg,[tpy],
Dg,[tpy] or 4'-(4-ethynylphenyl)-2,2":6’,2"-terpyridine (a terpyr-
idine reference) in DMSO. The resulting isotherms are dis-
played in Fig. 4. For all compounds, the exothermal heat effects
show an inflection point at a molar ratio of 0.5, which implies
that the stoichiometry of the assembly is 2 : 1. Therefore, calo-
rimetric data were fitted according to a model considering the
formation of the 2 : 1 assembly directly from the free species. To
perform such analysis, the sequential binding site model was
used with the number of sites equal to 2, but with a formation
constant of the 1:1 assembly fixed to 1. The values of fitted
parameters are summarized in Table 1. For the terpyridine
reference compound, the strong affinity results from a strong
enthalpy stabilization (70.1 kJ.mol ') that is compensated by
aweak entropic destabilization (—10.7 J.K *.mol ). Indeed, the
overall reaction leads to the removal of the molecules previously
coordinated to the Co(u) centre, which lowers the entropic cost.
The complexation of Kgy[tpy] and Dg,[tpy] follows a similar
trend but with different association constants. The enthalpic
stabilization is more important with the POM-based hybrids
and especially with Kg,[tpy]. This is attributed to the coulombic
interactions related to the intramolecular POM-Co and POM-
POM interactions. If we neglect the overall contributions of the
TBA cations in the electrostatic interactions, the coulombic
work term associated with the complexation of the Co(i) centre
is a balance between the attractive POM-Co and repulsive POM-
POM interactions.
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Fig. 4 ITC isotherm obtained by injecting a [Co(H,0)el(NO3), solution
in DMSO (2.2 mM) into a Ksyltpyl (red), Ds,ltpy] (blue, with a vertical
shift of —60 kJ.mol™) or 4'-(4-ethynylphenyl)-2,2:6',2" -terpyridine
(black, with a vertical shift of —100 kJ.mol™?) solution in DMSO (0.385,
0.150 and 0.385 mM, respectively) at 25 °C. The lines correspond to fits
according to a model considering a direct formation of the 2:1
assembly.
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Table 1 Thermodynamic parameters for the binding of the POM-

based hybrids and the terpyridine reference compound to
[Co(H20)6l(NO3)

AH/K] AS/)
Ligand KM~ mol™* K" mol™*
Ksa[tpy] 3.48 x 10" -79.7 —27.4
Dgy[tpy] 1.10 x 10" —74.1 —37.0
4'-(4-Ethynylphenyl)- 5.28 x 10" —70.1 —-10.7

2,2':6',2"-terpyridine

According to the energy minimized structures Rpom-co = 2.2 hm
and 2.3 nm and Rpopm-pom = 4.3 nm and 4.6 nm, (the centre of
the POM is estimated to be the P atom for Kg,[tpy] and the
midway point between the two P atoms for Dg,[tpy]) for Kg,[-
tpy].Co™ and Dgy[tpy].Co™ respectively.

The calculated electrostatic stabilization energies are
10.6 k] mol™" (Ksp[tpy]) and 4.5 k] mol ™" (Dgy[tpy]) in excellent
agreement with the enthalpic differences observed between the
POM-based hybrids and the terpyridine reference. Simple
calculations thus show that an optimum electrostatic interac-
tion occurs when gpom = 2¢c, i.e. for Kgy[tpy]- The comparison
of the entropy of the complexation of all systems shows that it is
significantly higher for the POM-based hybrids than for the
terpyridine reference. Furthermore, Dg,[tpy] has a higher
entropic destabilization, than Kg,[tpy] as previously suggested
for the complexation of ditopic POM-based hybrids.>®

Aggregation of the molecular dumbbells

The coordination of Kg,[tpy] and Dg,[tpy] by [Co(H,0)s](NO3),
in CD;CN, leads to the appearance of broad and ill-defined
signals in the 'H low-field region (Fig. S8 and S97) character-
istic of colloidal systems while the solutions remain homoge-
neous and instantly displays the characteristic reddish orange
coloration of Co(u) bis-terpyridine complexes. Similarly, the
addition of CD;CN or D,O to a solution of the discrete
dumbbell-shaped species in DMSO-de, leads to the drastic
broadening of the 'H signals. The aggregation of the dumbbell-
shaped species was investigated by SAXS. We evaluated with
this modular system the effect of the nature of the POM (Kgy[-
tpy] versus Dgy[tpy]) and the charge of the metal linker (Co®*
versus Co®*) on the size and nano-organization of the aggre-
gates. As expected, the SAXS patterns of the aggregates display
an increase of the intensity in the low g region compared to the
starting POM-based hybrid in solution at a similar concentra-
tion. Considering that the intensity in the low g region is
proportional to the molar mass of the molecular system, the
evaluation of the intensity allows us to estimate the number of
POMs and hence of dumbbell-shaped species per aggregate. We
observe that some POM-based assemblies display a decrease in
intensity at small wave vectors.

This effect, attributed to the electrostatic interactions
between the POM assemblies, is more pronounced with the
Co”" linker and with Dawson-type POMs. As all solutions
contain the same initial concentration of hybrid POMs, large

Chem. Sci., 2020, 11, 1072-11080 | 11075
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Table 2 Data extracted from the SAXS curves of Ksaltpyl.Co", Ksal-
tpyl.Co", Ds,ltpyl.Co", and Ds,[tpyl.Co" in CD3CN solution, d = 27/q.
The value noted in bold corresponds to the main peak

Compound Nber dimers gJA? d,/A g./A7t d,/A
Ksn[tpy].Co™ 10-12 0.344 18.3 0.464 13.5
Ksa[tpy]-Co™ 50-60 0.350 18.0  0.481 13.1
Dg,[tpy].Co™ 2-3 0.311 20.2 0.426 14.8
Dgp[tpy].Co™  3-4 0.323 19.5 0.426 14.8

aggregates have lower concentrations. The amplitude of the
decrease at low g is in agreement with the concentration (and
hence the size) of the aggregate (Table 2). Finally, for all SAXS
patterns, the oscillations corresponding to the discrete species,
displayed in Fig. 3, are not observed anymore. However, each
SAXS pattern exhibits two new peaks at intermediate q values
(0.3 A™' < g < 0.5 A™") denoted as g; and g,, which were not
present for the discrete dumbbell-like species in DMSO-ds.
These peaks, which were also observed in previous POM-based
aggregates,” arise from the nanostructured features of the
aggregates and correspond to POM-POM correlations within
the aggregates (Fig. 5 and S10-S137t). The data extracted from
the SAXS analysis are listed in Table 2. Typically, the aggregates
made of Kg,[tpy] contain much more POM building units than
those of Dg,[tpy]. Furthermore, the ¢; and ¢, peaks are more
intense for the Keggin system than for the Dawson one, prob-
ably as a consequence of the lower nuclearity of the Dawson
aggregates (and hence the less important numbers of POM-
POM interactions within these aggregates). Finally, one can
observe that increasing the charge of the metal linker leads to
the formation of bigger aggregates with shorter POM-POM
distances (e.g. higher g; and g, values) owing to increased
electrostatic interactions between the POMs and the Co
complexes. These results indicate that the aggregation is fav-
oured (bigger aggregates with shorter POM-POM distances)
when the charge of the metal linker approaches that of the
POM.

1
L
1

Intensity / mm’
Intensity / mm
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Fig. 5 SAXS pattern of a 1 mmol solution of the molecular building-
unit Ksnltpyl (left, black curve) and Ds,ltpyl] (right, black curve) and the
resulting aggregates POM.Co" (red curves) and POM.Co"' (blue
curves) assemblies in CDsCN (respectively obtained upon the addition
of 0.5 equiv. [Co(H,0)](NO3), and further oxidation of the Co(il) with
0.5 equiv. TBABr3). The solvent and the capillary were subtracted to
obtain these patterns.
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Transmission electron microscopy (TEM) of the aggregates
Ksn[tpy].Co™ and Kg,[tpy].Co™ in MeCN was performed after the
deposition of few drops of solutions containing the supramo-
lecular assemblies dispersed in MeCN on a Cu grid covered with
an amorphous carbon film. The resulting micrographs of
Ksn[tpy]-Co™ and Kg,[tpy].Co™ only show ill-defined aggregates
of few nanometers (5 to 20 nm) probably due to the removal of
the solvent (imposed by the high vacuum conditions), while the
solvent certainly plays a key role in maintaining the structura-
tion of the aggregates. Nevertheless we observe that the aggre-
gates of Kg,[tpy].Co™ are slightly bigger than those of
Kgn[tpy].Co", in agreement with SAXS (Fig. S147).

Molecular dynamics simulation

The electrostatic potential maps in Fig. 6 illustrate the charge
distribution of Kgy[tpy].Co™ that identifies two regions of
opposite charge within the molecular system: the POM region,
which shows a high negative charge, and the Co(u) region that
shows a relatively high positive charge. This opens the possi-
bility of intermolecular aggregation by means of complemen-
tary coulombic electrostatic interactions. Due to the high
negative charge of POMs, aggregation is expected to strongly
depend also on the competitive interactions with the counter-
cations and the solvent. Thus, explicit treatment of solvent
and cations (TBA) is needed to describe the behaviour of
dumbbell-type hybrid POMs in solution (DMSO and water). It
should be noted that SAXS studies conducted in DMSO/water
mixtures also indicated the formation of aggregates
(Fig. S157). Through MD simulations we investigated the
aggregation phenomena and the factors on which they depend.
Our analysis connects the intermolecular hybrid POM aggregate
formation with the solvent dependence of the POM/TBA inter-
actions. We analysed each phenomenon separately. First, we
present the results of the structural features of Kgy[tpy].Co™
anion-pairs formed spontaneously during MD simulations, and
secondly the key role of TBA cations and the solvent in the
aggregation process. Simulations starting from a model con-
structed by randomly distributed Kgu[tpy].Co™ units in the
simulation box led to the spontaneous formation of aggregates,
pairs and even a trimer, in water but not in DMSO.

The distance distribution function (g(r)) between a POM (P
atom) of one Kgp[tpy].Co™ unit and the Co atom of the other
unit, computed from the whole trajectories, permits analyzing
the dynamical structure of the solution. We performed this
analysis for the two solvents as shown in Fig. 7 and S16.1 In
water, g(r) reveals high and well defined peaks at short distances

positive

negative negative

Fig. 6 Computed electrostatic potential map of Ksaltpyl.Co'".
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Fig. 7 Top left: distance distribution functions (g(r)) between a POM (P atom) of one Ks,[tpyl.Co

" unit and the Co atom of the other unit for the

UNPACKED setup in water (blue) and in DMSO (pink). Middle: g(r) between POM (P atom) of one Ksnltpyl.Co" unit and the Co atom of the other
unit for initial setups UNPACKED (blue) and PACKED (green) in water. Right: g(r) between two POMs (P atom) of different Kgnltpyl.Co" units for
initial setups UNPACKED (blue) and PACKED (green) in water. Bottom left: distance distribution functions g(r) between POM and TBA for the
UNPACKED setup in water (orange) and DMSO (purple). Snapshots: spontaneously formed dimer in the UNPACKED setup (blue), and tetramer in
the PACKED setup (green). TBA ions colored pinkish; POM oxygens colored red; organic chains colored blue.

(~9 A) indicating close contacts between different units. In
contrast, no peaks exist at short distances for DMSO. Visual
inspection of the trajectory showed formation of Kgy,[tpy].Co™
pairs by means of the expected electrostatic interactions
between the two distinctly charged regions of the hybrid POM,
that led to a dimer structure depicted in Fig. 7. It should be
noted that when we started the simulation from a pre-organized
PACKED setup, the peaks in Fig. 7 (right side) totally match
those of the UNPACKED setup (see the description of the MD
simulation setup in the ESIT file), in position but not in inten-
sity due to the presence of the pre-organized tetramer. There-
fore, this confirms that the coulombic aggregation patterns are
maintained in assemblies of different building units in water.
Interestingly, by computing g(r) between the two POMs (P atom)
of different forms of Kgg[tpy].Co™ units, we can observe at
a close distance (below 2 nm) a peak at 14.7 A and a broader set
of peaks between 17.0 and 18.5 A (Fig. 7 and S1712). These
values are in very good agreement with SAXS that indicates two
preferential POM-POM short distances within the aggregates.
We simulated the scattering data of six snapshots of tetramer
aggregates (Fig. S181). Each simulated SAXS pattern displays
two broad peaks at ca. 0.35 A~ and 0.45 A" in perfect agree-
ment with the experimental SAXS data. Going from DMSO to
water we observed an increase in the number of Kg,[tpy].Co™
pairs, and realized that the number of TBA cations around the
anions also seemed to increase. Aimed at analysing whether
TBA played some role in the aggregation process, we computed
g(r) between the negative region of POM (P atom) and TBA
cations. Indeed, the results in Fig. 7 show intense peaks in water
and not in DMSO. Hence, though TBA molecules are strongly
associated with dumbbells in water solution, they are much

This journal is © The Royal Society of Chemistry 2020

more labile in DMSO. Actually, the distance distribution func-
tion between TBA cations also reveals strong differences in the
behaviour of TBA in the different solvents (Fig. S191). TBA
cations partly aggregate in water, but they are very well solvated
in DMSO. Thus, there is a strong correlation between aggrega-
tion and TBA association, the higher the POM/TBA association,
the higher the aggregation.

We observed the different steps that led to the formation of
a Kgp[tpy].Co™ dimeric pair for the UNPACKED setup in water
(Fig. 8). The most important feature that can be extracted is
that TBA counter cations assist the formation of the dimers.
The first step is a POM-POM anchorage mediated by TBA
cations. Two TBA cations, which are associated with each
POM, interact excluding water between them, by forming
a supramolecular POM-TBA-TBA-POM assembly. Then, in the
second step organic chain-TBA interactions come into play.
TBA maintains the contact with the organic chain, and trig-
gered by POM-Co(m) coulombic driving force, a kind of Kg,[-
tpy].Co™ walking along the chain was recorded. In this
movement TBA cations help to avoid POM-POM repulsion.
Subsequently, in the last step of this walking, the first Co(i)-
POM contact is rather stable. Afterwards, in step four, like in
a Ferris wheel, both dumbbells units rotate around the POM-
Co axis until reaching the second POM-Co(i) interaction,
which leads to the formation of the anion-anion dimeric pair,
the pattern of aggregation of assemblies of different subunits.
Also in this case TBA helps to avoid POM-POM repulsion. This
marvellous sequence of movements assisted by TBA leads to
the formation of aggregates in water. In contrast, as no TBA
cations are associated with POM in DMSO, dimeric pair
formation is not favoured.

Chem. Sci., 2020, 11, 1072-11080 | 11077
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Fig. 8 Time-evolution snapshots of dumbbell-dumbbell dimer assisted by TBA counter cations.

Formation of nanostructured gels

With the aim of isolating the different dumbbell species, we
observed that the solutions of Kgy[tpy].Co™ and Dg,[tpy].Co™ in
DMSO-ds, quickly precipitate in the presence of an excess of
ethanol or ethanol/diethyl ether (2/1) for Kgy[tpy].Co™ and
Dg,[tpy].Co™, respectively. After washing with pure ethanol, the
resulting precipitates appear as a gel containing ca. 7% of the
hybrids (Fig. 9a), according to thermogravimetric analysis
(TGA). When the resulting organogels are dipped into aqueous
solution they initially float, owing to the lower density of
ethanol compared to water. After a few minutes they start to
sink into the aqueous solution suggesting the exchange of
ethanol molecules by water. The formation of a hydrogel was
confirmed by TGA, which shows that the resulting systems
contain ca. 5% of the hybrid POMs and lose the solvent mole-
cules at higher temperature, in agreement with the difference of
volatility between ethanol and water (Fig. 9b and S207). The
organogels of Kg,[tpy].Co™ and Dg,[tpy].Co™ can also form upon
the addition of an excess of ethanol/diethyl ether (2/1) to solu-
tions of the dumbbell species in DMSO-d; solution, followed by
washing with ethanol. SAXS analysis of all organogels was per-
formed to complete their characterization (Fig. 10a). All SAXS
curves display a rather intense peak at q values between 0.2 and
0.7 A~* (similar to previously observed values in CD;CN) sug-
gesting that some nano-organization is maintained in the
organogels. Similarly, the trends previously described for g; and

a) b) 100

% weight

(= ‘ 20
| ? @ ,
. T T T T )
4 —— 0 100 200 300 400 500
-— T/°C

Fig. 9 (a) Ethanol organogel of Ks,ltpyl.Co". (b) Thermogravimetric
analysis of Ksnltpyl (black) and Ksnltpyl.Co" as an ethanol organogel
(red) and hydrogel (blue).
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Fig. 10 (Left) SAXS pattern the POM.Co" organogels: Ksnltpyl.Co"
(plain blue), Ksnltpyl.Co" (plain red), Ds,ltpyl.Co" (dotted blue) and
Dsnltpyl.Co" (dotted red). (Right) Evolution of the SAXS pattern of
Ksnltpyl.Co" under successive acquisitions; the bold blue and red lines
correspond to the first and last scans respectively. The solvent and the
capillary were subtracted to obtain these patterns.

q» for the aggregates in CD;CN are also observed for the orga-
nogels (Table 3 and Fig. S21-S247).

For instance, q; and ¢, values are higher in the Keggin
systems than in the Dawson ones and the gels with the Co()
metal linker display higher ¢, and g, values than the POM.Co"
gels. For all compounds, the SAXS intensity keeps increasing for
g — 0 with a slope of ca. ¢~%, which suggests that the gels have
a lamellar organization (Fig. S257). Interestingly the POM.Co™
systems evolve under the X-ray beam during successive SAXS
acquisition at the synchrotron (Fig. 10b and S26%), which was
evidenced by a local colour change (from orange to red) after

Table 3 Data extracted from the SAXS curves of Ksaltpyl.Co", Ksnl-
tpyl.Co", Ds,ltpyl.Co", and Ds,ltpyl.Co™ as organogels, d = 2 w/q. The
value noted in bold correspond to the main absorption peak

Compound Scan ql/;fl di/A qz/f&’l d/A
Kgn[tpy].Co™ 15 0.369 17.0 0.477 13.2
Ksa[tpy]-Co™ 1% 0.354 17.7 0.492 12.8

5th 0.364 17.2 0.486 12.9
Dgn[tpy]-Co™ 1% 0.332 18.9 0.417 15.1
Dgn[tpy].Co™ 15 0.344 18.3 0.437 14.4

5t 0.343 18.3 0.433 14.5

This journal is © The Royal Society of Chemistry 2020
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beam exposure. We performed 5 successive acquisitions sepa-
rately and noticed that the peaks at ca. 0.4-0.5 A~ continuously
shift towards smaller q values in agreement with the partial
formation of POM.Co" (Table 3), the effect being more
pronounced for the Keggin than the Dawson-based system. It
seems likely that the gel formation arises from the nano-
organization of the POM-based dumbbells that is imposed by
the electrostatic interactions between the charged moieties.
These interactions maintain the POMs at a controlled distance
in the aggregates. This leaves some void, which is filled with the
solvent molecules. When the solvent molecules evaporate the
gel irreversibly collapses in order to fill the voids. The inter-
molecular interactions between the dumbbells species are thus,
in this system, at the basis of the formation of the gels. Smart
materials with controllable properties can be obtained when the
interplay between the intermolecular interactions within the
molecular material is properly understood.*® The properties and
performance of these materials notably depend on the spatial
organization and the distances between the components.** In
the present system, the redox state of the metal linker of the gels
can be photoswitched resulting in the modification of the POM-
POM distances. These soft nanostructured materials thus have
potential applications as redox-responsive smart materials.

Conclusions

We reported the formation of a series of discrete dumbbell-like
POM-based hybrids displaying positive and negative charges.
These complex molecular architectures, that differ by the nature
of the POM (Keggin versus Dawson) and the charge of the cobalt
linker (2+ and 3+) are able to further self-assemble into different
hierarchical species (aggregates of different size, nano-
structured gels) owing to a competition between the solvation
energy of the discrete species and intermolecular electrostatic
interactions. In DMSO, a strongly dissociating solvent, the
systems behave as discrete species and were thoroughly char-
acterized by combination of "H NMR spectroscopy, SAXS and
DFT calculations. The formation of the dumbbell-like species in
DMSO was also studied by ITC. These measurements showed
that the metal coordination to the POM-based building unit was
reinforced by coulombic interactions between the POMs and
the metal linker and counter balanced by an entropic cost
associated with the POM (the Dawson entropic contribution
being more important than that of the Keggin). When lowering
the dissociating character of the solvent or in the presence of
a protic solvent the aggregation of the species occurred. In
MeCN, we observed by SAXS the formation of nanostructured
aggregates of different sizes according to the nature of the POM
and the charge of the cobalt linker. We concluded that aggre-
gation is favoured (bigger size and shorter POM-POM
distances) when the charge of the metal linker approaches that
of the POM. Molecular dynamics simulations, in combination
with DFT calculations, corroborated that the dumbbell-like
species are discrete in DMSO and that they aggregate in H,O.
Interestingly, the computational results outlined the non-
innocent role of the TBA counter ions in the aggregation
process. Typically, the aggregation occurs when some TBA

This journal is © The Royal Society of Chemistry 2020
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cations are strongly associated with the POMs and assist the
interaction between the molecular dumbbells. Finally, we
observed the formation of gels in the presence of ethanol. In
this case the solvation energy of the aggregate becomes too low
and promotes precipitation. SAXS analysis of the gel indicated
that the gel retained some nanostructural features of the
aggregates. We thus showed that starting from the designed
molecular building units of controlled size and topologies we
can achieve their implementation into soft nanostructured
materials through the control of their supramolecular
organization.
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ABSTRACT: The design and synthesis of a supramolecular
square composed of polyoxometalate-based hybrid donors and
ethylenediamine palladium(II) nodes are reported. The structure
of the metallomacrocycle scaffold was inferred by diffusion NMR,
small-angle X-ray scattering (SAXS), and molecular modeling. The
metallomacrocycle scaffold that contains negatively and positively
charged subunits can further self-assemble owing to a competition
between the solvation energy of the discrete species and
intermolecular electrostatic interactions. When the dissociating
character of the solvent was lowered or when in the presence of a
protic solvent, different types of multiscale organizations (vesicles
and pseudo-1D structures) were selectively formed and were

characterized by SAXS and transmission electron microscopy.

B INTRODUCTION

Individual molecular building blocks that can self-assemble
into different complex molecular architectures with proper
molecular organization are currently drawing vigorous
attention from the scientific community.'~® Indeed, the path
that goes from discrete molecules to nanostructured macro- or
mesoscopic assemblies is a cutting-edge challenge for present
and future chemistry.””'" The way has already been partially
paved by research on coordination-driven self-assembly,'>"?
albeit supramolecular architectures regulated by redox-active
building units have been much less investigated.'*™'¢
Polyoxometalates (POMs) are anionic oxo-clusters that display
unique redox properties and are thoroughly investigated for
their promising technological applications.'” ™" They can be
functionalized into organic—inorganic hybrids through the
covalent grafting of organometallic fragments onto the POM
framework.”*™** Thanks to their nanoscale size, their tunable
redox properties, and their sensitivity to various types of
interactions, hybrid POMs are promising building blocks for
the elaboration of complex nanostructured supramolecular
architectures. For instance, hybrid POMs displaying remote
coordination sites can self-assemble in metallomacrocycles
upon metal coordination, where positive and negative charges
can further be associated. We previously developed such an
approach by connecting ditopic Keggin-types and Dawson-
type hybrid donors to linear metal acceptors.””** Yet, this
system afforded mixtures of triangle- and square-shaped
secondary building units, leading to defects in the stacking of
the metallomacrocycles. Pd(II) metal centers, especially those

© 2020 American Chemical Society
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derived from cis-blocked Pd(II) precursors, are widely used as
acceptors to devise finite 2D and 3D architectures.”*° This
drove us to investigate the self-assembly of a similar hybrid
POM ditopic donor with a 90° Pd(II) acceptor, since a unique
type of square-shaped metallomacrocycle (containing two
hybrid POMs and two Pd nodes) should be formed using this
strategy. We herein report the self-assembly of bis-silylated
Keggin-based building units in the presence of [Pd(en)-
(MeCN),](BF,),, a well-known metal acceptor that displays
two orthogonal accessible coordination sites imposed by the
ethylenediamine (en) ligand. We show that in a highly
dissociating solvent these hybrid POMs self-assemble into a
unique discrete supramolecular architecture that can further
self-aggregate into different hierarchical assemblies according
to the solvent composition.

B EXPERIMENTAL SECTION

Triethylamine was distilled from CaH,. Dimethylformamide was
purchased stored under argon over a molecular sieve.
[PdCL(PPh;),],>” [Pd(en),(CH,CN),](BE,),>** and the iodo
aryl terminated hybrid platform Kg[I]*° were prepared according to
published procedures. All other reagents were used as supplied.
Reactions were carried out under dry argon by using Schlenk-tube
techniques. Microwave-assisted syntheses were performed in an
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Figure 1. Metal-driven formation of the molecular square from the POM hybrid Kg[pyr].

ambient pressured reactor (Milestone Start S) equipped with a
temperature control unit. The IR spectrum was recorded from KBr
pellets on a Jasco FT/IR 4100 spectrometer. NMR spectra were
recorded on a Bruker Avance II 300 spectrometer equipped with a
QNP probe head or a Bruker Avance III 600 spectrometer equipped
with a BBFO probe head. 'H chemical shifts are quoted as parts per
million [ppm] relative to tetramethylsilane by using the solvent
signals as a secondary standard (s = singlet, d = doublet, t = triplet, m
= multiplet), and coupling constants (J) are quoted in hertz [Hz]. *'P
chemical shifts are quoted relative to 85% H;PO,.

The '"H DOSY spectra were acquired by using the pulse sequence
ledbpgp2s. The gradient strength G was varied in 16 or 32 linear steps
from 1.00 to 48.8 G cm™ to ensure at least 90% signal attenuation.
The spectra were processed by using the fitting routine integrated in
the TopSpin 4.0 package.

The small-angle X-ray scattering data were acquired on the SWING
beamline at synchrotron SOLEIL (Saint Aubin, France). The
nanocrystal dispersions were loaded in glass capillaries with an
outside diameter between 1 and 1.5 mm and glass walls of 0.01 mm
(WJM-Glas, Germany). The energy of the X-ray beam was 12 keV.
The scattered X-rays were detected using an EIGER 4 M detector
situated at 6.231 or 0.517 m distance from the sample. Ten images
were taken with a typical acquisition time of 250 ms and were
averaged to increase the signal-to-noise ratio. The SAXS intensity was
normalized using beamline-specific procedures and radially averaged
using FOXTROT 3.4.1.

TEM was carried out at the Plateforme de I'Institut des Matériaux
de Paris Centre, Sorbonne Université, using a JEM 2011 LaB6 Jeol
electron microscope operating at a 200 kV accelerating voltage with a
1.8 A resolution. Micrographs were recorded after deposition of a few
drops of solutions of Kg[pyr],'[Pd(en)], (cpom = 25 M) on a Cu
grid covered with an amorphous carbon film and several rinses with
the appropriate solvent (water for DMSO-d;/D,0 mixtures and
acetonitrile for DMSO-ds/CD;CN). The 25 uM solutions were
prepared by quickly diluting solutions of the POM—Pd supra-
molecular assembly (cpoy = 0.5 mM) in DMSO-d¢/D,0 = 1/1 and
DMSO-ds/CD;CN = 1/4 with the appropriate solvent (water or
acetonitrile) before deposition on the Cu grid.

Optimization of geometries of the square-shaped supramolecular
species was performed by energy minimization with a DFTB method.
We built the putative Kg[pyr],-[Pd(en)], system, and its geometries
were optimized using the XTB program developed by Grimme et al.*’
using the last generation of semiempirical tight-binding method,
namely, GEN2-xTB.>> To ensure that the geometry found was a
stable conformer, simulated annealing was performed after a first
geometry optimization, and then the most stable conformer was
reoptimized.
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Synthesis of Kg[pyr]. First, 442 mg of Kg[I] (0.114 mmol), 100
mg of 4-ethynylpyrydine hydrochloride (0.72 mmol), 2.1 mg of Cul
(1.1 X 107 mmol), and 13.4 mg of [PdCL,(PPh;),] (1.90 X 1072
mmol) were combined in a Schlenk tube under Ar atmosphere. Next,
S mL of dry DMF was added under argon atmosphere. After careful
degassing with argon for S min, 0.32 mL (2.30 mmol) of freshly
distilled TEA was added. The mixture was stirred at 80 °C for 1 h,
under microwawe irradiation. Next, 0.7 g of tetrabutyl ammonium
bromide was then added to the solution, which was subsequently
precipitated in an excess of diethyl ether. A dark green gel was
recovered by filtration. It was then redissolved in the minimal amount
of acetonitrile and precipitated by addition of absolute ethanol. A
colorless solid was obtained after filtration and was washed with
ethanol and diethyl ether.

Yield: 339 mg, 78%. 'H NMR (CD,CN): & 8.61 (d, J = 6.0 Hz,
4H), 7.93 (d, ] = 8.2 Hz, 4H), 7.70 (d, ] = 8.2 Hz, 4H), 748 (d, ] =
6.0 Hz, 4H), 3.12 (m, 24 H), 1.64 (m, 24 H), 1.40 (m, 24 H), 1.00 (t,
J=7.4Hz 36 H). *P NMR (CD;CN): § —12.02 (s). IR (KBr, cm™):
v 2964 (s), 2875 (s), 2221 (w), 1632 (w), 1598 (m), 1540 (w), 1482
(m), 1470 (m), 1384 (m), 1153 (w), 1110 (s), 1067 (s), 1040 (s),
965 (vs), 873 (vs), 824 (vs), 769 (s), 715 (s), 623 (m), 600 (m), 523
(m), 395 (s), 384 (s), 353 (m), 335 (m). Elemental analysis for
PSi,W;;040C74H 54N (%): caled C 23.19, H 3.26, N 1.83; found C
22.78, H 3.13, N 1.63.

B RESULTS AND DISCUSSION

Design and Synthesis of the POM-Based Building
Unit and the Discrete Supramolecular Assembly. We
have previously shown that the metal-driven self-assembly of
Keggin-type hybrids led to more stable supramolecular species
than Dawson-type analogues, probably owing to a lower charge
and, hence, a lower entropy contribution of the self-
assembly.”** Furthermore, Keggin-type POMs display a
pseudo-axial symmetry (not present in the Dawson analogues)
that should lead to the formation of a unique pseudo-D,,
supramolecular assembly upon metal coordination in which
the aromatic rings of the organic linker should be chemically
equivalent and, therefore, give a single set of NMR signals.
Therefore, we focused on the Keggin-type POM-based hybrid
[PW,,03,{O(SiC,3HgN),} 137, isolated as a tetrabutyl ammo-
nium (TBA) salt, named Kg[pyr], that contains two pyridine
functions connected to a bis-siloxane organic tether grafted on
the lacunary site of the monovacant POM [PW;;0;,]"~
(Figures 1 and S1). A Sonogashira cross-coupling reaction,
as previously developed in the group,’® was used to attach the
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pyridine function to the parent hybrid platform containing two
iodo-aryl groups.

The addition of [Pd(en)(MeCN),](BF,), to a solution of
Kg[pyr] (5 mM) in DMSO-d; was followed by 'H NMR
spectroscopy. The monitored reaction results show the
progressive formation of a unique set of new signals and the
concomitant disappearance of those of the starting POM-based
building block. The reaction is complete after the addition of
1.2 equiv of Pd(1I) (Figures 2, S2, and S3), which suggests that

| “I
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Figure 2. '"H NMR (600 MHz, DMSO-d,;) with corresponding DOSY
"H NMR of Kg[pyr] (5 mM, blue) and its resulting supramolecular
assembly in the presence of 1.2 equiv of [Pd(en)(MeCN),](BF,),
(red).

the resulting species presents a 1:1 stoichiometry between the
POM and the Pd(II) units while a minor excess of Pd(II)
species, observed at ca. 5.5 ppm, is necessary to complete the
reaction of Kg[pyr]. We performed DOSY NMR to evaluate
the diffusion coeflicients of the starting hybrid POM before
and after the addition of 1.2 equiv of [Pd(en)(MeCN),]-
(BE,),. In both cases the aromatic signals of the hybrid POM
decay similarly, according to the pulsed-field gradient strengths
with a unique diffusion coefficient: D; = 1.2 X 107" m* s™" for
the starting hybrid and D, = 7.7 X 107" m?® s7' for the
supramolecular species (Figures 2, S4, and SS). Furthermore,
in the last case, the major peak at 5.6 ppm, corresponding to
the ethylenediamine ligand, displays a diffusion coefhicient
close to that of D,, suggesting the participation of the Pd(en)
moieties in the supramolecular assembly (note that the slight
discrepancy in the diffusion coeflicient of the aromatic signals
and those of the ethylenediamine moieties probably arises
from some exchange of the Pd(en) moieties in the supra-
molecular assembly and in the minor unbounded forms at the
time scale of the DOSY experiment). By contrast, the minor
peaks at 5.50 and S5.55 ppm display a considerably higher
diffusion coeflicient that cannot be properly evaluated with a
unique diffusion coefficient (Figure S6) and are attributed to
unbounded Pd(en) species in equilibrium with the supra-
molecular assembly.
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We previously evaluated the ratio in the diffusion coeflicient
between a given assembly and the starting POM hybrid
platform on a series of hybrid POM assemblies of different
nuclearities (dimer, trimer, and tetramer). We found that the
diffusion coefficient ratio between the starting hybrid POM
and a dimer was about 1.7, a value that is rather close to D,/D,
= 1.6, which suggests the formation of a dimeric macrocyclic
species.

Structural Characterization of the Metallomacro-
cycle: Molecular Modeling and SAXS Analysis. To gain
insight into the structure of the cyclic oligomer, the
optimization of geometries of the square-shaped supra-
molecular species was performed by energy minimization
with a DFTB method owing to the large size of the system
(Figure 3). More specifically, we built the putative Kg[pyr],*

Figure 3. Optimized structure (left: top view; right: side view) of
Kg;[pyr]y'[Pd(en)],.

[Pd(en)], system, and its geometry was ogtimized with the
XTB program developed by Grimme et al.’’ This computa-
tional structure can be seen in Figure 3. One can notice its
relative flatness since the dihedral angle between the four units
(defined by the two Pd atoms and the two oxygens of bridging
the silicon atoms) is 1.97° (Table S1). The two POM units are
separated by a distance of 14.7 A, while the distance between
the two Pd atoms is 24.0 A. The two Pd—POM—Pd angles are
found to be 116.9° and 117.3°.

We also performed SAXS to complete the analysis of the
supramolecular system. This technique is indeed well suited to
characterize the structure of molecular assemblies and
aggregates with sizes that range from 1 to 100 nm that we
and others have successfully used to characterize the formation
of POM-based self-assemblies.”” ™" A significant SAXS signal
is visible for the molecular building block Kg[pyr] in DMSO-
dg solution, consistent with well-dispersed nanometric objects.
As previously observed with hybrid POMs, electrostatic
repulsion between the charged species results in a small
decrease in intensity at small wave vectors. The SAXS diagram
of the supramolecular assemblies displays oscillations in
intensity that are the characteristic of a distance larger than
the POM dimension (Figure 4). We also observed that in
DMSO-ds; the POM—Pd supramolecular systems evolved
under the beam, preventing scan accumulation. If we ignore
the decrease in intensity caused by the electrostatic
interactions, we can notice that the maximum intensity
increases by a factor of ca. 2 between the POM-Pd
supramolecular assembly and the parent Kg[pyr] building
unit, in agreement with the formation of a molecular dimer. To
further consolidate this, the theoretical SAXS pattern of the
optimized structure of Kg[pyr],”[Pd(en)], was computed
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Figure 4. (Left) Experimental SAXS pattern of a solution of Kg[pyr]
(0.5 mM in DMSO-d,, black) and the resulting supramolecular
assembly in the presence of 1.2 equiv of [Pd(en)(MeCN),](BF,),
(blue) and the computed SAXS pattern (CRYSOL) of the optimized
structure of Kg[pyr],.[Pd(en)], (red). (Right) Experimental SAXS
pattern of a solution of the POM—Pd supramolecular assembly in
(cpom = 0.5 mM) in DMSO-ds/D,0: 1/1 (red) and DMSO-dy/
CD;CN: 1/4 (blue).

using the program CRYSOL’® from the atomic coordinates of
the optimized structure. We observe that the intensity at small
q values and the first oscillation are very well reproduced,
which fully support the macrocyclic structure.

Aggregation Induced by the Addition of CD;CN and
D,0. We have previously shown that in the presence of a less
dissociating solvent than DMSO (such as acetonitrile) or a
protic solvent, POM-based metallomacrocycles that contain
positive and negative charges can aggregate through electro-
static interactions between the charged subunits.”>** Here, in
the presence of CD;CN or D,0, the "H NMR spectrum of the
POM-Pd supramolecular system drastically broadens. Note
that the final concentration should not exceed cpoy = 0.5 mM
in order to avoid partial precipitation of the solution. The two
mixtures (DMSO-d;/CD,CN: 1/4; DMSO-dy/D,0: 1/1, cpom
= 0.5 mM) were analyzed by SAXS (Figure 4) and electron
microscopy (Figure S) to characterize the overall structure of

Figure 5. TEM micrograph of the POM—Pd assemblies in DMSO/
D,0 1:1 (left) and DMSO-ds/CD;CN 1:4 (right, magnification of
three vesicles in the right corner) mixtures.

these new supramolecular architectures. In the SAXS patterns,
we observe in both DMSO-d;/CD;CN and DMSO-d;/D,0
mixtures the presence of a new peak, at large q values (g =
0.35—0.5 A™"), which is not present in the SAXS pattern of the
discrete species in DMSO-d,. These peaks correspond to
specific POM—POM distances within the aggregates and
indicate that they are both nanostructured. While in DMSO-
ds/CD;CN, the peak can be deconvoluted by a single
component centered at ¢ = 0.436 A™' (corresponding to a
distance d = 1.44 nm), and two components are necessary to
accurately fit the peak in the case of the DMSO—D,0 mixture
(g9, = 0376 A, g, = 0.490 A™" corresponding to distances d,
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= 1.67 nm and d, = 1.28 nm, respectively, Figure S7). This
shows that the main POM—-POM distance is significantly
shorter in the presence of water. In DMSO-ds/D,0 (1/1)
solution, at small wavevectors the intensity keeps increasing for
q — 0, with a slope between q~' and g7, suggesting that the
aggregates are anisotropic and contain (at least) one
preferential orientation. Among the various models tested to
fit the data, the SAXS patterns were best reproduced by using a
model of almost infinite flexible cylinders of 5.4 nm in radius
(50% polydispersity) and a Kuhn length (i.e., average segment
length of the flexible cylinder) of 15 nm (Figure S8). Note that
the exact evaluation of the length of the cylinder (above
hundreds of nanometers) is not possible with g > 2 X 107>
Al

These results were confirmed by TEM analysis (Figure S),
which shows that the aggregates appear, once deposited on the
surface, to be ramified flexible cylinders with cherry-branch
structures with a section of 8—10 nm (slightly less than the
values obtained by SAXS). The difference in the evaluation of
the section between SAXS and TEM may arise from the SAXS
model not accounting for the branched character that the
aggregates probably have in solution. In the case of DMSO-d,/
CD;CN mixture, the slope at low g is much lower, but the
Guinier regime is never reached. TEM micrographs of the
aggregates obtained by the deposition of the same sample on a
grid after further dilution in acetonitrile shows the formation of
isotropic polydisperse assemblies (Figure S) with a diameter in
the range of 15—55 nm (Figure S9).

Guided by these results, we tried to fit the SAXS pattern
with various models such as homogeneous spheres with
constant electron density or a vesicle model with a layer of
POMS separating an interior and an exterior part filled with
solvent molecules. Both modes do not reproduce well the
SAXS intensity. The faint oscillation at ca. g = 0.08 A™
together with the slowly increasing intensity at lower g suggest
an inhomogeneous electron density inside a closed shape. A
multishell vesicle model (n = 1.5, i.e,, mixture of single-layer
vesicles and two-shell vesicles of 2.3 nm thickness) indeed
reproduces the oscillation at g 0.08 A7!, yet the
polydispersity of the compound is probably too important to
obtain a satisfactory fit, especially in the low q region (Figure
S10). Actually, a close inspection of many big aggregates (>30
nm) shows that they display a higher density core which is in
agreement with the formation of multiple layer vesicles as
suggested by SAXS.

We previously observed that different types of hierarchical
self-assemblies can be selectively formed according to the
solvent composition as a consequence of different aggregation
modes of the metallomacrocycles. In the previous study, the
size of the aggregates (dense nanoparticles and pseudo-1D
structures) were much smaller than those of the current study,
probably as a consequence of stronger electrostatic interactions
in the current POM—Pd metallomacrocycles. The difference in
the aggregation mode between DMSO/CD;CN and DMSO/
D, O mixtures probably arises from the solvation of the charged
species and hydrophobic effects. Indeed, from SAXS, as the
vesicle layers are rather thin (evaluated to 2.3 nm, i.e., bilayer
of the metallomacrocycle), the surface-to-volume ratio is
considerably increased in these assemblies compared to that in
the elongated structures. Consequently, in the vesicles the
number of POMs (and Pd(II) nodes) pointing toward the
solvent is higher than in the elongated nanostructures that are
formed in the presence of water, a solvent in which POMs (as
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TBA salts) and Pd(en) complexes are insoluble. Owing to
improved packing in the elongated structures, the POM—POM
distances are shorter than in the vesicles where the POMs are
more solvated.

B CONCLUSIONS

Here, we elaborated a new POM-based metallomacrocycle
using a ditopic hybrid POM donor and a 90° metal acceptor.
Using this synthetic strategy, a single discrete supramolecular
square species was obtained. Moreover, we observed that this
new supramolecular species is able to further self-assemble into
different types of nanostructured hierarchical species (vesicles
and pseudo-1D structures) according to the solvent
composition. These complex molecular assemblies display
bigger structures than the previously reported systems owing
to improved electrostatic interactions. The large cherry-
branched structures display a large size, and the close
POM—POM distances hold great promise as semiconducting
materials for the elaboration of neuromorphic networks.
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ABSTRACT:

Polyoxometalates (POMs) are nano-scaled metal-oxides, considered as promising
candidates in many application fields thanks to their electron reservoir and redox properties.
When turned into hybrids, by adding at least one organic arm, POMs can be used as platforms
for the synthesis of larger devices. This thesis, realized in co-tutelle between Sorbonne
Université and Nanyang Technological University, presents the results of this PhD work
focusing on two aspects of POMs-based hybrids integration in large systems for different
applications. Firstly, the formation of auto-assembled discrete species and their aggregation
under specific solvent conditions was investigated. While on one hand a gel was obtained
(organo- or hydro-), on the other hand square-shaped structure were obtained, leading to
vesicles or elongated cherry-branches according to the solvent. Secondly, the covalent grafting
of POM-based hybrids on ITO substrates for the formation of memory devices was studied.
After confirmation of the thickness and the characteristics of the grafted layer via a panel of
techniques (SEM, AFM, XPS...), a top electrode was deposited to measure the memory
properties of the final system. It confirmed the resistive memory nature, the non-volatility of the
device and the “write once read many” character, where an information can be stored but not

erased.

RESUME:

Les polyoxométallates (POMs) sont des oxydes métalliques considérés comme des
candidats prometteurs dans de nombreux domaines d’application grace a leur propriétés redox
et de réservoir d’électrons. Dans leur forme hybridée, c’est-a-dire avec au moins un bras
organique, les POMs peuvent étre utilisés comme plateformes pour la synthése de plus grands
dispositifs. Cette thése, réalisée en cotutelle entre Sorbonne Université et Nanyang
Technological University, présente deux aspects de I'intégration d’hybrides a base de POMs
dans de grands systémes pour différentes applications. Premiérement, la formation d’espéces
discretes auto-assemblées et leur agrégation (en fonction des solvants) ont été étudiées. D’un
cOté un gel a été obtenu, de l'autre une structure de forme carrée a menée a des vésicules et
des branches de cerisiers. Deuxiemement, le greffage covalent d’hybrides a base de POM sur
des subtrats d’'ITO pour la formation de dispositifs de mémoire a été étudié. Aprés confirmation
de I'épaisseur et des caractéristiques de la couche greffée via un panel de techniques (SEM,
AFM, XPS...), les propriétés mémoire du systéme final ont été mesurées, confirmant la nature
résistive de la mémoire, ainsi que sa non-volatilité et sa propriété « write once read many »
(WORM).
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