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Controllable edge-selective modification and tailoring of graphene are particularly critical for graphene appli-
cations. In this study, precise edge functionalization and tailoring of graphene are realized by a solvent-
controlled Friedel-Crafts acylation reaction. Specifically, experimental and theoretical studies demonstrate
that solvent effects can effectively control the reaction pathways of substituent and ionic mechanisms. Under the
substituent mechanism, carboxyl groups are accurately introduced to the edge of graphene, which can be used as

new reaction sites for further modification. Under the ionic mechanism, the acylation process can further tear
graphene to the desired size. When the reaction is sufficient, graphene can be torn into highly dispersed high-
quality quantum dots on a scale of 5 nm. This edge- and size-controllable fabrication method expands poten-
tial applications of graphene, such as electronic devices, semiconductors, catalysis and batteries.

1. Introduction

Graphene, a two-dimensional (2D) material with spz—hybridized ar-
omatic carbon, is a unique material that has been extensively studied.
Due to its good performance, graphene is expected to be used in various
applications such as electronic devices [1,2], energy storage [3], and
catalyst [4]. However, the chemical inertness and random size of gra-
phene restrict its further development. To better realize the applications
of graphene in various fields, it needs to be effectively modified and
tailored.

Graphene can be viewed as an extension of X and Y axes of benzene,
making it possible to modify graphene using traditional organic chem-
ical reactions [5,6]. Various methods have been explored to modify and
tailor graphene to enrich its functionality of graphene. Some organic
reactions have been confirmed to occur at the edge or basal plane of

graphene, such as Diels-Alder reaction [7], 1,3-dipolar cycloaddition
[8], and diazonium reaction [9,10]. For the tailoring of graphene, some
severe methods are usually required, such as laser fragmentation [11,
12] and strong oxidation cutting [13,14]. These methods require either
high-energy lasers or strong oxidant such as HoO5 [15], HNO3 [14], and
oxone [16], whose poor controllability damages graphene. Therefore,
there is a need to develop efficient methods to achieve controllable edge
functionalization and tailoring of graphene.

Friedel-Crafts acylation reaction is a well-known organic reaction in
which hydrogen atoms of aromatic hydrocarbons are replaced by acyl
groups in the presence of Lewis acids. In the field of graphene modifi-
cation, Friedel-Crafts acylation reaction has been used for edge-selective
functionalization of graphene via an ionic mechanism [17,18]. How-
ever, it is generally accepted that ionic and substituent mechanisms are
two possible pathways for Friedel-Crafts acylation reaction [19]. In this
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Fig. 1. Mechanism of Friedel-Crafts acylation reaction of graphene. (a) Oxonium complex based nucleophilic substitution mechanism and ion pair based ionic
mechanism for two Friedel-Crafts acylation reaction pathways. (b) Energy profiles for the formation of oxonium complex or ion-pair in TTCE or DCE, respectively. (A

colour version of this figure can be viewed online.)

work, solvent effects are exploited to control these reaction mechanism
pathways for precise edge functionalization and tailoring of graphene.
In tetrachloroethane (TTCE), the reaction proceeds mainly through the
substituent mechanism, enabling precise edge functionalization with
carboxyl groups. In dichloroethane (DCE), the reaction proceeds mainly
through the ionic mechanism, and graphene is controllably torn apart.
With the sufficient tearing reaction, uniformly dispersible graphene
quantum dots (GQDs) can be prepared. The active edge and controllable
size of the as-prepared graphene will facilitate its applications in
sensing, optoelectronic devices, catalysis and energy storage.

2. Materials and methods
2.1. Materials

Graphene was purchased from Cheap Tubes Inc. Aluminium chloride
(99%) was purchased from Alfa Aesar. Oxalyl chloride, 2.0 M solution in
dichloromethane, was purchased from Acros. Ultra-dry 1,2-Dichloroe-
hane (DCE, 99.5%) was obtained from J&K. 1,1,2,2-Tetrachloroethane
(TTCE, >97%) was ordered from TCI.

2.2. Preparation of modified graphene

12.56 mmol aluminium chloride, 6.4 mmol oxalyl chloride and 80
mg graphene were stirred in DCE/TTCE under argon atmosphere in a
250 mL three-necked flask with a reflux condenser. Oxalyl chloride (6.4
mmol, 3.2 mL) was added dropwise under the condition of ice water
bath for 1 h.

Then, it was placed in a constant temperature oil bath. In DCE, re-
actions were carried out at room temperature, 40 °C, 60 °C and 80 °C for
18 h. In TTCE, reactions were carried out at 80 °C, 100 °C and 120 °C,
respectively. All the reactions were quenched with glacial hydrochloric
acid. The turbid liquid was filtered by using a Buchner funnel. The re-
sultants were washed by ethyl chloride, methanol, and water various
times to obtain modified graphene, and dried in a vacuum oven at
170 °C for 5 days. After all, products in DCE for different temperatures
were called MG-RT-18-DCE, MG-40-18-DCE, MG-60-18-DCE, and MG-
80-18-DCE. Products in TTCE for different temperature were called
MG-80-18-TTCE, MG-100-18-TTCE, MG-120-18-TTCE.

When Friedel-Crafts acylation reaction was carried out in DCE for 18
h at 80 °C, the graphene was tailored into small pieces, forming rela-
tively stable GQDs. It is expected that the products consisted of a mixture
of ultrasmall GQDs, so the further purification was executed. Specif-
ically, the mixture was centrifuged in THF at 12000 r/min for 20 min.
Then, the precipitate is redissolved into THF and centrifuged at 8000 r/
min. GQDs with certain sizes in the supernatant were obtained by
repeating the centrifugation processes three times.
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2.3. Characterization

Thermogravimetric analysis (TGA) were recorded on a TA Q600 SDT
(TA Instrument) in two steps: firstly, the temperature was raised from
room temperature to 1000 °C at a heating rate of 50 °C/min under ni-
trogen atmosphere; secondly, after cooling to room temperature, the
temperature was raised to 1000 °C in air atmosphere at a heating rate of
10 °C/min. A thermogravimetric analyzer coupled with Fourier trans-
form infrared analysis (TG-FTIR) was carried out on hyphenation of TG/
FTIR/GCMS from PerKinElmer. X-ray photoelectron spectra (XPS) were
conducted on AXIS Supra. The scanning electron microscopy (SEM) was
employed in Hitachi S-4800. The high-resolution transmission electron
microscopy (HR-TEM) was performed in JEM-2100F microscope oper-
ating at 200 kV.

2.4. Theoretical calculation

All the computational works were implemented in Gaussian16 soft-
ware. The SMD implicit solvation model was adopted to simulate the
dichloroethane and tetrachloroethane solvent environments. For the
energy profiles of formation of acylium chloride cation and the complex
molecule, the geometries of species were optimized at BSLYP/6-311 + g
(d,p) level, and the single-point energies were calculated at the same
level. For the energy profiles of etching process of the polycyclic aro-
matic hydrocarbon molecule, the chloride anion was optimized at
m062x/6-31 + g(d) level, while geometries of other species were
optimized at m062x/6-31g(d). The single point energies were calculated
at m062x/6-311 + g(d,p) level.

3. Results and discussion
3.1. Solvent-controlled reaction pathways

In Friedel-Crafts acylation reaction, aluminum chloride is the
commonly used catalyst with good catalytic activity and oxalyl chloride
is used as reactant. Oxalyl chloride is decomposed into a mixture of
phosgene and carbon monoxide under the action of aluminum chloride.
Subsequently, phosgene interacts with aluminum chloride mainly to
form oxonium complex and ion pair, which further participate in the
reactions according to ionic and nucleophilic substitution mechanisms
(Fig. 1a). For the ionic mechanism, the edges of graphene are attacked
by highly reactive acyl cations (COCI™) generated from acid chlorides.
For the substituent mechanism, the edges of graphene are attacked by
the less reactive complexes (COCly-AlCl3) formed by acyl chlorides and
aluminum chloride [19]. The effects of TTCE and DCE solvents on
Friedel-Crafts acylation reaction are further investigated by theoretical
simulations. The energy profiles (Fig. 1b) show that the formation of
complex with strong electrophiles is thermodynamically preferred due
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Fig. 2. Friedel-Crafts acylation reaction in TTCE. (a)

a Schematic illustration of edge-selective functionali-
zation of graphene. (b) High-resolution TEM image of
::o modified graphene. Insets show a magnified view of a
‘:°. 3 : representative position of graphene (top right) and
2 3::“ the corresponding SEAD pattern (bottom left) of
- o8 3% modified graphene. (c¢) XPS spectrum of modified
.4 °. e : X .
o 00,28 graphene. (d) IR spectrum of species released from
: °: :: modified graphene at 702 °C. (e) TGA of modified
.“‘o S . 5 b4 graphene under nitrogen atmosphere (red line) and
%50 @ air atmosphere (black line). (f) Energy profiles for the
o .: reaction with COCl,-AlCl3 complex. (A colour version
of this figure can be viewed online.)
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to the reduced Gibbs free energy. The energy barriers of this reaction
pathway are not very different in different solvents. However, for
another pathway with forming a highly reactive acyl cation, the energy
barrier in TTCE is 3.22 kcal/mol higher than that in DCE. Based on
transition state theory, the reaction rate constant (k) can be calculated
from these reaction energy barriers from the following equation:
k=KkBTTe%$ﬁ

The energy barrier difference leads to that the rate of COCl" gener-
ation should be ~99 times faster in DCE than in TTCE. Furthermore,
COCI™ can be more stable in DCE due to its larger polarity and smaller
size. COCI™ is expected to be the main reactant in DCE. Therefore, the
solvent can effectively regulate the production of highly reactive cat-
ions, providing a basis for further regulating of the reaction by the
solvent.

3.2. Edge-selective carboxylation of graphene

In TTCE, the Friedel-Crafts acylation reaction of graphene was car-
ried out at 80 °C for 18 h under the catalysis of aluminum trichloride.
After that, the reaction was quenched with glacial hydrochloric acid to
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form the carboxyl groups. By X-ray photoelectron spectroscopy (XPS)
characterization (Figs. 2c and S1), it can be observed that the oxygen
atom content of functionalized graphene increased from 2.59% to 24%
in comparison with pristine graphene, indicating the presence of
carboxyl groups. Specifically, the high revolution Cls peak can be
deconvoluted into three bands at ~284.6 eV, ~287.0 eV and ~288.9 eV,
which are assigned to sp? C=C, C-O and C=0 bonds, respectively
[20-22]. Carboxylated graphene was further confirmed by
thermogravimetry-Fourier transform infrared spectroscopy (TG-FTIR).
During the heating program, the functional group information is dis-
played (Fig. 2d). The band at 1684 cm™! is assigned to the C=0
stretching vibrations of carboxylated graphene [23]. Double peaks at
2182 cm~! and 2094 cm ™! are attributed to CO gas [24]. In addition, the
concentration of CO, gradually increases with increasing temperature,
indicating that a decarboxylation process takes place. To confirm the
amount of functionalization, thermogravimetric analysis (TGA) of the
functionalized graphene was performed under nitrogen atmosphere. As
shown in Fig. 2e (red line), the ~10% weight loss of the first step at
~220 °C is attributed to covalent functionalization [25]. The quantity of
functional groups increases as the reaction temperature increases
(Fig. S2).

To determine the effect of the reaction on the graphene framework
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Fig. 3. Friedel-Crafts acylation reaction in DCE. (a)
Schematic illustration of graphene tearing. (b) High-
resolution TEM image of modified graphene. Insets
show a magnified view (top right) and SEAD pattern
(bottom left) of modified graphene. (c) XPS spectrum
of the graphene. (d) IR spectrum of species released
from modified graphene at 554 °C. (e) TGA of
modified graphene under nitrogen atmosphere (red
line) and air atmosphere (black line). (f) Energy
profiles for the reaction with COCI* cation, high-
lighting the process of graphene tailoring. (A colour
version of this figure can be viewed online.)
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structure, high-resolution transmission electron microscopy (HRTEM)
characterization was used. A clear lattice structure of the functionalized
graphene can be observed (Fig. 2b), which shows the structural char-
acteristics of honeycomb hexagonal unit cells. Selected area electron
diffraction (SAED) patterns also show that the graphene both before and
after modification in TTCE have high crystallinity (Fig. S7) [26]. On a
large scale, scanning electron microscopy (SEM) characterization shows
that the morphology of functionalized graphene is well preserved after
modification in TTCE (Fig. S5). Furthermore, the XPS peak of the sample
at ~291.4 eV (Fig. 2¢) is assigned to the n-n* vibrational satellite, which
proves that the basal plane structure is intact [27,28]. In an air atmo-
sphere, the complete combustion temperature of the sample is ~800 °C
(Fig. 2e), which is the same as that of graphene lattice carbon [29]. All
above characterizations confirm that the modified graphene in TTCE
maintains the intact framework structure, so that the functional groups
are successfully modified at the edge of graphene without any damage to
the basal plane (Fig. 2a).

To understand the experimental phenomenon of edge-selective
functionalization, the COCly-AlCl3 complex is expected to be the main
reactant in TTCE, which is further explored by theoretical calculations.
Here, polycyclic aromatic hydrocarbon (PAH), as a fragment of gra-
phene, is used to simulate to react with the complex (Fig. 2f). Firstly, the
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carbon atom at the edge is attacked by the COCly-AlCl3 complex, which
crosses a low potential barrier of ~8.59 kcal/mol. For further reaction,
the potential barrier for complex to attack the neighboring carbon is as
high as ~29.58 kcal/mol, which is difficult to cross. When this complex
attack further leads to C-C bond cleavage, an additional barrier of
~40.07 kcal/mol needs to be crossed, preventing the corresponding step
from taking place. Therefore, according to the above analysis, the pre-
cise edge-selective modification occurs through a substituent mecha-
nism, which can be controlled by the solvent effect of TTCE.

3.3. Novel phenomena in Friedel-Crafts acylation reaction of graphene

When DCE is used as the solvent, the reaction was also carried out at
80 °C for 18 h, which is the same experimental conditions as TTCE. The
Cl1s peaks of C-O and C=0 bonds in XPS (Fig. 3¢) and the C=O0 stretching
vibration of TGA-IR at ~1684 cm ™ * (Fig. 3d) indicate carboxyl func-
tionalization [30,31], which is consistent with the results in DCE. TGA
trace shows a ~50% mass loss under nitrogen atmosphere (Fig. 3e) due
to desorption of the modified functional groups, indicating a further
reaction in DCE. Through HRTEM characterization, it is confirmed that
amorphous carbon without diffraction spots is formed (Figs. 3b and S8)
[32,33]. Under the air atmosphere, the carbon element of graphene is
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Fig. 4. GQDs chemically tailored from graphene. (a) Schematic illustration of GQDs with photoluminescence. (b) High-resolution TEM image of GQDs. Insets show a
magnified view of a GQD and the corresponding size distribution. (c) FTIR spectrum of GQDs. (d) PL mapping of GQD dispersions in THF. Inset shows the photograph
of the GQD solution excited at 365 nm. (A colour version of this figure can be viewed online.)

completely burned out at a relatively lower temperature of 600 °C,
which indicates the existence of highly reactive carbon (Fig. 3e).
Furthermore, the disappearance of the satellite peaks in the XPS spec-
trum (Fig. 3c and Fig. S1) indicates that the large n system of graphene is
disrupted. In the TG-FTIR spectrum (Fig. 3d and Fig. S4), new peaks of
olefin at 3078 cm~! and CH, at 1300 em! appear [34,35], which
further prove that some basal plane of graphene is broken into frag-
ments. Therefore, a vigorous modification reaction with graphene
tearing occurs in DCE.

To further explore the mechanism of Friedel-Crafts acylation reac-
tion in DCE, the temperature-dependent reaction from room tempera-
ture to 80 °C were investigated. According to SEM characterizations
(Fig. S6), it can be observed that the morphology of graphene remains
flat after reaction at room temperature. As the reaction temperature
increases, the wrinkles gradually extend from the edge to the basal
plane, which is due to the deformation caused by the deepening of the
reaction. Furthermore, less weight loss on heating under nitrogen in
TGA indicates weaker modification of the samples prepared at room
temperature (Fig. S2). The carbon element of the modified graphene is
completely burned out at ~800 °C, which is the same as the burning
temperature of graphene. HRTEM characterization further confirms that
the reaction only occurs at the edge of graphene without any damage to
the basal plane. As the reaction temperature increases, the degree of
modification gradually increases (Fig. S7), which can be confirmed by
TGA (Fig. S2). In addition, at the lower reaction temperature of 40 °C
and 60 °C, there are two forms of carbon in the modified graphene
(Fig. S2). One is lattice graphene that burns at ~800 °C, and the other is
amorphous carbon graphene that burns at ~600 °C. Further HRTEM
characterization shows that the amorphous carbon produced by the
reaction increases from the edge as the reaction temperature increases
(Fig. 3b and Fig. S8). These suggest that a barrier needs to be crossed for
the tearing reaction to occur, and that the reaction can be regulated by
temperature.

For the reaction mechanism in DCE, as confirmed by the above
theoretical simulations, COCI™ is stable and abundant in DCE and is
expected to be the main reactant. During the reaction (Fig. 3f), the first
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COCI™" attacks the edge carbon of graphene without any potential bar-
rier. Then, the second COCI" reacts with the adjacent carbon, crossing
an energy barrier of ~12.80 kcal/mol. After that, C1™ attacks the posi-
tive carbon to break the C-C bond by crossing a barrier of ~12.16 kcal/
mol. The energy barrier for each step is low enough that the C-C bonds
at the edges can be broken, causing the graphene to tear. The structural
evolution can be evaluated by Raman spectra. In particular, the intensity
ratio of D-band to G-band (Ip/I;) can illustrate the modification degree
of graphene. As the reaction temperature increases, the Ip/Ig ratio in-
creases from ~0.24 to ~0.89, which indicates the growing degree of
graphene modification. When the reaction temperature reaches up to
80 °C, there is no band in Raman spectra, showing that the graphene is
totally cleaved into GQDs (Fig. S9). Correspondingly, Friedel-Crafts
acylation reaction with COCI" cations in DCE solvent can tailor gra-
phene into fragments with disrupting the lattice structure of graphene
(Fig. 3a).

3.4. Formation of GQDs

After a thorough reaction in DCE, the COCI" was further introduced
to the system to break graphene into fragments and lead to the formation
of GQDs. HRTEM images (Fig. 4b) show that the prepared GQDs have
the mono-dispersity and an intact graphene lattice structure. The size
distribution of GQDs is 1-13 nm with an average lateral size of ~5 nm.
Through further FTIR characterization, the characteristic stretching vi-
bration bands for ~OH at ~3343 cm ™}, -C=0 at ~1717 cm™* and sp?
C=C at ~1460 cm™! prove that GQDs with conjugated components are
functionalized with -COOH groups (Fig. 4c) [13,36]. The functional
—COOH group enables the GQDs to have good dispersibility in tetrahy-
drofuran (THF), and the GQDs can exhibit uniform bright blue photo-
luminescence (PL) under 365 nm excitation light. Furthermore, the
GQDs suspension exhibits ultra-high stability and maintains strong PL
properties even after 2 years in the air. The reason for the long-term
structural stability of GQDs is that GQDs are functionalized with
COOH, which prevents oxidation and coagulation. On one hand, the
COOH groups reduce the fragile dangling bonds at the edge of GQDs,
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thereby avoiding further oxidation by oxygen. GQDs obtained by
tailoring from the edge region of graphene have the stable and intact
graphene lattice structure. On the other hand, owing to the solvation
effect, GQDs with COOH groups have good solubility in polar solvents.
In addition, due to the electric repulsion of ionized COOH groups, GQDs
keep away from each other to avoid further polymerization, which
largely improves the thermodynamic stability. The PL emission spectra
of these GQDs exhibit excitation-dependent behavior (Fig. 4a and d)
[371. When the excitation wavelength is changed from 250 nm to 600
nm, the PL peak position is red-shifted from ~488 nm to ~630 nm
(Fig. 4d), enabling tunable emission by adjusting the excitation wave-
length. Under excitation at 410 nm, the strongest PL appears at ~509
nm with an efficiency of ~2.39%.

4. Conclusion

In summary, this study has realized precise controllable edge
modification and size-controlled tailoring of graphene via Friedel-Crafts
acylation. Based on the solvent effect, Friedel-Crafts acylation reaction
can be controllably carried out in different solvents under ionic or
substituent mechanism. Under the substitution mechanism in TTCE,
edge carboxylated graphene is generated while maintaining the intrinsic
skeleton structure of graphene. Under the ionic mechanism in DCE,
graphene can be well tailored through temperature control by breaking
C-C bonds from the edges. Therefore, size-controllable modified gra-
phene to form uniform GQDs with bright PL can be prepared, providing
a basis for further applications such as bioluminescent labeling in the
field of multicolor imaging biology.
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