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ABSTRACT: High quality graphene materials that readily
disperse in water or organic solvents are needed to achieve
some of the most ambitious applications. However, current
synthetic approaches are typically limited by irreversible
structural damages, little solubility, or low scalability. Here,
we describe a fundamental study of graphene chemistry and
covalent functionalization patterns on sp2 carbon lattices, from
which a facile, scalable synthesis of high quality graphene
sheets was developed. Graphite materials were efficiently exfoliated by reductive, propagative alkylation. The exfoliated,
propagatively alkylated graphene sheets (PAGenes) not only exhibited high solubility in common solvents such as chloroform,
water, and N-methyl-pyrrolidone, but also showed electrical conductivity as high as 4.1 × 103 S/m, which is 5 orders of
magnitude greater than those of graphene oxides. Bright blue photoluminescence, unattainable in graphene, was also observed.
We attribute the rise of blue photoluminescence in PAGenes to small on-graphene sp2 domains created by the propagative
covalent chemistry, which may expand from graphene edges or existing defect sites leaving sp2-hybridized patches interlaced with
sp3-hybridized regions. The intact sp2 domains enable effective electrical percolation among different graphene layers affording
the observed high electrical conductivity in PAGene films.
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1. INTRODUCTION

Graphene has attracted enormous attention over the past few
years due, in part, to the remarkable electrical, mechanical, and
thermal properties of this new material.1 Methods such as
micromechanical cleavage,2 epitaxial growth,3 and chemical
vapor deposition (CVD)4−6 are successful in producing high
quality materials that have fueled the fundamental research of
graphene. However, low yield and throughput remain limiting
factors for these methods in producing large quantities of
materials needed for many practical applications, such as
capacitors, fuel cells, catalysts, and sensors.7−10 In addition,
graphene materials produced by these methods typically have
poor dispersibility, limiting their processing capabilities.
Alternatively, graphene can be synthesized at low cost and
large scale by extensive oxidation and subsequent exfoliation of
graphite.11,12 This method can be traced back to the early work
of Hummers in the 1950s13 and remains one of the most widely
adapted synthetic methods for graphene materials. The
produced graphene oxides (GOs) are chemically functionalized
with oxygen-containing functional groups such as epoxides,
carboxyl, and hydroxyl groups14 such that they can be readily
dispersed in water to form a homogeneous dispersion.
However, GOs face several other challenging technical
limitations. Particularly difficult are the electrically insulating
nature of GOs and the irreversibility of the oxidation chemistry.

Although most of the oxygen moieties could be removed by
chemical reduction or by thermal treatment, the process leaves
irreversible chemical damage as oxygen strips carbon off the
graphene lattice.11 Nonchemical methods such as direct
exfoliation of pristine graphite using surfactants or organic
solvents can also produce graphene layers in liquid media.15 In
comparison with GOs, this method circumvents the harsh
oxidation chemistry and the destruction of carbon basal planes,
affording less defective graphene layers. However, since
graphite is insoluble, the direct exfoliation in solution phase
usually involves lengthy processing time and extensive
sonication, resulting in the creation of cracks and structural
defects in graphene layers. Hence, a more feasible and reliable
method for large-scale production of high quality graphene
materials, dispersible in water or organic solvents, is still
urgently needed.
Reductive activation followed by in situ covalent functional-

ization is an efficient route for the exfoliation and
functionalization of carbon-based materials such as carbon
nanotubes (CNTs) and graphene sheets.16−19 Recently, we
found that propagative sidewall alkylcarboxylation of CNTs by
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the Billups−Birch reduction led to water-soluble functional
structures with interesting optical and electrical properties.20−25

CNT bundles were spontaneously exfoliated as they were
charged by solvated electrons in liquid ammonia.16,17 The
Coulombic repulsions overcome the strong van der Waals
interactions between CNTs. Addition of alkyl halide to the
homogeneous dispersion resulted in efficient sidewall function-
alization of CNTs. Moreover, we found that the alkylation
occurred by defect activation propagating exclusively from sp3

defect sites,20 which makes it possible to control the spatial
pattern of functional groups on sp2 carbon lattices.
Here, we show that propagative alkylation of graphite leads

to large-scale exfoliation and controlled functionalization of
graphene sheets (Scheme 1). Both graphite and highly ordered

pyrolytic graphite (HOPG) were reduced by alkali metal in the
presence of an aromatic hydrocarbon such as naphthalene in
tetrahydrofuran (THF). Efficient exfoliation of graphene sheets
occurs as the alkylation reaction gradually propagates from the
graphite edges, producing exfoliated and propagatively alkylated
graphene sheets (PAGenes). Unlike the graphene layers
obtained by oxidation and mechanical exfoliation of graphite,
PAGenes not only exhibit excellent dispersibility in organic
solvents or water, depending on the terminating functional
groups, but also show blue photoluminescence and high
electrical conductivity. Structural evolution and character-
izations of PAGenes suggest that the covalently functionalized
structures develop an interesting pattern best described as sp2

islands interlaced with sp3 matrixes within the lattice of
graphene. High conductivity thus became possible due to
electrical percolation among graphene layers via contacts of
nonfunctionalized regions.

2. EXPERIMENTAL SECTION
2.1. Materials. Graphite powder (<5 μm) was purchased from

Nanjing XFNANO Materials Tech Co., Ltd. (Nanjing, China). Highly
oriented pyrolytic graphite (HOPG) was acquired from Structure
Probe, Inc. (SPI-2 grade). CoMoCat single-walled carbon nanotubes
(SWCNTs) were purchased from SouthWest NanoTechnologies, Inc.
1-Bromododecane (98%) was purchased from Sinopharm Chemical
Reagent Co. Ltd. (Shanghai, China). 6-Bromohexanoic acid (96%)
was purchased from TCI (Shanghai, China). 11-Bromoundecanoic
acid (97.5%) and methyl 6-bromohexanoate (98%) were purchased
from Accela ChemBio Co., Ltd. (Shanghai, China). THF was
purchased from Sinopharm Chemical Reagent Co. Ltd. (Shanghai,
China) and was redistilled before use. Pentacene (98%), coronene
(98%), and anthracene (99%) were purchased from J&K Scientific
Co., Ltd. (Beijing, China). Other chemicals and solvents were
commercially available and used as received.

2.2. Reductive Alkylation of Graphite. Under Ar protection,
55.8 mg of graphite (∼4.65 mmol of carbon) was added to 150 mL of
freshly distilled THF in a round-bottom flask, in which lithium (0.98 g,
142 mmol) and naphthalene (4.9 g, 38.3 mmol) had also been added.
With the aid of stirring, the lithium gradually dissolved to give a dark
green solution. After 35 min, 1-bromododecane was slowly added at a
rate of 0.3 mL/min using an injection pump until the green color
disappeared. The mixture was allowed to react for 12 h. After the
reaction, 10 mL of ethanol was added to quench the unreacted lithium.
Then, the solid products were collected by vacuum filtration. The
products were repeatedly washed with toluene, ethanol, and water.
The final solid, G-C12_1, was dried in a vacuum oven at 60 °C for 12
h. The alkylation reactions were conducted for up to 8 cycles using a
recycling procedure previously developed in our lab.21 The obtained
products were named with G-C12_n, in which n indicates the number
of reaction cycles.

When 1-bromododecane was replaced by other alkyl halide agents,
such as 6-bromohexanoic acid, 11-bromoundecanoic acid, and methyl
6-bromohexanoate, alkylated products with different functional groups
were obtained. The corresponding products were named G-
C5COOH_n, G-C10COOH_n, and G-C5COOCH3_n, respectively.
The reductive alkylation reactions were also performed on HOPG.

2.3. Thermal Defunctionalization of PAGenes. Thermal
defunctionalization experiments were performed with a SDT Q600
thermogravimetric analysis (TGA) instrument. The samples were held
at 80 °C for 30 min, with 100 sccm N2 as the protecting and carrying
gas, followed by temperature increase to 700 °C at a rate of 10 °C/
min. The same thermal treatment was performed on pristine graphite
as a control.

Thermal defunctionalization of PAGenes for electrical conductivity
measurement was performed in a quartz tube furnace (Φ 42 mm ×
600 mm) with 100 sccm H2 and 280 sccm Ar. The temperature was
held at 100 °C for 1 h, and then ramped to 550 °C at a rate of 5 °C/
min. The samples were held at 550 °C for 1.5 h before cooling to
room temperature.

2.4. Electrical Conductivity Measurement. The electrical
conductivity of PAGenes films was measured on a microcontrolled
probe station (D41-11A/ZM, JianZhong Machinery, Beijing) using a
four probe method. PAGene powder was compressed into films using
a FW-4 compression machine (Tianjin Sky Optical Instrument Co.,
Ltd.). Each PAGenes film was measured five times at different areas to
ensure the uniformity of the conductivity. The corresponding
conductivity (σ, S/m) was calculated using the formula σ = 1/(Rst),
where Rs is the sheet resistance (unit: Ω/sq), and t is the film thickness
(unit: m). The electrical conductivity of GOs was measured as a
control in a similar way.

2.5. Characterization. Powder X-ray Diffraction (XRD). Powder
X-ray diffraction (XRD) patterns were recorded on a Rigaku Ultima IV
diffractionmeter with Cu Kα radiation (λ = 1.54 18 Å) and a graphite
monochromator from 5° to 90° at a scanning rate of 10°/min.

Scanning Electron Microscopy (SEM) and Transmission Electron
Microscopy (TEM). SEM images were obtained on a Hitachi S-4800
scanning electron microscope. For sample preparation, the as-prepared
products were suspended in ethanol by brief sonication for 2−3 min,
and then carefully deposited on a silicon wafer by drop casting. TEM
images were obtained on a TECNAI F-30 transmission electron
microscope. The ethanol solution of the as-prepared product was
deposited on a lacey carbon coated, 300-mesh copper grid using a
pipet.

Raman Spectroscopy. Raman spectra were obtained on a Renishaw
Invia Raman microscope using a 532 nm excitation line. As-prepared
PAGenes were suspended in ethanol by brief sonication in a bath
sonicator, and the solution was deposited dropwise on a glass
microscope slide and allowed to dry at room temperature. For each
sample, spectra were measured at several separated spots and averaged.
Raman mapping of the D-band (1246−1413 cm−1) was recorded on a
Horiba Jobin Yvon XploRa Raman microscope at a step size of 1 μm,
using a 532 nm excitation line and a 100× objective.

Atomic Force Microscopy (AFM). AFM images were recorded on
an Agilent 550 AFM instrument (Agilent Technologies) in tapping

Scheme 1. Schematic Illustration of Exfoliation and
Alkylation of Graphene Sheets
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mode. Samples were prepared by dropping ethanol suspended
PAGenes on a mica substrate.
UV−Vis Absorption Spectroscopy and Fluorescence Spectrosco-

py. Absorption spectra were recorded on a Shimadzu UV-2550
absorption spectrometer using 1 cm quartz cuvettes. Emission
spectroscopy was performed on an F-7000 fluorescence spectropho-
tometer. PAGenes were suspended in ethanol by bath sonication for 5
min. After that, the solution was centrifuged on a SIGMA 3K15
refrigerated centrifuge at 9000 rpm for 5 min to obtain an isotropic
supernatant. Since graphene dots with very small size (typically less
than 10 nm) resulted from the reactions and damages of the original
large graphene sheets can affect the absorption and emission
spectroscopy of PAGenes, the obtained supernatant was discarded,
and the sediment was redispersed in ethanol for the optical
measurement.

For comparative spectroscopy studies with small aromatic
compounds, anthracene, pentacene, and coronene were dissolved in
cyclohexane, followed by centrifugation at 14 000 rpm for 10 min to
obtain isotropic solutions for the optical measurement. The absorption
and emission spectra were measured on Shimadzu UV-2550
absorption spectrometer and F-7000 fluorescence spectrophotometer,
respectively.

IR Spectroscopy. Graphite and PAGenes were suspended in
dichloromethane by sonication. Then, a drop of the dispersion was
dried on the surface of a NaCl plate for IR measurement using a
Nicolet 380 FT-IR spectrometer.

3. RESULTS AND DISCUSSION

3.1. Exfoliation of Graphite through Propagative
Alkylation. Figure 1a shows dodecylated PAGenes prepared

Figure 1. Dodecylated PAGenes. (a) PAGenes prepared by eight cycles of alkylation (G-C12_8) (right) have a much larger volume compared with
the same amount (10 mg) of pristine graphite (left). (b) The chloroform dispersions of G-C12_8 (right) and pristine graphite (left). (c) SEM and
(d) TEM images of the PAGenes. (e) AFM image of PAGenes with the corresponding height profile of a line scan (f). The insets in parts c and d
show the lateral size distribution of PAGenes and the selected area electron diffraction pattern, respectively.
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by eight cycles of alkylation of graphite (G-C12_8) along with
the same amount of the starting material. The product shows a
notable increase in volume. The covalently attached dodecyl
functional groups render the exfoliated graphene sheets soluble
in chloroform and other common organic solvents. Concen-
trated dispersions were readily obtained by bath sonication,
with very little sediment even after two months (Figure 1b).
When dodecyl functional groups were replaced by
−(CH2)5COOCH3 or −(CH2)nCOOH (n = 5, 10) in the
reductive alkylation, stable dispersions in N-methyl-pyrrolidone
(NMP) or water were achieved (Supporting Information
Figure S1). The readily soluble PAGenes are in stark contrast
to graphene and pristine graphite, which have negligible
solubility in common solvents.
More than 50% of the exfoliated graphene sheets have lateral

sizes larger than 4 μm (Figure 1c). TEM provides further
microscopic evidence for the structural integrity of the
PAGenes (Figure 1d). Most of the fully exfoliated graphene
sheets are uniformly transparent and stable under the electron
beam. Electron diffraction (ED) pattern of the PAGenes (inset
of Figure 1d) displays hexagonal symmetry similar to that of
mechanically exfoliated graphene, confirming a well-crystallized,
single- or bilayer graphene structure. Consistently, tapping-
mode AFM imaging of PAGenes deposited on mica substrates
shows a topographic height of ∼0.5−0.7 nm (Figure 1e,f). The
PAGenes exhibit an irregular shape with a size up to several
micrometers in AFM, which is consistent with SEM
observation. All the experimental evidence consistently suggests
that by this simple reductive alkylation we have effectively

exfoliated graphite into monolayer or few-layer graphene
sheets.

2. Structural Evolution of PAGenes. To better under-
stand and further optimize propagative alkylation of graphene,
we followed the structural evolution of PAGenes for up to 8
reaction cycles with multiple characterization techniques
including SEM, XRD, and Raman spectroscopy. The SEM
images obtained from pristine graphite are shown in Supporting
Information Figure S2a, where the graphite flakes are stacked to
form compact structures in sizes of a few micrometers, with
smooth faceted surface and sharp edges. However, after the first
cycle of reductive alkylation, the graphite flakes show clear
layered stacking morphology, in which the interlayer spacing of
graphite was significantly increased. Moreover, as shown in
Supporting Information Figure S2b, the edges of graphite flakes
scrolled up, whereas the interiors remained flat. After the
second (G-C12_2) and eighth cycle (G-C12_8) of alkylation
(Supporting Information Figure S2c,d), the graphite flakes were
exfoliated into very thin layers, exhibiting a crumpled
morphology (Supporting Information Figure S2d). These
results provide direct evidence for the exfoliation of graphite
through progressive reductive alkylation.
XRD revealed further details of the alkylation induced

exfoliation. As shown in Figure 2a, the XRD pattern of pristine
graphite exhibits a characteristic (002) reflection peak at 2θ =
26.5°, which corresponds to an interlayer d-spacing of 0.34 nm.
All the other peaks are attributed to other diffraction peaks
associated with hexagonal graphite. Except two for unreacted
graphite, the diffraction peaks in the XRD patterns of alkylated
samples can be attributed to the multiphase composition

Figure 2. Structural evolution of PAGenes as a function of alkylation. (a) XRD, (b) FT-IR spectra, (c) TGA (the dash line is the derivative TGA of
G-C12_1), and (d) Raman spectra of pristine graphite and the as-prepared PAGenes after different reaction cycles. The diffraction peaks with star
mark in part a may be attributed to less defined stage structures. For Raman spectra, the laser line is 532 nm.
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produced by the inhomogeneous alkylation and the insertion of
alkyl functional groups in graphite lattice. For graphite oxides, it
is reported that the (002) peak exhibits a large shift from 26.5°
(d-spacing of 0.34 nm) to 10.5° (d-spacing of 0.83 nm) due to a
lattice expansion by partial exfoliation.26 However, after
propagative alkylation the primary peak was found in the
range 23.7−22.8°, corresponding to the interlayer d-spacing of
0.38−0.39 nm. These results indicated that a new graphite-like
phase (phase A) formed in the alkylated samples such as G-
C12_1 which maintains the stacking structure of graphite
without much lattice expansion. Since the alkylation reaction
propagated from graphite edges, the initial exfoliation of phase
A in the solid state can be explained by edge-expansion. With
increasing reaction cycle, the diffraction intensity decreased
considerably with an obvious peak broadening over the range
18−30°. This diffraction evolution can be explained by the size
reduction and lower crystallinity of phase A caused by
propagative alkylation on graphene lattice. In addition, the
initial exfoliation induced by edge-expansion facilitated the
introduction of alkyl functional groups into the host materials,
leading to the formation of graphite intercalation compounds
(GICs) which were indicated as phase B. The diffraction peaks
associated with the GICs can be indexed using the identity
period Ic, which is 1.18 nm for G-C12_8. However, probably
due to the low crystallinity induced by propagative alkylation,
only weak and broad diffraction peaks with low indices of phase
B such as (001) and (002) were detected in the XRD pattern.
Since no Br impurities were detected in the elemental analysis
of alkylated samples (Supporting Information Figure S3), the
diffraction peaks in XRD pattern with star mark may be
attributed to less defined stage structures.
FT-IR spectra of GCICs (Figure 2b) clearly show the alkyl

C−H stretching (2800−3000 cm−1) and deformation (1380−
1470 cm−1) modes, unambiguously confirming the rise of alkyl
peaks after the functionalization. At increasing reaction cycles,
the CH stretching modes grew with respect to the CC
stretching vibration in graphene (1584 cm−1). The degree of
functionalization was quantified by thermogravimetric analysis.
As shown in Figure 2c, the pristine graphite materials exhibit
negligible weight loss up to 700 °C, whereas the total weight
loss of alkylated graphene sheets after one cycle of reductive
alkylation is approximately 33%, occurring at 210 °C (∼12%)
and 498 °C (∼21%), respectively. The first peak was attributed
to the desorption of water or solvents in products, while the
other peak was mainly caused by the thermal decomposition of
dodecyl functional groups in graphene layers at elevated
temperatures. Correspondingly, 1.9% of the graphene carbon
atoms were covalently attached with alkyl functional groups
after one cycle of alkylation. As reaction cycle increases, the
weight loss increased monotonically up to 50% for the five-
cycle products, corresponding to a functional degree of 2.8%.
Consistently, Raman spectra of the exfoliated graphene sheets
show high degrees of functionalization at increasing reaction
cycles. For pristine graphite the Raman spectrum shows a weak
D-band at 1352 cm−1 associated with the edge and the
randomly distributed initial defects. The two most intense
peaks are the G peak at 1580 cm−1 and the broad and
asymmetric 2D peak at ∼2650−2750 cm−1. The ratio of the D
band to G peak intensity (ID/IG) is 0.19. After the first cycle of
reaction (red line), a strong D-band appears at 1340 cm−1

(Figure 2d). The large ID/IG ratio (1.26) indicates the efficient
functionalization on graphene layers. After the second cycle of
reaction, the relative intensity of D-band further increased to

yield a ID/IG ratio as high as 1.98. We found that the relative
intensity of the Raman D-band increased monotonically up to
the eight cycle of reaction investigated here. This trend reflects
a progressive increase of sp3 defects in the graphene lattice.
Figure 2d also shows significant changes in shape and relative

intensity of the 2D peaks of the exfoliated graphene sheets
compared to pristine graphite. The broad and asymmetric 2D
peak of graphite at ∼2650−2750 cm−1 consists of two
component peaks, 2D1 at lower frequency and 2D2 at higher
frequency, respectively.27,28 After the first cycle of alkylation,
the 2D peak shifts to a lower frequency at ∼2675 cm−1,
exhibiting a sharp and more symmetric line shape. It is known
that the 2D peak can be used to determine the specific number
of stacked graphene layers.29 For monolayer graphene, the 2D
peak exhibits a single and sharp Lorentzian-like line at ∼2700
cm−1. With increasing number of layers such as a bilayer, the
2D peak has a broader and up-shifted line shape, typically
containing four components. For graphene sheets containing
more than 5 layers, the Raman spectrum is undistinguishable
from that of graphite. By comparison with those in the
literature,29,30 the exfoliated sheets obtained after one cycle of
alkylation were categorized as few-layer (<5) graphene. At
increasing alkylation cycles, the corresponding full width at half-
maximum (fwhm) of the 2D peak slightly increased, which is
consistent with the increase of defects in graphene.18

The structural evolution of the exfoliated graphene sheets
suggests a propagative nature of the reductive alkylation. In the
presence of naphthalene, graphite was reduced at room
temperature in THF solution by lithium (Scheme 1).31 This
reaction is analogous to the Billups−Birch reduction where
solvated electrons in liquid ammonia reduce CNTs leading to
their effective exfoliation.16,17 In THF, naphthalene can take up
the electrons of alkali metals, resulting in the formation of alkali
metal−THF complex ions and naphthalene anion radicals. As
charge transfer occurs from naphthalene anion to the graphite,
the alkali metal−THF complex ions are intercalated into the
graphite lattice. Thus, the graphite layers are effectively
separated by alkali metal−THF complex ions, and the π−π
interactions between them are replaced by electrostatic
interactions, resulting in weakened interactions and increased
spacing between adjacent graphitic layers. XRD patterns
confirm that the majority of graphite can react with Li to
form GICs.32

Alkyl radicals produced in situ by addition of alkyl halide
covalently functionalized the exfoliating graphene sheets. We
have previously reported that the Billups−Birch alkylation
occurs by defect activation and propagates exclusively from
defect sites.20 Here we found that the alkylation of graphene
preferably occurred from its edges. The alkylation converts the
modified carbon from sp2 hybridization to sp3. The introduced
sp3 defects can act as new defect centers for continued
propagation of the reaction fronts, resulting in the progressive
alkylation of graphene layer from edge to the interior. The
steric demand associated with the covalent alkylation of the
graphene lattice further increases the interlayer spacing thus
preventing the π−π interaction and leading to the observed
efficient exfoliation of graphene sheets. The increased interlayer
spacing in GICs presumably facilitated the alkylation of
graphene layers, while the attachment of alkyl functional
groups sterically exfoliated graphene layers. Since the alkylation
preferably occurred from the edges, it is not surprising that the
edges of graphite exfoliated to form a scrolling structure. As the
reaction fronts propagated from edge to interior, the graphite
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was readily exfoliated to thinner flakes. Although alkylation of
graphite is demonstrated in a recent experiment,33 the
propagative chemistry here makes it possible to efficiently
exfoliate high quality graphene sheets.
To gain further insight into this propagation induced

exfoliation mechanism, HOPG flakes obtained by micro-
mechanical exfoliation34 were chosen as a high quality graphite
source and used as a better defined model system. One cycle of
reductive alkylation was performed under similar conditions,
using 1-bromododecane as the alkyl halide source. Figure 3
shows the photographs and Raman spectra of HOPG flakes
before and after reaction. The pristine HOPG flake exhibits a
smooth surface, where the edge steps caused by mechanical
exfoliation are visible (Figure 3a). We followed the HOPG flake
from the edge to the interior with spatially resolved spot Raman
spectroscopy. As shown in Figure 3b, all the spectra display two
identical Raman features in the range 1000−3250 cm−1: the G
peak at ∼1578 cm−1 corresponds to E2g-symmetry phonons at
the Brillouim zone center of sp2-bonded carbon atoms, and the
2D peak at ∼2717 cm−1 originates from a second-order two-
phonon process.35 However, after alkylation, the surface of
HOPG flake exhibits considerable changes: the edges scrolled
to form a crumpled morphology (Figure 3c), and the steps are
no longer distinguishable. Correspondingly, the edges show

significantly larger Raman D-bands than those of the interiors
(Figure 3d). At the edge of the HOPG flakes such as point 1 in
Figure 3c, the spectrum shows a strong D-band around 1337
cm−1 with ID/IG = 1.23, in comparison with negligible D-band
in the pristine HOPG. The intensities of the D-band
monotonically decrease toward the central region of the flake.
In the interior area, e.g., point 5 in Figure 3c, the obtained
Raman spectrum shows negligible D and D′ bands, which is
spectrally identical with that of pristine HOPG flakes. These
trends suggest that the interiors of the flake remain intact
during the alkylation reactions. Figure 3d also shows obvious
changes in the shape and position of the 2D peak of the edges
compared to the pristine HOPG. The 2D peak of pristine
HOPG at ∼2717 cm−1 can be fitted into two Lorentzian-like
peaks due to its AB stacking character.35 However, the 2D peak
of the edge points such as point 1 shifts to ∼2694 cm−1 and
appears much more symmetric, supporting the presence of few-
layer graphene. These observations support the proposed
propagation and exfoliation mechanism of graphene layers,
where reaction propagates inward from the edges of HOPG
flakes, exfoliating graphene layers presumably due to the steric
demand of the large functional groups.
Further evidence of propagative alkylation from the HOPG

edges is given by Raman mapping of the D-band intensity. As

Figure 3. Spatially resolved spot Raman spectroscopy of HOPG flakes before (a, b) and after (c, d) one cycle of reductive alkylation. (f) Raman
mapping of the D-band (1246−1413 cm−1, step size = 1 μm, 100× objective) of the region indicated by the black box in part e.
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shown in Figure 3f, upon alkylation, the D-band developed
more strongly at the edges of the HOPG flake, signaling the
preferential introduction of sp3 defects by reaction propagation
from the edges. When 1-bromododecane was replaced by 6-
bromohexanoic acid, 11-bromoundecanoic acid, and methyl 6-
bromohexanoate in reductive alkylation of graphite, we found
similar trends of reaction propagation and exfoliated, crumpled
few-layer graphene (Supporting Information Figures S4−S6).
When acids and esters were used in the reductive alkylation,
side reactions such as the generation of H2 and the partial
reduction of carboxyl group were also observed (Supporting
Information Figure S5).
3.3. Optical Properties of PAGenes. PAGenes show

interesting optical properties unattainable in graphene, as
revealed by absorption and fluorescence spectroscopy. Shown
in Figure 4a (black line) is the absorption spectrum of
dodecylated PAGenes after the second cycle of reaction (G-

C12_2). The strong absorbance in the range 200−230 nm can
be attributed to the π−π* transitions of CC bonds in
graphitic structures. A series of much weaker bands in the range
240−400 nm, exemplified by 254, 272, 310, and 340 nm, were
also observed. When excited with UV light, the dodecylated
PAGenes emits bright blue photoluminescence. The inset in
Figure 4d shows a photograph of the dispersed PAGenes (G-
C12_2) excited by 365 nm light. The blue emission was strong
enough to be easily seen by the naked eye. As shown in Figure
4d, the PAGenes show multiple emission peaks in the range
400−500 nm. In particular, with 365 nm excitation, the
alkylated graphene sheets exhibit clear features at 410 and 435
nm, together with a small shoulder at 455 nm. The PL quantum
yield, measured using Rhodamine B as a reference, is 12.5%.
We note that graphene is a semimetal without a band gap.
Opening a band gap in graphene is crucial for its potential
applications in electronics. The observed photoluminescence

Figure 4. On-graphene molecular fragments. (a) UV−vis absorption spectra of PAGenes in ethanol. (b) A molecular model of “islanded” graphene
structure, where red and gray color are intact (sp2 hybridized) and functionalized (sp3 hybridized) carbon atoms, respectively. For clarity, the
functional groups are omitted. (c) Excitation spectrum with the detection wavelength of 435 nm and (d) PL spectra of PAGenes (G-C12_2). Inset is
a photograph of the PAGenes under 365 nm irradiation. (e) and (f) Absorption and photoluminescence spectra of small π-conjugated molecular
systems corresponding to the fragments labeled in part (b), respectively.
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suggests that propagative alkylation may provide an avenue to
chemically opening a band gap in graphene.
We propose a molecular model of PAGenes (Figure 4b), in

which intact (sp2 hybridized) and functionalized (sp3

hybridized) regions interlace. Within the same graphene lattice,
smaller sp2 clusters such as few aromatic rings or other sp2

conjugates are dispersed in a sp3 matrix, where a large fraction
of carbons are bonded with dodecyl functional groups. This
model is supported by comparative spectral analysis of
PAGenes with small π-conjugated molecular systems such as
anthracene, pentacene, and coronene (Figure 4e,f). The striking
similarity in both the absorption and fluorescence spectra
suggests that the spectral features observed in PAGenes arises
from on-graphene small sp2 domains generally resembling
conjugated molecular systems36,37 and graphene quantum
dots.38,39

This spectral analysis provides evidence that propagative
alkylation leads to the development of interesting patterns of
small π-conjugation systems on graphene. After heavy
functionalization, the extended π-conjugated network is broken
into small π-conjugated systems embedded within the graphene
lattice. These observations consistently support the theory that
the propagative alkylation mechanism observed in SWCNTs
similarly occurs in graphene.20 Through reaction propagation
that starts at edge defects or defects initially present in
graphene structure, the large sp2 domain in graphene layer is
gradually broken into small conjugated systems separated by
sp3 hybridized carbon. As propagation occurs, the fraction of
sp3 regions is expected to increase until the smaller sp2 clusters
ultimately disappear. The highly functionalized PAGenes, G-
C12_8 (red line in Figure 4a), indeed exhibited much weaker
absorbance in the range 240−400 nm than that of the less
functionalized graphene sheets, G-C12_2. The observed
decrease in the absorption intensity can be attributed to the
decreased concentration of small sp2 domains. This model is
consistent with Raman results. As shown in Figure 2d, the two
new features at ∼1123 and 1511 cm−1 observed in the Raman
spectrum of G-C12_2 can be assigned to the CC and CC
stretching vibrations of small sp2 domains, which has been
reported in the literature.18,40 A similar phenomenon was
observed in heavily functionalized SWCNTs by propagative
sidewall alkylation (Supporting Information Figure S7),
suggesting that the propagative nature of reductive alkylation
is universal with sp2 carbon systems.
We note that the oxidative reactions of graphite are known to

occur preferentially from defects and edges. However, oxidation
tends to remove carbon atoms from the graphene lattice, which
is in stark contrast with the propagative alkylation reported
here. The alkylation covalently attached the functional groups
to the graphene lattice, without removing carbon from the
lattice. Furthermore, the chemical structure of oxidized graphite
varies with the degree of oxidation. On thte basis of various
characterization techniques, many structural models have been
proposed to unravel the chemical structure of GOs derived
from the exfoliation of oxidized graphite.41 In addition to the
random distribution of oxygen-containing functional groups
such as epoxides, carboxyl, and hydroxyl groups, the produced
GOs were found to contain considerable irreversible structural
defects as a result of the removal of carbon atoms from the
graphene lattice during oxidation. Furthermore, although GOs
contain isolated aromatic domains,42 the emission efficiency of
GOs is low.43 This low emission efficiency may be explained by
the nonradiative recombination of localized electron−hole pairs

induced by epoxy and carboxylic groups. By passivation of
surface reactive sites or control of the reduction chemistry of
GOs, the emissive properties of GOs can be improved.44,45

However, the mechanistic details are more complex, and the
fluorescence is not as bright as observed in the system reported
here.

3.4. Electrical Percolation in PAGenes Films. Theoreti-
cal and experimental studies have shown that the pattern of
functional groups on sp2 carbon lattices such as SWCNTs will
substantially affect their electrical and optical properties.46−49

For example, a defect density of ∼1/10 000 is sufficient to
completely quench exciton photoluminescence of SWCNTs.49

However, by propagative alkylation, the functional groups were
confined along the tubular direction, resulting in alternating
bands of functionalized and intact regions through reaction
propagation that starts at initial defects.20 The covalently
functionalized SWCNTs not only exhibit high water solubility
but also retain some of the optical properties of pristine
SWCNTs20 and induce a red-shift of the near-infrared
photoluminescence.25 When the propagative alkylation was
applied to graphite, full exfoliation of graphene layers was
achieved. The obtained PAGenes exhibit high solubility in
organic solvents or water as shown above, making this material
superior to mechanically exfoliated or CVD grown graphene in
applications where scalability and solution processing are
desirable. However, does the ability to covalently functionalize
graphene disrupt its electronic structure as observed in GOs?
In order to investigate the electrical properties, we measured

the room temperature electrical conductivities of compressed-
powder samples of PAGenes and GOs, respectively, using a
four probe method. For PAGenes after the first cycle of
alkylation (G-C12_1), the electrical conductivity was as high as
4.1 × 103 S/m. After the second cycle of alkylation, the
conductivity decreased to 1.7 × 103 S/m. The decrease can be
explained by the gradual removal of large sp2 domains as the
propagative alkylation occurs. However, the electrical con-
ductivity of G-C12_2 is still 5 orders of magnitude greater than
those of GOs (3.3 × 10−2 S/m).
However, if PAGenes were covalently functionalized by alkyl

groups, which convert the modified carbon atoms from sp2

hybridization to sp3, how could PAGenes have retained their
electrical properties so well? We attribute the observed high
electrical conductivity to efficient electrical percolation in
PAGenes. As shown in Figure 4b, the “islanded” structure of
dodecylated graphene contains sp2 and sp3 hybridized carbon
clusters, corresponding to intact and functionalized regions.
The electrical contact of the intact regions between different
layers could provide a continuous conductive pathway in the
graphene film (Figure 5). This mechanism is consistent with
what we observed in covalently functionalized carbon nano-
tubes with banding functionalization,50 suggesting a powerful
general approach to improve thin film conductivity in carbon
nanomaterials by controlling functionalization patterns on the
carbon lattices. It is also important to note that the covalently
attached alkyl functional groups can be thermally removed.
Upon thermal treatment, the typical graphitic XRD diffraction
pattern is recovered (Supporting Information Figure S8). The
electrical conductivity of the thermal-treated PAGenes
increased to 1.1 × 104 S/m, which is comparable with that of
graphite (1.8 × 104 S/m), confirming the reversibility of the
alkylation chemistry.
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■ CONCLUSIONS
Propagative alkylation efficiently exfoliated graphite and
covalently functionalized graphene sheets. The propagative
functionalization expands the interlayer spacing of graphite,
making their direct exfoliation possible. The exfoliated,
alkylated graphene sheets are soluble in common solvents
such as chloroform, water, and NMP, depending on the
functional groups. The propagation and exfoliation of graphene
layers were confirmed by SEM, TEM, AFM, and Raman
spectroscopy. Since the reductive alkylation occurs on graphene
structure by defect activation and propagates from sp3 defect
sites, the controlled functionalization gives rise to an “islanded”
graphene structure containing intact and functionalized regions,
with smaller sp2 domains interlaced with sp3 regions. The
PAGenes films show high electrical conductivity, which can be
attributed to electrical percolation via contacts of the intact sp2

regions.
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