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o Ilepilnyn
O 1opéoc TV QUAAOHOPE®V  VOVOSOUNUEVOV  VPRPWOIKOV  VAKOV

EMKEVTIPOVETAL KVUPImG 0T chVOEST Kot 0TI TOAVES EQOUPLOYEG VAIKMDY TOV
oLVOLALOVY TIC IOTNTEG TV SOUIKADV TOVG LOVAI®V GE KATLOKO VAVOUETPMV.
2uvovalovtog auTEg TG SOUIKEG LOVAOEG UTOPOVE VO PEATIOGOVUE | KOt VoL
ONUoVPYNGOLUE VEEG 1O10TNTEC Ol OTOIEC OEV NTOV TOPOVGES GTOL EMUEPOVS
apyKd pog VAIKA. Xtoyog g mapovoas datpPng eival o oyedocpog Kot 1
aVATTUEN  OALYOOSTPOUOTIKOV — VOVOSOUNUEVOY  LPPOIKGOV  VAMKOV Yo
TEPPUALOVTIKES, Pro-1aTpikég evepYElOkEG KO KOTAAVTIKEG epappoyés. TTo
OVYKEKPIUEVA, GTO TOVNUA OVTO TTEPLYPAPETAL 1| SVVOEST], O YOPOKTNPIGUAOC
Kot ot mBavéS epapuoyés pia TANBopag VAKOV mov €yovv cov Pdon
aAAOTPOTIKEG OOpEG TOL GvOpako 1M OGAAD avopyovo VAKE Omm¢ ot

QLAAOLOPPOL APYILOL.

To kepdahaio 3 meptypdeel TNV cOVOECT TOAVAEITOVPYIKAOV VITOGTLAOUEVOV
VMK®V Tta omoio &yovv oavomtuyfel péow ™G evoopdtowong popiov
OULVOUOOUOVTIVIG OTOV €VOOOSTPOUOTIKO Y®dpo 0o&ediov Tov ypoeitn Kot
QLALOHOPPOV  opylthomuplTik®V  apyidwv. Ot dupopeg  TEYXVIKES
YOPOKTNPICUOY OV YPNOLHOTOOVVTOL  OTOOEIKVOOLY TNV EMLTUYN
EVOOUATOON NG OUVOadopovTivig Kabdg Kol 0Tl To TEMKA VTOGTUAMUEVA
VAMKA Topovotalovv avénuévn ek empdveln. Emmnpochétwg ta vPprowa
VA Bpébnkav vo £(0VV CNUAVTIKY) TPOGPOPNTIKY KOVOTNTO OPYOVIK®OV
pOTOV YEYOVOS TOL TO. KOOGTA KOTAAANAQ Yo xpnon o€ mePPAALOVTIKEG
epapuoyés. Emmiéov mapovoidlovy BeAtiopévn Kuttapotosiky kavotnTo o€
Kapkwvikd kottapa (AS549) oe oxéon pe vy kottapa (MRC-5) ota omoia n
dpdon tovg eivar eAdyotn yeyovdg mov Tt KafoTd  KOTAAANAO Vo

YPNOOTOmBoHV MG OVOCTOATIKOL TOPAYOVTEG avATTTUENG G Plo-1aTpiKéc

EQOPLOYEC.

210 ke@AAao 4 meprypdpeTon n YNk o&eidmwon vavodickwv dvBpaka mov
&xovv mapayfel Popnyovikd péow TG mupoivtikhg dwdikaciog Kvaerner
Carbon Black & H2 kot o oynuotiopdg evog vdpOPIAOL  avordYov.

[Teprypdpetor o Aemtopepng YopaKINPIGUOS TOGO TOL apykoD OGO KOl TOL



0&edmuUEVOL VAKOD KaODG Kol HEAETN) TOV KVTTAPOTOEIKMY 1010THTMV TOV
ofeopévov vAIKoV. Katd v oéeldmon tov vavodickmv emrtvyydvetol o
Sy ®Popdg T0ug omd TO piypo vavodioK®V/VOVOKMOVOV/KOTOAOIT®V TO
APYKOD VAIKOL Kot 1 dnpovpyio. Aertovpytkdv opddwv o&uydvov (gndéu-,
VOPOEL-, KapPOEL-) GV EMPAVELN TOVG PEATIOVOVTOG TNV S10AVTOTNTO TOVG
o€ MOMKOVG O0AVTEC (MOTE VO UTOpPovV vo. ypnoiporombodv oe O1dpopeg
epopuoyés. H pelétn tov kuttapotodlkdv 1010THTMV Toug €0e1ée OTL Ol
0&e1dmUEVOL VOVOSIoKOL dpOLV MG KLTTOPOTOEIKOL TOPAYOVTEG KOl OTOTEAOVY
éva. TOALL VTOGYOUEVO VAIKO Yo TNV avamntvén vovo PloKataAvTikKov

CLUCTNUATOV.

210 KEPAAMIO S5 ToPOLGLACETOL U0 OVOCKOTNGT SPOp®V TEPOUUOTIKOV
HEAETOV TAV® OtV oOvOeon Kot TIG 1010TNTEG VOVOOOU®MY GvOpako 1Tov
TEPLEYOVV  OpYaVIKA-ovOpyave, ToAvedpikd oAtyouepn oio&avia (POSS)
(cage-like). Xtoyog eivar vo toviotel 1 Pektioon TOV  QUOIKOYTUK®DV
WOTNTOV 7OV EMTVYXAVETOL HE TPOCHNKN TOVG EMIKEVIPAOVOVTOS OTOV

avTiktomo mov umopel va €xovv Ta VPPOKA avTd VAMKA o O18PpOopES

TEXVOAOYIKEC EQOPULOYES.

210 KEQAAOO 6 OVOPEPETAL 1 EVOOUATOON VTOKATECTNUEVOV KLPIKOV
ctofaviov Tov anpov (Fe*d), oe varplovyo povipoptihovitn kabdg kot 6To
O6&wva evepyomompévo avaAoyd Tov LE GKOTO TNV ONpovpyio. KOVOTOU®MV
KOTOAVTIKAOV VTOGTUAMUEVOV SOU®OV. Mia TANODP TEXVIKMOV XUPOKTPIGLOD
EQOPUOCTNKE DOOTE Vo amodelyBel N emTuyNG EVOOUATOOT TV GlAoEavimV
OTIG OPYIMKEG UTPEG KABMG KAl 0 OYNUATIGULOS VTOCTUAMUEVOV OOUDV LEGM
115 0épuavong tovg. Ta tehkd mapoyduevo vAkd PBpédnkav va dabétovv
HEYAAN €101KN EMPAVELD EVED M TOPOVGIO VOVOS®UoTdimV atpatitn (a-FeOs)
emPePaurmbnke péow ™G @oaouatookomion  Mossbauer.  Kotahvtikég
TEPOUATIKEG LETPNOELS £JE1EAV OTL T TEAMKE VPPIOIKE VAIKA KOTOADOVY TNV
AQLOATMGN TNG LGOTPOTOVOANG GE MPOTEVIO Kol dUGO-TPOTLAOEPE AOY®
™G UEYOANG EWOIKNG EMPAVELNG KOL TOV EVEPYDV KOTOAVTIKMOV KEVIPOV GTNV
EMPAVELDL TOVG EVOD 1 EKAEKTIKOTNTO TPOG TNV OACTOCT TG 1GOTPOTAVOANG

emnpedletal amd oTEPEOYNIKES TAPAUETPOVG



Y10 kepdrowo 7 mapovotdletor 1 ONUOVPYIO AETTOV OALYOCSTPOUOTIKOV
vueviov vrokateotnuévov pe pétoddo (Cu®* wou Fe*) molvedpicdv
oMyouepikdv cthoéaviov (POSS) péowm e pebodsov Langmuir —Schaefer 7
ue cvvdvacpo TG pe T uébodo avto-opydvmong (self-assembly) pe ™ ypnon
UG omAnig  Taolevepynsg évoong omwg 1o apoydwod ofb (AA). O
YOPOKTNPICUOC pe O1bpopeg TeXVIKEG amédelle v emTvyn evamddeon twv
OTPOUATOV TNG TOCIEVEPYNG HE OMOTEAECUA TNV ONUIOLPYID TEPLOIIKAOV
SOUIKAV HOVAO®MV OV OTOTEAOVVTIOL GVTIGTOYO OO GTPOUOTE OPOYLOTKOD
o&go¢ ko vrokateoTNéveV pe pétaila (Cu?t ko Fe®) POSS. Emumléov, 0
EVOOOTPMUATIKY ATOCTACT HETAED TV SOUIKOV povadwv e€aptdtal and v
yYe®UETPla Kot TOV aplOud €viaéng Tov peToAMKOV 1OvTev. Emmnpoctétog 1
oUYKPIoN TOV 000 TEWPOUOTIKOV TPOTOKOAA®V ocOvOeong €deie 01l 1Ol
VPPIKE vuEvio oL €yovv evamotebel pe TN ovvdvacuévn cuvOETIKN
dwdikacio mov mepAapPavel T0 oTéo0 NG AVTO-0pYavOoNS TOV popiov

001 yOUV G€ KOADTEPO OPYOVOUEVEG OOUES.






Summary

The field of layered nanostructured hybrid materials focuses on the synthesis and
possible applications of materials that combine the properties of building blocks of
nanometer size dimensions. Bringing together the building blocks can enhance their
properties or generate new properties not present in either of the constituents alone.

The aim of this thesis centred on layered nanostructured hybrid materials for
environmental, medical, energy and catalytic applications, is to describe the synthesis,
characterization and possible applications of a number of hybrid layered materials

based on carbon allotropes or different inorganic matrices like clay minerals.

Chapter 3 presents the synthesis of multi-functional pillared layered materials
synthesized by the intercalation of adamantylamine into the interlayer space of
graphite oxide and layered aluminosilicate nanoclays. Different characterization
techniques demonstrated the successful intercalation of adamantylamine and showed
that the final pillared materials have an increased specific surface area. In addition
these hybrids were found to be capable of adsorbing significant quantities of organic
pollutants, which entails a great potential for environmental remediation applications.
Moreover they were found to present improved cytotoxic activity on A549 cancer
cells, whilst the cytotoxicity towards MRC-5 cells (normal) was minimal, a fact that

renders them suitable as antiproliferative agents in biomedical applications.

Chapter 4 describes the chemical oxidation of carbon nanodiscs, industrially
prepared via the so-called pyrolytic Kvaerner Carbon Black & H2 process, towards the
formation of a hydrophilic analogue. The detailed characterization of the pristine and
the oxidized material is described and the study of the cytotoxic properties of the
oxidized nanodiscs is reported. Besides resulting in the separation of carbon nanodiscs
from the mixed nanodiscs/nanocones/soot starting material, the oxidation treatment
causes the attachment of oxygen-containing functional groups (epoxy, hydroxyl and
carboxyl groups) on the nanodisc surface, improving the solubility in polar solvents
and thereby the use in various applications. The study of the cytotoxicity properties
showed that the oxidized nanodiscs can act as cytotoxic agent and promises well for

their future use in nanobiocatalytic systems.



Chapter 5 presents a review of various experimental studies of the synthesis and
properties of carbon nanostructures containing organic-inorganic cage-like polyhedral
oligomeric silsesquioxane (POSS) nanoparticles The aim is to illustrate the
improvements of chemical and physical properties that can be achieved by the
combination of POSS with different carbon nanostructures focusing on the potential
impact of these hybrid nanostructures on various technological applications.

Chapter 6 reports the intercalation of iron substituted (Fe*®) cubic silsesquioxanes
in a sodium and an acid-activated montmorillonite to form novel catalytic pillared
structures. A variety of characterization techniques was applied to prove the
successful intercalation of the cubic silsesquioxanes into the clay matrices as well as
the formation of pillared structures after calcination. The final pillared hybrids
possess high specific area and contain a-Fe203 (hematite) nanoparticles as verified by
Mossbauer spectroscopy. Catalytic measurements showed that the final hybrid
pillared materials catalyse the conversion of isopropanol to diisopropylether and
propene due to high specific area and presence of acid sites on the surface; the

selectivity is affected by stereochemical parameters.

Chapter 7 presents the fabrication of metal (Cu?* and Fe*®) decorated POSS thin
films via the Langmuir —Schaefer method or via a combination of this method with
self-assembly, using a simple surfactant such as arachidic acid (AA). Characterization
with different techniques proofed the successful deposition of the layers, leading to a
periodically repeated AA-Metal (Cu?" and Fe™)-POSS-AA unit. Moreover the
interlayer distance between the units was found to be affected by the coordination of
the metal ions. Additionally, comparison of the two fabrication protocols showed that
the hybrid films deposited following synthetic route involving self-assembly process

lead to better ordered structures.
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Keep Ithaka always in your mind.
Arriving there is what you’re destined for.
But don’t hurry the journey at all.
Better if it lasts for years,
so you're old by the time you reach the island,
wealthy with all you’ve gained on the way,

not expecting Ithaka to make you rich.

Ithaka gave you the marvelous journey.
Without her you wouldn't have set out.

She has nothing left to give you now.

And if you find her poor, Ithaka won’t have fooled you.
Wise as you will have become, so full of experience,

you’ll have understood by then what these Ithakas mean..

By C. P. CAVAFY

Translation by E.Keele



Contents

INErOAUCEION ... 1
1.0 MOTIVATION Lo 1
1.2. Graphene, Graphite oxide and carbon nanodiscs...........cccceeeeeeeieieeeieee e, 1

0 B C - o] o 1T o [ PP PPPRP 1
1.2.2. Graphen@ OXIAE ......uuviiiiiieiiiiiiiiieeee e e e e e s s s ee e e e e e e s s s nanes 2
1.2.3. Carbon NANOAISCS. ...ceuiiiuiiiiiiiiiite ettt s 2
0 T - 1Y USRI 3
1.3.0. Pillared Clays....ccceeeeeeeeeeeeeeeeeeeeeceecce e e abanaaaaaranrararnrarae 4
1.4. Polyhedral oligosilsesquioxanes (POSS) .......ccoeeeeeeeieeiieeeeeeceeecece e 4
1.5. Langmuir Blodgett/Langmuir Schaefer techniquUEeS.........ccveveeeeiiverieeciveeececireee e, 5
1.6. OUtline Of the theSis.....cooiiiiiiiii e 7
REFEIENCES ... e e e st e s s e e e e eanae e e e e 8

Experimental TEChNIQUES .........ccoooiiiiiiiiiiiiiiie e 13

2.1. Preparation of host layered materials ......cccccceeeeeeiiiiiieeeeeee, 13
2.1.1. Graphene oxide (Chapter 3) ..o 13
2.1.2. Natural and Synthetic Clays (Chapters 3 and 6).....cccccceeeveeeeeeeiiiieieinnnennnnnn. 13
2.1.3. Acid activation of clay (Chapter 6) ......ueveveeeeeeeeiiieeeeeeeeee, 14
2.1.4. Carbon nanodiscs CNDS (Chapter 4) ... eeeeeeeeciiieeeee e 14
2.1.5. Preparation of Clay/Adamantylamine hybrid (Chapter 3) .......cccccccvvveevnenee. 14
2.1.6. Preparation of graphene oxide/adamantylamine hybrid (Chapter 3) ........... 15
2.1.7. Oxidation of carbon nanodiscs (Chapter 4) .....eeeeeiiiiiiiiiiiiiiiiiiie, 15
2.1.8. Organosilane solutions (Chapters 6 and 7) .....coveveveeeeeeeeeeeiiiieeeeeeeee, 15

2.2. Characterization TEChNIQUES........uuuiiieiei e e e e e e 16
2.2.1. X-ray Diffraction (XRD) (Chapters 3,4, 6 and 7).......ccevveeereeeeeeiieeeeeeeeeeeeeeeen. 16
2.2.2. FTIR spectroscopy (Chapters 3,4 and 6)......ccccceeeeeriieeeeiiiiiieeeecieeee e eieeee s 17
2.2.3. Raman spectroscopy (Chapters 3 and 4) .....ccccceveeeeeeeeeiiieee e 17
2.2.4. Thermal analysis (Chapters 3, 4 and 6) .....cocevveeveieiieeeeeiieeeeeeeee, 17
2.2.5. X-ray Photoelectron Spectroscopy (XPS) (Chapters 3,4,6and 7) ................. 18

2.2.6. Atomic force microscopy (Chapter4) .. eeeeeeiieeiiieeeeeee, 19



2.2.7. Mossbauer spectra (Chapter 6) c...ouvveeeeeeeeiieeeeeeeeeeeeeeeeeeeeee, 19

2.2.8. High-resolution transmission electron microscopy (Chapter 3) ......cccceee...... 19
2.2.9. Surface area and porosity measurements (Chapter 3and 6) ......ccccceeeeeeeeee.. 19
2.2.10. Catalytic measurements (Chapter 6) .......ccovcvieeeeeriiiee e esieee e 20
2.2.11. Study of cytotoxicity in vitro (Chapters 3and 4).......cccccccveviiviiieeeenciieeeens 21
2.2.12. Adsorption of chlorophenols (Chapter 3) ......uvvevveeieeeiiiiiiie, 22
REFEIENCES ...t e s e e s e e e 24

Towards novel multi-functional pillared nanostructures: effective intercalation

of adamantylamine in graphene oxide and smectiteclays ..............cccceeeeeeeeenns 27
3.1 INTFOAUCTION et 28
3.2. Results and diSCUSSION .......eeiiiiiiiiiiiiiiie e e 30
3.3, CONCIUSIONS ettt e e et e e et e e st e e e ssanreeeeseanreeeas 52
REFEIENCES ...ttt et e e s ettt e e s s saneee e e enbeeeeeeans 54
Ao 01T T L PP 60

Oxidized carbon nanodiscs as cytotoxic agents..............ccccceeiiivviiiiiieeeee e, 63
A1 INTrOAUCTION .. s e e e e s 64
4.2. ReSults and diSCUSSION ......coiiiiiiiiiiiiiiiee et 66
4.3, CONCIUSIONS ittt ettt e s abb e s e e e b e e snaee e 72
REFEIENCES ...ttt 73

(POSS) .ttt ettt st e e e te e e nabe e e sabe e e sareeeeanee 78
5.0, INTFOAUCTION .ot e et e e s e e e e e s e nneeeas 79
5.2. Fullerene functionalization with POSS and their derivatives ...........ccccoeceeeennee. 80
5.3. Functionalization of carbon nanotubes with POSS and derived hybrids.............. 87

5.4. POSS immobilization on graphene and graphene oxide and resulting hybrids.... 95

oI T 6 (o] 1T 1 [ o -3 PP PP PP P PP P PP 99
REFEIENCES ...ttt e e e ettt e e e e e e e s bbaraeeeeeeeenaanrees 100
Iron-substituted cubic silsesquioxane pillared clays: ....................................L. 106
Synthesis, characterization and catalytic applications ..............ccoccccviiiiinnnni, 106
6.1, INTrOAUCTION ...uviiiieiei e e e e s s s s rareeeeeeeeas 107

5.2, RESUIES AN DiSCUSSION «.ceneeee ettt e e e e et e et e e e eeaaeeneees 109



6.3. Isopropanol deCOMPOSITION. ....uuuuiiieieieeeeeeeccee e 118

6.4, CONCIUSIONS ettt ettt e s s sbe e e e s bt e e e saneeees 120
RETEIENCES ...ttt et e sttt e e s sttt e e s sante e e s e araeeeenas 122
FAN o] o 1=T 3 o [ PP PP PPPPP PR 127

Fabrication of highly ordered Cu?*/Fe3* substituted POSS thin films, a case study

of structure influenced by metal coordination..............cccccooveviiiiiiiiiininnnnnn. 130
7.0 INTPOAUCTION .ot e e e e e st e e e e e e e e 130
7.2. Method of Preparation ..........euuiiiiiiiii e 132
7.3. ReSUlts and DiSCUSSION ....cceeiuiiieiiiiiiiee ittt e e e e e s 133

............................................................................................................................... 133
7.3.2. XRR Patterns of AA-POSS-Metal hybrid films.........cevvveeveeiiiiiiiieeeieeeeeeeeeeee, 135
7.3.3. Probing the surface of AA-Metal POSS hybrid films by XPS...........ccovvveeeeeee. 137
7.4, PeISPECHIVES ...ttt e e e e e e e e et e e e e e e e e e e e e en s 140
7.5, CONCIUSION ...eiiitiee ettt e et e e s e e e e e e e s enneeeas 140
RETEIENCES ...ttt e s e e e e e e e s e nreeeeens 142
Y0 10110 4 F-1 V2SR 146

Y T4 (=10 1V 14 41 - 150
EPUIANIN oo 154
AcCkNOWIEAZEMENTS ..........uuiiiiiiiirrrrrerr e e e e e e rereeeeeeeeaeeeas 158



Introduction

CHAPTER 1

Introduction

1.1. Motivation
This thesis represents part of my research efforts aiming at the generation of new

knowledge on the functionalization of carbon nanodiscs as well as the intercalation of
graphene oxide and clays using a simple diamondoid derivative or polyhedral
oligomeric silsesquioxanes (POSS).

The thesis also contains a study on fabrication of new complex materials by the
Langmuir-Schaefer method based on metal decorated POSS.

The target of this work was the design and development of novel layered
nanostructured hybrid materials for environmental, medical, energy and catalytic

applications.

1.2. Graphene, Graphite oxide and carbon nanodiscs

1.2.1. Graphene

Graphene is a one-atom-thick sp?-bonded carbon 2D sheet consisting of carbon
atoms tightly packed into a planar two-dimensional hexagonal lattice. It possesses
exceptional properties, which differ from those of all the other carbon allotropes
discovered so far. Its extraordinary electron mobility, combined with its high thermal
and mechanical stability, chemical inertness, large surface area, elasticity and the

U2IBI place graphene

possibility to modify electrochemically its electronic structure,!
at the top of the list of candidates for the development of new nanomaterials for a
plethora of applications including molecular electronics, biosensors, environmental
sensors and energy storage nanodevices.*!PII7IE Graphene can be produced by five
basic methods; reduction of graphene oxide, liquid exfoliation of graphite, chemical

vapor deposition using a carbon source, growth by heating silicon carbide and

mechanical cleavage of graphite.”
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1.2.2. Graphene oxide
Graphite oxide (GO) is an oxygen rich derivative of graphite decorated with hydroxyl,

).[20I11112] These functional groups are

epoxy, and carboxyl groups (sp3-oxo moieties
created by strong oxidation and distributed randomly on the basal planes and edges
of the GO sheets, generating aliphatic regions (sp® - carbon atoms) within the sp?-
hybrized matrix, as illustrated in Figure 1.1. Due to the existence of such hydrophilic
moieties, GO can swell and can be intercalated with various moieties. Both GO and
intercalated GO are being considered for numerous applications such as

(131 high mobility transistors,!* lithium batteries,!*® hydrogen

supercapacitors,
storage, adsorption of organic moieties!® removal of pollutants from aqueous
solutions and in biomedical applications.®! In our experiments, we chose to use a
chemical preparation approach since allows the production of product in
comparatively large scale and low cost. As oxidation method we decided to use
Staudenmaier method because it is a milder oxidative procedure comparing to Brodie
or Hummers-Offeman methods. Moreover, Staudenmaier method leads to the
formation of higher amount of distributed epoxy than carboxyl and hydroxyl groups
on the surface of the graphene oxide nanosheets. The presence of these epoxy
groups favor the reactions with amine ending moieties that are used for the synthesis

of the hybrid materials presented in this thesis at ambient conditions.[17)118]

1.2.3. Carbon nanodiscs
Carbon nanodiscs (CNDs) are a new bottom-up prepared carbon nanomaterial with

well-defined size on the micron scale. They are ultra-thin quasi two-dimensional
particles with diameter 1-4 um and thickness, typically in the range 10-30 nm.[*°]
They are produced through the so-called pyrolytic Kveerner Carbon Black & H; (CB&H)
Process,?” where hydrocarbons (typically heavy oil) are decomposed to carbon and
H, based on the use of an industrial-scale carbon-arc plasma torch generator
operating at a temperature around 2000 °C. CNDs are considered a promising
material in various engineering aspects due to their exceptional electrochemical

properties.l2%
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Figure 1.1. Schematic representation of graphene and graphene oxide structure

1.3. Clays
Natural clays are the product of weathering of rocks, which make up 40 % of the

earth crust. They are phyllosilicates and consist of silicon oxygen tetrahedra and
aluminum oxygen octhaedra'?? as sketched in Figure 1.2. Clays are used in a variety
of industrial applications!?® as absorbents,?3) pharmaceutical additives,?4?3 in
fertilizers,?% as drilling fluids in oil drilling,?”! in cosmetics!?®! etc. The most important
properties of clays are

isomorphic substitution, i.e. the possibility for ions of smaller valence to substitute
ions of the clay platelets;

cation exchange capacity, which is the total capacity of a soil to hold exchangeable
cations;

ability to swell when dispersed in polar solvents, a reversible process, which is
determined by their charge density;

porosity which is affected by the drying process after dispersion;

and finally the Brgnsted and Lewis acidity, present due to the active acid sites on the

clay platelets.[??!
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Si-oxygen
tetrahedra

Al-oxygen
octahedra

(Mg?* or Fe?*)

Figure 1.2. Schematic representation of the clay structure

1.3.1. Pillared Clays
The main disadvantage of clays is their lack of permanent porosity. A normal clay

swells upon hydration but its interlayer shrinks again after dehydration. To create a
structure in which the platelets are kept permanently at a certain distance, clays can
be pillared with a variety of pillaring species such as organic cations (organo-clays),
organometallic pillars, metal oxide sols (e.g. imogolite), metal complexes,
polyoxocations and mixed pillaring species®%3% gs schematically shown in Figure 1.3.
The produced pillared structures can be used in numerous applications such as in

catalysis,®? in biomedicine,’® in environmental remediation!33! etc.

1.4. Polyhedral oligosilsesquioxanes (POSS)
Silsesquioxanes belong to the family of silicone resins.’*¥ They are described with the

general formula RSiOs3; tend to form three dimensional (3D) cage-like highly
symmetric frameworks known as polyhedral oligosilsesquioxanes (POSS). Several
structures are known for silsesquioxanes, including random, ladder, partially

condensed and cage (e.g. T8, T10 and T12) types.* These cubic, hexagonal,
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Na-CLAY
PILLARING

SOLUTION

ENCHANGE
REACTION

INTERCALATED
CLAY

l CALCINATION

PILLARED
CLAY

Figure 1.3. Schematic representation of pillaring procedure.

Figure 1.4. Molecular structure of a cubic polyhedral oligomeric silsesquioxane

(POSS).

octagonal, decagonal, dodecagonal or even open cage like structure are derived from
hydrolytic condensation reactions of trifunctional organosilicon monomers.!*®! The
example of a cubic POSS is shown in Figure 1.4.

Polyhedral oligomeric silsesquioxanes appear as highly promising candidates for the

synthesis of hybrid nanomaterials suitable for a wide range of applications such as for

37] [38] [39][

polymer nanocomposites;?” in catalysis; energy storage;?% environmental

applications®! and biomedicine.[#21431144]

1.5. Langmuir Blodgett/Langmuir Schaefer techniques
The Langmuir—Blodgett (LB) technique that was introduced by Langmuir and Blodgett

(yielding Irving Langmuir the Nobel prize in Chemistry in 1932), is a useful tool to

5
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prepare thin molecular films, ranging from one to several tens or even hundreds of
molecular layers.[*” In general, it is applied to amphiphilic molecules where a polar
(hydrophilic) and a non-polar (hydrophobic) part is present.*®! These molecules can
form stable Langmuir films at the air/water interface, which can subsequently be
transferred onto chosen substrates.*’ 148 The deposition of the LB films takes place in
a water trough equipped with moving barriers. The amphiphilic molecules
(surfactants) are spread on the water surface, whereupon the hydrophilic part stays
in contact with the water surface while the hydrophobic part points away from the
water surface, thus preventing the molecules from dissolving. Then the barriers of
the trough are closed, forcing the molecules to change from a 2D gas state at the
air/water interface first to the liquid and finally the solid phase. During this
compression the surface pressure is increased while the area per molecule is
decreasing, as shown in Figure 1.5. When the solid phase is reached and stabilized, a
substrate is dipped onto the surface vertically and the molecules are deposited on
both sides of the substrate. In 1938 Schaefer introduced a variation of the technique
where the dipping of the substrate is horizontal, known as Langmuir Schaefer method
(LS). LB and LS techniques enable the fabrication of single molecule films with control
over the packing density of molecules. They also enable the creation of multilayer

structures with varying layer composition.

Monolayer

Alr
Solid Water

‘\‘\ Liquid L—-J

Increase of surface pressure

Area per molecule, nm?

Figure 1.5. Surface pressure versus area isotherm (schematic curve).
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1.6. Outline of the thesis
The research work described in this thesis is organized in seven chapters as follows:

Chapter 2 describes the experimental techniques that were used to prepare and to
characterize the studied materials; the methods employed to determine possible
future applications for the produced materials are also illustrated.

Chapter 3 reports the synthesis of multi-functional pillared layered materials
synthesized by intercalation of cage-shaped adamantylamine molecules into the
interlayer space of graphite oxide and layered aluminosilicate nanoclays. The
produced hybrid materials were characterized for what concerns their structure and
composition; they were found to exhibit an antiproliferative activity for cells, as well
as a high adsorption power for small organic pollutants from aqueous solutions.
Chapter 4 presents the oxidation of carbon nanodiscs towards the formation of a
hydrophilic analogue, the detailed characterization of the pristine and produced
material as well as a study of the cytotoxicity properties of the final product.

Chapter 5 is dedicated on our review article “Carbon Nanostructures Containing
Polyhedral Oligomeric Silsesquioxanes (POSS)” giving an overview of the synthesis
and properties of carbon nanostructures containing organic-inorganic cage-like
polyhedral oligomeric silsesquioxane (POSS) nanoparticles.

Chapter 6 describes the intercalation of iron-decorated POSS in natural and in acid
activated clays, the characterization of the pristine and produced pillared materials as
well as a study of their catalytic properties in the decomposition of isopropanol.
Finally, Chapter 7 reports the fabrication of metal (iron and copper) decorated POSS
thin films. The LS films were produced using either the Langmuir —Schaefer method

or a combination of this method with self-assembly.
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CHAPTER 2

Experimental Techniques

2.1. Preparation of host layered materials

2.1.1. Graphene oxide (Chapter 3)

Graphene oxide was produced from graphite powder using a modified
Staudenmaier’s method.?! |n a typical synthesis, 10 g of powdered graphite (purum,
powder £ 0.2 mm; Fluka) were added to a mixture of concentrated sulphuric acid
(400 mL, 95-97 wt%) and nitric acid (200 mL, 65 wt%) while cooling in an ice-water
bath. Potassium chlorate powder (200 g, purum, >98.0%; Fluka) was added to the
mixture in small portions while stirring and cooling. The reactions were quenched
after 18 hs by pouring the mixture into distilled water and the oxidation product

washed until a pH 6. The sample was then dried at room temperature.

2.1.2. Natural and Synthetic Clays (Chapters 3 and 6)
The clay used in the study reported in Chapter 3 was a natural Wyoming

montmorillonite (SWy-2) obtained from the Source Clay Minerals Repository,
University of Missouri, Columbia, with a cation exchange capacity (CEC) of 78
meq/100 g clay. The clay was fractionated to < 2 um by gravity sedimentation and
purified by standard methods in clay science.BlA sodium-exchanged sample (Na*-
SWy-2) was prepared by immersing the clay in an aqueous solution of sodium
chloride (1N). The cation exchange was completed by washing and centrifuging three
times with the NaCl solution. The sample was finally washed with distilled deionized
water and transferred into dialysis tubes in order to obtain chloride-free clay and
then dried at room temperature. A synthetic trioctahedral hectorite, Laponite RD
(Lap), produced by Laporte Industries Ltd., with structural formula
Nao.s[Mgs.aLio.4]SisO20(OH)4, a CEC of 48.1 meq/100 g clay and average particle size of
20 nm was used for the cytotoxic measurements. The clay used in Chapter 6 was a

natural Texas montmorillonite (STx-1), with a cation exchange capacity (CEC) equal to
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80 mequiv/100g clay and particle size < 2 um, obtained from the Source Clay
Minerals Repository at the University of Missouri, Columbia and purified applying the

same method as described above.

2.1.3. Acid activation of clay (Chapter 6)
For the preparation of acid-activated-clay (HT) object of the study reported in Chapter

6, natural Texas montmorillonite STx-1 (50.0 g) was ground and magnetically stirred
with 250 mL of 2 M H,SO4 (from Riedel-deHaen) at 80 °C for 2 hs in a round-bottom
flask. The slurry was cooled in air, centrifuged and washed with distilled water; the
operation was repeated twice. The sample contained in a dialysis membrane was
placed in deionized water and the water was renewed until the pH was neutral and

(4]

the conductivity was stable.l*!® The sample was finally dried at room temperature.

2.1.4. Carbon nanodiscs CNDs (Chapter 4)
The nanodiscs sample (also containing a small fraction of conical structures and

amorphous carbon), produced by the CB&H process®!”l and further annealed at 2500
- 2700 °C, was purchased from Strem Chemicals, Inc. (France). The cones and soot

components were removed in the oxidation procedure described below.

2.1.5. Preparation of Clay/Adamantylamine hybrid (Chapter 3)
The Clay/Adamantylamine hybrid object of the study reported in Chapter 3 was

synthesized by the following procedure: 300 mg of Na*-SWy-2 dispersed in 100 mL
distilled deionized water were reacted with 50 mg of 1-adamantylamine (97%, Aldrich)
dissolved in 20/1 (v/v) ethanol/water. This amount corresponds to 1.5 times the CEC of
SWy-2 montmorillonite. 5 drops of HCl 1M were then added and the mixture was
stirred at room temperature for 24 hs. The residue was separated by centrifugation,
washed three times with distilled deionized water and air-dried by spreading over a
glass plate (product: SWy-2/ADMA). A similar procedure was used for the
intercalation of ADMA (30 mg) in synthetic Laponite (sample: Lap/ADMA).
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2.1.6. Preparation of graphene oxide/adamantylamine hybrid (Chapter 3)
The GO/Adamantylamine hybrid object of the study reported in Chapter 3 was

synthesized by the following procedure: 300 mg 1-adamantylamine were dissolved in
ethanol (50 mL) and added dropwise to a dispersion of GO in distilled deionized water
(100 mg GO in 50 mL) under vigorous stirring (pH=8). Upon addition of
adamantylamine the GO solid swelled instantly. The reaction continued for 24 hs at
room temperature. The GO derivative was isolated by centrifugation and washed three

times with 1:1 (v/v) ethanol/water and dried in air (sample denoted as GO/ADMA).

2.1.7. Oxidation of carbon nanodiscs (Chapter 4)
The oxidization of carbon nanodiscs was achieved using a modified Staudenmaier’s

method.™M In a spherical flask, 500 mg of CNDs were dispersed in a mixture of 20 mL
H2S04 (95-97 %) and 10 mL HNOs (65 %) while placed in an ice-water bath (0 °C) and
the system was stirred for 20 minutes. 10 g of KCIOs were then added in small
portions to the mixture under vigorous stirring and the reaction was completed after
18 hs. The oxidation product (oxCNDs) was separated by centrifugation (3500 rpm,
10 min) and washed several times with distilled water until a pH of 6 was reached.

The remaining solid was spread on a glass plate and was air-dried.

2.1.8. Organosilane solutions (Chapters 6 and 7)
The organosilane used in the study described in Chapters 6 and 7 was 3-(2-

aminoethylamino)-propyltrimethoxysilane,(EDAPTMOS),H2N(CHs)2NH(CH2)3Si(OCH3)s,
from Fluka Chemicals. The formation of the octameric oligosiloxane from the
hydrolytic polycondensation of the monomer occurs after dilution of EDAPTMOS in
ethanol-water (v/v = 14/1) to give a solution of concentration 0.45 M.[IPI10 30 mL of
an aqueous 0.1 M FeCl, solution (3 mmol) was reacted with 20 mL of the above
solution (9 mmol) upon stirring. The colour of the ferrous chloride solution changed
from pale orange to dark green, indicative of the complexation of ferrous cations
with the amino functional group of the corresponding siloxane molecules. The

produced Fe-EDAPTMOS complex discussed in Chapter 6 was used immediately after
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its formation in order to avoid oxidation of the ferrous cations before the
intercalation between clay platelets.

The Fe-EDAPTMOS-clay complexes were prepared by reacting, under stirring, a 0.5
wt% clay suspension with aliquots of the above siloxane complex solution such that
the ratio R=[Fe-EDAPTMOS]/[clay] = 3. Within 1 h from the addition of iron-complex
the colour of the slurry changed gradually from green to orange, indicating the
oxidation of Fe(ll) to Fe(lll). After stirring for 6 hs the clay-organosilane aggregates
were washed with water five times, separated by centrifugation and air-dried by
spreading on glass plates. In order to prepare the pillared clays, the intercalated with
the Fe-EDAPTMOS clay samples were calcined in air at 500 °C for 3 hs.

For the fabrication of the highly ordered Cu?*/Fe3* substituted POSS thin films with
the LS method (Chapter 7) an additional metal organosilane solution was prepared.
30 mL of an aqueous 0.1 M Cu Cl; solution (3 mmol) was reacted with 13.5 mL of the
above described oligosiloxane solution (6 mmol) upon stirring. The colour of the
copper chloride solution changed from light blue to dark purple after mixing. The
produced Cu-EDAPTMOS complex was used 24 hs after its formation. Arachidic acid
(AA) was used dissolved in chloroform (concentration of 0.2 mg/mL). LS films were
prepared on a Nima Technology thermostated 612D LB trough at temperature of
2340.5 °C. Ultra-pure water with resistivity of greater than 18 MQ-cm was used to

prepare the subphase.

2.2. Characterization Techniques

2.2.1. X-ray Diffraction (XRD) (Chapters 3, 4, 6 and 7)

The XRD patterns for Chapters 3, 4 and 6 were collected on a D8 Advance Bruker
diffractometer by using Cu Ky (40 kV, 40 mA) radiation and a secondary beam
graphite monochromator. The patterns were recorded in the 2-theta (20) range from
2 to 80°, in steps of 0.02° and a counting time of 2 s per step. Samples were in the

form of films supported on glass substrates. For the preparation of the films, agueous
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suspensions of the hybrids were deposited on glass plates and the solvent was
allowed to evaporate slowly at ambient temperature. For the LS Cu?*/Fe3* substituted
POSS thin films reported in Chapter 7, diffraction measurements were performed on
(15-20)-layer-thick films. Arachidic Acid-Metal POSS hybrid films, deposited on
hydrophobic silicon wafers. The out-of-plane X-ray reflectivity data for the hybrid
films were collected under ambient conditions with a Philips PANanalytical X'Pert
MRD diffractometer. A Cu Ka (A=1.5418 A) radiation source was used (operated at 40
keV, 40 meV), while a 0.25° divergence slit and a 0.125° antiscattering slit were
employed. The 20 scans were performed from 0.6° to 15° with 0.02° steps and a

counting time of 15 s per step.

2.2.2. FTIR spectroscopy (Chapters 3, 4 and 6)
Infrared spectra reported in Chapters 3 and 4 were measured with a SHIMADZU 8400

infrared spectrometer, in the region of 400-4000 cm™, equipped with a deuterated
triglycine sulphate (DTGS) detector. Each spectrum was the average of 200 scans
collected at 2 cm™ resolution by means a SPECAC variable-angle attachment. Samples
were in the form of KBr pellets containing ca. 2 wt % sample. A different set up was
used for the data discussed in Chapter 6 namely a Perkin—Elmer Spectrum GX infrared
spectrometer,equipped with a (DTGS) detector. Each spectrum spanning the region
of 400-4000 cm™ was the average of 64 scans, collected with 2 cm™ resolution. Also

in this case samples were in the form of KBr pellets containing ca. 2 wt% sample.

2.2.3. Raman spectroscopy (Chapters 3 and 4)
Raman spectra were recorded with a Micro — Raman system RM 1000 RENISHAW,

with excitation at 532 nm (Nd — YAG). A power of 1 mW was used with a 1 um focus
spot in order to avoid photodecomposition of the samples. The range of

measurement for samples measured was 1000-2400 cm™.

2.2.4. Thermal analysis (Chapters 3, 4 and 6)
Thermogravimetric (TGA) and differential thermal (DTA) analyses were performed

using a Perkin Elmer Pyris Diamond TG/DTA. Samples of approximately 5 mg were

heated in air from 25 °C to 850 °C, at a rate of 5 °C/min (Chapters 3 and 4). The
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measurements discussed in Chapter 4 were performed using a Shimadzu DTG 60
Thermal Analyzer. Samples of approximately 15 mg were heated in air from 25 to 600

°C, at a rate of 10 °C/min.

2.2.5. X-ray Photoelectron Spectroscopy (XPS) (Chapters 3, 4, 6 and 7)
For the XPS measurements discussed in Chapter 3, 150 nm thick gold films supported

on mica were used as substrates. All samples were dispersed in distilled deionized
water and after stirring and sonication for 30 min, a small drop of the suspension was
left to dry in air on the substrate. Samples were introduced via a load-lock system
into a SSX-100 (Surface Science Instruments) photoelectron spectrometer, equipped
with a monochromatic Al Ka X-ray source (hv = 1486.6 eV). The base pressure in the
spectrometer was 1 x 101° Torr during all measurements. The energy resolution was
set to 1.16 eV in order to minimize the measuring time. The photoelectron take off
angle was 37° with respect to the surface normal. An electron flood gun providing 0.3
eV kinetic energy electrons in combination with a gold grid mounted about 1 mm
above the sample was used in the case of clays and clay hybrids to compensate for
sample charging. All binding energies of GO hybrids were referenced to the Cls core
level of the C-C bond set to the nominal value of 285.0 eV, while in the case of
montmorillonite clays, all binding energies were referenced to the Si2p core level of
smectite clay at 102.8 eV.'¥ Spectral analysis was performed by means of a least
squares curve-fitting program (WinSpec) developed at the LISE, University of Namur,
Belgium; the fit included a Shirley background subtraction and peak deconvolution
employing mixed Gaussian—-Lorentzian functions. For the N1s line, however, a linear
background subtraction was employed since the low peak intensity did not allow for
a Shirley background subtraction. The same protocol was followed for the spectra
presented in Chapter 4 with the difference that the electron flood gun provided 0.2
eV kinetic energy electrons and that no gold grid was used. Similarly for the data
reported in Chapter 6 an electron flood gun provided 0.1 eV kinetic energy electrons;

no gold grid was used for these measurements either.
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For the XPS measurements discussed in Chapter 7 (Arachidic Acid - Metal POSS hybrid
films) silicon wafers (Prime Wafer) were used as substrates. The surface of substrates
was made hydrophobic by modification with octadecyltrichlorosilane (purchased

from Sigma Aldrich) prior to the LS film deposition.

2.2.6. Atomic force microscopy (Chapter 4)
Atomic force microscopy images were obtained in tapping mode with a 3D

Multimode Nanoscope, using Tap-300G silicon cantilevers with a tip radius <10 nm
and a force constant of =20-75 N m™. Samples were dispersed in ethanol and
deposited onto silicon wafers (P/Bor, single side polished, purchased from Si-Mat) by
drop casting. Measurements were performed by Antonios Kouloumpis (University of

loannina, Greece).

2.2.7. Mossbauer spectra (Chapter 6)
>’Fe Mdossbauer spectra (MS) for powder samples were collected at room

temperature 300K (26.85 °C) and 10K (-263.15 °C), using constant acceleration
spectrometers, equipped with a >’Co(Rh) sources kept at RT and a closed loop He
(ARS) Mossbauer cryostat. Calibration of the spectrometers was done using metallic
o-Fe at RT and all isomer shift (IS) values are reported relative to this standard. The
fitting of the recorded MS was done using the IMSG code. Measurements were

performed by Prof. Alexios Douvalis (University of loannina, Greece).

2.2.8. High-resolution transmission electron microscopy (Chapter 3)
High-resolution transmission electron microscopy (HRTEM) data were collected using

a FEI Tecnai G? microscope operated at 200 keV. Sample was prepared by dispersing
the powder form of SWy-2/ADMA hybrid in ethanol before depositing onto a
honeycomb carbon film supported by a copper grid. Measurements were performed

by Prof. Ke Xiaoxing (University of Antwerp, Belgium).

2.2.9. Surface area and porosity measurements (Chapter 3 and 6)
The surface areas and the pore volumes of the samples in Chapter 3 were

determined by a SORPTOMATIC 1900 Thermo Finnigan porosimeter, using nitrogen
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as adsorbent at 77K (-196.15 °C). Prior to the determination of the adsorption-
desorption isotherms the samples were degassed at 200 °C in vacuum of 5x102 mbar
for 20 hs. The specific surface area of the samples was calculated by applying the BET
equation using the linear part (0.05 < P/P,< 0.15) of the adsorption isotherm and
assuming a closely packed BET monolayer, with am(N2)=0.162 nm? at 77 K. In Chapter

6 the same protocol was used but with the relative pressure range 0.01 < P/Po < 0.30.

2.2.10. Catalytic measurements (Chapter 6)
The catalytic decomposition of isopropanol took place in a bench-scale flow reactor.

The reactor consisted of a silica tube (1 cm in diameter) with a sealed-in quartz bed
onto which 0.20 g of the catalyst was placed. The system was heated in a tubular
furnace with a temperature control system accurate to within £1 °C. Analysis of
reactants and products was carried out by sampling 1 cm? of the gases in a Fisons GC-
9130 gas chromatograph equipped with a flame ionization detector. The column used
for analysis was a DB-WAX, 30 m x 0.32 mm, and with film thickness 0.5 um, supplied
by J&W scientific. Helium used as carrier gas in the gas chromatograph. Another line
drove Helium through a saturator bottle (40+1 cm3 min') containing the isopropanol
(at constant temperature), whose vapour was then driven to the reactor. Under the
experimental conditions the partial pressure of isopropanol was 33 mmHg.
Measurements were taken in the range of 90 to 200 °C in 5 or 10 °C intervals. Before
the catalytic experiments were started, the catalyst was heated at 500 °C for 2 hs
under Helium flow to remove adsorbed water from the pores. No signs of catalyst
‘die off’ were observed on the time scale of our experiments. The products detected
were propene, diisopropyl ether and water. From the percentage degree of total
conversion of isopropanol we calculated the reaction rate at each reaction
temperature. Moreover the selectivity for each of the two main products, propene
and diisopropyl ether, at various degrees of total conversion of isopropanol was also
determined. Measurements were performed by Prof. Athanasios Ladavos (University

of Patra, Greece) and Prof. Dimitrios Petrakis (University of loannina, Greece).
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2.2.11. Study of cytotoxicity in vitro (Chapters 3 and 4)
For the cytotoxicity study reported in Chapter 3: (a) Cell lines and cell culture used

with GO, GO/ADMA, LAP and LAP/ADMA were Human lung cancer cells (A549) and
normal human fetal lung fibroblasts (MRC-5), provided by Dr. Evangelos Kolettas,
Laboratory of Physiology, Faculty of Medicine, University of loannina. All different cell
lines were cultured in Dulbecco’s Modified Eagles Medium (DMEM) enriched with
10% fetal bovine serum (FBS), 100 IU/mL penicillin, 100 pg/mL streptomycin and 1.4
mM L-Gloutamin, at 37°C, with 5% CO,. All materials were provided by Costar and
PAA. (b) MTT assay: Cell growth inhibitory ability of the substances, expressed by the
average ICso value (substance’s concentration required for 50% inhibition of cell
growth), was analyzed using the MTT assay (3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide). Briefly, 3x10% A549 cells and 5x10° MRC-5 cells were
cultured overnight on 96-well plates and culture media containing different
concentrations (ranging from 1 to 850 pug/mL) of ADMA, Lap, Lap/ADMA, GO and
GO/ADMA were added. All substances were dissolved in sterilized water (solvent).
The 96-well plates with culture media containing different volumes of sterilized water
(solvent), equal to volumes of solutions added to the test wells, were considered as
control. After incubation for 48 hs, 50 uL of MTT were added in each well from a
stock solution (3 mg/mL), and incubated for additional 3 hs. The yielded purple
formazans were re-suspended in 200 pL of DMSO, using a multi-channel pipette. The
solution was spectrophotometrically measured (540 nm, background absorbance
measured at 690 nm subtracted) using a microplate spectrophotometer (Multiskan
Spectrum, Thermo Fisher Scientific, Waltham, USA). All the experiments were
performed at least in triplicate. ICsp values were determined by the curve of
percentage of inhibition versus dose. Measurements were performed by Dr. loannis
Verginadis and Dr. Anastasia Velalopoulou (University of loannina, Greece).

For the cytotoxicity study reported in chapter 4: (c) Cell lines and cell culture used
with oxCNDs were the human embryonic kidney cell line Hek293T and the human

adenocarcinoma Hela cell line, which were obtained by Dr. E. Mastrobattista
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(Utrecht University). The cells were cultured in high glucose D-MEM medium with
10% fetal bovine serum and 1% Penicllin/ Streptomycin. The cells were maintained at
37 °Cin a humidified 5% CO; incubator for 24 hs. After that stage the sterilized and
diluted compound was added in different concentration. (d) XTT toxicity tests: In vitro
cytotoxicity studies were performed using the XTT (2,3-Bis(2-methoxy-4-nitro-5-
sulfophenyl)-2H-tetrazolium-5-carboxanilide inner salt) colorimetric method [
according to the literature.[*3! Briefly, cells were seeded into flat bottomed 96-well
plates at a concentration of 20.000 for Hek and 10.000 for Hela cells per well. After
24 hs of incubation the medium was replaced and dispersed oxCNDs in D-MEM at
concentrations of 2-1000 pug mL! were added. Cell-seeded wells with only D-MEM
growth medium were used as controls. The mitochondrial redox function, translated
as cell viability of all cell groups was assessed by the XTT assay at selected time point
of 48 hs post-incubation. The absorbance was measured for each well by a
spectrophotometric [SpectraMax M3] at 490 nm plate reader. The experiment was
repeated in triplicate. Measurements were performed by Karolin Rombhild (University

of Groningen, The Netherlands).

2.2.12. Adsorption of chlorophenols (Chapter 3)
a) Swelling of materials: 10 mg of GO or GO/ADMA were swelled for 20 hs in

methanol under stirring in glass vials. Then, distilled deionized water was added to a
final MeOH/H,0 = 70/30 (v/v). 10 mg of SWy-2 or SWy-2/ADMA were swelled for 20
hs in distilled deionized water (pH=4.5) under stirring in glass vials. After 20 hs
methanol was added so the final volume ratio MeOH/H,O = 70:30 (v/v). This
methanol/H.O mixture was chosen for both materials, since the goal of this
experiment was to compare the performance of the clay and GO-based materials. (b)
Adsorption: The solutes used were 2,4,6-trichlorophenol (2,4,6-TCP)
pentachlorophenol (PCP) and 2,4-dichlorophenol (2,4-DCP) purchased from Aldrich
(purity 97%). Stock solutions of 0.8 mM 2,4-DCP, 2,4,6-TCP and PCP were prepared in
MeOH/H,0 [70:30 v/v]. Adsorption experiments were performed in batch. 2,4-DCP,

2,4,6-TCP or PCP were added, at concentrations ranging between 7 uM and 70 uM, in
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10 mg of swelled dispersions of the pristine and hybrid materials. The pH of the
reaction mixture was adjusted using NaOH to pH=5.3 for both 2,4-DCP and 2,4,6-TCP
and pH=4.5 for PCP to ensure the presence of protonated form of the phenols since
the pKa of 2,4-DCP is 6.79, the pKa, of 2,4,6-TCP is 6.23 and the pKa of PCP is 4.7.0*4
Screening experiments showed that the adsorption was completed in 90 min. Thus
measurements were performed after 2 hs of incubation to ensure adsorption
equilibrium. Then the samples were centrifuged and UV-Vis spectra of supernatants
were measured in quartz cuvettes 6Q, 1x1cm. Controls were run for chlorophenol
solutions every 2 hs with no solid material in the reaction mixture. The UV-Vis spectra
were recorded using a Perkin-Elmer Lambda-35 double beam spectrometer.
Quantification of the chlorophenols was done using the peaks at 280 nm for 2,4-DCP,
at 290 nm for 2,4,6-TCP and at 210 nm for PCP. By comparing the UV-vis spectra for
solutions with known phenol concentrations with the corresponding spectra
recorded on our materials we calculate the concentration of chloroplenols adsorbed.
Measurements were performed by Eleni Seristratidou (University of loannina,

Greece).
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Towards novel multi-functional pillared nanostructures:
Effective intercalation of adamantylamine in graphene oxide and smectite clays

CHAPTER 3

Towards novel multi-functional pillared nanostructures:

effective intercalation of adamantylamine in graphene oxide
and smectite clays

Multi-functional pillared materials were synthesized by intercalation of cage-shaped
adamantylamine (ADMA) molecules into the interlayer space of graphite oxide (GO)
and aluminosilicate clays. The physicochemical and structural properties of these
hybrids, determined by XRD, FTIR, Raman, XPS and TEM show that they can serve as
tunable hydrophobic/hydrophilic and stereospecific nanotemplates. Thus in the
ADMA-pillared clay hybrid the phyllomorphous clay provides a hydrophilic
nanoenvironment where local hydrophobicity is modulated by the presence of ADMA
moieties. On the other hand, in ADMA-pillared GO hybrid, both aromatic rings of GO
sheets and ADMA molecules define a hydrophobic nanoenvironment where sp3-oxo
moieties (epoxy, hydroxyl and carboxyl groups) present on GO modulate
hydrophilicity. As test applications we demonstrate that these pillared
nanostructures are capable of selective/stereospecific trapping of small

chlorophenols or can act as cytotoxic agents.

This chapter is based on the article: Towards novel multi-functional pillared nanostructures:
effective intercalation of adamantylamine in graphene oxide and smectite clays by K.
Spyrou*, G. Potsi*, E .K. Diamanti* et al., Advanced Functional Materials 37, (24) 5841-5850,
2014.

*K. Spyrou, G. Potsi and E. K. Diamanti have contributed to this work in equal manner.
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3.1. Introduction
Diamondoids have been extensively studied in recent years due to their successful

application in diverse fields of nano- and biotechnology!® which rely on the physical
and chemical properties!> 3 4 imparted by their unique (cage-like) structure of
tricyclic saturated hydrocarbons. Applications reported in the literature for these
“molecular diamonds” include their use as templates in nanotechnology, or as
molecular building blocks for the synthesis of novel catalysts,® high temperature
polymers,'® or hybrid nanostructures.””) In the pharmaceutical industry diamondoids
are employed in drug delivery and as drug targeting agents,®! as well as in antiviral
drugs (influenza A)®! and in the treatment of Parkinson and Alzheimer.[® To further
extend the use of diamandoids, host/guest chemistry can help to tune or protect the
properties of these molecules. In this context, adamantylamine (ADMA), an
adamantane derivative with a covalently attached amino group, is expected to be an
ideal pillaring block to be incorporated in layered host materials such as
aluminosilicate clays or graphene oxide (GO), giving rise to new hybrid

multifunctional nanostructures.

Layered materials represent a diverse and largely untapped source of two-
dimensional (2D) nanosystems with high specific surface area and exceptional
physicochemical properties that are important for applications such as catalysis,
sensing, environmental remediation, biotechnology, and energy storage.['% 12 13,14, 15,
161 The nature of the environment between the 2D nanometer-sized sheets regulates
the topology of the intercalated molecules and affects possible supramolecular
rearrangements or reactions, such as self-assembling processes that are usually not
easily controlled in solution.'” 1 19 201 smectite clays and graphene oxide are two
archetypical layered materials; smectite clays are minerals consisting of
aluminosilicate nanoplatelets, with a unique combination of swelling, intercalation
and ion exchange properties that make them valuable nanostructures?¥ 22 23] for use

as catalysts,?* 2°! templates in organic synthesis,?® 27! building blocks for composite
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materials,[t7: 28 29 30. 311 3dsorbents of inorganic and/or organic pollutants,’®% 33 as
active agents or excipients of medicinal products®* 3> and as constituents of modified
drug delivery systems (MDDS)®® in pharmaceutical industry. In most cases, the
intercalation process is a simple ion-exchange procedure between hydrated cations
present in the galleries of the clay and organic/or inorganic cation moieties. Unlike
the intercalation of graphite, that of smectite clays does not necessarily involve
charge transfer between the host and the guest species. On the other hand, graphite
oxide (GO) is an oxygen rich derivative of graphite decorated with hydroxyl, epoxy,
and carboxyl groups (sp3-oxo moieties).3” 38 3% These functional groups are created
by strong oxidation and distributed randomly on the basal planes and edges of the
GO sheets, generating aliphatic regions (sp3-carbon atoms). Due to the existence of
such hydrophilic moieties, GO presents similar properties as smectite clays in that it is
prone to swelling and intercalation. Both GO and intercalated GO are being
considered for numerous applications such as supercapacitors,*® high mobility
transistors,[* lithium batteries,[*? hydrogen storage, adsorption of organic
moieties!3 or the removal of pollutants (e.g. chlorophenols) from aqueous solutions;
recently they have also attracted interest regarding their potential use in biomedical
applications. GO has already been studied in drug delivery formulation and
bioanalysis4 4> 46,47, 48,491 55 \wel|| as for its potential cytotoxic action.®>! In contrast
to clays, the intercalation process of GO involves covalent bonding of guest molecules
to the oxygen-containing groups on the GO surfaces (nucleophilic substitution
reactions). It has been demonstrated that, under proper conditions, GO can be

exfoliated in water forming colloidal suspensions of single graphene oxide sheets.”?

53]

In this study, we report on the intercalation of adamantylamine (ADMA) into two
types of layered matrices, graphene oxide and smectite clay. Apart from the different
structural and geometrical characteristics (e.g. interlayer space) that might occur
using different matrices, and which in turn define stereospecific properties to the

final pillared structures, the choice of these two 2D-nanotemplates was also
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motivated by their ability to provide, in conjunction with the adamantane moieties,
diverse tunable hydrophobic or hydrophilic character (environment) in the final
hybrids. Thus, in ADMA-pillared clay hybrid, smectite clay provides a hydrophilic
nanoenvironment where local hydrophobicity is modulated by the presence of ADMA
moieties while in ADMA-pillared GO hybrid, both aromatic rings of GO sheets and
ADMA molecules define a hydrophobic nanoenvironment where oxygen-containing
groups present on GO modulate hydrophilicity. Since the incorporation of ADMA into
these layered materials opens the way to diverse applications in the chemical,
pharmaceutical and electronic (sensor) industry, we decided to perform also two
representative case studies of great importance in biomedicine and environmental
remediation, namely the use of these hybrid nanostructures as antiproliferative
agents in cells and effective adsorbents for the removal of organic pollutants from

aqueous solution.

3.2. Results and discussion
The smectite clay consists of octahedral alumina layers, each fused between two

tetrahedral silica layers. In the tetrahedral sheet Al** can replace Si** creating a
negative charge. Occasionally Fe*? cations are also present in the tetrahedral lattice.
In the octahedral sheets negative charging may occur by substitution of Mg*2 for Al *3.
Fe*? and Fe*® may also part of the octahedral sheets. The negative charge of the
isomorphous substituents is compensated by hydrated cations (usually sodium)
present in the interlayer space. These charge balancing cations can be replaced with
water soluble organic or inorganic cationic species;??¥ 22 23] this approach was
followed to intercalate ADMA in two different clay minerals, namely SWy-2
montmorillonite (product called SWy-2/ADMA) in the following) and a synthetic
trioctahedral hectorite, Laponite RD (product called Lap/ADMA). Initially the terminal
amine groups of adamantylamine had to be protonated to form a cationic

adamantane species. The intercalation of the positively charged adamantylamine,
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Scheme 3.1. Schematic representation of the intercalation process of adamantylamine, after

the protonation of the amine end groups, into the interlayer space of clay. The bold lines

represent the negatively charged clay platelets.

dispersed in aqueous solution, is achieved by ion-exchange according to the reaction.

The process is illustrated in Scheme 3.1:

Contrary to clay minerals, GO does not contain charge balancing cations, thus
intercalation is obtained by grafting to functional groups on the GO surface and/or
adsorption of molecules held between the basal planes by van der Waals
interactions. ADMA was intercalated in oxidized graphite as sketched in Scheme 3.2;
the product is called GO/ADMA in the following. When ADMA, dissolved in distilled
deionized water, was added to a water dispersion of GO an immediate flocculation of
GO particles was observed. This phenomenon is induced by the insertion of
adamantylamine in the GO galleries through covalent bonding via the amine
functionality of the adamantane derivative (see XPS data below). The amine end

groups interact via a ring opening reaction of the epoxide groups of GO.[>? 53,54

31




Towards novel multi-functional pillared nanostructures:
Effective intercalation of adamantylamine in graphene oxide and smectite clays

GO GO/ADMA

Scheme 3.2. Schematic representation of the synthetic procedure of GO/ADMA.

The success of the intercalation reaction can be proven by X-ray diffraction, which
allows estimating the interlayer spacing between GO or clay sheets. The XRD patterns
of GO/ADMA and SWy-2/ADMA are displayed in Figure 3.1. The insertion of
adamantylamine between the aluminosilicate and graphene oxide layers increases
the interlayer distance. More specifically, for intercalation in SWy-2 clay, the basal
doo1-spacing, which is 12.4+0.3 A in the initial montmorillonite clay, becomes 15.6+0.4
A after the modification; this corresponds to an interlayer separation A = 15.6-9.6 = 6
A, where 9.6 A represents the thickness of a clay layer.22% This value is in accordance
with the size of the adamantylamine molecule if we assume an orientation
perpendicular to the aluminosilicate platelets.>®! In the case of GO/ADMA, the 001
diffraction peak, centred at ~12° in pristine GO, shifts to lower angles corresponding
to a doo1-spacing of 10.4+0.3 A. Taking into account the thickness of a graphene oxide
layer (6.1 A),58 this corresponds to an interlayer separation A = 10.4 — 6.1 = 4.3 A
occupied by the ADMA pillaring moieties. This value implies that the adamantane

derivative must adopt an inclined orientation in the GO interlayer space.!>” 58 5
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Figure 3.1. Comparison of the X-ray diffraction patterns of the hybrid pillared systems (A)
SWy-2/ADMA and (B) GO/ADMA with those of the pristine layered matrices (SWy-2 and GO).

The results for laponite (Figure 3.2) are similar to those for montmorillonite: the basal
doo1-spacing, which is 12.0+0.3 A in the initial laponite clay, becomes 15.5+0.4 A after
the intercalation of adamantylamine; this corresponds to an interlayer separation of
15.5 A-9.6 A =5.9 A. This value is in agreement with the size of the adamantylamine
molecule if we assume an orientation perpendicular to that of the aluminosilicate

platelets as sketched in Scheme 3.1.
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Figure 3.2. XRD patterns of the hybrid Lap/ADMA in comparison with pristine Laponite

An additional tool for the characterization of hybrid pillared materials is FTIR
spectroscopy, which can confirm the successful incorporation of the adamantane
derivative in the layered matrices. Figure 3.3 displays the FTIR spectra of SWy-2 and
GO before and after the intercalation process. In the case of SWy-2/ADMA, the
spectrum displays all the characteristic bands arising from aluminosilicate clay at 465
cm! (Si-O-Si and Si-O bending vibrations), 524 cm™ (Si-O-Si bending), 778 cm™ (Si-O
deformation), 797 cm?® (Si-O and Si-O-Al stretching), 884 cm™ (Al-Fe-OH
deformation), 918 cm™ (Al-OH-Al bending), 1047 cm™ (Si-O-Si stretching) and 1639
cm™? (H20 bending).[®% ®11 |n addition, the presence of adamantylamine in the hybrid
material is revealed by the bands centred at 2863 cm™ and 2921 cm™ corresponding
to stretching vibrations of C-H, as well as by the peak at 1520 cm™, due to N-H
vibrations.[*> %2 |n the case of GO/ADMA the same peaks originating from the ADMA
molecules are also present in the spectrum, together with characteristic bands arising
from GO at 3410 cm™ (hydroxyl stretching vibration of C-OH groups), 1621 cm™ (C=0
stretching vibrations of the -COOH groups), 1396 cm™ (O-H deformations of the C-OH

groups) and 1062 cm™ (C-O stretching vibrations).[6]
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Figure 3.3. FTIR spectra of the hybrid pillared systems SWy-2/ADMA and GO/ADMA,; the FTIR

spectra of pristine SWy-2 and GO are plotted for comparison.

The FTIR spectrum of Lap/ADMA shown in Figure 3.4 displays in addition to the
characteristic bands arising from the aluminosilicate clay a peak at approximately
1515 cm™, due to N-H vibrations as well as the bands centred at 2863 cm™ and
2921 cm™ corresponding to stretching vibrations of C-H; this testifies to the

intercalation of the adamantylamine moieties in between the clay sheets.
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Figure 3.4. FTIR spectra of Lap/ADMA and pristine Laponite

In the case of GO/ADMA Raman measurements were performed as well and are
presented in Figure 3.5. Raman spectroscopy is widely used in the characterization of
carbon systems because it provides information about their structure. The Raman
spectrum of the graphite used as starting material includes the G peak at
approximately ~1580 cm™, as well a very weak 2D band located at ~ 1353 cm?,
caused by the tangential E; in-plane vibration mode of the graphite lattice and
second order boundary phonons (A1g breathing mode) respectively.®* The 2D band is
associated with defects leading to sp® carbon atoms.[®® The GO sample exhibits
strong fluorescence and therefore its weak Raman spectrum could not be observed
when exciting at 532 nm. To overcome this problem, a sample obtained by deposition
of GO sheets on a gold substrate, as described elsewhere,®3 was used. After the
chemical oxidation of graphite the G band is broadened and shifted slightly to 1594
cm, while the D band at 1363 cm™ becomes prominent due to defects created by
the attachment of oxygen-containing groups (sp3-oxo moieties) to the carbon basal
planes.l®® The degree of disorder in the carbon flakes can be expressed by the ratio

between intensities of the G and D bands. In the case of GO, the Ip/ls ratio is 1.06
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Figure 3.5. Raman spectra of pristine graphite, GO and GO/ADMA excited at 532 nm.

pointing to the creation of sp® domains in the oxidation treatment. After the
intercalation of the organic moieties that ratio remains almost the same. This gives
further support to the covalent bonding of the adamantane derivatives to the epoxy
groups on the GO surface since such a bonding does not decrease the number of

aromatic carbon-carbon bonds.

To verify the presence and integrity of the adamantylamine cycloalkanes within the
layered nanostructures, as well as to analyse the chemical environment of ADMA, we
employed X-ray photoelectron spectroscopy (XPS). The XPS spectrum of GO/ADMA
reveals in Cls core level region (Figure 3.6 left) the characteristic contribution of C-
C/C-H bonds of the GO lattice and of the adamantane cyclohexane ring centred at a
binding energy of 285.0 eV, these bonds contribute 54.3 % of the total carbon 1s
intensity. The peak at 286.3 eV is due to C-O/C-N bonds and represents 23.8 % of the

total carbon 1s intensity. Finally two components at 287.9 eV and 289.6 eV are

37



Towards novel multi-functional pillared nanostructures:
Effective intercalation of adamantylamine in graphene oxide and smectite clays

GO/ADMA GO/ADMA

Cis 285.0 eV N1s 309.8 eV
c-c

401.5 eV

286.3 eV
C-0,CH

287.9eV

Intensity (arb.units)

Intensity (arb.units)

Binding Energy (eV) Binding Energy (V)

Figure 3.6. XPS spectra of the C1s (left) and N1s (right) core level regions of the GO/ADMA
hybrid.

attributed to carbonyl (C=0) and carboxyl (O-C=0) groups respectively, which are
created on the basal planes and at the boarders of the carbon sheets by the acid
treatment. The N1s core level region of the XPS spectrum of GO/ADMA, plotted in
Figure 3.6 (right) exhibits two main peaks, located at 399.8 eV and 401.5 eV.

These peaks arise from the amine end groups of ADMA chemically grafted to the
epoxy groups of GO,!®” %8 and from protonated amines ionically bonded to the
carboxylic acid anionic groups of GO,®® respectively as is shown in Figure 3.7 where
the N1s XPS spectra of pristine GO and GO/ADMA, are compared. The spectrum of
GO/ADMA exhibits two main peaks, located at 399.8 eV and 401.5 eV in binding
energy. They arise from the amine end groups of ADMA chemically grafted to the
epoxy groups of GOB® and from protonated amines ionically bonded to the
carboxylic acid anionic groups of GO, respectively. In fact, the corresponding
spectrum of pristine ADMA is deconvoluted into two photoelectron peaks, one at
400.1 eV, which is attributed to the amine groups of the organic molecule and a
second one at 401.5 eV due to protonated amines. After intercalation no amine peak
is found but a contribution typical of C-N-C bonds appears at 399.8 eV, indicating the
successful functionalization of ADMA in the GO galleries, while the protonated groups

remain at the same binding energy value.
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Figure 3.7. Comparison between the N1s core level photoemission spectra of

adamantylamine and GO/ADMA hybrid (on gold substrates)

XPS measurements were also performed for the SWy-2/ADMA hybrid system. The
survey spectra of SWy-2 and SWy-2/ADMA are shown in Figure 3.8. Characteristic
photoelectron and Auger peaks of O, Si, Al, and Mg are clearly distinguishable in the
spectrum of pristine montmorillonite clay. A small carbon peak appears, mainly due
to adventitious carbon always present on the outer surface of air-exposed”® 71
materials but also due to soil organic matter present in natural clay minerals.’% 72
After the insertion of ADMA a pronounced increase in the intensity of the carbon
signal points to the presence of adamantylamine inside the clay galleries.

Quantitatively, the incorporation of ADMA in the clay is determined by measuring the
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Figure 3.8. XPS survey spectra of the pristine montmorillonite clay, SWy-2, and the hybrid

obtained after intercalation of adamantylamine, SWy-2/ADMA.

ratio between the carbon 1s and the silicon 2p core level photoemission intensities
before and after the intercalation process. The Cls / Si2p intensity ratio increased
from 1.42+0.06 before the incorporation of adamantylamine to 2.791£0.11 after the

introduction of ADMA, as shown in Figure 3.9.

The presence of the amine terminal groups on adamantane is deduced from the N1s
photoelectron spectrum shown in Figure 3.10. More specifically the N1s core level
spectrum is deconvoluted into two peaks, one located at 401.5 eV due to the
protonated amines of adamantine molecules intercalated into the SWy-2 galleries
(64.3 % of the total N1s intensity) and one centred at 399.5 eV attributed to non-
protonated amine groups (35.7 % of the total N1s intensity) of adamantane that
interacts through hydrogen and van der Waals bonding with the aluminosilicate

surfaces and/or other intercalated adamantane molecules.
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Figure 3.9. Comparison between the Cls and Si2p core level regions of the XPS spectra of
pristine montmorillonite clay, SWy-2, and of the hybrid obtained after intercalation of
adamantylamine, SWy-2/ADMA. The ratios between the Cls and the Si2p spectral intensities

are indicated.
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Figure 3.10. XPS spectrum of the N1s core level region of SWy-2/ADMA.

41




Towards novel multi-functional pillared nanostructures:
Effective intercalation of adamantylamine in graphene oxide and smectite clays

To estimate the amount of adamantylamine introduced in GO and in clay,
thermogravimetric (TGA) and differential thermal analysis (DTA) measurements were
performed on the two pillared hybrids as well as on the pristine materials. Based on
these data, the weight loss observed in the temperature range 280-400 °C, which
originates from the combustion of the amino groups of adamantylamine,’> 74 was
calculated to be equal to 8 and 4 wt% for GO/ADMA and SWy-2/ADMA, respectively.
Moreover, in the case of SWy-2/ADMA, between 400 °C and 700 °C another weight
loss of 8.5 wt%, due to combustion of the cycloalkane of adamantylamine, is
observed. Based on these weight losses, we estimate that the amount of intercalated
adamantylamine in the SWy-2/ADMA hybrid corresponds to ~12.5 wt%. In the case of
GO/ADMA the second weight loss cannot be distinguished from the combustion of

the graphene oxide layers, which takes place in this same temperature range.

In more detail the thermogravimetric (TGA) and differential thermal analysis (DTA) of
pure graphite, graphene oxide, and the two composite nanostructures are displayed
in Figures 3.11 a, b and c. The DTA curve of graphite (top left) exhibits an exothermic
peak at 700 °C due to the combustion of carbon layers, while in the case of graphene
oxide we have the presence of two exothermic peaks centred at 250 °C and 500 °C,
which correspond to a 30 wt% and a 50 wt% weight loss, respectively. These peaks
are attributed to the removal of oxygen-containing functional groups, created after
the acid treatment of graphite (first peak), and to carbon combustion (second
peak).’? In the case of GO/ADMA, the DTA curve exhibits one exothermic peak at
~201 °C with 30 wt% weight loss, ascribed to the removal of oxygen-containing
functional groups, while the combustion of the carbon layers appears at 540 °C. The
weight loss observed in the temperature range 280-400 °C originates from the
combustion of the amino groups of adamantylamine and represents ~8 wt% of the

total mass of the material.
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Figure 3.11. DTA and TGA curves of pristine graphite (a), GO (b) and of the GO/ADMA

hybrid (c)
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Thermogravimetric (TGA) and differential thermal analysis (DTA) of Lap/ADMA are

displayed in Figure 3.12b. In the thermogravimetric analysis of this hybrid system we
observe at 100 °C a weight loss of about 6.5 wt%, corresponding to the removal of
physisorbed water. Above 100 °C and up to 400 °C a weight loss of 12 wt% due to the
calcination of the amino groups of adamantylamine can be seen. Finally, between
400 °C and 750 °C another weight loss of 8 wt% is observed, which is due to
combustion of the cycloalkane of adamantylamine. The two thermogravimetric
weight losses between that range (400 °C and 750 °C) are probably due to
adamantylamine molecules which reside with different orientation in the interlayer

space of the laponite clay.

Undeniable proof for the successful intercalation of ADMA in the interlayer space of
the montmorillonite clay mineral comes from the High-Resolution Transmission
Electron Microscopy images. Figure 3.13 shows HRTEM images of the SWy-2/ADMA
hybrid system. From the TEM image of ADMA-intercalated SWy-2 at low
magnification (Figure 3.13a) the inter sheet separation can be estimated, while the
high degree of stacking of the clay platelets is also confirmed. The basal spacing is
measured to be approximately 1.5 nm in agreement with the XRD findings.
Moreover, in the TEM image at higher magnification shown at Figure 3.13 b, as well
as in the zoomed-in image shown in Figure 3.13 d, intercalated ADMA layers
(indicated by yellow arrows) can be recognized between clay layers, which are
composed of an octahedral layer (pink arrow) sandwiched between two tetrahedral
layers (blue arrows), as expected for a 2:1 layered silicate like montmorillonite (an

octahedral alumina layer fused between two tetrahedral silica layers).
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Figure 3.12. DTA and TGA curves of (a) SWy-2/ADMA and (b) DTA and TGA curves of

Lap/ADMA.
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Figure 3.13. (a) TEM image of ADMA-intercalated SWy-2 at low magnification. Basal spacing

is measured to be approximately 1.5 nm, consistent with the XRD measurement. (b) TEM

image at higher magnification, with a zoomed-in image shown in (d). Intercalated ADMA

layer (indicated by yellow arrows) can be recognized between clay layers which are
composed (c) of tetrahedral layer (blue arrow) plus octahedral layer (pink arrow) plus

tetrahedral layer (blue arrow).
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Nitrogen adsorption-desorption measurements at 77K (-196.14 °C) were performed
on both GO/ADMA and SWy-2/ADMA in order to reveal the creation of pillared
structures. Table 3.1 reports the specific-surface-areas obtained through BET analysis
(Seer) for the pristine layered matrices, GO and SWy-2, and for the corresponding
pillared hybrid nanostructures. The specific surface area of pure GO (Y9 m? g?) is
small, indicating that N, can only adsorb on the external surfaces of GO and reduced
GO while the interlayer space of GO is inaccessible. However, for the GO/ADMA
hybrid the specific surface area is four times larger (37 m? g1) than for GO, supporting
the hypothesis that adamantylamine acts as pillaring species. In fact, this result
implies that nitrogen adsorbs not only on the external surface but also in the pores
created by the ADMA pillars. The results were more pronounced in the case of the
montmorillonite hybrid, which showed a significantly increased BET surface area (135

m? g!) compared to pristine montmorillonite clay.

Table 3.1. Specific surface area values for GO and SWy-2 and final hybrids GO/ADMA and

SWy-2/ADMA.
Specific Surface Area (Sger)
(m’g)
GO 9
GO/ADMA 37
SWy-2 65
SWy-2/ADMA 135
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In view of possible applications for these new pillared hybrids, we tested whether
SWy-2/ADMA and GO/ADMA are capable of adsorbing organic pollutants (phenol
derivatives) from solution. In Figure 3.14 the adsorption isotherms of 2.4.6-
trichlorophenol (TCP), 2.4-dichlorophenol (DCP) and pentachlorophenol (PCP), in the
starting material (SWy-2) and in the SWY-2/ADMA hybrid are shown. The adsorption
isotherms present a plateau at increased chlorophenol:clay ratios which defines the
maximum adsorption capacity of the material, listed in Table 3.2. As evident from the
isotherms, TCP and DCP phenols adsorb in the interlayer space of the pristine clay as
well as in the pores of SWy-2/ADMA, while the adsorption of PCP remained zero in all

cases.

per mg (mM)

C

Concentration of adsorbed phenol
permg {mh)
Concentration of adsorbed phenol
permg {(mM)
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Figure 3.14. (A) Langmuir adsorption isotherms of 2,4-DCP on pristine SWy-2 clay (H) and
SWy-2/ADMA (A), (B) Adsorption isotherms of 2,4,6-TCP on pristine SWy-2 clay (L) and
SWy-2/ADMA (A\), (C) Adsorption isotherms of PCP on pristine SWy-2 clay (XI) and
SWy-2/ADMA ().
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Table 3.2. Maximum adsorption capacity for chlorophenol [mM per mg] by SWy-2
montmorillonite clay, GO and their derivatives SWy-2/ADMA and GO/ADMA.

Chlorophenol SWy-2 SWy-2/ADMA GO GO/ADMA

2,4-DCP 20x10*  27x10* 0 32x10*
2,4,6-TCP 2x10* 15x10* 0 1.3x10*
PCP 0 0 0 0

From Table 3.2 one notices the adsorption of the various phenols followed a

consistent trend for all materials.

The uptake of DCP was significantly higher than for TCP. Strikingly the adsorption of
PCP remained zero in all cases; the adamantylamine-intercalated clay showed an
improved adsorption capacity with respect to that of the pristine clay. Indeed, SWy-
2/ADMA adsorbed significantly higher amounts of DCP for all concentrations of
added phenol and showed a 40 % enhanced uptake compared to the pristine clay at
the highest phenol concentrations, see Table 3.2. SWy-2/ADMA also adsorbed almost
eight times more TCP than the SWy-2. Comparing the three types of chlorophenol we
conclude that the higher adsorption of DCP than of TCP as well as the negligible
adsorption of PCP could be explained by the molecular size of the three phenols
(stereospecific trapping): TCP and PCP are larger so they might block the pores of the
pillared hybrid and thereby hamper the adsorption of further molecules (see physical

model below).

Figure 3.15 presents the adsorption isotherms for TCP, DCP and PCP by GO/ADMA
and by pristine GO. GO appears to adsorb none of the chlorophenols, whereas
GO/ADMA adsorbs selectively only DCP while the adsorption of TCP and of PCP was

minimal.
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Figure 3.15. Adsorption isotherms of 2,4-DCP on pristine GO (M) and on GO/ADMA (L); of
2,4,6-TCP on pristine GO (O) and on GO/ADMA (®); of PCP on pristine GO (A\) and on
GO/ADMA(A).

Table 3.3. Molecular volume (A3) chemical structure and space filling surface of different

phenols and of ADMA (calculated with ChemDraw?7.0)

Muolecukar vihime (42) Chemircal stracture Space filling surface

Pontachlorophenisl ™

83.21

5

2 4-Trichlorophenol

2 - Dichlorophensl

60.25

79-54 [g @

Adamantane
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The observed differences in the uptake of PCP, 2,4,6-TCP and 2,4-DCP can be

attributed to the difference in the molecular size of the phenols. As illustrated in
Table 3.3, the molecular volumes are 60.3 A3 for DCP, 67.9 A3 for TCP and 83.2 A3 for
PCP. Thus, the more bulky PCP is adsorbed less by the pillared clay and not at all by
GO/ADMA, while DCP seems to be able to penetrate (stereospecific trapping) in the
interlayer space of both SWy-2/ADMA and GO/ADMA. This can be explained if we
take into account the change in the interlayer space as deduced from XRD (Figure
3.1). The interlayer distance of the pristine SWy-2 clay is 2.8 A and becomes 6.0 A in
SWy-2/ADMA. On the other hand, the interlayer distance in pristine GO is 1.3 A,
which is much smaller than that of the pristine SWy-2 clay, and becomes 4.3 A after
modification with adamantylamine. Despite this increase, only DCP can be
accommodated GO/ADMA and this results in the observed significant adsorption of

DCP in contrast to TCP and PCP (selective/stereospecific adsorption).

Another possible future application of the pillared layered nanostructures is their use
as cytotoxic agents. We chose laponite and intercalated laponite for these tests
because this synthetic clay with small platelet size is used in pharmaceutical industry
as drug carrier.””! Nevertheless, there is a gap in knowledge concerning Laponite’s in
vitro antiproliferative activity. Thus, the present study evaluated the in vitro cytotoxic
activity of adamantylamine, laponite and of the intercalated laponite, Lap/ADMA,
against a cancer cell line (A549) and a normal one (MRC-5). Parallel to Lap/ADMA we
also tested the cytotoxic behaviour of GO and GO/ADMA. The ICso (ug/mL) values for
cell proliferation (MTT assay) after 48 hs of treatment with adamantane hybrids and
pristine materials are shown in Table 3.4 for A549 and MRC-5 cells and schematically
presented in Figure 3.16. The ICso values of ADMA, Lap and Lap/ADMA for A549 cells
were 122+13.7 pg/mlL, 205+20.7 pg/mL and 91+5.0 pg/mL. It is noteworthy that Lap
and Lap/ADMA exhibited cytotoxic activity on MRC-5 cells (normal cells) in
concentration higher than 250 pg/mL (288+41.8 pug/mL and 307+32.2 ug/mL for Lap
and Lap/ADMA, respectively). The 1Cso (ug/mL) values for cell proliferation (MTT
assay) after 48 hs of treatment with GO and GO/ADMA for A549 cells were 259+48
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pug/mL and 192+27.6 pg/mL, respectively, whereas GO and GO/ADMA exhibit

cytotoxic action on normal cells (MRC-5) in concentration higher than 400 pg/mL (ICso
values for MRC-5 cells were 1480+39.6 pg/mL and 425+52.6 pg/mL for GO and
GO/ADMA, respectively). What we observe is that Lap, Lap/ADMA, GO, GO/ADMA
and ADMA exhibited antiproliferative activity against A549 cells. The control wells,
containing different volumes of sterilized water (solvent) equal to volumes of the
solutions added to the test wells, did not present any cytotoxicity against both cell
lines (data not presented here). All substances, except ADMA, exhibited a mild
cytotoxic activity on MRC-5 cells, with 1Cso values being higher than 250 pug/mL and
among all, Lap/ADMA is the most cytotoxic agent against the cancer cell line. In
addition, Lap/ADMA showed a significantly higher cytotoxicity (p<0.05) compared to
that of laponite (starting material) and adamantylamine against A459 cells. Similarly
there is a statistically significant difference between cell lines treated with GO and
GO/ADMA (p<0.05). Also GO/ADMA showed a lower cytotoxicity (p<0.05) compared
with GO.

500

400

300

I1C50 value (ng/ml)

200

AS549 MRC-5

BADMA BLAP OLAP/ADMA BGO HBEGO/ADMA

Figure 3.16. ICsp (ug/mL) values of ADMA, Lap/ADMA and GO/ADMA on A549 and MRC-5

cells, compared with pristine laponite clay (Lap) and GO.
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Table 3.4. ICsp values (ug/mL) of ADMA, Lap, Lap/ADMA, GO and GO/ADMA on A459 and

MRC-5 cells.
ICs0 (ug/mL) A549 MRC-5
ADMA 122 +13.7 149 + 38.6
Lap 205 +20.7" 288 +41.8
Lap/ADMA 91 +5.0™° 307 +£32.2
GO 259 + 48’ 480 +39.6
GO/ADMA 192 +27.6 425 +52.6

*Significant difference between cell lines; 2Significant difference between Lap and
Lap/ADMA; p < 0.05. Data are presented as mean + o (where o is the standard

deviation).

3.3. Conclusions
We successfully achieved the intercalation of adamantylamine into the interlayer

space of layered host materials, namely graphite oxide, montmorillonite and laponite
clay. X-ray diffraction measurements demonstrated the successful intercalation of
adamantylamine into all three host matrixes. In the case of montmorillonite an
undeniable proof for the successful intercalation comes from TEM images. X-ray
photoelectron spectroscopy, FTIR spectroscopy as well as thermogravimetric and
differential thermal analysis illustrated the type of interactions between the host
materials and the intercalated molecules as well as informing on the intercalation
yield. Porosimetry measurements revealed that pillared structures were created and
gave the specific surface area of the hybrid nanostructures. The hybrid nanomaterial
obtained by intercalation of adamantylamine into montmorillonite clay is capable of

adsorbing significant quantities of organic pollutants, which entails a significant
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potential for environmental remediation. GO/ADMA showed a stereospecificity-
determined, selective DCP uptake. Finally the hybrid nanostructures obtained by
intercalation of adamantylamine into laponite clay and graphene oxide were
investigated for their cytotoxicity against one cancer cell line and one normal cell line.
The findings revealed that Lap/ADMA and GO/ADMA presented improved cytotoxic
activity on A549 cells, whilst the cytotoxicity towards MRC-5 cells (normal cells) is
maintained or only slightly increased as compared to Lap and GO, respectively.
Possibly, these combinations act synergistically by combining two different molecular
pathways, leading to higher cytotoxicity. Further biological investigation is needed to
elucidate the roles of Lap, GO, ADMA and their combinations on cancer and normal
cell lines. We established a controllable and reproducible method for the synthesis of
multi-functional materials with potential for exploitation in the fields of

environmental remediation and biomedical applications.
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Appendix
Adsorption of chlorophenols

The left panel of Figure S9 presents UV-Vis spectra for 2,4,6-TCP and 2,4-DCP and
PCP. Quantification of the chlorophenols was done using the peak at 280 nm for 2,4-
DCP, the peak at 290 nm for 2,4,6-TCP and the one at 210 nm for PCP, as marked by
arrows. By comparing these UV-Vis spectra for solutions with known phenol
concentrations with the corresponding spectra recorded after adsorption on pristine
SWy-2 and on the two types of SWy-2/ADMA hybrids — see examples in the right
panel of Figure S1 - we could calculate the concentration of chlorophenol adsorbed in

each case and compile the adsorption isotherms.
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Figure S1. Left panel: UV-Vis spectra of 20 uM 2.4.6-trichlorophenol (TCP, red curve), 2.4-
dichlorophenol (DCP, black curve) and pentachlorophenol (PCP, green curve) in MetOH:H,0
70:30 v/v. The arrows mark the peaks used for quantitative analysis of adsorption. Right
panel: UV-vis spectra of 2.4.6-trichlorophenol (TCP) and 2.4-dichlorophenol (DCP) adsorbed
on SWy-2/ ADMA prepared with 1.5 and 3.0 CEC).
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Table S1. Molecular volume (A3) Chemical structure and space filling surface of different

phenols (calculated with ChemDraw7.0)

e

Maolecular vohime (43) Chemical structure Space filling surface
Pentachlorophenol 83.21 ™
a@ a
ct o
]
2 4 6-Trichlorophenol 67.92 oH
ﬂ@/u ‘
a
7 OH
2 4-Dichlorophenol 60.23
|
a
Adamantane 70.34 NH,
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Oxidized carbon nanodiscs as cytotoxic agents

CHAPTER 4

Oxidized carbon nanodiscs as cytotoxic agents

In this work we report the fabrication of soluble hydrophilic carbon nanodiscs by the
chemical oxidation of insoluble pristine carbon nanodiscs (CNDs) using the method
that is commonly used for the graphite oxidation. The pristine CNDs were prepared
through the pyrolytic Kvaerner Carbon Black & H, process using an industrial-scale
carbon-arc plasma torch generator. The oxidized product is decorated with various
oxygen-containing functional polar groups, converting the insoluble CNDs to a
hydrophilic derivative that can be easily disperse in polar solvents including water.
These hydrophilic derivatives are expected to find application a wide range of fields
including biomedicine. In this work they were tested as antiproliferative agents for
two cell lines, a healthy and a cancer one, in order to investigate their cytotoxic

properties.

This Chapter is partially based on the article by P. Zygouri, T.Tsoufis, A. Kouloumpis, M.
Patila, G.Potsi, Z. Sideratou, F. Katsaros, G. Charalambopoulou, H. Stamatis, P. Rudolf, T. A.
Steriotis and D. Gournis, Hydrophilic oxidized carbon nanodiscs: A promising multifunctional

nanocarbon for bioapplications, to be submitted.
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4.1. Introduction
Among the many nanomaterials synthesized the last decades carbon nanostructured

materials occupy the most prominent position. This is due to the unusual potential of
carbon to form many allotropes thanks to its sp3, sp? and sp hybridization. Carbon
low-dimensional nanostructures include the 0D fullerenes, the 1D carbon nanotubes
and the 2D graphene. Their discovery and investigation?lead to two Nobel prizes
awarded to Kroto, Smalley, Curl in 1996 for the discovery of fullerenes and to
Novoselov and Geim in 2010 for the discovery of graphene. Carbon nanostructures
distinguish themselves for low density, high specific surface, tunable pore structure,
chemical stability as well as the excellent electronic, thermal and mechanical
properties and hence are promising candidates for a wide range of applications
including organic electronic®'photovoltaics,biological and medical applications,>!®!
catalyst supports,!’! field emission devices,'® nanoprobes,® sensors,®! semiconductor
devices,* composite materials (polymeric or ceramic),[t11121131114] hanoelectronics,™

gas separations,!”) supercapacitors,*® and energy storage materials”..

Carbon nanodiscs (CNDs), are synthesized through the so-called pyrolytic Kvaerner
Carbon Black & H> (CB&H) Process, (18119 where hydrocarbons (typically heavy oil) are
decomposed to carbon and H, based on the use of an industrial-scale carbon-arc
plasma torch generator operating at a temperature around 2000 °C. The carbon
product consists of three different turbostratic graphitic microstructures, namely flat
CNDs (no pentagons), conical carbon structures (1-5 pentagons) and amorphous
carbon (soot), with volume fractions around 82 %, 5 % and 13 %, respectively*®.
CNDs are micron sized, ultrathin quasi two-dimensional particles with diameter 1-4

(20l showed

um, while the co-existing carbon cones are of similar size. Garberg et al.
that CNDs are multilayer structures with a graphitic core and outer non-crystalline
layers. CNDs are considered to have homogeneous thickness, typically in the range
10-30 nm. The degree of graphitization can be greatly promoted by post heat-

treatment at 2700 °C under argon!?!l. Annealed CNDs and cones are almost single
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crystalline in the c-direction and may thus be considered as stacks of a limited

number of graphene layers (usually < 100)21.

The size of these disc-like carbon nanostructures is large enough to maintain
important graphite properties such as electrical conductivity and on the other hand,
small enough and even ideal in some cases, for applications in biotechnology,
nanomedicine and drug delivery. The main disadvantage of CNDs is that - like all
other carbon structures - they are insoluble in polar solvents, which renders them

difficult to process.

Chemical modification of their surface is a solution to this problem since it improves
their ability to disperse in organic solvents and water. It is thus through
functionalization that they become more compatible with other materials and more
easily included in the preparation of composites. The aim of this project is to apply a
simple and reproducible approach for the chemical oxidation of CNDs, similar to the
well-known Staudenmaier’s method??that has been applied for the chemical
oxidation of graphite?®/?4], As we shall show in the following, strong acid treatment
results the CND surface decoration with various oxygen-containing functional polar
groups such as hydroxyl, carboxyl and epoxy groups. These functional groups convert
the CNDs into a hydrophilic derivative, which is completely soluble in polar solvents
including water. A beneficial side effect of the acid treatment is that it also separates
the CNDs from the nanocones and soot in the mixed starting material. A number of
characterization techniques was applied to characterize the functionalized nanodiscs,
namely Fourier transform infrared (FTIR), p-Raman and X-ray photoelectron
spectroscopies, X-ray diffraction, thermogravimetric analysis (DTA/TGA) and atomic
force microscopy (AFM). Oxidized carbon nanodiscs are expected to have a wide
range of diverse applications in the chemical and pharmaceutical industry, as well as
in electronics. In this project we tested the cytotoxic properties of oxCNDs on two
different cell lines in order to investigate potential future applications in biomedicine

and bio-catalysis.
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4.2. Results and discussion
To verify that the oxidation of CNDs results in the creation of oxygen containing

groups covalently attached on the surface of the discs similarly to graphene oxide, we
employed FTIR and XPS spectroscopies. The FTIR spectra of pristine and oxidized
carbon nanodiscs are shown in Figure 4.1. Contrary to the pristine CNDs oxidized
carbon nanodiscs exhibit intensive vibrational bands in the region of 1000-1700 cm™.
More specifically, the band at 1058 cm™ is assigned to stretching vibrations of C-0O
groups, while the weak peak at 1405 cm™ is due to bending vibrations (deformation)
of hydroxyl groups C-OH groups [2°!2¢]. The band at 1620 cm™ is attributed to the C=0
stretching vibrations of the —COOH groups?®, while the the band at 1230cm™ is
assigned to asymmetric stretching of C-O-C bridges in epoxy groups and to
deformation vibrations of O-H in the carboxylic acid groups. The presence of all these
characteristic vibrational bands testifies to the successful oxidation of the carbon

nanodiscs.

The XPS spectrum of the C1s core level region of oxCNDs shown in Figure 4.2 can be
deconvoluted in three main contributions: the first peak at a binding energy of 284.8

eV is assighed to the C-C bonds of the graphitic framework!?”! and accounts for 82.4 %

1620 oXCNDs

Absorbance (a.u)

000 1500 2000 2500
Wavenumbers (cm™)

Figure 4.1. FT-IR spectra of pristine (black) and oxidized carbon nanodiscs (red).
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Figure 4.2. XPS spectrum of the C 1s core level region of oxidized carbon nanodiscs

(oxCNDs).

of the overall carbon 1s intensity; a second peak attributed to C-O bonds at 287.0 eV
makes up 11.2 % of the total Cls intensity, while a third contribution at 288.8 e.V
(6.2% of the overall Cls intensity) is assigned to O-C=0 bonds.[?812°] These
contributions from C-O, C=0 and O-C=0 bonds do not appear in the corresponding
XPS spectrum of the starting material’® and hence the oxygen-containing groups
must have formed during the strong acidic treatment of the CNDs. The oxidation
process is therefore similar to that of graphene oxide produced from graphite with

the Staudenmaier’s method.[2°11311132]33](34]

An additional technique that confirmed the successful oxidation of CNDs was Raman
spectroscopy. The Raman spectra of pristine and oxidized carbon nanodiscs are
presented in Figure 4.3. Both show the characteristic first-ordered G- and D- bands at
around 1600 and 1350 cm?, respectively. The G-band originates from the doubly
degenerate E2g mode around the Brillouin zone centre and is associated with sp?-

hybridized carbon atoms. The D-band is related to sp® hybridized carbon atoms as it
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Figure 4.3. Raman spectra of pristine CNDs (black) and oxCNDs (red)

requires a defect or an edge for its activation by double resonance, thus indicating
the presence of lattice defects and distortions.3>36137138IThe ratio of the D- to G-
band intensities (Ip/lg) is indicative of the quality of the graphitic lattice and was
found to be 0.57 for the pristine CNDs. The important increase of the Ip/lg ratio in
oxXCND sheets which is at least 0.90 as can be postulated via the relative increase of
the D’ band (1620 cm™) which exceeds the intensity of the G band®*¥ confirms the
change in the hybridization of the carbon atoms from sp? to sp3, due to the creation
of oxygenated groups (hydroxyl, carboxyl or epoxide) that are covalently attached to

the double bonds of aromatic groups.

The results from the thermogravimetric analysis (TGA) of pristine and oxidized carbon
nanodiscs are shown in Figure 4.4. In the pristine CNDs, the major drop in the mass is
observed around 630 °C, followed by complete decomposition of the material,
indicating the thermal destruction of the graphitic network of the carbons nanodiscs.
In the case of oxCNDs a continuous weight loss is observed at the temperature range
between 140 and 320 °C; we attribute this loss to the removal of the oxygen
containing groups (hydroxyl, carboxyl, epoxy) covalently attached to the graphitic

layers of CNDs. The drop in the mass is estimated to be 25 wt% indicating the degree
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Figure 4.4. Weight loss curves collected during the thermogravimetric analysis of pristine

(black) and oxidized carbon nanodiscs (red).

of functionalization that has occurred upon oxidation of the pristine CNDs. Moreover,
carbon combustion (decomposition of graphitic lattice) occurs at lower temperatures
compared to pristine CNDs, namely around 440 °C, since the presence of oxygenated

species facilitates an accelerated graphitic network combustion.

The X-ray diffraction patterns of pristine and oxidized carbon nanodiscs are
presented in Figure 4.5a. Pristine CNDs display a well-defined peak at 26.6°, which is
attributed to the 002 reflection of the graphite lattice and mirrors a basal spacing
doo2=3.4 A. In the case of oxCNDs this diffraction peak disappears and a new sharp
one is present at lower angles (~11.4 °). The latter is due to the principal 001
reflection and corresponds to a basal spacing of dooi= 7.7 ,&, indicative of the
successful oxidation of graphitic layers of the CNDs with the creation of oxygen-
containing groups that are randomly distributed on the basal planes and edges of the
graphenic nanodiscs.

The morphology of the oxidized nanodiscs was examined thoroughly with AFM

microscopy. Figure 4.5b shows a representative micrograph of isolated nanodiscs
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Figure 4. 5. X-ray diffraction patterns (a) pristine (black|) and oxidized carbon nanodisks

(red), (b) AFM image of oxCNDs.

with a thickness of 0.8 A, as calculated from topographical height profile These
monoatomic graphitic nanodiscs are the majority of the scanned area. However,
nanodiscs with thickness between 2 and 5nm are also present, indicating the

occurrence of larger discs consisted of several graphitic layers.

In view of possible applications for these new oxidized nanocarbons we tested
whether oxCNDs can be used as cytotoxic agent on human embryonic kidney
Hek293T and human adenocarcinoma Hela cell lines. The results of the cell viability
assays shown in Figures 4.6 and 4.7. Figure 4.6 shows the absorbance related to
mitochondrial redox function, indicative of cell viability of the cell lines. When
oXCNDs in the range of 0 ug/ml- 1mg/ml are added, we can observe that comparing
the effect of oxCNDs on both Hek293T (healthy) and Hela (cancer) cells, Hela cells
are effected more by the presence of oxCNDs. A way to quantify this effect is to
determine the half maximal inhibitory concentration or ICso values for both cell lines,
i.e. the concentration oxCNDs required for 50 % inhibition of cell growth. As we see in
Figure 4.7, in the case of Hek293T cell line ICsp amounts to 82 pug/ml. In other words,
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for this concentration half of the cells (50%) are still alive after adding the oxCNDs. On
the other hand, in the case of Hela cancer cells, only 33 pg/ml are needed to achieve
the same effect. Therefore oxCNDs are a very promising hybrid material suitable not
only as an effective support for enzyme immobilization for the development of

nanobiocatalytic systems as reported previously““but also antiproliferative agent on

a specific cancer line.
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Figure 4.6. Absorbance % graph of oxCNDs for Hek293T (green) and Hela(red) cell lines
for concentration 0 pug-1000 pg.
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Figure 4.7. ICsp graph of oxCNDs for Hek293T (green) and Hela (red) cell lines.
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4.3. Conclusions
Insoluble carbon nanodiscs produced by the CB&H, process were successfully

oxidized using a simple approach based on the well-known Staudenmaier’s method.
After strong acid treatment the surface of the CNDs is decorated with various oxygen-
containing functional polar groups such as hydroxyl, carboxyl and epoxy groups,
converting the completely insoluble CNDs into a hydrophilic derivative that is
dispersible in many polar solvents, including water. X-ray diffraction, FTIR, XPS and
Raman spectroscopies confirm the successful chemical functionalization and the
presence of oxygen-containing functional groups covalently attached on the oxCNDs.
Thermogravimetric and differential thermal analysis showed the high degree of
functionalization of the pristine CNDs. Morphology studies by AFM microscopy show
that the material is composed mainly of isolated monoatomic graphenic nanodiscs
with a mean diameter in the range of 1 and 2 pm and a thickness of 0.8 A; a small
minority of few layer flakes is also observed. These hydrophilic nanostructures were
tested as cytotoxic agents. Cell viability assays revealed that oxCNDs exhibited
significant higher cytoxic activity on adenocarcinoma Hela cell lines than on human
embryonic kidney Hek293T cells, indicating that oxidized carbon nanodiscs is a very

promising hybrid material for future biomedical applications.
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CHAPTER 5

Carbon Nanostructures containing Polyhedral Oligomeric
Silsesquioxanes (POSS)

This review chapter describes the synthesis and properties of carbon nanostructures
containing organic-inorganic cage-like polyhedral oligomeric silsesquioxane (POSS)
nanoparticles. The physical and chemical functionalization of carbon nanomaterials
such as graphene, graphene oxide, carbon nanotubes, and fullerenes with POSS
towards the development of novel hybrid nanostructures is described in detail.
Special emphasis is given to the potential impact of these hybrid nanostructures on

various technological applications.

This Chapter is based on the invited mini review: Carbon Nanostructures containing
Polyhedral Oligomeric Silsesquioxanes (POSS) by G. Potsi, A. Rossos, A. Kouloumpis, M. K.
Antoniou, K. Spyrou, M. A. Karakassides, D. Gournis and P. Rudolf, Current Organic
Chemistry, 20, (6), 662-673, 2016.
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5.1. Introduction
Silsesquioxanes belong to the family of silicone resins™ that have been used in a

plethora of applications due to their exceptional properties such as thermal and
photo stability, electric insulation, chemical stability and functionalities.
Silsesquioxanes with a general formula RSiOs;; possess a pronounced aptitude to
form three-dimensional (3-D) cage-like highly symmetric frameworks known as
polyhedral oligosilsesquioxanes (POSS). Several structures are known for
silsesquioxanes, including random, ladder, partially condensed and cage (e.g. T8, T10
and T12) types.? These cubic, hexagonal, octagonal, decagonal, dodecagonal or even
open cage-like structures derive from hydrolytic condensation reactions of
trifunctional organosilicon monomers® with formula RSiOHs, where R is an organic
group covalently attached to the silicon chain. POSS with the general formula
RnSinO15n, Where R is a vertex group including hydrogen or organic functional
groups,?' consist of an inorganic silica-oxygen core and polar or non-polar organic
substituents attached at the edges of the cage (see cubic analogue in Figure 5.1). This
multiple functionality of POSS — in addition with their nanopore size that varies
between 1-3 nm depending on the length of the R groups!® - make them chemically
compatible with many nanocomposite constituents like polymers, nanocarbons,
inorganic layered materials, biological systems, or DNA.[® 7. & 9,10, 11,12, 13, 14, 15] pQSS
can be attached to these systems[*® mainly via covalent linking on the surface or
physical blending. After the discovery of the first POSS in 1946!'7 3 wide variety of
stable 3-D polyhedral oligosilsesquioxane frameworks have been reported, with an
immense variety of functional groups imparting new interesting properties to the

silica cage structure.!'® 1

R R
0
Nsi s’

“s? ’JO\Si’d\
AR
0 \ (o]
\;:Si-.._‘ho_/,,?i\n

i—

Si— g—Si;

R

R

Figure 5.1. Molecular structure of a cubic polyhedral oligomeric silsesquioxane (POSS).
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Polyhedral oligomeric silsesquioxanes appear highly promising candidates for the
synthesis of hybrid nanomaterials suitable for a wide range of applications. The
incorporation of POSS has been first applied into polymer matrices with the aim to
improve the polymer properties in terms of higher thermal stability, mechanical
stiffness and viscosity.?®) Moreover, immense efforts have been made worldwide
over the last decade to incorporate 3D silsesquioxanes into carbon nanomaterials in
order to enhance the characteristics of the resulting nanohybrids for various
technological sectors such as energy storage,!* %2 environmental applications!?® and
biomedicine.[?* 25 261 This mini-review focuses on the most recent experimental
scientific endeavours to create novel materials combining cubic POSS (most common
polyhedral structure) with carbon nanostructures such as graphene, carbon
nanotubes and fullerenes. The design and development of these novel systems is of
high importance for optical,2* 27: 28 29,30l gnd thermal3% 32 33,34 gpplications as well as

in the fields of electronics!2 2% 3536 gnd solar cells.[23:37]

5.2. Fullerene functionalization with POSS and their derivatives
In 2008, David J. Clarke and coworkers!?*! reported for the first time polyhedral

oligomeric silsesquioxane bound to fulleropyrrolidines. These derivatives were
proposed as suitable optical limiters, expected to find applications in various
scientific, industrial, medical and military fields, where lasers are utilized. It is well
known that the protection against pulsed tunable lasers is a great challenge. Ceo
solutions have been identified as effective optical limiters.[?*! However, in order to
extend the optical limiting behaviour of Ceo to the solid phase (for example in a
polymeric matrix), which is preferred for practical applications, David J. Clarke et
al.?l covalently linked fullerene derivatives to POSS even though these two
nanoparticles are generally immiscible and own different molecular shapes. They

proposed two quite long synthetic pathways?*! for the functionalization of
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fulleropyrrolidines with POSS as depicted in Figures 5.2 and 5.3. The characterization
of the two POSS derivatives in solution confirmed the presence of the
fulleropyrrolidines and an optical power limiting essentially identical to that of Ceo.
Since the optical properties of Ceo were retained in the final compounds, the authors
proposed that the incorporation of the POSS-Cso in @ polymeric matrix through the
synthesis of a N-functionalized amino glycine and its reaction with POSS-Cso. The
combination of the two classes of material (POSS and Ceo) leads to a successful
integration of the properties of the two components in the new hybrid materials.
Apart from the laser-focused applications proposed by the authors, the derived
hybrids present important features for various nanotechnological fields including

polymer reinforcement, solar cells, sensors, etc.
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Figure 5.2. Synthesis of POSS/fulleropyrrolidines (synthetic pathway 1). (Reproduced with

permission from Ref.[24])
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Figure 5.3. Synthesis of POSS/fulleropyrrolidines (synthetic pathway 2). (Reproduced with

permission from Ref.124])

To avoid the long synthetic route followed to obtain the POSS-fulleropyrrolidine
described above, one year later, the same group of researchers synthesized and
characterized a POSS-iminofullerene compound?”! shown in Figure 5.4. Their purpose
was to prepare POSS-fullerene derivatives with short phenyl groups and optical
limiting capacity, which could be incorporated into polymers. The study of the optical
limiting properties of POSS-iminofullerene in solution showed that also in this case

the optical power limiting of the compound was the same as that of Ceo.
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Figure 5.4. Synthesis of POSS/iminofullerene. (Reproduced with permission from Ref.[?7))
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Hao-Jan Sun et al.l2U

synthesized and characterized a sphere-cubic shaped
amphiphile composed of an inorganic-organic POSS-Cso dyad. Since POSS has
insulating and Ceo semiconducting properties in the solid state, crystals of this dyad
can find application in nano-capacitors. POSS and Ceo were connected with a short
and single covalent linkage in order to prevent a macroscopic phase separation. More
specifically, the POSS-Cso dyad was synthesized by Steglich esterification?¥ 38! of a
carboxylic acid-functionalized Ceo and hydroxyl-functionalized POSS. The esterification
was carried out in a mixed solvent of CH,Cl,/DMF. The resultant dyad exhibits
polymorphism with two crystal lattices: orthorhombic and hexagonal. Both crystalline
forms present a bi-layered structure, which contains double layers of Cso and double
layers of POSS moieties. The Ceo-Cso interaction is stronger in the case of the
hexagonal lattice than in the orthorhombic one. A comparison between the two
crystalline forms in terms of thermodynamic stability and structural formation
kinetics showed that the hexagonal phase is thermodynamically more stable (higher
melting point), while the orthorhombic phase was found to be kinetically more
favourable and easier to form.

In 2012, Fafu Yang et al. claimed that the POSS-Cso derivatives with short phenyl
groups are not favourable for homogeneous dispersion in polymers.?? For this
reason they designed and synthesized dumbbell-shaped POSS-Ceso dyads where POSS
and Ceo are linked with long and flexible aliphatic spacers. These POSS-fullerene dyads
possess great flexibility and compatibility with polymers. Figure 5.5 presents the
synthetic route that was followed to obtain the POSS-Cso dyads in multiple steps with

a total yield around 40 %.
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Figure 5.5. Synthesis of POSS-Cso dyads. (Reproduced with permission from Ref.[3%)

Two years later, Cheng and his colleagues,*”! reported the design of an asymmetric
giant amphiphile by combining two isobutyl POSS (BPOSS) and one Ceo. This
amphiphile is prepared by the Bingel reaction* and its structure consists of two
different layer thicknesses of Ceo and BPOSS, while the Ceo layer is sandwiched
between two BPOSS layers. After the coupling of the two BPOSS to the Ceo, the total
symmetry of the molecule reduces from Iy (Ceo’s symmetry) to Cay (diBPOSS-Cep).#21143]
The possibility of altering the sizes and shapes of the molecular units which are used
in order to obtain the giant amphiphiles, as well as the control of the thickness of the
resulting layers, are two interesting characteristics that could lead to practical
application as nano-capacitors.**

Important progress in the incorporation of POSS and fullerene into polymers was
made in 2008 when Weihua Kai et al. succeeded in linking these compounds to both
ends of the same polymer chains (poly(e-caprolactone), PCL).**! In this way, the poor
solubility of Ceo could be (partially) overcome and the final polymers presented
improved optical limiting and thermomechanical properties. Inoue and coworkers
prepared three different materials: a fullerene double end-capped PCL, a POSS single
end-capped PCL and a fullerene and POSS double end-capped PCL (see Figure 5.6).

They found that both POSS and Cso moieties aggregate in small particles onto the
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ends of the PCL chains creating a network structure. The confinement effect of POSS
and Ceo on the crystallization behaviour of PCL resulted in a decrease of the
crystallization enthalpy (AH) from the DSC analysis (Table 5.1). As it is shown, the AH
value of POSS single end-capped PCL is almost the same as that of double end-capped
one, while that of fullerene and POSS double end-capped PCL decreases.
Nevertheless, the value of such decrease is much smaller compared to that of PCL
with fullerenes at both ends. This can be ascribed to the formation of the network
structure by the aggregation of the fullerene moieties at both the ends of the PCL,
while in the case of the fullerene and POSS double end-capped PCL the network
structure is formed by two types of aggregates (fullerene and POSS moieties).
Consequently, the confinement effect of the fullerene aggregates on the
crystallization of PCL is stronger than that of POSS aggregates. Therefore, Weihua Kai
et al. concluded that depending on the fullerene and POSS end cappings, it is possible

to synthesize various kinds of aggregated polymeric materials with different network

strengths.
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Figure 5.6. Synthetic pathway for fullerene and POSS double end capped PCL. (Reaction 1:
Chlorobutyryl chloride, pyridine, room temperature; Reaction 2: Sodium azide, DMF, 65 °C.

(Reproduced with permission from Ref.[*°])
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Table 5.1. Thermal properties of PCL and its fullerene (F) and POSS (P) capped derivatives.

Sample Code DPCL FPCLF PCLP FPCLP
AH(Jg?t)? 72.2 51.1 75.5 69.9
Tme (°C) @ 27.3 22.7 27.9 29.9
POSS content % ° - - 10.0 10.0
Fullerene content % © - 12.7 - 7.0

a. The crystallization enthalpy (AH) and melt crystallization temperature (Tmc) were determined
from DSC and normalized with the PCL content b. The weight content of POSS calculated from TG

results c. The fullerene weight content determined from the TG at a temperature about 600 °C.[**!

In 2012 Wen-Bin Zhang and coworkers!?3! prepared and applied a POSS-Cgo dyad as a
novel electron acceptor for bulk heterojunction polymer solar cells with an inverted
device configuration. The conducting polymer chosen to be mixed with POSS-Cso was
poly[4,4’-bis(2-ethylhexyl)dithienol[3,2-b:2’,3’-d]silole)-2,6-diyl-alt-(4,7-bis(2-thienyl)-
2,1,3-benzothiadiazole)-5,5’-diyl] (SiPCPDTBT). The incorporation of POSS into
electro-active materials results in improved stability and device performance,?”)
while Cso derivatives are commonly employed as electron acceptors in bulk
heterojunction polymer solar cells. POSS-Cso dyads provide the benefits of both
molecular moieties: electronic properties and versatile functionalization. Wen-Bin
Zhang et al.!?¥! studied the ability of these bulk heterojunction materials to generate
increased short circuit current and open circuit voltage for high power conversion
efficiencies. The characterization of POSS-Ceo with various techniques showed that
the presence of POSS did not change the Cso electronic properties. The same group
also studied the power conversion efficiencies of the bulk heterojunction polymer
solar cells made by the same polymer (SiPCPDTBT) mixed with [6,6]-phenyl-Ce1-
butyric acid methyl ester (PCBM). To compare the difference in device performances
between PCBM and POSS-Ceo, bulk heterojunction polymer solar cells with an

inverted device configuration were fabricated (Figure 5.7). The use of POSS-Ceo
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Figure 5.7. (right) Molecular structures of POSS-Ceo, PCBM and SiPCPDTBT. (left) polymer

solar cell device configuration. (Reproduced with permission from Ref.[23])

improved the performance and the overall device efficiency by increasing the short
circuit current value by 2.22 mA cm™ and the power conversion efficiencies by 0.58 %
compared to PCBM. These results proved that POSS-Cso is a potentially useful

electron acceptor in bulk heterojunction polymer solar cells.

5.3. Functionalization of carbon nanotubes with POSS and derived hybrids
In 2009, Jong-hwan Jeon et al.!*®! developed a new approach for the preparation of

hybrid nanocomposites of Pd nanoparticles and multi-walled carbon nanotubes
(MWCNTSs) destined to be used in hydrogen sensing devices.!*®! The hybrid Pd-POSS
and MWCNT-COOH nanocomposites were synthesized by a self-assembly method via
ionic interaction between positively charged Pd-POSS and negatively charged
MWCNT-COO" as described in Figure 5.8. The palladium nanoparticles (Pd-POSS) were
synthesized by using the cubic silsesquioxanes (POSS-NHs*) as a cross-linker for the

self-organization of the isolated palladium nanoparticles.!¢!
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Figure 5.8. Experimental procedure of hybrid Pd-MWCNT nanocomposites. (Reproduced

with permission from Ref.[*¢])

A year later, Anandhanatarajan Gomathi et al.[?? investigated the functionalization of
MWNTs with POSS to enable their dispersion in polar solvents for polymer composite
preparation and Qi-Fang Li et al.!*®! synthesized composite fillers based on MCWNTs
functionalized with POSS. More specifically MWCNTs were grafted with aminopropyl
isooctyl-POSS, creating novel hybrids named MWCNT-g-POSS (g for grafted), as filler
(Figure 5.9) for poly(L-lactide) (PLLA). The hybrid composites were studied for the
optical transmittance, electrical, and electromagnetic interference shielding
properties in comparison with PLLA/MWCNT composites.?®! The authors showed that
for the hybrid PLLA/MWCNT-g-POSS composites the electrical threshold was 0.8 wt%,
which was lower than that for composites without POSS (1.4 wt%). The
PLLA/MWCNT-g-POSS composite also exhibited a better nanotube dispersion and less
alignment of the nanotubes in the polymer, giving rise to better mechanical
properties and to higher electrical conductivity and electromagnetic interference

shielding.!?!
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Figure 5.9. Functionalization of the MWCNT with POSS (Reproduced with permission from
Ref.[2°])

New hybrid reinforcements of carbon fiber with POSS-functionalized MWCNTs were
fabricated by Feng Zhao and co-workers*”) in 2011. Octaglycidyldimethylsilyl POSS
and MWCNTs were uniformly grafted on the carbon fiber surface to enhance the
interfacial properties between carbon fibers and epoxy cast (Figure 5.10). Mechanical
property test results demonstrated the improvement of the interlaminar shear
strength and impact toughness.*’]

In 2012, Shahid Majeed et al.*®! created a hybrid system of pyrene and POSS which,
when grafted onto MWCNTSs, improves the dispersion of MWCNTSs in organic solvents
such as tetrahydrofuran, toluene, and n-hexane. The functionalized MWCNTs with
pyrene-POSS (Figure 5.11) were used to fabricate polydimethylsiloxane (PDMS)
nanocomposite membranes by solvent evaporation, reducing the likelihood of

electrostatic discharges in gas separation applications.*®!
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Figure 5.10. Experimental procedure for the realization of carbon fiber-POSS-MWCNT hybrids

(Reproduced with permission from Ref.[”))
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Figure 5.11. Functionalization of the MCWNT with pyrene-POSS. (Reproduced with

permission from Ref.[%®)

Aaron Tan et al® in the same vyear, functionalized MWCNTs with a novel
nanocomposite polymer of POSS and poly carbonate-urea (POSS-PCU) for biological
and medical applications. A major concern for the use of carbon nanotubes in
biological systems was their insolubility and their inherent toxicity. The amphiphilic
nature of POSS-PCU increased the dispersibility of carbon nanotubes in biological
systems as well as their biocompatibility. More importantly, when exposed to near-
infrared radiation the nanocomposite increased the temperature and this effect was
demonstrated to be exploitable in a biomedical setting to destroy cancer cells via
photothermal ablation (Figure 5.12).1*°! Apart from the biomedical purposes, these
nanocomposites seem to have great potential for several other nanotechnological

applications including nanoelectronics.

Yong Tang and coworkers®® grafted POSS onto CNT’s as to achieve improved flame
retardant and super-hydrophobic properties in the resulting hybrid. Actually, this was

a follow-up on their previous study where POSS and Carbon Nanofiber (CNF) were
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deposited to form a coating sheet on polymer composites in order to improve the
latter’s performance as a fire retardant; that combination turned out not to be
efficient enough because of the aggregation and low thermal stability of POSS
particles.>® To improve this MWCNTs were used and POSS covalently attached on
them, then the resulting hybrid material was processed into buckypaper, which
improved the thermal stability of POSS particles.®® The results reported so far are
very promising and in this area there will be a growing interest in the near future
toward efficient industrial use of these hybrid nanostructures.

Like Ceo discussed above, also carbon nanotube suspensions exhibit optical limiting
behaviour, which strongly depends highly on the concentration of MWCNTSs. In this
case functionalization with POSS can improve the solubility and hence the optical
power limiting as shown by Bin Zhang et al.3% These authors demonstrated that a
hybrid MWCNT-POSS-NH, performs as active element in an optical limiter for
nanosecond laser pulses at 532 nm. MWCNTs were treated with acids (HCl, H2SOs,
HNO3s) in order to functionalize them with -COOH groups and then washed with
excessive SOCI, for the -COCI groups to appear. Optical observation of the hybrid
product in THF indicated that MWCNT-POSS with a POSS concentration 44 wt% gave
rise to a black dispersion which was stable for at least one month.% Dispersions of
the hybrid material show a pronounced nonlinear optical response - strong scattering
at high intensities, followed by a decrease in transmission. Since POSS is a non-
optically active material, it acts as a solubility promoter for the carbon nanotubes,

responsible for the nonlinear optical response.

Figure 5.12. lllustration of photothermal ablation when MWCNTSs functionalized with POSS-

PCU are exposed to near infrared. (Reproduced with permission from Ref.[*9])
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The POSS functionalization of MWCNTs was also investigated by Guang-Xin Chen and
Hiroshi Shimizu,®Y who first treated MWCNTs with acids in order to remove
impurities and shorten them while grafting at the same time hydroxyl and carboxyl
groups. They then reacted these nanotubes with excess of SOCI, to produce MWCNT-
COCl, which they mixed with aminopropylisooctyl-POSS to obtain the MWCNT-g-POSS
hybrid material. When this MWNT-g-POSS was dispersed in PLLA by solvent casting
(chloroform) or simply by melt compounding, a homogeneous dispersion of MWNTs
throughout the composite was obtained and the mechanical properties of the
composite improved with respect to pure PLLA.PY

An elegant new strategy to graft POSS onto MWCNTs by click-chemistry was
developed by Santosh Kumar Yadav et al.®? These authors first prepared azide
moiety-functionalized POSS by a simple reaction with sodium azide in the presence of
ammonium chloride and alkyne-functionalized MWCNTs via a solvent-free
diazotization reaction and a coupling reaction between MWCNTs and p-aminophenyl
propargyl ether. Then they linked the two via Cu(l)-catalyzed azide-alkyne
cycloaddition with a product yield of 75-80 %.

Also POSS derivatives can be grafted on carbon nanotubes: Abdollah Omrani et al.>3
functionalized MWCNT and octa(phenol) octasilsesquioxane (OP-POSS) to fabricate a
hybrid nanocomposite, by linking hydroxyl groups of OP-POSS and carboxyl acid
groups of functionalized MWCNT—-COOH. The hybrid MWCNTS/OP-POSS
nanocomposite showed improved solubility and thermal stability compared to OP-
POSS.

Celina Maria Damian and colleagues investigated the functionalization of MWCNTs
with aminoethyl aminopropyl and POSS (POSS-NH,) as reinforcing agent in epoxy
nanocomposites.”* The functionalization of MWNTs consisted in a three step
reaction of oxidation, amidation and acylation with thionyl chloride (Figure 5.13).
When the product was dispersed in a diglycidyl ether bisphenol (DGEBA) epoxy
matrix, SEM studies showed that the POSS-functionalized MWNTs acted as fracture
retardant within this nanocomposite material.>*
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A pilot procedure for coating MWCNTSs with POSS was reported by Wenjing Zhang et
al.B% in 2014. This procedure combined the Diels-Alder cycloaddition with atom
transfer radical polymerization. MWCNTs were functionalized with furfuryl-2-
bromoisobutyrate (FBB) and used to induce the polymerization of octa-acrylate POSS
on the MWCNT surface as described in Figure 5.14. Finally, the POSS-coated MWCNTs
was dispersed in a polyvinylidene fluoride (PVDF) matrix to obtain a conductive

composite with high dielectric constant and low dielectric loss. ]

1) $OCI, 65°C
2) POSS-NH,; 50°C

Figure 5.13. Functionalization of the MCWNT with POSS-NH,. (Reproduced with permission

from Ref.5%)
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Figure 5.14. Functionalization of MCWNT with FBB and coating with octa-acrylate POSS.

(Reproduced with permission from Ref.[3°])
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An alternative method for coating MWCNTs with Methacrylate-POSS by in situ free-
radical polymerization was developed by Da Sun et al.*® in the same year. The
thickness of the POSS layer in the core-shell structure could be varied between 5 nm
and 40 nm. The POSS-MWCNT hybrids showed excellent dispersion in organic
solvents and also good electrical performance (from 0.75 Q cm to 2505 Q cm,
depending on the thickness of the coating layer).®®! This synthetic method may
become important for exploring and creating a rich variety of hybrid nanostructures
for device applications.

To obtain new cobalt based materials, in 2013 Zhijun Ruan and co-workers,”® used
for the first time the solid-state pyrolysis (SSP) of POSS group-containing
organometallic precursors to generate carbon nanotubes (MWCNTs) based
nanocomposites for magnetic applications. With the presence of POSS and the
control of [Co2(CO)s] moieties the size and the shape of nanocomposites could be
regulated.® However, many aspects (including a screening of various other metals)
still have to be studied before the SSP method can be widely applied to produce CNT
magnetic hybrid nanostructures.

POSS can also be used to synthesize MWCNT/SiO; hybrids. An interesting approach
for the development of MWCNT/SiO hybrids was proposed by Xu’s group®” by using
a CVD method. Carbon nanotubes were grown from ethanol with the help of PSS-(2-
(trans-3,4-cyclohexanediol)ethyl)-heptaisobutyl-substituted POSS acting as a metal-
free catalyst. The two reagents were mixed, nebulized and brought inside the CVD
reactor using hydrogen as carrier gas. Since POSS looses its ligands under CVD
conditions, the produced CNTs were decorated with SiO; nanoparticles. Several
parameters of the reaction such as growth temperature, concentration of POSS and
amount of water in ethanol were examined with respect to their influence on the
morphology of the produced MWCNTs and the SiO, nanoparticles attached to

them.[®”!
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5.4. POSS immobilization on graphene and graphene oxide and resulting
hybrids
The .functionalization of graphene with POSS was first investigated by

Anandhanatarajan Gomathi, et al.?? in 2010. Graphene, prepared by thermal
exfoliation of graphitic oxide, was acid-treated to generate surface carboxyl and
hydroxyl groups providing in this way the necessary environment for covalent binding
of the POSS molecules. The graphene-POSS hybrid material was easily dispersed in
polar solvents allowing for the preparation of polymer composites with polyvinyl
alcohol and nylon-6,6. This method can be used for the deposition of any POSS
derivative on a oxidized graphitic structure as long as the functional groups of the
POSS derivatives are appropriate (mainly primary or secondary amines, or thiol
groups) for covalent binding with the oxygen-containing groups decorating the
graphene layers; it therefore has great potential for the functionalization of
graphene-based materials with various POSS.

Just one year later, Xiaofang Shen and coworkers®® described the preparation of an
electrochemical sensor based on graphene oxide nanoribbons (GON) where, in order
to overcome aggregation between graphene layers, they inserted octa(3-
aminopropyl)octasilae quioxane octahydrochloride (OA-POSS) nanocages between
the graphene layers. GON/OA-POSS films were used to modify an electrode for pre-
concentrating and sensing of 1-hydroxypyrene (1-OHP), a metabolite of polycyclic
aromatic hydrocarbons widely used as biomarker for the evaluation of human
exposure to these molecules.[®

The functionalization of graphene oxide (GO) with amine-functionalized POSS has
been adopted by several groups.>® 6 61 €2 |n that approach, POSS was linked via
amide formation with the epoxy (via a ring opening reaction) and carboxyl groups of
the graphene oxide sheets to change the chemical properties of GO, to separate the
GO layers in a physical way or to enhance the dispersibility of the sheets in organic
solvents, such as hexane, THF, chloroform, acetone and toluene. More specifically,
POSS-graphene appears to be soluble in THF at a relatively high concentration of 30

mg/mL, without formation of precipitates.>® The resulting hybrid could be prepared
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as a thin film (by solution casting),!®!

which showed superhydrophobic properties
with a water/air contact angle of ~157°. POSS-graphene powder was shown to form
liquid freestanding marbles on hydrophobic or hydrophilic surfaces as a small reactor
for different applications. When POSS-graphene hybrids were incorporated into
PMMA at low percentage (1wt%), the glass transition temperature T; of the
composite material increased by more than 10 °C, which identifies these hybrids as
ideal reinforcing agents for polymer matrices.

Luca Valentini et al.[®3 went one step further in the engineering of nanostructures by
first immobilizing GO sheets on a (3-aminopropyl)triethoxysilane (APTES) layer on a
Si substrate and then grafting POSS-NH; onto them. APTES layer was successfully self-
assembled on the oxygen plasma-treated Si substrate as confirmed by IR
spectroscopy. The reaction between the -NH groups of POSS and the -COOH groups
of GO, led to a change of the GO surface properties from hydrophilic to hydrophobic.
Tribological measurements on the POSS-GO-APTES tri-layer revealed a reduced
friction coefficient, making it suitable for application as lubricant coating.

In another report Luca Valentini et al. pursued the goal to graft POSS to the GO film
when POSS is offered in the form of vapour.[®¥ The authors showed that amino-
functionalized POSS can be brought in to the gas phase via thermal evaporation and
easily interacts with GO’s functional groups. A comparison of the morphology of the
hybrids obtained by the evaporation of POSS-NH; and neat POSS onto GO evidenced
clear differences in wrinkling and bending of the graphene sheets. Light ON/OFF tests
on GO sheets treated with amino-functionalized POSS showed a variation of the
conductivity under illumination. In a follow-up paper®® the same group proved that
when POSS-NH; was coupled with graphene oxide sheets in tetrahydrofuran (THF), a
solvent capable of completely solubilizing the silsesquioxane molecules and
dispersing GO, the photoconductivity response of the hybrid to visible-light stimulus

was 50 times stronger.

In the same year Xin Wang and coworkers!®® developed a synthetic protocol for the
functionalization and reduction of GO with octa-aminophenyl polyhedral oligomeric
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silsesquioxane (OapPOSS) by simple refluxing in THF, as described in Figure 5.15.
When this hybrid was used incorporated in an epoxy resin, the thermal oxidative
resistance and thermal stability improved as compared to the neat resin. The authors
assigned this improvement to the good linkage between the OapPOSS-GO hybrid and
the epoxy matrix and to the fact that graphene retards the permeation of heat and
the escape of volatile degradation products. These experiments identified the novel
hybrid material OapPOSS-rGO as an efficient graphene-based flame retardant
additive for epoxy resin materials.[®! The results so far reported in this field are very
promising, however, the properties of these new materials have been disclosed only
partially.

The grafting of OapPOSS to GO was further developed by Wengi Yu et al.®”! who
employed a simple in situ reduction method for the surface functionalization of GO
instead of exploiting the interaction between amino groups on POSS and carboxyl

groups on the GO sheets as presented so far>® ¢+ 68 (Figure 5.16).
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Figure 5.15. Schematic representation of graphene oxide reduction and functionalization

with octa-aminophenyl polyhedral oligomeric silsesquioxane. (Reproduced with permission

from Ref.166])
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Figure 5.16. Schematic representation of the synthetic procedure from graphite to
the reduced and functionalized graphene oxide (OapP0OSS-g-GO). (Reproduced with

permission from Ref.167])

In the same year Kumari Pallathadka Pramoda and coworkersi® prepared a
polylactide (PLA)-based nanocomposite combining functionalized-GO nanosheets and
oligomeric silsesquioxane (POSS) nanocages as nanofillers to enhance thermal and
mechanical properties of PLA. The authors compared the structure-property
relationship of PLA mixed with (1) functionalized GO, (2) functionalized POSS, (3) a
physical mixture of functionalized GO and functionalized POSS, and (4) the GO-g-
POSS (with eight hydroxyl groups) and demonstrated that the new GO-g-POSS hybrid
nanocomposite exhibited a better/enhanced thermal and mechanical behaviour than
the dispersed other nanofillers in PLA matrixes.3%

Titash Mondal, Anil K. Bhowmick and Ramanan Krishnamoortil®® went one step
further by recently reporting a method towards covalent modification of graphene in
order to produce novel inorganic-organic hybrid materials. Their purpose was to
achieve the grafting of POSS to graphene in a scalable manner with a limited use of
chemicals and in milder reaction conditions that the ones used when linking amine-

terminated POSS to carboxylated graphene as described above. For this they decided
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to exploit the intrinsic topological defects of graphene, namely heptagons and
pentagons situated close to the edges of the graphene layers; these defects show a
higher reactivity because of the higher strain in these rings and their non-aromatic
nature. Expanded graphite was brought in contact with n-butyl-lithium (n-Buli),
which attracts protons from the defects (nucleophilic attack) and produced anionic
centers. The latter were reacted with epoxycyclohexylethyl-POSS with cyclopentane
as substituent. Furthermore, a molar excess of n-BulLi also leads to a nucleophilic
reaction between graphene sheets and butyl groups, resulting in bi-functionalized
graphene where the covalently grafted butyl groups prevent the graphene layers
from re-agglomeration. This functionalization protocol therefore has the added

benefit of inducing exfoliation.

5.5. Conclusions

In conclusion, in this work we reviewed all the recent achievements concerning the
grafting of polyhedral oligomeric silsesquioxanes (POSS) to carbon nanostructures
including graphene, graphene oxide, nanotubes and fullerenes. The aim of this effort
was to give a clear overview of all the synthetic procedures applied until now as well
as to illustrate the improvements of chemical and physical properties that can be
achieved by the combination of POSS with different carbon nanostructures. Thus, we
reported improved solubility of carbon nanostructures through functionalization with
POSS, as well as the utilization of the synthesized hybrid organic/inorganic
nanostructures as nanofillers in polymers to attain enhanced thermal and mechanical
behaviour, modify the electronic properties or, to improve flame retardancy. New
frontiers are open taking advantage of new properties of these hybrid nanostructures

that still under investigation.
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CHAPTER 6

Iron-substituted cubic silsesquioxane pillared clays:

Synthesis, characterization and catalytic applications

Novel pillared structures were synthesized from the intercalation of iron-substituted
cubic silsesquioxanes in a sodium and an acid-activated montmorillonite nanoclay
and evaluated as acid catalysts. Octameric cubic oligosiloxanes were formed upon
controlled hydrolytic polycondensation of the corresponding monomer (a diamino-
alkoxysilane) and reacted with iron cations to form complexes that were intercalated
within the layered nanoclay matrices. Upon calcination iron oxide nanoparticles are
formed which are located on the silica cubes (pillars) and on the surfaces of the clay
platelets. Acid activation of the nanoclay was performed in order to increase the
number of acid active sites in the pristine clay and thus increase its catalytic activity.
A plethora of analytical techniques including X-ray diffraction, thermal analyses,
Fourier transform infrared, Raman, Maossbauer and X-ray photoelectron
spectroscopies and porosimetry measurements were used in order to follow the
synthesis steps and to fully characterize the final catalysts. The resulting pillared clays
exhibit high specific area and show significant catalytic activity in the catalytic

dehydration of isopropanol.

This chapter is based on the article: Iron-substituted cubic silsesquioxane pillared clays:
Synthesis, characterization and catalytic applications by G. Potsi, A. K. Ladavos, D. Petrakis,
A. P. Douvalis, Y. Sanakis, M. S. Katsiotis, S. Alhassan, D. Gournis and P. Rudolf, to be

submitted.
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6.1. Introduction
The field of engineering nanomaterials has a continuing need of well-defined building

blocks that imbue functionality and allow for nanoparticle-by-nanoparticle assembly
of a wide variety of materials with precise control over the nanoarchitecture.lt! 2
Silsesquioxanes possess a pronounced aptitude to form three dimensional cage-like
highly symmetric frameworks known as polyhedral oligosilsesquioxanes (POSS) with
cubic, hexagonal, octagonal, decagonal, dodecagonal or even open cage-like
morphology.BIB! Cubic silsesquioxanes (cubes), synthesized from the hydrolytic
condensation of the corresponding trifunctional organo-silicon monomers, is the
most common polyhedral structure and provide the opportunity to design and
“construct” materials with extremely well-defined dimensions and behaviour. B
(7151 141 [8] [81 1101 [11) [12] [13] 1y this context, cubic silsesquioxanes of the type XsSisO12
where X is —=(CH3)3NH;2, —(CH3)sNR; and —(CHs)sNH(CH2):NH; have been successfully

employed as precursor reagents for pillaring inorganic layered solids such as clays,™*

[15] [16] [17] [18] 20] [21]

(151 metal (V) hydrogen phosphates,! (221 photonic titanoniobates,
(23] graphenes and graphene oxide,3! 241 1251 1261 gragphene oxide nanoribbons,?”)
halloysite nanotubes!?®! and perovskites.”®! Protonation of the amino groups
generates oligomeric cationic species with expendable and bulky organic groups that
can easily be inserted into the interlayer space of a phyllomorphous clay in amounts
exceeding the cation exchange capacity of the mineral and can successively be
removed by thermal treatment, resulting in silica pillared structures.[*> !4 This excess
being in the form of physically adsorbed ion pairs influences the free distance

between the layers and the surface area as well as the porosity of the silica-pillared

composites.

On the other hand, these various mono- or bi-functional amino-silanes possess the
ability to bind metal ions, M™ (e.g. Cu?*, Ni**, Co%, Fe3', AI**), yielding metal
complexes, M"*[XsSigO12]y, and thus enabling the design and synthesis of metal
complexes in which the redox active metal centre is coordinated to the functionalized

group of the siloxane octamer.??! The resulting cationic complexes are expected to be
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excellent pillaring precursors and may be further calcined to remove the organic side
arms and produce cross-linked metal-substituted silica-pillared clays of high porosity
and thermal stability. Upon calcination the metal ions may retain isolated as metal
oxides located on both the clay surface and the pillar or may be integrated into the
silica pillar. The clays pillared with metal oxide silica are solid acids with moderate or
high Brgnsted and Lewis acidity originating from acid sites located on the pillars and
the clay surface; they can be used as acid catalysts in the range 100-600 °C, in which
most catalytic reactions take place. Isopropyl alcohol decomposition is one example
of a specific reaction where this type of pillared clay can be used as efficient catalyst.
Furthermore the use of acid-activated clays instead of sodium-intercalated ones as
efficient substrates for the synthesis of pillared structures could enhance the acid

properties and subsequently their catalytic activity.30 1311 [32] [33] [34] [35]

The first attempt to intercalate metal POSS in pillared structures was performed by
Khattou et al.3® 371 who intercalated a Cu?*-octa(diaminoalkyl) siloxane complex into
a-zirconium phosphate and examined the pillaring materials obtained after
calcination by electron paramagnetic resonance (EPR) spectroscopy. In this case the
metal ions act as probe for the determination of the evolution of local symmetry and

structure during the pillaring process when using an element specific technique.

More recently Carniato et al.®® demonstrated the intercalation of a bifunctional
protonated titanium-containing aminopropyl isobutyl POSS, within the interlayer
space of a synthetic sodium saponite and its use as filler in a polystyrene-based
nanocomposite designed to enhance the thermooxidative properties. The same
group® also intercalated Ti-containing aminopropylisobutyl polyhedral oligomeric
silsesquioxane in synthetic saponite and investigated the catalytic activity of this
composite in cyclohexene oxidation. Other catalysts based on clay-POSS hybrids
include synthetic laponite clay first modified by octaaminopropyl polyhedral
oligometric silsesquioxane and then used to support a nickel alpha-diimine late-

40]

transition-metal  catalyst for ethylene polymerization;! laponite  and
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montmorillonite functionalized with (3-aminopropyl)triethoxysilane and use both as
supports for the vanadyl(lV) acetylacetonate catalysis/*’ and POSS intercalated

bentonites!*?! for metal up take of copper, cadmium and lead.

In this work we report the intercalation of Fe3*-substituted cubic silsesquioxanes in a
sodium and an acid-activated montmorillonite to form novel catalytic pillared
structures. A plethora of analytical techniques including X-ray diffraction (XRD),
thermal analyses (DTA/TGA), Fourier transform infrared (FTIR), Raman, Mdssbauer
and X-ray photoelectron (XPS) spectroscopies and porosimetry measurements were
used in order to follow the synthesis steps and to fully characterize the final catalysts.
The resulting pillared clays exhibit high specific area and a narrow pore size
distribution and show significant catalytic activity in the catalytic dehydration of

isopropanol.

6.2. Results and Discussion
For the development of the catalytic pillared clays, a sodium montmorillonite (Na-T)

and its acid activated form (HT) were used. Acid activation was performed in order to
increase the number of acid active sites in the pristine clays and thus increase its
catalytic activity during the dehydration of the isopropanol, which is an acid catalyzed
reaction. For the pillaring solution, octameric cubic oligosiloxanes were formed upon
controlled hydrolytic polycondensation of the corresponding monomer (EDAPTMOS)
in an ethanol-water mixture and immediately reacted with ferrous cations to form
complexes of the type Fe?*[XsSisO12]y. The colour of the solution changed from pale
orange to dark green, indicative of the complexation of ferrous cations with the
amino functional group of the corresponding siloxane molecules. When the pillaring
solution was added to an aqueous dispersion of the clay an immediate flocculation of
clay particles was observed due to the insertion of complex in the clay galleries by ion
exchange. The colour of the slurry changed gradually within 1 h after the addition of

iron-complex from green to orange, pointing to the oxidation of Fe(ll) to Fe(lll).
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Na-mont
(Na-T)

Figure 6.1. Schematic representation of experimental procedure.

Finally, intercalated samples were calcined at 500 °C in air to obtain pillared clays.
The calcination procedure contributes to the removal of the organic chains of the
organo-silane cubes and to the creation of iron oxide nanoparticles, which are
immobilized on the silica cubes and on the surfaces of the clay platelets. A schematic

representation of the experimental procedure is depicted in Figure 6.1.

X-ray diffraction was employed to reveal the successful intercalation of iron-
silsesquioxane complexes as well as the formation of the pillared structures. 3 The
XRD patterns of intercalated samples (for both Na-T and HT clays) before and after
calcination at 500 °C are displayed in Figure 6 2. The insertion of iron-silsesquioxane
complexes between the aluminosilicate layers increases the interlayer distance. More
specifically, for TFeED obtained by intercalation in Na-T clay, the basal dooi-spacing,
which is 12.6 A in the initial montmorillonite clay, becomes 18.2 A after the

modification; this corresponds to an interlayer separation of 18.2-9.6 = 8.6 A, where
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431 1441 This value is reasonable if we

9.6 A represents the thickness of a clay layer.
consider that the edge of the siloxane cube (Si-O-Si distance) is 6.0 A and, due to
complexation with the ferric cations, the flexible organic chains adopt a inclined
orientation between the clay layers. Moreover, the interlayer distance of 8.6 A is
actually higher compared to the one observed (7.1 A) upon clay intercalation with
this particular aminosiloxane not complexed with ferric cations.[*?! Similar results
were obtained for the acid-activated montmorillonite. The XRD pattern of the
HTFeED sample (Fig.6 2b) shows a doo1 spacing of 17.2 A, which corresponds to an
interlayer separation of 7.6 A. The interlayer distance in this case is slightly lower
than for TFeED. However, a similar geometrical arrangement must be adopted in this
case too with the flexible side chains of the siloxane cubes in an inclined orientation
with respect to the aluminosilicate platelets. Upon calcination at 500 °C, the doo:
spacing was decreased to 16.3 and 15.4A, for TFeED-500 and HTFeED-500
respectively, indicative of the removal of the side organic groups of the siloxane
cubes and the subsequent reduction in the interlayer distance. Moreover, the
absence of reflection peaks of the crystalline phase of iron oxides (see below) in the
20 region 2-80° indicates that iron oxide nanoparticles produced upon calcination are
small enough and are not aggregated on the external clay surfaces but rather

homogeneously dispersed in the clay matrix.

IIS > A T T T T T T T T T
! [HT]
15.4 A =
| i
3 | = | 17.24 - - —
= : = : —————
= \ ., = l R 2 Theta”
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Figure 6.2. X-ray diffaction patterns of intercalated clay samples, TFeED and HTFeED, and
the corresponding pillared structures produced upon calcination, TFeED-500 (left) and

HTFeED-500 (right). Insets: pristine clays, Na-T and HT.
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Figure 6.3 shows the infrared spectra of the pristine acid activated clay (HT) and of
HTFeED and HTFeED-500; the spectrum of the Fe-EDAPTMOS complex which was
obtained as solid (orange) after the centrifugation of the complex solution during the
synthetic procedure, is also shown. The infrared spectrum of HT consists of three
absorption bands at lower frequencies (below 1300 cm™); the first, at 1000-1200 cm™?
corresponds to stretching vibrations of Si-O-M bridges (where M= Si, Al, Mg, Fe), the
second one at 800-1000 cm™ to vibration modes of the OH groups of the octahedral
layers and the third at 400-700 cm™ to bending vibrations of the Si-O-Si and Si-O-Al
bridges of the clay framework.[*”! These same bands are also present in the spectrum
of HTFeED. The NH;, deformation of the aliphatic chains of the silicon cubes, expected
at 1620 cm, is superimposed on the broad band at 1650 cm™, which arises from the
vibrations of interlayer water. Analogously the asymmetric stretching band of Si-O-Si
linkages of the polysiloxane in the 1000-1200 cm™ region (Fig. 3d) is not clearly
distinguishable in the intercalated clay composites (Fig. 3b and c) due to the
existence of the same type vibrations (Si-O-Si) of the clay framework in the same
spectral region. The band at 690 cm™ and the broad band at 1458 cm™ observed in
the spectrum of Fe-EDAPTMOS can be attributed to CH bending vibrations and NH
wagging of the aliphatic chains of the EDAPTMOS cubes*! [ respectively. The
appearance of these bands in the spectrum of HTFeED is indicative of the insertion of
organosilicon cubes in the clay galleries. Both bands disappear upon calcination, as
seen in the spectrum of HTFeED-500. Analoguous results were obtained for the
samples based on sodium-montmorillonite, Na-T, TFeED and TFeED-500 (see

supporting appendix).
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Figure 6.3. FTIR spectra of pristine HT, HTFeED and HTFeED-500; the spectrum of the Fe-
EDAPTMOS complex (FeED) is added for comparison.

Figure 6.4 shows typical Mossbauer spectra of the pillared hybrid materials after
calcination at 500 °C. Both quadrupole and magnetically split components are
observed in the spectra and their resonant lines possess some degree of broadening.
In addition the absorption area of the magnetic components increases at 10K (-
263.15 °C), relative to that observed at 300K (26.85 °C), at the expense of the area of
the quadrupole split component. The IS, quadrupole splitting (QS), quadrupole shift
(2e) and hyperfine magnetic field (Bns) values (listed in Table S.I, see Appendix),
correspond to Fe3* high spin (S=5/2) ions in a-Fe,0s (hematite) nanoparticles 61471148l

These nanoparticles acquire a distribution of particle sizes and are subjected to

superparamagnetic relaxation phenomena 910
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Figure 6.4. Mossbauer spectra of TFeED-500 (a) and HTFeED-500 (b) samples recorded at

different temperatures.

XPS spectroscopy was also used to identify the constituents of TFeED and HTFeED
and to verify the successful incorporation of the iron complexes in the
montmorillonite matrices. In every survey spectrum (see Appendix) iron peaks were
observed at the expected binding energies (Fe2ps/2 at 710 eV and Fe2pi; at 723 eV).
To identify which iron and nitrogen species are present we fitted the core level
spectra shown in Figure 6.5. In the case of iron we followed the approach of
Grosvenor, et al.’Yl For both TFeED and HTFeED five iron components are present,
Fe(O)OH, FeCl; being the most dominant ones. Additionally, the nitrogen spectra
reveal two nitrogen components, a first one peaked at around 401 eV binding energy,
which accounts for 55% and 51% of the total N1s intensity for TFeED and HTFeED
respectively, and which we attribute to protonated terminal amines of the

silsesquioxane moieties and a second one at 399 eV, which makes up 45% and 51% of
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Figure 6.5. X-ray photoemission spectra of the Fe2p3/2 (left) and N1s (right) core level
regions of TFeED and HTFeED

the total N1s intensity for TFeED and HTFeED respectively ) and which is due to
secondary amine groups of the same moieties.>?! Finally the intensity ratio silicon
Si2p /aluminum Al2s increased from 2.6 for Na-T to 4.9 and 4.5 for TFeED and
HTFeED respectively. This increase is due to the extra silicon stemming from the
incorporation of silsesquioxanes and confirms, together with the FTIR spectra and the
XRD data discussed above, the successful intercalation of the iron complexes in the

clay matrices.

Figure 6.6 shows the DTA-TGA curves, of the intercalated hybrid HTFeED and of the
pristine acid-activated montmorillonite, HT. HT shows a 10% weight loss up to 120 °C,
related to the removal of the intercalated water. The amount of adsorbed water is

considerably lower (6 wt%) in the case of HTFeED revealing the less hydrophilic
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Figure 6.6. DTA-TGA curves of pristine HT (bottom) and of HTFeED (top).

character of this hybrid structure. Moreover, HTFeED presents three exothermic
peaks between 150 and 420 °C accompanied by an approximately 10% weight loss.
Considering the mass percentage, these signals must correspond to the removal of
the organic chains of the silsesquioxane cubes, which takes place in three exothermic
steps. Consequently, considering an octahedral complex of the type Fe3*s/3[XsSisO12],
where X is H2N(CHs)2NH(CHz)s-, the amount of Fe-EDAPTMOS incorporated within the
clay is estimated to account for 17 % of the total mass. Analogous results were
obtained for TFeED. In this case, the organic part of intercalated moieties was found
to correspond to about 15 wt% of the total mass (see Supporting Information) and

thus the percentage of the organosilicon cubes to about 25 wt%.

Nitrogen adsorption-desorption measurements at 77K (-196.15 °C) were performed
on both pillared clays in order to determine the porosity in each case. We not only
obtained the specific-surface-areas (Sger) obtained from the isotherms through BET
analysis, but, in order to distinguish between the external plus mesoporous surface
area and micropore volume, we also made use of the as-plot method.3! B4 The g

plots, defined as as=(ns/no.a)rer Where ns, nos are the amounts of N, adsorbed by a
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[531 54 a5 a very valuable

reference solid at P/Po=s and P/P,=0.4, have been proposed
tool to investigate the porosity of solids. According to Gregg and Sing®3 it is
convenient to set as=1 at P/P,=0.4, since monolayer coverage and microporous filling
occur at P/P,<0.4, while capillary condensation takes place at P/P,>0.4. In the present
study two treatments with two different reference solids were carried out. As
reference material Na-T, heated at 800 °C for 3 hs to eliminate the pores, with a
specific surface area of 5 m?g! was employed. The slope of the linear part of the V-as
plot gives the meso+external surface area, Sme=2.87xVads/as, while the positive

intercept gives the microporous volume, V,,, after conversion of the gas volume

adsorbed at 77 K: Vp=Vags(STP)x0.001547.

The values of specific surface area (Sser) and total pore volume (Vp) from the
experimental measurements as well as the mesoporous plus external surface (Sm.e),
the micropores volume (V) and micropores surface area (Syup) calculated as

described above are reported in Table I.

Table I. Results from as analysis, using as reference material Na-T, heated to 800 °C to

eliminate the pores.

Sa m ple SBET Vp Sm’e Vp,p 100(Sm,e/SBET) 100(Vup/V)
(m’g?) (ecm’g?)  (m’g?) (em’g?) % %
TFeED-500 248.8 0.256 107.4 0.068 43.2 26.6
HTFeED-500 230.2 0.263 102.7 0.061 44.6 23.2
Hat 107.8 0.151 67.3 0.022 62.4 14.6
Na-T 61 0.126 54.8 0.006 89.8 4.8
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As obvious from the values of Table |, the BET specific surface area (Seer ) of the
pristine clay increased after the acid activation. In addition TFeED-500 and HTFeED-
500 hybrids show a significant increase in Sger as compared to the pristine clay
materials. More specifically the Sger of TFeED-500, 248 m?g, amounts to 4 times the
value of Na-T (61 m2g?) while in the case of HTFeED-500 the Sger was almost double
(230 m?g?! as compared to 107 m2g? for HT). Moreover Sme also increased for the
intercalated hybrids (in the case of TFeED-500 Si e doubled) while the values of Vi,
for both hybrids (0.068 cm3g™ for TFeED-500 and 0.061 cm3g? for HTFeED-500) are

indicative of pillared structures.

6.3. Isopropanol decomposition.
The total degrees of conversion of isopropanol (Fig. 6.7a) as well as the selectivity

towards propene and diisopropylether (Fig. 6.7b) are depicted as a function of
reaction temperature. The data in Fig. 9(a) clearly indicate that both samples show a
high catalytic activity due to the presence of acid sites on the surface. Since the
decomposition of isopropanol is an acid catalyzed reaction, which is favored by
catalysts with large number of acid sites, it is not surprising that HTFeED-500, which
has been prepared using as starting material acid-activated clay, shows a higher
activity. Moreover, as evidenced from Fig. 9(b) the selectivity to diisopropylether of
TFeEDW-500 slightly predominates the selectivity to propene up to 105 °C, while in
the case of HTFeED-500, the selectivity to propene starts from the values around

75%, and remains constant up to 105 °C.
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Figure 6.7. (a)The total degrees of conversion of isopropanol and (b) the selectivity towards

propene (dark symbols) and diisopropylether (open symbols) as a function of reaction

temperature for TFeED-500 and HTFeED-500 pillared clays.

Generally, the product profiles show that both propene and diisopropylether are

present from the onset of the reaction, indicating that both reaction products are

formed by direct dehydration; i.e., they are primary reaction products coming from

isopropanol through a parallel reaction network. According Campelo et al.’® the

pathway of formation of both products from 2-propanol conversion on AIPO4

catalysts is a combination pathway of parallel and consecutive reactions presented in

Figure 6.8.
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Figure 6.8. Schematic representation of parallel and consecutive reactions during from 2-

propanol conversion.

Therefore, propene is a primary plus secondary reaction product while
diisopropylether is a primary unstable product. In our case, it is clear that for all
samples, the production of propene predominates at high reaction temperature and
reaches 100% above 130 °C, independently of how many intermediates may be
involved in its formation. On the other hand the differentiation on the onset
selectivity to diisopropylether for the examined samples might be connected to
stereochemical parameters. Thus the selectivity for the larger product

(diisopropylether) is favoured on the catalyst with higher d-spacing (TFeED-500).

6.4. Conclusions
Intercalation of Fe3*-substituted cubic silsesquioxanes in layered aluminosilicate

nanoclays resulted in the formation of novel catalytic pillared structures. Octameric
cubic oligosiloxanes, formed upon controlled hydrolytic polycondensation of the
corresponding bi-functional amino-silane monomer (EDAPTMOS), were reacted with
iron cations to form iron-siloxane complexes. These cationic complexes were

intercalated in a sodium and an acid activated nanoclay and the resulting intercalated
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structures were further calcined to remove the organic side arms and produce cross-
linked metal-substituted silica-pillared clays of high porosity and thermal stability.
XRD measurements revealed the successful intercalation of iron-silsesquioxane
complexes within the clay interlayers as well as the formation of the pillared
structures upon calcination. The absence of reflection peaks of the crystalline phase
of iron oxides indicates that iron oxide nanoparticles produced upon calcination are
small enough and are not aggregated on the external clay surfaces but rather
homogeneously dispersed in the clay matrix. The incorporation of the organosilicon
cubes in the clay galleries was confirmed by infrared and X-ray photoelectron
spectroscopies. The amount of the iron-silicon cubane complexes incorporated within
the clay was estimated by thermal analysis between 17% and 25% of the total mass.
Mossbauer spectra of the pillared materials after calcination at 500 °C, showed the
existence of a-Fe;0s3 (hematite) nanoparticles in the final hybrid systems. Nitrogen
adsorption-desorption measurements showed that the specific surface area (Sger ) of
the calcined intercalated clays was increased up to four times compared with that of
pristine clays while the pore characteristics as estimated by the as-plot method are
indicative of pillared structures. Finally, pillared clays showed high catalytic activity
for isopropanol decomposition due to the presence of acid sites on the surface. In
fact, pillared clay prepared using acid-activated clay as starting material showed a
higher activity due to the large number of acid sites. The selectivity to
diisopropylether of the pillared clay prepared from sodium-clay, slightly
predominates the selectivity to propene up to 105 °C, while in the case of acid
activated pillared clay, the selectivity to propene starts from the values around 75%,
and remained constant up to 105 °C. This differentiation on the onset selectivity is a
to stereochemical parameters. The resulting pillared clays exhibiting high specific
areas and narrow pore size distribution could also be used as catalysts in many

catalytic reactions in organic synthesis.
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Figure S1. Thermogravimetric analysis: weight loss in % for the intercalated hybrid TFeED.
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Figure S2. X-ray photoemission survey spectra of the pristine clays HT and Na-T as well as

of the intercalated hybrids TFeED and HTFeED.
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Figure S3. FT-IR spectra of the pristine Na-T clay, the intercalated hybrid TFeED and the
pillared clay TFeED-500.

Table S.I. Mdssbauer hyperfine parameters as resulting from the best fits of the M&ssbauer
spectra of the TFeED-500 and HTFeED-500 samples recorded at 26,85 °C and -263.15 °C. IS is
the isomer shift (relative to a-Fe at 26,85 °C), [/2 is the half line-width, QS is the quadrupole
splitting, 2¢ is the quadrupole shift, By is the central value of the hyperfine magnetic field,
AByy is the hyperfine magnetic field spreading (symmetric in single column, or asymmetric
denoted by the < and > symbols in the relative columns) around Bxs and A is the relative
spectral absorption area of the components used to fit the spectra. Typical errors are +0.02

mm/s for IS, I/2, 2 and QS, +0.3 T for Bnf and £5 % for A.
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T IS /2 | QSor2e | Bni | ABhi | ABhi < Bhi | ABhs > Bhs | Area
Sample
(K) | mm/s | mm/s | mm/s | kOe | kOe kOe kOe %
0.35 0.32 0.94 - - - - 66
300 | 0.35 0.14 -0.21 424 - 34 14 19
0.35 0.14 -0.20 242 | 90 - - 15
o
o
g 0.47 0.40 1.02 - - - - 48
NN}
L
= 0.47 0.14 -0.20 257 | 43 - - 8
10
0.48 0.15 -0.20 497 - 7 12 26
0.47 0.15 -0.21 482 - 34 0 18
0.35 0.35 1.06 - - - - 66
300 | 0.38 0.18 -0.21 521 3 - - 7
0.32 0.15 -0.10 392 | 108 - - 27
o
o
LN
a 0.48 0.37 1.08 - - - - 60
K
T 048 | 020 | 041 |[s541| - 10 0 10
10
0.48 0.23 -0.20 528 - 16 0 19
0.49 0.15 0.12 409 | 83 - - 11
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CHAPTER 7

Fabrication of highly ordered Cu?*/Fe3* substituted POSS thin
films, a case study of structure influenced by metal
coordination

In this chapter we introduce a layer-by-layer protocol to grow metal-decorated
organic-inorganic cage-like polyhedral oligomeric silsesquioxanes (POSS) thin films
with possible application in the field of quantum computers.M20ur key strategy is to
use metal ions (Cu?* or Fe3') as linker for the ammonium-functionalized cage-like
POSS which are self-assembled between arachidic acid to form highly ordered

structures by using the Langmuir—Schaefer method.

7.1. Introduction
As it is described in Chapter 5 silsesquioxanes (RSiOs/;) form three-dimensional (3D)

cage-like highly symmetric frameworks known as polyhedral oligosilsesquioxanes
(POSS). These formations derive from hydrolytic condensation reactions of
organosilicon monomersB! (RSiOHs), where an organic group is covalently attached to
the silicon chain. Moreover (POSS) have the ability to bind metal ions forming metal
substituted silsesquioxanes*Pl®] and can be used as components during the
synthesis of hybrid materials suitable for catalytic applications such as natural gas
separation!”! or hydrogen catalysis.®

POSS attracted significant attention over the past few decades and provided a
versatile platform for innovative research and diverse applications in aerospace,®
dentistry,1911 protective coatings,®! microelectronics*?! and catalysis,!*31*4 energy

storage, environmental, drug delivery and biomedicine.l*) However, the insertion of
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cage-like units into suitable host systems remains a major challenge in current
materials science and technology.

In most cases, POSS hybrids are usually synthesized by conventional chemical
copolymerization, crosslinking, physical blending®® or can be used as cores for
dendrimer synthesis.!'®! While most of the research refers mainly studies concern
bulk synthesis of polymer nanocomposites?’ 1181911201 and hybrid materials,2%22]
there are fewer reports using a thin film approach, in particular the Langmuir-
Blodgett (LB)!Z3I2411231261127128] ¢ | gngmuir Schaefer®® (LS) methods. Recently, POSS
derivatives have been found to self-assemble as monolayers at the air/water
interface.?”IB% |n POSS the OH groups that are attached to the cage are hydrophilic
so they can rest on the subphase, while the R groups are hydrophobic and take up
positions away from the water surface. This amphiphilic properties of POSS allow the

formation of Langmuir thin films.[2% B1]

Synthesis methods like LB and LS permit to form complex structures of desirable
thickness and architecture. Additionally these methods overcome a major problem in
the preparation of POSS hybrids which is the tendency of POSS to segregate and form
aggregates causing inhomogeneity during film formation.?”? Controlling a structure
using LB or LS deposition provides homogeneity as well as better reproducibility of
the hybrid systems and hence warrants a better management of the materials’

properties. 2612

This work focuses on using the Langmuir-Schaefer method as a means to control the
structure of thin metal-decorated (Cu?* or Fe3*) POSS thin films using a simple
surfactant such as arachidic acid (AA). Our aim was to investigate the final structure
of hybrid thin films as well as to prove that using metal ions with different

3213311341 gne can tailor the architecture of the thin film. In fact, during

coordination!
the synthesis of the metal substituted silsesquioxanes, the arrangement of copper ()
chloride trans square planar molecules is governed by weak intermolecular Cu-Cl

interactions. Moreover Cu (ll) complexes containing N- and O- donors are very
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common and usually in aqueous solutions only four ligands are replaced.>'1% On the
other hand, iron in complexes usually exist in octahedral coordination, while during
the formation of Fe-N complexes six nitrogen ligands are present.FZ33134 These

differences are expected to translate into a different thin film structure.

7.2. Method of preparation
The thin films were fabricated via two synthetic routes illustrated in Scheme 7.1.

Following the first route, initially a AA Langmuir film is transferred to the substrate
(step 1), then a monolayer of metal- decorated (Cu?* or Fe3*)-POSS is self-assembled
on it by dipping into a solution of the metal-substituted silsesquioxanes (step 2) and
then again a AA monolayer is added by a LS deposition (step 3). Repeating the

sequence to obtain a multilayer structure

Syntheticroute 1 Synthetic route 2

>

Dipping in Arachidic Acid =3 Dipping in Arachidic Acid 1 ==
Dipping in M* CUBE solution Dipping in M* CUBE selution

.....................

FFFI T FF FFFrF I IF F

.........

Dipping in Arachidic Acid (two times) Dipping in Arachidic Acid

LS deposition of the hybrid system LS deposition of the hybrid system using self assembly step (LS-SAM)

........

Scheme 7.1. Preparation of the Layered Structure of the Hybrid metal-decorated ((Cu?* or
Fe3*) organic-inorganic cage-like POSS by two modified Langmuir-Schaefer deposition
protocols which differ in the deposition of the arachidic acid on top of the POSS: Synthetic
Route 1 (left panel) proceeds with assembly via Langmuir-Schaefer deposition and Synthetic
Route 2 (right panel) via self-assembly from solution. Both should give rise to the same film

structure as sketched in the lower left corner of each panel.
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one expects an alternation between 2 AA layers assembled tail-to-tail and a metal-
decorated (Cu?* or Fe*")-POSS monolayer, as sketched in the lower left corner of the
left panel in Scheme 7.1. Following the second synthesis route, steps 1 and 2 are
identical to synthetic route 1 but then an extra layer of AA is deposited by self-
assembly (step 3) by dipping into a solution of AA. Also in this case, when repeating
the sequence to obtain a multilayer structure, one expects an alternation between 2
AA layers assembled tail-to-tail and a metal-decorated (Cu?* or Fe3*)-POSS monolayer,
as sketched in the lower left corner of the right panel in Scheme 7.1. The purpose of
following two different routes was to determine which one leads to better structural
order in the final multilayer LS films.

A series of analysis techniques were employed to investigate the structural properties

of these films and confirm the specific architecture.

7.3. Results and Discussion

7.3.1. Characterization of the deposition of AA- Metal (Cu*?Fe*3) POSS hybrid films
The van der Waals interactions between the hydrophobic part of POSS and the
hydrophobized substrate (surface of substrates was modified with
octadecyltrichlorosilane) initiate the film formation.3®231 prove of the transfer of AA
comes from Figure 7.1 which displays the time dependence of the total trough area
covered by the monolayer of arachidic acid that can be transferred to the
substratel®” as well as the surface pressure during the deposition of AA-Cu POSS and
AA-Fe POSS hybrid films following synthetic routes 1 and 2. During each deposition
process the pressure remains stable over time thereby attesting for the stability of
the depositions. Studying further the shape of the trough area and pressure curves, it
is possible to gain information about the amount of material deposited: The air-water

interface is fully covered by a stable monolayer at the beginning. When the substrate
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is dipped into the subphase, one layer is transferred from the trough to the substrate,
giving rise to sharp step on the curve of the trough area versus time and a sharp
downward peak on the curve of the pressure versus time. The transfer ratio is 1 if the
step height on the trough area curve is same as the surface area of substrate; then
the surface is 100 % covered by a monolayer at each dip into the subphase. If transfer
ratio is more than 1, this indicates that more than one layer was transferred; if it is
less than 1 the layer was not entirely transferred. From the curves in Figure 7.1, and
knowing that the substrate surface area is close to 2.5 cm? it can be seen that the
transfer ratio is larger than 1 (1.5-1.7) throughout the deposition, indicating that the
transfer at each dip cost more AA molecules than expected to cover the whole
substrate area. However, control studies on pure LB and LS deposition of AA have
shown that for identical conditions, the film produced by LS always has a transfer
ration superior to one by ~ 60 %. We attribute this effect to be due to excess material
carried in a droplet that forms at the surface of the substrates when breaking the

meniscus after every dip.

22— Synthetic route 1

AA - CuPOSS| AAFePOSS |

Area (cm’)

T imbdimy

Time (sec) Time {5ec)

220 Synthetic route 2 a5
AA -CuPOSS

AA-Fe POSS

ea

T (mNfm)
Area om’)

Time (sec) Time (sec)

Figure 1. Upper panel: The LS deposition of AA-Cu POSS hybrid films following synthetic
route 1 (a) and synthetic route 2 (b); Lower panel: The LS deposition of AA-Fe POSS hybrid

films following synthetic route 1 (c) and synthetic route 2 (d).
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7.3.2. XRR Patterns of AA-POSS-Metal hybrid films
X-ray reflectance (XRR) is a usefull method for the characterization of thin films

focusing in film properties such as film thickness, periodical fringes, density and
surface roughness.[®¥ In our case measurements were performed in order to reveal
information about the structure properties of the films depending on the metal that
was used in the silsesquioxane substitution. X-ray reflectivity measurements were
carried out on 20-layer thick hybrid films at ambient conditions. Figures 7.2a and 7.2b
show XRR patterns for films prepared with copper or iron substituted silsesquioxanes
following Synthetic route 1 and 2.

Comparing the XRR results for the two synthetic routes in both cases (Figure 7.2c) it is
obvious that Synthetic route 2 that includes the self-assembly of AA step leads to
more ordered films since the doo:1 diffraction peak is sharper and well-shaped than
when synthetic route 1 was followed. That means that molecules of AA are better
organized when the second layer of the surfactant is created through contacting the
surface of the AA solution and a self-assembled monolayer (SAM) is formed
spontaneously at the substrate surface.

Additionally, LB films synthesized using copper substituted silsesquioxanes exhibit the
001 diffraction peak at 2.3 degrees, which translates to a doo1 value of 37.7 A. On the
other hand for LS films that were synthesized using iron substituted silsesquioxanes
the diffraction peak appears at much lower angles (1.4 degrees) corresponding to doo1
= 68 A. The length of AA monolayer can vary from 25 to 15 A depending on the tilt
angle in the film structure.¥Assuming that the AA layer in both cases is tilted in the
same way, the 30 A difference in doo1 can be explained by the different conformation
of the metal substituted silsesquioxanes layer when using different metals. According
to Szabo et al.,'*® G. Balomenou et al.?! and Kataoka et al.*! that studied the

intercalation of silsesquioxanes into layered structures the dimensions of the
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silsesquioxanes are 6.6-7.1 A, (horizontal orientation) and 11.2-17.6 A (vertical
orientation) shown in Figure 7.3.

Moreover, while copper usually forms usually planal (four coordinated) complexes,
the metal coordination of iron is octahedral and six ligands can be replaced during
the formation of the metal substituted silsesquioxanes solution. This fact could
explain the increased unit distance since it is highly possible that during the
formation of the iron substituted silsesquioxanes solution a second silsesquioxane is
attached due to the 2 free ligands of iron particle, which is bonded on the

silsesquioxanes Fig 7.3.

AA - CuPOSS AA - Fe POSS

Synthetic route 2 Synthetic Route 2

Intensity (a.u)
Intensity (a.u)

Syntetic route 1
Synthetic Route 1

2 theta® 2 theta®

Synthetic route 2

AA _Fe POSS

Intensity (a.u)

AA - CuPOSS

2 theta®

Figure 7.2. X-ray reflectivity patterns of 20 layer thick hybrid films of (a) AA-Cu POSS and (b)
AA-Fe POSS deposited following synthetic routes 1 and 2; (c) comparison of the X-ray
reflectivity patterns of 20 layer thick hybrid films of AA-Cu POSS and AA-Fe POSS synthesised

with synthetic route 2.
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11.2-17.6 A

: ® -NH- or =NH, “
I% o cu i“é?ﬁ
L ® Felt

L'>L

Figure 7.3. Possible arrangements of the metal (Cu?*, Fe3*) decorated POSS in the hybrid AA-
M (Cu?*, Fe3*) POSS films.

After the lift from the metal substituted POSS solution, the outer surface of the layer
is positively charged and hydrophilic. The AA monolayer on the water surface is
terminated by alkyl chains and hence hydrophobic. That allows to hydrophilic POSS
surface interact with the hydrophobic alkyl chains of AA monolayer and give rise to
the X-type structure.'*?) However, this type of film is stable only for non-polar
molecules.™3! For this reason, a “flip over” mechanism has been proposed to form the
more stable Y-type structure.l* 431 142 |n our case, the “flip over” occurs in every step
3 of the cycle, no matter if AA deposition occurs from the LB trough (synthetic route

1) or from the AA solution of ethanol (synthetic route 2).

7.3.3. Probing the surface of AA-Metal POSS hybrid films by XPS
To verify our model, XPS measurements were performed on films prepared following

a different synthetic route, described as synthetic route 3 in Scheme 7.2. The route
was introduced to investigate the nature of the topmost surface of hybrid AA-metal
POSS thin films in order to confirm the attachment of the AA layer. It consists in

producing a hybrid film in 2-step cycles: initially a AA Langmuir film is transferred to
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the substrate (step 1), then a monolayer of metal-decorated (Cu?* or Fe3*)-POSS is
self-assembled on it by dipping into a solution of the metal-substituted
silsesquioxanes (step 2) and then the cycle is repeated. XPS can be used for
identifying the surface elemental composition of materials. Using a 37° electron take-
off angle, 95 % of the XPS signal comes from a depth of ~ 1.1 nm, the remaining 5%
comes from deeper in the sample.*?1¢! Figure 7.4(a) shows XPS spectra of the Cls
(used as reference), N1s, Si2p, and Cu2p core level regions collected from AA-Cu-
POSS hybrid films and Figure 7.4(b) those of the Cls, N1s, Si2p, and Fe2p core level
regions collected from AA-Fe-POSS hybrid films. From Figure 7.4 (a), it can be clearly
seen that the Cu, N, Si peak intensities change in alternate layers. Layers with odd
number have a larger amount of Cu, N, Si at the topmost surface than layers with
even number. Since Cu, N and Si come from the Cu-decorated POSS layers, this
observation confirms the successful attachment of AA layers. During the deposition,
every layer of AA will be attached to the Cu-decorated POSS layer, inducing the
alternate predominance of C (from the AA surfactant) or of Cu-N-Si (from Cu-
decorated POSS layer) in topmost surface. From Figure 7.4 (b) It is obvious that the N,
Si peaks vary in the same way as in Figure 7.4(a), while the Fe peak intensity is always
constant with alternate layers. In consideration with the 6-coordinated Fe, we
assume that the silsesquioxanes surrounding iron prevent fluctuation at peak
intensity. As can be seen from Figure 7.3, for AA-Fe-POSS hybrid films, even when the
Fe-decorated POSS layer is on the topmost surface, Fe is still covered by the POSS and
the intensity of Fe peak does not show alternate change. So the attachment of every

AA layer exists also during the deposition of AA-Fe-POSS hybrid films.
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LS deposition of the hybrid system using
Syntheticroute 3

Scheme 7.2. Langmuir-Schaefer method synthetic route 3 (dip one time into the trough in

every cycle).
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Figure 7.4. X-ray photoemission spectra of the indicated core level regions of (a) AA-Cu POSS
hybrid films collected after the deposition of layers 7, 8, 9 to 10 and (b) AA- Fe POSS hybrid

films collected after the deposition of layers 11, 12, 13 and 14.

7.4. Perspectives
In order to verify the metal coordination of iron and copper in our systems Grazing-

Incidence Small-Angle X-ray Scattering (GI-SAXS) and Extended X-ray Absorption Fine
Structure (EXAFS) experiments are ongoing the present time. These sets of
measurements will allow us to have a clear view on the exact metal coordination as

well as the oxidation state of the metals in our hybrid AA — metal POSS films.

7.5. Conclusion
We successfully fabricated multilayer films of well-ordered metal-decorated (Cu?* and

Fe*3) polyhedral oligomeric silsesquioxanes (POSS) using two modified Langmuir-
Schaefer deposition protocols which both start with LS deposition of arachidic acid
followed by self-assembly of a monolayer of metal- decorated (Cu?* or Fe3*)-POSS by
dipping into a solution of the metal-substituted silsesquioxanes but differ in the

deposition of the arachidic acid on top of the POSS: Synthetic Route 1 proceeds with
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assembly via Langmuir-Schaefer deposition and Synthetic Route 2 via self-assembly
from solution. An XPS study revealed the successful attachment of AA layers during
the deposition, leading to a periodically repeated AA-Metal (Cu?* and Fe*3)-POSS-AA
unit. XRD results showed that the interlayer distance between the units is affected by
the metal coordination of the metal ions. Additionally, it was shown that the hybrid
films deposited following Synthetic route 2 (involving self-assembly process) lead to a
better ordered structures than Synthetic route 1. Future experiments using GISAXS
and EXAFS are expected to prove the metal coordination as well as the oxidation

state in the film systems.
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Summary

The field of layered nanostructured hybrid materials focuses on the
synthesis and possible applications of materials that combine the properties
of building blocks of nanometer size dimensions. Bringing together the
building blocks can enhance their properties or generate new properties not

present in either of the constituents alone.

The aim of this thesis centred on layered nanostructured hybrid materials
for environmental, medical, energy and catalytic applications, is to describe
the synthesis, characterization and possible applications of a number of hybrid
layered materials based on carbon allotropes or different inorganic matrices

like clay minerals.

Chapter 3 presents the synthesis of multi-functional pillared layered
materials synthesized by the intercalation of adamantylamine into the
interlayer space of graphite oxide and layered aluminosilicate nanoclays.
Different characterization techniques demonstrated the successful
intercalation of adamantylamine and showed that the final pillared materials
have an increased specific surface area. In addition these hybrids were found
to be capable of adsorbing significant quantities of organic pollutants, which
entails a great potential for environmental remediation applications.
Moreover they were found to present improved cytotoxic activity on A549
cancer cells, whilst the cytotoxicity towards MRC-5 cells (normal) was minimal,
a fact that renders them suitable as antiproliferative agents in biomedical

applications.

Chapter 4 describes the chemical oxidation of carbon nanodiscs, industrially
prepared via the so-called pyrolytic Kvaerner Carbon Black & Hx process,

towards the formation of a hydrophilic analogue. The detailed
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characterization of the pristine and the oxidized material is described and the
study of the cytotoxic properties of the oxidized nanodiscs is reported. Besides
resulting in the separation of carbon nanodiscs from the mixed
nanodiscs/nanocones/soot starting material, the oxidation treatment causes
the attachment of oxygen-containing functional groups (epoxy, hydroxyl and
carboxyl groups) on the nanodisc surface, improving the solubility in polar
solvents and thereby the use in various applications. The study of the
cytotoxicity properties showed that the oxidized nanodiscs can act as
cytotoxic agent and promises well for their future use in nanobiocatalytic

systems.

Chapter 5 presents a review of various experimental studies of the
synthesis and properties of carbon nanostructures containing organic-
inorganic cage-like polyhedral oligomeric silsesquioxane (POSS) nanoparticles
The aim is to illustrate the improvements of chemical and physical properties
that can be achieved by the combination of POSS with different carbon
nanostructures focusing on the potential impact of these hybrid

nanostructures on various technological applications.

Chapter 6 reports the intercalation of iron substituted (Fe*®) cubic
silsesquioxanes in a sodium and an acid-activated montmorillonite to form
novel catalytic pillared structures. A variety of characterization techniques was
applied to prove the successful intercalation of the cubic silsesquioxanes into
the clay matrices as well as the formation of pillared structures after
calcination. The final pillared hybrids possess high specific area and contain a-
Fe,03 (hematite) nanoparticles as verified by Mossbauer spectroscopy.
Catalytic measurements showed that the final hybrid pillared materials
catalyse the conversion of isopropanol to diisopropylether and propene due
to high specific area and presence of acid sites on the surface; the selectivity is

affected by stereochemical parameters.
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Chapter 7 presents the fabrication of metal (Cu?* and Fe*3) decorated POSS
thin films via the Langmuir —Schaefer method or via a combination of this
method with self-assembly, using a simple surfactant such as arachidic acid
(AA). Characterization with different techniques proofed the successful
deposition of the layers, leading to a periodically repeated AA-Metal (Cu?* and
Fe*3)-POSS-AA unit. Moreover the interlayer distance between the units was
found to be affected by the coordination of the metal ions. Additionally,
comparison of the two fabrication protocols showed that the hybrid films
deposited following synthetic route involving self-assembly process lead to

better ordered structures.
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Samenvatting

Het veld van gelaagde nanogestructureerde hybride materialen richt zich
op de synthese en mogelijke toepassingen van materialen die de
eigenschappen van bouwstenen van nanometer afmetingen combineert. Het
samenbrengen van bouwstenen kan hun eigenschappen verbeteren of nieuwe
eigenschappen genereren die niet aanwezig waren in de afzonderlijke

bestandsdelen.

Het doel van dit proefschrift is de toepassing van gelaagde
nanogestructureerde materialen voor milieu, medische, energie en
katalytische doeleinden, beschrijving van de synthese, karakterisering en
toepassingsmogelijkheden van een aantal gelaagde hybride materialen
gebaseerd op koolstof allotropen of verschillende anorganische matrixen,

zoals kleimineralen.

Hoofdstuk 3 beschrijft de synthese van multifunctionele gepilaarde en
gelaagde materialen gesynthetiseerd door middel van intercalatie van
adamantylamine in de ruimte van de tussenlaag van grafietoxide en gelaagde
aluminosilicaat  nanokleien.  Verschillende  karakterisatie  technieken
demonstreren de succesvolle intercalatie van adamantylamine en tonen aan
dat de uiteindelijke gepilaarde materialen een verhoogd specifiek oppervlakte
hebben. Hierbij is bevonden dat deze hybriden in staat zijn om significante
hoeveelheden van organische verontreinigingen te adsorberen, dit heeft grote
potentie voor milieu saneringstoepassingen. Bovendien bleken zij verbeterde
cytotoxische activiteit te vertonen op A549 kankercellen, terwijl de
cytotoxiciteit richting MRC-5 cellen (normaal) minimaal was. Dit maakt ze

geschikt als antiproliferatieve middelen in biomedische toepassingen.
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Hoofdstuk 4 beschrijft de chemische oxidatie van koolstof nanoschijven,
industrieel bereid via de zogenoemde pyrolytische Kvaerner Carbon Black & H;
proces, naar de formatie van een hydrofiele analoog. De gedetailleerde
karakterisering van het ongerepte en het geoxideerde materiaal is beschreven
en het onderzoek naar de cytotoxische eigenschappen van de geoxideerde
nanoschijven gerapporteerd. Naast de resulterende afscheiding van de
koolstof nanoschijven uit het gemengde nanoschijven/nanokegels/roet
uitgangsmateriaal, veroorzaakt de oxidatiebehandeling ook de bevestiging van
zuurstofhoudende  functionele  groepen (epoxy-, hydroxyl-, en
carboxylgroepen) aan het nanoschijf oppervlak., Dit leidt tot een betere
oplosbaarheid in polaire oplosmiddelen waardoor het bruikbaar wordt voor
verschillende toepassingen. Het onderzoek naar de cytotoxiciteit
eigenschappen toont aan dat de geoxideerde nanoschijven op kunnen treden
als cytotoxisch middel, wat veelbelovend is voor toekomstig gebruik in

nanobiokatalytische systemen.

Hoofdstuk 5 geeft een overzicht weer van verschillende experimentele
studies naar de synthese en eigenschappen van koolstof nanostructuren
welke organische-anorganische kooi-achtige veelhoekige oligomeer
silsesquioxaan (POSS) deeltjes bevatten. Het doel is om te demonstreren
welke verbeteringen van chemische en fysische eigenschappen kan worden
behaald door POSS met verschillende koolstof nanostructuren te combineren,
gericht op de mogelijke impact van deze hybride nanostructuren op

verschillende technische toepassingen.

Hoofdstuk 6 beschrijft de intercalatie van ijzer gesubstitueerde (Fe3*)
kubische silsesquioxanen in een natrium en zuur geactiveerd montmorilloniet
om nieuwe katalytische gepilaarde structuren te vormen. Verschillende
karakterisatietechnieken zijn toegepast om de succesvolle intercalatie van de

kubische silsesquioxanen in de kleimatrixen en de vorming van gepilaarde
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structuren na calcinatie aan te tonen. De uiteindelijke gepilaarde hybrides
bezitten een hoog specifiek oppervlakte en bevatten a-Fe203 (hematiet)
nanodeeltjes, wat geverifieerd is door middel van Mdssbauerspectroscopie.
Katalytische metingen tonen aan dat de uiteindelijke gepilaarde hybride
materialen de omzetting van isopropanol naar diisopropylether en propeen
katalyseren vanwege de hoge specifieke oppervlakte en de aanwezigheid van
zure groepen op het oppervlak; de selectiviteit wordt beinvloed door stereo-

chemische parameters.

Hoofdstuk 7 beschrijft de fabricage van metaal (Cu?* en Fe3*) gedecoreerde
POSS dunne lagen door middel van de Langmuir-Schaefer methode of door
een combinatie van deze methode met zelfassemblage, gebruik makend van
een eenvoudige oppervlakteactieve stof zoals arachidonzuur (AZ).
Karakterisering met verschillende technieken heeft bewezen de depositie van
de lagen, wat tot een periodiek herhalend AA-Metaal (Cu®* en Fe3*)-POSS-AA
eenheid leidt. Bovendien is bevonden dat de tussenlaag afstand tussen de
eenheden beinvloed wordt door de codrdinatie van de metaalionen.
Daarnaast toonde vergelijking tussen beide fabricage protocollen aan dat de
gedeponeerde hybride lagen gevolgd door de synthetische route, welke het

zelfassemblage proces bevatte, leidde tot beter geordende structuren.

152




153



NepiAnyn

O Ttopéag Twv PUANOHOPPWY  VOVOSOUNUEVWY  UPBPLOIKWY  UALKWY
ETUKEVTPWVETAL KUPLWG 0Tn oUVBeon Kal oTig TBAVEG EPOAPUOYEG UALKWY TTOU
ouvbualouv TIC OLOTNTEG TWV OOUIKWYV TOUC MOovadwv o€  KALHaKa
VaVOUETpwY. 2uvdualovtag OUTEG TIC OOUIKEG HOVAOEC MMOPOUME va
BeATiwooupe 1 Kal va SNULOUPYNOOUUE VEEC LOLOTNTEG oL omoleg Sev NTav
TIOPOUCEC OTA EMIUEPOUC OPXLIKA HaAC UALKA. ITOXOC TnC mapoloag Slatplpnc
elval o oxeblaopog kol n avamtuén OALYOOTPWHATIKWY VOVOSOUNUEVWY
UBPOIKWY UAKKwY yla TEPLBOANOVTIKEG, PBLO-LOTPLKEG EVEPYELOKEG  Kall
KOTOAUTIKEG EPaPUOYEC. M0 CUYKEKPLUEVA, OTO TIOVN O AUTO TEPLYpAdETaL N
ouvOeOn, 0 XOPAKTNPELOUOG Kal oL TIOAVEC EPAPUOYEG Hla TTANBWPAG UALKWY
TIou £€xouv cav Baon aAlotporikeég SopéC Tou avBpaka f AAAa avopyava

UALKQ OTtwG ol duAAOpopdoL apyLlhoL.

To «kepahawo 3 meplypadel TNV OUVOEOn  TTOAUAELTOUPYLKWV
UTIOOTUAWMEVWYV UALKWVY Ta ool £xouv avamtuxBel LEOwW TNE EVOWUATWONG
pHoplwv apwvoadapavtivng otov evO0oTPWHATIKO Xwpo ofeldiou tou ypaditn
Kot  GuAOpopdwv  apyllomupltikwy  opyilwv. Ou  OSladopeg  TEXVLKEG
XOPOKTNPLOHOU  TIOU  XPNOLUOTIOLOUVTOL  ONMOSEIKVUOUV TNV ETLTUXN
EVOWMATWON TNEG apvoadapavtivng Kabwe Kot OTL Ta TEALKA UTTOOTUAWUEVA
UALKQ Ttapouotalouv auénuevn ldikn emdavela. Emumpoobétwg ta vBpLdika
UALKA BpE€Bnkav va €XOuv CNUOVTLKH TIPOCPOdNTIKY LKOVOTNTA OPYAVIKWVY
pUTIWV YEYOVOC Tou Ta KaBlotd katdAAnAa yiwa xprion oc MePLBOANOVTLKEG
epapuoyEc. EmutAgéov mapouotdlouv BEATIWHEVN KUTTOPOTOLLKN LKAVOTNTA OF
KOpKLIKA KUTtapa (A549) oe oxéon pe uyw) kuttapa (MRC-5) ota omola n
6paon Toug elval €eAAXLOTN YEYOVOC TOU Ta KaBlotd KotadAAnAo va

xpnotwuomnotnBolv w¢ avaoTOATIKOL TAPAYOVTEG aVATTUENG OE PLO-LATPLKEG

epapuoyEg.
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Yto kepalawo 4 meplypadetal n xnUkn ofeidwon vavodiokwv avOpaka
mou €xouv TapaxOel PBopnxavikd HECW TNG TUPOAUTIKAG Sladikaoiag
Kvaerner Carbon Black & H; kal o oxnuatiopog evog udpodihou avaioyou.
Meplypadetal 0 AEMTOUEPNHG XAPAKTNPLOMKOG TOOO TOU apxlkol 600 Kol Tou
oelOWHEVOU UALKOU KOOWCE Kal HEAETN TWV KUTTAPOTOELKWY LOLOTHTWY TOU
oelbwpévou UALKoU. Kata tnv ofeldwon twv vavodiokwv ETMITUYXAVETOL O
SLoXWPLOHOG Toug amd To Miypa vavodiokwv/vavokwvwv/kataloimwy tou
apXtkol UALKOU kot n dnutoupyia Aeltoupylkwv opadwv ofuyovou (emofu-,
LvdpoOEU-, KapPotu-) otnv emipavela Toug BeAtiwvovtag TNV SLAAUTOTNTA TOUG
o€ TOALKOUC SLAAUTEG WOTE va UImopouVv va xpnotponotnfolv oe Stadopeg
epapuoyec. H peA€éTn Twv KUTTOPOTOEIKWY LOLOTATWVY Toug £6ele OTL oL
ofelbwpévol vavosiokol Spouv we KUTTOPOTOELKOL TTapAYOVTEC KoL ATTOTEAOUV
€va TOAAQ UTIOOXOHEVO UALKO yla TNV avamtuén vavo PLoKOTOAUTIKWY

OUOTNUATWV.

Yto kKedpaAalo 5 mapouotdaletal pla avaokonnon Stapopwv MEPUPATIKWY
HEAETWYV TAVW otnv olvBeon Kal TG WLotnTeg vavodouwv avBpako Tou
TIEPLEXOUV Opyavika-avopyova ToAuedplka oAlyouepr otlofavia (POSS)
(cage-like). Ztoxo¢ elval va TtovioTel n BeAtiwon Twv GUOLKOXNULKWY LELOTATWY
TIOU ETUTUYXAVETOL PE TIPOCONKN TOUG ETUKEVIPWVOVTOG OTOV QVTLKTUTIO TIOU

uropel va €xouv Tt UPBPLOIKA outd UAKKA ot OLadopeC TEXVOAOYLKEG

epapuoyEg.

2to KedpAlalo 6 avadEpPETAL N EVOWHUATWON UTIOKATECTNUEVWY KUBLKWV
oofaviwv tou odripou (Fe*3), og vatplolxo povipoptlovitn Kabwe Kat oto
o0flva. eVEPYOTIOLNUEVO QVAAOYO TOU HE OKOTIO TNV Snuoupyia KovoTopwy
KOTOAUTIKWYV ~ UTOOTUAWMEVWY  Sopwv. Mia  TANBwpa  TEXVIKWV
XOPAKTNPLOMOU £DAPUOOTNKE WOTE va amodelyOel n emtuxng evowpdtwon
Twv oofaviwv ot OpYAKEC HATPEC KABWC KAl O OXNUATLOUOG

UTTOOTUAWMEVWY SOHWV HEOW TIG BEppavong Toug. Ta TEALKA TtapOyOpEVa
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UALKA Bp€Onkav va Swabétouv peyaln edikn emdavela evw n mapoucsia
vavoowpoatidiwv atpatitn (a-FeOs) emBefatwbdnke péow NG PpoopotooKomia
Mossbauer. KOTOAUTIKEC TIELPOUOATIKEG METPNOEL €0elav OTL TA TEALKA
UBPLOKA VAKA KataAUouv TNV adudAatwaon NG LOOTPOTIAVOANG OE TIPOTIEVLO
Kot Suoo-mpormulalBépa AOyw NG HEYAANG €lOKAG €mMLPAVELNG KAl TWV
EVEPYWV KOTOAUTIKWY KEVIPWV OTNV EMLPAVELD TOUC EVW N EKAEKTIKOTNTA
TPOG TNV OLAOTOON TNG LOOTPOTIOVOANG ETNPEALETAL OO OTEPEOXNMLKEC

TIAPOLULETPOUC

2to kepaAalo 7 mapouotaletal n dnuioupyia AETTWY OALYOOTPWUATIKWY
UMeviwv urokateotnuévwy  pE  pEToMa  (Cu? kau Fe*®) moluebpikwv
oAlyopepikwv oloaviwv (POSS) péow tng peBodou Langmuir —Schaefer 1 pe
ouvduoopo ¢ pe tn HEBodOo auto-opyavwong (self-assembly) pe t xprion
HLOG OTTANG TOOLEVEPYNC €&vwong Omwg Tto oapaxdikdo ofL (AA). O
XOPOKTNPLOMOC HE SLAPOPEC TEXVIKEC QMESELEE TNV EMITUXN EvMOBeon Twv
OTPWHATWY TNG TACLEVEPYNG HE aQmMOTEAECHA TNV Snuloupyia MeEPLOSIKWY
SOMIKWY HoVAdwV TIou AmOTEAOUVTAL AVTLoTOLXO ATO OTPWHATA apoxLdLkou
0€£0¢ KOl UTIOKATECTNUEVWY HE METaANa (Cu?t kau Fe*3) POSS. EmutAéov, n
evOOOTPWHATLKA amootacn HETAEL TwV SoUKWV povadwy e€aptatal anod tnv
VEWUETPLO KOl TOV aplBUo €vtaéng Twv UETOAAKWY LOVTIWV. EMUmpooBeTwe n
olykplon Twv OU0 TEPAUATIKWY TIPWTOKOAWY olvBeong €6elée OTL Ta
UBPLOIKA upévia Tou €xouv evamoteBel pe tn ouvduaopEévn CUVOETIKN
Stadikaocia mou meplhappavel to otadlo TNG AUTO-0pYAVWONG TwV Hoplwy

o6nyoulv og KAAUTEPQ OPYAVWHUEVEG SOUEG.
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