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Summary

The thermal management in flexible electronic devices requires new materials 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 of two- hexagonal
lattice in which one atom forms each vertex, has generated a great interest for its
unique mechanical, electrical and thermal proprieties. Despite this material is
mainly used for electronic and optoelectronic applications, because the production
cost is still relatively too high, graphene 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 applications. In Europe 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 flagship project includes more than 150 European industrials
and academic partners and it involve 16 Work Packages covering almost all areas
of graphene from fundamental science to scientific research for industrial
applications from health to environment and electronics.

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 GRM 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 miles Wm'K"!, the relative macroscopic



artefacts (such as foils or self-supporting 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 covalent bonds change the hybridization of carbon and therefore interrupt the
aromaticity of the material that is the most responsible for the heat transfer.
Physical defects, instead, are related to the quality of the material, so not only to the
presence of vacancies but also to the surface area, surface/volume ratio, edges,
number of layers. Moreover, the quality of the thermal contact between structures
and the porosity of the material must also be considered in the manufacture of
macrostructures.

Post-treatments are widely used such as thermal annealing, to regenerate 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 being explored.

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
introduce chemical defects and preserves the aromatic network, exploits n-m
stacking between the surface and the polycyclic 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 transmitted. The first method exploits the
functionalization of graphene-related materials at the edges with bi-functional
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 approach, instead, exploits the supramolecular interactions between
graphene related materials and bispyrene-based compounds spaced by aliphatic
chains with different lengths. The specifically synthesized bispyrene molecules
have the terminal pyrene groups that act as an anchor group to link different GnP
during the fabrication process, which has been studied by spectroscopic
characterizations (UV-Vis 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 applied 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 nanopapers 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 the rough surface of nanopapers
may affect the heat exchange coefficient with the surround obtaining more
performing heat spreader than metallic ones.
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Chapter 1

State of the art

1.1. Graphene Related 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 and to form single, double or even triple bonds widens the range of possible
structures. When the carbon is bound with other carbon atoms to create organized
structure along the three dimensions, called allotropic forms.

Among allotropic forms of carbon, graphene has received and is attracting particular
interest since its isolation from bulk graphite in the early 2004 [1].

Graphene is a material composed of carbon atoms bound together to form a two-
dimensional planar structure organized with a hexagonal honeycomb geometry, in
which each carbon atom is able to bind to three adjacent atoms (sp>-bonded), that is
not an integral part of a bulk carbon material, but is freely suspended or adhered on
a foreign substrate [2].

This honeycomb structure is the basis of other allotropes of carbon such as fullerenes,
carbon nanotubes and graphite as show in the Figure 1.



Figure 1. Schematic representation how graphene is the 2D materials useful for the
development of other dimensionalities such as 0D if it isotropic wrapped into fullerene
class, rolled in 1D to perform nanotube, stacked into 3D leading the commonly graphite

[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 edge (armchair or zigzag show
in the Figure 2) because it is one of the fundamental parameters to then obtain
nanotubes [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 large-scale production of graphene but, on the other hand,
materials constituted by multi-layer are also available and it is therefore necessary to
introduce a nomenclature [2] in order to distinguish and to classify the different
products [5].



e Multi-layer graphene (MLG) is a 2D material consisting of well-defined,
countable, stacked graphene layers (between 2 and 10);

e Few-layer graphene (FLG) is a sub category of MLG indicating a 2D material
with 2-5 stacked layers of graphene;

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

Among the most interesting graphene materials is graphene oxide (GO), which is the
partially oxidized form of graphene (Figure 3) in which the carbon atoms are not
always hybridized sp? but in some cases the hybridization is sp® and this determinates
a deformation of the structure with some bond partly tetrahedral [6].

GO can be considered as graphene sheets decorated with functional groups
containing oxygen, in which hydroxyl, epoxy groups are located on sp>-hybridized
carbon on the basal plane, and carbonyl or carboxyl groups are mainly located at the
sheet edges on sp>-hybridized carbon.

Figure 3. Idealized structure of Graphene Oxide (GO)

A similar classification can also be applied to GRM based on graphene oxide,
therefore, GO is a monolayer of graphene oxide, FLGO is the few layers graphene
oxide and MLGO is multi-layer graphene oxide.

Reduced Graphene Oxide (rGO) indicates an oxidized graphene material that has
undergone a reduction process (thermal, chemical, etc.) in order to eliminate
oxidation and restore the graphene aromaticity. The structure of rGO is very similar
to the GO structure but instead of the oxidized groups structural defects of various
nature are created such as vacancies and Stone-Wales defects [7].

1.1.1. Synthesis

Many techniques have been developing for large-scale production and/or cost-
containment, which can be divided into two macro-areas, according to bottom-up



approach or top-down one (as show in the Figure 4). Some of them will be further

described in this section.
Bottom-Up
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Figure 4. Schematic classification of graphene-related materials (GRM) and methods
for their production.

Epitaxial growth

Epitaxial growth is one of most interesting approach, especially attractive for
semiconductor companies, to produce few layer graphene. It start from the annealing
of SiC surface under ultrahigh vacuum (UHV) (Figure 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 annealing time (few
minutes) and temperature (about 1200°C).

Nevertheless, more 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 thickness homogeneity [8].

This method is also applied to other substrates, such as (001) faces of Ru crystals

[9], Ir, Ni, Co, and Pt [10] in order to grow epitaxial graphene layers, because the
high number of nucleation’s center allowed a dimensions growth into macroscopic
single-crystalline domains and, more important, if the first two graphene layers
coupled strongly to the substrate, while from the third layer there aren’t interaction
and had the similar electronic proprieties to free-standing graphene.
Although the quality of graphene under low-temperature processes still have to be
improve in comparison to other technologies, the epitaxial growth is promising
fabrication method because it is easily available to 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 graphene structure.

Chemical Vapour Deposition (CVD)

CVD is a synthesis process in which the graphene growth onto a metal surface
that catalyze the thermal decomposition of hydrocarbon molecules (methane,
acetylene, propane...) [11]. There are several chemical reactions used in CVD, in
which the thermal decomposition is made (pyrolysis, reduction, hydrolysis,
disproportionation, oxidation, carburization, and nitridation), and they can be used
either separately or combining them. In any case, the substrate and the reaction must
be activated using temperature; depending on hydrocarbons are used or metal-
organic precursors or 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 allotropes, in order to develop process ready to be
integrated to the existent semiconductor industry.

The sequence of events taking place during a CVD reaction are well defined in
two steps (Figure 6). At the beginning, there is the precursor transport through 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 different sites
as to obtain a completely covered surface.

The most common precursor are methane (CHj), ethylene (C2Hs), propylene
(CsHg) and acetylene (C2Hz) which are commonly pyrolyzed at around 900-1000 °C,
over a wide range of pressure, onto transition metal substrate from which depend the
quality of layers [12].



Copper is the most adopted catalyst among the different transition metals (Ni,
Co, Fe are also possible) because the solubility of carbon in copper is low, and so,
when the substrate is cooled down, carbon aggregates condensed onto the surface
forming sp? bonded layers [13]. If, on the one hand, an accurate control of process
parameters permits the production of a monolayer, on the other hand the crystal
domains are very small related to higher number of growth center in which the
precursor [14]. Therefore, it is obvious that the supersaturated, saturated or under
saturated concentration of the carbon species allow full coverage of the surface, or
partially coverage respectively.

Scalable techniques for mass production and more economic process are exploiting
using different Polycyclic Aromatic hydrocarbons (PAHs) (like benzene [15] and/or
toluene [16]) whose structure composed of benzene rings, after low-temperature
pyrolysis (at 500-600 °C) perrnlts an atomic arrangement allows growmg graphene

P ;. . %;%}

Armea]mg 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,
creating domain and covering the Cu surface since to obtain a thin film [17].

However, CVD is an expensive process, due to high-energy consumption and the
need to remove graphene from the underlying metal with the risk of damaging it.
Furthermore, CVD, not being cost-effective for large-scale production, is typically
used for graphene synthesis for applications where the need for high quality graphene
1s limited [18].

Exfoliation

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

Mechanical exfoliation, also well known as micromechanical cleavage, was the
first technique used in 2004 [19] from which it was possible to isolate one monolayer
of graphene, exploiting the weak bonds (Van der Waals interactions of the order of
2 eV/nm?) between the atomic planes of graphite. Considering an area of 1 um? and
assuming the graphene-substrate friction coefficient equal one (adhesion is an
important friction mechanism at low normal loads), the required normal force to
cleave off this sheet from the top of the graphite crystallite is about 300 nN.

The force can be exerted using an adapted AFM tip or, more simply, by the
resistance to the release of a conventional scotch tape which is the method used to



obtain the first isolated graphene sheets peeling the highly oriented pyrolytic graphite
(HOPG), as show in Figure 7.

Although the concept is simple, nowadays, mechanical exfoliation is one of the best
method to obtain high quality materials with less crystalline defects, perfectly
suitable for electronic applications or for other several fields in few pm? as flakes
dimension are enough. Therefore, if in one hand the drawback is the size of the
flakes, in the other hand there is the difficulties for the scale up of the process [18].

th)

Graphite

Figure 7. Schematic representation of a mechanical exfoliation process shown step by
step: (a) adhesive tape is pressed against a HOPG surface to adhere to the top. (b) Few
layers are cleaved from graphite crystal. (¢) The tape with some layer of material is
pressed against to the surface of a substrate. (d) Upon peeling off, the bottom layer is
left on the substrate [20].

Through aqueous exfoliation, it is possible to obtain various types of GRM by
exploiting the weak interactions between inorganic acids (sulfuric acid, hydrochloric
acid and nitric acid) and graphene surface.

In fact, through a process at high temperatures and pressures, called solvothermal
process, it is possible to intercalate the acid’s ions between the graphite planes in
order to increase the distances between them and therefore decrease the n-m stacking
forces that hold the graphene planes together (Figure 8).

This permits a higher efficiency of dispersion in water, reducing solvent costs and at
the same time, the stability increases because although the GO flakes has a tendency
to stacking with themselves, the oxidized groups have the function of. Therefore, it
do not require much energy to separate the sheets. Centrifuge process can also be
introduced to select the size of flakes into solutions because at different rpm 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 reduced bond conjugation [21], inducing the partial degradation to sp>-sp’
structures, this technique permits an accurate size control of the graphene sheets with
a continuous range from micrometers scale to nanometric size [22].

Although the yield of monolayer graphene is not very good (<1%) because FLG and
GnP are almost always obtained [23], chemical exfoliation is a very popular method
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used for the production of inks such as pigment, coating powder and materials where
transparency is not required and where some residual defects (such as weak
oxidation) help in stability solvents.

Sonication * &
q

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 themselves. Several steps of centrifugation at different rpm are
done in order to separate flakes having different size [24].

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 molecules and rapidly dispersed in solution.
When graphite is used as an anode, the most commonly wet process used an aqueous
solutions with mineral acids (e.g., HoSO4 or HClO4) as electrolytes [26] that
producing gas, crate pressure intra-layers since to the completely separation of them.
However, high electric potential can leads to partially oxidation damage and so the
other approach use the graphite as cathode [27] and a polar solvent such as dimethyl
sulfoxide whose intercalation produces SO> gas promoting delamination.
In both approaches, the possibility to intercalate different molecules between
graphene layers offers a highly tunable way to expand graphite into graphene,
obtaining a distribution of new materials with it (not only monolayer 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.
Colloidal suspensions are homogeneous due to the hydrophilicity of the functional
groups and are very stable because the electrostatic repulsion of the groups avoids n-
T aggregations between graphene surfaces.

The most classical synthetic method to oxide graphite (like Brodie [28],
Hofmann or Hummers method [29] use mineral acid (sulfuric, nitric or hydrochloric
acid) to intercalate the acid’s ions and spacing the graphite planes followed by step



in which strong oxidizer (NaNO3 , KC103, KMnOs4,) to produce GO [30], as show in
the Figure 9.

Figure 9. Schematic representation of production of GO, FLGO or MLGO.

Several techniques were developed for the GO reduction through different
approaches such as, photo and microwave technique [31], applying hydrogen plasma
[32], or in a reducing atmosphere (such as using alkaline solutions [33] as shown in
Figure 11, hydrazine vapors [34] or most relevant and applicable for companies heat

treatments [35] shown in Figure 10.

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 graphite oxide generate CO and CO»
gases that in one hand produce vacancies into lattice and, in other hand, their
expansion increase the spaces between stacked carbon layers obtaining a porous

graphene-based material.
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Figure 10. Schematic representation of deoxygenation with thermal treatment.

Chemical reduction, as Fan et al. [36] 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
obtain a black colloidal suspension.

Other various inorganic and organic chemical compound are exploiting as
reduction agent of GO such as sodium borohydride [37], hydrazine [38], glucose [39]
and ascorbic acid [40].

GO with NaOH with KOH

b

©Carbon @Oxygen( Hydrogen a

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 less eco-friendly, the use of solvents
permits the exfoliation from graphite material without oxidation and therefore, it is
potentially preserved the chemical and physical characteristic of the graphene plan.
In addition, annealing heat treatments or chemical reduction treatments are not
necessary, so costs are relatively reduced.

The solvent phase exfoliation process mostly exploits ultrasounds into organic liquid
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 purification.

In general, during ultra-sonication, there is a balance of forces between those
generated by cavitation in which the micro-bubble collapses (due to the rapid
oscillation of the pressure resulting in increased exfoliation) and the attractive forces
of stacking GRM n-m.

Therefore, the organic solvent 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 interaction for layers
having a distance among 3.5 A [41].

Coleman et al. demonstrated that the potential energy is significantly reduced by
the dispersive London forces depending on refractive index solvent that matches with
graphene one, obtaining as results that solvents with interfacial tension (y) value
around ~ 41 mJ m? (Table 1) are favorite to minimize the energy input in attaining
effective separation of flakes [42].

The Coleman’s equation, shown below, indicates the thermodynamic requirements
that can predict which solvents can be used for the graphene dispersion [43].

Hix 2 2
Vo Tos (\/ Ess — \/ESG) Og eq.1

Vmix

Where AHmix 1s the enthalpy of mixing, Vmix is the volume, Tns the thickness of
graphene nanosheets, Ess and Esg are the surface energies of solvent and graphene,
respectively, ¢ 1s the volume fraction of graphene dispersed.
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Among some variety of solvents descripted the best results have been achieved with
N-methyl-2-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 monolayer 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. Because the 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 different size [42, 44].

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 Kubelka-Munk law, (it
is the corresponding Lambert Beer’s law for colloidal dispersions: A=g-b-c).
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 number of layers, the transmission electron microscopy (TEM) and
atomic force microscopy (AFM) are required.

Chemical Boiling Surface
No. S trflc tlf:e Organic solvent Point Tension Ref.
O (mJ m™)
O
)J\ _ACHy NN- -
1 CHy N dimethylacetamide 165 36.7 [45]
lH (DMAC)
3
Cl
cl Ortho-
2 dichlorobenzene 181 37 [46]
(ODCB)
O
J, .cn LN
3 H™ N~ ®  dimethylformamide 154 37.1 [47]
éHs (DMF)
O
N-methyl-2-
4 { N"'GHS pyrrolidone (NMP) 203 40 [48]
HiC CH3
5 H"“s"’! Dimethyl sulfoxide 189 479 [43]
|| (DMSO) '
o

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 large-scale 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 affinity with 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 heat transmission is required.

1.1.2. Proprieties & Applications

The low absorbance in the visible range of wavelength, combined with the high
electronic conductivity, make the graphene an optimal candidate as transparent
electrodes, competing with indium tin oxide (ITO) which is the actually standard
material for solar cells, liquid crystal displays and touchscreens [49].

In fact, if currently on the market graphene materials are mainly used for
batteries, there are prototypes that also use it in displays or electronic components.
Due to the high thermal conductivity, GRM could be used to cooling the electronic
hotspots with an energy saving and a consequent increase in lifetime [50] that will
be better discus in the next section.

Other fields of application in which GRMs can be integrated are:

e Ultra-capacitors and micro-batteries: able to store bigger quantities of
energy, charging thousands times faster and to be dozen times more powerful
than the current ones [51];

e Bio-related materials: Graphene derivatives, such as graphene oxide (GO),
chemically reduced graphene oxide (rGO) or doped graphene, that have been
intensively studied for their prevalent applications in biosensing [52].
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 explored new strategies
to controlled when the appropriate biological target is identified;

e Photovoltaic: more efficient solar cells by using graphene as a charge
collector whose electrons can be excited to a higher energy state by absorbing
incoming solar light and then the energy is transferred to neighboring
electrons [53];

e Conductive ink: coatings for smart packaging and printed electronics whose
circuits can be printed almost onto any substrate using graphene as pigment
[54];
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e Graphene aerogel: consisting of interconnected spongy porous carbon
networks, thanks to their lightness together with excellent electrical and
thermal properties, for aerospace application [55].

e High performance computation: terahertz oscillators and high-speed field-
effect transistors with switching speeds between 100 GHz and a few THz,
and a performance thirty times higher than present-day [56];

e Quantum dots: nanolight confinement and edge effects make photo-
luminescent phenomena, band-gap engineering bio-imaging, sensors
applications [57];

e Optical modulators: are commonly used in communication and information
technology to control intensity, phase, or polarization of light, and so,
graphene permits broadband light-matter interactions with ultrafast responses
for photonic and optoelectronic applications [58];

e Contaminant removal: In particular, GO not only, is non-toxic and but its
surface, covered with epoxy, hydroxyl, or carboxyl groups, can interact with
cations and anions. It is, also, amphiphilic (able to mix with water or oil),
performing stable colloid suspensions able to capture metal such as copper,
cobalt, cadmium, arsenate, or organic compounds [59].

e Field Effect Transistor (FET): because the adsorption of molecules in the
surface can temporally modify the local charge carrier, it is possible
distinguished the signal, opening to sensing application field. If a single
molecule detection has been achieved, which demonstrates the potential high
sensitivity of graphene-based sensors [60], in the other hand the sensing can
be applied to any phenomena that perturb the electron concentration such as
magnetic field or mechanical deformation [61].

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

functiona]\‘ \( v

group \( e \(-

T

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

The chemical functionalization is used to modify the interactions of the graphene
with the surround or to change its intrinsic properties. There are different types of
functionalization that it is possible to distinguish two macro areas such as covalent
and non-covalent.

Covalent

The covalent functionalization of graphene depends on the electronic availability and
so0, on all those related parameters such as number of layers, state of the edges, defects
of the atomic structure. There are two approaches, the first is to make a chemical
reaction on existing functional groups (e.g. oxidized groups on surface or edges) and
the second is to make the reaction on sp? carbon atoms.

As an enormous polycyclic aromatic molecule, the basic structure of graphene is
strongly stabilized by a delocalization of charges, it is necessary to use radical or
highly reactive processes to functionalize it. Although several reactive molecules had
been exploited to make radicals, (such as azomethyne, fluorinated phenyl nitrenes,
carbenes [62]) in general, radical processes are very difficult to control.. On the other
hand, among the chemical functionalization of graphene [63], the most performing
is based on the electron transfer mechanism by the aryl diazonium salts. Although
there are several derivatives belonging to this class of compounds (such as 4-
nitroben-zene  diazonium tetrafluoroborate  [64, 65], 4-bromobenzene
tetrafluoroborate called 4-BBD [66], 4-propar-gyloxybenzene diazonium
tetrafluoroborate or 4-PBD [67], and 4-tert-butylphenyldiazonium tetrafluoroborate
called 4-TBD [68]) the mechanism at the base is the same [69], as show in the Figure
13. The delocalized electron is transferred from the graphene to the aryl diazonium
cation, which becomes an aryl radical after releasing an N> molecule. The aryl radical
then forms a covalent bond with a carbon atom in the graphene lattice, changing its
hybridization to sp® and moving it out of the plane from ~0.7 A [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 para-position as also
demonstrated by functional density theory (DFT) calculations [70].

It has also been demonstrated that the structure of GRM also influences the degree
of functionalization. In fact, single-layer graphene (SLG) regions have shown a
higher degree of functionalization than dual-layer and multi-layer graphene, which
also have significantly lower kinetics [71].
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Figure 13. Schematic illustration of grafting a diazonium salt with functional group R.

Several studies are exploring new chemical 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 present. For example, the dipolar-
cycloaddition in combination with amide-bond [72], condensation reaction with
aminated dendron (with the carboxylic acid functionalities on the edges) [73], have
exploited a functionalization at the edges by bi-functional linkers able to connect the
edges of different plates [74], or replace the hydrogens of the edge by chlorinating
them in order to increase their reactivity for successive reactions [75], are well
exploited. Finally, to functionalize GRM covalently were found molecules that,
without creating radicals, react mainly with the edges, making the chemical reaction
called cycloaddition. In fact, it has been demonstrated how the graphene can act both
as diene and dienophile and providing Diels-Alder reactions [76] with the possibility
to control the grade of functionalization, varying the temperature. Different range of
temperature are exploited in order to maximize the functionalization effect, and also
over a certain temperature (150°C) was demonstrated (by Raman spectroscopy) that
retro Diels-Alder occurred and the graphene edges were restored with potential
application in the thermal sensing field. Among 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 nanosheets [77], but also increased their dispersivity in solvents
(water for MA and organic solvent for MI). Moreover, it has been confirmed by
Raman and FT-IR spectroscopies how these molecules were mainly added at the
edges of the GRM and in particular in those of armchair type, according to theoretical
model.
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Figure 14. GRM functionalized with a specific dienophile, maleic anhydride (MA) or
maleimide (MI) 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 can be selectively exploited 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, phenolic, lactones,
quinones groups and several of these oxygenated functional groups can be used to
form covalent bonds with other electro active species.

Hydroxyl groups can be effective binding sites for a process that exploit alkoxysilane
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 been reduced.. Therefore GO was functionalized with the triacetic
N-(trimethoxysylpropyl) ethylenediamine triacetic acid (EDTA-silane), in which
first there 1s a dehydration or hydrolysis reaction of the trialkoxy groups in Si-EDTA
creates -Si-OH groups and then there is a condensation between these with the
hydroxyl groups (OH-C) of GO to form Si-O-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 changed, using the poly(l-lactic acid) or functionalizing with benzene-1,4-
diboronic acid [79] to form boron esters with which monolayer GO lamellar have
been cross-linked to form variable structure with pores and volumes.

The covalent functionalization of graphene oxide through ring opening

reaction of epoxides on the basal planes usually involves a nucleophilic attack on the
a-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
materials [80], which are easily dispersible in organic solvents.
A similar result is also achieved by functionalization with 3-aminopropyl
triethoxysilane (APTS) through an nucleophilic substitution reaction between the
amine and epoxy groups [81]. In this way, the silane terminal group not only increase
the affinity for organic solvents but it also can be exploited for further reactions.
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Carboxyl groups can be functionalized through amidation or esterification
with small molecules or polymeric chemical linkers. For example, in one study,
graphene oxide was activated with N,N'-Dicyclohexylcarbodiimide [82], with which
the subsequent esterification reaction it possible to synthesize a hybrid material with
fullerene, similar to the amidation reaction with TPP-NH2 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 bio-functional properties
functionalize with biomolecules[86] or proteins[87].

Considering the relative ease of functionalization and the relatively low costs (both
reagents and process) for a potential industrial development, covalent
functionalization by of Diels-Alder reaction between GnP and maleic anhydride
derivatives was chosen for this thesis work.

Non-covalent

Non covalent interactions may also be exploited for the functionalization of
graphene, based on the 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 bonds [88].

These dissociation energies allow the supramolecular systems to be reversible, or
kinetically labile. In fact, with graphene materials, n-n or CH-n interactions have
dissociation energies lower than 50 kJmol! and so the weaker forces (such as London
dispersion forces or Van der Waals interactions), have effects on all atoms in close
surroundings.

Solvation and hydrophobic effects are very important because they affect not only
the dispersibilities of GRM but also the recognition interactions that can be used for
detection application [89-91].

On the surface of graphene, two types of m-m interactions occur between electron-
rich and electron-poor regions, which influence the interaction with molecules.
Although this is evident in the face-to-face and edge-to-face arrangement of
benzene[92], these interactions have also been observed for biologically relevant
molecules such as DNA and porphyrins that can be used to functionalize GRM
(Figure 15 a) [93].

For GO and reduced graphene oxide (rGO) with residual functional groups, not only
will m-interactions occur as seen for graphene, but the presence of epoxy groups,
alcohols, ethers, carboxylates, and carboxylates (Figure 15 b) may originate the
formation of hydrogen bonds [94]. This can also be used to control of some molecules
orientation onto the graphene surface or to obtain self-assembled macrostructures
[95] that affect substrate properties such as electronic properties [96].
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Figure 15. a) m—n interactions between benzene, naphthalene, or pyrene molecules
above and below the basal plane of graphene. b) Schematic representation of both
hydrogen bonds and/or n—= stacking with GO [92].

In general, non-covalent 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 flakes re-aggregation.

In other words, n-m interactions can be the driving force for graphite exfoliation and
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 graphene layers are gradually dissociated from each other, eventually
leading to complete separation [97].

In fact, m-m interactions of graphene with small aromatic molecules such as pyridine
[98], quinoline [99], antracene and naftalene [100] 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 molecules [101] or ionic
liquids, or polymers, are used.

Among these, pyrene derivatives [101] are the most used because than other PAHs
and easier to synthesize implementing the desired functional groups. For example,
Palermo et al. [102] used a series of pyrene sulfonate derivatives to study graphite
exfoliation and graphene stabilization in water. The pyrene nucleus was
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 way Palermo et al studied 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 highest dipole
momentum and the most asymmetric functionalization are preferred for exfoliation.
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 tetra-pyrene derivative decorated with an oligo-etherdendro 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 disperse the nanotubes.

Finally, extending the molecular size with pyrene functional groups, Zhang et al.
[104] used terminated pyrene polymers functionalized polyethylene glycols (f-PEG)
to interact with rGO. In 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 composite with improved mechanical
properties.

Concerning GO and rGO, they have a number of polar groups that may participate in
ionic-polar interaction, dipole-dipole ones or hydrogen bonds with analogous polar
parts of molecules or macromolecules. Indeed, the hydrophilic part of the surfactant
responsible for this interaction could be an ionic, zwitterionic or highly polar group
[105] such as carboxymethyl cellulose [106], sodium dodecylbenzenesulphonate
[107] are just some of the organic amphiphilic and macromolecular molecules that
have been successfully used as dispersants and stabilizers [108].

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 organic solvents.

Similar conclusion occur when rGO react with terminal functionalized polymers
(such as amine-terminated polystyrene), which lead to the transformation of
hydrophilic rGO into a lipophilic rGO/polymer composite that is dispersible in
organic solvents [92].

Among the non-covalent functionalizations, for this work of thesis, were chosen the
n-1 interaction between GnP and pyren derivatives in order to use the organic solvent
aiming both to preserve the aromatic structure of GRM and at the same time
functionalize it without introducing chemical defects. At the end, a comparison
between non covalent functionalization with the covalent ones previously 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 in some 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 colder system such as a heat
sink or heat exchanger that could be distinguee in two different categories that are
active [110] or passive [111]. The first one usually includes heat spreader that may a
work spending energy from an external source on contrast to the second typology
that exploit the high thermal conductivity of material.

In a scenario where electronic devices are more and more miniaturized to become
wearable, the study of passive heat spreaders has taken on a key role.

Heat pipe (Figure 16 a) is a heat spreading technology with great efficiency in
transferring heat also for little temperature difference that consists 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 liquid phase of 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
self-recirculate, due to the temperature differences between the hot end and the 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 by vapour chamber (Figure 16 b) technologies which can
be considered is a heat pipe with flat surfaces (hot side and cold side are flat for
spreading heat in the in-plane direction).

Although a heat pipe/vapour chamber unit has extreme high heat transfer capacity
with a thermal conductivity depending on the design whose ranges from 20 to 200
kWm™'K!, the density of a heat pipe/vapour chamber is normally less than one-third
that of copper implementing in weight sensitive applications, 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 and high power military applications.

Most heat spreading systems, however, do not use liquids inside them but they
exploited the rapid thermal conduction of the materials to extend the heat exchange
surface (Figure 16 c) between the heat source and the surround. Therefore, 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)
Planar heat exchanger. d) Heat sink.

1.2.1. Heat transfer fundamentals

The three well-known 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 difference while 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 freely, but oscillate 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 their motion can
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 kinetic 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
temperature, and so, it 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 particular, it is 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 together the molecules of a system and the atomic bonds within
amolecule. 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 phase change. 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
molecules having high energy to a substance containing lower energy.
The exchange of energy by conduction can occur in solids, liquids and gases, but if
in one hand, the conduction is the only mechanism by which heat can propagate in a
solid, on other hand, in a non-solid media it is usually associated with convection and
radiation. According to molecular 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 acquire a high average kinetic energy they release
part of this energy to the molecules of the adjacent region at a lower temperature.
The exchange of energy takes place by elastic shock between molecules (in fluids)
or by diffusion of the faster electrons from regions with higher temperature to regions
with lower temperature (in metals); in non-metallic 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 vibration 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 determination of the temperature
distribution T, which can be expressed in general by the relationship T=f (x), (where
fis a function that depend on Cartesian coordinate x) which defines a scalar field.
The temperature gradient, is the ratio of the temperature variation and the length of
the segment.
I, —Ty

VT = kKl
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.
Because heat 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 with 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 the isothermal surface unit. Analytically, this definition is expressed with the
relation, well-known as Fourier law:

q=—-kVT

Where the proportionality constant k is the thermal conductivity of the material, a
positive scalar quantity which is a thermo-physical property of the material.

It represents the heat flux density relative to a unit temperature gradient and in the SI
it is measured in W-m™-K!.

In the absence of sources and in stationary conditions, the thermal field does not
depend on the thermo-physical properties of the medium. In the variable regime
instead the properties occur through the thermal diffusivity (o) that in the SI it is
2.1

measured in m--s™:

Where k is the thermal conductivity (W-m™'-K™), p is the density (kg m™) and Cpis
the heat capacity (J-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 conduct thermal energy (expressed by k) and the ability to store heat (expressed
by Cp). 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 inside it. The heat equation admits different
solutions for various boundary conditions, and these solutions include the values of
the thermo-physical properties. 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 Fourier equation, indeed, are limited 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 to re-create the boundary conditions
by the analytical solutions for which various 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 sample temperature is
stabilized, then a small thermal perturbation is applied and in the end, from the
temperature response of the material the thermo-physical parameters can be
calculated extrapolating them from the fitted curve (according to the model used
[112]) to experimental one.
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Heat Exchange by Convection

Heat exchange by convection occurs when a body is positioned into a fluid with a
different temperature. The temperature difference causes a heat flow between the
external part of the body and the particles in the fluid 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 towards regions 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 T> temperature (where T2> 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 which gets to the surface at a low enthalpy and leaves the same
surface at a higher enthalpy.

The exchange of heat by convection is distinguished in natural and forced convection
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 using fan-coils
(radiators with fan) in which, if the fan is in movement, the contribution of heat to
the environment is due to both the fan and the radiator itself. In all three cases, the
fluid can move in a laminar or turbulent motion but, usually, the values of the heat
exchange coefficients are higher in the cases of forced convection and turbulent
motion, while the minimum 1is 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 the fluid-dynamic
characteristics of the fluid. Comparing two fluids such as air and water and
considering the specific 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 is not appropriate 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) . _ oT
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24



Where k is the thermal conductivity (Wm™'K™), q’ is the rate at which energy I
generate per unit volume of the medium (Wm™), p I the density (kg m™), Cp is the
specific heat capacity (J Kg'K™).

This equation is validated when the particles of the fluid heat up and become lighter,
the expansion work is negligible. Therefore, the density remains constant or its
variation is so small as to be irrelevant compared to the average value (p=po+p’) and
the temperature variations are small (T1-T2)/Ti1<<I1.

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 calculation can be simplified by solving the fluid
dynamics problem and using the solution as a boundary value of the thermal problem.
Convection can be quantified using a convection coefficient 4 (obtained from the
empirical correlation) whose unit of measurement is Wm2K!:

q_h ’ (T p TS)
Where the quantity q is the heat flow, Tp is the solid surface temperature and Ts is
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 total heat exchanged, usually
its average value is used

g=nS(Ty-Ty)
Where S is the surface of the solid wall, q is the quantity 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,
possible because 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 is not attenuated in a vacuum.

The i1deal surface that emits the maximum power by radiation is called black body
whose emissivity coefficient is 1 but every real surface emits less than black body
because the emissivity depend on its physical properties and the temperature.
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Emissivity values are between 0 and 1, the higher the value the closer the surface
approximates the black body behaviour.

Moreover, the black body is also a perfect absorber of the radiation that illuminates
it and so the absorptivity o= &=1, while bodies having a and ¢ independent from the
wavelength are called grey, therefore a= ¢ <1.

In the case of a net transfer from a black body with surface area A; at absolute
temperature T; to environment at uniform temperature T», the thermal power
exchanged by radiation is given by Boltzmann's equation:

§=0 AT} — T
Where o is called Stefan-Boltzmann constant and ¢ = 5.67-10° Wm2K*
It is obvious that compared to the ideal case where surfaces absorb and emit all

wavelengths and have a uniform temperature, a development of Boltzmann law that
allows deviation this pattern is:

Gg=E€0A(T} —T2)

Where ¢ is the emissivity of surface A; whose value is 0 <& <1, and F12 is the angle
factor (or view factor) that gives the fraction of the radiation from A; that light on
the area A, at temperature T> (also 0 <Fi2 <1).
Likewise to the heat exchange coefficient by convection, an exchange coefficient by
radiation can be defined (radiative conductance)

q
h, = = e 0F,(Ty + T)(TE + T3)
Ay (Ty — T2)
But if the temperature of the bodies are not excessively different, this equation can
be approximated by

hr =4¢co F12Tav3

Where Tay is 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!, in contrast to the convection coefficients for gases are very low (of the
order of tens of Wm™2K!). 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 the interface with the gas 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 cannot maintain 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 should be added.
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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 provide heat-exchange 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 includes two factors: 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 conductivities 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 the assumptions that are employed to define the problem and often
to simplify its solution.

These conventions, which are almost always referred to as the Murray—Gardner
assumptions [113, 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. The temperature 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 the
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 the fin and the prime
surface;

8. The heat transferred through the edges of the fin is negligible compared with
the heat leaving its lateral surface.

27



The differential equation for the fin temperature profile is formulated from a
consideration of the steady-state heat balance previously shown and 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 and x+dx and by the limiting
profile curves, y=+ 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 [fl(x)a}

Where k is the thermal conductivity of the fin.

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

dq =hP (T-T)dx=2h[L+fx)](T-T,)

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

Moreover, considering the approximation in which the fin thickness can be ignored
respect to fin’s length, that also presume the element dx on the surface described by
f2(x) is equal in height to the element dx on the x-axis, for L >> 2 f(x) and

dq =hL (T-Ts) dx

And considering the temperature differences 6 = T —Ts where T is the temperature
of a point onto the fin and Ts is the environments which is assumed constant, d6=dT
the previously differential equation can be equalled to obtain the general differential
equation [115]:

d

’2 .
L d“68 dfi(x)do 2!?9
dx

'h(x)d.xz + dx dx k =0

] de
fitx)— | =2hLOdx
dx
or

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

2L )dze N 2Ldf>(x) do 2119 0
x _—— =
/2 dx? dx dx k

Below will show the treatment of a longitudinal fin of rectangular profile in which
f2(x) = 6/2 where 9 is the fin thickness as show in the Figure 17. Moreover because
f>(x) is constant, its derivate df>(x)/dx=0. Therefore, the differential equation that
describes the phenomenon is:

Which is a second order differential equation whose solution are:
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where

Defining m as “fin performance factor”.
Applying the boundary condition is possible to obtain the constant C; e Ca.

Face of fin
(1/2 lateral fin surface)
Prime /
surface -
‘
Ll
&
g <R
Height of fin Ny

|
§ —thickness Side /
! dxy
b

-

X=b x=0

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
equation to describe geometrically the problem [116].

Similar approach can be used to define the generalized differential equation of any
radial fin whose profile is confined by two symmetrical curves that are functions of
the radial coordinate r, y = f2(r) and y = —f>(r) as shows in the Figure 18. In the radial
differential element the temperature difference 6 = T — Ts between heat conducted
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 system) where dqg=2h (2x r dr) 9.

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

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

[fm 6+fz(r)— d{j(”)‘m}h@r
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 different geometric
configurations (with rectangular, hyperbolic and triangular profile) to which
correspond different mathematical considerations [115, 117].

Because the performance of a heat spreader depends on the choice of material, in the
next section we will compare the most commonly used materials with GRM-based
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 also on the operation condition and cost. Although the
most common materials are copper and aluminium composites, other high
performance heat spreader are used such as chemical vapour deposition of diamonds,
foam graphite based or ceramics. As show in Table 2, various heat spreader materials
are available and will be discussed in order to evaluate their advantages and
disadvantages. For example, between metals the most famous is copper that has very
high thermal conductivity (k=390 Wm™'K™!) but, in other hand, it is very dense
materials (8.9 g cm™) and its thermal expansion coefficient (TCE) is so high that
prevents its direct use on silicon substrates.

Aluminium is another metal largely used for heat spreading application because
although thermal conductivity is lower than copper the cost of production and its
manufacturability make it very attractive. Moreover it density is very low but there
is the same problem in term of TCE which is too high respect to silicon. Heat
spreaders fabricated with copper or aluminium are usually inserted between
electronic components 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
materials are fragile and so they are not employed in application in which flexibility
or electric insulator characteristics are required.

Beryllium oxide (BeO or beryllia) is cubic packed structure with high thermal
conductivity (k=250 Wm™'K™!). While at 25°C the thermal conductivity is higher than
aluminium one, increasing the temperature, it dramatically falls since to 134 Wm™ 'K
"at 150°C and although beryllia is largely used for not flexible electronics devices,
it important to consider the toxicity of its powder and dust that are toxic if inhaled.
Similar to beryllia, the thermal conductivity of silicon carbide (SiC) decreases rapidly
as the temperature increases (k=270 Wm™'K™! at 25 °C) but has a low TEC making it
a widely used material for use as a heat 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 BeO’s when the temperature increases. In addition, its TEC is
very similar to the silicon so it can be used in electronic devices with high
computational power.

Aluminium Silicon Carbide (AISiC) is a high-pressure composite material in which
a SiC preform by metal injection moulding of a SiC-binder slurry, is pyrolyzed to
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 spreader [118].

Dymalloy is a metal matrix composite consisting of 20% copper and 80% silver alloy
[119]. It has very high thermal conductivity (k=400 Wm'K™), and its thermal
expansion can be regulated introducing trace 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 graphite is usually used as heat spreader because its density is one-fourth
than copper and the thermal conductivity can be as high as 500 Wm™'K-! in the plane.
However natural graphite is an anisotropic material and it has a much lower thermal
conductivity through the plane [120]. Therefore, research has been made to improve
the normal thermal conductivity of natural graphite by incorporating copper or by
building sandwich structures of laminates with results up to 400 Wm™ K™ [121].
Graphite heat spreaders are commonly used 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 resistance or thermal one are
required.

As well know, diamonds has superior thermal conductivity, in comparison to the
copper and their applications as heat spreaders include substrates for particular
devices, such as laser and diodes [122] in which electronic components are located
in a small volumes. However it 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 0.1-1.0 pm/h [123]. In order to increase the
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productivity (100 to 1000 pm/h), combustion method were developed but the quality
and thermal conductivity are lower than CVD diamonds [124].

Thermal Specific TCE Electrical
(gem?) Conductivity Heat (ppm°C-) Resistivity
g (Wm—lK—l) (ng oc-l) pp (Qm)

Density

Copper 8.89 388 0.39 16.5 16.7x10?
Aluminum Alloys 2.71 180-220 0.9 23.1 28.2x107
Beryllium Oxide 14

(BeO) 2.87 250 1.05 7.5 >10
Aluminum Nitride 13

(AIN) 3.27 270 0.76 4.4 >10

Silicon Carbide 3
(SiC) 3.1 290 0.64 3.7 >10
Aluminum Silicon 3
Carbide (AISIC) 3.02 170-200 7 >10
Dymalloy 6.4 360-420 0.57 7.4
24-35 9.8x10°

. (normal) (normal)

Graphite (Natural) 1.7-1.9 300-400 0.85 41107
(parallel) (parallel)
Diamond 3.52 1600 0.55 1.02 >10"

Table 2. Properties of typical Heat Spreader Materials [125].

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 as carbon nanotubes, graphene and related
materials. That show intrinsic thermal conductivity significantly superior to
conventional materials, as shown in the Table 3.

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 graphene varies
in the range between 2000 and 5000 Wm™'K! (Table 3) at it is drastically reduce since
to 600 Wm™'K-! when graphene is supported on SiOx substrate [126] as well as only
the 25% of vacancies can reduce the thermal conductivity over 50% [127]. Similar
results are obtained for CNT whose high intrinsic thermal conductivity is exploitable
for structures suspended [128]. Another parameters that controls the thermal
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conductivity values in the number of layers, for which increasing the number of
stacked layers, the thermal conductivity decrease from 1300 Wm™'K™! for FLG to
600-800 Wm™'K™! for MLG[129] approaching the value of bulk graphite (100-400
Wm'K ). At the end, in order to have a completely panorama, it was also considered
the GO in which, when the vacancy defect was beyond 2%, the thermal conductivity
did not show significant change contrary to the degree of oxidation for which the
10% as value, the thermal conductivity decreased by ~90% [130] approaching two-
three order of magnitude less than graphene.

Thermal
Material Method conductivity Ref.
Wm'K!
Monolayer graphene Theoretical models 2000-5000 [131]
Monolayer graphene Optothermal Raman 4840-5300 [132]
isolated
. . Theoretical model:

Graphene ribbon isolated Ballistic 4000 [133]

Grafene ribbon individual Thermoelectric 1000 [134]
measurements

SWCNT Theoretical model 3000-4000 [135]

molecular-dynamics
SWCNT individual Thermoclectric 3500 [132, 136]
measurements
MWCNT individual Thermoelectric 3000 [132, 137]

measurements

Graphene fiber individual Thermoclectric 600-1000 [138]
measurements

FLG individual Optothermal Raman 1300 [139]

MLG Optothermal Raman 600-700 [129]

GnP Laser flash analysis 300-400 [140]

GO isolated Theoretical model 3-30 [130]
molecular-dynamics

GO Thermal flash technique 18 [141]

Table 3.Comparison GRM intrinsic 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
thickness is usually sub micrometric and the mechanical proprieties are principally
related to the substrates while in the second case, the thickness can be tens or
hundreds micrometers and the materials can be used for application in which
flexibility is required.
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Graphene-based films obtained from GRM solutions use wet production, in order to
decrease the cost of production without the employment of metallic substrates (such
as copper in the CVD) or operating with mild condition. In general, most of
techniques start from a suspension of GO nanoflakes whose stability in polar solvent
(especially water) is well known, and then thermal, physical and chemical post
treatment (such as annealing or reduction chemicals) are common to regenerate the
graphene plane (reducing the oxidized carbon atoms which have sp? hybridization).

The drop-casting [142] and dip-coating [143] are two of the most renowned
methods to fabricate graphene films for industrial scale in which cheap chemicals are
used to deposit single and multi-layer GO nanoflakes onto various substrates. The
most common substrates are mica mineral, metals, and SiO> one after its
functionalization with 3-aminopropyltriethoxysilane (APTES) [144].

This method is also used to fabricate thin nanocomposite films derived from
graphene and natural rubber in which the thermal conductivity increase between 480
and 980 % [145].

The dip-coating method is principally used to prepare thin films in which
optical proprieties are have be guaranteed such as window electrodes for 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 the wettability
of the surface and its chemical stability [146].

The industrial evolution of these two techniques is the spraying method
whose capability to fabricate films over large scale; it permits to produce
homogenous films for various applications [147-150].

The main critical conditions are the homogeneity of the suspension GRM based and
relative concentration for the production of high quality films. Therefore, on the one
hand the functionalization of the nanoflakes or the surfactant’s addition can stabilize
the dispersions, on 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, or where the surface‘s wettability is important to use solvents as medium.
Indeed N,N-dimethylformamide (DMF) and N-methyl-2-pyrrolidone (NMP)
solvents are well demonstrated to guarantee stable suspension of multilayer
graphene (MLQ), graphite nanoplatelets (GnP) and graphene nanoflowers (GNFs),
whose spray ability has a good control also for micrometre of GRM deposition onto
glass substrate or surfaces with a layer of acid-methyl methacrylate (MA) as coating
[147].

There are different configurations but the most 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 on a substrate 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 of counter electrodes (CEs) for dye-sensitized solar cells (DSSCs) [151] or to
deposit rGO onto plastic substrates in order to increase their electrical and thermal
conductivity maintaining almost transparent the substrates [152].
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Figure 19. Schematic representation of spray deposition technique. GRM dispersion
droplets are generate mechanically by a gas into the spray gun. Then they are deposited
onto the substrate that could be heated to evaporate the solvent.

Spin-coating (shown in the Figure 20) process can be used to cover a relative large
surface with few-layer of graphene materials whose mechanical proprieties can show
excellent Young’s modulus although they are the overlap between nanoplatelets.
The most famous industrial spin-coating 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 substrate in order to promote the solvent’s
evaporation using N> flow carrier dry gas [153].

The resulting continuous film is post-treated 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
substrates and its chemical nature (such as polymeric or inorganic one) but most
important if there are superficial supports like cones or other lithographic
constructions [154]. Finally, it is obvious that adjusting the spin coating speed, it is
possible obtain membranes with different thickness’s range (such as for example
with 1-2 layers using 8000 rpm, 4-5 layers with 6000 rpm and 7-8 layers were
obtained at 4000 rpm) with a diameter commonly about 30-45 mm whose optical
transparency drastically decrease on contrast to their mechanical proprieties.
Thermally conductive graphene films for heat dissipation are fabricated from an
aqueous solution of GO and a wet-spinning process to arrange GO sheets that finally,
were chemical reduced and after a thermal annealing the film shows in plane thermal
conductivity over 1000 Wm™K™!' [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 be consider the
sintering temperature.
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Figure 20. Schematic representation of spin coating technique. a) Droplets GRM
dispersion are deposited onto the disk. b) The disk start to rotate and the GRM move
from the center to the edges while the solvent evaporates.

Electrophoretic deposition is a competitive technique for large volume
productions because the deposition not require binder or other cross-linker, and, on
other hand, films with higher packing factor (strong alignment of nanoflakes) are
obtained [156]. This technology use various electrical conductivities substrates (such
as ITO-glass, Cu, Al, steel or p-type Si) or solutions containing salts heavy metal
based, that form graphene hybrid films useful for battery, catalyst applications or to
fabricate very thin film for heat diffusion application maintaining, at the same time,
the transparency [157].

Langmuir-Blodgett (LB) assembly is a technique to fabricate films [158] due to
the floating of GO nanoflakes onto the surface of water in which the amphiphilic
nature of GO plays a key role in term of quality of the process [159]. 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 nanopaper has more
hydrophilic characteristic which make them stable into suspension on contrast to
larger ones that separate themselves and float onto water surface. Two main
phenomena regulate the interaction between layers are edge-to-edge and surface-to-
surface [160] 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 onto thermally conductive substrates
[161]. The disadvantages of this process are the scalability, but more important, the
compatibility of the substrates to resists to reduction 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 permit them to interact with ionic or
hydrogen bonding [162-164] . In the most case are used GO derivate to fabricate
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highly orderly free-standing films [165], whose flakes multilayers stratified (since a
thickness of 50 nm) are sufficiently strong to be moved onto other substrates. In
addition, the electronic and thermal properties can be improved through chemical
reduction or thermal annealing such as the ggraphene oxide/alumina hybrid films of
Sunghwan Hong et all that show in-plane thermal conductivity of 565 Wm 'K with
and cross-plane thermal conductivity of 18.1 W m'K™! [166]. On other hand, this
value depend on the high density of the film related to alumina (3.95 gcm™), and a
post thermal annealing at around 1000°C that increase the cost of production.

Most of the techniques analyzed above, showed the limit that substrates are
required for the production of GRM-based films. However, these substrates must
have specific chemical-physical characteristics because if in one hand they have
compatible with the solvents and chemical reagents used, they must resist either
chemical reduction or high thermal properties are required to resist to thermal
annealing.

Therefore, freestanding papers or membranes are considered fascinating materials
as alternatives to the materials used today for many applications such as
actuator[167], sensing [168, 169] thermal management [170]. Moreover other
industrially scalable techniques (such as electrospray [171], solution casting [172-
175] and tape one [176] and vacuum filtration of GRM’s suspension through a porous
membrane filter [177-180] from which large amounts of GRM derivatives can be
produced, especially foil, laminate or membrane, will 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 or GO [181].
A substrate is usually used as a base on which the suspension is gradually self-
assembled and consequently the thickness is also controlled (from a few microns to
tens of microns). Indeed, during the evaporation process the GRM concentration
increase more and more and flakes-to-flakes interaction are promoted, leading to self-
alignment or a multilayers structure as show in Figure 21.

An interesting applied research [176] have been demonstrated that the tape casting
process 1s a promising technique for the continuous process of GRM films
production. The suspension is ejected through a slit by moving the substrate relative
to a doctor blade, as show in the Figure 21 b and under conveyor roller there is a heater
in order to increase the solvent’s evaporation.
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Suspension Solvent Evaporation Drying

Figure 21. a) Schematic representation of self-assembly process from solvent’s
evaporation in static condition. (b) Tape casting industrial method to obtain GRM films in
continuous process.

Because the starting suspension should be stable in order to avoid that the
graphene material accumulates on the bottom and occludes the outlet before it is
removed, aqueous GO suspensions are usually used. Moreover, for thermal
application the resulting GO films have been press and thermally reduced with
increment of production costs [182] as consequence.

Electro-spray deposition (ESD) is another continuous industrial process which is
largely used to produce large quantities of free-standing GRM papers [183] because
it is possible combine this technique upstream with exfoliation and downstream by
continuous roll-to-roll method.

The advantages are the formation of mono-dispersed charged drops from GRM
suspension that are deposited with high precision onto aluminium substrates (Figure
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 con-jet mode coupling a continuous flow rate by siring pumps.
It is possible obtain films from the same dispersion with mechanical proprieties that
are customized changing easily the electrical, thermal or others parameters [184,
185]. Moreover, the stripe are commonly compressed during the rolling step in order
to obtain a homogenous material and thermal or chemical post-treatment are
available such as annealing (2500°C under Argon gas flux) obtaining film with a
range of thermal conductivity 200-500 W m 'K™! [186] depending of the grade of
reduction but most important to deposition rate from which the alignment and
compactness of material. Therefore 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 free-standing 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 free-standing membrane [187] similarly to the processes of paper production
therefore easily scalable industrially.

Figure 23. Schematic representation 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, however, are 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 material re-aggregation rate and
filtration one. Indeed during the filtration, the GRM have a tendency to stack between
themselves into the dispersion and precipitate onto the membrane organising in
alignment manner due to hydrostatic forces [188] (as show in the mechanism 1 of
Figure 24). Because a thin film is created firstly, the general process can be summarize
like a film that increase its dimension developing a low porosity paper in which the
solvent is removed at the end.

The opposite case is when the filtration rate is higher than re-aggregation one and so
the random displacement of GRM is obtained within the membrane that show also
high porosity (as show in the mechanism 3 of Figure 24).

The better compromise is the regulation of filtration rate in order to promote the
stacking of GRM that self-assembled into domains leading a good alignment of
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
Figure 24).

I AN E

8 "'l/ 2

: S~ —=\|3

3 ""..f// 2
— p——

+—
&
(e}
c
c
=

Mechanism 1: Mechanism 2: Mechanism 3:
Highly ordered layering ~ Semi-ordered accumulation  Disordered concentration
z i ks
£ € E
8 NN ] ~—\ < |
122N k= l"V\l
5 | 228 AE > 2fa| |2 \//--/
=== s LN

§ ; ;

8 SE— _ |2

L =2 [ DT |2

Excess solvent removal

v
2
b

Distance from filler

Fabricated paper
with intercalated solvent

40



Figure 24. General representation of mechanism that regulate the formation of
membrane GRM based and relative orientation of flakes inside the films. In the
mechanism 1, there is a high alignment of flakes due to slowly filtration promoting
the stacking and further precipitation. The mechanism 3 shows the randomly
displacement as result of a faster filtration process while mechanism 2 is the optimal
filtration rate which makes films organized as well as to the first mechanism,
reducing at the same time the process timing.

For example, a process that use GO (because the hydroxyl groups promote the
dispersion in an aqueous solvent and) shows a great alignment of flakes within the
resulting film as proven by scanning electron microscopy (SEM) analysis [189]
(shown in the Figure 25), while X-ray diffraction analysis confirmed that the space
between layers corresponding about 0.83 nm related to the presence of water
molecules locked through hydrogen bonding [190].

Figure 25. SEM analysis that shows the alignment of GOs within a membrane
produced by filtration.

However, having a compact material is not the only condition for good thermal
properties that can be exploited in heat spreading. In fact, GO membranes that show
a conductivity of less than 10 Wm 'K~ [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 temperature at which they were annealed, such as about 200
Wm 'K™! for annealing at 340°C [191] , around 400 Wm 'K™! for temperature
800°C-1000°C [170], 800-900 Wm 'K™! at 1100-1200°C [191], over 1000°C
Wm K™ for thermal annealing 2400-3000°C [192] that could be considered the
temperature from which sintering phenomena take place.

In order to avoid thermal process that increase production costs, others

approaches often use methods in which the row material is not a GO derivate but
graphene ones or CNT.
Although the single nanotube shows excellent thermal conduction properties, the
membranes obtained by filtering of its suspensions show two orders of magnitude
lower values (less than 100 Wm 'K ™! [193-195] or 100-200 Wm™ 'K ™! [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
manufactured from suspension of graphene based materials. In particular MLG and
GnP are widely used to produce suspensions in organic solvents and then filtered to
obtain the corresponding like-paper foil. They show value between 300 Wm 'K ™!
[196] and 600 Wm 'K ™! [197] which makes them the best candidates able to compete
with the classic materials previously discussed.

Hybrid membranes have also been manufactured using a combination of different
materials, such graphene quantum dots (GQDs) have been shown good proprietaries
as stabilizers to achieve aqueous dispersions of graphene nanoflakes [198]. Due to
2D carbon structure, they are able to interact with basal surface thought n—r stacking
attraction and, in other hand, their surface is covered by hydrophilic groups [199,
200] which increase the dispersing aptitude [201] as show in the Figure 26 a. With
this configuration there were no relevant improvements in thermal conduction
properties that are more attributable to the quality of graphene used, in similar way
to the liquid phase extraction process with PAHs.

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 (which are closely stacked into
aggregates as FLG), the m—m interactions increase the space between these
macrostructures, decreasing the in plane thermal conductivity, but on the other, they
widely enhance the cross plane thermal conduction respect to that one obtained for
FLG pristine aligned within the membrane, giving continuity to the structures and
create a 3D network [206] (Figure 26 b).

Molecular dynamics (MD) simulations had 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. It is exciting how best result are obtained
for the shortest CNTs or carbon nanorings (CNRs) which are vertically aligned
within inter-space between graphene sheets as pillars [202] as show in the Figure 26
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 pyrolysis step [203], but in any case,
the results obtained are not so immediately scalable at industrial. Among 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°C was applied. Despite the high cost of production, both from the pyrolysis
of cellulose and from the sintering of QDs, CNRs were obtained by increasing the
thermal conductivity to values almost 2000 Wm™ 'K ™! [204].
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Figure 26. Representation of different dispersions GRM based and relative hybrid
films. (a) Process that use QDs (b) CNTs (¢) CNRs

The study on thermal conduction in GRM nanopaper is not easy 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 nanopaper determine the
contact thermal resistance [181, 205]. For example during the deposition of GRM,
orientation defects can create air cavities that increase thermal resistance and
therefore their reduction obviously improves the thermal contact between the
particles and consequently improves the overall thermal conductivity [206]. It is
obvious that simple way to reduce the porosity and improve the contacts between the
particles is the application of uniaxial pressure on 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
properties. In fact, while the conductance of molecular junctions has been extensively
studied by the Functional density theory [207, 208] and molecular dynamics [209,
210] the experimental exploitation has been reported only recently [74, 211].

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 functionalization have been used in order to make a comparison. The first
one used phenol to exploit the hydrogen bonds (Figure 27 a) and the other a di-aniline
derivate was exploited to covalently create a thermal bridge (Figure 27 b). As result,
Bernal et al. obtained that the chemical functionalization drives the self-organization
of the GnP within the nanopapers, leading to a 20% enhancement of the thermal
conductivity both GnP functionalized with phenol and that one with di-aniline while
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the cross plane thermal conductivity was also increased by 150% in the case of GnP
linked covalently.

Figure 27. Selective functionalization at the edges of GnP. a) Functionalization with
phenol to exploit the hydrogen bond. b) Functionalization with di-aniline to covalently
link the GnP.

Using the same functionalization 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 the n-m interaction between the surface
of GnP and bi-functional molecules derived from pyrene while the second exploits
the Diels-Alder cycloaddition reaction between GnP and bifunctional linker derived
from maleic anhydride. The resulting functionalized materials will be used for the
manufacture of nanopapers that will be 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 GnP (Figure 28) 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 of 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 potential heat spreaders.
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Figure 28. Schematic illustration of approach to functionalize the GRM. a)
Supramolecular interaction between bispyrene molecules and surface of GnP. b) Diels
Alder reaction between the edge of GRM and bismaleimide.
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2.1. Synthesis procedure

2.1.1. Synthesis of bispyrene molecules

For the reaction, shown in Figure 29, 1-pyrenebutyric acid (300 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 (Reagent Plus®, >99.0%,)
(10 mL) was added drop wise and the mixture was heated to reflux for 6 h under an
argon atmosphere. Then the solvent was evaporated in vacuum to afford the orange
solid, which was subsequently dissolved in dichloromethane (20 mL) (Sigma
Aldrich, anhydrous, >99.8%,) [212]. A solution of the diaminoalkane (0.5 mmol)
(ReagentPlus®, >99%) in dichloromethane (2 mL) was added drop wise to the
solution containing 1-pyrenebutyric acid and the reaction mixture was stirred at room
temperature for 18 h.

The precipitate was filtered using nylon filter membranes (pore size 0.45 pum,
Whatman), washed with dichloromethane and the solvent was evaporated. In order
to remove the non-reacted 1,2-diaminoethane, the solid was stirred for 1 hin a 10*
M solution of hydrochloric acid (ACS reagent, 37%) and filtered to obtain the
corresponding pure product.

Applying the same procedure, bispyrene derivatives with different chain length
between the pyrene groups were synthesized by varying the relative diaminoalkane
(1,2-Diaminoethane, Sigma Aldrich, >99.5%; 1,4-Diaminobutane, Sigma Aldrich,
>99%,; 1,6-Diaminohexane, Sigma Aldrich, >99%; 1,8-Diaminooctane, Sigma
Aldrich, 98%; 1,12-Diaminododecane, Sigma Aldrich, 98% ) used in the reaction
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Figure 29. Schematic representation of bispyrene molecules synthesis

2.1.2. Synthesis of mono-pyrene molecules

For the reaction, shown in Figure 30, 1-pyrenebutyric acid (300 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 (Reagent Plus®, >99.0%,)
(10 mL) was added drop wise and the mixture was heated to reflux for 6 h under an
argon atmosphere. Then the solvent was evaporated in vacuum to obtain the yellow
solid, which was subsequently dissolved in dichloromethane (20 mL) (Sigma
Aldrich, anhydrous, >99.8%,) [212]. A solution of the 1-Aminododecane (1 mmol)
(ReagentPlus®, >99%) in dichloromethane (2 mL) was added drop wise to the
solution containing 1-pyrenebutyric acid and the reaction mixture was stirred at room
temperature for 18 h.
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The precipitate was filtered using nylon filter membranes (pore size 0.45 pm,
Whatman), washed with dichloromethane and the solvent was evaporated. In order
to remove the non-reacted 1,2-diaminoethane, the solid was stirred for 1 hin a 10*
M solution of hydrochloric acid (ACS reagent) and filtered to obtain the
corresponding pure product.
0
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Figure 30. Schematic representation of mono-pyrene molecules synthesis.

2.1.3. Synthesis of bismaleimide molecules

The synthesis of maleimide follows two steps. The synthesis procedure for the
intermediate (step I, shown in the Figure 31) obtained by reaction between maleic
anhydride and diamines is described below. The method was performed on diamine
compounds with variable aliphatic chain length between amino groups (1,2-
Diaminoethane, Sigma Aldrich, >99.5%; 1,4-Diaminobutane, Sigma Aldrich, >99%;
1,6-Diaminohexane, Sigma Aldrich, >99%; 1,8-Diaminooctane, Sigma Aldrich,
98%; 1,12-Diaminododecane, Sigma Aldrich, 98%).

(8]
o MNH, N
Dlethyl ether
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Figure 31. Schematic representation of the first reaction step for the synthesis of
bismaleimide molecules.

The maleic anhydride (5.000 g, 51.7 mmol) (Sigma Aldrich, >99.0%) was
dissolved in 150 mL diethyl ether (Sigma Aldrich, anhydrous, >99.7%) previously
dehydrated and the 1,2 ethandiamine (1.5641 g, 25.8 mmol) in 20 mL also diethyl
ether. This was added drop wise and the mixture was stirred at 20 °C for 16 h. The
precipitate was filtered using polytetrafluoroethylene (PTFE) filter membranes (pore
size 0.45 pm, Whatman), washed with diethyl ether and the white powder was dried
at 40 °C for 2 h under vacuum.

To close the 5-member ring and then to lead to the formation of bismaleimide,
the molecules obtained from the first step are used and an intramolecular
condensation is carried out, as shown in Figure 32.
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Figure 32. Schematic representation of the second reaction step for the synthesis of
bismaleimide molecules.

The longest bismaleimide synthesis procedure obtained by closure of (2Z,2'Z)-
4,4'-(dodecane-1,12-diylbis(azanediyl))bis(4-oxobut-2-enoic acid), the relative
amide derivative defined with code N12, obtained after the reaction between maleic
anhydride and 1,12-dodecanediamine, is described below.

5.000 g (1.36 mmol) of N12 compound were dissolved in 2.56 mL (32 mmol) of
acetic anhydride (ReagentPlus®, >99%) with 0.183 g (1.56 mmol) of sodium acetate
anhydrous (Sigma Aldrich, >99%).

The mixture was stirred at 80 °C for 16 h and then it was transferred into 250 mL of
a basic solution (230 mL of deionized water and 20 g of sodium carbonate (BioXtra,
>99.0%) that was previously refrigerated at 5 °C.

The precipitate was filtered using cellulose filter membranes (pore size 0.20 pm,
Whatman), washed with deionized water (50 mL) and diethyl ether (20 mL) (Sigma
Aldrich, anhydrous, >99.7%) and, at the end, the solid was recrystallized in 10 mL
of ethanol (Carlo Erba, 96%) for 6 h. After that, it was filtrated again (using cellulose
filter membranes with pore size 0.20 um, Whatman) and the resulting powder was
dried at 40°C for 2 h under vacuum.

2.1.4. Functionalization of GnP with bis or mono-pyrene
derivatives

GnP (10 mg) were added to a solution (20 mL of the selected bispyrene in N,N-
dimethylformamide (10° M) (Sigma Aldrich, anhydrous, 99.8%) at a concentration
of 0.5 mg mL!. The solutions were sonicated in pulsed mode (5 s on/5 s off) for 30
min at a power output of 150 W by using an ultra-sonication probe (Sonics Vibracell
VCX-750, Sonics & Materials Inc, USA) with a 5 mm diameter Ti-alloy tip. After
that, the suspension was left to decant for 120 min at 5°C and part of the supernatant
was carefully collected for further characterization, while the other part was filtrated
through a polytetrafluoroethylene (PTFE) supported membrane (0.2 um as pore size,
Whatman), washed with water (50 mL), ethanol (50 mL) (Carlo Erba, 96%) and
diethyl ether (50 mL) (Sigma Aldrich, anhydrous, >99.7%) and dried at 60 °C for 24
hours.
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2.1.5. GnP/Bismaleimide derivatives

The bismaleimide 112 (184 mg, 0.51 mmol) was dissolved into 50 mL of
anhydrous xylene, stirred and deoxygenated with a gas flux of nitrogen for 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 into a silicone oil bath at 120 °C for 12 h.

The precipitate was filtered onto a nylon membrane (0.45 um as pore size,

diameter 47 mm, Whatman) and washed with anhydrous xylene (20 mL) (mixture of
isomers, ACS reagent, >98.5%) and diethyl ether (20 mL) (Sigma Aldrich,
anhydrous, >99.7%) and finally dried at 40°C for 2 h under vacuum to obtain a black
powder.
The solid were suspended into 100 mL of N,N-dimethylformamide (Sigma Aldrich,
anhydrous, 99.8%) and sonicated in pulsed mode (5 s on and 5 s off) for 30 min with
power set at 150 W) by using an ultra-sonication probe (Sonics Vibracell VCX-750,
Sonics & Materials Inc, USA) with a 13 mm diameter Ti-alloy tip.

The suspensions were filtrated using a polyamide membrane (0.45 um as pore
size, diameter 47 mm, Whatman) and dried at 40 °C under vacuum for 16 h to
completely remove the solvent.

2.1.6. GnP nanopaper

GnP and functionalized GnP were suspended on N,N-dimethylformamide
(Sigma Aldrich, anhydrous, 99.8%) solutions (0.5 mg mL ') and sonicated in pulsed
mode (5 s on and 5 s off) for 30 min with power set at 150 W) by using an ultra-
sonication probe (Sonics Vibracell VCX-750, Sonics & Materials Inc, USA) with a
13 mm diameter Ti-alloy tip. The suspensions were gravimetrically filtrated using a
polyamide membrane (0.45 pm as pore size, Whatman) and then fixed in a petri glass
with scotch tape to be dried at 65 °C under vacuum for 2 h to completely remove the
solvent. The as-obtained papers were peeled off from the membranes and were
mechanically pressed in a laboratory hydraulic press (Atlas 15T, Specac, England)
under a uniaxial compressive load of 5 kN for 30 min at 25 °C [74, 213].
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2.2. Characterization techniques

2.2.1. Characterization of pyrene compounds

Nuclear magnetic resonance spectroscopy (NMR)

The NMR spectrum (acquired on Bruker AVANCE III, USA with a frequency
of 500 MHz) provides qualitative and quantitative informations valuating the integral
of area under each peak related to the number of protons which have equal
characteristic. Therefore, = 3 mg of powder were solubilized into 1 ml of
Hexadeuterodimethyl sulfoxide, Sigma Aldrich, 99.96 atom % D) and if we consider
the chemical shift with reference to the dimethyl sulfoxide deuterated (DMSO-d6)
the region of the spectrum between 7.75-8.5 ppm provides the number of aromatic
protons, the area between 3.2-3.5 ppm describe those closed an high electronegative
environment, and the part from 1.9 to 2.5 ppm belongs to the proton’s located in the
aliphatic chain.

The '3C-NMR provide information about the number of carbon atoms in the
chemical structures (likewise 'H-NMR) because there is a peak for each '*C and also,
the position depend on environment that surrounds the '*C, indeed the region
between 120-135 ppm provides informations about the aromatic protons while
between 25-40 ppm there are the signals related to aliphatic ones.

Liquid chromatography coupled with mass spectroscopy characterization

Liquid chromatography coupled with mass spectroscopy ones (H" mode (model LTQ
XL, Thermo Fisher Scientific, USA), is an analytical technique exploitable to analyse
organic mixtures, commonly found in complex matrix or multifarious chemical
environment. The combination between liquid chromatography able to separate 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.

Because this technique analyses ions, an ionization phase is required for electrically
neutral molecules, which usually occurs in the liquid phase and Electrospray
ionizations (ESI) is a method applied for the analysis of bispyrene (<1 mg into 5 ml
of methanol for HPLC, >99%, ACS reagent) in which two drops of formic acid, (ACS
reagent, >96%,) have been added to promote protonation.

In addition to the commonly observed protonated molecules, sodium and potassium,
are often encountered [214]. These species become possible as the surface excess
charge of ESI nano-droplets may be carried by various cationic species [215].

The ions observed in the mass spectra are controlled by different balances that occur
in the charged nano-droplets produced 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 phases (where M
indicate the molecules)
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M [M+HJ} — [M + HJ; (2.1)

z
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M [M + Na||” — [M + Nal; (2.2)

First, equilibria taking place in the liquid phase (denoted with subscript 1) are
responsible for the charging of the analytes. Second, after this, formation adducts can
be ejected to the gas phase (denoted with subscript g). indeed, sodium and potassium
cations cannot be neglected [216].

2.2.2. Characterization of bismaleimide

Nuclear magnetic resonance spectroscopy characterization method

The NMR spectra were acquired on Bruker AVANCE III, USA with a frequency
of 500 MHz. For the products obtained from step I, = 5 mg of powder were
solubilized into 1 ml of Hexadeuterodimethyl sulfoxide, Sigma Aldrich, 99.96 atom
% D) and if we consider the chemical shift with reference to the dimethyl sulfoxide
deuterated (DMSO-d6) the region of the spectrum between 9.3-9.7 ppm provides the
number of amino group’s protons, the area between 6.2-6.4 ppm describe those
closed to double bond, and the part from 3.2 to 3.4 belongs to the proton’s located in
the aliphatic chain in the middle of amino groups. The signal of protons from
carboxyl groups is outside the analyzed range because it is near 16.5 ppm
For the step 11, = 3 mg of 1,1'-(dodecane-1,12-diyl)bis(1H-pyrrole-2,5-dione) which
is defined with code 112 were solubilized into 1 ml of Deuterochloroform (Sigma
Aldrich, 99.8 atom % D) and so the peak of the 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 shown the
peak relative to protons of in the aliphatic chain in the middle of amino groups.

Fourier Transform infrared (FTIR) characterization method.

Fourier Transform infrared (FTIR) spectra were acquired with Perkin Elmer
Spectrum Two, in transmission mode (16 scan, resolution of 0.5 cm™) of KBr pellet
(=2 mgdispersed into = 150 mg of KBr powder Sigma Aldrich, FT-IR grade, >99%)).

2.2.3. Characterization GnP/BP

Raman Spectroscopy Characterization

Raman spectra were acquired on a Renishaw inVia Reflex (Renishaw PLC, UK)
micro Raman microscope using at excitation laser wavelength of 514.5 nm. The
spectra are the average of five measurements made on the same sample but in
different areas (less than 10 mg of powder) whose peaks have been fitted with a
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Lorentzian function using the origin Pro 2016 software. The fitted curves were used
to calculate the ratio between the peaks at 1580 and 1350 cm™! in order to evaluate
the effect of functionalization.

Ultra violet — Visible Spectroscopy Characterization

After the functionalization the suspensions were 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 UV-Vis, model UV-2600, Shimadzu, Japan (single
scan with a 0.5 nm sampling interval and 0.05 s accumulation time, 1 cm quartz
cuvette) It was principally analysed the region between 600 nm and 800 nm in which
the organic compounds no give signals contrary to flakes dispersion, in order to study
the stability of dispersion.

Photoluminescence characterization

The suspensions obtained from the functionalization of GnP with BP were
centrifuged at 4000 rpm for 30 min and left to decant overnight and
photoluminescence spectra on 4.5 ml of supernatant were recorded on a NanoLog 4,
HORIBA, Japan) with an excitation at 345.00 nm and 1nm sampling interval. The
signals at 376 nm and 485 nm related to organic compounds were exploited to study
the GnP function that absorbing BP onto its surface, it decrease the BP concentration
that change the aggregation status with itself.

2.2.4. Characterization of GnP /bismaleimide derivate

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 pans and directly 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 800 °C with 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 corresponding value for pristine 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 514.5 nm. The
samples were analyzed in powder form presenting a mass in the range 5.0+1 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 software. The
fitted peaks were used to calculate the ratio between the intensity peaks at 1580 and
1350 cm™! in order to evaluate the effect of Diels Alder reaction.

2.2.5. Characterization of GnP Nanopapers

Ultra violet — Visible Spectroscopy Characterization

After the gravimetric filtration, the filtrated solutions were collected (about 5 ml)
and analysed by UV-Vis (model UV-2600, Shimadzu, 1 cm quartz cuvette with
single scan 0.5 nm sampling interval and 0.05 s accumulation time) to measure the
absorbance and calculate the concentration from relative calibration line using the
Beer-Lambert law (y=m-x equation where y is the absorbance, m is the slope of the
curve and x is the concentration of the solution). Then, to calculate the concentration
of bispyrene derivatives adsorbed onto GnP, it was considered the initial
concentration minus the non-adsorbed one. The number of moles were calculated
and multiplying for the molecular weight, it was calculated the milligrams of
molecules within nanopaper

Field-emission scanning electron microscopy (FESEM)

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 as the cross 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 the densities, 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 field-emission scanning electron microscopy on the cross section.

X-ray diffractometer

Orientations of GnP flakes in the nanopapers GnP BP were evaluated using an
X-ray diffractometer (Cu Ka radiation, model XRD5-PANaytical X Pert Pro, United
Kingdom). The specimens (disks 23 mm diameter, 20 — 45 um thick) were supported
onto PET film (5 um) and measured with incident angle (o) ranging from 13° to 103°
with respect to the horizontal plane of the sample. Intensities of the signal of 002
graphite planes (20=26.4°) were collected against the incident angle. Intensities are
reported as a function of the tilt angle o+180-0002, which corresponds to the angle of
inclination of the flakes in the nanopaper, varying from 0° (basal planes parallel to
the nanopaper plane) to 90° (basal planes perpendicular to the nanopaper plane).
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The experimental curves (one for each angle) were plotted and the peaks have
been fitted with a Lorentzian function using the origin Pro 2016 software e in order
to obtain the peak height. For every GnP bispyrene nanopaper, the intensities vs tilt
angle were plotted and interpolated by exponential decay curve y = A-e%™ (using
origin Pro 2016 software) where A is a constant and Ry is the decay rate. The 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
thicknesses. To obtain the probability distribution for the flakes oriented from
parallel to perpendicular to the nanopaper plane, the Pareto graphs show the
cumulative total distribution intensities for the various orientation angles.

Light flash analysis (LFA)

The in-plane thermal diffusivity (oy) and cross-plane diffusivity (o.) were
measured using the xenon light flash analysis (LFA) (Netzsch LFA 467 Hyperflash,
Germany), at 25 °C, using 200 V - 200 ps pulses. The samples were die cut in disks
of 23 mm with typical thicknesses in the range 20 — 50 um and the measurement of
the ay was carried out in an in-plane sample holder while the a1 was measured in the
standard cross-plane configuration. Five measurements were collected on each
sample to calculate averaged values and experimental standard deviations.

The in-plane (k//) and cross-plane (k1) thermal conductivities of nanopapers (Knan)
were calculated as k=p-a-Cp, where p is the density of the graphene film, o is the
value of thermal diffusivity and Cp is the heat capacity of graphite (Cp = 0.71 J g’!
K1) [217].

Infrared Thermal images

Heat spread performance was evaluated using the same specimen type used for
LFA, assembled onto a transistor (2N2222 A, low power bipolar transistor, NPN
silicon planar switching transistor, TO-18 metal package, STMicroelectronics),
powered by an electrical generator (GWinstec GPS-3303, Taiwan), set at 0.080 A
current at 4.3 V to provide 0.345 W. The thermal contact of the nanopaper disk heat
spreader onto the flat surface (12.56 mm?) of the transistor is mechanically
guaranteed by a NdFeB (N28) magnetic cube, 3x3x3mm? centred onto the transistor
top surface. The heat spreader disks, as well as the magnetic cube were blackened to
control their emissivity. Temperature of the system was monitored by an IR thermal
imaging camera (Optris-Cam PI-400, Germany), with an optical resolution of 382 x
288 pixel and 1 Hz sampling rate. Tests were carried out upon heating (power on)
for 300 second and cooling (power off) under a closed box measuring 29x23x19 cm?
to ensure the reproducibility of natural convection, for other 300 sec.

Thermal maps were elaborated as a matrix, extrapolating the temperature (z axis)
on the magnet surface, using an OriginPro 2016 software. An exponential function
(y = A-eR%* where A is a constant and RO is the decay rate) was used for the fitting
of experimental data points (also using software OriginPro 2016) in order to calculate
the cooling rate of each sample.
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Temperature profiles vs. radial coordinate along three different directions
(considering a Cartesian X, y system with the origin centred in the centre of the
sample, the horizontal, vertical and oblique at 45° directions of the first quadrant)
were extracted and averaged to obtain a representative temperature vs. radius decay
curve.

Method of nanopapers porosity calculation

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

_ Pgriphite — Pmeasured

@ (2.3)

Pgriphite — Pair
Where ¢ is the porosity, paraphite is graphite density (2.2 g/cm?), Pmeasured is measured
density and pair is the air density (0.0012 g/cm?).
Considering pair << pgraphite, it 1S possible approximate as follow:

_ Pgriphite — Pmeasured Pmeasured

- =1-
Pgriphite or ¢ Pgraphite (2.4)

¢

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 —
pgrapmre measured Penp Pmeasured

Where @cnp is the volume fraction of GnP, Vgnp is the volume of GnP, mgyp is the
mass of GnP and pcnp is the intrinsic density of GnP (=2.1g/cm?)

Pmeasured

s o GUERIN
¢ Pgraphite (2:5)
| S Pmeasured 26
pggraphite ( ' )
Pmeasured = Pgraphite ' (1 — @) (2.7)
Venp
Dgnp =357 28)
measured
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measured

Menp - "Pgraphite - (1-¢)

Mmeasured = PGnP

PQgnp = (2.10)

Because the measured mass come from only GnP whose density is similar to bulk
graphite

s (e
Dgpp = Pgraphite ~ (1 — @) @2.11)

PGnp

Cenp=1-¢ (2.12)

Linear model for thermal conductivity calculation of continuous phase within
nanopapers

According to linear model

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

Where Kecomposite = the thermal conductivity calculated by relation Keomposite=0lcomposite*
Pcomposite *Cp considering peomposite 1S the density of composite and Cp is heat capacity
of GnP, Kair = thermal conductivity of air equal to 0.026 W-m™-K™!, Kgnp = thermal
conductivity of GnP network (GnP and functionalization) that is the unknown factor,
¢air = volume fraction of air, ¢gnp= volume fraction of GnP network.

Because the thermal conductivity of films is much higher than ka;:

2.14
Kcomposite= KGnP ’ d)GnP ( )

Considering the volume fraction definition in which the total volume Vi is the

volume that was experimentally measured

® np = Venr / Vior (2.14)

I{composite= KGnP ) VGnl:‘ / Vcomposite (2'15)
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Mgnp

PGnp Mgnp  Pcomposite
Keomposite = K T o = K ' ' 2.16
posite GnP m " GnP ( )
posIte PGnp  Mcomposite
Pcomposite

Where peomposite and Meomposite are respectively the density and the mass of nanopaper.
Because the mass value comes only from a GnP contribute, the previous equation

can be written:

pcomposite
K = KGI]P‘

composite e (2 1 7)

Pcnp
composite” (2 1 8)

KGnl:“ =K
pcomposite
In the end, considering that the intrinsic density of GnP is comparable 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 (2.19)
Pcomposite Pcomposite
Kenp = %composite C raphite ~ Pgraphite (2.20)
p p grap grap

Approach of a finned surface applied to nanopapers

A model that described the system by combining the effect of the conduction of the
material with its ability to transfer heat to surrounding by convection, was studied.
Among the various types of approaches that one in which the heat exchange surface
is increased by fins, was chosen. In particular, the nanopapers were compared to
classic radial fin of rectangular profile (Figure 33). According to this classic approach
[115], approximations were made:

e Considering the temperature of plateau or the steady state, the heat flow in
the fin and its temperatures remain constant with time;

e 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;

e The heat transfer from the edges and the thermal gradients through the fin can
be ignored when the fin thickness is small in comparison to the length (25
mm) and the height (=0.030 mm).
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Figure 33. Radial fin of rectangular profile

As show in the first chapter the profile function and its derivative are:

dfa(r)
dr

fHlr) =

o] &

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

d’e do
2 2.2

(EII)I'L (2.14)
m=|\-— and
k8] ang  0=T-Ts (2.15)

Where: m is the fin performance factor (m™'), h is the heat transfer coefficient Wm-
2K, k is the thermal conductivity (Wm™'K™!), & is the thickness (mm) of the film, 0
is the difference of measured temperature (T) and Ts which is the room temperature
(°C).

This equation is Bessel’s modified equation, which has a solution in terms of the
modified Bessel functions 6(7):

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

(2.16)

Where K1, Ko, lpand I; are Bessel’s modified equation. This equation is used to fit
the experimental thermal gradient curve obtained from maps at 300 sec of each films
in order to obtain m which is the fin performance factor.
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Chapter 3

Chemical functionalization of
graphite nanoplatelets

In this chapter, two different approaches for graphite nanoplatelets (GnP)
functionalization will be discussed. The first one by supramolecular interaction
between graphene surface with pyrene derivatives (Figure 34 a) and the second by
Diels Alder reaction of GnP with bismaleimide molecules (Figure 34b).

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

Aiming at the non-covalent crosslinking of GnP, bi-functional molecules able
to provide a sufficiently strong surface interaction with graphene layers were
designed and synthesised. Among the different chemical species able to strongly
interact with the sp? carbon surface via n-m stacking, For this reason, a series of
bispyrene (BP) derivatives (C2 — C12) were synthesized, varying 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 toluene in order to add the Thionyl
chloride to replace the carboxylic group with its derived chloride. In one hand, not
only the organic compound increase its reactivity towards the amine group but, on
the other hand, the intermediate is soluble in DCM [212] contrary to the reaction
product (BP) which is not soluble and can be separated from unreacted reagents by
simple filtration.
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Figure 35. Synthesis of bispyrene molecules

Nuclear magnetic resonance spectroscopy (NMR) was extremely useful for the
identification and quantification of bispyrene molecules.
The Figure 36 shows the 'TH-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 the number of protons having the same chemical surroundings.
"H NMR (500 MHz, DMSO-ds, 300 K) § (ppm): 8.40 (d, J=9.3 Hz, 1H, g), 8.31 (4,
J =172 Hz, 2H, e +d), 8.25 — 8.20 (m, 2H, f+c), 8.17 (s, 2H, b + h), 8.11 (t, J=7.6
Hz, 1H, m), 7.95 (d, J=7.7 Hz, 2H, a + 1), 3.36 — 3.32 (m, 2H, n), 3.25 — 3.19 (m,
2H,j), 2.29 (t,J=7.3 Hz, 2H, 1), 2.06 (dd, /= 14.9, 7.4 Hz, 2H, k).
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Figure 36. "H NMR spectrum of C2 in DMSO-d6.

The 'H-NMR analysis confirmed the purity of the product, also a '*C-NMR
analysis was carried out (Figure 37) in which the experimental results were compared
with those obtained from a theoretical prediction by software (Chemdraw Pro 15)
shown in Figure 38.
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Figure 37. *C NMR spectrum of C2 in DMSO-d6.

BC-NMR (126 MHz, DMSO-ds, 300 K) & (ppm): 172.53, 137.01, 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 of *C-NMR C2.

The comparison between the experimental and theoretical ppm shows a good
matching confirming the C2 molecule purity, so an analysis was carried out by
different analytical technique.

Liquid chromatography coupled with mass spectroscopy ones (LC-MS) is an
analytical technique exploitable to analyse organic mixtures, commonly found in
complex matrix or multifarious chemical environment. The combination between
liquid chromatography able to separate 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 chromatogram (not shown here) of the powder C2 exhibited only a peak, related
to a single component of the solid indicating the purity of the substance. Analysing
its MS spectrum (Figure 39) it is evident how the C2 makes the commonly adduct
with sodium, naturally present in the methanol or when Electrospray ionizations
(ESI) is used to makes ions from organic compounds electrically neutral [216].
Indeed there is mass/charge ratio of 623.62 that correspond to the C2 molecular mass
where a hydrogen atom is substituted by a sodium atom.

At the same time, the charge density could be so high that it is common to break same
bonds. In general polar bonds between two different atoms are easier to break and so
it 1s possible to create a couple of 1ons that could be detected such as those in the
spectrum, in which, among peaks with high relative intensity, there are 331.43 m/z
and 311.38 m/z that correspond to the ions generated after the C2 the rupture of the
amide bond. They are respectively 2-(4-(pyren-1-yl)butanamido)ethan-1-aminium
and 4-(pyren-1-yl)butanal that makes an adduct ion with potassium.
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Figure 39. ESI" MS spectrum of C2 in methanol.

LC-MS analysis has proven that the only analyte present in solution is C2 and
and therefore the reaction had a yield of 84% in product.

A series of BP with different chain length were synthesised following the same
procedure. In order to confirm the successful synthesis of the BP derivatives, 'H-
NMR were made focusing on the spectra region between 1-2.5 ppm where the
hydrogens of alkyl chain give signals (spectra are shown in the Appendix 7.1).
Because both the assignment of the peaks and the values of their integrals univocally
confirmed the presence of the respective synthesized bispyrene molecules (BP) and,
similarly to the C2 molecule, the *C-NMR analyses were also carried out comparing
the experimental peaks ppm with the respective theoretical predictions by software.
If for C4 (Figure 89) and C6 (Figure 90) molecules there are clear evidence between
experimental and theoretical data, it cannot be affirmed for the C8 (Figure 91) and
C12 (Figure 92) 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 high signal-to-noise
ratio) that did not allow to distinguish all signals.

To provide additional validation about the purity of the synthesised bispyrene
molecules, LC-MS analyses were carried out by solubilising the molecules in
methanol to which formic acid has been added to improve protonation and ions
formation.

The MS spectrum in Figure 40 shows the fragmentation of C4, in which not only the
pure protonated molecule [M]+ at 629.69 m/z and its adduct with potassium at 667.67
m/z are visible, but also its fragmentation at 359.45 m/z which corresponds to the
molecular mass minus 272 m/z corresponding to the fragment 4-(pyren-1-yl)butanal.
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Very interesting is the peak at 711.93 m/z which corresponds to the mass of the
molecule that makes an adduct with sulfinic chloride, a derivative of thionil chloride,
the acid used in the first step of the reaction that probably remained in trace.
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Figure 40. ESI" MS spectrum of C4 in methanol.

The MS spectrum in Figure 41 shows the fragmentation of C6, in which the
protonated molecule [M]" is 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 are some impurities (at 130.38 m/z, 236.32 m/z
and 214.37 m/z) which are not attributable to the synthesis reaction of C6 but which
have contaminated the instrument. Instead, the peak at 288.37 m/z attributable to the

ion formed by the protonation of 4-(pyren-1-yl)butanamide is relevant because it is
a fragment of C6.
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Figure 41. ESI" MS spectrum of C6 in methanol.

Bispyrene C8 and C12 show a low solubility in methanol which is the solvent
used to conduct LC-MS analysis and consequently the relative abundance of the
molecule that can be ionized decreases dramatically. This is evident in the MS
spectrum of C8 (Figure 42) where the signals attributable to its fragmentation have an
intensity slightly higher than the baseline. However, the most evident are those
related to the protonated molecule at 685.61 m/z, its adduct with sodium at 707.64
m/z and its fragment at 415.43 related to molecule minus 272 m/z of -4-(pyren-1-
yl)butanal .
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Figure 42. ESI" MS spectrum of C8 in methanol.

The MS spectrum in the Figure 43 shows a single peak (at 471.49 m/z) related to C12.
In fact, its fragmentation creates the ion N-(12-(l14-azanyl)dodecyl)-4-(pyren-1-
yl)butanamide protonated corresponding to C12 without of 4-(pyren-1-yl)butanal.
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Figure 43. ESI" MS spectrum of C12 in 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, as summarized in the Table 4.
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BP C2 C4 Ceé 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 bispyrenic compounds, their interaction with GnP will be
discussed below and based on literature research [218-220] it has been estimated that
the molar concentrations to be used should be less than 10 M because BP can
strongly aggregate together [221]. 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 interaction with GnP. Therefore solutions of C2 in N,N-
dimethylformamide were prepared at concentrations of 10* M, 10° M and 10° M
and 0.5 mg mL"! GnP powder was added in each solution and sonicated to obtain a
suspension following the procedure described in the chapter 2.3.

While the suspensions are left to decant (Figure 44 a), part of GnP is precipitated
at the bottom of the becker and there is an intresting trend related to C2 concentration
in which the highest C2 concentration (10 M) produces the least stable dispersion,
with most of the GnP flakes precipitated after 60 min. On the contrary, decreasing
C2 concentration, an increasing concentration of flakes remains in suspension as
reflected in the darker coloration. This suggested that a high concentration of C2
results in a cross-linking action, creating a network which readily precipitate,
whereas lower concentration provides a less pronounced effect.

Another interesting phenomenon is the light emission if the dispersions are
lighted at 254 nm. As show in the Figure 44 b, indeed, while the C2 solution (into the
vial) in DMF does not emit, the GnP/C2 dispersion (10 M), showed a clearly visible
blue light emission. This experimental evidence suggest a decrease in the energy for
the electron excitation, corresponding to a bathochromic shift of fluorescence
spectrum to the visible range [222]. This fact support for the n-m the stacking
interaction between C2 and m-orbital of GnP’s surface, known as Forster energy
transfer [223] in which GnP surface adsorbe the light and emit at different
wavelenght where the molecule absorbs, becoming to excited state and emitting in
the visible.
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Figure 44. a) GnP dispersions prepared at different concentrations of C2 in DMF. Inside
the beakers the suspensions were left to decant for one hour and it can be observed that
as the molar concentration of C2 increases, the quantity of GnP precipitated on the
bottom increases. b) The solutions and suspensions were lightened at a wavelength of
254 nm and it can be seen that the solution at concentration 10* does not emit in the
visible contrary to its suspension which instead provides a light signal.

Absorption and Emission spectroscopies

The supernatant obtained from each dispersion after centrifugation was collected and
analysed by UV-Vis and fluorescence spectroscopy.

From the absorbance spectra (Figure 46), a rough estimation of the concentration of
suspended nanoflakes can be obtained by analysing the light absorption at 670 nm
(inset Figure 46). This wavelength was chosen because bispyrene do not show any
absorption at this wavelength (Figure 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 using the same conditions as
for the suspensions with C2. It can be observed that the concentrations of GnP in the
suspensions are quite similar and correspond to relatively low absorbance values,
suggesting limited concentrations of thin graphene flakes. This is indeed expected,
taking into account that the mild sonication condition used were not aimed to obtain
an extensive GnP exfoliation, but only to provide sufficient dispersion of GnP flakes,
in order to investigate the interactions between C2 and GnP. On the other hand, the
well-defined bands of the bispyrene molecule (main absorption at 344.5, 328.5 and
314.5 nm) on the concentrated suspensions GnP C2 10* M and GnP C2 10> M is
clearly observed (Figure 46), indicating that these suspensions contain a large excess
of free C2 molecules. At 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, thus further contributing to the low intensity in the VIS spectra.
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Figure 46. Absorption spectra of GnP and GnP C2 at different concentrations of C2 in
DMEF. Inset shows a magnification of the 600-750 region.

In order to further investigate the interaction between C2 and GnP, fluorescence
measurements were carried out on the same supernatant suspensions. The
comparison between fluorescence emission spectra of the molecule C2 at the
different initial concentrations of the suspensions (Figure 47 Inset) and the
corresponding fluorescence spectra for the GnP C2 dispersions (Figure 47) may
indeed provide further insight on the organization of bispyrene molecules. Spectra
for C2 in DMF are characterized by three well defined emissions peaks at 376 nm,
396 nm and 418 nm related to a monomer emission from the locally excited pyrene
fragment, plus a wide band centred at 485 nm related to an association of two end
pyrene fragments within the molecule [220].

No spectral shifts were observed for C2 in the GnP C2 dispersions at any
concentration. However, the emission intensities decrease in the GnP dispersions
prepared with initial concentrations of the molecule of 10° M and 107 M, likely due
to the quenching effect of GnP [224]. Furthermore, the C2 excimer emission band at
485 nm is strongly reduced in both dispersions, as observed by the decrease of the
ratio between the intensities of the excimer and monomer emission (Ig/Im) in Figure
47 a. This change depend on lower concentration of C2 aggregates in the dispersions
because part of C2 is adsorbed on the basal planes of GnP [225]. It is noteworthy that
the emission intensity for the highest C2 concentration (10 M) is lower than in the
corresponding GnP C2 suspension. This is possibly explained by the strong mn-n
interactions between the pyrene moieties at high concentration, quenching the
emission of the molecule [226, 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 the Ig/Iu ratio.
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Figure 47. a) Fluorescence spectra (Aex = 345 nm) of GnP and GnP C2 at different
concentrations of C2 in DMF. Inset shows the fluorescence spectra of C2 at the initial
concentrations in DMF. b) Ig/Iy ratio for C2 molecule in DMF and for GnP C2dispersions.

To complement the analyses of the supernatants and to quantify the amount of C2
molecules effectively adsorbed onto the whole GnP, the suspensions were filtered
and the filtrate solution were analysed by UV-Vis in order to calculate the
concentration of C2 in the filtered solution, to be used to indirectly calculate the
fraction of C2 adsorbed onto GnP, given the known initial concentration in the GnP
C2 suspensions.

As shown in Table 5, the fraction of adsorbed bispyrene is 80 % and 55 % of the
initial concentration for GnP C2 10°® M and GnP C2 10~ M, while it decreases to 10
% in the case of GnP C2 10 M, reflecting the large excess of 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 10* M C2 concentration in the GnP suspension, while significantly
lower C2 contents were obtained at lower initial concentrations.

Fraction of Mass fraction

C2 trati C2 tration i
concentration concentrationin ., . . 4 of C2 in dry

in GnP suspension filtered solution

on GnP GnP C2
M M
M M 1%) 1%)
104 091 -10* 9 11
105 0.45 - 107 55 0.71
10-¢ 0.22 - 10° 78 0.09

Table 5. Calculation of the mass fraction and mass of C2 absorbed by GnP.
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To investigate the organization of C2 onto GnP in the dry state, Raman spectroscopy
was carried out on GnP C2 powders. Indeed, Raman spectroscopy is extremely
sensitive to the carbonaceous materials structure, so that functionalization may be
detected and interpreted based on the Raman spectra. In particular, Raman spectra of
GnP exhibit a relatively simple structure characterized by two main bands known as
the G and D bands. The G band is a sharp band that appears around 1581 cm™' and is
related to an in-plane vibrational mode that involve the sp? hybridized carbon atoms
of the graphite sheet. The D band at 1350 cm™! is often referred to as the defect band
or the disorder band, representing a ring breathing mode from sp? carbon that
becomes active once chemical or structural defects are present on the graphite
structure [228].

The analysis of the Raman spectra of the GnP and GnP C2 powders are reported in
Figure 48. An increase of the Ip/IG ratio is clearly observed with increasing the initial
concentration of C2 in the suspensions. In particular, a relatively large increase in
Ip/IG ratio is obtained at the highest initial concentration (10*M), confirming a high
extent of functionalization and possibly an excess of C2 in the form of large
aggregates. On the other hand, limited or no increase in the Ip/lg ratio are observed
at lower concentrations, which is compatible with a supramolecular functionalization
[94], that is expected to provide only a minor changes in the vibrational properties of
graphene layers in GnP.
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Figure 48. Comparison between Raman Spectra of GnP and GnP C2 powders.

According to the results obtained, high concentrations of C2 are not appropriate to

functionalize GnP. In fact, the excessive amount of molecular aggregates (as
demonstrated by photoluminescence analysis) is reflected both in the relative
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functionalized material (shown in Raman spectra) and in the lower concentrations of
C2 absorbed compared to the initial concentration.

In conclusion, a concentration of 10°°M was preferred for the functionalization of
GnP for all bispyrene molecules.

The UV absorbance spectra (Figure 49 a) of bispyrene derivatives C2 - C12,
exhibit the distinctive absorption bands attributable to pyrene units at 314.5 nm,
328.5 nm and 345.5 nm. Position and relative intensities of these bands are
insensitive to the linker chain length between pyrene ends, which is expected because
these depend exclusively on m-n* electronic transition of conjugation system of
pyrene.

On the other hand, there is a wide bathochromic shift of BP spectrum, in
comparison to pyrene (Figure 49 b), related to the higher molecular weight, which
changes the dipole moment of chromophore group.
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Figure 49. a) Comparison of UV spectra of solutions (5:10° M) bispyrene based in
DCM. b) Comparison between UV-Vis spectrum of solutions bispyrene based and
Pyrene one.

Based on the results previously obtained, a BP concentration of 10 M was found
to deliver the best compromise between maximizing the interaction with the GnP
while minimizing the formation of aggregates.

From the UV-Vis absorbance spectra (Figure 50 b), a rough estimation of the
concentration of suspended nanoflakes can be obtained by analysing the light
absorption at 670 nm, where BP derivatives do not show any absorption. It is worth
noting that the absorbance of GnP BP suspensions is similar or slightly lower to that
of pristine GnP, thus the presence of BP derivatives do not significantly change the
concentration of particles in suspension. These findings suggest that BP derivatives
do not stabilize GnP in suspension but rather promotes aggregation of GnP, acting as
n-n gelators, as previously reported for similar systems [229]. The lowest
concentration of GnP in the supernatant was obtained for C2, which may indicate C2
is the most efficient BP in promoting the aggregation of GnP at the concentration
used. In addition, this sample showed the characteristic absorption bands of pyrene
groups in the region between 300 — 450 nm, while no signal was detected in the other
suspensions with bispyrene derivatives, this excess of C2 remaining in the
supernatant further supporting for its efficiency in GnP supramolecular crosslinking.
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Figure 50. a) Photographs of GnP/BP dispersions and relative scattering of light as a
laser beam passes through a colloid (Tyndall effect). b) UV-Vis Absorption of
supernatants.

Fluorescence emission spectra of BP derivatives (Figure 51 a) show that the GnP
C4 — C6 have higher intensity broad emission band at 480 nm in comparison to C2
or C8 -C12. This could suggest the chain length to affect intra-molecular aggregation,
usually referred to as axcimer, which appears to be favoured with intermediate length
linkers between pyrene moieties [230]. Indeed, this trend is also reflected considering
the supernatant’s fluorescence emission spectra (Figure 51 b), in which the GnP C4 -
C6 have the highest values for the ratio between the intensities of the excimer and
monomer emission (Ig/Im). There is a general and evident reduction of Ig/Im for every
samples in comparison to their relative solutions, because GnP subtracting molecules
from the solution, it reduce the BP concentration and the state of aggregation is
drastically influenced as a consequence.
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Figure 51. Comparison between the fluorescence emission spectra of BP (a) and their
corresponding GnP BP dispersions (b)

Raman spectroscopy (Figure 52) was carried out to investigate vibrational changes
induced by the absorption of BP derivatives. The low Ip/Ig ratio (0.06) of pristine
GnP evidences for a very low defectiveness of these nanoflakes while, limited
increment of in Ip/Ig were found for GnP BP, which is consistent with the ©-w
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interaction of pyrene onto the GnP surface, weakly affecting the vibrational
properties of the plane. Nonetheless, increasing the length of the BP, a slight increase
in the Ip/Ig ratio and its experimental deviation may be observed.
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Figure 52. Raman spectra of GnP and GnP BP.

Based on the results obtained, GnP functionalized with BP have been used for the
manufacture of nanopaper.

3.2. Functionalization via Diels Alder reaction

The Diels Alder cycloaddition, usually occurs between a diene compounds with
dienophile ones. As show in the first chapter, maleic anhydride can behave as
dienophile and so, bi-functional molecules capable, in theory, of bridging between
two GnP have been synthesized. In addition, this functionalization is temperature-
dependent so it is possible to activate the retro Diels Alder only by increasing the
temperature [76] contrary to common equilibrium covalent reactions that require the
exchange of reagents and products.

3.2.1. Synthesis of bismaleimide

The synthesis of maleimides follows two steps with the formation of the diacid
intermediate obtained from the opening of maleic anhydride and immediate reaction
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with the amino group and then the reclose of the ring with the formation of the
relative imide.

Step I
0o HOOC
O
| . ]
H,N
') n
- | H -
Diethyl ether o
COOH Nn
P n: 2,4,6.8.12

Figure 53. Synthesis of diacid derivate

The maleic anhydride was dissolved in diethyl ether previously deoxygenated.

A solution of 1,2-Diaminoethane was added drop wise to one contains maleic
anhydride because the reaction between anhydride and amine is instantaneous and
exothermic, and it can lead to overheating and evaporation of the solvent, which has
the function of preserving solubilized reagents contrary to the product which is
insoluble. After filtration, to remove the remaining reagent non-reacted, the white
powder was dried and characterized.
NMR analyses (spectra are shown in the appendix 7.2) were carried out to verify the
formation of the desired product obtaining qualitative and quantitative information
about the molecules. In the range of investigation considered, the signal of the proton
of the carboxyl group cannot be detected so the assignment and quantification was
made on the other protons.

Concerning the molecule, the number of protons coincides with the number of
signals present in the spectrum, while very small peaks are related to impurities
present in trace (such as diethyl ether residue but that in any case are lower than 5%).
In general the desired products has been obtained with a yield reaction varying from
80% for N2, 75% for N4 and N6, 80% for N8 and 70% for N12, respectively.

From the NMR analysis it was possible affirm that all the compounds have been
synthesized and obtained pure, so that they can be used for the second step of the
reaction without further purification steps.

Step 11

For the intramolecular closure and subsequent restoration of the 5-member ring
(Figure 54), a reaction well known in the literature [231, 232] with the use of acetic
anhydride and sodium acetate (buffer solution), has been chosen to promote the
reaction by removing the by-product which is the water formed by the reaction of the
carboxylic group with the amine [233]. When the reaction is finished, the mixture is
transferred into a beaker containing cold water and sodium carbonate to crystallize
the product because this has low solubility in water contrary to reagents while
unreacted acetic anhydride forms acetic acid which is neutralized with the basicity
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of sodium carbonate, and sodium acetate and Nn molecules both remain solubilized

in water.
HOOC o)
O /
g | Sodium acetate
‘\,N‘ - N é/a\
’ H n Acetic anhydride W N
(0]
COOH Nn o In

n: 2,4,6,8,12

Figure 54. Synthesis of bismaleimide molecules — step 2

As regards the synthesis of 12, there were difficulties in obtaining a solid product. In
fact, during the precipitation phase in water and subsequent filtration and drying,
only a fraction of the solid (less than 10% weight) was obtained. Moreover, as the
NMR spectrum in the Figure 55 clearly shows, this solid is a mixture of products from
which it cannot be affirmed that the reaction successfully took place.

T T T T T T T T T T T T T T
7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
f1 (ppm)

Figure 55. 'H-NMR spectrum of 1,1'-(ethane-1,2-diyl)bis(1H-pyrrole-2,5-dione) (I2).

A similar result was obtained for the reaction of 14 whose NMR analysis (Figure 56)
it cannot be possible assign to the peak obtained, the protons signals of the molecule
so it cannot be affirm that the reaction took place.
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Figure 56. 'H-NMR spectrum of 1,1'-(butane-1,4-diyl)bis(1H-pyrrole-2,5-dione) (14).

From the 16 reaction, instead, a product has been obtained but which, really, is a
mixture of compounds whose main component is the N6 reagent, as demonstrated in
its NMR characterization in the Figure 57. Nevertheless, the quantification (integral
of the peaks) does not correspond to the values previously obtained. Considering the
integrals at lower ppm (1.67 and 1.36), it is possible to notice a high value of integrals
that indicates the presence of additional signals of aliphatic protons that could be
correspond to 16, also confirmed by the band centered on 7.85 ppm to which the
signals of the protons of the double bond of 16 would correspond.
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Figure 57. 'H-NMR spectrum of 1,1'-(hexane-1,6-diyl)bis(1H-pyrrole-2,5-dione) (I16).
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The NMR analysis (Figure 58), shows that the sample analysed is essentially a
mixture of compounds where the main component nevertheless is N8. In fact the
signal at 7.74 ppm corresponds to the protons of the double bond, at 3.60 ppm there
are the protons signals of carbon adjacent to the nitrogen atom of the imide, and
between 1.67 and 1.33 ppm there are the signals of protons located in the aliphatic
chains. However, the integration of the peaks does not provide a correct quantitative
analysis of the molecule demonstrating instead that there are other products in the
sample. Because the overlap of multiple signals is on those ppm, it could be either
unreacted or unreacted I8 or (Z)-4-((8-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-
yl)octyl)amino)-4-oxobut-2-enoic acid which is a molecule similar to 112 but

partially closed.
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Figure 58. "H-NMR spectrum of 1,1'-(octane-1,8-diyl)bis(1H-pyrrole-2,5-dione) (I8).

The NMR analysis (Figure 59) shows the identification of desired product, i.e. [12. In
fact, both the position of the peaks and the value of their integrals correspond
qualitatively and quantitatively to the signals of 112 protons. At 6.77 ppm there is the
peak relative to the protons of the double bond, at 3.40 ppm there is the signal of the
protons of the carbon adjacent to the imide, and between 1.47-1.37 ppm there are the
protons signals located in the aliphatic chain. Although the product obtained is pure,
the yield of the reaction was only 40%.
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Figure 59. '"H-NMR spectrum of 1,1'-(dodecane-1,12-diyl)bis(1H-pyrrole-2,5-dione)
(I12) in DMSO.

The 112 was also characterized by FTIR, as show in the Figure 60, and the
comparison between [12 and its reagents was used to assign the most important peaks

for compound recognition, as show in the Table 6.
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Figure 60. FTIR spectra comparison between the 112, 1,12-Diaminododecane and
Maleic anhydride.
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1,12-Diaminododecane Maleic anhydride 112

[234, 235] [234, 236] [234]
Wavenumbers  Attribution Wavenumbe Attribution Wavenumbers Attributi
(cm_l) rs (cm_l) (cm_l) on
3350-3250 Stret. 3120 Stret. 3150-3100 Stret.
Sym Sym Sym
Asy Asy Asy
—NH2 C-H C-H
2980-2850 Stret - - 2980-2850 Stret.
sym Sym
asy Asy
—CH, —CH,
- - 2000-1700 Stret. 1700 Stret
Cc=0 Cc=0
1606 Bend. - - - -
—NH2
1472 Sciss. - - 1470-1440 Sciss.
CH and
rock
CH
R - - - 1435-1390
Stret.
CN
1375-1335 Wagg. - - - -
CH,NH;
twisting
CH,/NH;
- - 1350-1200 Stret 1385-1350 Stret
c=C c=C
Stret
C-O0
>1300 Twist. 1060 Bend >1300 Twis.
and C-H and
Rock. Rock.
-CH;- CH;-
Vibr. Vibr
-CN -CN
> 1000 Stret
C-O0
Stret.
C-C
Stret.
C-H

Table 6. Comparison between 112 FTIR analyses with those of its reagent.

FTIR results (in particular the signal between 3150-3100 cm™ related to the
stretching of the ring CH, those between 1435-1390 cm™! related to the stretching of
the CN,) confirmed that the pure 112 molecule was obtained, accordingly to NMR
analysis. Therefore, [12 was used as a reference for FTIR characterization of other
bismaleimide compounds (BI).
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As shown by the spectra comparison in the Figure 61, the curves of other BI (I12-18)
appear different than 112, indicating that the samples analysed are a mixture of
compounds.

In order to verify if condensation occurred between the carboxylic and the amide
groups with consequent transformation into imide, their vibrational modes were
considered. The vibrations of amides have typical signals between 3460-3420 cm’!
(related to NH stretching), between 3370-3270 cm™ and between 3180-3140 cm’!
(for cis and trans stretching respectively) and 1570-1515 cm™ [234], while the
signals of the carboxyl groups show a very broad band between 3500-2500 cm™' [237]
and 1700-1740 cm™ related C=0 and OH stretching [234]. Therefore, comparing the
signals of the I8 and 16 with those of the 112, in the spectra there are the vibrations
related to maleimides (especially between 3150-3100 cm™! related to the stretching
of the ring CH, those between 1435-1390 cm! related to the stretching of the CN),
that one of amide (between 1435-1390 cm™ ) and the large band between 3300-2500
cm’! related to carboxylic acid. These results indicate how either both N8 and N12
molecules with their respective derived amides are detected.

As concerns 14 and 12, the spectra show signals both in the high wavenumber range
(3700-3200 cm™) related to the carboxylic groups and amide stretching, and the peak
between 1435-1390 cm! is detected (contrary to 112) and it is much more intense
than 16 and I8. This indicates that the reaction did not occur completely and the
signals mostly correspond to the N4 and N2 molecules respectively.

Other synthesis methods were studied by varying some parameters of the reaction.
In particular 14 and 12 reactions were conducted at higher temperatures (respectively
100°C and 120°C) to promote condensation but no solid was obtained after
precipitation in water. In fact the solid slowly dissolved indicating the presence of
carboxylic groups (of the respective N2 and N4) that increase the hydrophilicity of
the molecules. Keeping the temperature at 80°C, the reaction time was changed (t=4h
and t=48h) but the results obtained were the same in which the mixture were
dissolved into water. Therefore, in order to separate the fractions of the mixture,
different techniques of chemical separation were explored because a critical issue for
GRM functionalization is the possible contamination with unreacted species that
remain onto graphene but are not covalently grafted and even low concentrations can
influence the behaviour of materials [238, 239]. For example, it was changed both
the crystallisation time (12 h) and the solvent (ethyl acetate) but in any case, the solid
dissolved completely. During separation by chromatographic column (ethanol) it was
observed a colour variation during the solvent elution, indicating a reaction between
some components with the fixed phase (silica) and also, no fraction was obtained
after re-concentration by solvent evaporation.

82



| 12

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 61. Comparison between FTIR spectra of different BI.

Based on the results obtained from the different analytical techniques used to
characterize the compounds, 112 is the only molecule that can be considered pure and
therefore, it is the only one that was used in GnP functionalization.

3.2.2 Interaction BI/GnP

The bismaleimide 112 was dissolved into xylene which is an effective solvent to
disperse the GnP that has been functionalized (more details in chapter 2.1.5.) [76].

Maintaining the same stoichiometry, a GnP functionalized with MA was
prepared to make a comparison with the GnP 112. Finally, to maximize the interaction
with the GnP by minimizing the formation of potential aggregates on the surface of
the nanoflakes and considering the study carried out for the functionalization of GnP
with BP and the concentration showed in literature [76], also in this work, GnP was
functionalized with 112 in which the ratio by weight between GnP and 112 is 10:1.
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To quantify the amount of functionalization of GnP with 112, thermo gravimetric
analyses (TGA) were performed and compared with those obtained for pure GnP and
GnP functionalised with MA. Indeed, this technique was not used in the previous
research with BP because the concentrations to functionalize were too low to be
detected by TGA (as seen in UV analysis), contrary to those used for GnP
functionalization with BI. As shown in the Figure 62, the GnP pristine has a
progressive weight loss between 250 and 350 °C, due to the release of gases coming
from intercalated solvents, and between 430 and 500 °C for the release of H>0 and
CO; gases coming from oxidized groups [240]. The residue at 800°C is equal to 95%
of the initial weight. The GnP functionalized with MA has a progressive weight loss
similar to pure GnP. Indeed, the two curves are perfectly overlapping and therefore
the residue at 800°C has a weight reduction of 5% compared to the initial one. Maleic
anhydride has probably been removed either during washing steps or during drying
into vacuum oven due to its tendency to sublimate [241]. GnP functionalized with
112 show significantly different weight loss profiles than the previous ones. In fact,
at a temperature of 500°C there is a 6% weight loss for GnP functionalized with a
low concentration of I12, but that increases up to 27% for the sample with a high 112
concentration. The weight loss corresponds to the release of volatile species,
probably related to BI fragmentation on GnP. A further weight loss above 600°C is
noted due to the development of gases that could HCN, similar to polypyrrole
degradation [242]. At the end of the thermal process the functionalized GnP with a
low 112 concentration lost the 9% of its initial weight while the functionalized GnP
with high concentration of 112 lost 35% of weight. In conclusion, considering the
weight loss of pure GnP, it can be affirm that the contribution of 112 in GnP 112 10:1
is 4% while in GnP 1:1 it is 30%. This last value indicates that a huge excess of
molecule is present but probably will not be useful to make molecular junction
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Figure 62. TGA results to quantify the functionalization with 112 in comparison to
GnP MA and GnP pristine.

To confirm that the functionalization has occurred and affects the properties of GnP,
Raman analyses have been carried out on the materials. The analysis of the Raman
spectra of functionalized GnP (with MA or [12) compared to the GnP powders (Figure
63) shows a different reactivity of maleic anhydride compared to its imides
derivatives.

The Ip/Ig ratio both GnP pristine that one functionalized with MA, show the same
values (Ip/Ig =0.06), indicating that the reaction did not lead to the inclusion of
chemical defects but the MA react with the defects previously existent in the
structure, i.e. the edges, and so, this does not lead to a variation of the surface
vibrational mode on which depend the Raman signals. On the other hand, according
to the TGA, the GnP may not have been functionalized.

During the acquisition of GnP BI Raman spectra with stoichiometry 1 to 1, a very
fluorescent phenomenon covered the entire spectrum probably due to an excess of
functionalization, coherently with the quantity observed in previous TGA analyses.
In the GnP 112 derivatives with a 10:1 stoichiometry, the Raman spectrum shows a
large increment of the D peak (1350 cm™) and consequent rise in the Ip/IG ratio to
0.46, suggesting 112 to effectively interact strongly with the surface of the flakes and
influences its surface vibrational mode.
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Figure 63. Raman Spectra comparison between GnP pristine and GnP
functionalized with MA or with I12 at different concentration.

Both 112 concentrations and GnP functionalization with the MA have been used for
the nanopapers fabrication that will be shown in the following chapter.
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Chapter 4

Graphite nanoplatelets nanopapers

The nanopapers were manufactured by gravimetric filtration of the suspensions (in
order to increase the alignment of flakes within the resulting nanopapers) of the GnP
BP derivative while the GnP functionalized with the bismaleimide were re-dispersed
into Dimethylformamide (using the same procedure as that of the bispyrene (for more
details chapter 2) in order to make a comparison.

4.1. Morphological characterization

During filtration, the flakes align within the nanopaper, as shown in Chapter 1.2.2,
therefore, a detailed study of the morphology is necessary to understand the thermal
properties of these anisotropic materials.

4.1.1. Electron Microscopy

FESEM analysis of nanopapers were made to evaluate not only the surface
topography but most importantly to understand the cross-sectional organization of
the GnP in the presence or BP.

Initially, morphology of the nanopapers obtained from GnP suspensions with
different concentrations (10, 10 and 10 M) of C2 were evaluated. Figure 64
shows the comparison between nanopapers fabricated with pristine GnP as well as
with those where the GnP were functionalized with different concentration of C2.
The surface topography of GnP pristine nanopaper (Figure 64 a) shows homogeneity
of material contrary to surface nanopaper produced with a concentration of 10° M
(Figure 64 b) in which it is possible to observe areas partially covered by the molecule
(the grey ones). The 10° M nanopaper (Figure 64 c) shows a surface almost
homogenous related to the presence of molecules and as shown at the central part of
the image, in some areas there are some aggregates probably related to the excess of
molecules. This is most evident in the 10* M nanopaper in which the large excess of
C2 leads to aggregate whose micrometric dimension are comparable to the dimension
of graphene flakes, as show in the Figure 64 d.
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Figure 64. FESEM topography analysis of nanopaper fabricated with different molar
concentration of C2. a) Nanopaper from GnP pristine (the blank). b) Nanopaper obtained
from GnP containing 10° M of C2. ¢) Surface topography of nanopaper fabricated with a 10-
> M of C2. d) Surface topography of nanopaper fabricated with a 10* M of C2 where it is
possible to observe aggregates of C2.

As a result, of the FESEM analyses on nanopapers GnP C2 at different
concentrations, the 10 M concentration was chosen for the preparation of the
nanopapers with the other bispyrene derivate molecules (C2-C12).

FESEM analyses were carried out for all nanopaper functionalized with BP to
evaluate the morphological characteristics such as the compactness of the structure
or the displacement of the flakes.

The comparison of nanopapers topographies (Figure 65), shows how, for the same
magnification (25000 X) the surfaces of functionalized nanopapers are non-
homogeneous contrast to that one manufactured with GnP pristine indicating that
organic molecules are spread over the surface. In addition, considering the high-
intensity white lines, which indicate folds or edges of the material [243], it can be
observed, that the nanopaper GnP C2 (Figure 65 b) shows more protuberance due to
a wrinkled surface. This could be considered an indication how the C2 bispyrene
influences the deposition of the flakes differently than the others [244].
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Figure 65. Surface topographies of nanopapers manufactured with GnP BP.

As shown in the Figure 66, where the cross sections of the various nanopapers are
compared, it is possible to observe some slightly difference. Indeed, the nanopaper
manufactured by GnP C2, shows flakes less aligned than all the others, contrary to
those with GnP C4 and C8 where it is possible to see a preferential orientation of the
flakes leading to an apparently more compact structure. Moreover, cross section
examinations were used to measure thickness, which is one of the parameters for
experimentally calculating the densities of each sample (Figure 66). In fact, by die
cutting some samples of each nanopaper, the volume can be calculated as
multiplication between area and height (by FESEM) and by weighing them with a
balance with an accuracy of micrograms, it is possible to calculate the densities as
mass/volume ratio.
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The density of GnP pristine nanopaper is 1.22 g/cm?, according to similar systems in
the literature [183, 245], which is almost half of the bulk graphite value (2.2 g/cm?)
because it is a porous material (porosity = 0.45+0.02).

Densities of nanopapers were found to be significantly different form the reference
GnP nanopaper and in particular, lower densities were obtained for all of the GnP-
bispyrene nanopapers, ranging between 0.61 g/cm?® (GnP C2 nanopaper) and 0.94
g/cm?(GnP C12 nanopaper). Interestingly, density values continuously increase with
increasing the length of the alkyl chain in BP in GnP-bispyrene nanopaper. This trend
is not straightforwardly explained in terms of BP mass fraction into the nanopapers,
despite the latter is also slightly increasing with BP length. Instead, it appears that
the density of the GnP bispyrene nanopaper depends on the interactions between BPs
and GnP, driving the self-assembling of GnP during filtration.

g/cm?)

MAURC it

Figure 66. Cross Section FESEM analysis of GnP BP nanopaper.

The surface topographies of the nanopapers manufactured with GnP functionalized
with MA and 112 (low concentration), respectively, give an indication about the
functionalization effects onto flakes. In fact, the nanopaper with GnP MA (Figure 67
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b) has the same homogeneity as that GnP pristine (Figure 67 a) indicating a surface
without MA contrary to nanopaper with 112 (Figure 67 c¢) in which the non-
homogeneous surface indicates that the molecules are spread on it as some aggregates
are visible, probably in relation to 112 excess.

FESEM analyses were also carried out on cross-section to evaluate the effect of
functionalization on alignment of the flakes. Nanopaper with GnP MA (Figure 67 ¢)
have a similar arrangement to that with GnP pristine (Figure 67 d). On the contrary,
nanopaper with GnP 112 (Figure 67 f) that shows high grade of flake alignment. By
measurement of the thickness, the densities of the nanopapers were calculated
obtaining 1.25 g/cm® for GnP functionalized with maleic anhydride, a value similar
to that of the nanopaper with GnP pristine (1.22 g/cm?), and 1.51 g/cm? for nanopaper
with GnP 112, In conclusion, the density value confirm that 112 affect the
organization of GnP during filtration in a different way from bispyrene.

Figure 67. FESEM analysis comparisons of nanopapers manufactured with pristine
GnP, those with GnP MA and GnP 112 ones. a, b, ¢ show the surface topographies to
evaluate the presence of aggregates while d, e and f show the cross-sections analysis to
evaluate both the alignment of the flake and to measure the thickness for densities
calculation.
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4.1.2. XRD

Although the filtration of GnP suspensions is obviously expected to generally
produce a clear in-plane orientation of GnP flakes, as shown in the FESEM analysis,
quantifying the distribution of the basal planes orientations may indeed provide
insight in the assembly of GnP. Therefore, in order to further investigate the assembly
of nanopapers GnP pristine based and those manufactured with GnP BP, XRD
measurements were used to evaluate the orientation of flakes into the nanopaper,
monitoring the intensity of the graphite (002) diffraction peak at 20 = 26°, as a
function of incident angle (o) ranging from 13° to 103° with respect to the horizontal
plane of the sample. The intensities of graphite (002) peak were collected against the
incident angle (a) so the tilt angle (a+180-0) of the graphite basal planes compared
to the horizontal plane of the nanopaper was calculated, from 0° (basal planes parallel
to the nanopaper plane, shown in Figure 68 a) to 90° (basal planes perpendicular to
the nanopaper plane, shown in the Figure 68 c).

Figure 68. Schematic representation of gonio-configuration to monitor the 002 peak of
graphite for the evaluation of preferential flake’s orientations. Diffraction condition
detecting graphite flakes having 0° tilt angle (a), 45° tilt angle (b) and 90° tilt angle (c).

For each of the GnP BP nanopapers, the experimental curves (one for each angle)
were plotted and the peaks have been fitted with a Lorentzian function using software
in order to obtain the peak height (Figure 69 a). These intensities values vs tilt angle
were interpolated by exponential decay curve in order to calculate the area below that
was used to normalize the relative set of data. These normalizations are crucial to
obtain the comparison between samples with different thickness in order to study the
distribution of probability for flakes oriented from parallel (0° tilt angle) to
perpendicular respect to the nanopaper plane (Figure 69 b).
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Figure 69. a) Fitting of experimental curves obtained varying the tilt angle from which
detect the signal 002 of graphite (centered at 20=26.6). b) Probability vs tilt angle of
flakes within nanopapers.

While probability of 002 planes is clearly maximum in the direction parallel to the
nanopaper (0° tilt angle), the maximum probability values and the probability decay
profile with the tilt angle are different for GnP and the GnP BP nanopapers. On the
other hand, tilt angles >45° (see inset Figure 69b inset) where GnP BP nanopapers
show higher intensities than GnP pristine ones. These results explain the lower
densities for functionalized nanopapers, whose flakes have been demonstrated to
have a lower preferential orientation, thus causing local porosity, in turn affecting the
overall density.

The comparison of Pareto cumulative distributions provides a clear quantification of
preferential orientation. For the pristine GnP nanopaper, 93% of the cumulative
distribution of flakes has orientation between 0 and 10° tilt angle (i.e. an arrangement
almost parallel to the surface of nanopapers) whereas, for GnP-bispyrene nanopapers,
in the same tilt angle range, cumulative distribution vary from 78% for GnP C12 to
88% for GnP C4. Despite no clear trend can be drawn as a function of BP length,
these values evidence for a slightly lower in-plane orientation of the GnP-bispyrene
nanopaper compared to pristine GnP, confirming the BP to have a role in the self-
assembly of GnP during filtration. This is likely explained by the formation of BP-
bridged aggregation of GnP flakes in the suspensions into clusters, which constraint
the organization of flakes during filtration, decreasing the packing factor and
eventually reducing preferential orientation and density.
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Figure 70. Pareto cumulative distribution for the quantification of preferential
orientations of flakes and comparison between GnP-bispyrene nanopapers and
pristine GnP.

The amount of BP retained within the nanopapers after filtration and drying was
calculated from the concentration of BP infiltrated solutions, compared to the initial
concentration in the GnP BP suspension. Retention rate of BP into the nanopapers
(Figure 71) was found to increase with the chain length increase, up to > 95% for the
longest BP.

The BP mass fraction in the nanopapers is ranging between 0.09 % (C2) and 0.15 %
for C12, also reflecting the higher molar mass of longer chain BP. Such low
concentrations depend not only on the limited surface area of GnP (38 m?g) but
mostly on the low concentration of BP. These values correspond to a limited
coverage of the GnP with BP moieties, which was designed to provide sufficient GnP
functionalization, while avoiding self-aggregation of BP into the nanopapers.
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Figure 71. BP retaining rate and mass fraction of BP in the series of GnP-bispyrene
nanopapers
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In an analogous approach, fragments of nanopaper functionalized with MA or those
functionalized with I12, were used for a quantitative characterization by TGA (Figure
72). Considering the residue at 800 °C, the nanopaper with MA had a weight loss of
almost 1% higher than the GnP pristine (4%) nanopaper probably related to solvent
while the nanopaper functionalized with 112 had a weight loss of 9 % and 32% for
nanopaper obtained by a ratio of 10 to 1 and 1 to 1 respectively. In accordance with
TGA on powders, the contribution by weight of 112 within nanopapers is 5% almost

30% respectively.
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Figure 72. TGA of nanopaper manufactured with GnP MA and GnP 112 at different
concentrations in comparison to nanopaper based on GnP Pristine.

4.2. Thermal conduction proprieties

4.2.1. Thermal diffusivity

Insight on the heat spreading efficiency of nanopapers was obtained by measuring
thermal diffusivity, i.e. the rate of heat transfer within the material. Both in-plane and
cross-plane diffusivities were measured for pristine GnP and GnP BP nanopapers
(Figure 73), evidencing for significant differences, induced by BP functionalization.
As expected from the above commented orientation of GnP, thermal diffusivity is
strongly anisotropic, with roughly three orders of magnitude higher diffusivity in-
plane (= 200 mm?s™!), compared to cross-plane (= 1 mm?s™). Cross-plane thermal
diffusivity (ar) for GnP-bispyrene nanopapers are all higher than for pristine GnP,
which could in principle be partially related to the above described lower nanoflakes

95



orientation. Indeed, the presence of even a very limited portion of flakes lying on
directions tilted with respect to the nanopaper plane is expected to contribute to the
heat transfer across the nanopaper, owing to the well-known anisotropy of graphitic
materials. However, the changes in cross-plane diffusivity do not match
misalignment degree, as evaluated in XRD, suggesting a different explanation,
related to the presence of BP moieties. Short BP (C2 and C4) resulted to be the most
effective functionalization for the cross-plane diffusivity enhancement, suggesting
these molecules to be reduce the thermal resistance between overlapped nanoflakes.
This may be explained by promoted aggregation between GnP, in agreement with
the modified suspension stability described in section 3.1.2. This supramolecular
crosslinking effect appears to be maximizing the contact area between GnP, as well
as possibly enhancing phonon transfer efficiency through BP molecules bridging
adjacent GnP, thus acting as a non-covalent molecular junction for phonon transfer.
In-plane thermal diffusivity was also significantly enhanced by C2 and C4, whereas
values for GnP BP containing longer BP are approximately equivalent to pristine
GnP. It is worth noting that the in-plane diffusivity enhancement is obtained in spite
of the lower in-plane orientation for GnP BP nanopaper, thus further supporting the
role of BP molecular junctions in the enhancement of thermal transfer at GnP-GnP

contacts.
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Figure 73. In-plane and cross-plane thermal diffusivities for GnP and GnP BP
nanopapers

GnP C2 nanopapers were further investigated as a function of C2 concentrations, in
the range between 10* M and 10° M. Although the thermal diffusivities for all C2
GnP nanopapers are higher than GnP pristine for any concentration range (Figure 73),
an increment in C2 concentration resulted in a decrease of both in-plane and cross-
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plane diffusivities. Indeed, while C2 at 10® M induces 17 % and 420% enhancement
for in-plane and cross-plane thermal diffusivities, respectively, compared to pristine
GnP nanopaper, for those at 10* M C2 increments are reduced to 11 % and 180%.
This is possibly explained by C2 aggregation (as previously shown in the FESEM
analysis) that may hinder efficient networking of GnP flakes, thus leading to a
drastically reduction in thermal diffusivities.
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Figure 74. Thermal diffusivities comparison between nanopapers at different
concentration of C2.

Furthermore, the effect of bispyrene functionalization was also compared with that
of mono-pyrene derivatives, to gain further insights on the role of BP as non-covalent
molecular junctions between GnP and, in particular, if the effect of two anchor groups
(pyrene) leads to a better thermal junction between different GnP. Therefore, two
mono-pyrene derivatives (MP) were used that are different in term polar interaction
with GnP and relative thermal effect for the phonon transmission (Figure 75). The
pyrene butyric acid, one of the reagents used to synthesize BP and it has already been
used to disperse graphene into DMF [246], has a polar terminal group (PyCOOH)
whereas the N-dodecyl-4-(pyren-1-yl)butanamide (PyCONH), specifically
synthetized starting from pyrene butyric acid and an mono-aminoalkane, brings an
hydrophobic aliphatic chain (the NMR spectra are shown in the appendix 7.3).
Nanopapers were prepared with the mono-pyrene derivatives (GnP MP) using the
same conditions and concentration and morphologically characterized (more details
in the Appendix 7.4) as for the GnP BP and thermal diffusivity of these nanopapers
were measured by LFA.

a 0 b (0]
OH N

O“O Py COOH O“O Py CONH
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Figure 75. Mono pyrene derivate. a) Pyrene butyric acid with a terminal polar group.
b) The N-dodecyl-4-(pyren-1-yl)butanamide with hydrophobic terminal group.

Nanopapers with GnP MP showed in-plane thermal diffusivity lower of about 6%
for the PyCOOH and 4% for the PyCONH respectively compared to GnP pristine
nanopaper contrary to cross-plane thermal diffusivity in which limited improvements
were obtained, as show in the Table 7. The absence of substantial improvements with
MP suggests that it is necessary to use bi-functional molecules in order to lead the
organization of GnP in a thermally efficient network.

In plane Cross plane
Nanopaper 1 % al

(mm?s™) (mm’s™)
GnP 175.1+8.6 0.433+0.019
GnP COOH 163.9+5.3 0.810 £ 0.002
GnP CONH 167.8 5.4 0.590 + 0.005
GnP C2 10 187.5+ 8.1 0.781 £ 0.004

GnP C2_107 192.5+59 0.971 £ 0.016

GnP C2 203.9+£9.2 2.256 £0.044
GnP C4 191.6 £ 6.6 2.358 £0.038
GnP C6 168.0+5.3 1.485 +£0.02
GnP C8 170.1 +£3.9 1.371 £ 0.013
GnP C12 172.6 £ 8.6 0.589 £ 0.026

Table 7. Thermal diffusivities of nanopapers.

After evaluating the effect of BP as molecular junctions, the possibility to obtain
more strongly bound molecular junctions between GnP, thus potentially more
efficient in phonon transfer based on when shown by some articles [247-249], was
explored.

LFAs of both GnP nanopapers manufactured with 112 at different concentrations
were carried out, comparing the results with the pristine GnP nanopaper as well as
GnP MA nanopaper, as shown in the Figure 76.

Both GnP MA and GnP 112 were found to have thermal performances lower than
pristine GnP nanopaper. In fact, the value of diffusivity in cross plane decreases from
0.43 mm?s! of GnP pristine to 0.35 mm?s’ for that one with the 112 (low
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concentration) up to 0.32 mm?s™! of that one with the 112 (high concentration) and
0.29 mm?s! of that one functionalized with the MA.

In general, these values are coherent with the presence of molecules that are
interposed between the flakes, spacing them and therefore hindering the heat
transmission.

For the thermal diffusivity in direction parallel to the surface was observed the pure
GnP is the most performing compared to nanopaper that have functionalized GnP.
Indeed the values drastically decrease from 175 mm?s™! for GnP pristine to 94 mm?s”
! for that with MA and 47 mm?s' for GnP 112 nanopaper (that one with a high
concentration of organic liker).

A lower heat transfer efficiency of the 112 compared to the MA could be related to
an excess of functionalization. In fact, for the samples with MA, the flakes are
relatively closer and the heat transfer can take place more easily, contrary to those
with 112, in which the aggregates of molecules (as seen in the FESEM analysis) are
interposed between flakes and a significant decrement in diffusivity is obtained.
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Figure 76. Cross plane and in plane thermal diffusivity comparison of pure GnP and
functionalized GnP with either MA or 112 at different concentrations.

Because the thermal proprieties of BI nanopapers are lower than GnP pristine one in
contrary to BP nanopapers, only nanopapers with BP were tested to evaluate their
efficiency as heat spreader.

4.2.2. Thermal conductivity

Thermal diffusivity represents the rapidity of heat distribution and thus it is an
intrinsic property of each materials: However the heat flow that could be carried by
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a material under a defined temperature gradient depends on the thermal conductivity,
which can be calculated from the diffusivity measurement as K= a-p-Cp, where p
and Cp are respectively the density and the thermal capacity of the material.
Therefore, considering the densities of the nanopapers previously measured and the
capacity of GnP which is the same as graphite, it is possible to calculate the thermal
conductivity of nanopapers, either functionalized or not, and compare them with the
most widely used heat management materials.

As show in the Table 8, the GnP pristine nanopaper shows the highest thermal
conductivity in plane (151 Wm™K™") while nanopapers with GnP MP show values
around 100 Wm 'K and even lower values are obtained for nanopapers containing
BP (around 90 Wm™'K™!) except to GnP C12 nanopaper whose value is 115 Wm™'K-
I, Cross-plane thermal conductivities, on the other hand, show similar values for
nanopaper with GnP MP and that with GnP pristine (0.375 Wm™'K"!) on contrast to
nanopapers with GnP BP which show higher values. In fact, for the shorter BP (C2 -
C4) cross-plane thermal conductivity are respectively 0.997 Wm™'K-! and 1.124 Wm"
K1, while as the length of the molecule increases, decreasing values are obtained up
to 0.393 Wm™'K'for the nanopaper GnP C12.

The effects of density and thermal capacity are very evident when carbon-based
nanopapers are compared with copper and aluminum laminates, which are the most
widely, used metals for thermal management applications. In fact, the thermal
conductivity is more than double for aluminum (235 Wm™'K"!) and four times higher
for copper (370 Wm™'K'!), but due to both the high thermal capacity of the metals
and, more important, their density (more than four times for aluminum and almost
fifteenth times for copper). Therefore, because the densities of the nanopapers
depends on the technology of preparation, improvements can be obtain simply by
compacting the material with a consequent increase in thermal conductivity.

a a Kcomp Kcomp
( cfn 3) in-plane cross-plane in-plane cross-plane
g (mm?s™) (mmZs™) Wm'K)  (Wm'K?)
GnP 1.22 175.1+8.6 0.433+0.019 151+5 0.375+0.017

GnP COOH 0.85 163.9+53 0.810+0.002 100+ 3 0.485 +0.001
GnP CONH 0.93 167.8+54  0.590 £ 0.005 110+ 4 0.389 + 0.003
GnP C2_10* 0.82 187.5+8.1 0.781 £0.004 110+5 0.457 £ 0.002

GnP C2_10° 0.74 1925+£59 0.971+£0.016 101 +3 0.511 +0.008

GnP C2 0.61 203.9+9.2 2256+ 0.044 90 +4 0.997 £ 0.019
GnP C4 0.67 191.6+£6.6 2.348+£0.038 92 +£3 1.124 £0.018
GnP Co 0.75 168.0+53  1.485+0.020 90+ 3 0.791 +£0.011
GnP C8 0.77 170.1£3.9  1.371£0.012 92+2 0.739 £ 0.007
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GnP C12 0.94 1720+£8.6  0.589+0.026 115+6 0.393 £0.017

Al 2.70 96.7+5.4 96.7+54 235+ 13 235+ 13
Cu 8.96 107.3+5.4 107.3+5.4 370+ 19 370+ 19

Table 8. Thermal proprieties comparison between nanopapers with Aluminum and
Copper.

The nanopapers can be considered as porous materials in which the thermal
conductivity is the sum of the contributions of air and GnP respectively.

In order to study the dependence of diffusivity and conductivity of porous material
as a function of density, nanopapers based on GnP pristine have been prepared and
pressed with different forces.

From the relationship that relates the density of a material to its porosity in which
p=1- ¢ (more details in chapter 2.5) where p is the density and ¢ is the porosity, as
shown in the table, the thermal conductivity value increases from 49 Wm™'K™! (for
the highest porosity nanopaper) to 219 Wm™'K"! for the most dense nanopaper. On
the other hand, it is well demonstrated how thermal diffusivity is not influenced by
porosity because the values of nanopaper are very similar between themselves.

Sample (¢ c?n'3) pm('((slty (mzllzls-l) (WIE/I/K-I)
A 0.39 0.83 178 £5 49+ 11
B 0.78 0.64 178 £3 99 +2
C 1.17 0.47 169 +7 141+ 6
D 1.19 0.46 176 £7 149+ 6
E 1.27 0.42 179 £ 4 163 +4
F 1.78 0.19 173+3 219+4

Table 9. Thermal diffusivities and thermal conductivities values of nanopapers pressed
at different force

The problem of heat conduction in heterogeneous materials consisting of a solid
continuous phase and a filler dispersed phase, dates back to the early works of
Maxwell [250] and Rayleigh [251] in which different models were proposed to
predict the effective thermal conductivity of various types of composite materials. A
study was carried out in which, models of effective thermal conductivity of
composite materials most frequently appearing in the literature are presented and
compared. According to the Maxwell approach, the problem was considered as a
dispersion of spherical bubbles (having thermal conductivity = 0.026 Wm'K™)
embedded in a continuous conductivity matrix, but where the thermal interactions
between bubbles were ignored [252]. However, this is only valid for low porous
materials where the bubbles are isolated, so Rayleigh's model instead considered a
possible interaction but assumes that the bubbles have a spherical shape. Although
other form factors have been evaluated in Hasselman-Johnson's models (cylinders
[253] or ellipsoids [254]), these models do not consider the possible shapes of air
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within the nanopaper. Therefore different models have been considered (Figure 77)
in which the volume fractions of each phases are considered, including Maxwell-
Eucken models (depending on porosity magnitude), the linear model and that
effective medium theories (EMT) [255].

The experimental results (black points) were used to investigate which model
normalizes the effect of air, considering, ke is the thermal conductivity of composite,
ki is the thermal conductivity of GnP network (including interfacial effect and
functionalization) which is the unknown factor, k» is thermal conductivity of air equal
t0 0.026 W-m-K™!, v is the volume fraction of air (porosity). As show in the Figure
77, it is evident that the linear model fit the experimental points better than others
and was used to calculate the nominal thermal conductivity of nanopaper obtained at
zero porosity, equal to 273 W-m™-KL.

Linear model
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Figure 77. Equation of theoretical models used to investigate the effect of porosity
within the nanopaper and their plotting in comparison to experimental points.

The linear model was applied to the thermal conductivities of nanopapers
manufactured with functionalized GnP, to get rid of the effect of their difference in
densities, in order to obtain the “intrinsic” thermal conductivity values of GnP
networks, theoretically obtainable if nanopapers could be fully densified. These
values are reported in Figure 78 and compared with aluminium (235 W-m™-K'!) and
copper (370 W-m!'K!). The C2 functionalization leads to in-plane thermal
conductivity values higher than aluminium for the whole range of concentrations
used as well as GnP C4 nanopaper, that also have the highest cross-plane thermal
conductivity among carbon nanopapers. On contrary, GnP MP nanopapers and those
contain longer BP (C6-C12) show lower thermal conductivity both GnP pristine
nanopaper and aluminium.
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Chapter 5

Heat spreader with GnP nanopapers

From an application perspective, such increased in-plane thermal diffusivity may
be exploited in heat spreader applications, typically used for the dissipation of heat
from a hot spot, over a larger surface. This is the case of several electronic
components in modern devices, especially in high frequency processors and batteries,
in which the excess heat must be dissipated to prevent device failure. Copper and
Aluminum are traditionally used for heat spreaders for their high thermal
conductivity, in the forms of foils or finned structures.

5.1. Temperature vs time profile

GnP nanopapers are in principle a valid alternative to metals, owing to their heat
spreading performance, coupled with a low density, thus opening for applications in
flexible electronics as well as wearable and implantable devices. With the aim of
comparing performances of GnP-bispyrene nanopapers to the conventional metal
foils, an experimental setup (Figure 79) for the measurement of heat spread from a
hot spot was built and validated. This can be considered as a simulation of local
overheating of an electronic component in an electronic device that requires cooling.
Therefore, in addition to the thermal diffusivity and thermal conductivity values of
the nanopaper, as shown in the previous chapter, the problem was also be treated
below from the point of view of heat dissipation with the surrounding environment.

nanopaper

Figure 79. Set Up for the measurement of thermal properties as heat spreader
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Using a powered transistor, simulating an hotspot, and an IR thermo camera to

collect thermal maps in time, the temperature evolution over the heat spreader, made
with copper film or with the nanopapers above described was continuously
monitored during heating (power on) and cooling (power off) of the hot spot.
In the absence of any heat spreader foil, the temperature, on heating raises up to about
85°C after 300s power on. As expected, the presence of a metal foil strongly reduced
the hotspot temperature to 53.6 °C for Cu and 56.6 for Al foils, as the heat is
distributed from the hot spot to the surface of the foil and eventually dissipated to the
surrounding air, by natural convection and irradiation. With nanopaper heat
spreaders, temperature profiles in time strongly depend on the presence and type of
functionalization. Indeed, all GnP BP nanopapers have a maximum hot spot
temperature lower than with the pristine GnP and, most importantly, those that
containing the shortest BP (C2) revealed to be as efficient as Cu, whereas GnP C4 is
even more efficient than Cu foil in these conditions (Figure 80). This outstanding
result is even more impressive when considering the densities of the heat spreaders,
as the porous GnP C4 nanopaper is only 0.67 g/cm’, whereas copper is about 8.9
g/cm’, thus delivering a straightforward weight reduction of the heat spreader by one
order of magnitude.
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Figure 80. Temperature vs time profile of hotspot, as such or in the presence of
different types of foils used as heat spreader.

105



5.2. Thermal gradients

To investigate the mechanism of heat dissipation over the spreader foils, the
thermal maps acquired in time (maps at selected times are reported in Figure 81), upon
heating and cooling the powered transistor, were carefully analysed.

By overlaying the origin of a Cartesian system (X; Y) with the centre of the
nanopaper, the first quadrants showing the thermal gradients of heat spreader of
different materials can be compared to a system without a heat sink.

Analysing the heating phase (Figure 81), it is noticeable that after 30 seconds the
thermal gradient of copper is the smallest compared to GnP nanopaper heat spreader
but at the same time the temperature profile over the whole nanopaper is higher than
others. Among GnP-based nanopapers, on the other hand, it is evident how pristine
GnP does not dissipate heat as efficiently as copper because the temperature near the
hotspot is higher. On the other hand GnP C2 nanopaper shows a hotspot temperature
comparable to copper but a temperature distribution along the whole profile at
significantly lower values. These differences are even more evident after 60 s
heating, when it is clear that a system without heat spreader reaches temperatures
above 60 °C, on contrast to the lower temperature of those in which heat spreader
works, although with different performance.

In fact, if on the one hand, the temperature closer the hotspot is higher in GnP pristine
nanopapers and in that with C12 than copper or one GnP with C2, on the other hand,
in the part near the edges, GnP C12 nanopaper and in particular one made with
GnPC2 show values close to room temperature while copper and GnP pristine
nanopaper have edges at a temperature higher than ten degrees (about 43 °C).

When the cooling phase begins (after 5 min heating) and when the system is at
plateau temperature, the IR-map show similar gradients for pure GnP pristine
nanopaper and the one made with GnP with C12 where both the temperatures near
the hot spot (over 60 degrees) and those along the whole thermal profile are higher
than for copper and GnP C2 ones. If the copper heat spreader has the smallest thermal
gradient vs radius, on the other hand, the GnP C2 heat spreader has the lowest
temperatures along the whole profile.

The result is also confirmed by the maps acquired at 330 seconds and 360 seconds
respectively, in which the GnP C2 heat spreader always shows lower temperatures
than the other heat spreader, over the whole surface. Moreover, after one minute of
cooling (360 seconds) it is evident that the GnP C2 system is at temperature values
near to the ambient temperature (approx. 28-35 degrees), contrary to the other
samples that show values ten degrees higher along all the respective profiles.
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Figure 81. IR - thermal images acquired in the initial stages of heating (0.30 seconds
and 60 seconds respectively) and cooling (300, 330 and 360 seconds) for comparing the
thermal gradients of systems in which there are heat spreaders fabricated with different
materials.

The thermal maps obtained at 300 s (Figure 82 a) were analysed to calculate the
thermal gradient on the foil vs. the radial coordinate. Such temperature profile was
extracted from temperature maps along long three different directions in order to
obtain a representative average (Figure 82 b), that was fitted with an exponential
decay function, for all the different heat spreader (Figure 82 ¢). It is apparent that Cu
has significantly lower temperature gradient over the surface, yielding a lower decay
rate (Ro) in the radial temperature plot, compared to GnP nanopapers. This may be
explained by the higher density of the metal film, allowing a more efficient
distribution of heat over the surface, according to thermal conductivity values.
Moreover, for nanopapers (C4-C12), there is an increasing trend in the heat transfer
decay rate value, indicating when longer BP are used to contact thermally the GnP,
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the heat distribution become lower and lower . In addition, for C8 and C12
nanopapers, values of 0.229 and 0.259 are obtained, respectively, which are higher
than the GnP pristine nanopaper (0.217).
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Figure 82. Thermal gradient’s comparison between Copper and heat spreaders based
on pristine GnP and GnP C2 one. a) Thermal imaging at 300 seconds of selected heat
spreader in order to extrapolate the temperature values. b) Average calculate long
three direction for each sample. (c) Comparison between the thermal gradient fitted
with exponential decay curves and relative decay rate values.

However, this trend do not totally correspond to the thermal conductivity or to the
plateau temperatures values, especially for the GnP C2 nanopaper, suggesting that
that porosity of the nanopaper and its high specific surface area play an important
role in the heat dissipation from the heat spreader to the surrounding air.
Compared to a smooth surface, indeed, a rough surface improves phase change heat
transfer by increasing the net contact area for heat transfer [256].
For example, in common materials, surface treatments (sandpapering or abrasive
blasting [257]) are normally carried out to create relatively simple structures, i.e.
consisting essentially of low peaks and valleys, and distributed randomly or more
specific processes (lithography or electrochemical methods) can create complex and
regular structures [258]. This is due to the direct proportionality between the heat
exchanged and the area of exchange surface, as shown in the definition of the heat
transferred by convection in which:

Q=h-A- (Ti-T»)
Where Q is the convective heat transfer, h, is the convective heat transfer coefficient,
A is the surface area of exchange, T: is the surface temperature and T: is the
temperature of surrounding.
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A study was carried out to look for a model that described the system by combining
the effect of the conduction of the material with its ability to transfer heat to
surrounding by convection. Among the various types of approaches that involve the
heat transfer between a hot system and a medium, that one in which the heat exchange
surface is increased by fins, was chosen. Moreover, in literature there are different
fin configurations (such as longitudinal, radial and spines) and each of them includes
the study of the geometry system (rectangular, circular, cusps) in order to describe it
with specific equations [115]. Therefore the nanopaper were considered as a radial

fin with a rectangular profile (more detail in chapter 2.5) that cool a central heat flow
(as shown in the Figure 83).
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Figure 83. Approach of a finned surface applied to nanopapers. a) Experimental set-
up. b) Radial fin with rectangular profile.

According to the classic approach, the general differential equation that describe
these phenomena is

d%e de 2h\ />
2 2.2
P — _.I._r_ —m-r 9 m = (_)
dr? dr In which ké and 0=T—Ts

Where: m is the fin performance factor (m™), h is the heat transfer coefficient Wm"
2K, k is the thermal conductivity (Wm™'K!), § is the thickness (mm) of the fin, @
is the difference of measured temperature (T) and Ts which is the room temperature
(°C). Because this equation is Bessel’s modified equation, which has a solution in
terms of the modified Bessel functions 6(r), these function were used to fit the
average curve obtained extrapolating the thermal gradient on the foil vs. the radial
coordinate from 300 s thermal imagine (Figure 84).

In evaluating the heat transfer performance of surfaces enhanced by the presence of
fins, the convective heat transfer coefficient h is clearly an important quantity. Fins
are particularly effective under conditions where the controlling thermal resistance
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is due to convection (where the coefficient h is relatively small [115]). From the
results (Figure 84 ¢), the values of heat transfer coefficient can be compared, therefore
both of nanopaper show lower values (GnP pristine is equal to 10.1 Wm2K™! and
GnP C2 is equal t016.0 Wm™K'") than copper (23.8 Wm™>K'") indicating how their
surface exchanges higher heat with the environment.

In the engineering of finned surfaces, the parameter that includes both the
contribution of thermal conductivity and convection is the fin performance factor (m)
and so by analysing, it can be observed that both GnP pristine and GnP C2
nanopapers whose values of 81 m™! and 96.6 m™! respectively, are higher than copper
one (56.8 m™), indicating how nanopapers are more performing as heat spreader
compared to copper.
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Figure 84. a) Thermal maps at 300 s. b) average of the experimental thermal gradient
(black curve) and the fitting of the differential equation of Bessel function (blue curve).
c¢) Comparison between parameters of fins made with copper and those carbons based.

In conclusion, although the conductivity of the fin containing C2 (90 Wm™'K™") is
lower than that of copper (370 Wm™'K™!), its performance is superior as heat spreader,
thanks to a larger surface area (in relation to its roughness), which favours heat
exchange by convection. In addiction it should be considered that, at the same
geometry there is a 90% weight reduction (related to de different density of materials)
which may open for potential application in a number of lightweight a flexible
devices.
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Chapter 6

General conclusions

This PhD thesis focused on the exploitation of GRM for the preparation of
thermally conductive nanopapers for applications where heat dissipation is required.

GRM have been selected as raw material because they have a lower density
compared to commonly used metals (such as copper and aluminum) and higher
corrosion resistance.

Because the heat transfer is influenced by the aromatic structure, where the

carbon atoms have a sp® hybridization, an interruption of the conjugation of the
covalent bonds dramatically influences the thermal properties. So, it is possible to
distinguish chemical defects related to the presence of carbon atoms sp® hybridized
or physical defects such as the presence of vacancies or the edges of the flake.
Among GRM, graphite nanoplatelets with lateral size in the range of a few microns
and thickness of a few nanometers were chosen as raw material both to reduce the
problem of the presence of chemical defects in the structure and because they have a
relatively low cost.
Nanopapers are the macroscopic result of an overlapping of several graphite
nanoplatelets, so there is a problem of thermal resistance at the interface on which
the efficiency of heat transmission depends. Therefore, to increase the transfer of
phonons, graphite nanoplatelets have been functionalized using two different
approaches. The first one exploits a supramolecular interaction (n-m stacking)
between the aromatic polycyclic and the surface of the graphene while the second
one uses a defect functionalization to covalently connect the structures.

For supramolecular functionalization, a new family of molecules derived from

pyrene has been synthesized. In particular, bispyrene molecules were designed to
bring two terminal pyrene groups, as anchor groups with the graphite surface, spaced
by an aliphatic chain with variable length.
The synthesis occurred between a 1-pyrenebutyric acid and aliphatic diamines of
different length. The reaction was carried out by first converting the carboxylic group
into its chloride. This brought significant advantages both in terms of greater
reactivity in the subsequent reaction with the amino group, and because it was
possible to use a solvent in which the reagents were soluble, while the products were
not and could be collected by simple precipitation. In this way, it was possible to
avoid subsequent product purification steps that are very common for these organic
synthesis, thus making this synthesis economically sustainable, scalable and
industrially viable.
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From nuclear magnetic resonance spectroscopy analysis it was possible to obtain
qualitative and quantitative information on the purity of the products, which were
confirmed by liquid chromatography coupled mass spectroscopy analysis.

Solutions in dimethylformamide solvent at different molecule concentrations
have been used to disperse graphite nanoplatelets by ultra-sonication to evaluate the
degree of functionalization. By comparing the photoluminescence measurements
between the suspensions with the respective initial solutions, formation of bispyrene
molecular aggregates was confirmed, in competition with their absorption by
graphite nanoplatelets. After the suspensions were filtered, by ultraviolet-visible
analysis the concentration of remaining into filtrated solutions was quantified and
then by difference with the initial one, the concentration adsorbed by graphite
nanoplatelets was obtained. For the higher initial concentrations (10 and 10~ M)
only a small part is retained by the graphite nanoplatelets (9% and 55% respectively),
whereas most of the BP was adsorbed by GnP when using a 10° M initial
concentration (78%). Based on these results, the10°° M concentration was selected to
disperse the nanoplatelets with the other bispyrene and then evaluate if the chain
length between the pyrene groups influences the functionalization.

About the covalent functionalization at the edges of graphite nanoplatelets, the
cycloaddition reaction (Diels-Alder) in which graphene behaves as diene and a
molecule derived from maleic anhydride behaves as dienophile, was chosen, based
on the promising literature reports. The bismaleimide molecules were obtained
through the reaction between maleic anhydride and aliphatic diamines with different
chain lengths in two steps. The first step occurred in a low-boiling solvent in which
the reagents were soluble while the products were not, so that the products could be
collected by simple filtration. The diacid products of the first step were characterized
by nuclear magnetic resonance spectroscopy, demonstrating their purity. The second
step of the reaction occurred by an intramolecular condensation between the
carboxylic group and the amino group with consequent restoration of the five-
member ring and formation of maleimide. Nuclear magnetic resonance spectroscopy
and Fourier transform infrared results showed that the reactions for the shorter
bismaleimide 12-14 not occurred, while for the 16-18 it partially occurred but only the
112 was obtained with high purity.

112 was used for the functionalization of graphite nanoplatelets using two
different concentrations that were compared with those of graphite nanoplatelets
functionalized with maleic anhydride. The highest was made with a ratio 1 to 1 in
weight between GnP with BI, while the lowest was made with a ratio 1 to 0.1. The
results obtained by thermo gravimetric analysis showed that the functionalization
with 112 occurred more than maleic anhydride and in particular, for high 12 initial
concentration, as much as 30% weight of organic functionalization was obtained. The
comparison between the Raman analysis of 112 graphite nanoplatelets with those
functionalized with MA and that one pristine, confirmed that functionalization was
occurred because 112 is covalently linked to graphite nanoplatelets.

Both graphite nanoplatelets functionalized with bispyrene and bismaleimide were
used to manufacture nanopapers using the gravimetric filtration method through a
membrane, similar to the papermaking process, referred to as nanopapers.
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Morphological analysis was performed using field emission scanning electron
microscope which provided information on both surface topography and from the
analysis of the section where it was possible observed a preferential alignment of
graphite nanoplatelets. It was also possible to measure the thickness of the
nanopapers with which the densities were experimentally calculated obtaining
significant differences between nanopapers manufactured with different bispyrene.
To further investigate GnP flakes organization, a study was carried out to evaluate
the orientation of the flakes within the nanopapers using X-ray diffraction,
monitoring the 002 signal of the graphite at different tilt angle with respect to the
nanopaper plane. In this way it was possible affirm that the bispyrene
functionalization influence the density related to displacement of the flakes within
the nanopaper. Indeed, during functionalization, the molecules destabilize the
suspension (according to the UV-Vis analysis) and the functionalized GnP is placed
more randomly contrary to GnP pristine.

Nanopapers were characterized by light flash analysis to provide information on the
thermal diffusivity of the material. It was possible affirm that as the size of bispyrene
increases, the effectiveness of the thermal bridge decreases and therefore the ability
to transmit heat from one graphite nanoplatelets to another.

Indeed, if the GnP pristine nanopaper showed 175 mm?s'in plane and 0.4 mm?s’!
cross plane thermal diffusivity respectively, for nanopaper with GnP C2, thermal
diffusivity values of 203 mm?s™! in plane and 2.3 mm?s™! cross-plane were obtained.
Nanopaper GnP C12 based, on the other hand, similar values are obtained in plane
(173 mm?s!) and slightly higher values for cross plane (0.6 mm?s™). In any case
these values are much higher than those of aluminium and copper, which have a
thermal diffusivity of 97 mm?s! and 107 mm?s™! respectively, so the manufactured
nanopapers transfer heat faster than metals.

On contrary, for nanopapers obtained from graphite nanoplatelets functionalized with
112, lower thermal diffusivity values were obtained compared to both functionalized
with maleic anhydride and those manufactured with graphite nanoplatelets with
bispyrene. The excess functionalization probably decrease the contact area between
graphite nanoplatelets with consequent increase in thermal resistance.

The thermal conductivity values of the graphite nanoplatelets nanopapers were
measured but, on the other hand, as nanopapers with different organic
functionalization are characterized by different degree of porosity, in order to
compare the thermal conductivity of the different materials, the effect of nanopaper
density was investigated. Different models were considered in order to calculate the
conductivity of the continuous phase within nanopapers that were compared to the
experimental result obtaining a correspondence with the linear model. The highest
thermal conductivity values of continuous phase of 318 and 299 Wm™'K™!' were
obtained for GnP C2 and GnP C4 nanopaper, respectively, compared to 273 Wm™ 'K
! for pristine GnP.

These values are clearly lower than Cu (390 Wm™'K™!) but higher than Al (290 Wm"
K1), mostly related to their densities.

Finally, an experimental setup was designed to test the nanopapers heat spreaders,
using a powered transistor as a model hotspot, simulating the overheating of an
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electronic components that need to be cooled. By using a thermal imaging camera,
the temperature of the hotspot was monitored, comparing the results obtained with
and without heat spreader. In addition, a comparison was made with heat spreader
having the same geometry that are manufactured with aluminium or copper. The
comparison of hotspot temperatures demonstrated not only that all functionalized
nanopapers have a higher performance than pristine graphite nanoplatelets nanopaper
but also, for nanopapers containing the shortest bispyrene, a lower temperature value
compared those of aluminium and copper, indicating how the heat spreader is better
performing, even though the thermal conductivity value of copper is higher than for
GnP nanopapers.

A classic approach to the dissipation of heat from a finned surface was applied by
evaluating both the heat exchange coefficient by convection and the efficiency factor
of the fin. The results obtained suggested the fin containing C2 BP to have better
performance than copper due to a larger surface area, related to its roughness.

It should be further pointed out that performance obtained with GnP nanopapers was
achieved in parallel with a 90% weight reduction of the fin, compared to copper,
which may open for potential application in a number of lightweight a flexible
device.
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Appendix (i)

7.1. NMR spectra of BP

'H NMR (500 MHz, DMSO-d,;, 300 K) 3 (ppm): 8.40
(d, J=9.3 Hz, IH, g), 8.32(d, /= 7.6 Hz, 2H, e + d),
8.27 —8.22 (m, 2H, f+¢), 8.17 (s, 2H, b + h), 8.11 (t,
J=7.6Hz 1H, m), 7.96 (d, J = 7.8 Hz, 1H, a), 7.88
(t,J=5.1 He, 1H, i), 3.37 — 3.29 (m, 2H, n), 3.14 (d,
J=4.9 Hz, 2H, j), 2.27 (t, J = 7.1 Hz, 2H, 1), 2.05 (dt,
J=14.3,7.2 Hz, 2H, k), 1.48 (s, 2H, o
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Figure 85. 'H NMR spectrum and peak assignment of N,N'-(butane-1,4-diyl)bis(4-

(pyren-1-yl)butanamide) (C4).

'H NMR (500 MHz, DMSO-d,, 300 K) § (ppm): 8.42 (d, J = 8.5
Hz, 1H, g), 8.32 (s, 2H, e + d), 8.27 (s, 2H, f+ ¢), 8.24 — 8.14 (m,
2H, b+ h), 8.11 (s, 1H, m), 8.04 — 7.92 (m, 1H, a), 7.86 — 7.74
(m, 1H, i), 3.21 — 3.06 (m, 2H, j), 2.37 - 2.21 (m, 2H, 1), 2.15 —
2.01 (m, 2H, k), 1.53 — 1.40 (m, 2H, o), 1.41 — 1.28 (m, 2H, p).
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Figure 86. 'H NMR spectrum and peak assignment of N,N'-(hexane-1,6-diyl)bis(4-

(pyren-1-yl)butanamide) (C6).
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'H NMR (500 MHz, DMSO-d,, 300 K) 6 (ppm): 8.47 — 8.40 (m,
1H, g), 8.33 (t,/=7.3 Hz, 2H, e +d), 8.27 (dd, /= 8.4, 6.6 Hz,
2H, f+c¢),8.18 (q,/=8.9Hz,2H, b+ h), 8.12 (dd, /= 13.7, 6.0
Hz, 1H, rrﬁ, 8.00 (t,/=8.8 Hz, 1H, a), 7.83 (t,/= 5.4 Hz, 1H, 1),
3.36(d, .[/'= 7.9 Hz, 2H, n), 3.10(dd, J=12.7, 6.6 Hz, 2H, j),
2.27 (t, J=7.2Hz, 2H, 1), 2.11 - 2.02 (m, 2H, k), 1.43(d,J=6.0 |
Hz, 2H, 0), 1.30 (s, 4H p + q). ‘
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Figure 87. 'H-NMR spectrum and peak assignment of N,N'-(octane-1,8-diyl)bis(4-
(pyren-1-yl)butanamide (C8)

GFD23

1 NMR (500 MHz, DMSO-d,, 300 K) & (ppm): 8.47 — 8.40 (m,
1H, g), 8.33 (t,J=7.3 Hz, 2H, e + d), 8.27 (dd, /= 8.4, 6.6 Hz,
2H, f+c¢), 8.18 (q,/=8.9 Hz, 2H, b+ h), 8.12 (dd, /= 13.7,
6.0 Hz, 1H, m), 8.00 (t,J = 8.8 Hz, 1H, a), 7.83 (t, /= 5.4 Hz,
1H, i), 3.36 (d, J = 7.9 Hz, 2H, n), 3.10 (dd, J = 12.7, 6.6 Hz,
2H, j), 2.27 (t, J= 7.2 Hz, 2H, ), 2.11 — 2.02 (m, 2H, k), 1.43
(d,/=6.0Hz, 2H, 0), 1.30 (s, 4H p + q). ‘
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Figure 88. 'H-NMR spectrum and peak assignment of N,N'-(dodecane-1,12-
diyl)bis(4-(pyren-1-yl)butanamide) (C12).
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13C NMR (126 MHz, DMSO-d,, 300 K) & (ppm): 172.14, 127.99, 127.28,
126.94, 126.58, 125.30, 124.64, 123.93, 40.50, 40.34, 39.93, 39.70,
39.59, 38.68, 35.47, 32.71, 28.05, 27.25.
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Figure 89. *C-NMR spectrum of C4. Comparison between ppm measured
experimentally (black) and those extrapolated by software (blue).

15C NMR (126 MHz, DMSO-d,, 300 K)  (ppm): 172.11, 148.72, 137.03, 131.37,
130.91, 129.77, 128.64, 127.93, 127.90, 127.64, 126.94, 126.56, 125.37, 125.22,
124.73, 124.65, 123.93, 55.35, 38.86, 35.52, 32.69, 29.64, 28.03, 26.62.
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Figure 90. >*C-NMR spectrum of C6. Comparison between ppm measured
experimentally (black) and those extrapolated by software (blue).
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13C NMR (126 MHz, DMSO-d,, 300 K) 8 (ppm): 172.08, 137.03, 127.98,
127.50, 125.31, 40.56, 40.56, 40.04, 40.05, 39.94, 39.60, 32.71, 26.86
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392 26.7 293 300

170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
f1 (ppm)

Figure 91. *C-NMR spectrum of C8. Comparison between ppm measured
experimentally (black) and those extrapolated by software (blue).

BC NMR (126 MHz, DMSO-d;, 300 K) & (ppm): 143.09, 141.40, 127.78, 125.31,
123.94, 40.54, 39.88, 39.95, 39.52, 30.28, 28.54, 28.10,27.22, 26.13
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Figure 92. 3C-NMR spectrum of C12. Comparison between ppm measured
experimentally (black) and those extrapolated by software (blue).
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7.2. NMR Spectra of BI

'TH NMR (500 MHz, DMSO) 8: 9.47 (b, 2H), 6.31 (c+d, 4H), 3.36 (a, 4H)
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Figure 93. "H-NMR spectrum of (2Z,2'Z)-4,4'-(ethane-1,2-diylbis(azanediyl))bis(4-
oxobut-2-enoic acid) (N2).

Figure 94 shows the 'H-NMR spectrum of molecule N4 and according to the
assignment of peaks and their integral, the product can be considered pure. However,
the yield of the reaction is a bit lower than before and is equal to 75 %.

'H NMR (500 MHz, DMSO) 8 9.35 (c, 2H), 6.42 (d, 2H), 6.30 (e, 2H), 3.26 (b,
4H), 1.57 (a, 4H).
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Figure 94. 'H-NMR spectrum of (2Z,2'Z)-4,4'-(butane-1,4-diylbis(azanediyl))bis(4-
oxobut-2-enoic acid) (N4)
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"H-NMR spectrum related to the N6 molecule (Figure 95) appears different from
those seen previously because the analysis was carried out with deuterated
chloroform (signal at about 7.23 ppm) and therefore the chemical shifts are slightly
different. About the assignment of peaks, all signals find a response except for the
double bonded protons whose signals would be at the same chemical shift as the
solvent. Although small peaks are present, related to diethyl ether in traces.

H NMR (500 MHz, CDCly) 8 6.77 (e, 2H), 3.68 — 3.46 (c, 4H), 1.66
(b, 4H), 1.38 (a, 4H)
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Figure 95. 'H-NMR spectrum of (2Z,2'Z)-4,4'-(hexane-1,6-diylbis(azanediyl))bis(4-
oxobut-2-enoic acid) (N6).

Figure 96 shows the 'H-NMR spectrum of N8 in which the integrals of the peaks find
a perfect correspondence with protons signals of the molecule so it is possible to
assume that the compound is chemically pure and therefore the yield of the reaction

was 80%.

'H NMR (500 MHz, DMSO) § 9.21 (e, 2H), 6.47 (f, 2H), 6.31 (g, 2H),
3.24 (d, 4H), 1.59 — 1.48 (at+b+c, 12H),
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Figure 96. '"H-NMR spectrum of (2Z,2'Z)-4,4'-(octane-1,8-diylbis(azanediyl))bis(4-
oxobut-2-enoic acid) (N8).
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The spectrum of the NI12 molecule shown in the Figure 97 indicates that the
compound is pure. In fact, there is a precise correspondence between the peaks of the
spectrum (and its integrals) and the signals of the protons of N12. the two peaks at
3.33 ppm and 2.6 ppm, instead, correspond to traces of water and the non-deuterated
DMSO which are common impurities of DMSO-d6[259]. The reaction had a yield
of 70%.

"H NMR (500 MHz, DMSO) &: 9.19 (g, 2H), 6.47 (h, 2H), 6.31 (i, 2H), 3.24 (f, 4H), 1.57
— 1.49 (atb+ct+d+e, 20H)
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Figure 97. '"H-NMR spectrum of (2Z,2'7)-4,4'-(dodecane-1,12-
diylbis(azanediyl))bis(4-oxobut-2-enoic acid) (N12).

121



7.3. NMR spectra of MP

IH NMR (500 MHz, CDCL,) & 8.39 (d, J= 9.2 Hz, 1H, s), 8.25 (dd, J= 7.6, 3.3 Hz, 3H,u-w), 8.20
(s, 2H, x+r), 8.12 (d, J = 1.7 Hz, 3H, q+y+t), 7.96 (d, J= 7.7 Hz, 1H, m), 3.55 — 3.4 (m, 4H, p+1),
2.61 (t, J=7.2 Hz, 2H, n), 2.32 - 2.29 (m, 2H, 0), 1.58 — 1.19 (m, 20H, b-k), 0.96 (dd, J = 12.6, 6.9
Hz, 3H, a).
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Figure 98. 'H-NMR spectrum of N-dodecyl-4-(pyren-1-yl)butanamide.

BCNMR (126 MHz, CDCl;) 6 177.77, 135.49, 131.42, I3t90, 130.04, 128.80, 128.75, 128.01,
127.49,127.38, 126.77, 125.88, 125.54, 124.96, 124 82, 12B.39, 123.26, 39.74, 33.27, 32.68,
31.92,30.08, 29.63, 29.55, 29.36, 29.30, 28.98, 27.51, 26.9B, 26.52, 22.70, 14.14.

39.2 267 29.6 296 293 22.7

30.0 293 296 296 319 141

12631266

T T T T T T T T T ) T L T L T ¥ T x T ¥ T ¥ T % T
190 180 170 160 150 140 130 120 110 100 90 80 70
f1 (ppm)

Figure 99. *C-NMR spectrum of N-dodecyl-4-(pyren-1-yl)butanamide.
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7.4. Nanopaper with MP

The surface topographies of the nanopapers manufactured with GnP functionalized
with MP give an indication about the functionalization effects onto flakes. In fact,
the nanopaper with Py-COOH (Figure 100 a) shows a non-homogeneous surface
indicates that the molecules are not regularly spread on it contrary to nanopaper with
Py-CONH (Figure 100 c) in which the surface is completely covered.

FESEM analyses were also carried out on cross-section to evaluate the effect of
functionalization on alignment of the flakes. Nanopaper with Py-COOH (Figure 100
b) shows greater flakes alignment but less compactness than those with Py-CONH
(Figure 100 d) and by measurement of the thickness, the densities of the nanopapers
were calculated obtaining 0.85 g/cm? for GnP functionalized with Py-COOH and
0.92 g/cm? for nanopaper with Py-CONH, confirming that functionalization with Py-
CONH promotes a more orderly arrangement of the flakes during the gravimetric

filtration process.

GnP Py-COOH _ GnP Py-COOH

GnP Py-CONH

p= 0.92 (g/cm?)

Figure 100. FESEM Analysis of nanopapers manufactured with GnP functionalized with
MP molecules. a) Surface topography of nanopaper manufactured with GnP Py-COOH. b)
Cross section analysis of GnP Py-COOH film. ¢) Surface topography of nanopaper fabricated
with GnP Py-CONH. b) Cross section measurement of GnP Py-CONH film.

To quantify the amount of MP molecules effectively adsorbed within nanopaper the
filtrate solution (after gravimetric filtration) were analysed by UV-Vis in order to
calculate the concentration of Py-COOH and Py-CONH to be used to indirectly
calculate the fraction of both MP adsorbed onto GnP, given the known initial
concentration in the GnP suspensions.

As shown in Table 10, the fraction of adsorbed monopyrene is 87 % and 85 % of
the initial concentration for GnP Py-COOH and GnP Py-CONH, while the mass
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fraction of 0.08% was obtained from a Py-COOH and 0.14% for Py-CONH,
respectively.

. Fraction of Mass fraction
MP concentration

. . MP adsorbed of MP in
Sample in filtered solution
M] on GnP nanopaper
[%0] [o]
Py-COOH 0.13-10° 87 0.08
Py-CONH 0.15-10° 85 0.14

Table 10. Calculation of the mass fraction and mass of MP absorbed within nanopaper.
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