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Double functionalized graphene derivatives were synthetized by
a one-pot reaction of fluorographene with organometallic nucleo-
philes. Their nucleophilicity governed the preference for grafting
and was utilized for tuning the functionalization. This approach
paves the way toward the facile, up-scalable and controllable
multifunctionalization of graphene.

Covalent modification of graphene'” significantly alters its
electronic structure and physicochemical properties, changing
the zero band-gap semimetal to an open gap semiconductor or
even insulator,>* non-magnetic properties to diverse magnetic
features, including ferro- or anti-ferromagnetism,>” and poor
solubility to ready dispersibility in common polar solvents.
However, the low reactivity of graphene and achieved low
degree of functionalization remain obstacles against direct
graphene functionalization. In the last decade, fluorographene®’
(FG) has been launched as an alternative precursor for the
preparation of covalently functionalized graphene derivatives
bearing hydrocarbyl (alkyl, alkenyl, alkynyl and aryl),'®™"?
14716 cyano and carboxylic,"”” hydroxyl,"®'® and sulf-

moieties. From a chemical point of view, FG behaves
14,24

amino,
hydrylzo—m
as an electrophile that reacts readily with nucleophiles,
usually under mild conditions. It has been argued that the
reactivity of FG is related to the occurrence of radical point
defects, which trigger a cascade of nucleophilic substitution
(Sn) reaction along with simultaneous defluorination. Owing to
the presence of highly electronegative fluorine atoms, the
carbon lattice retains its electrophilic character, and thus its
susceptibility to attack by nucleophiles, unless the content of
fluorine is very low. As the substitution and defluorination
proceed in a cascade manner, the resulting material usually has
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a well-defined stoichiometry and topology. The above proper-
ties make FG an excellent material for the high-yield, scalable,
and controllable preparation of graphene derivatives.'”?%?”
Moreover, the underlying sequential mechanism of Sy reactions
offers an opportunity to expand this class of materials by
combining different nucleophilic agents in the reaction.

The multiple covalent functionalization of graphene is a very
challenging task, paving the way toward multifunctional 2D
materials. Hirsch et al. succeeded at the double functionaliza-
tion of graphene via the consecutive treatment of graphenides
with alkyl iodides and diazonium salts in a suspension.®
Besides bulk functionalization, they also studied single-side
(monotopic) additions to CVD graphene and found that
depending on the nature of the nucleophile, either double
functionalization or retrofunctionalization could be realized.
Our group reported a two-step double functionalization of
graphene involving a photo-triggered Diels-Alder reaction on
partially defluorinated FG.?° Both these previous works relied
on two-step functionalization, i.e., two different moieties were
grafted onto the graphene substrate in a consecutive way.
However, if it were possible to perform multiple modifications
in one step, the reaction time and wastage of material could be
significantly reduced. Pennetreau et al. successfully performed
the bi-functionalization of reduced graphene oxide sheets by
using xanthates (radical precursors) and peroxides (initiators).*®
Very recently, Lucherelli et al. reported the triple functionalization
of graphene in a one-step reaction between aryl diazonium salts
and graphenide.”® However, the abovementioned methods
require harsh reaction conditions and highly reactive agents,
which do not allow desirable control over the stoichiometry
and topology of the target materials. Facile and controllable
synthesis of multifunctionalized graphene thus remains a
substantial challenge in the field of graphene chemistry.

In the present work, we exploited the susceptibility of FG
toward nucleophiles as an alternative facile way for multiple
modification of graphene avoiding the preparation of graphe-
nides. Using this approach, we synthetized double covalently
functionalized graphene derivatives in a one-pot reaction of FG

This journal is © The Royal Society of Chemistry 2020
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with organometallic nucleophilic reagents. Two organolithium
reagents containing alkyl (butyl - Bu) or heteroarene ring
(thienyl — Th) moieties were reacted successfully with FG in
one step to form a double functionalized graphene derivative.
The sulfur of the Th moiety was used as a marker for obtaining
information about the loading of the heteroarene unit onto
graphene. In addition, control experiments and theoretical
calculations were performed to provide insights into the con-
current double functionalization. Spectroscopy, thermogravi-
metry and microscopy techniques were applied to characterize
the new graphene derivatives.

Organometallic reagents were chosen as nucleophiles since
related Grignard reagents and/or lithium reagents have pre-
viously been successfully employed for the efficient covalent
functionalization of FG and graphite fluoride (GF),'%**32:33
providing highly functionalized graphene derivatives. Initially,
FG layers were exfoliated by sonication of GF in anhydrous
tetrahydrofuran (THF). Subsequently, different equivalents
(eq.) of 2-thienyllithium (2-ThLi) were added dropwise to the
suspension and the mixture was stirred under inert conditions
for 18 h at room temperature to optimize conditions under
which a sufficiently high number of fluorines remained on the
prepared graphene derivative (see Section 1.2 and Table S1,
ESIt). These fluorine atoms were necessary to ensure the
presence of active sites on the partially modified FG for further
functionalization. Note that the number of fluorines should
be neither too large nor too small to achieve balanced functio-
nalization by two different substituents. Otherwise, it would be
difficult to obtain sufficient information about the process of
double functionalization of FG. Based on X-ray photoelectron
spectroscopy (XPS) data, we selected 2 eq. of 2-ThLi as the
optimal amount for reaction with FG, retaining 12.4% of
fluorine in the formed thienyl graphene (G-Th) (Fig. S1 and
Table S1, ESIf). A similar amount of fluorine (14.9%) was
detected when FG reacted with 2 eq. of butyl lithium (BuLi),
forming butyl graphene (G-Bu) (Fig. S2 and Table S2, ESIY).
According to XPS measurements, 4 eq. of organometallic
reagent resulted in almost quantitative elimination of fluorine
(Table S1, ESIf). In the next step, the possibility of one-step
double functionalization of FG was pursued. In particular,
reaction between FG and a mixture of 2 eq. of 2-ThLi and
2 eq. of BuLi was carried out (Fig. 1). The prepared butyl thienyl
graphene (G-Th/Bu) contained 2.6% and 2.7% of fluorine and
sulfur, respectively (Table S2, ESIT). Thus, the sulfur content
was significantly decreased compared to the detected amount
of sulfur (9.7%) in G-Th, for which the same quantity of 2-ThLi
was used (Table S2, ESIt), while defluorination was practically
complete. These findings indicate that (i) there was a strong
preference for the grafting of Bu groups, and (ii) there was a
synergic reductive effect of both nucleophiles, resulting in a
higher degree of defluorination compared to that in indepen-
dent full “BuLi + FG” and partial “2-ThLi + FG” reactions.
These observations may be due to the higher reactivity of the
Bu nucleophile in a competitive substitution reaction or from a
retroreaction of BuLi with G-Th, in which some of the Th
moieties are removed and replaced by Bu groups.
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Fig. 1 Overview of single (left and right) and double (middle) functiona-
lization on FG.

To investigate the above scenarios, two experiments were
performed. In the first, FG was reacted with 2 eq. of 2-ThLi, and
then after 18 h of stirring under inert conditions, 2 eq. of BuLi
were added. The XPS spectrum of the product (Fig. S3, ESIt)
corresponded to thienyl butyl graphene (G-Th(Bu)) containing
10.1% sulfur, i.e., a value close to that of G-Th. A much lower
content of fluorine (2.6%) accompanied by an increased
proportion of carbon indicated attachment of Bu groups onto
pre-formed G-Th, substituting the remaining fluorine atoms,
without any retrofunctionalization of the Th groups. As an
opposite control, 2 eq. of BuLi were mixed with a suspension
of FG and then after 18 h of stirring, 2 eq. of 2-ThLi were added,
forming G-Bu(Th). In this case, the detected amount of sulfur
was found to be 0.8%, showing that only a few Th groups were
attached to the pre-formed G-Bu. The amount of fluorine was
similar to that in G-Bu, indicating that no further nucleophilic
substitution or reductive defluorination took place, ie., the
reaction was practically stopped. Note that high-resolution S2p
XPS spectra of all samples containing Th groups consistently
exhibited two characteristic peaks at ~164.0 eV and ~165.3 eV,
corresponding to S2psz, and S2p,j,, respectively, of a sulfur
atom embedded in the Th ring (Fig. S4-S7, ESIT).

Double functionalization of FG was also confirmed by
Fourier transform infrared (FT-IR) spectroscopy (Fig. 2). Two
characteristic bands at around 1580 and 1460 cm ™' appeared
in FT-IR spectra of the graphene derivatives, indicating the
formation of conjugated C—C double bonds due to the
elimination of fluorines of FG** by nucleophilic substitution
and concurrent reduction. The FT-IR spectrum of G-Th/Bu
displayed a band at 2960-2850 cm ', attributed to aliphatic
C-H stretching vibrations of the Bu groups, and three peaks
at 692, 790 and 1074 cm™ ', associated with the presence of
thiophene rings.>®> The same peaks appeared in all G-Th
derivatives but with different intensities, reflecting the amount
of grafted thiophene (Fig. S8, ESIt). Hence, the spectrum of
G-Bu(Th) was similar to that of G-Bu because of a very low amount
of Th groups grafted onto graphene, in line with the XPS data.

Raman spectroscopy was employed to further confirm
the formation of graphene derivatives via one-step as well as

Chem. Commun., 2020, 56, 1936-1939 | 1937
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Fig. 2 FT-IR spectra of single and double functionalized graphene
derivatives (G-Th, G-Bu and G-Th/Bu) and pristine GF.

successive double functionalization of FG. All products exhibited
characteristic D and G bands at around 1360 and 1590 cm™?,
respectively, in contrast to Raman inactive pristine GF (Fig. S9-S14,
ESIf). The G-band was assigned to vibrations of sp> carbon
domains formed by the reductive defluorination of FG, whereas
the D-band was attributed to vibrations involving sp® hybridized
carbons. Moreover, the Raman spectra of Th-containing deriva-
tives G-Th/Bu and G-Th(Bu) displayed a characteristic peak due
to Th at around 1450 cm™",*® confirming successful grafting of
this moiety (Fig. S12 and S13, ESIY). In the case of G-Bu(Th), this
band was less evident due to the low amount of Th in G-Bu(Th)
(Fig. S14, ESIY). Information about the thermal stability of the
prepared derivatives was obtained by thermogravimetric analysis
(TGA) under N, (Fig. S15 and S17, ESIf). The precursor GF is
stable up to 400 °C and loses ca. 75% of its weight over the
temperature range 450-650 °C due to cleavage of C-F bonds and
CxFy fragments.®” The mass of G-Th/Bu slowly decreased to
ca. 65% between 180 and 530 °C due to detachment and/or
decomposition of the Bu and Th moieties. The detachment of
these units was verified by mass spectroscopy analysis of evol-
ving gases. Mass fragments with m/z of 39 and 58 were attributed
to Th, whereas that with m/z of 43 to Bu (Fig. S16, ESI}),
demonstrating successful covalent binding of both units onto
the graphene lattice. The similar shape of the decomposition
curves of G-Bu(Th) and G-Bu also corroborated that both deriva-
tives mainly contained Bu units (Fig. S17, ESIf). Transmission
electron microscopy (TEM) (Fig. 3a and Fig. S18-S20, ESIt) and
atomic force microscopy (AFM) (Fig. 3b and c) verified that all the
fabricated materials were composed of few-layer flakes. Energy
dispersive spectroscopy (EDS) elemental mapping of G-Th/Bu
proved the presence of S and revealed its uniform distribution
on the surface (Fig. 3d-f).

To rationalize the experimental observations, we performed
density functional theory (DFT) calculations of nucleophilic
strengths and binding energies of nucleophiles on different
types of partially functionalized FG (pFG) substrates by
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HAADF

Fig. 3 (a) HR-TEM, (b and c) AFM image and height profile, and (d—f) dark
field image with carbon and sulfur EDS maps of G-Th/Bu flakes.

applying the ®B97X-D method?*® with the 6-31+G(d) basis
set.>® Solvent effects were included by using the universal
continuum solvation model based on solute electron density
(SMD).*® All calculations were performed with the Gaussian09
program.*" Comparison of the natural charges on terminal
carbon atoms revealed that the Bu anion was a notably stronger
nucleophilic agent than the Th anion (Fig. 4a and b). This is
one of the key factors determining the binding capabilities of
these two agents on FG substrates. Whereas attachment of a Bu
anion on pFG, butylated pFG (G-Bu) and pFG functionalized
by thienyl groups (G-Th) was energetically favorable, binding
of the Th anion on these substrates was much less favored
(Fig. 4c-e). This is in line with the experimental findings for the
sequential functionalization, which was found to be feasible
only if the weaker nucleophile (i.e., the Th anion) was used in
the first step (the G-Th(Bu) case in Table S2, ESIt). In this case,

y ° \/ oo

c S d S e S,
o~ L ) P D Pt @
918/-476 | -41.4/-638 -46.1/-8.0 -11.0/21.6 -39.0/-1.7 | -15.4/46.0

FG G-Bu

G-Th

Fig. 4 Natural charges on terminal carbon atoms of (a) n-butyl carbanion
and (b) thiophenyl anion, and optimized model structures of the graphene
substrate partially functionalized by (c) solely fluorine adatoms, (d) n-butyl
(Bu) and (e) thiophenyl (Th) groups in the vicinity of a defluorinated region
(the carbon atom attacked by a nucleophile in the reaction is encircled).
Binding energies (in kcal mol™) of the nucleophiles attacking the respec-
tive substrates in the gas phase (blue) and THF (red) were obtained at the
®B97X-D/6-31+G(d)/SMD level of theory.

This journal is © The Royal Society of Chemistry 2020
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the first phase of the reaction led to formation of a G-Th
substrate, which was then susceptible to further attack by the
Bu anion with a binding energy of —1.7 kcal mol ' in THF
(Fig. 4e). In the reverse case (G-Bu(Th)), a Th anion could hardly
attach to the G-Bu substrate formed in the first phase of the
reaction (AE = 21.6 kcal mol ™' in THF, Fig. 4d). Therefore, the
reaction essentially stopped at this stage. However, it could
proceed if a stronger nucleophile were added (G-Bu). Evidently,
the binding energies follow the electrophilic strength of
the substrate, decreasing in the order pFG > G-Bu > G-Th
(cf: partial charges on defluorinated carbon atoms in Fig. S21,
ESIT), in keeping with the electron withdrawing/donating
strengths of the substituents. Finally, sterical hindrance among
addends at the final phase of the reaction may put limitations
on the degree of functionalization (Table S3, ESIt).

In summary, an efficient and straightforward approach to
prepare double functionalized graphene derivatives taking
advantage of the susceptibility of FG toward reduction and
(multiple) nucleophilic substitutions was described. The possi-
bility of using either a sequential or one-step reaction enables
the controllable and scalable preparation of multiple modified
graphene derivatives. Theoretical calculations and experiments
showed that grafting of the units onto FG is driven by their
nucleophilicity and the electrophilicity of the substrate, thus
providing helpful guidelines for the controllable double/multiple
functionalization.
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