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of Chemistry The chemical modification of 2D materials has proven a powerful tool to fine tune their properties. With this
motivation, the development of new reactions has moved extremely fast. The need for speed, together with
the intrinsic heterogeneity of the samples, has sometimes led to permissiveness in the purification and
characterization protocols. In this review, we present the main tools available for the chemical
characterization of functionalized 2D materials, and the information that can be derived from each of
them. We then describe examples of chemical modification of 2D materials other than graphene,

focusing on the chemical description of the products. We have intentionally selected examples where an
Received 10th October 2023

Accepted 7th February 2024 above-average characterization effort has been carried out, yet we find some cases where further

information would have been welcome. Our aim is to bring together the toolbox of techniques and
DOI: 10.1039/d35c05365b practical examples on how to use them, to serve as guidelines for the full characterization of covalently

rsc.li/chemical-science modified 2D materials.

To reach these aims, both the covalent or non-covalent
chemistries of 2D materials have been explored.***** The
covalent functionalization takes place by the formation of new
bonds between the surface of the materials and the molecular
reagent(s) (Fig. 1). This strategy necessarily causes structural
changes in the 2D materials, and therefore in their electronic
structure at least to some extent, which might or might not be
desirable.*** On the purely positive side, the newly formed

1. Introduction

Since the isolation of graphene in 2004," other 2D materials
have attracted the attention of the scientific community, such as
transition metal dichalcogenides (TMDCs),* boron nitride (BN)?
and elemental analogues of graphene* (e.g., black phosphorus
(BP),>* germanene,”® silicene®'® and antimonene'“'?), among
others, due to their remarkable properties.™

Once these materials are exfoliated into single or few-layered
flakes, some drawbacks emerge. In all cases, the exfoliated 2D
materials tend to aggregate due to van der Waals interactions
between layers." ¢ In addition, some of these nanomaterials
are chemically unstable, namely BP," silicene'® or germanene,*
which rapidly oxidize under ambient conditions. In the case of
TMDCs, their modification is sometimes convenient to obtain
suitable values for their implementation on optoelectronic P4
devices.* ]

Chemical functionalization with molecular fragments is
a powerful tool to overcome these limitations, helping to
improve the notable characteristics of 2D materials or introduce
new ones.** To name just a few examples, it is possible to
open a bandgap in graphene® or to modify the insulating
behaviour of BN.>® The protection against oxidation of BP has
also been achieved,””*® enabling its use in devices exposed to
air. The introduction of fluorophores onto the surface of MoS,
leads to 2D fluorescent materials that could be employed in
biomedical fields.*
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Fig. 1 Schematic representation of the covalent functionalization of
2D materials: MoS; on top and BP at the bottom.
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architectures are stable.**~* On the other hand, the non-covalent
modification is based on weak (when considered one by one)
and inherently reversible interactions.*® In this case, the struc-
tural features of the 2D material and the molecular fragment
remain pretty much intact.** However, these supramolecular
materials can be unstable since the desorption of the molecules
can occur under appropriate conditions.**

There has been a considerable number of reviews on the
chemical functionalization of 2D materials in the last few years,
most of which focus on reactivity,****> applications®**” or
tuning of properties.”****® The aim of this perspective is to serve
as a guideline for the adequate purification and characteriza-
tion of covalently functionalized 2D materials. We believe this
will be useful as the subject is often approached by groups with
diverse scientific backgrounds (not necessarily chemistry) and
nanochemistry is intrinsically challenging due to the hetero-
geneous nature of the samples.

In the following sections, we will describe the different
characterization techniques together with the information that
they can provide. Then, we will present practical examples of
functionalization of 2D materials from the literature and focus
on their chemical characterization. In some cases, the charac-
terization protocol has been exhaustive. In some others, the
reader might find that some piece(s) of the puzzle were left
behind. We will present those examples according to the type of
reaction employed for the covalent modification of different 2D
materials.

2. Characterization techniques

The characterization of organic molecules can often be unam-
biguous with relatively few spectroscopic and analytical tech-
niques, often TLC (thin layer chromatography) analysis, "H and
3C NMR (nuclear magnetic resonance) and mass spectrometry
are sufficient. In comparison, the full characterization of cova-
lently functionalized 2D materials is significantly more
complicated. This is mostly due to their intrinsically heteroge-
neous composition, but other factors such as their low solubility
do not help either.* It is then mandatory that a battery of
multiple techniques are used for a satisfactory characterization
of a covalently modified 2D material.">** The most common
tools for the characterization of 2D materials according to the
type of information that can be obtained from each of them are
summarized in Table 1.

2.1. Nano/micro structure information

Bulk layered materials present robust chemical bonds within
planes that are brought together through weak van der Waals
interactions perpendicular to them.>**** The disruption of
these weak interactions allows the exfoliation of these layered
materials. This process has been accomplished using mechan-
ical (e.g., scotch-tape,">'* liquid phase exfoliation (LPE),**** ball
milling?***’), chemical (ion intercalation)**° and electro-
chemical®* methodologies, leading to single or, most often, few-
layer nanosheets. It is essential to perform an initial compre-
hensive characterization of the starting materials (both bulk

© 2024 The Author(s). Published by the Royal Society of Chemistry
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and exfoliated). This will provide an adequate comparison with
the functionalized structures.

Several techniques provide information about the structure
of 2D materials at the nano-microscopic level, but the most
immediate analysis comes from their observation under
different microscopic techniques. Scanning electron (SEM) and
transmission electron microscopy (TEM) allow to visualize
objects thanks to a focused beam of electrons that interacts with
the sample. In SEM, this interaction causes the emission of
electrons with different energies generating images that afford
data about the morphology and lateral size of the flakes, typi-
cally down to a few nm resolution. Similar information can be
obtained from TEM, but in this case the image is formed by
transmitted electrons,**** increasing the resolution to the
atomic level.>® Typically, no direct information about the
molecular fragments is obtained from either SEM or TEM, since
molecular fragments get damaged under electron irradiation,>*
and offer the same, in the case of graphene, or significantly
lower contrast for other 2D materials. A notable exception are
atomic defects, which can be both induced and observed under
TEM conditions.*>*® Atomic force microscopy (AFM) is a type of
scanning probe microscopy in which the forces between a tip
and the sample are transformed into topographic images by the
deflection of a cantilever attached to the tip.>” This deflection
occurs in the z axis, which makes AFM ideal to obtain infor-
mation about the thickness of the 2D materials, and therefore
the number of layers.** Scanning tunnelling microscopy (STM),
on the other hand is based on the measurement of the quantum
tunnelling current that travels from an atomically sharp tip to
the surface of the material under observation. STM provides
information about the local density of states of the sample with
atomic resolution, from which the molecular structure can be
directly inferred. Both scanning probe microscopies, AFM and
STM, can provide direct structural information on the molec-
ular functionalization of 2D materials.”®* Brunauer-Emmett-
Teller (BET) analysis is used to interpret nitrogen adsorption
experiments,* allowing to determine the surface area and pore
size of the samples, which indirectly provides information
about their microstructure.®** X-ray diffraction (XRD) is based
on the scattering of X-rays by the different atomic planes within
a sample. For each plane the diffraction occurs with a specific
angle that allows to calculate the interplanar distance, giving
information about exfoliation (increase) or reaggregation
(decrease) of the interlayer distance of 2D materials.®**® Raman
spectroscopy's basic principle is also scattering, but in this case
excitation occurs in the UV-Vis-NIR range, so that the data ob-
tained correspond to the difference of energy between two
vibrational states.”” Their energy depends on the bonds
involved, consequently each layered material possesses its own
vibrational modes. Raman spectroscopy is one of the most
employed techniques for 2D materials characterization. It is
non-destructive, quick and provides information on several key
structural features.®® For example, it allows to determine the
number of layers®*”* and the presence of defects.””> We will see
that Raman is also extremely useful for the determination of
electronic properties, providing information on the degree of
doping.”
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Table 1 Most common characterization techniques for chemically functionalized 2D materials and summary of the information provided by

each of them

Characterization techniques

Nanostructure information

Scanning electron microscopy SEM
Transmission electron microscopy TEM
Atomic force microscopy AFM
Scanning tunnelling microscopy STM
Brunauer-Emmett-Teller analysis BET
X-ray diffraction XRD
Raman spectroscopy Raman
Chemical composition

Thermogravimetric analysis TGA
Inductively coupled plasma mass spectrometry  ICP-MS
Energy-dispersive X-ray spectroscopy EDS
X-ray photoelectron spectroscopy XPS
Electron energy loss spectroscopy EELS
Infrared spectroscopy IR
Nuclear magnetic resonance spectroscopy NMR
Electronic structure

Ultraviolet-visible-near infrared UV-Vis/NIR
Photoluminescence spectroscopy PL
Ultraviolet photoelectron spectroscopy UPS

2.2. Chemical composition

Regarding the chemical details of 2D materials, the character-
ization can provide data about the elemental composition and/

or about the functional groups on the surface.

Thermogravimetric analysis (TGA) measures the change in

Based on backscattered and/or secondary electrons from the sample
Morphology of the material with nm resolution

Based on electrons transmitted through the sample

Morphology of the material with resolution down to the atomic level
Based on the repulsive electronic forces between a tip and the sample
Topographic images of the surface

Based on the quantum tunnelling effect

Imaging of the density of states of the material with (sub)atomic resolution
Based on gas (typically N,) adsorption experiments

Surface area and pore size information

Based on the scattering of X-rays by the atoms of the sample
Information on the crystalline structure, including interplanar distance
Based on the inelastic scattering of photons due to vibrational states
Number of layers, presence of defects, etc.

Measures changes in weight as a function of temperature

Quantitative information about the presence of components with different
decomposition/desorption temperatures

Based on the ionizing the samples into elemental species

Quantitative information on the elemental composition of the materials
Based on the interaction of X-rays with the sample

Elemental composition of the materials

Based on the interaction of X-rays with the sample

Binding energy of different elements, their electronic state and hybridization
Based on the inelastic scattering of electrons by the sample

Information about types of bonds in the material

Based on the activation of different vibrational modes under infrared radiation
Information about bonds present in the material

Based on the magnetic interactions with the spins of the atomic nuclei
Information on the bonding environment of the nuclei under observation

Based on the absorption, reflection and scattering of light

Information on electronic transitions of the material

Based on the emission of light by excited states to return to ground state
Information on electronic transitions of the material

Based on the interaction of the sample with UV photons

Information about the band structure of the material in the valence region

(ICP-MS) are employed.®® ICP-MS uses argon plasma to ionize
a sample into elemental species and detects them by mass
spectrometry. One of the advantages of ICP-MS is its extremely
low limit of detection, in the parts per trillion range.*"** Other
methods to analyse the elemental composition are based on X-

weight as a function of increasing temperature.” It is a useful
tool to characterize functionalized 2D materials, and often the
first analysis that is carried out after functionalization. It gives
quantitative information about the presence of different
components such as impurities,” physisorbed molecules”™ and
covalently attached moieties.”® In addition to the degree of
functionalization (amount of molecule present in the material),
more data can be obtained when TGA is coupled to mass
spectrometry or gas chromatography thanks to the unambig-
uous assignment of the thermally cleaved fragments.**
Concerning elemental composition, atomic spectrometric
techniques like inductively coupled plasma mass spectrometry

3430 | Chem. Sci, 2024, 15, 3428-3445

rays. Energy-dispersive X-ray spectroscopy (EDS) is built on the
emission of X-rays from a sample when an incident electron
beam interacts with it. These X-rays are generated by the energy
released when an electron of an outer shell occupies an atomic
vacancy in an inner shell.** The energy of the emitted X-rays is
characteristic of each element, which gives direct information
about the chemical composition of the sample.®*® X-ray
photoelectron spectroscopy (XPS) is based on the photoelec-
tric effect.®® In this case, the 2D material is irradiated with X-rays
and the kinetic energy of the emitted electrons allows to
determine their binding energy, which is related with the
different elements, their electronic state and their type of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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hybridization.?” Therefore, XPS does not only provide informa-
tion about the elemental composition, but also about the
chemical environment of each of the elements. Similar infor-
mation can be obtained by electron energy loss spectroscopy
(EELS) where the energy lost by electrons that suffer inelastic
scattering during electron microscopy is analysed. From this,
one can extract information about the chemical composition
and the types of bonds in the material, but in this case with the
added value of spatial resolution, in some cases down to the
atomic level.®® Infrared spectroscopy (IR) is a standard tech-
nique available in almost every laboratory. It is fast and non-
destructive, and very useful as first analysis to determine the
modification of 2D materials.*> When a sample is irradiated
with infrared light different vibrational modes are activated,
which are related to specific kinds of bonds, functional groups,
and/or molecular interactions.”®** Therefore, IR spectroscopy
provides information about the covalent®® and non-covalent®
functionalization of 2D materials, its coordination with
ligands®* and the presence of certain functional groups,”
among others. NMR is based on the irradiation of the sample
with electromagnetic pulses, generating magnetic interactions
with the spins of the atomic nuclei, whose different relaxation
after the pulses gives information about their chemical envi-
ronment.”® NMR reigns supreme in organic molecular charac-
terization, but has not yet penetrated the world of 2D materials
as much as it should. Solution NMR spectroscopy is of course
limited by the low solubility of the functionalized 2D nano-
structures.*® For this reason, solid-state NMR has been revealed
as a more suitable tool for this kind of materials. Due to the
broad and weak signals that characterize the NMR spectra of
solids, the coupling with the magic angle spinning (MAS)*” and
the cross polarization (CP)*® techniques is required to improve
the resolution and the signal-to-noise ratio.”® Thanks to the
possibility to study several nuclei in the same sample (e.g., *'P,
B¢, ™H, N), solid-state NMR can provide rich information
about functionalized 2D materials.

2.3. Electronic structure

Structural and electronic changes come hand in hand, so some
of the techniques described above provide information on the
electronic structure of the chemically modified 2D materials, for
example EELS. Extinction (Ultraviolet-Visible/Near Infrared, UV-
Vis/NIR)>”> and photoluminescence (PL)>® spectroscopies are
valuable for studying the optical properties. UV-Vis/NIR refers to
absorption, reflection and scattering of light of the electro-
magnetic spectrum in the corresponding wavelengths.'® This
information directly relates to electronic transitions in the
materials, and therefore their electronic structure. For example,
the 2H (semiconducting phase) and 1T (metallic phase) poly-
types of MoS, can be easily distinguished by the presence (2H)
or absence (1T) of excitonic features in the red region of the
electromagnetic spectrum.' The differences between both
polytypes arise from the different coordination of the metal
atoms, which is trigonal-prismatic in the 2H-phase and octa-
hedral in the 1T one. This different coordination affects the
electronic band structure of MoS, due to the different splitting

© 2024 The Author(s). Published by the Royal Society of Chemistry
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and filling of the d-orbitals, which is complete for the 2H-phase
and partial for the 1T."*>'* This technique can also be used to
verify the functionalization if the molecular fragments are
chromophores.'**'* Specific functional groups, like thiols or
amines, can be detected indirectly by the formation of coloured
derivatives that can be identified by UV-Vis spectroscopy. In the
case of thiol groups, they are detected with Ellman's reagent'’®
and for the amine derivatives the Kaiser test is the most
employed methodology.*® Which makes mandatory to use
complementary techniques. PL relays on the emission of light
from a material after an electronically excitation by absorbing
photons. It is widely used to determine bandgap energies and
their changes due to functionalization.’””'®® If the organic
addends are endowed with fluorophores, PL can prove their
presence.'” Ultraviolet photoelectron spectroscopy (UPS) is
a method for quantifying the energy levels associated with
valence states on surfaces of metals and semiconductors.'® Its
importance is highlighted for studying the band structure and
energy levels of semiconductors. Nevertheless, its limited
surface sensitivity and the high vacuum requirements make
UPS a technique of only limited use. Last, Raman spectroscopy,
as previously described, will provide indirect information about
electronic properties (changes induced by charge transfer
effects)‘lo&llo,lll

In summary, a complete characterization of a covalently
functionalized 2D material must contain unambiguous infor-
mation on its nanostructure (number of layers, lateral size,
defects, polytype...), its chemical composition (degree of func-
tionalization, elements present and type(s) of bonds between
the molecular fragment(s) and the 2D material) and the influ-
ence of the chemical functionalization on the electronic prop-
erties of the 2D material (doping, number of defects, etc.).

40

3. Covalent chemistry of 2D
materials: the challenge of
characterization

In the last years, several reviews about the covalent functional-
ization of 2D materials have been published.”*****3* Most of
them focus on the reactivity, that is, which reactions work for
which material, so the reader is encouraged to refer to those
works for more detailed information.

In the following paragraphs we will briefly overview the types
of reactions employed for the covalent functionalization of 2D
materials and the characterization techniques used to deter-
mine the successful preparation of these nanostructures. For
practical purposes, we will exclude graphene, since its chem-
istry has been reviewed exhaustively**?**'**"** and the discus-
sion about characterization processes is applicable to any 2D
material.

3.1. Nucleophilic substitution

Nucleophilic substitution reactions are based on an electron-
rich nucleophile that attacks an electron deficient electro-
philic atom, resulting in the displacement of a leaving group.**®
From this perspective, 2D materials that can be considered

Chem. Sci, 2024, 15, 3428-3445 | 3431
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nucleophilic are BP, due to the lone pair electrons on the
phosphorous,* MoS,, because of the soft nucleophilic character
of sulfur®® and several negatively charged intercalated 2D
materials."***"”

The pioneering work of Chhowalla and co-workers, demon-
strating the covalent functionalization of the negatively charged
intercalated 1T-MoS, with iodoacetamide (Fig. 2a),”> has paved
the way to the covalent functionalization of several 2D materials
beyond graphene."*®' This strategy allows the functionaliza-
tion of the basal plane of 1T-MoS, and highlights the impor-
tance of a comprehensive characterization to unambiguously
prove the covalent functionalization. The chemically exfoliated
material contains a mixture of 1T and 2H phases, where the
phase concentration was estimated by XPS (Mo 3p), showing
a 65% of 1T-phase. Its Raman spectrum exhibited the charac-
teristic bands of 2H-MoS, (E%g and A;z) and those associated
with the 1T-phase (J;, J, and Js). The functionalization was
performed in solution and the material was fully characterized.
IR analysis showed a new band at 1223 cm™" related to the
formation of S-CH, bonds together with the carbonyl amide
signal (ca. 1600 cm™") endowing the attachment with a covalent
nature. The formation of the S-C bond was corroborated by XPS
with the appearance of a shoulder at ca. 164 eV on the S 2p core
level spectrum of the functionalized 1T-MoS,. The C 1s and N 1s
core level spectra proved the presence of the amide. The degree
of functionalization calculated from the XPS data was in
agreement with the one estimated by TGA. The attachment of
iodoacetamide was also supported by solid-state *C NMR.
Besides, in the Raman spectrum some changes were noticed, as
the down shift and increase on intensity of the J, and J; bands
and the split of J; and were attributed to the covalent modifi-
cation. Control experiments were performed to further proved
the covalent functionalization: 2H-MoS, was reacted with the
reagent and no functionalization was detected by XPS (N 1s core
level), the same result was obtained when 1T-MoS, was mixed
with acetamide without iodine. All these results were also tested
and demonstrated for WS, and MoSe,, evidencing that the
functionalization could only be performed for 1T-phase mate-
rials, and from here by annealing, materials could relax to 2H-
phase, with no possible direct pathway. However, changing

a) 1T-MoS, b) 2H-MoS,
R \ Q R
R R R ?‘ E_é*
[ I |
o} $-CHj

£,

$-CHs

R

Fig. 2 Schematic representation of the MoS, functionalization strat-
egies for (a) 1T-phase using halide derivatives and (b) 2H-phase using
maleimide derivatives.
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the reacting molecule could open new ways for the nucleophilic
substitution chemistry.

The use of other electrophiles can afford new strategies for
the covalent modification of 2D materials. For this purpose, our
group developed the covalent functionalization of 2H-MoS,
through thiol-ene chemistry, using maleimide derivatives as
soft electrophiles (Fig. 2b). The starting material was charac-
terized by AFM, TEM, Raman and UV-Vis/NIR spectroscopies to
clarify its 2H-phase structure after the exfoliation through LPE.
The majority of flakes were shown to be <10 nm thick (from
AFM), with lateral sizes between 100 and 600 nm (from TEM).
The presence of the characteristic excitonic bands in the UV-Vis/
NIR and the Raman signatures of 2H-MoS, showed that the
polytype did not change during the functionalization protocol.
Then, several maleimide derivatives were used to perform the
functionalization in the presence of triethylamine, under mild
conditions.”® TGA was carried out to assess the nature of the
modification, the large increase in the desorption temperature
of the maleimide points to its covalent bond, as corroborated by
the deliberate preparation of the material with both phys-
isorbed and covalently attached molecules, that showed two
well differentiated weight losses. At this point it is worth to
mention that UV-Vis/NIR measurements during the washing
steps were key to prove the removal of the unreacted and
physisorbed species (no signal from maleimide was observed).
The covalent functionalization of 2H-MoS, was also corrobo-
rated by IR, solid-state "*C NMR and XPS. A detailed comparison
between the degree of functionalization calculated by TGA and
XPS showed discrepant results, suggesting the formation of
oligomers covalently bonded to the surface of the material.***
The formation of oligomers of maleimide was proved employ-
ing the same reaction conditions but in the absence of 2H-
MoS,. To avoid the functionalization of the material with olig-
omers, the reaction was carried out in the absence of triethyl-
amine. In this case, the degree of functionalization calculated
by TGA agreed with the XPS one, and the formation of the S-C
bond was supported by all the characterization techniques.
Besides, the characterization after functionalization confirmed
that the process did not alter the 2H nature of the TMDCs
nanosheets (e.g, E;y and A;; Raman modes were slightly shifted
comparing pristine to functionalized samples).

The covalent modification employing maleimide derivatives
has been carried out with other sulfide-based 2D materials (e.g.,
franckeite and few-layer FePS;)°”'** and also allowed the
construction of 2D homo and heterostructures.’**** The mild
conditions of this type of chemistry make it useful for obtaining
MoS,-DNA bioconjugates,*** or to tailor the electronic proper-
ties of field-effect transistors by direct on-device chemistry."*

In a recent work, Hirsch and co-workers described the bis-
functionalization of 1T-MoS, employing an alkyl iodide and an
aryl diazonium salt.*** They found that the bisfunctionalized
material can only be obtained performing first the nucleophilic
attack to the alkyl iodide and subsequently to the aryl diazo-
nium salt. TGA coupled with mass spectrometry provided the
first hints about the importance of the reaction order. When 1T-
MoS, was first reacted with the iodide derivative and subse-
quently with the aryl diazonium salt, an increase of weight loss

© 2024 The Author(s). Published by the Royal Society of Chemistry
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was observed from the first functionalized material (alkylated)
to the second one. However, when the order of the reactions was
reversed, the weight loss did not increase after the second
reaction and the fragment related to the alkyl chain was
observed in a low temperature region and in a small amount.
XPS also corroborated these results. No changes were noticed
on the content of C and Br when the alkylation was performed
on second place. If the alkyl chain was covalently bonded to 1T-
MoS,, the content of C should be increased in comparison with
the C content of the first functionalized material (arylated). The
degree of functionalization calculated from XPS agreed with the
TGA results. Raman spectroscopy also provided details about
the degree of functionalization. After reaction, a new band at
210 cm™ " arose in the spectra of all functionalized materials. Its
relative intensity to the Eig and A, increased with the degree of
functionalization. Solid-state *C NMR further proved the bis-
functionalization of the material only when the alkylation was
performed in first place. After the reaction of 1T-MoS, with the
alkyl iodide derivative, the characteristic signal of the a-C
bonded to iodine disappeared due to the S-C bond being
formed. The following reaction of the alkylated 1T-MoS, with
the aryl diazonium salt gave rise to the aromatic signal associ-
ated to the phenyl ring, proving the bisfunctionalization of the
material. On the other hand, when the aryl diazonium salt was
reacted first with 1T-MoS,, the aromatic signal related to the
phenyl ring was clearly noticed. However, the subsequent
reaction with the alkyl iodide only showed peaks with a very low
intensity on the aliphatic region, where one of them corre-
sponds to the a-C bonded to iodine. These results point out to
the physisorption of the alkyl iodide and agreed with the TGA
ones. Besides, these data showed that the functionalization
with aryl diazonium salts is more efficient than the one with
alkyl halides due to the different degree of functionalization
obtained after the first reaction.

Pumera and co-workers showed the successful functionali-
zation of BP through reaction with alkyl halide derivatives.'*”
Exfoliated BP was prepared and successive reactions with the
electrophilic reagents lead to the formation of P-O-C (due to
oxygenated functionalities from oxidated BP) or P-C bonds. The
residual oxidation of exfoliated BP was proved by the vibration
bands of P=0 and P-O functionalities in its IR spectrum and
their peak in XPS. Significant changes have been observed in the
IR spectra after the nucleophilic reaction. P-O-C and P-O
functionalities show their vibration bands at ca. 1020 cm™*,
while the P-C bond can be attributed to the additional vibra-
tional band appearing at 850 cm ™", evidencing the formation of
the new bond. These results were supported by XPS, where
spectra displayed the content of heteroatoms in the modified
structures (e.g., sulfur in the case of using (S)-bromomethyl
ethanethioate or fluorine for 1,1,1,2,2,3,3,4,4,5,5,6,6-
tridecafluoro-8-iodooctane and  1-(bromomethyl)-2,3,4,5,6-
pentafluorobenzene). Raman studies were also performed
comparing exfoliated with modified BP. Two new bands located
at 230 and 195 cm ™! arose after reaction, which are related with
the distortion of the lattice due to the attached molecules."*%***

More recently, Hirsch and co-workers described the covalent
functionalization of negatively charged BP using iodomethane,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Schematic representation of the intercalation of Na (purple
atoms on the structure, of the left) and methylation of BP structure (on
the right); (b) Raman spectra of functionalized BP with high amount of
intercalated Na (left, NaP4) and low amount of intercalated Na (right,
NaP,). Adapted from ref. 116, Copyright 2020, Wiley-VCH.

CH3l (Fig. 3)."'%'*® First, BP exfoliation was performed by
intercalation of different amounts of alkali metals (mainly
sodium).” Covalent functionalization of exfoliated BP was
carried out by dispersing the intercalated material and the
alkylation compound in an inert solvent (THF), where Nal was
formed as a byproduct. The successful methylation was
demonstrated by solid-state NMR (*'P), where a shoulder at
23.7 ppm was observed in the spectrum of the product, due to
the covalent nature of the new P-C bond. Besides, the analysis
of the ">C NMR spectrum also evidenced the presence of the
methyl groups (with a small peak at 12.1 ppm). The covalent
functionalization was further proved by Raman spectroscopy.
New Raman modes below 300 cm™' and at ca. 700 and
3000 cm ' were noticed after the reaction. The first one was
associated to the distortion of the BP lattice after functionali-
zation, meanwhile the band at 700 cm ™! was related to the P-C
bond and the one at 3000 cm ™" to the C-H vibrational mode of
the methyl group. The ratio of the intensities of these last two
Raman modes and that of the BP A band (ca. 450 cm™ ") allowed
to evaluate the degree of functionalization in a comparable
manner to the analysis of the Ip/I; ratio for graphene chem-
istry.” It was found that the greater the exfoliation, the higher
the functionalization, as expected.

As previously seen, *'P and *C NMR studies provide clear
information about the covalent functionalization of BP when
alkyl halides are involved. However, it is not easy to extrapolate
this technique to other materials like BN or MoS,, whose main
nuclei have lower sensitivity.*****

Recently, Hu and co-workers demonstrated that alkyl halides
can also be used for the covalent functionalization of solvent-
exfoliated BN nanosheets through reductive activation of
boron atoms, increasing the reactivity of the lattice (Fig. 4).""’
AFM measurements show that the thickness of bulk BN was
reduced from 80 nm to 2 nm after exfoliation process.
Furthermore, IR analyses after functionalization were per-
formed proving the binding through the appearance of a B-C
stretching band (1150 cm™") and small changes in the region of
2800-3000 cm ' due to the asymmetric and symmetric
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Fig. 4 (a) Schematic representation of the nucleophilic attack of
reduced boron nitride nanosheets (BNNSs) to several alkyl halides
(according to the chain length and different heteroatoms). (b) IR
spectra of all the species. Reproduced from ref. 117 with permission
from the Royal Society of Chemistry.

stretching modes of C-H bonds. The attachment of the alkyl
chains was corroborated by TGA. In addition, this analysis
allowed to study the influence of the chain length (C,, C15, Cy5)
and the strength of the leaving group (Cl, Br, I) on the reactivity
of the material. The trends observed were as expected, with
iodine derivatives and shorter alkyl chains leading to higher
functionalization.

Furthermore, XPS studies were carried out to characterize
the composition of the materials and the content of different
heteroatoms (B, N and C, among others), and slight differences
on the B 1s and C 1s peaks were noticed when comparing the
modified material to the solvent-exfoliated one. The modifica-
tion of the BN surface after the reaction was also studied by z-
potential, observing differences between the exfoliated (—37.6
mvV) and the obtained product (—19.7 mV). These changes were
also reflected on the dispersibility, the modified BN was easily
dispersible in chloroform.

The alkylation of elemental analogues of graphene has also
been reported. Rieger and co-workers demonstrated that fully
hydrogenated silicene can be alkylated with different molecules
using Lewis acid catalysed hydrosilylation, where the resulting
material showed a thickness up to 4 nm." The vibration bands
associated with the presence of alkyl chains (ca. 2900 cm™?)
have been observed in the IR spectra of the products. Besides,
the bands corresponding to the unsaturated bonds involved on
the reaction (double or triple bonds) were not noticed. TGA
corroborated the attachment of the reagents. XPS was carried
out to investigate the reaction mechanism. Raman spectroscopy
would have probably also been useful, since the Si-C bond is
Raman active.'**

Employing a similar protocol, fully hydrogenated germanene
(germanane) was reacted with 1-dodecene. Radical-initiated
and thermally induced reactions were carried out.” Both
products were characterized by IR and Raman spectroscopies,
XPS, TGA and several microscopies. The IR spectra showed
similar bands in both cases. The vibration bands associated
with the alkyl chain arose at ca. 2900 cm™" and the one corre-
sponding to the C=C bond was not perceived after the reaction
(as in the previous example), but there are not reference to the
Ge-C mode at ca. 580 cm™ " (see below). However, no obvious
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modification was noticed when the reaction was performed
without the radical initiator at 60 °C. TGA allowed to compare
between the pristine germanane and the two products and clear
differences were noticed. The weight loss attributed to dehy-
drogenation in the pristine material was not noticed in both
products, suggesting the binding between the material and 1-
dodecene. Besides, the product of the thermally induced reac-
tion showed a higher weight loss, at ca. 450 °C, than the radical-
initiated one, and this other displayed another weight loss at ca.
350 °C, pointing out to the possible presence of two different
covalently attached species in this material. The authors esti-
mated the coverage of the functionalized flakes with XPS data
and along with AFM results hypothesized that oligomers were
formed in the thermally induced reaction. This hypothesis
could be supported by TGA but the formation of oligomers in
the radical-initiated reaction cannot be discarded considering
those results. NMR experiments would be helpful to study the
presence of oligomers (certain differences should be noticed)
and the addition of the germanane to the double bond.
Recently, Sofer and co-workers have carried out the alkyl-
ation of germanane via abstraction of hydrogen and subsequent
reaction with alkyl halides. Exfoliation of CaGe, in HCI, and
treatment with sodium naphthalenide afforded the deproto-
nated material, which was subsequently treated with the elec-
trophilic reagents. Flakes of the functionalized material were
obtained, which showed a size about 100 x 100 pm (by SEM).***
The first technique used to prove the presence of the molecules
was IR spectroscopy. The vibration band corresponding to the
Ge-C bond (ca. 580 cm™ ") was observed for all the reagents,
together with the vibrations of the alkyl groups. When perfluoro
derivatives were employed, the bands associated to C-F bonds
were also noticed. XPS analyses corroborated the presence of
Ge-C bonds and no signals from iodine or bromine were
detected (Fig. 5). After functionalization, the space between
layers was estimated by XRD and, in comparison with the
starting germanane, this increased (from 3.86 to 3.94 A), further
demonstrating the presence of the molecules on the surface of
the material, since their reaggregation is hampered. TGA
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b) " i j '

——C adv. ——C-C, C-H, C adv.

C-Ge

S
©
2
2
i)
=

300 295 290 285 280 290 288 286 284 282 280

Binding energy / eV Binding energy / eV
Fig. 5 (a) Germanane alkylation scheme. (b) C 1s core level XPS

spectra of pristine germanane (left) vs. alkylated germanane (right).
Adapted with permission from ref. 133, Copyright 2020 American
Chemical Society.
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coupled with mass analysis also supported the covalent modi-
fication of germanane.

As seen on the previous examples, there are multiple tech-
niques that can be used to prove, to a different extent, the
covalent functionalization. Most of the times, combining
diverse techniques is crucial for a comprehensive under-
standing of the functionalization. However, since access to
every technique it is not always possible, the choice should be
based on the specific chemistry used in the functionalization
and the type of material. In our opinion, the combination of IR
and Raman is generally a good starting point for the charac-
terization. Both techniques are quick, non-destructive, and not
demanding in terms of sample size or preparation. The vibra-
tional spectra will offer insights into the functional groups of
the molecular fragments and the (changes to the) structure of
the 2D material. Whenever possible, complementing them with
NMR is advisable for a complete characterization.

3.2. Reactions involving free radicals

By definition, a free radical is a group of atoms endowed with
unpaired valence electrons or an open electron shell, which
makes them extremely reactive species.”* These high reactivity
can compensate for the typically inert nature of 2D materials,
which have made radicals one of the preferred tools for the
covalent functionalization of 2D materials. Several radicals have
been used for this purpose, for example aryl radicals, carbenes
and nitrenes among others. Since these species are highly
reactive, they are formed in situ by different precursors (Fig. 6).

Aryl diazonium salts are one of the main precursors of free
radicals for the functionalization of 2D materials. Upon reac-
tion, they lead to new C-S or C-P bonds on the surface of MoS,
and BP, respectively.

With regards to the functionalization of TMDCs, MoS, has
been thoroughly studied, and among its polytypes, particularly
the highly reactive metallic phase (1T-MoS,) that facilitates the

Precursor Radical
N, R
Diazonium salt —Ab @ Aryl radical
SET
NG
X
H)g?( —— XX 4 X carbene
Base -
X =Cl, Br
R Ny
i _A, Nitrene
Aryl azide @ Ty
N3 N'

Fig. 6 Generation of radical species for the functionalization of 2D
materials: aryl radicals by single-electron transfer (SET), carbenes
under basic conditions and nitrenes under irradiation/thermal
activation.
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reaction between the material and the reagents.®* Several works
have employed aryl diazonium salts for the covalent function-
alization of 1T-Mo0S,.*>"**13538 Typjcally, the formation of C-S
bonds is proved by XPS, through the appearance of a new
shoulder at ca. 164 eV.*>'**13>137 The relative intensity of this
shoulder increases with functionalization (Fig. 7).**®

A thorough characterization protocol to unambiguously
describe the formation of C-S bonds between 1T-MoS, and aryl
diazonium salts can be found in the report by Backes and co-
workers.'*® Firstly, they purified and fully characterized the
chemically exfoliated MoS, (1T) to use it as control sample. The
content of 1T-phase was determined by XPS and UV-Vis
extinction spectroscopy and depends on intercalation condi-
tions, being lower when MoS, is in excess. The structure of the
material is also affected by this. TGA showed that MoS, is more
stable when the amount of 1T-phase is smaller and in TEM
images less damaged flakes with sizes around few 100 nm were
observed. However, the exfoliation degree (72% of mono- and
bilayers determined by statistical analysis of AFM data) and the
Z-potential were not affected by the intercalation conditions in
this case. The reaction was performed with 4-methox-
yphenyldiazonium tetrafluoroborate, and the solid obtained
was washed, characterized and compared with the starting
material (1T-MoS,). Together with the XPS study mentioned
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Fig. 7 (a) Scheme of the covalent functionalization of 1T-MoS,, by
following two different strategies: MoS, excess (left) and n-BulLi excess
(right); TGA and IR spectra for functionalized MoS; in the presence of
MoS, excess are shown on (b) and (c) respectively; S 2p core level XPS
spectra of the different materials: (d) MoS, excess and (e) n-Buli
excess. Adapted with permission from ref. 135. Copyright 2015
American Chemical Society.
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above, complementary characterization techniques (Raman, IR
and UV-Vis spectroscopies) and control experiments support
the formation of the new covalent bonds. TGA coupled with
mass spectrometry (TGA-MS) offered unambiguous information
on the covalent functionalization. A weight loss around 7% at
ca. 350 °C was observed in the obtained material in comparison
with the starting one (Fig. 7b). The mass spectrum of that
weight loss displayed the fragments of the 4-methoxyphenyl
moiety. The presence of physisorbed or trapped molecules was
discarded by the TGA-MS analysis of the control experiment, in
which no changes were noticed. Comparing the Raman spectra
of the starting 1T-MoS, and the functionalized material, an
increase of the intensity ratio between the A;, and 2LA(M)
bands was noticed. This was associated with functionalization,
since the value of the functionalized sample was higher than the
one of the starting material. Furthermore, Raman spectra
measured at increasing temperatures showed that the Aqy/
2LA(M) intensity ratio returns to that of the unfunctionalized
material upon reaching the decomposition temperature of the
organic materials, as measured by TGA. Perhaps the most
conclusive evidence for the formation of covalent C-S bonds is
the IR band at 695 cm ™" detected in the functionalized sample,
a frequency which agrees well with expectations for a C-S
stretching vibration (Fig. 7c). XPS also proved the functionali-
zation of 1T-MoS,. The main differences between the precursor
and the obtained material were found on the S 2p core level
spectra. After the intercalation, besides the components asso-
ciated with the 1T and 2H phases, another component (at lower
binding energies) related to electron-rich sulfur atoms was
fitted. Following the reaction, this component decreased and
the one corresponding to the covalent functionalization
increased (at ca. 164 eV). This result was more evident when the
content of 1T-phase on the precursor is higher. In this case, the
electron-rich sulfur component disappeared completely, as
shown on Fig. 7d and e.

The reaction between aryl diazonium salts and MoS, has also
been carried out on the surface of the semiconducting phase
(2H-MoS,) by Wang and co-workers.” In this case, the reaction
was studied both on solid supported single flakes and in
suspension. The characterization of the deposited flakes was
performed by AFM, XPS and Raman and PL spectroscopies.
AFM and Raman allowed to determine the number of layers of
the sample, which was a mixture of one to four layers material,
ranging from 2 to 4 nm. After the reaction with 4-nitro-
benzenediazonium salt, the more obvious changes on 2H-MoS,
were noticed on AFM and XPS analyses. AFM images showed the
appearance of protrusions (increasing the height up to 6 nm in
a densely molecular covered surface) after the reaction, and they
were more homogeneously distributed at higher reaction times.
This change on the topography points to the covalently attached
molecules. XPS proved the formation of the new bond between
the material and the reagent. With increasing reaction times,
the components of the N 1s and C 1s related to the nitrophenyl
moiety increased. Besides, a new component on the S 2p core
level spectrum associated to the S-C was clearly noticed after 6
hours of reaction. The physisorption of the nitrophenyl moiety
was ruled out since the XPS of the control experiment,
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performed with nitrobenzene, did not displayed these features.
This detailed characterization, when the reaction was carried
out onto MoS, flakes deposited on substrates, clearly confirms
the covalent functionalization.

For the samples reacted in suspension, the starting 2H-MoS,
was exfoliated by LPE in surfactant aqueous media, but the
degree of exfoliation was not studied, by for instance AFM and
Raman spectroscopy. After the reaction, the solid obtained was
characterized by IR spectroscopy and TGA. The IR data is
convincing with regards to the formation of C-S bonds, with
a band at 697 cm™*, but the degree of functionalization deter-
mined by TGA (ca. 16% between 100-450 °C) seems excessive for
a few-layered material, which has relatively few S atoms on the
surface. We found a similar problem when we first reported the
reaction of 2H-MoS, with maleimides®® and only later found out
that it was due to the formation of a polymeric layer on top of
the MoS, flakes." In this case, we consider that this high value
can be due to the presence of residual surfactant (employed to
prepare MoS, dispersions on aqueous media) since a noticeable
weight loss in the same temperature range was also observed in
the starting 2H-MoS,. The characterization data point to the
formation of new covalent bonds between 2H-MoS, and aryl
diazonium salts also for the suspended flakes, but in this case
there was no control experiment using nitrobenzene to discard
physisorption and no XPS data were presented.

The reaction between BP and aryl diazonium salts has also
been studied with the neutral and the activated layered mate-
rial. When the reaction is carried out in acetonitrile (CH;CN) in
the presence of tetrabutylammonium hexafluorophosphate, the
characterization of the materials suggests the formation of C-P
bonds."***** However, this functionalization can only be
deduced in an indirect way. XPS analyses indicate the presence
of the desired functional groups due to the peaks of hetero-
atoms present in the molecular addend, like N, but the forma-
tion of the covalent C-P bond is not easy to demonstrate with
this technique, since its component possesses similar binding
energies to those of P 2p and C 1s and the deconvolution is not
trivial. Something similar occurs with IR spectroscopy, the
presence of P-C**° or absence of N=N"** characteristic vibration
bands suggests the successful functionalization. In the case of
using aryl diazonium porphyrins, further evidence can be ob-
tained from UV-Vis and fluorescence spectroscopies.'*

The arylation of neutral BP with aryl diazonium salts
depends heavily on reaction conditions. If instead of CH;CN in
the presence of tetrabutylammonium hexafluorophosphate,
NMP or DMF are used as solvents, the covalent functionaliza-
tion of the 2D material does not occur.’*”'*! Due to all these
results, in which the formation of C-P bonds is not completely
clear or does not take place, the activation of BP is necessary to
improve the degree of functionalization. Negatively charged BP
is prepared by alkali metal intercalation. In a first attempt,
Zhang and co-workers utilized n-BuLi for this purpose.*** The
negatively charged starting material was used as control
sample. TEM, AFM and Raman spectroscopy proved the
successful exfoliation of BP. AFM height profiles displayed
a height of 4-8 nm, implying 8-15 layers (considering that one
monolayer is around 0.53 nm thick). The product obtained from

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the reaction with the aryl diazonium salt was carefully washed
and characterized. IR spectroscopy showed the presence of the
characteristic vibration bands associated with the covalent
functionalization, including the one assigned to the P-C bond.
Indeed, the intensity of these bands increases when the equiv-
alents of diazonium salt in the reaction grows. A similar trend
was observed in the P-C component of the XPS spectra. Despite
the overlap between the P-O (ca. 134 eV) and P-C (ca. 133 eV)
components on the P 2p core level XPS spectrum, a clear
increase in the intensity of the latter peak was noticed with
increasing equivalents of the reactive. In spite of these results,
no changes related to the lattice distortion were discerned in the
Raman spectrum of the functionalized BP. The lack of these
characteristic bands could be due to the measuring conditions
and/or the anisotropy of BP."*” To corroborate that the observed
changes are due to the covalent functionalization of the mate-
rial, several control experiments were performed, and the
abovementioned features were not displayed. TGA seems the
missing bit of information in this case, to provide quantitative
information on the degree of functionalization with different
equivalents of the organic reagent.

In a recent study, Hirsch and co-workers compared the
reactivity of neutral and activated BP (Fig. 8).'** In this case, they
prepared the BP intercalation compound with K/Na (Fig. 8a).
The results obtained for the neutral material corroborate the
lack of reactivity in NMP. On the other hand, when negatively
charged BP was used, unexpected outcomes were observed. In
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Fig.8 (a) Scheme of the K/Na intercalation on BP. 3P NMR spectra for
the functionalization with (b) aryl diazonium salt and (c) alkyl iodide
compounds. Both functionalizations are shown, in regard of the
neutral BP or activated BP (KPg species). Adapted from ref. 142 and 128.
Copyright 2020 and 2019, respectively, Wiley-VCH.
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the Raman spectra of the reaction products, new bands asso-
ciated with the presence of red phosphorus arise, but not
related to the attachment of organic reagents. These results
contrast with the ones reported when Li is employed, where no
changes were noticed in the Raman spectrum of the reaction
product. With the aim to determine if the reaction takes place
despite the formation of red phosphorus, TGA, XPS and solid-
state NMR analyses were performed. In the XPS analysis the
component related to P-C bonds was not observed. Solid-state
NMR was conducted to further corroborate that the covalent
functionalization of BP did not occur, as concluded by the
presence of only one signal in the spectrum of the material after
reaction, which corresponds to the starting material (Fig. 8b), in
contrast with the results observed when the reaction was carried
out with alkyl iodides as electrophiles (Fig. 8c).*”® TGA-MS
analysis coupled with gas chromatography and electron para-
magnetic resonance allowed to shed light into the reaction
mechanism, that point to the fluorination of the aryl diazonium
salts catalysed by the BP intercalation compounds instead of the
covalent functionalization of the 2D material.

These apparently contradictory results could be explained by
the method used to prepare the activated BP and the reaction
conditions employed in each case. In the first example, n-BuLi is
the reductive agent and n-hexane the solvent. Meanwhile in the
second one, Na/K were utilized for the intercalation and THF
was the solvent. In literature there are some examples in which
the reactivity of the 2D materials depends on the alkali metal
and the solvent.**'** These two works remark the importance of
a thorough characterization protocol to support the final
conclusions.

Aryl diazonium salts have been also used for post-
functionalization strategies®***'** since they are usually para-
substituted. These substituents (e.g., azide, Br or ethynyl) allow
the subsequent reaction between the functionalized 2D mate-
rial and a desired moiety endowed with the matching functional
group. For example, 1T-MoS, endowed with arylazide functional
groups was reacted with several alkyne derivatives allowing to
introduce valuable moieties onto the surface of the material by
“click” reaction.**® The presence of arylbromide entities on BP
led to the Sonogashira coupling product when the material
reacted with an alkyne terminal polymer.™**

Other free radical species, such as nitrenes or carbenes, are
commonly used for BN and BP functionalization (Fig. 9). Due to
the inert nature of BN (high chemical stability and hydropho-
bicity), its covalent modification is still a challenge. However, in
the last few years many groups have developed different strat-
egies to overcome this.**

Coleman and co-workers reported the covalent functionali-
zation of exfoliated BN nanosheets using dibromocarbene
species.’ Individual nanosheets of up to .1 x 1 pum® dimen-
sions were shown through TEM. The monolayer nature was
confirmed by AFM scanning across the edges and obtaining
a thickness of 0.35 nm. The formation of B-C and N-C bonds
was assessed by several complementary techniques. XRD, IR,
Raman and XPS analyses showed bands associated with B-C
and C-N bonds. The clearest evidence of the B-C bonds was the
new band at 1086 cm ™" in the Raman spectrum of the reaction
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Fig. 9 Reaction mechanism for (a) carbenes into BN (adapted with
permission from ref. 146 Copyright 2014 American Chemical Society),
and (b) nitrenes into BP (adapted from ref. 147 Copyright 2019, Wiley-
VCH).

product, that agrees with the reported values on literature. The
attachment of dibromocarbene was corroborated by the detec-
tion of Br with different characterization tools. Time-of-flight
secondary-ion mass spectroscopy (ToF-SIMS) displayed the
two isotopic peaks of bromine ("’Br and *'Br) and a shoulder in
the C 1s core level XPS spectrum corroborated the presence of
CBr, groups in the functionalized BN.

Nitrene radicals have also been used for the modification of
BN, in particular, 4-methoxybenzyloxycarbonyl azide."*® One of
the effects expected after the functionalization of 2D materials
is a change in their dispersibility. After the reaction, the dis-
persibility of the functionalized BN in several organic solvents
(e.g., ethanol, CHCl;) increased, allowing to perform solution
NMR. In the "H NMR spectrum, several signals in the aromatic
region (6-8 ppm), some peaks at ca. 5 and 4 ppm and a new
peak at 8.4 ppm (not present in the spectrum of the starting
reagent) were observed. The 8.5 ppm signal is associated with
the carbamate N-H near the surface of BN, formed in the attack
of the nitrene to the material. The formation of the carbamate
was supported by IR spectroscopy, due to the shift of the
carbonyl band to higher wavenumbers.
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The addition of carbenes and nitrenes to the BN lattice leads
to the cleavage of the B-N bond on which the addition occurs.
The radicals attack the electron-deficient B atom with the
subsequent cleavage of the B-N bond, satisfying the valence
conditions.***

Nitrenes were also employed for the functionalization of BP
by Liu et al.*” The formation of P=N bonds was shown by
a combination of different characterization techniques. A new
band at 1328 cm™ " can be noticed in the IR spectrum of the
reaction product, that the authors attributed to a new P=N
bond. The nature of this new bond was proved by solid-state *'P
NMR and XPS. In the N 1s core level spectrum of the func-
tionalized BP, it can be observed a new peak that was not
present in the spectra of the pristine material nor in the parent
molecule and confirmed the formation of the new bond. Solid-
state NMR spectrum corroborated the results, a peak at
6.35 ppm was detected and assigned to the P=N bond. In
arecent example, nitrenes were generated photolytically instead
of by thermal activation.™® In this case, the assessment of the
formation of the P=N bond was more challenging. N 1s core
level XPS spectra cannot clearly prove it, since the residual
signal from benzonitrile (reaction solvent) overlap with the one
associated with the P=N bond. Solid-state NMR was employed
to further support the XPS results, but the authors realised that
the shoulder attributed to the functionalization of BP (PN) also
match with the one ascribed to oxidized BP (PO), despite the
higher intensity of it in the functionalized materials. With the
aim to unambiguously report the nature of BP functionaliza-
tion, IR spectroscopy was used, since the PO and PN bonds
present different vibration bands. In addition, the assignment
of the P=N bands was corroborated making use of enriched >N
azides. These are very good examples of through characteriza-
tion efforts. Even in such cases, one might suggest that TGA
could have provided information on the relative quantities of
the physisorbed molecules and the ones covalently attached to
the material. Likewise, if TGA data had been presented in the
work reported by Liu et al.,'"” one could have compared the
degree of functionalization of BP using nitrenes generated by
thermal or photochemical activation in order to rationalize the
differences found on the solid-state NMR spectra.

In contrast to the radical additions to the BN Ilattice, the
addition of nitrenes to the lattice of BP does not result in the
cleavage of P-P bonds. As shown by theoretical calcula-
tions,**”'* the attack of nitrenes to BP gives rise to two possible
isomers: one with formation of a single P=N bond and another
one with formation of two P-N bonds linked by a nitrogen
bridge. The formation of the thermodynamically more stable
isomer, with P=N bonds, is corroborated by experimental
results. In addition to the preservation of the lattice, the crea-
tion of P=N bonds completely passivates the surface of the
material due to the five-coordinate bonding of P atoms.

Regarding the goal to prove the covalent functionalization
involving free radical species, there are again several charac-
terization techniques that can be used. Based on the examples
shown above, IR and XPS have proven to be fundamental to
understand covalent modifications. Given the high reactivity of
radical species, it is quite common that these suffer side

© 2024 The Author(s). Published by the Royal Society of Chemistry
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reactions, for instance they can react with themselves or the
solvent. So including control samples and analysing them by
TGA is strongly recommended, as it can help distinguish
between physisorbed and covalently attached molecules.

3.3. Coordination chemistry

Coordination chemistry reactions require the formation of
coordination complexes wherein a central atom (typically
metals like Cu, Co, Ni or Zn) is surrounded through dative
bonds by additional atoms, ions, or neutral molecules known as
ligands, in this case the 2D material involved on the reac-
tion."™*** Coordination chemistry becomes a powerful tool for
the chemical modification of the 2D materials featuring metals
(e.g. MoS,, WS, or InSe) due to the abundance of potential
coordination sites presented on their structures. For example,
the chalcogenides can serve as ligands."”>'>* More specifically,
taking MoS, as a model of 2D TMDCs, sulfur surface atoms
would react by coordination with divalent metal ions, providing
a functionalized material. Ye and co-workers® reported a cova-
lently cross-linked system between MoS, and poly(methyl
methacrylate) (PMMA), by copper-ion coordination (Fig. 10).
Firstly, MoS, exfoliation was confirmed by UV-Vis (appearance
of bands at 674 and 618 nm), TEM and AFM, in which the
thickness of the nanosheets was measured as <5 nm, i.e. up to
4-5 layers, as monolayer thickness is ca. 0.65 nm. Secondly,
functionalization was proved by XPS and IR, where changes on
PMMA internal bonds were clearly assessed. After copper-ion
coordination, the C=0 component on C 1s core level XPS
spectrum decreased after the coordination and a new peak in
the region of S 2p was noticed (ca. 168 eV). Similar behaviour
was registered by IR spectrum, as the decreasing of the C=0
stretching band (1733 cm ") and the emergence of a new band
at 1672 cm ‘. These results confirmed the successful func-
tionalization of the material, even though the chemical nature
of the bond has not been fully proved.

Another MoS, coordination complex was prepared by
McDonald and co-workers.”* They used divalent metal salts
(M(OAc),, where M: Cu, Ni, Zn) that can coordinate the sulfur

H‘ 1733
MoS2/PMMA film ‘/ | Cull-MoSo/PMMA film
|
|

Il

MoS2/PMMA film

[V cull-MoSo/PMMA film
|

R T 73 10 67 164 161
<«—Binding Energy (eV) <«—Binding Energy (eV)

“Wavenumber (o) —»

Fig. 10 (a) Scheme of the Cu"'=MoS,/PMMA structure. On the bottom
part, (b) S 2p core level XPS spectra of the Cu-free and Cu-coordinated
MoS,/PMMA films and (c) IR of the two different species. Adapted from
ref. 94, Copyright 2013, Wiley-VCH.
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atoms of the surface of LPE 2H-MoS,. The length (260 nm),
width (150 nm) and number of layers (9-10) of the flakes were
studied by AFM. Surface modification was proved by optical
extinction spectra, comparing bulk vs. functionalized materials,
in which copper and zinc complexes seemed to suffer reaggre-
gation (decrease of the optical extinction intensity), while the
nickel one displayed stable. XPS results corroborated the
modification of 2H-MoS,, where the Mo 3d core level suffered
some changes and a new component was clearly noticed in the S
2p core level (ca. 170 eV as previously described), indicating the
existence of sulfur atoms in a different chemical environment.
Besides, it leads to estimate a high degree of functionalization
of the MoS, basal plane (around 50% on copper salt coordina-
tion). These new interactions also affect to the metal salt, as
observed in the IR spectra of the reaction products. The bands
of the acetate ligands showed pronounced shifts (between 20
and 60 cm '), indicating the interaction between the metal and
the sulfur atoms. To further study these interactions, the
authors performed a coordination solvent washing step result-
ing in the complete defunctionalisation of the material. XPS of
the post-washed sample proved that the previous modification
did not cause sulfur vacancies to appear and not irreversible
oxidation of the 2H-MoS,.

The coordination strategy to functionalize 2D materials
focuses on the different metals on their structure. Therefore,
the characterization should focus on them. With that purpose,
techniques as EDS and HR-TEM are most helpful. Nevertheless,
the usual quantitative analysis by TGA and including controls is
mandatory.

3.4. Passivation of vacancies

Crystal defects are common in 2D materials. Substitution and
interstitial impurities, adatoms, grain boundaries and vacan-
cies are present in all of them.®'* Atomic vacancies are
defined as atom(s) missing from their lattice site. These
“empty” positions are typically very reactive, so passivation or
vacancy filling is a widely used strategy for the functionalization
TMDCs. In chemical terms, this would be equivalent to an
addition reaction. Chalcogenide vacancies are frequent on
TMDCs, particularly after exfoliation,* and exposure to thiols or
other chalcogenide sources typically results in functionaliza-
tion. However, the nature of the interaction between these
sulfur derivatives and TMDCs is still under discussion. In this
sense, McDonald and co-workers have studied the reaction
between cysteine and 2H-MoS,."” In a first step, 2H-MoS, was
exfoliated and subsequently reacted with the thiol derivative.
After the reaction, the solid obtained was washed to remove the
non-reacted molecules and a change in MoS, dispersibility was
observed. With the aim to study the nature of this modification,
IR and Raman spectroscopies, XPS and TGA were performed.
Several changes were noticed in the IR spectrum of the obtained
material with respect to the pristine one and the starting
cysteine. In particular, the S-H band of cysteine (ca. 2550 cm ™)
is not present on IR profile, suggesting the reaction of the thiol
group in the presence of the material. However, in the XPS
spectrum of functionalized MoS, no changes were observed
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(both S 2p and Mo 3d peaks), indicating that there was no
covalent functionalization. To determine the structure of the
reactive cysteine, MoS, de-functionalization was accomplished
(several washings and dialysis) and the cystine residue was
found on the water washes. Therefore, the reaction between 2H-
MoS, and cysteine (thiol derivative) yields cystine (disulfide)
physisorbed onto the surface of the 2D material as product,
instead of the coordination of sulfur atoms to molybdenum
atoms, filling the chalcogenide vacancies (Fig. 11a)."*®
Temperature dependent Raman measurements showed the
increase of the intensity of the 2LA(M) band in the modified
material, which differs from the behaviour observed in the
covalently functionalized 1T-MoS,, also pointing to a different
kind of modification.

Thiol surfactants were also employed for the exfoliation and
passivation of sulfur vacancies in one step. As control experi-
ment, De and co-workers used a surfactant without thiol groups
for the exfoliation of the material.** AFM analysis of all the
materials showed flakes with heights of few nanometres, con-
firming the exfoliation. Their average lateral sizes were in the
range of 100-200 nm, and HR-TEM displayed the hexagonally
symmetric structure of the 2H-phase. After the exfoliation/
functionalization step, the obtained product was dialyzed to
remove the excess of surfactant. Despite the different charges of
the surfactants (neutral, negative and positive), no changes in
zeta potential were found for the non-thiolated ones. In
contrast, the dispersions obtained with the thiolated molecules
are stable and present different zeta-potential depending on
their charges, suggesting a role for the thiol group. To investi-
gate their presence and attachment onto the 2D material,
solution '"H NMR and TGA were performed. In the "H NMR
spectra of the three functionalized 2H-MoS, materials
(neutral, positive and negative), several signals in the aliphatic
region have been observed proving the functionalization of
MoS,. Considering the results by the McDonald group, addi-
tional analyses would be needed to unambiguously determine
the nature of the attachment between the thiol derivatives and

Fig. 11 Schematic representation of the different reactions for the
passivation of vacancies: (a) physisorption of disulfides (ref. 158), (b)
functionalization with 1,2-dithiolanes derivatives (ref. 162) and (c)
chemical exfoliation of 2H-MoS, to 1T-MoS, using tert-butyllithium
and subsequent modification with thiobarbituric acid (ref. 106).
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MoS, and completely discard the physisorption of the
molecules.* %'

Another approach for the passivation of chalcogenide
vacancies is the use of 1,2-dithiolane derivatives.'” Tagma-
tarchis and co-workers have described this strategy in which the
functionalization occurs at the edges of 2H-MoS, (Fig. 11b).**>
IR spectroscopy of the obtained materials showed characteristic
vibration bands of the functional groups present on the 1,2-
dithiolanes. TGA corroborated these results and suggested the
covalent bond between the material and the organic molecules
due to the temperature range of the observed weight loss
(between 250 and 550 °C). As in the other cases, the TGA of the
starting organic reagents would be useful to completely discard
their physisorption since a significant increase in their
decomposition temperature is expected after the covalent
attachment. UV-Vis and PL spectroscopies also supported the
binding of dithiolanes derivatives, specifically in the case of the
pyrene one. In the case of MoS, amine-functionalized (firstly
protected with BOC group), the presence of the amine groups
and therefore their successful deprotection was proved by the
performance of Kaiser test. Raman spectroscopy confirmed the
covalent modification of MoS, due to the decrease of the relative
intensity of the 2LA(M) band. In addition to these analyses, XPS
spectra proved the filling of sulfur vacancies after the reaction
between 1,2-dithiolanes and 2H-MoS,.

Chalcogenide vacancies also exist on 1T-MoS,, therefore its
functionalization following the passivation methodology has
been reported.'® Like in the case of 2H-MoS,, McDonald and
co-workers have proved the physisorption of the oxidized thiol
(disulfide) onto the surface of the 1T material instead of the
covalent functionalization by filling the vacancies.”® Using
a different sulfur derivative, thiobarbituric acid, Pumera and co-
workers have covalently functionalized 1T-MoS, (Fig. 11c)."*®
Making use of Ellman's reagent, the presence of thiol-free
moieties was discarded and concluded that the binding takes
place through the sulfur atom of the molecule. The covalent
attachment of thiobarbituric acid was corroborated by TGA
(10% weight loss at ca. 320 °C) and gas analysis. Theoretical
calculations predicted that in the covalently bond molecule the
length of the C=S bond increases, having a more C-S character.
The Raman spectrum of the product supported this finding
with the presence of a new band at 940 cm ™", attributed to the
C-S bond, whose value matches with the one of the calculated
spectrum. The formation of this new bond, together with
calculations, point to the tautomerization of thiobarbituric acid
after the attachment to the material. XPS analysis confirmed the
C-S bond due to the presence of the characteristic shoulder at
ca. 164 eV, which together with the strong peak in the N 1s core
level spectrum supported the binding of the organic molecule.
The homogeneity of the functionalization was determined by
EDS mappings. All the characterization performed clearly
points to the covalent modification of 1T-MoS,.

As we have seen, the passivation of vacancies is particularly
tricky in terms of chemical characterization. As the product of
passivation is the direct addition of the starting material and
the reagent, there are no new bonds or chemical functionalities
formed during reaction, it can be easily confused with strong

© 2024 The Author(s). Published by the Royal Society of Chemistry
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physisorption. In this case, we suggest to study control samples
in detail. In particular, TGA analysis can be useful as phys-
isorption typically induces comparatively small changes in
decomposition temperature with regards to chemisorption of
molecules.

4. Conclusions and outlook

The complete characterization of chemically modified 2D
materials is far from trivial. The main problem is the intrinsic
heterogeneity of the sample: after a typical exfoliation-
functionalization process one will necessarily end with
a complicated mixture of flake morphologies and chemical
compositions. The effort of characterization is therefore
directed to provide a representative picture of the sample,
which needs to be a three dimensional image, including
information on: (1) the nano/microstructure: the size of the
flakes (statistical analysis of the number of layers and lateral
size), the crystal structure (polytypes), and relative abundance of
defects; (2) the chemical composition, which elements are
present, and how the molecular fragments are bound to the 2D
material; and (3) the consequences of the chemical function-
alization on the electronic properties of the 2D material.
Microscopic analyses, typically AFM and TEM, sometimes
complemented with SEM are typically sufficient to complete the
first of these three dimensions. As for the electronic conse-
quences of the functionalization, they are intrinsically entan-
gled with the structural changes during chemical modification.
We have therefore focused this review on the chemical charac-
terization of 2D materials. And, for the sake of brevity, materials
other than graphene. We have presented examples of covalent
chemistry on TMDCs, BP, BN, and elemental analogues of
graphene, describing in detail the characterization techniques
used in each case. The examples selected are all paradigmatic of
good practice, where a significant characterization effort has
been carried out. Even within this selected collection, one can
find instances where further analyses would have been desir-
able. In particular, we find that the ratio of physisorbed versus
covalently attached molecules and the presence and identity of
covalent binding between the 2D material and the molecular
fragment are the most difficult parameters to pin down unam-
biguously. With regards to the former, careful purification
procedures that remove physisorbed molecules, like exhaustive
washings with adequate solvents and detailed analyses of TGA
data seem the most powerful techniques. Whenever possible,
both should be complemented with analyses of the washings,
and desorption/decomposition gases, respectively. As for the
chemical bonding the technique(s) of choice depend heavily on
the specific chemistry. Vibrational spectroscopy (IR and Raman)
can often directly identify the vibration of the bond(s) involved.
XPS can be trickier as, more often than not, it will involve
changes in the fitting of signals that were already present in the
pristine material, which only sometimes will provide solid
evidence. Also, because of the surface sensitivity of XPS, anal-
yses of flakes thicker than 2-3 nm will overestimate the groups
on the surface, and not provide a representative picture of the
whole sample. NMR, and in particular solid-state NMR, is slowly
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becoming more common in this field, and there is every reason
to hope that it will soon become routine, as it is full of chemical
information.

Looking back, we find that the extremely rapid pace at which
the chemistry of 2D materials has evolved has sometimes led to
substandard purification and characterization protocols.
Looking forward, we hope this review will help consolidate the
toolbox of characterization techniques and provide examples
that serve as a guideline to facilitate the efforts towards
comprehensive characterization of chemically modified 2D
materials.
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