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Abstract

Graphene-based materials (GBMs), with graphene, their most known member, at the head,
constitute a large family of materials which has aroused the interest of scientists working in
different research fields such as chemistry, physics, or materials science, to mention a few,
arguably as no other material before. In this review, we offer a general overview on the

most relevant synthetic approaches for the covalent and non-covalent functionalization and
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characterization of GBMs. Moreover, some representative examples of the incorporation to
GBMs of electroactive units such as porphyrins, phthalocyanines, or ferrocene, among
others, affording donor-acceptor (D-A) hybrids are presented. For these latter systems, the
photophysical characterization of their ground- and excited-state features has also been
included, paying particular attention to elucidate the fundamental dynamics of the energy
transfer and charge separation processes of these hybrids. For some of the presented
architectures, their application in solar energy conversion schemes and energy production

has been also discussed.

1. Introduction

Graphene is an allotrope of carbon constituted of a single atomic layer of sp-hybridized
carbon atoms in the form of a two-dimensional (2-D) hexagonal lattice and which can be
considered as the fundamental structural component of other carbon allotropes like graphite
or carbon nanotubes. Since its discovery,' several graphene-based materials (GBMs) have
joined the “graphene” family nurturing a research field spanning through a variety of
disciplines including chemistry, physics, and materials science and which interest, in the
last decade, has increased at a high pace.” GBMs can be defined according to three
fundamental compositional (i.e., the atomic carbon/oxygen ratio) and morphological
features (i.e., 1) the number of graphene layers, which determines the thickness, the specific
surface area, and the bending elasticity of the material, and ii) the average lateral
dimension, which determines the material’s size and degree of deformability, properties
which are important, for example, for biological applications).’

The use of compositional and morphological descriptors is necessary when dealing with
GBMs since this broad family of materials embraces very different chemical species such
as single-layer and few-layer graphene (i.e., 2-10 layers), graphene oxide (GO, normally as
a single layer), reduced graphene oxide (rGO; normally a single layer), graphene
nanosheets, ultrafine graphite (i.e., more than 10 graphene sheets but below 100 nm in
thickness), graphene ribbons, and graphene dots.

As characterization tools of GBMs, several techniques are generally used. Thus, regarding
the number of graphene layers suitable analytical techniques are transmission electron

microscopy (TEM), atomic force microscopy (AFM), scanning tunneling microscopy



(STM), and Raman spectroscopy, among others.* The two former techniques, as well as
scanning electron microscopy (SEM), are also routinely used to obtain information
regarding the GBMs’ average lateral dimension. Finally, the atomic C/O ratio is commonly
determined by X-ray photoelectron spectroscopy (XPS), elemental analysis, and
inductively coupled plasma mass spectrometry (ICP-MS).

This review will be devoted to some aspects of GBMs, namely, the characterization and
chemical functionalization of these carbon materials. For some GBM-based donor-acceptor
(D-A) hybrids, their photoinduced excited state features will also be discussed with the aim
of rationalizing which effect the structural and electronic nature of GBMs have on the
photoinduced charge/energy transfer dynamics, with a focus on energy production.

The review starts with the characterization of GBMs by STM and Raman spectroscopy. On
one hand, STM allows gathering valuable information about the morphology and electronic
structure of GBMs. On the other hand, Raman is a versatile technique used to
spectroscopically characterize GBMs, as it assists in distinguishing, for example, the
number of layers, defects or crystal disorder, edge structures, changes in the hybridization,
and doping effects, etc.® These aspects are of fundamental importance for the chemical
functionalization of graphene for which both covalent and non-covalent approaches — both
constituting the next part of the review — have been established.

The covalent functionalization of graphene represents a very challenging and, at the same
time, important research field within the science and technology of the so-called “synthetic
carbon allotropes”. It requires the formation of covalent bonds onto the basal plane of the
carbon lattice, an addition which changes the hybridization at the addend-carrying graphene
carbon atoms from sp” to sp°. This process can be formally considered as an introduction of
defects and leads to the modification of the electronic (band structure), optical, and
mechanical properties of the 2-D carbon allotrope. Moreover, the covalent functionalisation
offers the opportunity to improve the solubility and processability of graphene, which
would be otherwise difficult to master in terms of practical applications. Furthermore, the
covalent functionalization allows for the combination of the unique properties of graphene
with those of photo- and/or electroactive compounds.”® Up to date, several strategies have
been used for the covalent functionalization of GBMs, most of them employing synthetic

protocols previously applied to the functionalization of fullerenes or carbon nanotubes.



Synthetic strategies involving the addition to graphene of phenyl radicals,’ diazonium
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compounds, azomethyne ylids,'* fluorinated phenyl nitrenes,"> carbenes,'® or Diels-
Alder cycloaddition reactions'’ have been explored allowing to incorporate a wide variety
of electroactive units to the GBMs. While some of these works have been recently

d'®2! — therefore they will be only briefly presented in the last part of this revision

reviewe
together with the physicochemical properties of graphene-based D-A hybrids — in the
corresponding section we will focus on a much less explored covalent functionalization
strategy for GBMs, namely their reductive covalent chemistry. This strategy, based on the
formation of negatively charged graphitic species, offers some interesting advantages with
respect to the more classical functionalization strategies such as a higher degree of
functionalization of the GBMs. Concomitantly to the covalent functionalization of GBMs,
the non-covalent functionalization of these materials has also been actively pursued.* This
latter strategy is particularly attractive since, in most of the cases, and opposite to the
covalent functionalization, allows preserving the conjugated m-system of graphene. By
virtue of its 2-D structure, GBMs represent an ideal platform for the preparation of tailored
hybrid materials through non-covalent interactions with opto- and electronically-active
organic components. For the non-covalent functionalization of GBMs, molecule-to-
graphene intermolecular forces such as m-m, cation-m, hydrogen-m and gas-m have been
explored; strategies that were effectively used earlier in the context of carbon
nanotubes.”** In the corresponding section, we present some recent examples of the non-
covalent modification of graphene through liquid phase exfoliation and solution-based
processes. The ligands usually combined with graphene as binding partners are surfactants,
polymers, or small aromatic molecules. This functionalization strategy has been recently

. . .. . 25.-
reviewed in some specialized journals®~°

and here only a few representative examples are
summarized. A section dealing with the non-covalent functionalization of epitaxial
graphene growth on solid surfaces and the study of the resulting hybrids by ultra-high
vacuum STM has also been included.

The last part of this review is devoted to the study of the photophysical properties of D-A
systems based on GMBs. During the last decades, an enormous effort has been made

towards the preparation of model compounds of natural photosynthetic systems with the

ultimate goal of studying and understanding energy conversion processes. To this end, a



wide range of covalent and non-covalent D-A systems have been designed, frequently
using carbon nanostructures like fullerenes, carbon nanotubes and, more recently,
graphene-type materials — particularly few-layer graphene, GO, and rGO — as the electron
acceptors — or donors, although to a much lesser extend — species. This last section starts
describing D-A systems based on monolayer and few-layer graphene, to then move towards
hybrids integrating chemically modified graphene such as GO and rGO. In each subtopic,
both covalent and non-covalent methodologies have been separately discussed, with a
reference, for some of these systems, to the synthetic strategies used to prepare them.
Moreover, for some of the presented D-A hybrids, their use in solar energy conversion

schemes have been also included.

2. Basics of scanning tunnelling microscopy (STM) and Raman spectroscopy of GBMs
One of the first methods to optically characterize GBMs was scanning tunnelling
microscopy (STM). Considering resolution down to the atomic level, information about
morphology and electronic structure of GBMs were gathered. Topographical mapping
provided insights into the coupling within the top layers. For example, in few layer
graphene, there are different stacking modes. Firstly, AA-stacking, where the layers are
directly stacked above each other with all carbon atoms on top of each other (Figure 1a).
Secondly, the common AB- or Bernal stacking, where every second layer is shifted, so that
their A atoms are above the underlying B atoms, and their B atoms above the centre of the
underlying hexagons (Figure 1b). Thirdly, twisted variations, where the layers are rotated to
each other (Fig. lc,d).*'*? Each stacking mode is known to impact the electronic properties
and, in turn, is monitored and differentiated by means of STM. In a perfect AB-stacking,
the electron densities are seen as indefinite triangular lattices. For decoupled layers,
honeycomb structures are found. A rotation of the layers results in so called Moiré patterns.
The latter are a consequence of superposing and rotating identical periodic lattices (Figs

lc,d).
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Fig. 1 Different possible stacking modes in graphite. a) AA-stacking, b) AB- or Bernal
stacking, and emerging Moiré pattern when rotating two layers of graphene by c) 8° or d)

15°. Reproduced with permission from ref. 31. Copyright 2017 Elsevier.

Due to challenges to investigate free standing graphene layers via STM, the method of
choice was to grow perfect monolayers of graphene directly on a substrate and/or transfer
them onto suitable substrates for STM investigations. One has to take caution as the
underlying substrate plays an important role, especially in terms of influencing the obtained
results.

The most common substrate, that is, insulating SiO,, has great drawbacks for the usage in
STM. Potential fluctuations stemming from random impurities lead to the formation of so
called electron hole puddles. As a matter of fact, false information about, for example, the
lattice parameters and the couplings of the graphene layers are obtained. Moreover, the
examination of the Dirac points via STS proved to be impossible due to too high deviations
in energy at these points.>******¢ Another possibility is based on the direct growth of
graphene on metal substrates, such as Ru(111)*” or Cu(111).*® Here, STM corroborated that
large-scale growth even along terrace steps is possible. Again, the electronic properties of
the layers are influenced by the metal substrates leading to the Moiré substructures. In
contrast to the aforementioned, using hBN substrates assists in reducing charge fluctuations

and examining the low density regime and the Dirac point. Moiré patterns are still



discernable, but due to slight variation in the coupling parameters between the A and B
atoms in graphene and the boron and nitrogen atoms in hBN no sizable impact on the band
gap of graphene evolves due to charge fluctuations.’®*® The best results are, however,
obtained with graphite (Fig. 2).* Here, sufficient decoupling from the substrate is reported.
Pristine honeycomb structures lacking Moiré patterns and complete access to the electronic

properties is provided.

Fig. 2 a) STM image of graphene deposited onto graphite with two different areas: b) area
A showing a honeycomb structure representing a decoupled single layer, and c) area B
showing the triangular structure of Bernal stacked few-layer graphene. Reproduced with

permission from ref. 40. Copyright 2009 American Physical Society.

Going to chemically modified graphene, for example, to graphene oxide, it becomes clear
that, as STM relies largely on conductivity, GO features tremendous challenges to the
measurements due to lattice distortions of the caused by functionalization: the tunnelling
current decreases while the resistivity increases. Nevertheless, STM reveals direct insights
into the structural changes on the atomic scale as this goes hand in hand with changes in the
density of states.

As such, STM is used to follow the regeneration of the graphene like properties upon
annealing highly reduced GO. It enables the complete restoration of a defective GO lattice
structure by applying, for example, different annealing temperatures (Fig. 3).*' STM down
to the atomic level yields direct insights in the underlying process, as remaining defects or

vacancies are detected. A poorly conducting GO sheet is subject to an increase in



conductivity and to an improvement of the image quality. Eventually, a characteristic

42,43,44

hexagonal framework emerges.

Fig. 3 Nanometer- and atomic-scale STM images for the highly reduced graphene oxide
sheets prior to the thermal treatment (a,b) after annealing at 1773 K (c,d), 1923 K (e,f),
2073 K (g,h) and 2223 K (i,j). The inset to (h) is a detailed 2 x 2 nm? image showing a
different image of the same type of defect. Imaging conditions: 0.3 nA (tunneling current)
and 500 mV (bias voltage) (a,c,e,g,i); 1-4 nA and 5-10 mV (b,d,f,j); 0.5 nA and 80 mV (h);
0.8 nA and 50 mV (inset). Reproduced with permission from ref. 41. Copyright 2014

American Chemical Society.

As STM provides details about the electronic density of the investigated specimen, it is a
viable tool to detect changes resulting from doping. In terms of graphene, this tool is
critical when probing heteroatom doped graphene sheets, namely doping with boron or
nitrogen atoms by means of replacing carbon atoms in the hexagonal framework.

For p-doped graphene, boron is an outstanding element in terms of electron deficiency and
Lewis acidity, yet being of comparable size with carbon. In this context, the a programmed
synthesis of boron-doped graphene nanoribbons with a uniform distribution of Lewis acidic
site has been recently reported with great potentials as a novel type of graphene
transistors.” Similarly, nitrogen atoms, which have a similar size compared to carbon, have
been incorporated in the graphene nanostructures affording n-doped graphene sheets. With
STM, it is possible to visualize these localized electron deficiency or excess and ultimately
show the precise positions of the dopants in the graphene sheets as a function of electron

density (Fig. 4).**%
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Fig. 4 (a) Large-area STM image of the NG illustrating the presence of numerous N-
dopants with similar peapod-like configuration (highlighted by white arrows), Vpi,s = =75
mV, I = 100 pA. The upper and lower squares are used to indicate the undoped region and
N,** dopants. (Inset) FFT of topography presents reciprocal lattice (outer hexagon) and
intervalley scattering (inner hexagon). The STM image shown here is obtained in flattening
mode to remove the overall roughness of the substrate and enhance the atomic contrast of
dopants. (b) Highly resolved STM image of a N,** dopant. (c) Ball-stick structural model
of the N,™* dopant and simulated STM image obtained using first-principles calculations.
The bias is —1.0 eV. The carbon and nitrogen atoms are illustrated using gray and cyan

balls, respectively. Reproduced with permission from ref. 47. Copyright 2012 Nature.

In such a way, a locally available description of the dopant position renders STM a key tool
to characterize graphene based multifunctional materials for chemical sensing,
nanoelectronics, photocatalysis, etc. It is, nevertheless, important to gather additional
information, which is possible by Raman spectroscopy as it allows an even more precise
investigation of graphene and graphenoid materials.

Turning to Raman, it allows to obtain important spectroscopic information regarding
GBMs. For monolayer graphene, six phonon dispersion bands, three acoustic (A) and three
optic (O) branches, exist — Fig. 5.***° From the doubly degenerate phonon modes LO and
iTO at the T point the first order Raman G band arises at ~1580 cm . This Es; symmetry
vibration originates from C-C stretch vibrations in a sp? lattice. The G-band is subject to a

Kohn anomaly, which renders it very sensitive to changes in the Fermi Level. At the K-



point, second order processes give rise to the D- and the G’-band at ~1350 and ~2700 cm ™,
respectively. The D-band originates from one iTO phonon and a defect phonon, for
example, at defects in the lattice or edges. Besides the D-band, another defect induced
band, namely the D’-band, is located at ~1620 cm ! with its overtone, 2D’-band at ~3200
cm . The G’-band, although not a first order mode and located at approximately double the
frequency of the D-band, is not due to defects, but evolves from two iTO phonons by a
double resonance process. In the literature it is also often called “2D”-band. But, we prefer
to refer to G’-band to avoid confusion and clarify its existence even in absence of defects,

in contrast to the D- and D’-bands.
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Fig. 5 a) Calculated phonon dispersion of graphene. b) Typical Raman spectrum of a
graphene edge showing next to G and G’-bands also the defect induced D and D’-bands.
Reproduced with permission from ref. 48. Copyright 2009 Elsevier.

This double resonance process then also enables the possibility to distinguish between
graphene and graphite, and even the individual number of graphene layers — Fig. 6.* For a
single layer of graphene, the G’-band displays a single Lorentzian fit with a FWHM of ~24
cm ' and a very high intensity originating from a triple resonance process only present in
the perfect monolayer. Already in the bilayer, due to 7-n interactions between the two
layers, more electron-phonon scattering processes are possible, which leads to a broadening
of the G’-band. Now, four different processes contribute to the G’-band, where each
Lorentzian fit displays a FWHM of ~24 cm'. Finally in HOPG, only two processes

contribute to the double resonance and the G’-band is shifted to higher frequencies.
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Fig. 6 Differences in the FWHM, the number of Lorentzian fits and the peak position of the
G’-band depending on the number of layers. Reproduced with permission from ref. 48.

Copyright 2009 Elsevier.

Up to 4 layers roughly can be distinguished via the shape of the G’-band, before it appears
like that of graphite. For all these cases, the layers stack with a regular AB Bernal
stacking.™ In case of turbostratic graphite, where the layers restack in random order, the n-
n interactions between the layers is absent and, therefore, the G’-band displays again only
a single Lorentzian fit. With that, turbostratic graphite shows a similar G’-band as a
monolayer, but at upshifted frequencies and with a broader FWHM. Whereas the FWHM
of a monolayer is ~24 cm ', that of turbostratic graphite is ~45-60 cm . Next to turbostratic
graphite, also folded flakes can occur, so called misoriented layers. For example,
overlapping monolayers in random bilayer configurations also show only a single G’-peak,
but at upshifted frequencies.

Shifts in the G’-band, and also the D-band, have to be considered with caution, as they are
subject to a linear dispersive behaviour as the exciting laser power is varied — Fig. 7.”'°? On
the other hand, shifts might be significant when looking at doped graphene, because of the
Kohn anomaly, for example, in non-covalent hybrids, GO, hydrogenated graphene,
fluorinated fluorographene, or hydroxylated graphene. Most of the shifts relate to the
defects when compared to pristine graphene, like changes in the sp? hybridization, lattice

distortions, and doping induced changes in the Fermi level. As the amount of defects is
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increased, the following trends are observed: Firstly, the D-band first increases in intensity,
then decreases, broadens and upshifts in frequency. Secondly, the D’-band rises next to the
G-band and the two merge into one broad band. Thirdly, the G’-band first decreases and
broadens, then vanishes completely, and a D+D’-band arises. Depending on the nature of
the defects, the aforementioned trends differ. Casiraghi et al. showed that by means of
evaluating the Ip/Ip- and Ip-/Ig ratios information about the nature of the defects, that is, sp?
or vacancies, respectively, are obtained.” Furthermore, the dependence of Ip/Ip- on the

excitation wavelength differs with different defects.
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Fig. 7 Defect induced changes of the Raman spectra of a) fluorinated, b) oxidized, and c)
anodic bonded graphene with increasing defect density (from bottom to top). Reproduced

with permission from ref. 53. Copyright 2013 American Physical Society.

Specific type of defects are linked to edge effects. In particular, contributions stemming
from edge effects in the Raman spectra of nanoribbons are of great importance to
distinguish between zigzag and armchair conformations. The D-band of a zigzag-like

structure is, for example, lower in intensity than that of an armchair conformation —
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perfectly grown zigzag structures lack any D-band. The D-band contribution of the zigzag
derives only from potential disorder.™

Furthermore, Jorio et al. confirmed that the G-band exhibits an intensity dependence on the
light polarization relative to the ribbon axis — Fig. 8. Thus, the G-band presents another
way to distinguish zigzag from armchair conformation, as well as, edges from interior

regions of the ribbon.

180 1840 150 1530 1600 1620
Raman shift (cm™)

Fig. 8 Polarization angle depending Raman spectra with respect to carbon ribbon direction.

Reproduced with permission from ref. 55. Copyright 2004 American Physical Society.

In the case of non-covalent immobilization onto the basal plane, planar aromatic molecules
are the dopants of choice, since the planarity and their high electron density are useful to
facilitate the interactions of both entities. Another approach is to deposit metals onto the
basal plane: cobalt, for example, as electron and nickel as hole dopant.™

Li et al. showed that by monitoring the G- and G’-bands of the sample and comparing it to
a reference, besides an overall broadening of the two modes, p-doping (n-doping) results in
an upshift (downshift) of the G-band as well as an upshift (upshift) of the G’ band (Fig.
9).57
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Fig. 9 a) Raman spectra with G (left) and G’ (right) for doped single layer graphene with
various aromatic molecules. b) Raman shifts for G and G’ (2D) band related to the doping
effect. An-Br (9,10-dibromoanthracene), TPA (tetrasodium 1,3,6,8-pyrenetetrasulfonic
acid), An-CH; (9,10-dimethylanthracene) and Na-NH, (1,5-naphthalene diamine).
Reproduced with permission from ref. 57. Copyright 2009 Wiley-VCH.

In contrast to molecular doping, graphene can also be doped electrochemically by applying
an external potential and, thus, injecting either holes or electrons. Dresselhaus et al. probed
the Raman spectra of chemical vapour deposited (CVD) graphene in a range from —1.5 to
+1.5 Vin 0.1 V steps and monitored changes in the position of the G-, as well as, in the G’-
band. The overall results were that, whereas, the G-band was upshifted in both cases, the
G’-band upshifted in the case of hole doping (p-doping) and down for electron injection (n-
doping). These results are in sound agreement with the results obtained for non-covalent
doping with planar aromatic molecules by Dong et al. described above.”*"

Another approach to alter the electronic structure of graphene is the selective covalent
functionalization of graphene with possible dopants. Upon functionalization, the intensity
of the D-band increases while, simultaneously, the G-band decreases in intensity due to the
distortion of the sp” hybridized framework. By varying the attached functional group it is

possible to tailor the doping direction. Sandip et al. chose nitrophenyl as functional group

for their experiments. Raman spectra, shown in Fig. 10 reveal p—doping of graphene due to
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nitrophenyl. Thus, band gap tailoring of graphene is possible with non-covalent as well as

2
covalent approaches.
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Fig. 10 Spectroelectrochemical Raman data upon excitation with 532 nm for the a) G and
b) G’ band of graphene monitored for an applied potential range from —1.5 to +1.5 V
(bottom to top). The bold spectra correspond to OV while each additional spectra equals a
potential change of 0.1 V. Reproduced with permission from ref. 58. Copyright 2010

American Chemical Society.

GO and rGO are the most investigated graphene derivatives so far. It becomes clear, when
speaking of GO/rGO one has to take caution of the changes in the graphene lattice due to
occurring defects. As discussed above, the arising of a D-band gives evidence for the
introduced vacancies, as well as, the functional groups like oxygen. All of these distort the
former perfect sp” hybridized planar framework, yielding a broadening of all bands — Fig.
11.% Hence, Ferrari et al. correlated the FWHM of the aforementioned graphene related

Raman modes to the defect density.®**
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Fig. 11 Raman spectra of exfoliated and epitaxial graphene before and after covalent

functionalization with nitrophenyl. Reproduced with permission from ref. 62. Copyright

2010 American Chemical Society.

In 2012, Hirsch et al. based their assumptions of the defect densities on the intensity ratios

of In/I.°° They performed statistical Raman microscopy and evaluated data of a distinct

area of the sample, recording thousands of locally resolved spectra — Fig. 12. With that

information at hand, they proposed a simple tool to directly link the integrity of the carbon

lattice to the Ip/Ig ratio, in accordance with aforementioned results of Ferrari et al.®

Fig. 12 a) Raman spectra of GO with different defect densities. Reproduced
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defined defect densities. Reproduced with permission from ref. 65. Copyright 2011

American Chemical Society.

In 2016, Minett et al. showed, however, that the methodology to link the Ip/Ig intensity
ratio to the inter defect distances is not applicable to GO — Fig. 13.°” As a matter of fact, the
overall broadening leads to a merging of the G- and D’-band into a single signal, and, thus,
distort the obtained ratio. They called the superimposed feature G,-band. Their concept
involved the overtone of the D’-band, namely 2D’ at 3200 cm !, rather than the D’-band, as
the 2D’-band of rGO occurs at higher frequencies compared to GO. Their measure to
quantify the defect ratio and the quality of the resulting rGO, is the difference in the
positions of the 2D’-band compared to the G-band.®*”"
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Fig. 13 Raman spectra of a) GO before thermal reduction at 1000 °C, b) GO after thermal
reduction, ¢) GO before reduction with hydrazine, and d) GO after reduction with
hydrazine. Reproduced with permission from ref. 67. Copyright 2016 Nature Publishing
Group.

Novoselov et al. synthesized and characterized the first hydrogenated graphene, so called
graphane.” Upon hydrogenation by plasma treating, sp® defects are introduced that give
rise to D- and D’-bands, in accordance with the examined defect structures.”” They
monitored the degree of the hydrogenation by comparing a free standing sample and a
sample with an underlying substrate — Fig. 14. The D-band was twice as intense for the

freestanding sample, proofing the possible hydrogenation from two sides instead of one.
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Annealing experiments showed, furthermore, an upshift in the G- and G’-bands, from
which p-doping was concluded. Hirsch et al. performed the synthesis of graphane in the
liquid phase via a Birch reduction, but annealing of the samples was necessary to obtain
qualitative Raman spectra.”* To this end, the typical Raman bands for hydrogenated
graphene are recovered, revealing an Ip/Ig ratio of approximately 1:1 and a broadened G’-

band.
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Fig. 14 Differences in the Raman spectra of a) graphene on a SiO; substrate, and b) free
standing graphene membrane with its TEM image in the right inset, before (green) and after
hydrogenation (blue), and after annealing (red). Reproduced with permission from ref. 72.

Copyright 2009 American Association for the Advancement of Science.

Another well examined graphene is fluorographene. Geim et al. showed that during
fluorination, for an initially formed partial fluorinated graphene the spectra resemble those
found for GO, with increasing D-band and decreasing G’-band — Fig. 15.° After further
fluorination, the underlying transformation of graphene to a wide band gap material leads to
a lack of Raman activity upon using visible light. Then, Zhu et al. applied UV excitation to

monitor C-F vibrations at ~1270 and ~1345 ¢m .7
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Fig. 15 Changes in the Raman spectra as a function of exposure to atomic fluorine.

Reproduced with permission from ref. 75. Copyright 2010 Wiley-VCH.

3. Reductive covalent functionalization of graphene
The covalent chemistry of graphene which is basically addition of suitable reactive building

77-82

blocks to the conjugated m-system of the carbon lattice is still in its infancy. Typical

10-1
13 azomethyne

examples are the addition of phenyl radicals,” diazonium compounds,
ylids,'* fluorinated phenyl nitrenes,"” carbenes,'® as well as Diels-Alder cycloaddition
reactions.'” A general problem of all of these reactions is the rather low degree of
functionalization. Moreover, it is still very challenging to unambiguously prove the success
of covalent addition chemistry, since classical characterization tools of synthetic organic
chemistry such as NMR spectroscopy or mass spectrometry cannot be applied. The most
important aspects of the introduction of new and reliable characterisation tools for covalent
graphene functionalization will be pointed out below.

The comparatively low degree of functionalisation of most covalent additions to neutral
graphene is due to the fact that graphene is a rather inert system. Because of its planar

structure and the lack of any carbon atom pyramidalization it is much less reactive with

respect to initial additions than fullerenes or carbon nanotubes. In order to overcome the
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problem of low reactivity, Hirsch and co-workers have recently developed a new concept
for graphene functionalisation which allows for the generation of a large variety of covalent
adducts exhibiting comparatively high degrees of addition, which at the same time can
easily be modified by varying the reaction conditions.*> The key point is the use of
negatively charged graphites or graphenides, the so called graphite intercalation compounds
(GICs). In GICs alkaline metals such as potassium are placed in between in the sheets of
the graphite starting material. They have been known for a very long time and have been
studied in quite some detail both what the physical and chemical properties is concerned.
The advantage of using negatively charged graphene sheets (graphenides) instead of normal
graphite/graphene is the fact that 1) the negative charging introduces Columbic repulsion of
the graphene sheets allowing for improved dispersion in solvents, and ii) chemical
activation because of the high degree of reduction. The electron charging of the graphene
sheets can in principle have two chemical consequences namely, i) electron transfer to
suitable reagents leading to radicals which can subsequently undergo addition reactions
with the graphene sheet, and ii) nucleophilic additions of the graphene carbon atoms to
suitable electrophiles.

Next to these two possible reaction pathways, one has also to consider a very important
topological aspect associated with covalent graphene functionalisation. This is related to the
way how the graphene sheets are presented in a chemical reaction. If the graphene sheets
are homogeneously dispersed in a suitable medium, attacks from both sides of the graphene
plane can in principle take place. This addition mode can lead to comparatively strain free
addition geometries. If on the other hand the graphene is deposited on a surface, then
attacks from only one side can take place. In this case the subsequent additions to
neighbouring carbon atoms within the graphene sheet lead to rather bent and strained
binding geometries. As a consequence lower degrees of additions are expected. Within this
section, we will differentiate between these binding scenarios and compare wet chemical
bulk functionalization with the monotopic addition to graphene sheets supported on a
surface.

As a first example of the reductive covalent functionalisation of graphene, the treatment of
potassium graphenides with aryl diazonium salts was investigated (Scheme 1).** The in situ

reduction was carried by the treatment with a sodium/potassium alloy (NaKsj) in 1,2-
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dimethoxyethane (DME) as an inert electride/alkalide stabilizing solvent. The subsequent
addition of the diazonium salt dispersion to the reduced and exfoliated graphene sheets was

accompanied by vigorous nitrogen evolution.

Scheme 1 Reductive covalent functionalization of GICs with phenyl diazonium
tetrafluoroborate. Reproduced with permission from ref. 83. Copyright 2011 Nature
Publishing Group.

The structural analysis of the reaction product by high resolution transition electron
microscopy (HR-TEM) revealed the formation of domains of highly arylated regions
located next to intact nanographene islands within the flake. Obviously, no homogeneous
functionalization has taken place. Raman spectroscopy is among the most powerful
methods to analyse covalently functionalised graphene products. The introduction of sp
defects due to covalent addend binding becomes apparent by an increase of the D peak. At
the same time the two 2D peak sharpens and becomes more symmetrical finally reaching a
Lorentzian shape which is characteristic for a decoupled graphene monolayer. In order to
get even more information about the outcome of the addition reactions statistical Raman
spectroscopy (SRS) and statistical Raman microscopy (SRM) by analysing spatially
resolved Raman mappings was introduced.*™ Annealing of the reaction products at
elevated temperatures (up to 1000 °C) led to the complete regeneration of the hexagonal sp”
carbon framework and the restauration of graphite (Scheme 1). This clearly demonstrates

that the covalent graphene functionalisation is a reversible process that can be used as a
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vehicle for the modification of graphene resulting in increased solubilisation which can be
very helpful for materials processing. Since reduced graphite in form of GICs applied in
this study is a very good reducing agent and since the reaction is accompanied by vigorous
nitrogen evolution one can assume that the first reduction pathway (see above), namely the
reduction of the aryl diazonium salts accompanied by cleavage of N, and a subsequent
attack of phenyl radicals to the graphene framework is the predominant reaction
mechanism.

Next to diazonium salts also alkyl iodides have been used as reaction partners for the
covalent functionalisation of GICs.* In a systematic study three different graphite starting
materials namely flake-graphite, powder graphite and spherical graphite have been
employed. It was demonstrated that also the alkylation of graphite using alkyl iodides is
possible. Interestingly, the degree of addition depends on the nature of the graphite starting
material. The morphology and crystallinity of the graphite starting material as well as the
flake size determines the degree of functionalisation, the exfoliation efficiency and the
product homogeneity. The highest degree of functionalisation of 3.6% was determined for
the alkylated graphene powder. This result can be interpreted by the fact, that graphene
powder exhibits the lowest bulk density in comparison to graphene-flakes and spherical
graphene. As a consequence, the in situ reduction and the resulting dispersion in organic
media is most efficient in this type of graphite starting material.

In a study comparing the reactivity of carbon nanotubes with that of graphene, A-iodanes
were used as reaction partners for GICs. In order to tune the degree of functionalisation
different ratios (i.e., 1:4, 1:8, 1:16 and 1:24) of potassium to carbon in the corresponding
GIGs where applied. As in the case of the aryl diazonium compounds and also the alkyl
iodides, the hypervalent iodine compounds easily form radicals and can therefore be used
as suitable reagents in these functionalisation sequences.*® The corresponding
functionalisation efficiency was determined by thermogravimetric analysis (TGA=
measurements. A linear correlation between the degree of negative charging and the
incremental mass loss promoted by thermal cleavage was observed. The coupling of TGA,
mass spectrometry and gas chromatography analysis unambiguously allowed the
assignment of the thermal cleavage products, the corresponding masses and elution properties

of the cleaved addends. For the first time, it was possible to separate and to quantify the
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detached addends formerly covalently linked to the carbon lattice of graphene through
thermogravimetric GS MS measurements.

In order to carry out reductive hydrogenation of graphene in the bulk a different approach
has been established. For this purpose, a Birch-type reaction sequence to generate
polyhydrogenated graphene has been applied (Scheme 2).* The Birch reduction is widely
used for hydrogenation of PAHs and carbon allotropes.**® In the first reaction step one
equivalent of spherical graphite flakes was intercalated with a five-fold excess of lithium
metal in liquid ammonia at —78°C. After the addition of 10 equivalents of deionized water,

the ammonia was evaporated and the mixture was allowed to warm to room temperature.

Scheme 2 Schematic representation of the Birch-type hydrogenation of graphene.

Reproduced with permission from ref. 87. Copyright 2013 Wiley-VCH.

Interestingly, the alkalide solution retained its reducing activity after the addition of water
which was indicated by the persistence of the blue colour of the solvated electrons. No
significant H, formation took place at this stage. It turned out that water which under these
reaction conditions exists as frozen ice is the most suitable proton source. If alcohols where
used instead the degree of hydrogenation where significantly lower and also H, evolution
was determined. Obviously, the reaction with ice on the surface leads to a very gentle
supply of protons and an efficient suppression of hydrogen evolution. The corresponding
reaction product appears as a golden/brown powder. This already indicates rather extensive
covalent hydrogenation and extensive rupture of the m-conjugation. Systematic TGA
studies clearly showed the loss of H, after heating the sample to over 400 °C. Interestingly,
the typical Raman features of graphene/graphite are lost in the reaction product and only
very brought and structure less features appear. However, the Raman spectrum of graphite

can be restored if the sample is heated to over 700 °C. The restauration of these Raman
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features was followed by subsequent heating steps of 100 °C and the simultaneous
recording of the corresponding Raman spectra. These measurements revealed continuous
regaining of the graphite features. For further unambiguous structural characterisation also
the corresponding deuteration of graphene has been carried out by using deuterated
ammonia and deuterated water as deuterium source. The clear proof for the successful
deuteration was obtained from IR-measurements where the circular dichroism vibration at
about 2135 cm ' was observed clearly demonstrating the expected isotope shift. In contrast,
the corresponding hydrogenated compounds showed the CH vibrations at 2852 cm .
Interestingly, the polyhydrogenated graphene shows yellow fluorescence even in the solid
state. This can be explained by the presence of a band gap and the change of the electronic
properties generated by the high degree of functionalisation. From excitation of the
polyhydrogenated graphene with a conventional portable UV-lamp (Aexc = 366 nm) a bright
yellow emission can be seen. Broad emission features spreading from 450 to 650 nm are
observed at an excitation at 280 nm. This broad spectrum indicates the presence of
predominantly isolated and randomly nm-sized graphene domains that all contribute
independently to the fluorescence events. Obviously, the hydrogenation does not take place
in a homogenous fashion but instead the formation of highly hydrogenated islands which
are located next to intact nanographene regions takes place. Similar results have already
been seen with the related arylation of graphene using diazonium compounds. The optical
properties of this polyhydrogenated graphene were also further investigated by steady-state
as well as by time-resolved femtosecond transient absorption spectroscopy.’’

Next to the Birch reduction also the protonation of GIGs was investigated as a method for
graphene hydrogenation. In order to study the general feasibility of this type of protonation,
three different graphite sources, synthetic spherical (SGN18), natural flake (NG) and
expended powder (PEX10) were used as starting material. Moreover, the amount of
potassium and the nature of the proton/deuterium source were varied in order to obtain
deeper insights into the underlying reactivity principles.”” The potassium to carbon ratio has
been varied between 1:4, 1:8, and 1:24. Three different sources for protons (i.e., H,O,
MeOH, tert-BuOH) as well as the corresponding deuterated analogues have been
investigated. The results clearly showed that in this way the bulk synthesis of hydrogenated

graphene with tuneable hydrogen content between 5% and 66% can be accomplished. In
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addition to the hydrogenation of bulk material, the hydrogenation of flakes deposited on a
surface has also been accomplished.”” The advantage of the latter method is that the product
formation of an entire flake can be investigated using SRM. Both the hydrogenation as well
as the deuteration of monolayer graphene was investigated.

For a direct comparison of the outcome of the reductive functionalization of graphene in the
bulk versus graphene sheets deposited on a surface, a series of bis-functionalization
experiments was carried out (Schemes 3 and 4).” Subsequent addition reactions were done
by the treatment of graphenides with diazonium salts and alkly iodides. The addition
chemistry of graphenides dispersed in a solvent can in principle take place from both sides
of the plane (ditopic) whereas in CVD graphenides supported on a Si/SiO, surface attack
can only take place single sided (monotopic). For the corresponding bulk functionalisation,
pristine natural graphite was exfoliated by wet chemical reduction using Na/K alloy in 1,2-
dimethoxy-ethane (DME). After activation with sodium potassium alloy, the graphenide
sheets where treated with the first electrophile. After work up, a second activation with
Na/K alloy was initiated followed by addition of the second electrophile. As electrophile, 4-
methoxyphenyl diazonium tetrafluoroborate (A) and hexyl iodide (B) were used. Both
combinations of reaction sequences using A first and B second and the other way round

where systematically applied.

Scheme 3 Schematic representation of the ditopic bisfunctionalization of graphenides in the

bulk. Reproduced with permission from ref. 93. Copyright 2016 Wiley-VCH.
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In the case of the bulk functionalization of dispersed graphenide sheets (Scheme 3), after
each addition step the degree of functionalization increased as expected. However, in the
case of the treatment of the surface supported graphenides the situation was different
(Scheme 4). In this case, after the initial addition of hexyl iodide the degree of
functionalization could be increased when in the second step the diazonium salt was
allowed to react. On the other hand, the degree of functionalization decreased when first the
aryldiazonium salt and then the treatment with hexyl iodide was applied. It turned out that
in the second case, the retro-reaction, which is stimulated by the charging of the arylated
monolayer is the predominant process compared to the subsequent hexylation with hexyl

1odide.
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Scheme 4 Schematic representation of the monotopic bisfunctionalization of graphenides
supported on a surface. Reproduced with permission from ref. 93. Copyright 2016 Wiley-
VCH.

It has to be pointed out that related reductive retro-functionalizations were already
observed in fullerene and carbon nanotube chemistry.”**® The difference between the two
reaction sequences for the surface functionalisation of graphene can be explained by the
fact that the aryl anion is the better leaving group compared with the alkyl anion. On the
other hand, the difference between the ditopic bulk functionalization and the monotopic
functionalization is due to the fact that strain-free addition geometries can be adopted in the

former case, whereas in the latter case the increasing degree of addition leads to a decreased
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thermodynamic stability of the adducts. This eventually leads, when sufficiently good
leaving groups can be generated, to retro-reactions being preferred.

Another very interesting question with respect to the reductive functionalization of
graphene deposited on a surface is whether the reactivity of bilayer and monolayer
graphene is different. This problem has been addressed with the identification of a graphene

flake consisting of a monolayer region located next to a bilayer region (Fig. 16).”’
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Fig. 16 Scanning Raman microscopy images of an arylated graphene flake (monolayer
region A, bilayer region B): Irp/Ig and b) Ip/lg map of pristine mechanically exfoliated
graphene; c¢) Ip/lg and d) Ip/l map of functionalized graphene; e) Lp map of
functionalized graphene; f) @-map of functionalized graphene; g) Raman spectra of
monolayer area A and bilayer area B of pristine graphene; h) Raman spectra of monolayer
area A and bilayer area B of functionalized graphene. Reproduced with permission from

ref. 97. Copyright 2016 Wiley-VCH.

This flake was functionalized by the addition of the blue solution of NaK; in DME and the
subsequent treatment with bis(4-tert-butyl-phenyl)iodonium-hexafluorophosphate (Scheme

5).
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Scheme 5 Schematic representation of the preferred monolayer functionalization of a
graphenide flake consisting of both mono- (ML) and bilayer (BL) regions. Reproduced with
permission from ref. 97. Copyright 2016 Wiley-VCH.

By carrying out SRS and SRM, it was realized that the monolayer region of this flake
exhibited a much higher degree of functionalization (Fig. 16). Obviously, in case of the
bilayer graphene, the underlying graphene layer serves as a buffer layer which disfavours
multiple outside attacks in the same region. This implies that an attack of an addend to the
outer layer is disfavoured because no quenching reaction at the other side can take place.
The underlying graphene sheet is too inert to do so. If ditopic quenching cannot take place,
the only possibility for quenching the resulting dangling bonds would be a second attack
from the same side (monotopic). Such a process however would be associated with an
increase of strain energy due to unfavourable bond angles. On the other hand, if an initial
attack of an electrophile can be supported by a second attack from a reactive group of the
substrate, an almost strain-free binding situation can be accomplished. This is actually
guaranteed by the substrate Si/SiO, where a lot of surface reactive sites like for example
hydroxy groups are present. This assumption was also collaborated by theoretical
calculations on monolayer and bilayer graphene on a nickel substrate which also can play
the role of a reactive surface being able of forming covalent substrate-graphene bonds.
More recently, the covalent functionalization of single and bilayer graphene on Si0,/Si was
effected through sequential treatment with the alkalide reductant [K(15-crown-5),;]Na and
electrophilic aryl or alkyl halides, using Raman and X-ray photoelectron spectroscopies to
evaluate the degrees and uniformity of the functionalization.”® Interestingly, a study on the
reactivity of isotopically labelled bilayer graphene indicates the functionalization of both
layers, in a mechanism which may involve the diffusion and/or intercalation of the reactants
between the graphitic layers.

A very important question that arises with respect to the chemistry of graphenides is what
happens if GICs or graphenides deposited on surfaces are exposed to ambient conditions
such as oxygen and water. In this regard recently a very important discovery was made.” It
was found that reduced graphites such as GICs, graphite dispersions and graphenides

deposited on surfaces can by quantitatively discharged by the simple treatment with
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benzonitrile. This is because of its comparatively low reduction potential which allows for
the easy formation of the corresponding radical anion which exhibits a red colour and can
serve as a reporter molecule for the quantitative determination of the negative charges. This
discovery has a variety of consequences, namely a quantitative solvent-induced reduction
and electrostatically driven mass transport of K* from the GICs into the liquid. On the other
hand, the simple treatment of dispersed graphenides suspended on silica substrates leads to
the clean conversion to graphene. If on the other hand such graphenide deposits are not
treated with benzonitrile and are exposed to ambient conditions, it was observed that
hydrogenation and hydroxylation of the graphenides takes place. The latter side reaction

can also be considered as a reductive functionalization of graphene.

4. Non-covalent functionalization of graphene

4.1 Sonication-induced, liquid-phase exfoliation of graphene

The liquid phase exfoliation of graphene typically involves three steps: i) exfoliation of
graphite, ii) stabilization of the graphene sheets, and iii) separation from the bulk graphitic
starting material (usually by centrifugation). Although van der Waals forces are classified
as weak attractive interactions, they play a major role in graphite maintaining the graphene
layers stacked following an AB or Bernal-stacked pattern structure (Fig. 1b).° Thus, the
successful exfoliation of graphite towards graphene necessarily should overcome the van
der Waals attraction between adjacent layers by applying external physical forces. In this
regard, the mechanical liquid phase exfoliation of graphite combines a liquid immersion
that diminishes the strength of the van der Waals interactions and allows the liquid to slide
between sheets favouring their separation, and an ultrasonication process, as exfoliation
strategy (Fig. 17a). The microscopic gas bubbles that usually exist in the liquid are
submitted to an acoustic field (sound energy of frequencies <20 KHz), oscillating and
growing in size until they rapidly collapse by a pressure increase. This physical
phenomenon called cavitation, induces compressive stress to the bulk graphite, and

overcome the van der Waals forces resulting in exfoliation.'*'!
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Fig. 17 a) Schematic representation of the sonication-induced, liquid-phase exfoliation of
graphite using NMP as representative solvent. b) Chemical structures of solvents and ionic

liquids used in graphene exfoliation and discussed in the text.

It has been demonstrated that the liquid phase exfoliation of graphite can only take place
through a small energetic cost (mixing enthalpy per unit volume).'” Coleman and co-
workers realized that closer surface energies between graphene and solvent diminish the
mixing enthalpy favouring exfoliation. They tested graphite exfoliation in a wide range of
solvents, measuring the resulting concentration of the graphene dispersions after
ultrasonication and centrifugation using UV—vis spectroscopy. The best performances were
obtained for low viscosity solvents, with a surface tension (y) of 40-50 mJ/m’ at room
temperature and for short sonication times (long or intensive sonication periods can cause

the solvent degradation, therefore changing its properties).'” The most popular candidates
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for the liquid exfoliation protocol are N-methyl pyrrolidone (NMP, y = 40 mJ/m?) (in a
recent report used in combination with o[Jfunctionalized alkanes),'”® o0-DCB (y = 37
mJ/m?), and N,N-dimethylformamide (DMF, y = 37.1 mJ/m?), which all present surface

102
0 However, even when the

energy values within the previously mentioned range.
sonication protocol produces pristine graphene of high quality and in amounts suitable for
laboratory experiments, the concentration of the graphene dispersions obtained do not
exceed 0.01 mg/mL, which is unfeasible for applications in the industrial field. Alternative
strategies that have been explored to increase the graphene’s concentration, while
maintaining the quality of the flakes, are: 1) the increase of the sonication time up to 460
hours, which provides highly concentrated graphene dispersions (1.2 mg/mL),'™ ii) shear
mixing,'” or iii) tip instead of bath sonication.'’*'” However, all the mentioned processes
reduce the flake size and induce edges defects. Moreover, the high boiling point solvents
used are difficult to be removed which is detrimental in terms of practical purposes.

Besides ultrasonication, a mechanical stimulus such as the ball-milling treatment has been
also recently employed to exfoliate graphite through interactions with commercially
available melamine under solid conditions.'® This procedure allows the fast production of
relatively large quantities of material with a low presence of defects.

The use of mixed solvents has been also pursued as an alternative strategy for the
exfoliation of 2-D materials — not only graphene but also MoS,, WS,, h-BN, Bi,Ses,
MoSe,, SnS,, and TaS, — combining two “mediocre” solvents that form strong co-

109,110
solvents.

This approach incorporates several interesting advantages: i) avoids the
health damage that the high toxicity of the typically used NMP, o-DCB and DMF solvents
can produce, by replacing them with environmentally-friendly solvents (alcohols, acetone
and water) that attain similar surface tension properties; ii) reduces the costs by using
common co-solvents instead of more expensive pure solvents, and iii) provides a large
library of co-solvents by multiple combinations. In particular, water/acetone mixtures
achieve graphene dispersions composed of around a 50% of thin nanosheets, concentrations
up to 0.21 mg/mL, and free of basal plane defects or oxygenated groups.'"!

Besides physical forces like the surface tension, charge transfer phenomena also play an
important role in liquid phase exfoliation of graphene. A research study published in 2009

by Bourlinos, Georgakilas et al. showed an enhancement on graphene dispersions
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concentration (between 0.05-0.10 mg/mL) while exfoliating graphite with aromatic
electron-accepting  solvents, such as  hexafluorobenzene, octafluorotoluene,

pentafluorobenzonitrile, and pentafluoropyridine (Fig. 17b).'"

The electron-withdrawing
solvents stabilize the electron-rich graphene in a charge transfer phenomena through m-m
stacking. Furthermore, the exfoliation capability of each solvent is related with its
electronic nature. Control experiments using non-fluorinated analogues such as benzene,
toluene and nitrobenzene, reveal little effectiveness in terms of stabilization of the graphene
dispersions. Following the same strategy, when mixing hexafluorobenzene with benzene in
an equimolar ratio, graphene dispersions with very high concentrations — up to 50 mg/mL —
were obtained.'"” The situation was markedly different when using pyridine as exfoliating
solvent, where dispersions of concentrations about 0.3 mg/mL and stable for a week were
obtained.'" The pyridine case suggests that aromatic donors may also exfoliate graphite in
the reverse way, that is, charge transfer through m-m stacking from the solvent molecules to
graphene, forcing the latter to act as an electron-withdrawing species. In this sense, other
nitrogen-based organic solvents also provided colloidal dispersions of graphene. Significant
examples are the direct exfoliation of graphite with 3,3 -iminobis(N,N-
dimethylpropylamine) (DMPA), N-[3-dimethylamino)propyl|methacrylamide
(DMAPMA), 2-(tert-butylamino)ethyl methacrylate (BAEMA) and 2-
(dimethylamino)ethyl methacrylate (MAEMA). An extremely high concentration (~15
mg/mL) was achieved and approximately 98% of the obtained graphene remained
dispersed, without sedimentation, over long periods of time.'"*

Ionic liquids (ILs) have also been employed as dispersing and stabilizing media in graphene
exfoliation. From the initial trial of Dai et al.,'"” where pristine graphene nanosheets were
obtained by direct ultrasound exfoliation of graphite flakes in a conventional IL, 1-butyl-3-
methylimidazolium bis(trifluoromethanesulfonyl)-amide [Csmim][TH;N], with
concentrations of 0.95 mg/mL, other examples have been reported with increasing yields of
exfoliated graphene in 1-hexyl-3- methylimidazolium hexafluorophosphate [Cemim][PF¢]
(5.33 mg/mL)"'® or 1,3-bis(phenylmethyl)imidazolium bis(trifluoromethanesulfonyl)amide
[(BnzM),IM][T£;N] (5.8 mg/mL).""” One of the most striking investigations carried out
with ILs is a recent work published by Aida and co-workers,''® based on a microwave-

assisted exfoliation of graphite with molecularly-engineered oligomeric ILs, almost
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quantitative yields (93%) were obtained, with a high selectivity (95%) towards single layer
graphene. The authors claim that this technique is able to exfoliate graphite in 30 minutes
with an excellent structural integrity of the graphene flakes obtained.

4.2 Non-covalent functionalization of graphene in solution

Dispersions of graphene in water have been obtained with classical surfactant stabilizers
such as sodium dodecylbenzenesulfonate (SDBS), sodium cholate (SC) or
cetyltrimethylammonium bromide (CTAB), where the dispersed graphene flakes are
stabilized against re-aggregation by Coulomb repulsion due to the adsorbed surfactant.
Coleman and co-workers pioneered this method to disperse and exfoliate graphite to give
graphene suspended in water—SDBS solutions.'"” By means of TEM, they demonstrated
that the dispersed phase consists of small graphitic flakes, which are monolayer (~3%) and
< 5 layers (40%). In addition, atomic resolution TEM showed the monolayers to be, on
average, free of defects. In further investigations, graphene dispersions of up to 0.3 mg/mL
were obtained in water with the aid of SC. Detailed TEM analysis showed that the flakes
consist of 1-10 stacked monolayers with up to 20% of the material containing just one
layer. The average flake consists of ~4 stacked graphene layers and has a length and width
of ~1 wm and ~400 nm, respectively. However, the mean flake length decreases with
increasing centrifugation rates.'”” The ultrasound-induced, liquid phase exfoliation was
employed to directly exfoliate graphene in DMF from graphite and using CTAB as
surfactant.'”' Characterization of the flakes by UV—vis spectroscopy, SEM, TEM, AFM
and Raman spectroscopy showed the successful exfoliation into graphene flakes of average
thickness ~1.2 nm.

Stable dispersions of graphene sheets in water and organic solvents can also be obtained
through non-covalent functionalization with a wide range of polymers.”® The combination
of both materials results in hybrids with improved mechanical strength, flexibility, or
tuneable electro-optical properties by doping. Different non-ionic and ionic polymers have
been used to disperse and stabilize graphene and, in general, it has been observed that non-
ionic polymers significantly outperform their ionic counterparts. However, more recent
investigations considering three polysaccharides with different electrostatic nature: non-
ionic pullulan, cationic chitosan and anionic alginate, demonstrated that the different

surface free energy and thermodynamic affinity also play a major role in the stabilization of
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the graphene sheets.'*? Graphene aqueous dispersions, with concentrations of up to 2.3 and
5.5 mg/mL in pullulan and chitosan solutions, respectively, were achieved, whereas
alginate barely interacts with graphene. In any case, the strong polymer/graphene
interactions make extremely difficult to separate the produced composites, which in some
cases resulted in interesting materials. In this connection, Yoon and co-workers produced
stable graphene dispersions by simply sonicating graphite with four different polymers
based on either poly(vinyl alcohol) (PVA) or dextran.'” The water-soluble polymers with
phenyl- and pyrenyl-functionalized side chains facilitated the formation of stable aqueous
dispersions of graphene without degrading its sp” hybridized structure. From the aqueous
dispersion of the graphene/polymer it is possible to prepare hydrogels and aerogels. By
cross-linking the dispersed polymers in the solution, hydrogels with embedded graphene
flakes inside the polymer chain networks are obtained. The subsequent freeze-drying of the
hydrogel resulted in an aerogel (Fig. 18a). The variety of possible applications for

graphene/polymer gels was demonstrated in two examples where the composite acts as dye

! Cross- Freeze-
linking drying
. e

adsorbent or gel electrolyte.

Aerogel
Hydrogel
Graphene/polymer hybrid
b)
CYTOP cFF
: . F— yF
Ti/Au Ti/Au ’l\: oA
F
Monolayer graphene FF
CYTOP
SiO,/silicon

Fig. 18 a) Molecular structure of graphene/pyrene-PVA hybrid (left) and photographs
describing the sequential preparation of a hydrogel and an aerogel from an aqueous

dispersion of graphene/pyrene-PVA (right). Reproduced with permission from ref. 123.
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Copyright 2015 American Chemical Society. b) Schematic cross-section of a monolayer

graphene FET and chemical structure of CYTOP.

The non-covalent interactions of electroactive polymers with graphene can cause the
doping by charge transfer processes and the modulation of graphene’s work function. This
approach has been extensively investigated to improve the performance of graphene-based
electronic devices. As a model example, Ruoff and co-workers developed an approach to
dope monolayer graphene field effect transistors (FETs) by employing the fluoropolymer
poly(perfluoroalkenylvinyl ether) (CYTOP), which resulted in an improvement of the on-
off current ratio from 5 to 10, as well as an increase of the field-effect mobility by as much
as a factor of two compared to plain graphene FETs (Fig. 18b).'**

Decorating graphene with conjugated compounds can be used to obtain stable suspensions
of graphene sheets. In particular, PAHs have resulted very useful in this regard due to their
ni-1t stacking interactions with graphene. In this context, frequently used anchoring groups
are naphthalene, anthracene, pyrene, coronene, Pors and their derivatives.”® However, the
supramolecular hybrids that these compounds form with graphene are often unstable in
solvents where the molecular binding groups are highly soluble.

Considering these stability aspects, Dichtel and co-workers designed a multivalent tripod
capable of binding graphene through three pyrene units, which enhanced the overall
stability.”> A Co(II) bis-terpyridyl complex ([Co-tpy>]*") (TPyrCo) was, for example,
incorporated onto the graphene-immobilized tripod (Fig. 19). The TPyrCo binding
constant and its surface coverage were measured through electrochemical detection of the
Co*"*" redox couple and compared to the monopod. Interestingly, the binding energies of
the monopod and the tripod are similar with 38.3 + 0.5 and 38.8 + 0.2 kJ mol’,
respectively. The authors postulated that the comparable values for the different systems
could be caused by the energetic cost for the disruption of the non-covalent interaction
among the pyrene rings upon binding to graphene. In a further study, the tripodal receptors
were modified to anchor proteins relevant to graphene biosensors (TPyrNHS) (Fig. 19).
The binding specificity of an anti E. coli antibody depends strongly on the nature of the
graphene functionalization method. The antibodies retain their specificity when conjugated

to tripodal receptors, but exhibit poor E. coli cell recognition when immobilized onto the
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monovalent binding group or bare graphene. The same anchoring unit has been recently
employed by D’Souza and co-workers for the design of multimodular D-A conjugates,
composed of three molecules of pyrene, a subphthalocyanine (SubPc), and a fullerene
((Pyr);SubPc-Cgo) (Fig. 19).'"” The measured redox potentials revealed the influence of
graphene on the pyrene and SubPc units, leaving Ceo unperturbed because of its distant

position from the graphene surface.

n=0 (PyrPhO),;SubPc-Cg,
n=1 (Pyr);SubPc-Cg,

Fig. 19 Representative examples of graphene-based hybrids with tripodal pyrene
derivatives (TPyrCo, TPyrNHS, (Pyr);SubPc-Cg and (PyrPhO);SubPc-Cg) (left and
middle) and perylene bisimide bolaamphiphiles (PBI-BA) (right).

The use of multivalent scaffolds for the supramolecular interaction with graphene was also

considered by Martin ez al.'*®

in the supramolecular modification of graphene with the
geometrically mismatched, curved 9,10-di(1,3-dithiole-2-ylidene)-9,10 dihydroanthracene
(exTTF) molecule. In this case, gold nanoparticle (AuNP) scaffolds, where multiple units
of exTTF are linked, allowed magnifying the exTTF-graphene 7-m and CH-7 interactions

(Fig. 20).

- d\ ). P
exTTFAUNP
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Fig. 20 Representation of a gold nanoparticle endowed with multiple exTTF units
(exTTFAuNP) (left) and the resulting graphene—exTTFAuNP conjugates forming
sandwich-type nanostructures (right). Adapted with permission from ref. 126. Copyright
2013 Wiley-VCH.

Perylene bisimides (PBIs) are attractive PAHs, which besides being well-suited for -7
stacking interactions are powerful chromophores. Hirsch and co-workers demonstrated that
PBI-based bolaamphiphiles (PBI-BA) (Fig. 19) exhibit a remarkable stability in its
interaction with graphene. They can delaminate and stabilize graphene with a flake size of
about 1 pum and a moderate defect density, of approximately a 0.01%.'*” Although PBIs
exhibit strong fluorescence, no emission is present in the Raman spectrum of a dispersion
in NMP of turbostratic graphite with the dendronized PBI, which indicates a pronounced
quenching due to the electronic communication with graphene.

4.3 Non-covalent functionalization of graphene on solid surfaces

In general, the coating of solid surfaces, namely metals, with atoms, (organic) molecules,
nanoparticles and polymers is an innovative area that has received the attention of the
scientific community along the last recent years. This is particularly interesting when
considering graphene since the presence of more or less active metal atoms, can
significantly modify the electronic properties of graphene, resulting in new materials with
enhanced or new properties of interest in the preparation of devices for different
purposes.'*®

In this regard, the coverage of solid surfaces, namely active metals such as Au, Cu, or Ag
or semimetals like graphite, requires the detailed understanding of the phenomena
occurring at the atomic scale. More precisely, at the interface between the solid surface and

the added (organic) molecules.'*"*!

However, despite fascinating studies have been carried
out on different solid substrates with a large number of (organic) molecules, this is not the
case when pristine graphene is considered to interact with them. The controlled coverage of
solid surfaces by chemical species needs from new tools, namely microscopy techniques
(STM, AFM, and TEM), and a precise understanding of the electronic interactions
occurring between the substrate and the adsorbed chemical systems as well as those

interactions existing between the deposited molecules in the presence of the chemically
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non-innocent solid surface. Actually, this study paves the way to graphene as a reactive
surface and to a new and less-explored 2-D supramolecular chemistry.'*

Graphene grown on metallic surfaces forms a moiré superlattice showing a singular
corrugation on the graphene surface with structural and electronic modifications when
compared to pristine graphene. The impact of this corrugated graphene surface on the
molecular deposition of chemical species is strongly dependent on the nature of the
underlying metal substrate. Thus, whereas some metals such as Ir(111) have a weak
electronic interaction with the deposited chemical species, others such as Ru(0001) and

. . . . 133.134
Ni(111) have a strong electronic communication.'**"?

It is interesting to note that most of
the molecular self-assemblies on metal surfaces are performed under ultra-high vacuum
conditions to ensure the best experimental conditions.

Although some studies on depositing molecules on graphene grown on metallic surfaces
have been reported in the literature, we will discuss just a few examples to illustrate the
interaction between electroactive molecules and the epitaxially grown graphene on different
metal surfaces affording doped graphene.

An interesting example showing the influence of moiré corrugation is that of the adsorption
of 2,4'-bis(terpyridine) (2,4’-BTP, Fig. 21a) on graphene. The molecule form 2-D
supramolecular arrays due to the formation of C-H--N H-bonding (Fig. 21b).'*
Interestingly, all the molecules were located in the lower part of the corrugated surface

(valleys) remaining the upper parts (hills) mostly free (Fig. 21c). Again, the strong

influence of the underlying metal surface is responsible for the observed findings since

when using Ag as a base substrate, highly ordered 2-D monolayers were formed.'®

..'rﬁ

“f x

Fig. 21 a) Molecular structure of 2,4’-BTP. b) STM image of an adlayer of 2,4’-BTP

molecules on graphene/Ru(0001) at T = 115 K. The antiparallel arrangement of the
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molecules is indicated by alternating colors. Inset: detail of the structure at T = 130 K. ¢)
True to scale model of 2,4’-BTP admolecules on graphene with hydrogen bonding
configuration (double hydrogen bonds, yellow ellipses). Reproduced with permission from

ref. 135. Copyright 2011 American Chemical Society.

Oligothiophenes, namely QT and QTDA (Fig. 22a) have been deposited on CVD-grown
graphene on copper foil by using STM under ambient conditions. Remarkably, QT
molecules form large domains, in the range of hundreds of nanometers, showing lamellae
features mostly covering the underlying mono- and multi-atomic steps. Similarly, QTDA
molecules form smaller domains in a preferentially lamellar array. However, in contrast to
the QT, these domains span over the step edges as well as terraces of the underlying copper
surface (Fig. 22b-g). It is interesting to notice that although Cu(111) and Cu(100) facets
dominate the surface of polycrystalline copper after annealing, the authors reported to get

identical supramolecular assemblies regardless of the facets nature.'*

a) CgH17 CgH17

S\

Fig. 22 a) Molecular structure of QT and QTDA. Large scale and high resolution STM
images of the (b, ¢) QT and (e, f) QTDA adlayer on G-copper.. d) and g) are the tentative
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models of the QT and QTDA assembly structures, respectively. The black stars in the
lower left corner of the ¢) and f) STM images indicate the orientation of the graphene
lattices. The orientation of the step edges in b) and e) indicates that graphene is grown on
the Cu(111) facet. Reproduced with permission from ref. 136. Copyright 2013 Royal
Society of Chemistry.

Remarkable examples are the electron acceptor molecules 7,7,8,8-tetracyano-p-
quinodimethane (TCNQ) and 2,3,5,6-tetrafluoro-7,7,8,8-tetracyano-p-quinodimethane (Fa-
TCNQ) affording hole doped graphene.137 Both molecules exhibit the same molecular
geometry but with a different chemical behaviour. In TCNQ, the four hydrogen atoms on
the quinonoid moiety are able to form a net of hydrogen bonding leading to the formation
of a compact 2-D self-organized monolayer. Furthermore, in contrast to the negatively
charged four fluorine atoms in F4;-TCNQ, these hydrogen atoms show a positive
electrostatic potential, thus interacting intermolecularly with the cyano groups of a
neighbour molecule. The single monolayer of epitaxially grown graphene on Ir(111)
electronically decouples the adsorbed electron acceptor molecules from the metallic
substrate, thus allowing the study of their 2-D supramolecular self-organization (Fig.
23a,b). STM imaging of HOMO and LUMO orbitals are similar to those of the pristine
TCNQ molecule, which indicates a low degree of charge transfer from the graphene. The
repulsion between the fluorine atoms in F4sTCNQ leads to a less compact organization with

freely rotating molecules (Fig. 23c,d).

40



Fig. 23 a) STM image taken at 4.6 K after depositing TCNQ on graphene/Ir(111). b) STM
images taken at —1.5 V (left panel) and +1.5 V (right panel). In both panels, a ball-and-stick
model of the TCNQ molecule has been superimposed to show the molecular orientation.
The central panel shows the electrostatic potential map of TCNQ (purple for negative and
green for positive of TCNQ). ¢) STM image taken at 77 K after depositing Fs TCNQ on
graphene/Ir(111). d) STM images taken at —1.0 V (left panel) and —0.05 V (right panel).
Both images were recorded at 77 K. Central panel shows electrostatic potential map of
T4TCNQ (purple for negative and green for positive). Reproduced with permission from

ref. 137. Copyright 2010 Royal Society of Chemistry.

In contrast to the aforementioned study involving Ir(111), deposition on an epitaxial buffer
layer of graphene grown on Ru(0001) affords TCNQ molecules exhibiting a magnetic
moment which induces the formation of ferromagnetic order in the 2-D molecular
arrangement (Fig. 24)."** This magnetic moment stems from the charge transferred from the
graphene/Ru(0001) to the electron accepting TCNQ molecule. The epitaxial graphene layer
is n-doped on Ru(0001), and it is further transferred to the TCNQ acceptor molecule
deposited on the graphene layer. Actually, approximately one electron is transferred leading
to a singly occupied orbital. This unpaired electron leads to a small but persistent magnetic
moment of around 0.23 puB per molecule. Surprisingly, the magnetic moment survives even
when two or more TCNQ molecules couple together, which is a requirement for getting a
magnetic order. Despite the deposition is monitored at low temperatures (4.6 K) and occurs
on small areas of the surface, experimental evidences confirm both the existence of a small
magnetic moment (scanning tunnelling spectroscopy, STS) as well as the formation of
magnetic domains (STM). Furthermore, spin-polarized calculations for the TCNQ
monolayer on graphene/Ru(0001) predict that the magnetically ordered structure is
energetically favoured. The total calculated magnetic moment per unit cell (containing 8
molecules) is 1.3 uB which represents an average magnetic moment of 0.18 uB per
molecule. An analysis of the spin density shows that this magnetic moment stems from the
unpaired electrons in the SOMO-derived band.

Although the reported results show the formation of magnetic domains, the mechanism that

ferromagnetically couples the local moments to each other is complex provided that it
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involves simultaneously several chemical systems, namely the electron acceptor TCNQ
molecules, the graphene layer and the ruthenium substrate. These results, however, open a
new scenario in the use of graphene for further electronic applications since they show that
other pathways in organic electronics and spintronics are possible. In particular, those
aspects related with spin-filters or 2-D spin polarizers where the properties of graphene

need to be skilfully combined with the appropriate magnetic properties.
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Fig. 24 a) STM image of individual TCNQ molecules adsorbed on graphene/Ru(0001)
measured at 4.6 K. The white blobs are the upper part of the moiré pattern of
graphene/Ru(0001) whose unit cell is also indicated. b) Calculated HOMO and LUMO of
TCNQ in the gas phase superimposed on the atomic structure. c-¢) Spatially extended
intermolecular bands in a TCNQ monolayer adsorbed on graphene/Ru(0001). Topographic
STM images of a TCNQ monolayer on graphene/Ru(0001) recorded at ¢) V, =-2 V, d) Vy,
=-0.8 V and e) V, = +1 V. f-h) The corresponding simulated topographic images. The
bands result from the hybridization of the TCNQ frontier orbitals. Reproduced with
permission from ref. 138. Copyright 2013 Nature Publishing Group.

5. Donor-acceptor interactions of graphene
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The electron energy in graphene is linearly correlated to wave vector near the crossing
points in the Brillouin zone."** The charge carrier behaviour of graphene has been described
by relativistic particles effect using Dirac equation'*® which explains the high conductivity
and luminescence quenching ability of graphene.'*' The quenching effect of graphene
materials is attributed to three possible mechanisms: i) Forster resonance energy transfer
(FRET), ii) surface energy transfer (SET), and iii) photoinduced electron transfer (PET).'**
7 To observe FRET, a suitable pair of energy donor and energy acceptor having
appropriate spectral overlap and in proximity (1-10 nm) are required.'*® The energy transfer
from the excited donor to the acceptor in a non-radiative manner through a dipole-dipole
interaction occurs whose transfer efficiency is inversely proportional to the sixth power of

the distance between the D-A pair.'*®

In the process of SET, the energy transfer efficiency
is inversely proportional to the fourth power of the D-A distance.'*""*° Consequently, SET
is more efficient than FRET at relatively longer distances (20-30 nm). PET occurs between
a luminescent sensitizer (donor or acceptor) and graphene material.'**'*” The quenching
mechanism is a redox reaction between the excited sensitizer and the quencher with
electron transferring from the donor to the acceptor. The efficiency of the quenching
decreases exponentially as the distance increases.

An important aspect in the graphene research is in the development of functionalized
graphene composites with organic/inorganic molecules to obtain improved functional
properties. Some of these properties include, 1) high electrical conductivity and improved
mechanical properties, ii) unique ambipolar electronic property, iii) magnetic features upon
hybridization with different magnetic nanoparticles, and iv) intriguing luminescent
properties, 143147:151-155
5.1 Ground- and excited-state charge transfer in donor-acceptor, graphene-based
supramolecular hybrids

Interaction of photosensitizers such as Pors, Pcs, efc., with graphene provides electron D-A
systems while improving the exfoliation and dispersion stability of the graphene by
overcoming the van der Waals interactions between the individual graphene sheets.'**"'¥’
Electronic interactions both in the ground and excited state could be anticipated in such

systems wherein shifting of Fermi energy is expected, thus opening of an electronic gap in

graphene. Both non-covalent stacking and covalent functionalization is expected to yield
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such results. Consequently, fundamental studies related to electronic communications and
interaction in graphene-based D-A systems are of great interest. In such systems, graphene
could act either as an electron donor or acceptor depending on the relative energy levels of
the entities. The following section provides summary of these findings.

Matte et al.'>® reported on the fluorescence quenching by graphene of organic donor
molecules such as pyrene butanoic acid succinimidyl ester (PyBS) and oligo(p-
phenylenevinylene) methyl ester (OPV-ester) (Fig. 25). Absorption and fluorescence
spectra of the donor molecules recorded in the mixture with increasing concentrations of
graphene showed no change in the former, but remarkable quenching of fluorescence. The
property of graphene to quench fluorescence of OPV-ester was shown to be associated

with photo-induced electron transfer, on the basis of fluorescence measurements.

S

PyBS OPV-ester

Fig. 25 Molecular structures of pyrene butanoic acid succinimidyl ester (PyBS) and

oligo(p-phenylenevinylene) methyl ester (OPV-ester).

Supramolecular D-A hybrids composed of few-layer graphene as an electron acceptor and
(Pyr)sHzPc or (Pyrs)Zn(IT)Por bearing four pyrene entities as photosensitizer donors (Fig.

57 Due to the presence of

26a) were formulated and characterized by various techniques.
four pyrene units, strong ground and excited state interactions were observed wherein the
fluorescence of both Por and Pc was quenched over 80% due to interactions with graphene
(Fig. 26b,c). Femtosecond transient absorption studies on these hybrids revealed occurrence
of ultrafast charge separation whose rates were in the order of 10''-10" s™'. The fast
kinetic process was attributed to the close proximity of the donor and acceptor entities in

the m-stacked D-A hybrids.

44



RA. Intensity(au)

300 400 500 600

Wavelength, nm Wavelength, nm

Fig. 26 a) Molecular structure of pyrene-substituted (Pyr)sH,P¢ and (Pyrs)Zn(II)Por. b)
Optical absorption and c) fluorescence spectral changes of (Pyrs)Zn(II)Por upon

increasing the addition of graphene in 0-DCB (Aex = 424 nm).

On this connection, D-A nanohybrids were obtained by supramolecular attachment of n-
type and p-type Zn(II)Pc-functionalized poly-p-phenylenevinylene oligomers to graphene.
These oligomers were able to produce exfoliation of graphite in THF to form stable
nanoconjugates which featured charge separation evolving from the photoexcited Zn(II)Pc
to graphene. Prototype solar cells were prepared using these hybrids, although low IPCE
values (ca. 1%) were achieved.'”*'>’

Kiessling et al. prepared four novel nanographene/Por hybrids for solar energy conversion

160.161 The synthesized Pors differed in their core functionalization (free-base or

schemes.
zinc metallated) or in the number of carboxylic acid groups at the conjugated B-pyrrolic
side chain (one or two). Immobilization of the Pors onto the basal plane of graphene was
witnessed by distinct electronic interactions in both the ground and the excited states. In the
ground state, a strong loss in oscillator strength accompanied by broadening of the Por
transitions provided evidence to the shift of electron density from the electron donating Por
to graphene. In Raman spectra, decrease in full width at half maximum of the 2D band was

accompanied by an increased intensity ratio of the 2D band to the G band. The observed

nearly quantitative quenching of the Por fluorescence was indicative of an efficient charge
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transfer. Femtosecond transient absorption measurements corroborated such excited state
charge transfer evidenced by the one-electron oxidized radical cation of the Por with
absorption maxima at 490 and 625 nm in the visible region and conduction band electrons
in graphene with features at 890 and 1025 nm in the NIR region. As a proof of concept,
solar cells built using these D-A hybrids resulted in the generation of photocurrent and
photovoltage.

A double-decker strategy was used to form D-A hybrids by Skaltsas et al.'® In this
approach, an anionically charged block copolymer poly(isoprene-b-acrylic acid) (PI-b-
PAA") was utilized to form stable dispersions of exfoliated graphene in aqueous media and
then was wused to electrostatically bind cationic 5,10,15,20-tetrakis(1-methyl-4-
pyridinio)Por (H;Por*") (Fig. 27).'? The formed graphene/PI-b-PAA™—H,Por*" ensemble
was examined by dynamic light scattering (DLS) and other spectroscopic methods. The
steady-state and time-resolved photoluminescence studies were suggestive of
electron/energy-transfer phenomena occurring within the nanoensemble. Finally, kinetic
analysis of the lifetime profiles of the fluorescence emission gave information regarding the
quenching rate constant and quantum yield of the singlet excited state of HyPor*" in the

graphene/PI-b-PAA™—H,Por*" ensemble.
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Fig. 27 a) Molecular structure and schematic representation of PI-b-PAA™ and H,Por**. b)
Cartoon of the graphene/PI-b—PAA_—H2P0r4+ ensemble, in which the tetracationic H2P0r4+
is electrostatically attracted by the negatively charged PI-b-PAA™ block copolymer.

In another study, ultrafast electron injection at the cationic Por-graphene interface assisted
by molecular flattening was reported by Aly et al.'® Three Pors, viz., neutral 5,10,15,20-
tetra(4-pyridyl)Por, and cationic, meso-substituted  5,10,15,20-tetra(1-methyl-4-
pyridino)Por, and 5,10,15,20-tetra(4-trimethyl-ammoniophenyl)Por were used to form the
hybrid with graphene carboxylate. The negatively charged graphene carboxylate surface
caused an external electrostatic constraint exerted on the cationic Pors. Due to this external
constraint, the methylpyridinium groups, which initially adopted a nearly perpendicular
conformation with respect to the Por’s plane, rotates by tens of degrees adopting a coplanar
conformation with respect to the macrocycle. The steady-state and femtosecond time-
resolved studies demonstrated that the charge transfer process at the Por—graphene
carboxylate (GC) interfaces could be switched on and off by changing the electronic nature
of the meso sustituents and the metal in the Por cavity.

The studies presented above revealed the role of graphene as an electron acceptor while the
organic sensitizers served as electron donor moiety. An example of graphene serving as an
electron donor was revealed by assembling it with an alkylsulfonyl Zn(II)Pc—pyrene
conjugate (Fig. 28).'® The presence of the pyrene unit in the Zn(I)Pc conjugate was
essential for the non-covalent immobilization of the electron accepting macrocycle onto the
basal plane of highly exfoliated graphite. Strong interactions dominated the electronic
properties of the nanohybrid both in the ground and excited states. Femtosecond pump
probe experiments assisted in corroborating an ultrafast charge separation, that is, the
generation of the one-electron reduced radical anion of the Zn(II)Pc and one-electron

oxidized graphene after irradiation at 387 nm, followed by slow charge recombination.
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Fig. 28 Molecular structure of pyrene-functionalized, electron-accepting Zn(II)Pc used to

form graphene-based D-A hybrids.

The preparation of exfoliated graphene-Pc nanohybrids, and the investigation of their
photophysical properties have been also reported using pyridyl-substituted, electron-
accepting Pcs. The functionalized macrocycles in DMF afforded single layer and
turbostratic graphene based nanohybrids, which were fully characterized by AFM, TEM,
Raman, steady-state and pump probe transient absorption spectroscopy. In this connection,
photoinduced charge transfer from graphene to the electron accepting Pcs was found by
steady-state and time-resolved spectroscopy experiments.'®’

The possibility to attach multiple Pors to graphene was explored by Economopoulos and
Tagmatarchis.'®® In this approach, firstly, an anionic Por was stabilized onto exfoliated
graphene by taking advantage of m— interactions, while, at a later stage, a cationic Por was
anchored to the former macrocycle through electrostatic interactions (Scheme 6). The same
process can be done inverting the Pors’ deposition sequence (i.e., using a cationic Por to 7-
stack to graphene followed by the addition of an anionic macrocycle). These interactions
allowed effective electronic communication of the second Por that was electrostatically
attached by quenching its emission. The resulting graphene—Por—Por hybrid was examined
using several optical techniques (UV-vis, steady state and time-resolved
photoluminescence) while electrochemistry was employed to study the thermodynamically
favoured quenching pathways. The ionic macrocycle that was electrostatically stabilized
onto the Por-graphene nanoensemble showed lifetimes of an order of magnitude faster than

its m—m stacked analogue suggesting a more efficient quenching pathway.
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Addition of
a cationic Por

Exfoliated graphene/anionic Por Exfoliated graphene/anionic
ensemble Por/cationic Por ensemble

Scheme 6 Schematic representation of the 7-stacking of an anionic Por onto exfoliated
graphene followed by the addition of a cationic Por to the as-formed graphene-Por

ensemble leading to a graphene-Por-Por multicomponent hybrid.

Apart from Por, Pc and organic dyes, other forms of nanocarbons were also used to form
supramolecular D-A hybrids. Ground and excited state interactions in the hybrid system of
a film of Cg molecules deposited on single-layer graphene was reported by Heinz and
coworkers.'”” In the absence of photoexcitation, the Cgy molecules in the deposited film
acted as electron acceptors for graphene, yielding increased hole doping in the graphene
layer. Hole doping of the graphene film by a uniform Cgo film at a level of 5.6 x 10'%/cm’
or 0.04 holes per interfacial C¢p molecule was determined by the use of both Raman and
terahertz  spectroscopy. Further, the transient charge transfer occurring upon
photoexcitation by femtosecond laser pulses was also reported. The Cgo/graphene hybrid
exhibited a short-lived (ps) decrease in terahertz conductivity, followed by a long-lived
increase in conductivity. The initial negative photoconductivity transient, which decayed
within 2 ps, reflected the intrinsic photo response of graphene. The longer-lived positive
conductivity transient, with a lifetime on the order of 100 ps, was attributed to
photoinduced hole doping of graphene by interfacial charge transfer. This study
demonstrated the importance of charge transfer processes at graphene interfaces, both in
equilibrium and under photoexcitation, as well as the utility of terahertz spectroscopy in
following these processes in real time.

Carbon nanotubes and graphene are among the most widely investigated low-dimensional

materials for photonic and optoelectronic devices.'®*'"° It was rationalized that combining
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these two materials into all-carbon hybrid nanostructures would reveal enhanced properties
in a range of devices, such as photodetectors and flexible electrodes compared to the
individual constituent materials.'”' Liu et al.'”* complemented Raman spectroscopy with
photocurrent probing, as a robust way of illustrating the interfacial built-in fields, and
unambiguously revealing both static and dynamic (photo-induced) charge transfer
processes at the nanotube—graphene interfaces. The type of nanotube species used, i.e.,
metallic as opposed to semiconducting, were also compared. In the examined devices, the
graphene sheet was found to be p-type doped with (6,5)chirality-enriched semiconducting
single-walled carbon nanotubes (SWCNTs), while n-type doped with ultra-pure (> 99%)
metallic SWCNTs.'” This study provided key design guidelines for all-carbon based
devices.

A new approach to probe the effect of graphene on photochemical charge separation in D-A
conjugates was reported by KC et al.'® For this purpose, multi-modular D-A conjugates
comprised of three entities of pyrene, a SubPc and a fullerene, (i.e., (Pyr);SubPc-Cgp and
(PyrPhO);SubPc-Cg in Fig. 19) were synthesized and studied. These conjugates were
hybridized on few-layer graphene via m—7 stacking interactions of the three pyrene entities.
These hybrids were characterized using Raman, HR-TEM, spectroscopic and
electrochemical techniques. In these conjugates, photoinduced charge separation in the
absence and presence of graphene was established from studies involving femtosecond
transient absorption spectroscopy. Accelerated charge separation and recombination was
observed for the graphene/conjugate hybrids suggesting that these materials could be
useful for their incorporation in fast-responding optoelectronic devices, in addition to light
energy harvesting applications.

5.2 Photoinduced charge transfer interactions in donor-acceptor, graphene-based
covalent hybrids

The first report on the covalent attachment of a light-harvesting and electron-donating Pc to
the basal plane of few-layer graphene was reported by Ragoussi et al'” Covalent
functionalization was achieved in two steps (Scheme 7). First, 1,3-dipolar cycloaddition of
the exfoliated graphite in the presence of an excess of N-methylglycine and 4-
formylbenzoic acid affording carboxyphenyl modified graphene. In the second step,

esterification reaction between carboxyphenyl modified graphene and the alcohol-
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terminated Pc in the presence of EDC/HOBt yielding graphene-Pc nanoconjugate. The Pc-
graphene hybrid formed stable suspensions in solvents such as NMP and DMF. The Raman
and absorption spectral studies were indicative of ground state interactions in the hybrid.
Diminished fluorescence quantum yield and lifetime were indicative of excited state
interactions in the hybrid. Physicochemical characterization reveals an ultrafast charge
separation from the photoexcited Pc to few-layer graphene followed by a slower charge

recombination both in DMF and NMP.

4-formyl benzoic acid
N-methyl glycine, NMP, 170 °C

DMF/THF
4 days
room temperature

EDCI HOBt Nj’N‘ZN R <O
H
N
o)
O

Scheme 7 Synthetic route towards the graphene—Pc nanoconjugate. EDC = 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide, HOBt = 1-hydroxybenzotriazole.
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A simple procedure for graphene exfoliation upon tip sonication in 0o-DCB was reported by
Karousis et al.'”* This treatment was followed by covalent grafting of (2-aminoethoxy)(tri-
tert-butyl) Zn(II)Pc to exfoliated graphene sheets (Scheme 8). The Zn(II)Pc—graphene
hybrid material was found to be soluble in common organic solvents without any
precipitation for several weeks. Initial characterization of the Zn(II)Pc—graphene hybrid
was carried out using diverse spectroscopic techniques, while TGA allowed to determine
the amount of Zn(II)Pc loaded onto graphene. Efficient fluorescence quenching of Zn(II)Pc
in the Zn(Il)Pc—graphene hybrid material suggested occurrence of photoinduced events
from the photoexcited Zn(II)Pc to graphene. The dynamics of the PET was evaluated by
femtosecond transient absorption spectroscopy revealing the formation of transient species
such as Zn(IT)Pc™, yielding the charge-separated state Zn(II)Pc™ —graphene” . Finally, the
Zn(IT)Pc—graphene hybrid material was integrated into a photoactive electrode of an optical
transparent electrode (OTE) cast with nanostructured SnO;, films (OTE/SnO,), which
exhibited stable and reproducible photocurrent responses, and decent IPCE.

o
N S yﬁ%@”{w ?N
Io}
Exfoliated \)“/
graphene

>
0-DCB, reflux

Scheme 8 Covalent functionalization of exfoliated graphene sheets with Zn(II)Pc.

The first example of highly exfoliated graphene (EG) covalently linked to electron
accepting Pcs was reported by the groups of Torres and Guldi.'” In that work, the
functionalization of the nanocarbon surface was accomplished using alkylsulfonyl
Zn(I)Pcs by means of alkyne-azide “click” chemistry (Scheme 9). Upon complete
characterization of the resulting graphene-Pc hybrid using various physicochemical

techniques, electron D-A interactions both in the ground and in the excited state were

52



probed revealing PET from graphene to the electron-accepting Zn(I)Pc. This example
served graphene as an electron donor in contrast to the previous examples where graphene

was largely behaving as electron acceptor.

Azide-substituted
(RSO,)¢Zn(Il)Pc

Scheme 9 Covalent grafting of electron accepting Zn(I)Pc on exfoliated graphene by

means of alkyne-azide “click” chemistry (see Ref. 175 for experimental details).

5.3 Photoinduced charge transfer interactions in donor-acceptor, graphene oxide- and
reduced graphene oxide-based supramolecular hybrids

Functionalized GO and rGO have received much attention in a broad range of applications
from light harvesting devices to biological sensors.'’®!'"" The following section highlights
some of the key findings in the preparation and study of D-A supramolecular ensembles
between electroactive molecules and graphene oxide- and reduced graphene oxide.

The ability of chemically rGO to act as an energy and electron transfer agent was first
probed by Wojcik and Kamat.'”™ The authors used a cationic Por, viz., 5,10,15,20-
tetrakis(1-methyl-4-pyridinio)Por (TMPyPor) to demonstrated charge-transfer interactions
with chemically rGO. Formation of the ground-state TMPyPor—rGO complex in solution
was marked by the red-shift of the Por absorption band Whereas the Por fluorescence
lifetime diminished from 5 to 1 ns upon complexation with rGO, indicating excited-state

interaction between singlet excited Por and rGO. Femtosecond transient absorption
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measurements carried out with TMPyPor adsorbed on rGO film revealed fast decay of the
singlet excited state, followed by the formation of a longer-living product with an
absorption maximum around 515 nm indicating the formation of a Por radical cation. The
ability of TMPyPor—rGO to undergo photoinduced charge separation was further
confirmed from the photoelectrochemical measurements. TMPyP-rGO coated conducting
glass electrodes were capable of generating photocurrent under visible excitation. These
results were indicative of the electron transfer between photoexcited Por and rGO. Further,
the role of graphene in accepting and shuttling electrons in light-harvesting assemblies was
discussed.

Photoinduced charge separation in ordered self-assemblies of N,N’-di(2-
(trimethylammonium iodide) ethylene) perylenediimide (TAI-PDI)-GO hybrid layers in
water was investigated by Supur er al'” PDI served as an ideal building block for
nanohybrids of GO because its strong absorption in the visible region and the low reduction
potential making it a powerful light harvester and a good electron acceptor. The cationic
groups on TAI-PDI enhanced the electrostatic interactions with the functional groups of
GO, such as carboxylic acids, and its large aromatic plane established strong n—n
interactions with the m-surface of the GO sheet. PET dynamics of self-assemblies of TAI-
PDI-GO hybrids were investigated by using femtosecond laser-induced transient
absorption spectroscopy. The femtosecond transient spectra of aggregates of (TAI-PDI)—
GO in water displayed a very fast formation of broad transient absorption at around 720
and 960 nm after the selective excitation of PDI at 510 nm. These transient features agreed
well with those of the radical anion of PDI providing a valid proof for PET from GO to
'PDI*. The rate of charge separation (kcs) was estimated to be 3.6 x 10" s™! (t = 2.8 ps).
The fast formation rate suggested that the charge separation was very efficient ruling out
the other quenching mechanisms such as energy transfer. From the bi-exponential decay,
charge recombination of 31 ps (kcg; = 3.2 x 10" s™") and 417 ps (kcro = 2.4 x 10° s ') were
arrived. The relatively slow decay was accounted for the presence of the electron migration
mechanism among the n-stack of PDI during a possible PET process with the GO sheet.
Using a layer-by-layer self-assembly method, rGO-based composite films with high
photoelectronic  activity ~ were  assembled  with  5,10,15,20-tetrakis(p-N,N,N-
trimethylanilinium)Por tetraiodide (TAPPI) and tetrasulfonated Cu(II)Pc as the co-
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sensitizers by Zhang et al."®® The n—n and electrostatic interactions were the main driving
forces of the rGO/TAPPI/Cu(Il)Pc composite film assembly. The linear dependence of the
absorption on the layer numbers of the films demonstrated the formation of the ordered
films. In the composite film, an efficient PET was evidenced by fluorescence spectra.
Furthermore, the photoelectronic response for the rGO/TAPPI/Cu(Il)Pc film was higher
than that of the rGO/TAPPI, the rGO/Cu(Il)Pc or the TAPPI/Cu(Il)Pc films. The
complementary absorption spectra of TAPPI and Cu(Il)Pc and the quick transfer of
photoproduced electrons were reasoned as the main cause for the enhanced photoelectronic
response in the rGO/TAPPI/Cu(Il)Pc film.

The group of Fukuzumi reported on 3-dimensional (3-D) ordered assemblies of GO layers
functionalized with tetrakis(1-methylpyridinium-4-yl)Por p-toluenesulfonate, N,N’-di(2-
(trimethylammonium iodide)ethylene) perylenediimide (PDI), and Zn(II)Pc tetrasulfonic
acid in water.'®' The molar ratio between the cationic dyes (i.e., Por and PDI) was found to
be essential. These cationic chromophores act as a “glue” to combine the GO layers and the
anionic Zn(IT)Pc, helping dispersing the GO layers. The resulting 3-D structures were
capable of harvesting light from the ultraviolet to the NIR region. Dye molecules were
arranged in mainly lateral order on the GO layers with partial stacking, which allowed
direct interactions with the n-conjugations of the GO surface in 3-D architecture. Ultrafast
charge separation upon the photoexcitation of the dyes in the visible/NIR region was
observed in these assemblies, in which Zn(II)Pc and PDI were the ultimate electron donor
and acceptor, respectively. Lateral charge migration among the partially stacked dye
molecules was inferred from the decay characteristics of the radical ion pair. Triggered by
the charge separation processes in the 3-D ordered self-assemblies, significantly higher
photocurrent density in the OTE/SnO,; electrode deposited with self-assemblies of (GO—
Por-PDI-Zn(II)Pc), was generated compared to those deposited with only GO or dye
components.

5.4 Photoinduced charge transfer interactions in donor-acceptor, graphene oxide- and
reduced graphene oxide-based covalent hybrids

A successful covalent functionalization of GO with 5-(4-aminophenyl)-10,15,20-triphenyl-
21,23-Por (H,Por) has been reported by Karousis et al.'® The synthetic procedure is
outlined in Scheme 10. The resulting GO—H,Por hybrid material formed stable dispersions
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in DMF and was characterized by spectroscopic (UV-vis, ATR-IR, Raman) and thermal
(TGA) tools. Microscopy techniques (AFM and TEM) were employed to probe the
morphological characteristics as well as to investigate the exfoliation of graphene sheets.
Steady-state and time-resolved fluorescence emission studies revealed efficient
fluorescence quenching, suggesting that electron transfer occurs from the singlet excited
state of the H,Por moiety to the GO sheet. The electrochemical redox potentials of the
graphene—H,Por material were studied by cyclic voltammetry (CV) and differential pulse
voltammetry (DPV), and the energy gap for the charge-separated state of (GO) —(H,Por)™
was calculated as 0.87 eV, while, the negative free-energy change for the photoinduced
charge-separation of GO-H,Por was evaluated to be —1.00 eV, which confirmed the
thermodynamically favourable formation of (GO) —(H,Por)™". Photoexcitation resulted in
the one-electron oxidation of the H,Por and the simultaneous one-electron reduction of GO,
yielding (GO) —(H,Por)™, as revealed by transient absorption measurements. The GO—
H,Por hybrid material was subsequently deposited by electrophoretic deposition onto SnO,
electrodes, and the OTE/SnO,/GO-H,Por electrode exhibited a moderate IPCE of 1.3% in a

standard photoelectrochemical cell.

Q

i), ii)
graphene ——»

i), iv)
—
HO

HO o OH

Scheme 10 Synthesis of covalently-linked H,Por-GO hybrids. i) H;SO4/HNO; (2 : 1 v/v);
i1) KClO3, 96 h; iii) COCl,, 80 °C, 24 h; iv) 5-(4-aminophenyl)-10,15,20-triphenyl-21,23-
Por, THF, room temperature, 72 h.

Using another synthetic methodology, chemically converted graphene (CCG) covalently
linked with Pors was prepared by a Suzuki coupling reaction between iodophenyl-
functionalized CCG and Zn(II)Por boronic ester as shown in Scheme 11."® In this case, the
covalently linked CCG—Zn(II)Por composite was designed to possess a short, rigid
phenylene spacer between the Zn(II)Por and the CCG. The composite material formed
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stable dispersions in DMF and the structure was characterized by spectroscopic, thermal,
and microscopic measurements. In steady-state photoluminescence spectra, the emission
from the Por linked to the CCG was quenched strongly relative to that of the Por reference.
In contrast to the previous report (covalently-linked H,Por-GO hybrid in Scheme 10),
fluorescence lifetime and femtosecond transient absorption measurements of the Por-linked
CCQG revealed a short-lived Zn(II)Por singlet excited state (38 ps) without yielding the Por
radical cation. This observation substantiated the occurrence of energy transfer from the
Zn(Il)Por excited state to the CCG and subsequent rapid decay of the CCG excited state to
the ground state. Accordingly, the photocurrent action spectrum of a photoelectrochemical
device with a SnO, electrode coated with the Por-linked CCG exhibited no photocurrent

response from the Por absorption.

CCG-Zn(ll)Por

Scheme 11 Synthesis of Por-linked CCG. 1) Sodium dodecylsulphate (SDS), N,H4-H,0,

NH; (aqueous), 95°C, 1 h; ii) 4-iodobenzenediazonium tetrafluoroborate, H,O, room
temperature, 2 h; 1) 5,10,15-tris(3,5-di-tert-butylphenyl)-20-(4,4,5,5-
tetramethyl[1,3,2]dioxaborolan-2-yl)Zn(II)Por, [Pd(PPh3)4], Cs,CO3, DMF, 90 °C, 24 h.

Kalita et al'® utilized a redox active Fc instead of previously mentioned Por-based
sensitizers to covalently decorate GO (Fig. 29). The insulating GO was partially reduced to
improve the conductivity and modified with the Fc molecules. TEM, elemental mapping,

X-ray photoelectron and UV-vis spectroscopy studies confirm that the Fc molecules were
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grafted to the surface of a GO sheet. Photoresponsivity of the prepared GO-Fc composite
was investigated by fabricating a metal/GO—Fc/metal device. The fabricated device showed
enhanced current density under light illumination, suggesting a photo-induced charge

transfer process in the developed GO—Fc composite.

HO[\ f hv

Fig. 29 Schematic representation of the GO-Fc hybrid and photoinduced charge transfer

process.

The electron insulating property of GO along with the presence of several organic
functional groups on its surface prompted Das et al. to use this material as a platform to
anchor donor and acceptor entities.'™ In this context, single layer graphene oxide (SLGO)
was decorated with Cg fullerene as an electron acceptor and a photo-sensitizer Zn(II)Pc as
an electron donor (Zn(II)Pc-SLGO-Cgy in Fig. 30a). The D-A functionalized SLGO was
characterized using various techniques including UV-vis, fluorescence, TEM, Raman, TGA
and electrochemistry. Photoinduced charge separation leading to Zn(II)Pc™'-SLGO-Cgo™
charge separated state with a lifetime in the range of 0.04 us was established from
nanosecond transient studies. In a subsequent study, these D-A decorated hybrids were
subjected to a photocatalytic electron pooling experiment.'®® Electron accumulation in the
form of one-electron reduced product of methyl viologen (MV) was obtained in high yields
in an electron pooling experiment involving the Zn(II)Pc-SLGO-Cg hybrid and a
sacrificial electron donor compared with control hybrids involving either Zn(IT)Pc-SLGO
or Cg-SLGO hybrids (see Fig. 30b,c). This novel property of Zn(II)Pc-SLGO-Cg hybrid
has been ascribed to the proximity effect offered by GO with covalently linked donor and
acceptor entities on its surface. This study revealed that the Zn(II)Pc-SLGO-Cgy hybrid is

a suitable catalyst for solar fuel production.
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Fig. 30 a) Structures of Zn(IT)Pc-SLGO-Cg hybrid and the control compounds, Zn(IT)Pc-
SLGO and Cg-SLGO. b) Electron pooling experiment of Zn(II)Pc-SLGO-Cgy hybrid
dissolved in 0.5 mM MV*" in DMF i) in absence of BNAH, and ii-v) upon the addition of
increasing amounts of BNAH. c) Extent of MV™ formation for i) Zn(IT)Pc-SLGO-Cgy
hybrid, ii) Cgo fulleropyrrolidine, iii) Zn(IT)Pe-SLGO hybrid, and iv) mixture of MV*" and
BNAH with no sensitizers.

The synthesis of a pyrene tethered GO nanosheet (Pyr-GON, Fig. 31) was reported by Kim

et al.'¥’

An n-hexyl and an n-butyl spacer were introduced to provide an accurate distance
between GON and pyrene molecule. A mechanistic study of the interfacial fluorescence
quenching and its recovery processes between a pyrene derivative, namely, 1-
(aminohexyl)-1-pyrenebutyricamide (Pyr), and nanometer-sized GO sheets was performed.
Owing to strong m—r interactions with Pyr, GON quenched the photoluminescence from
pyrene in “folded” conformation of Pyr-GON. On the other hand, the treatment of Pyr-
GON with sodium dodecyl sulphate (SDS) helped Pyr overcome this strong pyrene/GON

3

interactions and causes Pyr-GON to adopt an “unfolded” conformation in which the
fluorescence of pyrene was restored. By time-resolved spectroscopy, the ultrafast energy
and charge transfer behaviour (<1 ps) was observed especially in “folded” conformation. In

addition, photocurrent analysis under white light illumination lead the authors to
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distinguish electron transfer behaviour in “folded” and “unfolded” conformation; wherein
charge separation occurred only in “folded” conformations. Overall, these findings
provided fundamental understanding of the photophysics of pyrene-functionalized GON
nanostructures (Pyr-GON) which could be utilized in nanosheet-electrode based sensors
and light harvesting devices.
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Fig. 31 a) Molecular structure of pyrene-substituted derivative (Pyr) used to functionalize
the GON, schematically represented as a violet oval, and b) folded Pyr-GON and unfolded
SDS-treated Pyr-GON composites.

In a recent study,'™

tetracarboxylic Zn(II)Pc—amino functionalized GO (Zn(II)PcCy—
NGO) hybrid materials were prepared by a covalent functionalization method (Scheme 12).
The characterizations indicated that the amino-functionalization of GO had an important
influence on the structure and photophysical properties of the Zn(I)PcC4—NGO hybrid.
The Zn(I)PcC4—NGO hybrid exhibited enhanced PET/energy transfer, compared to the
Zn(IT)PcCy4 covalent functionalized GO (Zn(II)PcC4—GO), owing to the presence of the
extended sp” carbon configurations, along with the partial reduction of the NGO nanosheets
and the introduction of electron-donating ethylenediamine. The nonlinear optical (NLO)
properties of the hybrids were investigated using the Z-scan technique at 532 nm with 4 ns
laser pulses. The results showed efficient covalent functionalization and partial reduction of

NGO causing the Zn(I)PcC4—NGO hybrid to possess larger NLO properties than the
individual NGO, Zn(I[)PcCs and the Zn(II)PcC4—GO hybrid. The enhanced NLO
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performance was attributed to the increased excited state absorption from the extended sp*
carbon configurations of the NGO moiety, reverse saturable absorption arising from
Zn(I1)PcC4 moiety, and the contribution of the efficient PET/energy transfer process
between the Zn(IT)PcC4 and NGO moieties in the hybrid.
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Scheme 12 Synthetic procedure for the preparation of Zn(IPcC4—GO and Zn(II)PcCy—
NGO hybrids.

In summary, the D-A systems built via non-covalent and covalent procedures with mono-
layer and few-layer graphene have revealed strong interactions between the entities. From
their spectral characteristics, the origin of these interactions could be attributed primarily to
charge transfer. Moderate level of covalent functionalization retained the m-structure of
graphene thus making it useful for optoelectronic applications. D-A type interactions in GO
and rGO materials have also been observed both in the supramolecularly assembled and
covalently linked systems. Photophysical studies, using femtosecond transient spectral
technique and time-resolved emission, have revealed ultrafast phenomenon, mainly due to

the close association of the sensitizer-graphene entities. Clever design of graphene

61



molecular designs have started emerging out, these include tuning the properties of the
sensitizer molecule to make graphene an electron donor or an electron acceptor.
Alternatively, D-A decorated graphene systems have shown to be capable of tuning the
kinetics of photophysical properties. Much could be expected in the coming years from this

fascinating research area.

6. Conclusions and Outlook

Since its discovery more than a decade ago, graphene, a physics Nobel prize-worth
material, has drawn more attention of many scientists working in fields such as chemistry,
physics, or materials science, than any other material before. Although, arguably, graphene
is still considered the “golden boy” among GBMs, much of the interest on this single
carbon atom-thick material has nowadays also embraced other members of this large family
such as few-layer graphene, GO, rGO, graphene ribbons, and graphene dots, to mention a
few. GBMs — which present a high percentage of sp” carbon atoms and a large aspect-ratio
as common characteristics — show interesting features such as a rich redox chemistry and
good electron/hole mobility.

These properties vary, however, significantly from one GBM to another as a consequence
of their highly heterogeneous composition — different ratio of sp” carbon and other-than-
carbon atoms — and structure — different shapes and/or number of layers. In this context,
STM and Raman spectroscopy stands out as two of the most powerful techniques to
characterize GBMs, helping in distinguishing, for example, the morphology and electronic
structure of GBMs (i.e., STM) or the number of layers, defects or crystal disorder, edge
structures, changes in the hybridization, and doping effects (i.e., Raman spectroscopy).
Although, initially, pristine materials have been the preferred playground for researchers
dealing with GBMs, especially in physics or materials science, the chemical functionalized
of these GMBs has soon appeared as an interesting opportunity to prepare GBM-based
hybrid materials showing tuneable physicochemical properties.

To meet such an ambitious objective, two main functionalization strategies, that is, the
covalent and the non-covalent one, have been actively pursued. The former relies on the
formation of one or more covalent bonds between GBMs — mostly, single or few-layer

graphene — and the organic addend(s). In this context, cycloaddition and insertion reactions,
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synthetic protocols largely employed for the functionalization of fullerenes and carbon
nanotubes, have been adapted to the GBMs’ chemistry. However, the reduced presence of
strained carbon atoms renders GBMs significantly less reactive than fullerenes and carbon
nanotubes furnishing, in general, materials with a low degree of functionalization.

An elegant solution to this limitation has recently been proposed for graphitic materials and
is extensively reviewed in this contribution. It relies on the formation of graphenides, that
is, negatively-charged graphene sheets, as a product of the chemical reduction of graphite
with alkaline metals. The formation of covalently-linked GBMs is finally achieved by such
reactive graphenides attacking suitable electrophiles. Alternatively, an electron transfer
from the graphenides to appropriate reagents can take place forming radical species, which
subsequently undergo addition reactions to the graphene sheets. This strategy allows to
generate covalent adducts exhibiting high degree of functionalization. As a drawback of
this functionalization route, one could identify the incompatibility between the use of more
“delicate” electroactive addends and the generation of highly reduced graphitic species due
to the extreme reactivity of the latter. This problem could be circumvented by using the
reductive functionalization to first install onto the graphene material small molecules
bearing functional groups (e.g.: ethynyl, azide, alcohols, etc.) that could be reacted, in a
following step, to appropriate electroactive species.

Turning to the non-covalent functionalization, it offers, undeniably, significant advantages
with respect to the covalent approach, mainly, the preservation of the GBMs’ electronic and
band gap features, an aspect of primary importance for optoelectronic applications. Among
the synthetic protocols, methods such as the sonication-induced liquid-phase exfoliation, or
the use of surfactants, polymers or small aromatic molecules are most frequently used. As a
result, stable graphene suspensions have been realized using derivatives bearing pyrenes,
tetrathiafulvalenes, or perylene bisimides, the latter moieties able to strongly adhere to the
graphene surface mainly through m-stacking interactions. Recently, non-covalent forces
have also been employed for the functionalization of surface-supported graphene — a
material, which is of high technological relevance for devices.

One of the most society-relevant applications of functionalized GBM hybrid materials is in
the field of solar energy conversion. In these systems, Pcs and Pors, two families of

macrocyclic compounds with remarkable structural, optical, and redox features, are among
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the most frequently used partners for single and few-layer graphene, GO, rGO, etc. To date,
several examples of the covalent and non-covalent functionalized GMBs have been
reported in which the presence of Pcs or Pors triggers the formation of long-lived,
photoinduced charge separation. Quite intriguing is the fact that, in these systems, the
direction of electron transfer, namely, from the GBM to the macrocycle, or vice versa, is
controllable by the careful selection of the GBM and the redox feature of the porphyrinoid.
Despite the fact that both Pcs and Pors feature a large number of requisites that an ideal
electro- and photoactive material should have, the photovoltaic performances achieved with
most of these macrocycle/GBM hybrids are still far from what is needed for real
applications. Further room for improvements could be found by tackling aspects such as a
better structural, optical, and electronic complementarity between the GBM and the Pc/Por,
or a better dispersability and homogeneity of the resulting GBM-based hybrid materials.
Incontestably, significant advances have been made during the last decade in the
preparation, characterization and study of GBM-based hybrid materials.'® Nevertheless, a
deeper understanding is still needed to precisely control the structural/compositional
features, to establish reliable structure—property relationships, and to fine tune the
physicochemical properties of these materials. In this context, several challenges and yet
unsolved problems remain. For example, a somehow important issue, which should by no
means be underestimated when dealing with the preparation of covalent or non-covalent
GBM-based hybrid materials, is the presence of several chemically reactive and binding
sites distributed across the GBMs’ surface. As a result, the degree of functionalization of
these functionalized materials cannot be satisfyingly controlled. This problem, together
with the difficulties to control the size/composition of the GBMs and to reproduce them
from batch to batch calls for a critical analysis of the experimental data. On a similar note,
the exact structural characterization of GBM-based hybrid materials still represents a major
problem, strongly relying on microscopic techniques such as STM and HR-TEM.

Properly addressing and, eventually, solving these problems and limitations, is expected to
greatly boost, in the near future, the implementation of GBM-based hybrid materials in
technologically-relevant applications. Moreover, the efforts put into developing novel
synthetic strategies for the preparation of GBMs and novel techniques for their

characterization could also result extremely valuable for exploring the chemistry of other 2-
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D materials or yet unknown synthetic carbon allotropes. We hope that this review, which
provides an outlook on some fundamental aspects of GBMs such as their characterization,
chemical functionalization, and applications in solar energy conversion and catalytic
schemes, will foster the interest of scientists from different research areas to tackle the
many challenges, to realize the high expectations, and to profit from the vast opportunities

that GBM-based hybrid materials offer.
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