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Summary

The thermal management in flexible electronic devices requires agsviais able

to dissipate heat to guarantee for the required lifetime and continuously increasing
performance of modern electronic devices.

In recent years, Graphene, which is an allotrope of carbon in form afiéxagonal

lattice in which one atom fms each vertex, has generated a great interest for its
unique mechanical, electrical and thermal proprietizgsspite this materiais
mainly used for electronic and optoelectronic applications, because the production
cost is still relatively too high, gphene related materials (GRM) have being
exploited are being increasingly exploited

In fact, graphene research projects around the world are still growing due to the
great impact of graphene results and applicatietm&urope it has reached its peak

in research funding since the European Commission decided to support the
Graphene flagship which is the European largest research initiative, tasked with
taking graphene from laboratories into the market with 1 billion budget over ten
years. The Graphene §iship project includes more than 150 European industrials
and academic partners and it involve 16 Work Packegesrirg almost all areas

of graphenefrom fundamental science to scientific research for industrial
applications from health to environment aidctronics.

A strong interest in the use of these materials is found in heat management
application where both increasingly efficient materials and mechanical
characteristics such as flexibility are required. For some years now, in fact, heat
spreader GRNI based have been developing with thermal conductivity
characteristics superior to the most commercially used metals (copper and
aluminum) and, at the same time, they have lower density with a consequent greater
lightness considering an equal geometry.

Although at microscopic level, the single graphene surface shows thermal
conductivity values in the order of mile&m*K?, the relative macroscopic



artefacts (such as foils or sslfipporting membranes) show values much lower than
the ideal case caused by defects that may be chemical or physical. The first ones
are given by the presence of functional groups or atomic species that interacting
with covdent bonds change the hybridization of carbon and therefore interrupt the
aromaticity of the material that is the most responsible for tla transfer.
Physical defects, instead, are related to the quality of the material, so not only to the
presence of/acancies but also to the surface area, surface/volume ratio, edges,
number of layersMoreover,the quality of the thermal contact between structures
and the porosity of the material must also be considered in the manufacture of
macratructures.

Posttreatments are widely used such as thermal annealing, to regenérate sp
hybridization of the graphene plane but, on the other hand, they take place at very
high temperatures, increasing the production considerably. Therefore new methods
of synthesis are bajnexplored

Although studies of molecular dynamics and the functional theory of density
have theoretically demonstrated the efficacy of molecular junctions, only in recent
times, these researches have been developing on graphene materials where the
functionalization at the edges, which covalently links several structures, improves
heat transfer. An alternative method for the GRM functionalization, that does not
i ntroduce chemical defects and preserves
stacking between theurface and thpolycyclic aromatic compounds.

In this thesis, both approaches have been used to connect GRM structures
aiming at decreasing the thermal resistance at the interface and extending the
surface through which heat can be transmitf€de first method exploits the
functionalization of grapheneslated materials at the edges withfumctional
molecules of different lengths derived from maleic anhydride, in order to
investigate the thermal conductivity of these structures connected to themselves
with molecular bridges.The Diels Alder reaction has been exploited and Raman
spectroscopy characterizations and thermo gravimetric analysis confirmed the
functionalization of GnP that was used as raw material for the production of films.
The second approh, instead, exploits the supramolecular interactions between
graphene related materials and bispysbased compounds spaced by aliphatic
chains with different lengthsThe specifically synthesized bispyrene molecules
have the terminal pyrene groups that as an anchor group to link different GnP
during the fabrication process, which has been studied by spectroscopic
characterizations (UWis and photoluminescence on dispersion

Using these functionalized GRMs, the nanopapers have been manufactured
using a gravimetric filtration process and tested as heat spreaders. Through light



flash analysis, the thermal diffusivity (that expresses the rate of heat spread) has
been studied and considering the nanopapers as porous materials, different models
were applked to investigate the relationship between porosity and thermal
conductivity of the materials that has been experimentally demonstrated

By simulating the heating of an electronic component into a device and how it
should be cooled, the behaviour of nasyogrs for cooling a hot spot was compared
with both copper and aluminium heat spreaders. Moreover, from the analysis of
thermal gradients and the application of classical mathematical models of finned
surfaces it has been possible to understand how tlyh uwrface of nanopapers
may affect the heat exchange coefficient with the surround obtaining more
performingheat spreadehan metallic ones
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Chapter 1

State ofthe art

1.1. GrapheneRelated Materials

In nature, carbon is one of the most widespread elements and is undoubtedly present
in the most heterogeneous compounds. The possibility of bonding with a high variety
of atoms ando formsingle, double or even triple bonds widens trege of possible
structures. When the carbon is bound with other carbon atomestie arganized
structure along the three dimensiocal)ed allotropic forms

Among allotropic forms of carbon, graphene has received and is attracting particular
interestsince its isolation from bulk graphite in the early 2004

Graphene is a material composed of carbon atoms bound together to form a two
dimensional planar structure organized with a hexagonal honeycomb tggame
which each carbon atom is able to bind to three adjacent atofisosped), that is

not an integral part of laulk carbon material, but is freely suspended or adhered on
a foreign substrat®].

This honeycomb structure is the basis of other allotropes of carbon such asédler
carbon nanotubemndgraphiteas show in th&igurel.



Figure 1. Schematic representation how graphene is the 2D materials useful for the
development of other dimensionalities such as 0D if it isotropic wrapped itacehg
class, rolled in 1D to perform nanotube, stacked intée3idingthe commonly grapht

[3].

However, concerning to graphene sheets that are all equal in the surface, a distinction
must be made about chirality of two different types of ddgachair or zigzaghow

in the Figure 2) because it is one of the fundamental parameters to then obtain
nanotube$4].

Figure 2. Representation of different edge geometry. Armchair termination on the left
and zigzag on the right

The growing demand for graphene pushed the research to the development of many
synthesis methods for largeale production of graphene but, on the otierd,
materials constituted by mulayer arealsoavailableand it is therefore necessary to
introduce a nomenclatuf@] in order todistinguish and talassify the different
productg5].



1 Multi-layer graphene (MLG) is a 2ihaterial consisting of welllefined,
countable, stacked gpohene layers (between 2 and;10

1 Fewlayer graphene (FLG) is a sub category of MLG indicating a 2D material
with 2-5 stackedayers of graphene;

1 Graphite nanoplatelets (GnP): is a carbon material having a thickness less
than 100 nm.

Among the most interesting graphene materials is graphene(@@)ewhich is the
partially oxidized form of graphengigure 3) in which the carbon atoms anet

always hybridized sfbut in some cases thgbridization is spand thisdeterminates

a deformation of the structure with sofmendpartly tetrahedrd6].

GO can be considered as graphene sheets decorated with functional groups
containing oxygenin which hydroxyl, epoxy groups are located orf-ggbridized

carbon on théasal planeandcarbonylor carboxyl groupsre mainlylocated at the

sheet edges on Spybridized carbon

Figure 3. Idealized suctureof Graphene Oxide (GO)

A similar classification can also be applied to GRM dase graphene oxide,
therefore, GO is a monolayer of graphene oxide, FLGO is the few layers graphene
oxide and MLGO is multlayer graphene oxide.

Reduced Graphenex@e (rGO) indicates an oxidized graphene material that has
undergone a reduction process (thermal, chemical, etc.) ier dod eliminate
oxidation and restore the graphemrematicity The structure of rGO is very similar
to the GO structure but itesad of the oxidized groupsdructural defects of various
nature are created suchvaancies an8toneWales defect§/].

1.1.1.Synthesis

Many techniquehave beerevelopingfor largescale productiomnd/orcost
containment, which can be dividiénto two macrearea, according tobottomup



approach or togglown one(as show in thé&igure4). Some of thenwill be further
described in thisection
Bottom-Up
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Figure 4. Schematic classification of grapheredated materials (GRM) and methods
for their production

Epitaxial growth

Epitaxial growth is oe of most interesting approach, especially attractive for
semiconductor companies,gooduce few layer graphenestart from the annealing
of SiC surface under ultrahigh vacuum (UH\Bigure 5). When SiC substrate is
heated, silicon atoms sublimate from the substrate leaving carbon atoms to rearrange
themselves into graphene layers whose thickness depend on the artirealifigw
minutes) and temperature (about 1200°C).
Neverthelessmore recently, vapor phase annealing has been used to produce FLG
onto SiC surface using higher temperature (around 1500°C and always under UHV)
but in the other hand, with an improved thieks homogeiity [8].

This method is atsapplied tamther substratesuch as (001) faces Rl crystals
[9], Ir, Ni, Co, and P{10] in order to grow epitaxial graphene layers,dese the
hi gh number of nucleationébés center all owe
singlecrystalline domains and, more important, if the finsb graphene layer
coupled strongly to the substratehile from the third layet h e r e intaracton 6 t
and had the similar electronic proprieties to fséending graphene.
Althoughthe quality of graphene under lel@mperature processes still haveb®o
improve in comparison to other technologies, the epitaxial growth is promising
fabrication method because it is easilyailable 6 the semiconductor industry,
transistors, and other electronic devices, which already use SiC wafer as substrate
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Figure 5. Schematic illustration of an epitaxial growth from a SiC substrate. Heating a
SiC substrate under UHV there is the sublimation of silicon, firstly, and carbon atoms
remains on the surface organized themselves into graphenersruc

Chemical Vapour Deposition

CVD is a synthesis process in which the graphene growth onto a metal surface
that catalyze the thermal decomposition of hydrocarbon molecubeshdne,
acetylene, propane.[)1]. There areseveralchemical reactions used in CVih
which the thermal decompositioms made (pyrolysis, reduction, hydrolysis,
disproportionation, oxidation, carburization, and nitridation), and they can be used
either separately or combining them. In any cHsesubstrate and the reaction must
be activated using temperature; dependamghydrocarbonsare used or metal
organtc precursor®r cold plasma that permits to operate in a range of temperature
from 20° to 500°C.

Transition metals are particularly appealing to obtain large volume of high
quality graphene or other carbon allotrgpasorder to develop process ready o b
integrated to thexistent semiconductor industry.

The sequence of events taking place during a CVD reaction are well diefined
two stepgqFigure6). At thebeginning, there is the precursor transpamuigh flow
carrier gas in order to encourage the primary interaction with the substrate surface
and after the adsorption and the diffusion of them, there is the grown in difgesnt
asto obtain a compeétely covered surface

The most common precursor are methane sjCethylene (@He), propylene
(CsHe) and acetylene (#Ei2) which are commonly pyrolyzed at around 90O °C,
over a wide range of pressure, onto transition metal subBtatevhichdependhe
quality of layerqd12].

(CV



Copper is the most adopted catalyst among the different transigtadsngNi,
Co, Fe are also possible) because the solubility of carbon in copper is low, and so,
whenthe substrate is cooled down, carbon aggregaiadensednto the surface
forming s bonded layer§l3]. If, on the one hand, an accurate control of process
parameters permits the production of a monolayer, on the other hand the crystal
domairs are very small related to higher numbergobwth center in which the
precursor14]. Therefore it is obvious that the supersaturated, saturated or under
saturated concémation of the carbon species allow full coverage of the surtace,
partially coverage respectively.
Scalable techniques for mass production and more economic process are exploiting
using differentPolycyclic Aromatic hydrocarbon@AHs) (like benzeng15] and/or
toluene[16]) whose structure composed of benzene rings, afteitdawperature
pyrolysis (at 508600 °C) permitan atomic arrangement allows growmg graphene.

Annealing Fromation of Graphene
thin film

Figure 6. Schematic representation of methane catalytic decomposition to form CxHy
species upon the exposure of Cu and hydrogen. Where the local concentration of CxHy
is supersaturated, there is the formation of nuclei carbon based that grow more and more,
creatingdomain and covering the Cu surface since to obtain a thirjXi/].

However, CVD is an expensive process, due to-Biggrgyconsumption and the
need to remove graphene from the underlying metal with the risk of damaging it.
Furthermore, CVD, not being cesffective for largescale production, is typically
used for graphene synthesis for applications where the need for hiig gragphene
is limited [18].

Exfoliati on

Exfoliation is a category of techniques using -ttjavn approaches with the
possibility of obtaining GRMs of different sizes.

Mechanical exfoliationalso well known amicromechanical cleavageas the
first technique useith 2004 [19] from which it was possible igolate one monolayer
of graphene, exploitinthe weak bnds(Van der Waals interactions of the order of
2 eV/nnt) between the atomic planes of graph@ensideringan area of im? and
assuming the grapherseibstrate friction coefficienequal one(adhesion is an
important friction mechanism at low normal logd$)e required normal force to
cleave offthis sheet from the top of thgraphitecrystallite is about 300 nN

The force can be exerted using an adapted AFM tip or, more simply, by the
resistance to the relea®f a conventional scotch tape which is thethod used to



obtain the first isolated graphene shgetsling theéhighly oriented pyrolytic graphite
(HOPG) as show irFigure?.

Although the concept is simplepwadaysmechanical exfoliation isne of the best
method to obtain high quality materials withss crystalline defecgtgperfectly
suitable for electronic applications or for othewsral fields in fewum? asflakes
dimension are enoughTherefore, if in one hand the drawbaekthe size of the
flakes,in the other hand theretise difficulties forthe scaleup of the proces[18].

th)

Figure 7. Schematic representation of a meattal exfoliation process shovetep by

step: (a) adhesive tape is pressed against a HOPG surface to adhere to the top. (b) Few
layers are cleaved from graphite crystal. (c) The tape with some layer of material is
pressd against to the surface of a substrate. (d) Upon peeling off, the bottom layer is
left on the substratQ].

Throughaqgueousexfoliation, it is possible to obtain various types of GRM by
exploiting the weak interactions betwaaarganicacids(sulfuric acid, hydrochloric
acid and nitric acigand graphene surface.

In fact, through a process at high temperatares pressures, called solvothermal
process, it is possible to intercalate the i idn8 lsetween thegraphiteplanes in

order to increase the distances between them and therefore decréasstneking
forces that hold the graphene planes togdtiguare8).

This permits a higher efficiency of dispersion in water, reducing solvent costs and at
the same time, the stability increases because although the GO flalkethdency

to stacking with themselves, the oxidized gretinave the function ofr herefore, it

do not require much energy to separate the sh€etdrifuge process can also be
introduced toselect the size of flakes insolutionsbecause at differempm the
flakes having high mass precipitate on the bottom of the flask.

Although the chemical exfoliation process increase the number of defects in term
of reducedbond conjugation[21], inducing the partial degradation to?sp’
structures, this technique permits an accurate size control of the graphene sheets with
a continuousangefrom micrometersscaleto nanometrisize[22].

Although the yield of monolayer graphene is not very geddb) because FLG and
GnPare almost always obtain¢2i3], chemical exfoliation is a very popular method
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used for the production of inks such as pigment, coating powder and materiads whe
transparency is not required and whe@me residual defects (such as weak
oxidation) help in stability solvents.

Figure 8. Schematic representation of graphene sheets exfoliation and dispersion:
graphite planes are expanded using acids solution and solvothermal process is processed
to divide sheets between themseh@&sverakteps of centrifgation at different rpm are

done in order to separate flakes having different[2i4g

Electrochemical approach is one of the most efficient method to exfoliate
graphite[25], that is used as electrode whose potential can be regulated.
In few minutes and in appropriate liquid electrolytes the graphite electrodes are
intercalated with various moleculesdarapidly dispersed in solution.
Whengraphite is used a8 anodgthe most commonly wet process useshaqueous
solutions with mineral acids (e.g., Qs or HCIOs) as electrolyteq26] that
producing gas, crate pressure idtrgers since to the completely separatibthem.
However,high electric potential can leads partially oxidation damageand so the
other approach use the graphite as catfi@ddleand a polar solvent such disnethyl
sulfoxidewhose intercalation produces 5§as promoting delamination
In both approachesthe possibility tointercalate different moleculebetween
graphene layers offers a highly tunablaywto expand graphite into graphene,
obtaining a distribution of new materials with it (not ontpnolayer but also FLG
or MLG).
Electrochemical or autoclave processes are relatively expensive for energy or plant
costs and so different approaches take advantage of graphite oxidation in highly
concentrated and oxidizing acidic aqueous solutions followed by a sonication step.
Colloidd suspensions are homogeneous due to the hydrophilicity of the functional
groups and are very stable because the electrostatic repulsion of the groups-avoids
" aggregations between graphene surfaces.

The mostclassical synthetic method to oxide graphft&ke Brodie [28],
Hofmann or Hummers meth¢a9] use mineral acid (sulfuric, nitric or hydrochloric
acid) to intercalatéhea ¢ i d 6and spazingghe graphite planes followed by step
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in which strong oxidizerNaNGQs , KCIOs, KMnOs4,) to produce GQ30], as show in
theFigure9.

Figure 9. Schematic representatiof production ofGO, FLGO or MLGQ

Several techniquewvere develomd for the GO reduction through different
approaches such as, photo and microwave tech{84lieapplying hydrogen plasma
[32], or in areducing atmosphere (such as using alkaline soluf88jsas showrin
Figurell, hydrazine vapor§34] or most relevant and applicable for comparhieat
treatmats[35] shown in Figurel0.

The thermal reduction by annealing of GO is well exploited in which vacuum,
inert or reducing atmosphere is used in more steps to remove intercalated water and
functional groups. Indeed the rapid heating of graptiide generate CO and GO
gases that in one hand produce vacancies into lattice and, in other hand, their
expansion increase the spaces between stacked carbon layers obtgionogsa
graphenebasedmaterial.

Hydroxyl
PP

reduction

g

Figure 10. Schemdt representation of deoxygenation with thermal treatment.

Chemical reduction, as Fan et §6] well reported, use a strong aqueous
alkaline solution like NaOH and KOH in a range of temperature between 50°C and



90 °C, in which the deoxygenation make darker and darker the solution since to
obtaina black colloidal suspension.

Other various inorgani@and organic chemical compound are exploiting as
reduction agent of GO such as sodium borohydAdg hydrazing38], glucosg39]
and ascorbic aci0].

with NaOH with KOH

FIEras O, FIITIRNY ce
: JE
©Carbon @0Oxygen( Hydrogen a 7 b

Figure 11. Images of the exfoliated graphite oxide suspension with and without
deoxygenation step under reaction alkaline conditions.

A valid alternative to the oxidation of graphite is the use of organic solvents in the
exfoliation process. Although the approach is lessfeendly, the use of solvents
permitsthe exfoliation from graphite material without oxidation and therefares
potentiallypreservd the chemtal and physical characteriso€ the graphene plan.

In addition, annealing heat treatments or chemical reduction treatments are not
necessary, so costs are relatively reduced.

Thesolventphaseexfoliationprocess mostlgxploits ultrasounds intorganicliquid
medium in order to separate the layers since to obtain monolayers and it can be
summarized in three steps in which the graphite is dispersed in a solvent, it starts the
exfoliation and, at the end, the is the puaéfion.

In general, during ultrgonication, there is a balance of forces between those
generated by cavitation in which the midyobble collapses (due to the rapid
oscillation of the pressure resulting in increased exfoliation) and the attractive forces
of stacking GRM

Therefore, therganicsolvent have the most important role because, reducing the
interfacial tension between liquid and GRM sheets as well as the contact area
between two different flakes, it prevents the Van der Waals interactidayfers

having a distance among 3.541].

Coleman et aldemonstrated that the potential energy is significantly reduced by
the dispersive London forces depending on refractidexsolvent that matches with
graphene one, obtaining as results that
around ~ 41 mJ M (Table1) are favorite to minimia the energy input in attaining
effective separation of flakg¢42].

The Col eman6s beavuiicates the thesnbdynamic requirements
that can predict which solvents can be used for the graphene disjé8ion

Huix 2 2
- (\/-ESS — \f_Egg) ®G eq.l
Viix  Tns

Wh e r enix isptHe enthalpy of mixing, Mx is the volume, fis the thickness of
graphene nanosheets;stand Esg are the surface energies of solvent and graphene,
respectivelyg g is the volume fraction of graphene dispersed.
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Among some variety of solvents descrgptbebestresultshave been achieved with
N-methyt2-pyrrolidone (NMP), an organic solvent that make around 25 % of
monolayer flakes and almost totally remain part is FLG whose later size contain no
more than six layers.

In general, the yield by motayer graphene percentage is defined as the ratio
between the number of monolayers and the total number of FLG in the dispersion,
or, more commonly, as the ratio between the total mass of single layers into dispersed
and the entire colloidal flake. Becaubke exfoliation effect depends on the power of
sonication, the liquid medium used to disperse graphene nanosheets , and the rate of
centrifugation that can be used to separate GRM of differenf4sdzd4]

In order to calculate exfoliation yields, instead, it is necessary to use analytical
methods providing both qualitative and quantitative analysis, such as spectroscopic
characterization whose concentration estimation follow the Kubdlkak law, (it
isthecorresponding Lambert Beer 6bd.aw for
Measuring the absorbance in the ultra violet region, it is possible to determinate the
concentration of suspended flakes but for more details about their structure such
thickness or numdr of layers,the transmission electron microscopy (TEM) and
atomic force microscopy (AFMgre required.

Chemical Boiling Surface
No. Organic solvent Point Tension Ref.

Structure °C) (mJ m'?)
o]
N,N-
)J\ S ;
1 CH; N dimethylacetamide 165 36.7 [45]
lH (DMAC)
3
Ci
Ci Ortho-
2 dichlorobenzene 181 37 [46]
(ODCB)
O
M cH NN
3 H™ N~ ® dimethylformamide 154 371 [47]
éH3 (DMF)
O
? N-methyl2-
4 N*‘GHS pyrrolidone (NMP) 203 40 [48]
HaC CHy
S . .
5 Dimethyl sulfoxide
5 || (DMSO) 189 42.9 [43]
0

Table 1. Solvents for LPE of Graphene
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In conclusion, the production of high quality graphene requires the use of techniques
not suitable for largscale production, or on the other hand, the graphene yield in
these processes is typically limited to a few percentages, leading to an expensive
product that could only be used for niche applications. For these reasons, GRMs are
often sold on the market, mainly in the form of MLG or GnP, which are available in
large quantities and with a limited cost of material.

Considering also that the affinityithr organic solvents is easily controllable, for this
work of thesis, it was decided to operate under conditions similar to the LPE
technique in order to preserve the contiguity of sp2 bonds, which is a crucial
condition for applications where good heangmission is required.

1.1.2.Proprieties & Applications

The low absorbande the visible range of wavelengttpmbined withthe high
electronic conductivity make the graphene an optimal candidate as transparent
electrodes, competing witindium tin oxide (ITO)which is the actuallystandard
material for solar cells, liquid crystal displays and touchssrE).

In fact, if currently on the market graphene materials raeenly used for
batteries, therare prototypes that also use it in displays or sd@at components
Due to the high thermal conductivitRM could be used to cooling tleéectronic
hotspots with an energy saving andamsequent increase in lifetinig0] that will
be beter discus in the next section.

Other fields of application in which GRMs can be integrated are

1 Ultra-capacitors and microbatteries: able to store biger quantities of
energycharging thousands times faster and to be doaess more powerful
than thecurrent one$51];

1 Bio-related materials. Graphene derivativesuch agraphene oxide (GO),
chemically reduced graphene oxide (/G doped graphene, that have been
intensively studied for their prewait applications in biosensingh2].
Moreover, the use of nanomaterials to retain and then deliver the drugs can
assist with preventing undesirable effects with beneficial therapeutic
properties and at the same time, more studies can be explew strategies
to controlled when the appropriat®logical target is identified

1 Photovoltaic. more efficient solar cells by using graphene as a charge
collectorwhose &ctronscan beexcited to a higher energy state by absorbing
incoming solar light and then the energy igansfered to neighboring
electrong53];

1 Conductive ink: coatings forsmart packagingnd printed electronics whose
circuits can be printed almosttonany substratasing graphene as pigment
[54];
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1 Graphene aerogel consisting of interconnected spongy porous carbon
networks, thanks to their lightness together with excellent electrical and
thermal properties, foregiospace applicatidb5].

1 High performance computation terahertz oscillators and higipeed field
effect transistors with switching speeds between 100 GHzaded THz,
and a performance thirtyimes higher than preseday[56];

1 Quantum dots nanolight confinement and edge effectsake photc
luminescent phenomena, banglap engineering bionaging, sensors
applicationg57];

1 Optical modulators: are commonly used irommunication and information
technology to control intensityhase, or polarization of light, and so,
graphene permits broadband lighatter interactions with ultrafast responses
for photonic and optoelectronic applicatidb8];

1 Contaminant removal: In particular, GOnot only,is nontoxic andbut its
surface, covered with epoxy, hydroxyl, or carboxyl groups, can interact with
cations and anions. It is, alsamphphilic (able to mix with water or oil),
performingstablecolloid suspensions able to capture metal such as copper,
cobalt,cadmium arsenatgor organiccompound$59].

1 Field Effect Transistor (FET): becausehe adsorption of molecules in the
surface can temporallynodify the local charge carrieit is possible
distinguished the signal, opening to sensipgliaation field. If a single
molecule detection has been achieved, which demonstrates the potential high
sensitivity of graphenbased sensof60], in the other hand the sensing can
be applied to any phenomenatiperturb the electron concentration such as
magnetic field or mechanical deformati@i].

a unbinding binding interaction involving D
B :nalyce "W analyte charge transfer

specific s

functional
group

Figure 12. (a) Functionalization of GRM for detection of chemical species such as
organic compounds or inorganic ones like ions or mefaisSolar cell graphene based.
(c) Aerogel graphite base@d) Optical fibres.(e) Printed electronic circuits with ink
graphene bsed.(f) Flexible devices
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1.1.3.Chemical Functionalization

The demical functionaliationis used to modify the interactions of the graphene
with the surroundor to changets intrinsic properties.There are different types of
functionalizationthatit is possibleto distinguish two macro areas such as covalent
and nonrcovalent.

Covalent

The covalent functionalization of graphene depends oel¢itronic availabilityand

so, on all those related parameters such as number of layers, statrigithelefects

of the atomic structur@here are two approaches, the first is to make a chemical
reaction on existing functional groups (e.g. oxadigroups on surface or edges) and
the second is to makhe reaction on garbon atoms.

As an enormougpolycyclic aromatic molecule, the bastructureof graphends
strongly stabilized by a delocalization of charges, it is necessary to use radical or
highly reactive processés functionalize it. Although several reactimmleculeshad
beenexploited to makeradicals, (such as azomethyne, fluorinated phenyl nitrenes,
carbene$62]) in general, radical processes are very difficult to cont@oi.the other

hand, anong the chemical functionalization of graph¢®®], the most performing

Is based orthe electron transfemechanisnby the aryl diazonium #a. Although

there are several derivatives belonging to this class of compounds (sueh as 4
nitrobenzene diazonium tetrafluoroborate[64, 65] 4-bromobenzene
tetrafluoroborate called -BBD [66], 4-propargyloxybenzene diazonium
tetrafluoroborate or4BD [67], and 4tert-butylphenyldiazonium tetrafluoroborate
called 4TBD [68]) the mechanism at the base is the sk as show in th€igure

13. The delocalized electron is transferfeoim the graphene to the aryl diazonium
cation, which becomes an aryl radical after releasing.andiecule. The aryl radical

then forms a covalent bond with a carbon atom in the graphene lattice, changing its
hybridization to spand moving it out of t@ plane fronD0.7A [70]. The attachment

of a phenyl group results in a delocalized, unpaired electron that drives the
functionalization of a second aryl group that attaches in-pasédion as also
demonstratedypfunctional density theory (DFT) calculatiof¥].

It has also been demonstrated that the structure of GRM also influences the degree
of functionalization. In fact, singllayer graphene (SLG) regions have shoavn
higher degree of functionalization than dimjer and multlayer graphene, which

also have significantly lower kineti¢g1].
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Figure 13. Schematic illustration of grafting a diazonium salt with functional group R

Several studies are exploring nehemical syntheses to keep the graphene surface
unaltered but modify the nature of GRM by selectively functionalizing the areas
where physical defects or edges are already presentexample, thaipolar
cycloaddition in combination with amidsond [72], condensation reaction with
aminated dendron (with the carboxylic acid functionalities on the efif@shave
exploiteda functionalization at the edges byfioinctional linkers able to conniethe
edges of different platgg4], or replace the hydrogens of the edge by chlorinating
themin orderto increase their reactivity for successive reagi[75], are well
exploited. Finally, to functionalize GRM covalently were found molecules that,
without creating radicals, reattainy with the edges, making the chemical reaction
called cycloaddition. In fact, ltas been demonstrated how ¢haphenean act both

as diene and dienophile and provididigls-Alder reaction$76] with the possibility

to control the grade of functionalization, varying the temperature. Different range of
temperature are exploited in order to maximize thinctionalization effect, aralso

over a certain temperature (150°C) was demonst(aieRaman spectroscoptjat

retro DielsAlder occurred and the graphene edges were restored with potential
application n the thermal sensing fieldmong these molecules, those of greatest
interest for potential future reactions, there are maleic anhydride (MA) and
maleimide (MI) used as dienophile while graphite has the function of diene, as shown
in Figure 14. Both the functionalization not only induced a delamination of the raw
material, obtaining nanosheg¢®’], but also increased their dispersivity invemts
(water for MA and organic solvent for MIMoreover, it has been confirmed by
Raman and FIR spectroscopies how these molecules weeinly addedat the
edges of the GRM and in particular in those of armchair, ggeording to theoretical
model
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Figure 14. GRM functionalized witha specific dienophile, maleic anhydride (MA) or
maleimide (Ml)after the Diels Alder reaction.

The oxidized forms of GRM generate great interest among researchers of
nanomaterials both for the good thermal conductivity after reduction and for the
presence of functional groups that candsedectivelyexploited to make covalent
functionalization.Indeed, while on the basal planes there are both hydroxyl and
epoxy groups, on the edges there are mainly carboxylic, carbonyl, phemdtingls,
quinones groups argkveral of these oxygenated functional groups can be used to
form covalent bonds with othetectro active species
Hydroxyl groups can be effectiv@ndingsites for a process thaxploitalkoxysilane
molecules, producing nanomaterials with superior chemical and physical properties
For example, due to this functionalization it has been possible to graft
ethylenediamine triacetic acid (EDTA)78], whose the antimicrobial and metal
absorption proprieties have been increased and, on the other hand while the
cytotoxicity has beemneduced. Therefore GO was functionalized with the triacetic
N-(trimethoxysylpropyl) ethylenediamine triacetic acid (ED$#ane), in which
first there is a dehydration or hydrolysis reaction of the trialkoxy groupsBEDSA
creates-Si-OH groups and thethere is a condensation between these with the
hydroxyl groups (OHC) of GO to form SIO-C bonds.
An alternative functionalization is the esterification of the hydroxyl groups of
graphene oxide GO). Indeed, the mechanical properties of the material were
radically changedusing thepoly(l-lactic acid) orfunctionalizingwith benzenel,4-
diboronic acid[79] to form boron esterwith which monolayer GO lamial have
been crosdinked to form variable structure with pores amalumes

The covalent functionalization of graphene oxide throuigly opening
reaction of epoxidesn the basal planes usually involves a nucleophiliclatta the
U-carbon of the epoxy, and the use of an amine group to catalyze the ring opening
reaction. For example, octadecylamine is used to convert graphene oxide sheets into
materiald80], which are easily dispersible in organic solvents.
A similar result is also achieved by functionalization witkarBinopropyl
triethaxysilane (APTS) through anucleophilic substitutiomeaction between the
amine and epoxy groupd1]. In this way, the silantrminal group not only increase
the affinity for organic solventsutit alsocan be exploited for further reactions
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Carboxyl groups can be functionalized through amidatioesterification
with small molecules or polymeric chemical linkers. For example, in one study,
graphene oxide was activated with NPDityclohexylcartodiimide[82], with which
the subsequent esterification reaction it possible to synthesize a hybricahvaitéri
fullerene, similar to the amidation reaction with FRA2 porphyrin[83].
Using a similar approach, it was possible to deposit GO films on substrates such as
plastic [84], alumina and ITO[85] or to increase its b#unctional properties
functionalize with biomolecul¢86] or protein§d7].
Considering the relative ease of functionalization and the relatively low costs (both
reagents and processjor a potential industrial development, covalent
functionalization by of DielsAlder reaction between GnP and maleic anhydride
derivatives was chosen for this thesis work.

Non-covalent

Non covalent interactions may also be exploited for fimectionalization of
graphene, based dhne energies of individual supramolecular interactions are lower

in comparison to those of covalent bonds, but when combined over large areas they
can compete with some covalent bofftt.

These dissociation energies allow the supramolecuktesy to be reversible, or
kinetically labile | n f act , with ¢graopheGHnt matteti ahs, h
dissociation energies lower than 50 kJrahd so the weaker forces (such as London
dispersion forces or Van der Waals interactions), havetsftetall atoms in close
surroundings

Solvation and hydrophobic effects are very importatause they affect not only
thedispersibilitiesof GRM but also the recognition interactions that can be used for
detectiomapplication[89-91].

On the surface of -griapthemact itovos tegpewsr obdet
rich and electroipoor regions, which imfience the interaction witlmolecules.
Although this isevident in the faceto-face and edgeo-face arrangement of
benzenf?2], these interactions have also been observed for bialbgielevant
molecules such as DNA and porphyrins that can be used to functionalize GRM
(Figure15a)[93].

For GO and reduced graphene oxide (rGO) with residual functional groups, not only
will " -interactions occur as seen for graphene, but the presence of epoxy groups,
alcohols, ethers, carboxylates, and carboxyléfégure 15 b) may originatethe
formationof hydrogen bondf®4]. This can also be useddontrol of somenolecules
orientation oto the graphene surfaaa to obtainsel-assembled macrostructures

[95] that affect substrate propergisuch as electronic propert[€§].
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Figure 15. a) " 1T ~ i nteractions between benzene, narf
above and below the basal plane of graphene. b) Schematic representation of both
hydrogen bonds and/[®]. 1T stacking with GO

In general, noftovalent functionalities are very often used in the liquid phase
exfoliation process in order to increase both the exfoliation efficiency and stabilize
the suspension by preventing the flakeaggregation.

In otherwords;-- i nteractions can be the driving
stabilization of dispersed GRM. The aromatic molecules act as wedges and slowly
intercalete and penetrate between the graphite layers, usually during the sonication
and so, the graphenayers are gradually dissociated from each other, eventually
leading to complete separatif9v].

I n f-actntéractions of graphene with smal.l
[98], quinoline[99], antracene and naftalefiO0] have been well studied but very

often to stabilize graphene nanosheets and make them compatible with different
solvents and especially the water, derivatives of these molefd0é$ or ionic
liquids, or polymers, are used.

Among these, pyrene derivativei€1] are the most used becaubkan other PAHs

and ear to synthesize implemeing the desired functional groups. For example,
Palermo et alf[102] used a series of pyrene sulfonate derivatives to study graphite
exfoliation and graphene stabilizatioin water. The pyrene nucleuwas
functionalized with one, two, three or four sulfonic groups, which are electron
acceptors, while two of them are also functionalized with two and one hydroxyl
group, which are electron donors. In this viRgtermo et astudied the procedure in

two phases. In the first step they estimated that the adsobtion of pyrene on the
graphite surface is inversely proportional to the number of polar sulfonic groups
while, in the second step, they conclude that molecule with the higimsde
momentum and the most asymmetric functionalization are prefeemredfoliation.

Due to the excellent affinity between pyrene and graphene, research has been
conducted to use pyrene as an anchor group of larger molecules. For example Lee et
al. [103] used a tetryrene derivativadecorated with an oligetherdendro that
greatly increased the hydrophilicity and, at the same time, they demonstrated how
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the planeness of GRM is fundamental for the reactivity with this molecule. In fact
the same functionalization is not able to dispénsenanotubes.

Finally, extending the molecular size with pyrene functional grodpang et al

[104] used terminated pyrene polymers fuoictlized polyethylene glycols-B@EG)

to interact with rGOIn this way the pyrene groups were attached to the graphene
surface, while the flexible ethylene glycol chains allowed the interconnection of the
nanocomponents, thus offering a rigid compositgh improved mechanical
properties.

Concerning GO and rGO, they have a number of polar groups that may participate in
ionic-polar interaction, dipolelipole ones ohydrogen bonds with analogous polar
parts of molecules or macromolecules. Indeed, yloedphilic part of the surfactant
responsible for this interaction could be an ionic, zwitterionic or highly polar group
[105] such ascarboxymethyl cellulosg¢106], sodium dodecylbenzenesulphonate
[107] are just some of the organic amphiphilic and macromolecular molecules that
have been successfullged as dispersants and stabiliZ&68].

On the other hand, when an amphiphilic molecule is attached to the graphene surface
the hydrophobic part increases stability in organic solvents. A representative example
is the work of Liang et al[109] that demonstrated how GO and rGO can be
functionalized with quaternary ammonium salts (such as tetradecyl
trimethylammonium bromide) in which the positive "heads" of surfactants interact
with the carboxylated and hydroxylated groups through electrostatic interactions,
while the aliphatic chains of surfactants provide the necessary lipophilicity and
stability in aganic solvents.

Similar conclusion occur when rGO react wigrminal functionalized polymers
(such as aminterminated polystyrene), which lead to the transformation of
hydrophilic rGO into a lipophilic rGO/polymer composite that is dispersible in
organc solvent492].

Among the norcovalent functionalizationgor thiswork of thesis were chosethe

"-" interaction between GnP angrpnderivatives in order tase the organic solvent
aiming both to preserve the arornmatstructure of GRM andat the same time
functionalize it without introducing chemical defectst the end,a comparison
between non covalent functionalizatisith the covalenbnespreviously discussed

will be treat

1.2. Heat spreading devices

One of the problems often associated with electronics is the need to dissipate the
heat generated by the operation of the device in order to ensure its performance and
durability. Indeed, modern electronic device produces heat for many tens of watts
and insome case even more than 100 watts, so if this energy is not spread in the
environment, the increase in temperature easily leads to temporary malfunctions or
even permanent physical damage.
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A heat spreader transfers heat from a hotter source to a sgklem such as a heat
sink or heat exchanger that could be distinguee in two different categories that are
active[110] or passivd111]. The first one usually includes heat spreader that may a
work spenthg energy from an external source on contrast to the second typology
that exploit the high thermal conductivity of material.

In a scenario wherelectronic devices are more and more miniaturizelecome
wearablethe study opassive heat spreaders ltesen on a key role

Heat pipe(Figure 16 a) is a heat spreading technology with great efficiency in
transferring heat also for little temperature differetizg conssts of a sealed metal

tube partially filled with a small amount of working fluid (such as water, ethanol,
acetone, sodium or mercury) that is both in the liquid phase and some will be in the
gas phase. The structure exerts a capillary force on the ligagkpf the working

fluid, driving it from the liquid section to the gas section. Heat pipes no contain
mechanical moving parts and no required maintenance because the liquid and gas
selfrecirculate, due to the temperature differences between the hahérhe cold
end.The most common material used to fabricate pipes is the copper and the fluid is
often water with useful range from 30 to 200 °C.

A similar approach is used lwapour chambefFigure 16 b) technologiesvhich can

be considered is a heat pipe with flat surfaces (hot side and cold side are flat for
spreading heat in the-plane direction).

Although a heat pipe/vapour chambeitithas extreme high heat transfer capacity
with a thermal conductivity depending on the design whose ranges from 20 to 200
kwm1K1, the density of a heat pipe/vapour chamber is normally less theahiohe

that of copper implementing in weight sensitagplications, the problem remains in
term of miniaturization and thickness to reduce the overall cost. In fact, heat/vapour
chambers are now used in niche applications such as aerospace, PCs with power
electronics andigh power military applications.

Most heat spreadingystems, however, do not use liquids inside themthoey
exploited the rapid thermal conduction of the materials to extend the heat exchange
surface(Figure 16 c) between the heat source and the surrodhérefore, both a
study of the basic theory of the thermal characteristics of the materials and how their
geometries(Figure 16 d) influence the performance of the heat spreading are
necessary.
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Figure 16. Different types of heat spreader. a) Heat pipe. b) Vapour chamber. c)
Planarheat exchanged) Heat sink

1.2.1.Heat transfer fundamentals

The three welknown modes of heat transmission are obviously conduction,
convection and radiation.

Conduction and radiation are exchange processes in which the transmission of energy
from one region to another due to a temperature differevitle the convection
process involve also the transport of matter to remove heat.

Heat conduction

The physical explanation of the nature of heat depends on matter and its physical
state. In fact, atoms or particles in a solid do not move freelypgmiilate around
precise fixed positions, in liquids they are in contact between themselves and have
greater freedom of movement, in the gases finally, they have maximum freedom of
movement and are in constant random motion. The particles during thednroati

move at a certain speed, vibrate relative to each other or rotate around an axis. To
these motions are associated the kinetic energies of translation, vibration and
rotation, whose sum constitutes the kinetic energy of a molecule.

The sum of the kigtic and potential energies of all the molecules that make up the
system represents its internal energy, the sum of all microscopic forms of energy.
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The molecular structure and the degree of molecular activity are proportional to
temperatureand sojt follows that as it grows the kinetic energy of the molecules
increases, and therefore the internal energy
Heat was therefore correctly interpreted as energy associated with the motion of
particles and therefore with the internal energy of a body. In pentjauis called
thermal energy the component of the internal energy of a system whose variation is
proportional to the temperature variation.
Other components of internal energy are related to intra/intermolecular forces, i.e.
the forces that bind togeththe molecules of a system and the atomic bonds within
a molecule. In particular, intermolecular forces are more intense in solids and weaker
in gases, in which a small amount of energy is used to break the bond between the
molecules, causing the phasange. Therefore, the gaseous phase is at a higher level
of internal energy than the corresponding level in solid or liquid phase.
Conduction is a process by which heat is transmitted through direct contact from
moleculeshavinghigh energy t@ substance containing lower energy.
The exchange of energy by conduction can occur in solids, liquids and gases, but if
in one handthe conduction is the only mechanism by which heat can propagate in a
solid, on other hangdn a nonsolid media it is usuly associatd with convection and
radiation. According tamolecular kinetic theory, the temperature of a material
element is proportional to the average kinetic energy of its constituent particles
When the molecules of a region acquireightaverage kietic energy they release
part of this energy to the molecules of the adjacent region at a lower temperature.
The exchange of energy takglace by elastic shock between molecules (in fluids)
or by diffusion of the faster electrons from regions with higlerperature to regions
with lower temperature (in metals); in naretallic solids it is due to the vibrations
of the molecules inside the lattice.
In general, in solids the heat transmission is due to the sum of two components: the
effects of the lattice itaration waves produced by the vibratory movement of the
molecules occupying relatively fixed positions (lattice component) and the energy
carried by the free flow of electrons (electronic component).
In heat transmission a crucial factor is the deternunabf the temperature
distributionT, which can be expressed in geal by the relationship T=f Jx(where
fis a function that depend on Cartesian coordinateligh defines a scalar field.
The temperature gradient, is the ratio of the temperaturatioariand the length of
the segment.

T, =Ty

VT =
Ax

The temperature gradient is positively oriented to rising temperatures and as
previously defined, it can be associated to a vector field, whose lines of force are
perpendicular to the isothermal surfaces.

Becauseheat passes spontaneously from points at higher temperature to points at
lower temperature, the heat flow has the opposite direction to the temperature
gradient.It is possible to define a new vector field (the heat flow) whose lines of
force correspond uwh those of the temperature gradient field, i.e. the two vectors
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flow and gradient are parallel, but have the opposite direction. In particular, the heat
flux density vector (q) is defined as the amount of heat that in the unit of time passes
through thesothermal surface unit. Analytically, this definition is expressed with the
relation, weltknown as Fourier law:

q=—-kVT

Where the proportionality constant k is the thermal conductivity of the material, a
positive scalar quantity which is a therpbysicalproperty of the material.

It represents the heat flux density relative to a unit temperature gradient and in the Sl
it is measured in Wn't K2,

In the absence of sources and in stationary conditions, the thermal field does not
depend on the therrmahysica properties of the medium. In the variable regime
instead the properties occur through the thermal diffusipyti{at in the Sl it is
measured in msk:

Wherek is the thermal conductivity (Wh't K1), J is the density (kg M) and Gis

the heatcapacity (kg'-K™?). At the beginning Maxwell called it thermometric
conductivity because thermal diffusivity is a transport property that occurs in thermal
transients in which, two opposite attitudes of the material are expressed, or the ability
to corduct thermal energy (expressed by k) and the ability to store heat (expressed
by Gp). It is a very important parameter that measures the ability of a substance to
transmit, not heat, but a change in temperature. Indeed, high values of thermal
diffusivity increases the speed with which a temperature variation applied on the
surface of the system propagates insideTite heat equation admits different
solutions for various boundary conditions, and these solutions include the values of
the thermephysical poperties. However, the values of these properties can be
determined by measuring the temperature and heat flow and comparing these value
them with the solutions obtained from the heat equation. The analytical solutions of
the Fourielequation, indeed, afieited to simple geometries, but they are important

for the study of the basic properties in reverse heat conduction problems.
Furthermore, during experiments, it is difficult teamate the boundary conditions

by the analytical solutions for whicharious methods for the determination of
thermal diffusivity are developed but, in general, they involve the generation of a
dynamic temperature field within a sample. The measurement process can be
described in three steps in which at the beginning the satapiperature is
stabilized, then a small thermal perturbation is applied and in the end, from the
temperature response of the material the theshysical parameters can be
calculated extrapolating them from the fitted curve (according to the model used
[112]) to experimental one.
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Heat Exchangeby Convection

Heatexchangedy convection occurs when a body is positioned into a fluid aith
different temperatureThe temperature difference causes a heat flow between the
external part of the body and the partidleshefluid in contact, causing variations

in the density of the fluid layers close to the surface. The density differences
determine the upward motion of the lighter fluid and the downward motion of the
heavier fluid.In this way there is a movement of particles tonwardgions at lower
temperatures where energy is transferred to other particles and therefore to a mixing
of both particles and energy.

A gas with T temperature, moving and touching the surface whose temperature is
Tp, and goes away at a lemperaturevfhereT2- T1) removes energy and so, in term

of the energy balance, the heat exchange is associated with a modification in the
enthalpy of the fluid whiclgets to the surfacat a low enthalpy and leavd®e same
surfaceat a higher enthalpy.

Theexchang®f heat by convection is distinguished in natural and focoedection
depending on the cause that determines the motion of the fluid. When the movement
of the fluid is exclusively determined by density differences, this is called natural
convection. If on the other hand, the movement is generated by external agents such
as fans or pumps, then convection is defined as forced convection. Often, however,
there are intermediate situations of mixed convection, such as when ustal$an
(radiators with fahin which, if the fan is in movement, the contribution of heat to
the environment is due to both the fan and the radiator iteeddl three casesthe

fluid can move in a laminar or turbulent motion but, usually, the values of the heat
exchange cdécients are higher in the cases of forced convection and turbulent
motion, while the minimum is for natural convection and laminar motion. In fact in
natural convection the intensity of the mixing motions is generally lower than in
forced convection.

Because the nature of the fluid has a strong influence on convection heat exchange
phenomena, the study of convection is based on understanding thdyfhaichic
characteristics of the fluidComparing two fluids such as air and water and
considering thepecific heat of air which is lower than that of water, the use of an
equal mass and at the same temperature variation, water removes more energy than
air and is consequently a better chiller.

In terms of mathematical analysis, the Fourier equation isppybpriate to study

heat exchange by convection because it was obtained from the hypothesis of static
object and therefore is not suitable in the case of a fluid in motion.

The problem can Navier's equation, obtaining:

a(kar) a(kar) a(kar) . _ aT
ax\ox) Tay\“ay) Taz\%3z) T TP% 3
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Where k is the thermal condudty (WmK?) , g6 is the rate at
generate per unit volume of the medium (W | the density (kg M), Cp is the
specific heat capacity (J K&™).

This equation is validated when the particles of the fluid heat up and become lighter,
the expansion work is negligibl@herefore,the density remains constant or its
variation is so small as to be irrelevant compared to the average yatgge ) and

the temperature variations are small-{b)/T1<<1.

Temperature differences in the fluid generate motions which are regulated by
Navier's equation that is coupled to the Fourier and continuity equations under
stationary conditions to define complex the system.

In cases of forced convection, the calculatan be simplified by solving the fluid
dynamics problem and using the solution as a boundary value of the thermal problem.
Convection can be quantified usingc@anvection coefficienh (obtained from the
empirical correlation) whose unit of measuremiswni2K *:

q=h «(T,-T)
Where the quantity q is the heat flows i$ the solid surface temperature angisl
the temperature of the fluid (at a point away from the surface).
The convection coefficient is not a constant quantity but depends on the geometry of
the surface, the velocity, the physical properties of the fluid and frequently also on
temperature differences. However, in order to know the hettkxchangedusually
its average value is used

q=hS(T,T,)
Where S is the surface of the solid wglls the quantit of heat exchanged and h is
defined as:

_ 1
hzglh-dS

Called average convection coefficient (or integral value of the convection
coefficient)

Heat exchange by radiation

Radiation is the energy transfer by the propagation of electromagnetic,waves
possiblebecause every object above zero Kelvin is a source of electromagnetic
waves

This type of heat transmission does not involve the presence of an interposed
medium, in contrast to the other types discussed above, but it occurs at the speed of
light, and isnot attenuated in a vacuum.

The ideal surface that emits the maximum power by radiation is called black body
whose emissivity coefficient is 1 but every real surface emits less thakndudy
because the emissivity depend on its physical properties aneniperature.
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Emissivity valuesare betweer® and 1, the higher the valuthe closerthe surface
approximats theblack bodybehaviour
Moreover, the black body is also a perfect absorber of the radiation that illuminates
it and so the, atwbotptbodtgsUbhaWihng U an
wavel ength are called grey, therefore U
In the case of net transfer from a black body with surface areaatAabsolute
temperature T to environment at uniform temperature, The thermal power
exchanged by radiation is given by Boltzmann's equation:

§=0 AT} — T
Wherell i s StefardBoltenthnnc o n s t a & 5.67 408 \Wm2K™
It is obvious that compared to the ideal case where surfaces absorb and emit all
wavelengths and have a uniform temperatudg\elopment of Boltzmann law that
allows deviation this pattern is:

Gg=E€0A(T} —T2)

d

Where U is the emhesé vvalyuefigssthedngeld @ 1,
factor (or view factor) that gives the fraction of the radiation fromhat light on

the area Aat temperaturesl{also 0 < 2 < 1).

Likewise to the heat exchange coefficient by convection, an exchange coefficient by
radiation can be defined (radiative conductance)

q
Hyp = = £ 0F,(T; + T)(TE + T#)
AT - Ty)
But if the temperature of the bodies are not excelsstiferent, this equation can

be approximated by

hr = ‘G Fl;_ﬁ- av3

Where Tvis the average of two temperature

Heat transfer from finned surface: a case study

The convection coefficient for liquids in forced convection has values of thousands
of Wm2K™1, in contrast to the convection coefficients for gases are very low (of the
order of tens of WnK™1). This means that if a heat exchange between a liquid or
condensing vapour and a gas has to be realised, the dominant thermal resistance is
represented by thmterface withthegas phase.

There are many situations of practical interest like for example in the radiator of a
car or the condenser in a refrigerator or in the cooling of the cylinder of an internal
combustion engine that canmoaintain the temperature at acceptable values for low
h value by dissipating the heat through the lateral surface of the cylinder.

A similar problem has been found in electronic devices to which the requirement of
lightweight or small size devices shoule &dded.
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In the design and engineering of various types of heat transfer equipment, simple
profiles such as cylinders, bars, and plates are used to implement the flow of heat
between a source and a spreader. They provideeRehtinge and are known as a
prime surface. When a prime surface is extended by appendages intimately connected
with it, such as the metal tapes and spines on the tubes, the additional surface is
known as extended surface.

The study of surface heat transfer, in most cases includedatiars: the first
considers only the movement of heat within the fin by conduction while the second
considers the way the fin exchanges heat with the surrounding environment, which
usually involves convection and radiation individually or together.

Much insight on the heat flows, temperature profiles efficiencies, and optimization
of fin parameters can be obtained from analysis of the two fundamental fin
geometries such as longitudinal fins and radial ones. Indeed, fins of various
geometries and thermal mductivities respond differently to identical and uniform
heat sources.

There are several ways in which the temperatures and heat transfer coefficients of
sources and heat spreader may vary and so, it is important to the analysis of fin
geometries are th@ssumptions that are employed to define the problem and often
to simplify its solution.

These conventions, which are almost always referred to as the M@eainer
assumption§l13, 114]are

1. The convective heat transfer coefficient on the faces of the fin is constant and
uniform over the entire surface of the fin;

2. The temperatures and the heat flow in the fin remain constant with time;
3. Thetemperature of the medium surrounding the fin is uniform;

4. Heat transfer to or from the fin is proportional to the temperature excess
between the fin and the surrounding medium;

5. The thickness of fin is small in comparison to its length and height ¢so th
heat transfer from the edges and the temperature gradients through the

thickness of the fin may be neglected;

6. The temperature at the base of the fin is uniform and there no heat sources
within;

7. There is no contact resistance between the base of ttandirthe prime
surface;

8. The heat transferred through the edges of the fin is negligible compared with
the heat leaving its lateral surface.
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The differential equation for the fin temperature profile is formulated from a
consideration of the steadyae heat balance previously shownd in this case, only

the differential element of height dx is considered. In geometric term, this differential
element is confined by planes parallel to the fin base at x-edhdand by the limiting

profile curvesy== f2(x).

If the fin surface temperature is T(x), and T is the temperature at dx and so the
difference between the heat entering the element by conduction at x + dx and the heat
leaving the element by conduction at x is

d dT
dg = ka |:f1 (X)Ei|

Where K is the thermal conductivity of the fin.

Because the difference in heat conduction (into and out of the element dx) must be
balance (in order to respect the assumption of a steady state) by some way of heat
dissipation from the exposed lateralfage of the fin, considering the heat dissipated

by convection to the surrounding medium,

dg =hP (T-Ts) dx = 2h [L + B(X)](T - Ty)

Where P is the fin perimeter and h is the convective coefficient.

Moreover, considering the approximation in which finethickness can be ignored
respect to finds | ength, that also pr esume
f2(x) is equal in height to the element dx on thaxis, for L >> 2 §(x) and

dg =hL (T- Ty dx

And considering the temperature differenc
of a point onto the fin and Ts is the environments which is assumed codstfii,
the previously differential equation can be equalled to obtain the general differential
eguation[115]:

d

A d?0  dfi(x)de 2h
dx

» 40 _2h, _
'h(r)d,tz + dx dx k 0

] de
fikx)— | =2hLE dx
dx
or

If f1(x) = 2L f2(x) it becomes:

_ d*0  2Ldf>(x)d0  2h
2LfH(x)— + — — —0 =0
dx- dx dx k

Below will show the treatment of a longitudinal fin of rectangular profile in which
fo(x) = W2 wherel is the fin thickness as show in tRgure17. Moreover because
fo(x) is constant, its derivate Ak)/dx=0. Therefore, the differential equation that
describes the phenomenon is:

d*0  2h

Which is a second order differential equation whexdation are:
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where

Defining m as #fAfoiin performance factor
Applying the boundary condition is possible to obtain the constaatG
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Figure 17. Longitudinal fin of rectangular profile.

There are different types of longitudinal fins (with triangular profile, concave or
convex parabolic profile) but each one has a specific treatment of the mathematical
eguation to describe geometrically the prob[&éd®6].

Similar approach can be used to define the generalized differential equation of any
radial fin whose profile is confineoly two symmetrical curves that are functions of

the radial coordinater, y3(fr )  a n(d) asyshows in thEigure18. In the radial
differential elementthé e mper at ure difference d = T
and that leaving the element an r + dr is:

dg = ki |:(2m )2 f> (r)—i| dr

That can be equalized to the heat that leaves the element r (according to the energy
balance for a time invariant steady state systeh®re dg=2h (2 dn) d.

d do
Aak— |rfr(r)— |dr = 4 hOr dr
dr dr

That may be write as the better known form generalized differential equation

[fz(ﬂ—g n fz(V)— d]z(r) de} — hor
rodr
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Figure 18. General representation of a radial fin

Similarly to the longitudinal fins, also for the radial ones there are diffgesmetric
configurations (with rectangular, hyperbolic and triangular profile) to which
correspond diffeent mathematical consideratiodd 5, 117]

Because thperformance of a heat spreader depends on the choice of material, in the
next section we will compare the most commonly used materials with-Gésed

films.

1.1.2.Materials for heat spreader

There are a large variety of heat spreader materials and their availability depend
firstly on the application but alsan the operation condition and cost. Although the
most common materigal are copper and aluminium composites, other high
performance heapreader are used such as chemical vapour deposition of diamonds,
foam graphitdased or ceramics. As showTiable2, various heat spreaderaterials

are available andvill be discussedin order to evaluate their advantages and
disadvantages. For exampbetween metals the most famous is copper that has very
high thermal conductivity @390 WmK1) but, in other hand, it is very dense
materials (8.9 g cr) and its tlermal expansion coefficient (TCE) is so high that
prevents its direct use on siliceabstrates.

Aluminium is another metal largely used for heat spreading application because
although thermal condueity is lower than copper theost of production ands
manufacturability make it very attractive. Moreover it density is very low but there
is the same problem in term of TCE whiihtoo high respect to silicon. gdt
spreaders fabricated with copper or aluminium are usually tetsdretween
electronic cormponents and heat sinks.
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A valid alternative are the highly thermal conductive ceramics with lower TCE
values than copper and aluminium that can be exploited as substrates for
microelectronic modules. Despite good dielectric proprieties, however, these
mateials are fragile and so they are not employed in application in which flexibility
or electric insulator characteristics aeguired.

Beryllium oxide (BeO or beryllia) is cubic packed structure with high thermal
conductivity (K250WmK1). While at 25°C the thermal conductivity is higher than
aluminium one, increasing the temperature, it dramatically falls since to 13%KWm

Lat 150°C and although beryllia is largely used forftetible electronics devices,

it important to consider the toxigiof its powder and dust that are toxic if inhaled.
Similar to beryllia, the thermal conductivity of silicon carbide (SiC) decreases rapidly
as the temperature increased &k MK at 25 °C) but has a low TEC making it

a widely used material for use afieat spreader or substrate.

Aluminium nitride (AIN) has slightly superior characteristics compared to beryllia.

In fact, it has a higher thermal conductivity at room temperature that does not
decrease as much as BeO06s additiennits THCes t emper a
very similar to the silicon so it can be used in electronic devices with high
computational power.

Aluminium Silicon Carbide (AISIC) is a higpressure composite material in which

a SiC preform by metal injection moulding of a Sder slurry, ispyrolyzedto
remove the binder and then infiltrated under pressure with molten aluminium. The
material has high stiffness and low density, exploitable as thin substrate or to produce
large fins as heat spread&i.8].

Dymalloy is a metal matrix composite consisting of 20% copper and 80% silver alloy
[119]. It has very high thermal conductivity §k4 OV@m™K1), and its thermal
expansion can be regulatedroducingtrace of other materials. It is largely used in
microelectronics as substrate or heat spreader for high power and high density multi
chip modules, although its cost is relative higher than other materials.

Natural graphiteis usually used as heat spreader becdassensity is ondourth
thancopper ad the thermal conductivity can be as high as 500%in the plane.
However natural graphite is an anisotropic materialibhds a much lower thermal
conductivity through the plarf@20]. Therefore, esearcthas been made to improve

the normal thermal conductivity of natumgdaphite by incorporating copper or by
building sandwich structures of laminates with results uga@ Wm*K [121].
Graphite heat spreaders are commasigd in electronic cooling applications where
heat flux density is low, such as with memory modules and portable electronic
devices, or in the application field in which corrosion resistamddermal one are
required

As well know, diamonds has superitrermal conductivityjn comparison to the
copper and their applications as heat spreaders include substrates for particular
devices, such as laser and dioflE2?] in which electronic components are located

in a small volumes. Howevé is very expensive because they are usually made by
growing on metal or ceramic surface using chemical vapour deposition in a plasma
chamber with a growth rate of 0110 pm/h[123]. In order to increase the
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productivity (100 to 1000 pm/h), combustiortinod were developed but the quality
and thermal conductivity are lower than CVD diamofidst].

. Thermal Specific Electrical
Densgy Conductivity Heat TCE_l Resistivity
(gcm) (Wm-lK-l) (ng oC-l) (pmeC ) ( m)
Copper 8.89 388 0.39 16.5 16.7x10°
Aluminum Alloys 2.71 180220 0.9 23.1 28.2x10°
Beryllium Oxide 4
(BeO) 2.87 250 1.05 7.5 >10t
Aluminum Nitride 3
(AIN) 3.27 270 0.76 4.4 >10t
Silicon Carbide 3
(SiC) 3.1 290 0.64 3.7 >10t
Aluminum Silicon 3
Carbide(AISIC) 3.02 170200 7 >10
Dymalloy 6.4 360420 0.57 7.4
2.43.5 9.8x10°
Graphite (Natural) 1.7-1.9 g’;&fgg 0.85 g”‘ljrﬂ?ﬁ')
(paralle) (paralle)
Diamond 3.52 1600 0.55 1.02 >10t

Table 2. Properties ofypical Heat Spreader Materid25].

Beside conventional materials, nanomaterials appeared as a possible solution for
highly efficient thermally conductive materials, based on the extensive research on
thermally conductive nanoparticles such agon nanotubes, graphene and related
materials. That show intrinsic thermal conductivity significantly superior to
conventional materials, as shown in Trable3.

The thermal conductivity of graphene depend on phonon transport but it is
strongly influenced by the presence of defects, edge scattering, fabrication residues
or substrate. Indeed if the intrinsic thermal conductivity of suspended graphiese va
in the range between 2000 and 5000 Y (Table3) at it is drastically reduce since
to 600 Wm'K1 when graphene is supported on S8bstratg126] as well as only
the 25% of vacancies can reduce the thermal conductivity ove[{BDPp Similar
results are obtained for CNT whose high intrinsic thermal conductivity is exploitable
for structures suspendeld28]. Another parameters that controls the thermal
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conductivity values in the number of layers, for which increasing the number of
stacked lgers, the thermal conductivity decrease from 1300 Wrhfor FLG to
600-800 Wnm*K 1 for MLG[129] approaching the value of bulk graphite (340
Wm1K™). At the end, in order to have a completely panorama, it was also considered
the GO in whichwhen the vacancy defect was beyond 2%, the thermal conductivity
did not show significant change contraoythe degree of oxidatiofor which the

10% as valuethe thermal conductivity decreased by ~9[1%0] approaching twe

three order of mgnitude less than graphene.

Thermal
Material Method conductivity Ref.
wWmiK?
Monolayer graphene Theoretical models 20005000 [131]
Monolayer graphene o iharmal Raman 48405300 [132]
isolated
Graphene ribbon isolated Theoretlc_:al_ model: 4000 [133]
Ballistic
. S Thermoelectric
Grafene ribbon individual measurements 1000 [134]
SWCNT Theoretical model 5555 144, [135]
moleculardynamics
SWCNT individual Thermoelectric 3500 [132, 136]
measurements
o Thermoelectric
MWCNT individual measurements 3000 [132, 137]
Graphene fiber individual | ermoelectric 600-1000 [138]
measurements
FLG individual Optothermal Raman 1300 [139]
MLG Optothermal Raman 600700 [129]
GnP Laser flash analysis 300400 [140]

GO isolated Theoretical model 330 [130]
moleculardynamics

GO Thermal flash technique 18 [141]

Table 3.Comparison GRMntrinsic thermal conductivities.

The most common solution to exploit graphene related materials into highly
conductive devices are the thin films that could be deposited onto a substrate or can
have free standing form such as sheets, papers and membranes. In the first case, the
thicknessis usually sub micrometriand the mechanical proprieties are principally
related to the substrates while in the secoade,the thickness an be tens or
hundreds micrometerand the materials cabe used for application in which
flexibility is required
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Graphenebasedilms obtained from GRM solutions use wet production, in order to
decrease the cost of production without the employmemtetdllic substrates (such

as copper in the CVDpr operating with mild condition. In general, most of
techniques stafrom a suspension of GO nanoflakes whose stability in polar solvent
(especially water) is welknown, and then thermal, physical and chemical post
treatment (such as annealing or reduction chemicals) are common to regenerate the
graphene plan@educingthe oxidized carbon atoms which havé lsgbridization)

The dropcasting[142] and dipcoating[143] are two of the most renowned
methods to fabricate graphenkrfs for industrial scale in whicbheap chemicalsre
usedto deposit single and multayer GOnanoflakes ontwarioussubstratesThe
most common substrates are mica mineral, metals, and &®@ after its
functionalization with3-aminopropyltriethoxysilane (APTE$)44].

This method is also used to fabricgten nanocomposite films derived from
graphenandnatural rubbeim which the thermal conductivity increase betwd&0
and980% [145].

The dip-coating methods principally used to prepare thin films in which
optical proprieties are have be guaranteed suclviadow electrodesfor dye-
sensitized solar cells. Indeed, after the exfoliation of GO, in order to increase the
thermal conductivity there is a thermal reduction step that is useful for ttedurgy
of the surface and its chemical stabi[ity6].

The industrial evolution of these two techniques is the spraying method
whose capability to fabricate films ovemrfje scale; it permits to produce
homogenous films for various applicatidig 7-150].

The main critical conditions are the homogeneity of the suspension GRM based and
relative concentration for the production of high quality films. Thereforg¢heone
hand the functionalization of the nanofl ak
the dispersionspn other hand, any additive influence the performance of the
resulting materials. There are many solutions related to final application where
thermal or other post treatments are sustained after the GO deposition from aqueous
dispersion,o wher e the surfaceds wettability is
Indeed N,Ndimethylformamide (DMF) and Mhethyt2-pyrrolidone (NMP)
solvents are well demonstrated to guarantee stable suspension of multilayer
graphene (MLG)graphite nanplateles (GnP) and graphene ndlowers (GNFSs),

whose spray ability has a good control also for micrometre of GRM deposition onto
glass substrate or surfaces with a layer of-awathyl methacrylate (MA) as coating

[147].

There are different configurations but tm®st commonly used is a setup in which
there is an atomizer connected to a ultrasonic system whose syringe pump takes
suspension from a flask and inlet it with a carrier gas into a piezo component that
generate drops. These are perpendicular inlet orbstrate that is usually heated

onto a hot plate in order to promote the evaporation of solvent.

Spraying method, in recent times, has been implemented for the production at large
scale ofcounter electrodes (CEs) for dgensitized solar cells (DSS{4p1] or to

deposit rGO onto plastic substrates in order to increase their electrical and thermal
conductivity maintaining almost transparent the sutedfa52].
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Figure 19. Schematic representation of spray defasitechnique. GRM dispersion
droplets are generate mechanically by a gas into the spray gun. Then they are deposited
onto the substratihat could be heated to evaporate the solvent.

Spin-coating(shown in thd=igure20) process can be used to cover a relative large
surface with fewlayer of graphene materials whose mechanical proprieties can show
excell ent Yo uoughdheyarohd avérlapsbetweknt nanoplatelets.

The most famous industrial spawating process start from a suspension in methanol

in which GO platelets are exfoliated and then dispersed in methanol to form
suspensions that is deposited onto a subsirate or der t o promot e
evaporation using Nlow carrier dry gag153].

The resulting continuous film is pestated by chemical reduction with hydrazine
hydrate vapour or with thermal annealing, whose thickness is between 4 and 20 nm.
Indeed the dimensions of these assemblies depend on, not only, the dimension of
substratesand its chemical nature (such as polymeric or inorganic one) but most
important if there are superficial supports like cones or other lithographic
constructiong154]. Finally, it is obvious that adjusting the smioating speed, it is
possible obtain membranes with different
with 1i 2 layers using 8000 rpm, 8 layers with 6000 rpm and & layers were
obtained at 4000 rpm) with a diameter commonly aboed30m whose optical
transparency drastically decrease on contrast to their mechanical proprieties.
Thermally conductive graphene films for heat dissipation are fabricated from an
agueous solution of GO and a veglinning process to arrange GO sheets that finally,
were chemicaleducedand after a thermal annealing the film shamvplane thermal
conductivity over 1000 WnK™ [155]. On the other hand this process is not so
competitive for large scale production because the cost of production are high related
to the process of thermal annealing around 3000°C that could bel@orise
sintering temperature.
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Figure 20. Schematicrepresentation of spin coating technique. a) Droplets GRM
dispersion are deposited onto the diskThg disk start to rotate and ti@RM move
from the center to the edges white solvent evaporates.

Electrophoretic deposition is a competitive technique for large volume
productions because the deposition not require bindether crosdinker, and, o
other hand, films with higher packing factor (strong alignment of nakex)aare
obtained156]. This technology use various electrical conductivities substrates (such
as ITOglass, Cu, Al, steel or-fype Si) or solutions containing salts heavy metal
basel, that form graphene hyid films useful for batterycatalyst applicationer to
fabricate very thin film for heat diffusion application maintaining, at the same time,
the transparendy.57].

LangmuirBlodgett (LB) assembly is a technique to fabricate fi[rfs8] due to
the floating of GO nanoflakes onto the surface of water in which rtighighilic
nature ofGO plays a key role in term of quality of the procgd$9]. Indeed the
dimension of the flakes determinate the affinity between GO and water solution,
because, the polar functional groups are mostly located at the edges of nanosheets or
generally the charge density is spread in a surface and so, smaller nahapapere
hydrophilic characteristic which make them stable into suspension on contrast to
larger ones that separate themselves and float onto water suFf@cemain
phenomena regulate the interaction between layers are@éddge and surfaewe-
surfacg160] that guarantee the development of stable mono or multilayer of GO due
to the electrostatic repulsion between different flakes.
Indeed, during the compression step, the GO nanosheets move all together on the
water surface since to slide on top of another.
Finally, the superficial layers are transferred otftermally caductive substrates
[161]. The disadvantages of this processthgescalability, but more importarihe
compatibility of the substrates tesists tareduction treatments (chemical or thermal)
that must be carried out to remove the oxidized groups from the GO film.

Layer by layer is a novel strategy to produce hybrid GRM films trough multilayer
deposition of materials whose opposite charge pi¢hmm to interact with ionic or
hydrogen bonding162-164] . In the most case are used GO derivate to fabricate
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highly orderly freestanding filmg165], whose flakes multilayers stratified (since a
thickness of 50 nm) are sufficiently strong to be movea athersubstratesin
addition, the electronic and thermal properties can be improved through chemical
reduction or thermal annealing such as temghene oxide/alumina hybrid films of
Sunghwan Hong et all that showptane thermal conductivity of 565 WAK' lwith

and crosslane thermal conductivity of 18.1 W' f'! [166]. On other hand, this
value depend on the high density of the film related to alumina (2195), and a

post thermal annealing at around 1000°C that increase thefg@rsduction.

Most of the techniques analyzedbove,showedthe limit that substrates are
requiredfor the production of GRMbased films. However, these substrates must
have specific chemicgdhysical characteristics becau$en one hand they have
compdible with the solvents and chemical reagents used, they must resist either
chemical reduction or high thermal properte® requiredto resistto thermal
annealing.

Therefore, feestanding papers or membranes are considered fascinating materials
as alternatives to the materials used today for many applicatisnsh as
actuatofl67], sensing[168, 169] thermal managemenitl70]. Moreover dher
industrially scalable techniques (such as electrosfdray], solution casting172-
175]andtapeongl76l]land vacuum filtration of GRMO6S su
membrane filte{177-180] from which large amounts of GRM derivatives can be
produced, especially foilaminate or membranwill be analysed in detail below.

It is possible obtain papers with good thermal and morphological characteristics
evaporating in mild condition a solvent or water suspension of graphene[@BGO

A substrate is usually used as a base on which the suspension is gradually self
assembled and consequently the thickness is also controlled (fronnmaidews to

tens of microns). Indeed, during the evaporation process the GRM concentration
increase more and more and flakedlakes interaction are promoted, leading to-self
alignment or a multilayers structure as showigure21.

An interesting applied researfh/6] have been demonstrated that the tape casting
process is apromising technique for the continuous process of GRM films
production. The suspension is ejected thioaglit by moving the substrate relative

to a doctor blade, as show in figure21b and under conveyor roller there is a heater
in order to increase the solventds evapor a
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Figure 21. a) Schematic representation of sel6 s e mb | vy process from
evaporation in static condition. (b) Tape casting stdal method to obtain GRM films in
continuous process.

Because the starting suspensghould be stable in order to avoid that the
graphene material accumulates on the bottom and occludes the outletitbefore
removed, aqueous GO suspensions asealy used Moreover, for thermal
application the resultingsO films have been press and thermally reduced with
increment ofproduction costfl82] as casequence.

Electrospray deposition (ESD) is another continuous industrial process which is
largely used to produce large quantities of B&nding GRM papefd83] because
it is possible combine this technique upstream with exfohaand downstream by
continuous roklto-roll method.

The advantages are the formation of maligpersed charged drops from GRM
suspension that are deposited with high precision onto aluminium substigtes (

22). Indeed, an electric voltage (some kV) is applied not only to produce the repulsion
force between drops, but also, between injection nozzle and the substrate in order to
maintain constant the cgat modecoupling a continuous flow rate by siring pumps.

It is possible obtain films from the same dispersion with mechanical proprieties that
are customize changing easily the electrical, thermal or others paramgt8rs

185]. Moreover, the stripe are commonly compressed during the rolling step in order
to obtain a homogenous material and thermal or chénpicsttreatment are
available such as anneali@500°C under Argon gas fluxgbtaining film witha

range of thermatonductivity200-500 W m' 'K'! [186] depending of the grade of
reductionbut most important to deposition rate from which the alignment and
compactness of materiallherefore low speeds improve the arrangement of the
material obtaining more conductive films but decrease production volumes.
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Figure 22. Representation of the ESD system (on the left) and the implementation of
roll-to-roll technique for a continuous industrial process for the bulk production of paper
GRM based.

The filtration trough a membrane is the simplest and most conventional method
to prepare frestanding papers stating to dispersion GRM based because, as show in
the Figure 23, while the solvents are passed over the filter, the carbon flakes are
blocked by membrane as films. Moreover, a vacuum assisted step is often used to
boost the process or to regulate the thickness in order to obtain a film can be peeled
off as freestandng membran¢l87] similarly to the processes of paper production
therefore easily scalable industrially

Figure 23. Schematic represttion of vacuum filtration consisting of a glass filter
holder assembly with funnel (1), metallic clamp (2), filtered base (3), stopper rubber
base (4), and a vacuum filtering flask
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The properties of a membrane, howevar related to organization of materials
within it and this depend on method parameters. So it is possible distinguish two
mechanism depending on the competition between matew@greegation rate and
filtration one. Indeed during tHetration, the GRM have a tendency giack between
themselves into the dispersion apikcipitate onto the membrane organising in
alignment manner due to hydrostatic for€g88] (as show in the mechanism 1 of
Figure24). Because a thin film is created firstly, the general process can be summarize
like a film thatincrease its dimensiatieveloping dow porositypaper in which the
solvent is removed at thend.

The opposite case is wharefiltration rate is higher than fraggregation one and so

the random displacement of GRM is obtained withinrtreambranghat show also

high porosity (as show in the mechanism Figtire24).

The better compromisis the regulation of filtration ratean order to promotehe
stackingof GRM that selfassembled into domairieading agood alignmentof
material on the bottom of flask, but on other hand, the process time is reduced,
making it competitive for industrial developments (as show in the mechanism 2 of
Figure24).
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Figure 24. Generalrepresentation of mechanism that regulate the formation of
membrane GRM based and relative orientation of flakes inside the fiintbe
mechanism [lthere is a high alignment of flakes due to slowly filtration promoting
the stacking and further precipitatiomhe mechanism 3hows the randomly
displacement as resulft a faster filtration process while mechanisis the optimal
filtration rate whichmakes films organized as well as to the first mechanism,
reducing at the same time the process timing

For example, grocessthat useGO (because the hydroxyl groups promote the
dispersionn anaqueous solvent apnghows a grealignment of flakesvithin the
resulting film as proverby scanning electron microscopy (SEM) analy4i89]
(shownin the Figure 25), while X-ray diffraction analysis confiredthat the space
between layers corresponding about 0.83 mdated tothe presence ofvater
moleculedocked through hydrogen bondifitR0].

Figure 25. SEM analysighat showghe alignment of GOwithin amembrane
produced by filtration.

However, having a compact material is not the only condition for good thermal
properties that can be exploited in heat spreadimtact, GO membranes that show

a conductivity of less than Wm' *K"1[191] must be reduced to remove the oxidized
groups.The most common method industrially used, as well discussed above, is the
thermal reduction in which the temperature play a key role, as well discussed above.
In fact, GO membranes show different ranges of thermal conduction values
depending on the tempaure at which they were annealed, such as about 200
Wm' K™ for annealing at 3FC [191] , around 400Wm'K'? for temperature
800°G1000°C [170], 806900 Wm'iK'™ at 11061200°C [191], over 1000°C

Wm' K™ for thermal annealing 2468000°C[192] that could be considered the
temperature from which sintering phenomena take place.

In order to avoidthermal processhat increase production coststhers
approaches often useethodsin which therow material is nola GOderivae but
graphenenes or CNT.

Although the single nanotube shows excellent thermal conduction properties, the
membranes obtaindal filtering of its suspensions show two orders of magnitude
lower valuegless than 100Vm' K1 [193-195] or 106200Wm' 1K1 [191]) that do

not make them suitable for heat spreading applications
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High thermal performance was obtained, on the other hand, for membranes
manufacturedrom suspension of graphene baseakerials In particular MLG and

GnP are widely used to produce suspensions in organic solvents and then filtered to
obtain the corresponding likeaper foil. They show value between 3@0n'K'!

[196] and 600/mM' K™ [197]which makes them the best candidates able to compete
with the dassic materials previously discussed.

Hybrid membranes have also been manufactured using a combination of different
materials suchgraphene quatum dots (GQDs) have been shogood proprietaries

as stabilizers to achieve aqueous dispersions of grapleodakeg198]. Due to

2D carbon structure, they are able to inte
attraction and, in other hand, their surface is covered by hydrophilic gib@ps

200] which increase the dispersing aptityd81] as show in thé&igure26 a. Wth

this configuration therewere no relevantimprovements in thermatonduction
properties that are more attributable to qolity of graphene used, in similar way

to the ligud phase extraction processth PAHSs.

Carbon nanotubes are used in combination with graphene to obtain membranes with
more isotropic characteristics than those of graphene alone. Indeed, although CNTs
react with the edges and the surface of flakes (whieh closely stacked into
aggregates ais FhbGgr adthieon's i ncrease t he
macrostructures, decreasing the in plane thermal conductivity, but on the other, they
widely enhance the creplane thermal conductiorspect to that onebtained for

FLG pristine aligned within the membrane, giving continuity to the structures and
create a 3D network [206Figure26 b).

Molecular dynamics (MD) simulatienhad also calculated in which way CNTs
increase the interfacial thermal transport across the plane and in particular, the model
investigated the relationship between the length of CNTs as bridges between
nanoflakes and relative thermal proprieties. é&xsiting how best result are obtained

for the shortest CNTs or carbon nanorings (CNRs) which are vertically aligned
within inter-space between graphene sheets as pj@& as show in th&igure26

c. Despite they represent the next challenge, nowadays, the best results are obtained
using the intercalation of a polymer or small molecules as carbon source and a
catalyst metal based that enhance the control of pyrolysi§2€&t8} but in any case,

the results obtained are rext immediately scalable at industridimong the most
promising research there is the work of Xin Meng et all in which suspensions of GO,
GQDs and nanocellulose were filtered, obtaining films to which an annealing process
at 2000°CQwas appliedDespite tle high cost of productionoth from the pyrolysis

of cellulose and from the sintering of QDs, CNRs were obtained by increasing the
thermal conductivity to values almost 2080n" 1K' 1[204].
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Figure 26. Representation of different dispersions GRM based and relative hybrid
films. (a) Process that use QDs (b) CNTs (c) CNRs

The study on thermal conduction in GRM nanopaper iasy because, on the one
hand, thermal conductivity depends on the quality of the single GRM structure, as
discussed above, on the other hand, the nature of the contact between different
structures and the extension of the contact area inside the nandpsgeiine the
contact thermal resistan¢&81, 205] For example during the deposition of GRM,
orientation defects can create air cavities that increase thermsianes and
therefore their reduction obviously improves the thermal contact between the
particles and consequently improves the overall thermal condudidg). It is
obvious that simple way to reduce the porosity and improve the contacts between the
particles is the application of uniaxial presswn the nanopaper, which has
demonstrated good results for improving thermal conduction.

Recent studies, instead, have shown how the exploitation of molecular junctions
between graphene structures can be a valid solution to increase thermal conductivity
propertiesin fact, while the conductance of molecular junctions has been extensively
studied by the Functional density the¢2p7, 208]and molecular dynamid209,
210]the experimental exploitation has been reported only redgdt/y211]

Bernal at al. functionalized GnP edges by exploiting the chemistry of diazonium
aiming at the synthesis of nanoparticles to be used as building blocks in the
preparation of nanostructured materials for better heat transfer. In particular, two
types of funtionalization have been used in order to make a comparison. The first
one used phenol to exploit the hydrogen bdRdgire27 a) and the other a diniline
derivate waexploited to covalently create a thermal bridgigure27 b). As result,

Bernal et al. obtained that the chemikcadctionalization drives the setffrganization

of the GnP within the nanopapers, leading to a 20% enhancement of the thermal
conductivity both GnP functionalized with phenol and that one witindine while
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the cross plane thermal conductivity was also increased by 150% in thef Gade
linked covalently.

Figure 27. Selective functionalization at the edgesGnP. a) Functionalization with
phenol to exploit the hydrogen bond. b) Functionalization withniline to covalently

link the GnP

Using the same functhalization approach of GnP with bifunctional molecules to
increase the thermal properties of nanostructured materials, two methods will be
proposed in this thesis work. The first exploits tHeinteraction between the surface

of GnP and bfunctional mdecules derived from pyrene while the second exploits
the DielsAlder cycloaddition reaction between GnP and bifunctional linker derived
from maleic anhydride. The resulting functionalized materials will be used for the
manufacture of nanopapers that viaé thermally characterized and tested as heat

spreaders.
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Chapter 2

Materials & Methods

This chapter illustrates the synthesis of organic compounds and their characterization
by spectroscopic methods. These chemical compounds were used in the
functionalization of GnRFigure28) which were also characterized. Functionalized
GnP has been used as a raw material for the manufacture of nanopapers whose
thermal properties were evaluated. By considering the nanopapers as porous
materials, the thermal conductivity continuous phases has been calculated in order

to compare the values with those of metals for thermal applications. The experimental
setup was also treated as classic model of surface extension by using fins, in order to
evaluate nanopapers as potertedt spreaders.

| n 246812 a

Q

n:2,4,6,8,12 b

Figure 28 Schematic illustration of approach to functionalize the GRM. a)
Supramolecular interaction between bispyrene molecules and soff@ed>.b) Diels
Alder reaction between the edgeGRM and bismaleimide.
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2.1. Synthesis procedure

2.1.1.Synthesis of bispyrene molecules

For the reaction, shown irigure29, 1-pyrenebutyric acid300 mg, 1.4 mmol)
(Sigma Aldrich, 97%) was dissolved in 100 mL dry toluen&igma Aldrich,
anhydrous, 99.8%and cooled at 5 °CThionyl chloride(ReagenPlus’, O9pP. 0%,
(10 mL) was added drop wise and the mixture was heatexflux for 6 h undean
argon atmosphere. Then the solvent was evaporated in vacuum to afford the orange
solid, which was subsequently dissolved dichloromethane(20 mL) (Sigma
Aldrich,an hy dr o u 9 [212]00s8luti8n%f the diamincalkane(0.5 mmol)
(ReagentPIy O 9 9 9 dichloromethane(2 mL) was added drop wise to the
solution containind-pyrenebutyric acid and the i&en mixture was stirred at room
temperature for 18 h.
The precipitate was filteredsing nylonfilter membranesfpor e si z,e 0. 45
Whatmar), wasled with dichloromethanend the solvent wasvaporatedin order
to remove the noreactedl,2-diaminoethangthe solid was stirred for 1 h in a40
M solution of hydrochloric acid(ACS reagent, 37%and filtered to obtain the
corresponding pure product.
Applying the same procedure, bispyeederivatives with different lzain length
between the pyree groups were synthesized \mrying the relative diaminoalkan
(1,2-Diaminoethane, Sigma Aldrict) 9 9 . 5 9jamirdobutane Sigma Aldrich,
0 9 9 %; -Diafninohiexane,Sigma Aldrich, 0 9 9 %; -Diafnino®ctane, Sigma
Aldrich, 98%; 1,12DiaminododecaneSigma Aldrich,98%) used in the reaction

H H
0 N N
; 0
H 0‘-%‘[.'1 1| NG, @ o L1 o G
@‘0@ 'I"Dluen-e @ae@ D i-l:hlur'u.rne-lhune ,‘, n: 2,4,6,8,12 ,.’

Figure 29. Schematic representation of bispyrene molecules synthesis

2.1.2.Synthesis of monegpyrene molecules

For the reaction, shown frigure30, 1-pyrenebutyric acig300 mg, 1.4 mmol)
(Sigma Aldrich, 97%)was dissolved in 100 mL dry toluene (Sigma Aldrich,
anhydrous, 99.8%) and cooled at 5 °C. Thionyl chloride (Reagerft, PRED%,)

(10 mL) was added drop wise and the mixture was heatezflux for 6 h undean
argon atmosphere. Then the solvent was evaporated in vacubtatothe yellow
solid, which was subsequently dissolved in dichlorometh@fe mL) (Sigma
Aldrich, arh y d r o u s , [21@]9A9s0l@ié# ,0f)thel-Aminododecane (inmol)
(ReagentPIy 09 9 %) i n d( ob)lwasr adldee drdp awse to the
solution containind-pyrenebutyric acid and the reaction mixture was stirred at room
temperature for 18 h.
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The precipitate was filtered wusing nyl on

Whatman), washed with dichloromettgaand the solvent was evaporated. In order
to remove the noreacted 1,2liaminoethane, the solid was stirred for 1 hin & 10
M solution of hydochloric acid (ACS reagentand filtered to obtain the
corresponding pure product.
0
o) s 0 N/\/\/\/\/\/\
OH o7\l al

CI NS NH 2 ‘O
6“0 S 6‘00 [)mhlm omethane O‘

Figure 30. Schematic representation of mepgrene molecules synthesis.

2.1.3.Synthesis ofbismaleimide molecules

The synthesis of maleimide follows two steps. The synthesis procedure for the
intermediate (step, lshownin the Figure 31) obtained by reaction between maleic
anhydride ad diaminesis described below. e method waperformed on diamine
compounds with variable aliphatic chain lendtetween aminogroups (,2-
Diaminoethane, Sigma AldricQ 9 9 . 5 WiamiriobutaneSigma Aldrich 0 9 9 %;
1,6-Diaminohexane,Sigma Aldrich, 0 9 9 %;-Diafnino®ctane,Sigma Aldrich,
98%; 1,12Diaminododecanesigma Aldrich,98%y).

(8]
o MNH, N
Dlethyl ether
0 n:2.4,6,8,12

Figure 31. Scheméc representation of the first reaction step for the synthesis of
bismaleimide molecules.

The maleic anhydride5(000 g, 51.7 mmolYSigma Aldrich, 09 9 ) &%
dissolved in 150 mL diethyl ethéBigma Aldrich,a n h'y d r o u sprevicdgdy9 . 7 %
dehydratedand the 1,2 ethandiamine (1.5641 g, 25.8 mmol) in ROalso diethyl
ether. This was added drop wise and the mixture was stirred at 20 °C forié h.
precipitate was filtered usirgplytetrafluoroethylene (PTFE) filter membranes (pore
si ze QWhathanewashed with diethyl ether and the white powder was dried
at 40 °C for 2 h under vacuum.

To close the Bnember ring and then to lead to the formation of bismaleimide,
the molecules obtained from the first step are used and an intramolecular
condensatin is carried out, as shownHigure32.
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ﬁ I Sodium acetate / O

| i n Acetic anhydride N

O

0 /
n:24,6812 0

Figure 32. Schematic representation of the second reaction step for the synthesis of
bismaleimidemolecules.

The longest bismaleimide synthesis procedure obtained by clos(R2€,2'Z)
4,4-(dodecan€l,12-diylbis(azanediyl))bis(dxobut2-enoic acid) the relative
amide derivativaelefinedwith codeN12, obtained after the reaction between maleic
anhydide and 1,12lodecanediaminés describedelow.

5.000 g (1.36 mmolpf N12 compoundvere dissolved in 2.56 mL (32 mmol) of
acetic anhydridéReagentPIfy O Pwi0.183 g (1.56 mmol) of sodium acetate
anhydrougSigma Aldrich,099%).

The mixture was stirred at 80 °C for 16 h and then ittwaassferrednto 250mL of
a basic solution (230 Imof deionized water and 20aj sodium carbonatiBioXtra,
O 9 9 ) thavawas previously refrigerated at 5 °C.

The precipitatevas filtered usingellulose filter membranegpdgre size 0.28 m
Whatmar), washed with deionized water (8@L) and diethyl ether (20 b) (Sigma
Aldrich,a n h'y d r o u)sand, @&d®e&end] e solid was recrystallized in 10 m
of ethanolCarlo Erba, 96%for 6 h. Afterthat, it was filtrated agairu§ing cellulose
fterme mbr anes with por e)asdithe eesulfing pddvdeewas What m
dried at 40°C for 2 h under vacuum.

2.1.4.Functionalization of GnP with bis or monopyrene
derivatives

GnP (10 mg) were added tesalution (20 mL of the selected bispyrene in N,N
dimethylformamide (18 M) (Sigma Aldrich,anhydrous, 99.8%at a concentration
of 0.5 mg mLL. The solutions were sonicated in pulsed mode (5 s on/5 s off) for 30
min at a power output of 150 W by usingudtra-sonication probe (Sonics Vibracell
VCX-750, Sonics & Materials Inc, USAvith a 5 mm diameter Talloy tip. After
that, the suspension was leftdecantfor 120 min at 5°C and part of the supernatant
was carefully collected for further charactenaat while the other part asfiltrated
through gpolytetrafluoroethylene (PTFE) supported membrane (0.2 um as poye size
Whatmar), washed with water (50 mL), ethanol (50 mQarlo Erba, 96%and
diethyl ether (50 mL}Sigma Aldricha n h'y d r o u)sard drie®a® 60 7Qfor 24
hours.
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2.1.5.GnP/Bismaleimide derivatives

The bismaleimide 112184 mg, 0.51 mmolwas dissolved into 50 mL of
anhydrous xylene, stirred anl@éoxygenated with a gas flux of nitrogiem 30 min.

50 mg of GnP was transferred into the flask and the mixture was sonicated in a
sonicator bath for 1h at 25 °C (power 500W, frequency 40 kHz). After that, the flask
(covered with aluminium foil) was heated intgikcone oil bathat 120 °Cfor 12 h.

The precipitate was filtered onto a nylon membrane (0.45 pum as pore size,
diameter 47 mmhatmarn and washed with anhydrous xylene (80) (mixture of
isomers, ACS reagent, 098. 5%) a (®igma dhidreett, h y |
anhydr o tsand firly drieat 40°C for 2 h under vacuum to obtain a black
powder.

The solid were suspended into 100 mL of MiiethylformamidgSigma Aldrich,
anhydrous, 99.8%and sonicated in pulsed mode (5 s on and 5 s off) for 30 min with
power set a150 W) by using an ultraonication probe (Sonics Vibrac®lCX-750,
Sonics & Materials Inc, USAwith a 13 mm diameter Falloy tip.

The suspensions were filtrated usingalyamidemembrane (0.45 pum as pore
size, diameter 47 mm, Whatman) atided at 40 °Cunder vacuum for 1é to
completely remove the solvent.

2.1.6.GnP nanopaper

GnP and functionalized GnP were suspended on {djMethylformamide
(Sigma Aldrich, anhydrous, 99.9%olutions (0.5 mg nL%) and sonicated in pulsed
mode (5 s on and 5 s off) for 30 mwvith power set at 150 W) by using an ultra
sonication probe (Sonics Vibracell VE?60, Sonics & Materials Inc, USAwith a
13 mm diameter Falloy tip. The suspensions were gravimetrically filtrated using a
polyamidemembrane (0.45 pum as pore size, Whatjrand then fixed in a petri glass
with scotchtapeto be driedat 65 °C under vacuum for 2 h to completely remove the
solvent. The asobtained papers were peeled off from the membranes and were
mechanically pressed in a laboratory hydraulic press (A83s Specag England
under a uniaxial compressive load of 5 kN for 30 min at 2aC213]
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2.2. Characterization techniques

2.2.1.Characterization of pyrenecompounds

Nuclear magnetic resonance spectroscogMMR)

The NMR spectrum(acquired orBruker AVANCE l1I, USA with a frequency
of 500MHz) providesqualitative and quantitativieformatiors valuating he integral
of area under each peaklated tothe number of protons which have equal
characteristic. Therefore,& 3 mg of powder were solubilized into 1 ml of
Hexadeuterodimethyl sulfoxid&igma Aldrich99.96 atom % Pand ifwe consider
the chemical shift with reference to tdamethyl sulfoxide deuteratqg@®@MSO-d6)
the region of the spectrum betweei@%¥8.5 ppm provides the number of aromatic
protons, the area between-33 ppm describe those closed an high electronegative
environment, and the part from 1.9 to 2.5
aliphatic chain.

The ¥*C-NMR provide information about the number of carbon atoms in the
chemical structures (likewisél-NMR) because there is a peak for e&ichand also,
the position depend on environment that surrounds'iie indeed the region
between 12135 ppm provides informations abotite aromatic protons while
between 2510 ppm there are the signals related to aliphatic ones.

Liquid chromatography coupled with mass spectroscopgharacterization

Liquid chromatography coupled Witnass spectroscopy or(éE mode(model LTQ

XL, Thermo Fisher ScientifidJSA),is an analytical techniquexploitableto aralyse
organic mixturescommonly found in complexnatrix or multifarious chemical
environment. The combination betwdequid chromatographwble to separate the
mixture with eaclcomponent and the capability of mass spectrometry to analyses
the mass and the structural identity of them, it permits to identify every molecular
species with high specificity and sensitivity.

Because this technique analyses ions, an ionization phaesgpuised for electrically
neutral molecules, which ually occurs in the liquid phase and Electrospray
ionizations (ESI) is a method applient the analysis of bispyrene (¥ig into 5 ml

of methanofor HPLC,399%,ACS reagentin whichtwo drops of formic acidACS

r e a g e n)have OeerGatided to promote protonation.

In addition to the commonly obse protonated molecules, sodium g@adassium,

are often encounterd@14]. These species become possible as the surface excess
charge of ESI nandroplets may be carried by various cationic spg@#s].

The ions observed in the mass spectra are controlled by different balances that occur
in the charged nandroplets produak in ESI. The processes that occur in ESI
droplets, resulting in the observation of these ions in ESI/MS spectra, can be
summarized by the following three balances combining two ph@gesre M
indicate the moleculés
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—_—

1l

[M+H]] — [M+H]; (2.1)

=

e

M
M [M + Na||” — [M + Nal; (2.2)

First, equilibria taking place in the liquid phase (denoted with subscript I) are
responsible for the charging of the analytes. Second, after this, formation adducts can
be ejected to the gas phase (denoted with subscript g). isdelainand potassium
cations cannot be neglectgil6].

2.2.2. Characterization ofbismaleimide

Nuclear magnetic resonance spectroscomharacterization method

TheNMR spectravereacquired orBruker AVANCE IIl, USA with a frequency
of 500 MHz. For the products obtained from stepal,5 mg of powder were
solulilized into 1 ml ofHexadeuterodimethyl sulfoxid&igma Aldrich99.96 atom
% D) and if we consider the chemical shift with reference taiimethyl sulfoxide
deuterateDMSO-d6) the region of the spectrum between®.Bppm provides the
numberofamm o groupds pr ot on 4 ppmhdescriberttose bet wee
closed to double bond, and the part from 3
the aliphatic chain in the middle of amino groups. The signal of protons from
carboxyl groups is outsidee analyzed range because it is near 16.5 ppm
For the step |Ia 3 mg of 1,1(dodecanel,12diyl)bis(1H-pyrrole-2,5-dione) which
is defined with code 112 were solubilized into 1 ml of Deuterochloroform (Sigma
Aldrich, 99.8 atom % Dand sahe peak othe spectrum around 7 ppm provides the
number of hydrogen of double bond, the region from 3.2 to 3.4 describe those located
in the carbon atoms closed to nitrogen and finally under the 2 ppm are #ww
peak relative to protons of in the aliphatic chaithe middle of amino groups

Fourier Transform infrared (FTIR) characterization method.

Fourier Transform infrared (FTIR) spectra were acquired Wiginkin Elmer
Spectrum Two, in transmission mode (16 scan, resolution of 0% @iiKBr pellet
(& n®ydispersed intd 150 mg of KBr powder Sigma Aldrich, FTR gr ade, 099 %) .

2.2.3.Characterization GnP/BP

Raman Spectroscopy Characterization

Raman spectra were acquired on a Renishaw inVia Reflex (Rend@awJK)
micro Raman microscope using at excitation laser wavelength of 514.5 nm. The
spectra are the average of five measurements made on the same lsample
different areas (less than 10 mg of powdehose peaks have been fitted with a
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Lorentzian function using the origin Pro 2016 softwafée fitted curves were used
to calculate the ratio between the peaks at 1580 and 13%5@hconder to evaluate
the effect of functionalization.

Ultra violet T Visible Spectroscopy Characterization

After the functionalization the suspensiamsre centrifuged at 4000 rpm for 30
min and left to decant overnight. Finally, the part above the sediment (supernatant)
was sampled and analysed on a-Vig, model U\:2600, Shimadzu, Japan (single
scan with 8.5 nmsampling interval and 0.05 s accumulation tirhecm quartz
cuvette)lt was principallyanalysed theegion between 600 nm and 800 nm in which
the organic compounds no give signals contrary to flakes dispgrsmner to study
the stabilityof dispersion.

Photoluminescence characterization

The suspensions obtaindm the functionalization of GnP with BP were
centrifuged at 4000 rpm for 30 min and left to decant overnight and
photoluminescencspectraon 4.5 ml ofsupernatantvere recorded on a NanoLog 4,
HORIBA, Japan) with an excitation at 345.00 nm dndh sampling interval The
signals at 376 nm and 485 nm related to organic compounds were exploited to study
theGnPfunctionthat absorbing BP onto its surface, it dexse the BP concentration
that chang¢he aggregation status with itself

2.2.4.Characterization of GnP /bismaleimidederivate

Thermo Gravimetric Analysis

Thermo Gravimetric Analysis (recorded with a Discovery TGA by TA
Instruments, USA). The samples were analyzed in powder form and weighted on a
Radwag AS220.R2 analytical balance, in the range of 9.0+£0.5 mg. The powders,
were placed in open alumina pamslalirectly loaded in the TGA and To control the
sample environment, gaseous nitrogen is flown in the TGA furnace at 100 ml/minAn
isothermal treatment at 100 °C for 5 min was made to evaporate the humidity and
then, a temperature ramp from 100 °C to 80@ith a 20 °C/min heating rate was
used to analyse the samples and to quantify the concentration of 112 within GnP
powder, considering the difference between the weight loss at the end of the process
for functionalized GnP and the cosponding value fornistine GnP

Raman Spectroscopy Characterization
Raman spectra were acquired on a Renishaw inVia Reflex (Renishaw PLC, UK)
micro-Raman microscope using at excitation laser wavelength of 514.3 man.
samples were analyzea powder form presenting a mass in the rab@el mg. The
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spectra are the average of five measurements made on the same sample whose peaks
have been fitted with a Lorentzian function using the origin Pro 2016 softWaze

fitted peakswere used to caldate the ratio between tlmensitypeaks at 1580 and

1350 cmt in order to evaluate the effect Dfels Alder reaction

2.2.5. Characterization of GnP Nanopapes

Ultra violet T Visible Spectroscopy Characterization

After the gravimetric filtration, the filtrated solutions were collected (about 5 ml)
and analysed by UWWis (model U\2600, Shimadzu, 1 cm quartz cuvette with
single scan 0.5 nm sampling interval and 0.05 s accumulation time) to measure the
absorbance ancalculate the concentration from relative calibration line usieg
BeerLambert lan(y=m x equation where y is the absorbance, m is the slope of the
curve and x is the concentration of the solutiden, to calculate the concentration
of bispyrene devatives adsorbed onto GnP, it was considered the initial
concentration minus the neadsorbed one. The number of moles were calculated
and multiplying for the molecular weight, it was calculated the milligrams of
molecules within nanopaper

Field-emissionscanning electron microscopyKESEM)

Nanopapers were die cut into 0.53 mm diameter disks to superficially analyse
(by FESEM, Zeiss Merlin 4248, beam voltage: 5kV, Germany) the topography, that
gives information about stacking of flakes, as well asctiess section of the GnP
nanopapers (by sticking the sample with conductive adhesive tape, in a position
perpendicular to the surface of the sample holder), to evaluate the alignment of the
flakes within nanopaper. Moreover it is possible calculate thsitiks) as the ratio
between mass measured by a microbalance (resolution 1 pg) where the disk were
weighted and the volume calculated from the known diameter and the thickness,
measured by fiel@émission scanning electron microscopy on the cross section

X-ray diffractometer

Orientations of GnP flakes in tm@anopaper&nP BP were evaluatedsing an
X-raydiffractometer(Cu KUradiation, model XRD® ANayt i calUnked Pert Pr o
Kingdom). The specimens (disks 23 mm diameter; 205 €& m t hsuppdktéd wer e
onto PET film (5 e€m) and measured with inci
with respect to the horizontal plane of the sample. Intensities of the signal of 002
graphite planes (2d=26.4A) wereiecael | ect ed
reported as a f un c idbz,avhich oofrespohds tothe dngleoangl e U
inclination of the flakes in the nanopaper, varying from 0° (basal planes parallel to
the nanopaper plane) to 90° (basal planes perpendicular to the nanopaggr pl
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The experimental curves (one for each angleye plotted andhe peaks have
been fitted with a Lorentzian function using the origin Pro 2016 softwer@reler
to obtain the peak heightor everyGnPbispyrenenanopaperthe intensiesvs tilt
anglewereplotted andinterpolatedoy exponential decay curve= A €3 (using
origin Pro 2016 software) where A is a constant andsRhe decay ratéelhe area
below the fitted curve was used to divide the intensities of each sample in order to
compare the distribution intensities coming from different samples that have different
thicknessesTo obtain the prolality distribution for the flakesoriented from
parallel to perpendicular to the nanopaper plane, the Pareto graphs show the
cumulativetotal distribution intensities for the various orientation angles.

Light flash analysis (LFA)

The inpl ane ther ma) andddrobgh luan & i dy O)fvls i vi ty (
measured using the xenon light flastalysiS(LFA) (Netzsch LFA 46 Hyperflash
Germany, at 25 °G using200 V- 200 us pulsesThe samples werdie cut in disks
of 23 mm withtypical thicknesse#n the rang20i 50 € m and t he measur e
t h-ewadkarried outimnin-p| ane sampl e Jwadneasuredinhhe! e t he
standad crossplane configurationFive measurements were collected on each
sampleto calculate averaged values and experimental standard deviations.

The inplane () and crosgplane (k) thermal conductivitiesf nanopapers ¢k,
were calculated as k=U Cp, wherg} is the density of the graphene filtdjis the
value of thermal diffusivity and Cp the heat cagity of graphitgCp = 0.71 Iy*
K™Y [217].

Infrared Thermal images

Heat spread performance was evaluated using the same specimen type used for
LFA, assembled onto a transist@NR222A, low power bipolar transistor, NPN
silicon planar switching transistor, T8 metal package, STMicroelectrorics
powered by an electrical generator (GWinstec 33B®3 Taiwar), set at0.080 A
current at 4.3 Mo provide 0.345W. The thermal contadf the nanopaper disk heat
spreader onto the flat surface (12.56 #rof the transistor is mechanically
guaranteed by a NdFeB (N28) magnetic cube, 3x3x3oemred onto the transistor
top surfaceThe heat spreader disks, as well as the magnetic cubélaekened to
control their emissivityTemperature of the system was monitored biRathermal
imaging camer@OptrisCam P4400, Germany), witlanoptical resolution of 382 x
288 pixel and1 Hz sampling rateTests were carried owfpon heating (power on)
for 300 second and cangy (power off)under aclosedbox measuring 29x239 cr?
to ensure tAreproducibility ofnatural convectiorfor other 300 sec.

Thermal maps were elaboratesh matrix, extrapolatinghe temperature (z axis)
on the magnet surface, using an OriginPro 2016 softwarexponential function
(y = A %% where A is a costant and RO is the decay dateas used for the fitting
of experimental data points (also using software Origi2Bi®) in order to calculate
the cooling rate of each sample.
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Temperature profilesss. radial coordinateaong three different direction
(considering a Cartesiaxy y system with the origin centred in the centre of the
sample, the horizontal, vertical and oblicated5° drections of the first quadrant)
wereextracted an@verage to obtain a representative temperattggadius decay
curve

Method of nanopapers poraity calculation

The relationship between density and porosity is specified by the equation:

_ Pgriphite — Pmeasured

@ (2.3)

Pgriphite — Pair
Wherel( is the porosity} graphiteis graphite density (2.2 9/ J measuredS measured

density and air is the air density (0.0012 g/én
Considering air <<} graphite,it IS possibleapproximate as follow

_ Pgriphite — Pmeasured Pmeasured

¢ =1-
or pg‘rap hite (2 -4)

P
Pgriphite

To characterize a porous material it is necessary to define the volume fraction of each
component

=1 Pmeasured ® s Venp : _ Mgnp _ Mmeasured
p=1- P GnP = i ¢ YGnP T + ¥Ymeasured —
p_qmpmre measured Penp Pmeasured

Wh e r ®pis Ahe volume fraction of GnP,&dpis the volume of GnP, &ris the

massof GnPangswei s t he intrinsic ddensity of GnP
@ — 1 = _pmcasured o5
Pgraphite (2.5)
T Pmeasured 6
Pggraphite (2.6)
Pmeasured = Pgraphite * (1 — @) (2.7)
Venp
Dgnp = V—n (2.8)
measured
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Menp

_ Ve Mgnp - 'Penp
Penp = Mmeasured Penp °~ Mmeasured (29)
I”measwr'ed
Menp - P nite - (1 — @)
Bgpp = n graphite (2.10)

Mmeasured = PGnP

Because the measured mass come from onlyv@rd3e density is similar to bulk
graphite

s (e
Dgpp = Pgraphite ( ®) (2.11)

PGnp

Cenp=1-¢ (2.12)

Linear model for thermal conductivity calculation of continuous phasewithin
nanopapers

According to linear model

KComposite= KGnP ) ¢ GnP + I(Air ’ ¢’ Air (213)

Where Komposite= the thermal conductivityalculated by relation &mposits= Ebmposite

J composite CPC O N 'S i CompbsikeiStige dgnsity of composite an@ i§ heat capacity

of GnP, Kair = thermal conductivity of air equal to 0.026 W* K, Kgnp= thermal
conductivity of GnP network (GnP and functionalization) that is the unknown factor,
. air= vVolume fraction of air, cn/= volume fraction of GnP network

Becausehe thermal conductivity of films isiuch highethan k-

2.14
Kcomposite= KGnl:‘ ’ ¢GnP ( )

Considering the volume fraction definition in which the total volume i¥ the

volume that was experimentally measured

® anp = Vonr / Vior (2.14)

Kcomposite= KGnP ) VGnl:‘ / Vcomposite (215)
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Mgnp

_ PGnp _ Mgpp  Pcomposite
Kcomposite = Kgnp "Meomposite Kenp - ' (2.16)
—EROPISTE PGnp Mcomposite
Pcomposite

Wh e reompositand Mompositedre respectively the density and the naissanopaper
Becausehe mas value comes only from a GnP contrihuke previous equation

can be written

K =K . pcomposite
composite — GnP
Ponp (217)
Pcnp
KGnl:“ = Kcomposite‘ (218)
pcomposite

In the end, considering that the intrinsic density of GmRomparable to pure
graphite and taking into account the relationship between thermal diffusivity and
thermal conductivity, we obtain

PGnp Pgraphite

Kenp = Kcomposite ' = Ocomposite - Cp graphite * Pgraphite (219
Pcomposite Pcomposite

Kanp = ®composite * Cp graphite * Pgraphite (2.20)

Approach of a finned surface applied to nanopapers

A model that descrilithe system by combining the effect of the conduction of the
material with its ability taransferheatto surrounding by convection, was studied.
Among the various types of approachiest one in whichite heat exchange surface
is increased by fins, was clews In particular the nanopapers were compared to
classic radial fin of rectangular profilgigure33). According to this classic approach
[115], approximationsveremade:

1 Considering the temperature of plateau or the steady gtatbeat flow in
the fin andts temperatures remain constant with time;

1 The air temperature surrounding the fin is uniform and the convective heat
transfer on the faces (both bottom and up) is constant over the surface;

1 Theheat transfer from the edgasd thehermalgradients throghthe fincan
be ignored when the fin thickness is small in comparison to the I€BGth
mm) and the heightd0.030 mm).
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Figure 33. Radial fin of rectangular profile

As show in the first chapter the profile function andigsivative are:

dfa(r)

fHlr) = o

o] &

Therefore, the general differential equation that describe these phenomena depend
on:

2
rﬁ—l—ra—mré? (2.13)
9\ 12 (2.14)
m= (—) and
kd and 6=T-Ts (2.15)

Where:m is the fn performance factor (1), h is theheat transfer coefficient Wm

2K 1), k is thethermal conductivity (Wh™K™), U is thethickness (mmbf the film, d

is the difference of measured temperatlreandTs which is the roomemperature

(°C).

This equation i s Bess édsasolutinoid teims efthe equ at i
modified Bessel functiond(r):

o(r) Op[ K1 (mry) Io(mr) + Iy (mry) Ko(mr)]
— Io(mrp) K (mry) 4 1 (mr,) Ko(mry)

(2.16)

WhereKy, Ko, loandliar e Bessel 6s modi fied equation.
the experimental thermal gradient curve obtained fmaps at 300 sec of each films
in order to obtainm which is the fin performance factor.
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Chapter 3

Chemical functionalization of
graphite nanoplatelets

In this chapter, two different approaches for gregpmanoplatelets (GnP)
functionalization will be discussed. The first one by samlecular interaction
between graphene surface with pyrelesivatives(Figure34 a) and the second by
Diels Alder reaction ofcnPwith bismaleimide molecule@igure34b).

Figure 34. Schematic representation of supramolecular functionalization of graphene
with bispyrene derivate (a) and Diels Aldeaction between the edges of graphene and
bismaleimide.
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3.1. Supramolecula functionalization of graphite
nanoplatelets

Aiming at the norcovalent crosslinking of GnP, -functional molecules able
to provide a sufficiently strong surface interactiasith graphene layers were
designed and synthesised. Among the different chemical species able to strongly
interact with the spc ar bon sur fattca&c kiimg, Foroft his
bispyrene (BP) derivatives (Q2C12) were synthesizedarying the length of the
alkyl chain connecting the pyrene units.

This section will also discuss the interaction of these bispyrene with GnP.

3.1.1.Synthesis

The 1-pyrenebutyric acid was dissolved in dry toluemerder to add th&hionyl
chlorideto replace the carbokg group withits derived chlorideIn one handnot

only the organic compoundhcreasdts reactivity towards the amine grougt, on

the other handthe intermediate is soluble in DCM12] contrary to the reaction
product (BP) which isot soluble and can be separated from unreacted reagents by
simple filtration

0 ‘ o @ HWH

H o'y 1| HNEN, o "o
@00@ Toluene @geg Dichloromethane ’Og n: 2,4,6,8,12

Figure 35. Synthesis obispyrene molecules

Nuclear magnetic resonance spectroscopy (NMR) was extremely usettd for
identification and quantification dfispyrene molecules
The Figure36 shows theé'H-NMR spectra of C2 in which the positions (red letters)
of protons that can be identified by a corresponding signal in the spectrum are
indicated In addition, the integral below each peak provides quantitative information
on thenumber of protons having the same chemical surroundings.
!H NMR (500 MHz, DMSGds, 3 0 0 K )8.40i(d,J=p.p Hzx)1H, g), 8.31 (t,
J=7.2 Hz,2H, e +9, 8.25i 8.20 (m,2H, f+c), 8.17 (s2H, b+ H, 8.11 (tJ=7.6
Hz, 1H, m), 7.95 (dJ= 7.7 Hz,2H, a + ), 3.361 3.32 (m,2H, n), 3.251 3.19 (m,
2H, ), 2.29 (tJ=7.3 Hz,2H, I), 2.06 (I, J=14.9, 7.4 Hz2H, K).
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Figure 36.H NMR spectrum of C2n DMSO-d6.

The 'H-NMR analysis confirmed the purity dahe product also a*®*C-NMR
analysis was carried o(Figure37) in whichthe experimental results were compared
with those obtained from a theoretical prediction bfgveare (Chemdraw Pro 16
shown inFigure38.
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Figure 37. 13C NMR spectrum of C2 in DMS@6.

13C-NMR (126 MHz, DMSO-ds, 300 K) 17253, (1370 )131.34,
130.88, 129.74, 128.60, 127.95, 127.89, 127.63, 126.94, 126.57, 125.35, 125.22,
124.69, 124.61, 123.95, 120.68, 40.52, 40.36, 40.19, 40.02, 39.86, 39.69, 39.52,
39.31, 38.94, 38.13, 37.54, 36.88, 35.53, 32.70, 27.93.
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Figure 38. Theoretical prediction dfC-NMR C2.

The comparison between theperimental and theoretical ppshowsa good
matchingconfirming the C2 molecule purity, so an analysis was carried out by
different analytical technique.

Liquid chromatography coupled with masgectroscopy ones (L:=MS) is an
analytical techniquexploitableto aralyse organic mixtures;ommonly found in
complexmatrix or multifarious chemical environment. The combination between
liquid chromatographyble to sepate the mixture with each component and the
capability of mass spectrometry to analyses the mass and the structural identity of
them, it permits to identify every molecular species with high specificity and
sensitivity.

The chromatogrartnot show her¢ of the powder C2xhibitedonly a peak, related

to a single component of the solid indicating the purity of the substance. Analysing
its MS spectrun(Figure39) it is evident how the C2 makes the commonly adduct
with sodium, naturally present in theethanolor when Electrospray ionizations
(ESI) is used to makes ions from organic compounds eldbtricautral [216].
Indeed there is mass/charggoaf 623.62 that correspond to the C2 molecular mass
where a hydrogen atom is substituted by a soditom

At the same time, the charge density could be so high that itis common to break same
bonds. In general polar bonds between two different atoensaesier to break and so

it is possible to create a couple of idhat could be detected such as thaséhe
spectrumjn which,among peaks with high relative intensitiyere are 331.43 m/z

and 311.38 m/that correspond to the ions generated afteC¢he rupture of the
amide bond They are respectively-@-(pyren1-yl)butanamido)ethasi-aminium
and4-(pyrenl-yl)butanalthat makes an adduct ion with potassium.
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Figure 39. ESI" MS spectrum of C2 imethanol.

LC-MS analysis has proven that the only analyte present in solutionasd?2
and therefore theeaction had a yield 0486 in product

A series of BP with different chain length wesgnthesisedollowing the same
procedureln order to confirm the successful synthesis of the BP derivafikes,
NMR were made focusing on the spectra region betwe2rb ppm where the
hydrogens of alkyl chain give signdlpecta are shown in the Appendix 7.1
Becausdoththe assignment of the peaks and the values of their integrals univocally
confirmed the presence of the respective synthesispgrene molecule@P)and
similarly to the C2 molecuj¢he*C-NMR analyses weralsocarried out comparing

the experimentgbeaks ppnwith the respective theoretical predictidnssoftware.

If for C4 (Figure89) and C6 Figure90) molecules there are clear evidence between
experimental and theoresicdata, it cannot be affirmed for the (8glire91) and

C12 Figure92) molecules which have a lower number of peaks than those calculated.
This is due to a low number of scans (can also be deduced from hightsigoée

ratio) that did not allow to distinguish all signals.

To provideadditionalvalidation aboutthe purity of the synthesisdalspyrene
molecules LC-MS analyseswere carried out by solubilising the molecules in
methanol to which formic acid has Ipeadded to improve protonation armahs
formation.

The MS spectrunn Figure40 shows the fragmentation of C4, in which not only the
pure protonated molecule [M]+ at 62918%z and its adduct with potassium at 667.67
m/z are visible, but also its fragmition at 359.45n/z which corresponds to the
molecular mass minus 212/z corresponding to the fragmen{gyren1-yl)butanal.
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Very interesting is the peak at 711.88z which corresponds to the mass of the
molecule that makes an adduct with sulfinic cide, a derivative of thionil chloride,
the acid used in the first step of the reaction that probably remained in trace.

GFD10 18 (0.596) Cm (15:22-49:64) [M+84 sulfinic Chloride]
100 71183

[M+2Na-272 of
4-(pyren-1-yl)butanal]

1et1e Exact Mass: 62831
2
712,95
[M-272 [M+K]
BE7.67
of 4-(pyren-1-
1_14.29 yl]butana]} 713.98
[M+H] |
35?.45 B29.69
183,10 485,15 714.93
252,27 28 ' 521.54 l O 1385.86
GW.. ’ ' ] ..].....JJ_J-_ -1 hoadlad oL .I.I — . " oo ; ” k."""“""‘
100 200 300 400 500 800 TOO BOD 800 1000 1100 1200 1300 1400 1500

Figure 40. ESI" MS spectrum of @in methanal

The MS spectrum irFigure 41 shows the fragmentation of C6, in which the
protonated molecule [M]s not visible contrary to its sodium and potassium adducts
at 679.74 m/z and 695.91 m/z respectively.

However for a technical error there aseme impurities (at 130.38 m/z, 236.32 m/z
and214.37 m/z) which are not attributableth@ synthesis reaction of C6 bwhich
have contaminated the instrumelnistead, the peak at 288.37 m/z attributabledo th
ion formed by the protonation of({#yren1-yl)butanamidds relevant becauseig

a fragment of C6
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Figure 41. ESI" MS spectrum of €in methanal

BispyreneC8 and C1Xhow a low solubility in methanol which ike solvent
used to conduct LIS analysis and consequently the relative abundance of the
molecule that can be ionized decreases dramatically. Thesident in the MS
spectrum of C8Figure42) where the signals attributable to its fragmentation have an
intensity slightly higher than the baselifdowever the most evident are those
related to the protonated molecule at 68518%, its adduct with sodium at 707.64
m/z and its frgment at 415.48elated to molecule minu&72 m/z of -4-(pyren1-
yhbutanal.
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Figure 42. ESI* MS spectrum of 8in methanal

The MS spectrum in thieigure43 shows a single peakt(471.49 m/grelatedo C12.
In fact, its fragmentation creates the ion(I1N-(l14-azanyl)dodecy-(pyrenl-
yl)butanamideprotonatedcorresponding t&€12 without of 4-(pyren1-yl)butanal.

| GFD23vetro 14 (0.235) Cm (12:17-44:115)
i 100 471.49
‘ [M-272

of -4-(pyren-
1-yl)butanal]

| Y I
= Yes
S [ Exact Mass: 740.43
1472.51
130.31 365.39
381.41
473,
156.35 343.36 3.53 685.61
|[203.12 |
|3‘ 341.32) 1| 686.63
200 ‘ 400 600 800 1000 1200 1400

Figure 43. ESIF MS spectrum of €2in methanol

In conclusion,by comparing the results obtained from the different analytical
techniques, it is possible to establish that the synthesis of the molecules took place.
However, as the length of the diaminoalkane increased, a lower and lower yield was

obtained, asummarizedn theTable4.
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BP Cc2 C4 C6 C8 C12

mg obtained 262.4 260.9 262.5 255.2 246.7

Yield (%) 84 80 77 72 64

Table 4. Milligrams of molecule obtained and yield of the reaction

3.1.2. Interaction BP/GnP

After obtaining the bisgrenic compounds, their interaction with GnP will be
discussed below and based on literature res¢2t&?220] it has beerstimated that
the molar concentrations to be used should be less thdivi Ifecause BP can
strongly aggregate togeth@21]. Subsequently this phenomenon can compete with
GnP interaction and on the basis of these considerations the molecule C2 is used in
order to maximize the iataction with GnPTherefore solutions of Cih N,N-
dimethylformamidewere prepared at concentrations of*M, 10° M and 16° M
and 0.5 mg mtt GnPpowderwas added in eacsolution and sonicated to obtain a
suspension following the procedutescribd in thechapter 23.

While the suspensions ardtleo decant(Figure44 a), part of GnHs precipitated
atthe bottom of the becker atiuere is a intrestingtrendrelated taC2 concentration
in whichthe highest C2 concentratiohd* M) produces théeaststabledispersion,
with most of theGnP flakes precipitatedfter 60 min.On the contrarydecreasing
C2 concentrationan increasing concentration of flakes rémsain suspension as
reflected in the darker coloratiofhis suggested that a high concentration of C2
results in acrosslinking action, creating a networkwhich readily precipitate
whereadower cancentratiorprovides dess pronouncesffect

Another interesting phenomen is the light emission if the dispersions are
lightedat254 nm. As show in thEigure44 b, indeedwhile the C2 solution(into the
vial) in DMF does noemit, theGnP/C2dispersior(10* M), showedaclearlyvisible
bluelight emission. This experimental evidence suggekdaeaein the energy for
the electron excitatigncorresponding taa bathochromic shift of fluorescence
spectrum tothe visible range[222]. This fact support for thé-" the stacking
interaction between Cand "-or bi t al o f , kiowrP & brster @mnergya ¢ e
transfer [223] in which GnP surface addme the light and emit at different
wavelenghtwhere the molecule absorlisecoming teexcited statandemitting in
the visible
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Figure 44. a) GnPdispersonspreparedt different concentratiored C2 in DMF. Inside
the beakers theuspensiongere left to decant for one hour and it carobservedhat
as the molar concentration of C2 increases,imntity of GnP precipitatedn the
bottom increase b) The solutions and suspensions wéightenedat a wavelength of
254 nm and it can be seen that the solution at concentratibdoB3 not emit in the
visible contrary tadts suspension which instead provides a light signal.

Absorption and Emission spectroscopies

The supernatamtbtained fromeach dispersioafter centrifugation was collected and
analysed by UWis and fluorescence spectroscopy.

From the absorbance spedfFigure46), a rough estimation of theoncentratiorof
suspended nanoflakes can be obtained by analysing the light absorption at 670 nm
(insetFigure46). This wavelength was chosen becabgpyrenedo not show any
absorptionat this wavelengthFigure 45), so the absorbance measured is related
exclusively to the concentration of GnP in the dispersions.
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Figure 45. C2 solution absorbance in DMF at different concentration

For comparison purposes, GnP were sonicated in DMF usirsgithe conditions as

for the suspensions with2. It can be observed that the concentramiGnP in the
suspensionare quite similarand correspond to relatively low absorbance values,
suggesting limited concentrations of thin graphene flakbis is irdeed expected,
taking into account that the mild sonication condition used were not aimed to obtain
an extensive GnP exfoliation, but onlypimvide sufficientlispersion ofsnP flakes,

in order toinvestigate the interactions between C2 @mdP.On the other hand, the
well-defined bands of the bispyrene molecuieain absorption at 344,328.5and
314.5nm) on the concentrated suspensions @2PL0* M and GnPC2 10° M is

clearly observedFigure46), indicating that these suspensions contain a large excess
of freeC2moleculesAt the lowest concentration, absorption bands for C2 are barely
visible. On the one hand, this is expected based on the low concentration, but it
should also be mentioned that molecules absorbed on GnP are not expected to absorb
in the same range, thugrther contributing to the low intensity in the VIS spectra.
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Figure 46. Absorption spectra of GnP anchB C2at dfferent concentrations of G2
DMF. Inset shows a magnification of the 6080 region

In order to further investigate the interaction between C2 and GnP, fluorescence
measurements were carried out on the same supernatant suspeiisiens.
comparison betweefluorescence emission spectra of the molecule C2 at the
different initial concentratins of the suspensiongiqure 47 Inset) and the
corresponding fluorescence spectra for @eP C2dispersions Kigure 47) may
indeed provide further insight on the organization of bispyrene mole&pestra
for C2 in DMF are characterized by three well defined emissions pe8K$ aim,

396 nmand418 nmrelated tca monomer emissn from the locally excited pyrene
fragment,plus a wide band centred 485 nm related toan association of two end
pyrene fragments within the molec(20].

No spectral shifts were observed for C2 in the GnP C2 dispersions at any
corcentration. However, the emission inteiesitdecreasen the GnP dispersions
prepared with initial concentrations of the molecule of Dand 13 M, likely due
to the quenching effect of GriP24]. Furthermore, the C&xcimer emissiobandat
485 nm is strongly reduced in both dispersioas,observed by the decrease of the
ratio between the intensities of the excimer and monomer emisgiar (h Figure
47 a. This changelepend on lower concentratioh@2 aggregates the dispersions
because part @2is adsorbedn the basal planes of G[E5]. It is noteworthy that
the emission intensity fahe highesC2 concentratior(10* M) is lower than in the
correspondingGnP C2 suspensionThis is possibly explained bjhwte st-f ong
interactions between the pyreneoieties at high concentratipmuencling the
emission of the moleculf26, 227] Indeed the presence of GnP favours the
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adsorption of these bispyrene derivatives on the basal planes, decreasing the
association of the pyrene groups and thus reducing/iiveratio.
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Figure 47. a) Fluorescence spectrae{ = 345 nm) of GnP and Gn@2 at different
concentrations of Cih DMF. Inset shows the fluorescence spectraCbfat the initial
concentrations in DMM) I¢/Im ratio for C2moleculein DMF and for GnP Cdispersios.

To complement the analyses of the supernatants and to quantify the amount of C2
molecules effectively adsorbed onto the whole GhE stispensions were filtered
and the filtrate solution weranalysed by UWIis in order b calculate the
concentratiorof C2 in the filtered solution, to be used to indirectly calculate the
fraction of C2adsorbednto GnP, given the known initial concentration in the GnP
C2 suspensions.

As show in Table5, the fraction ofadsorbed bispyrene & % and 55 %f the
initial concentration for GnP CP0® M and GnPC2 10° M, while it decreaes to 10
% in the case of GnP CH0* M, reflecting the large excesd C2 at the highest
concentrations. Mass fraction of C2 onto the GnP C2 dry powders are also dependent
on the initial C2 concentration: a mass fraction as high as 11% was obtained when
starting from a 18 M C2 concentration in the GnP suspension, whdaificantly
lower C2 contents were obtained at lower initial concentrations.

Fraction of Massfraction

C2 concentration C2 concentration in C2 adsorbed of C2 in dry

in GnP suspension filtered solution

on GnP GnP C2
M M
[M] M] %] (%]
104 0.91 10* 9 11
10° 0.45 10° 55 0.71
106 0.22 10° 78 0.09

Table 5. Calculation of the mass fraction améssof C2 absorbed by GnP
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