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Thermo-responsive graphene dispersions by liquid
phase exfoliation of graphite aided by an alkylated

Percec monodendron

Keyang Yin'? Qian Liu', Liping Wang'", Shengju Zhou*?, Baoyong Liu** and Hongguang Li*"

ABSTRACT Large-scale production of graphene and sub-
sequent sample engineering is the key for fully-realizing
the potential applications proposed to this intriguing
two-dimensional nanomaterial. Herein, smart graphene
dispersions with low defects and thermo-responsive proper-
ties can be obtained by liquid phase exfoliation of graphite
using an alkylated Percec monodendron (3,4,5-trioctadecy-
loxybenzaldehyde, 1) as the stabilizing reagent. By simply
changing the temperature, the dispersed graphene and 1 can
be detached, leading to the recovery of both components.
Besides noncovalent wrapping, the stabilizing reagent 1 can
be also covalently attached to graphene through [3+2] cy-
cloaddition. The covalently functionalized graphene sheets
show improved dispersibility in organic solvents compared
to the pristine graphene, which opens the door for their
applications in various polymer matrixes. The strategy
demonstrated here provides a new methodology to get smart
graphene dispersions with multiple functions.

Keywords: graphene, thermo-responsive, liquid phase exfolia-
tion, alkylated, cycloaddition

INTRODUCTION

In the past decade, there has been an enthusiasm on the in-
vestigation of two-dimensional nanomaterials with atomic-
level thickness. As the pioneer of this family, graphene has
received considerable attention due to its unique electrical,
mechanical and photothermal properties, and a variety of
applications have been proposed in molecular devices, ma-
terial and life sciences [1,2]. To fully realize these applica-
tions, scalable graphene production and subsequent sam-
ple engineering play a key role. Although micro-mechani-

cal exfoliation (MME) of graphite and chemical vapor de-
position (CVD) of carbon sources can produce large-area
graphene with high quality, both of them suffer from the
low production yield. Oxidation of graphite in mixed acids
followed by chemical reduction facilitates large-scale pro-
duction. However, the defects created by the oxidation can-
not be fully removed by subsequent reduction, which is a
shortcoming especially if the optoelectronic applications of
graphene are concerned.

In recent years, much attention has been paid to liquid
phase exfoliation (LPE) of graphite in organic solvents
[3-11]. The as-obtained graphene has low defects and the
dispersions are expected to be directly applied in electronic
devices. However, some challenges still remain. First, the
most effective organic solvents for graphite exfoliation
normally have high boiling points and are difficult to be
completely removed [6]. Second, even the most effective
solvent (such as N-methyl-2-pyrrolidone, NMP) is used,
the concentration of graphene (¢;) in the final dispersion is
not high enough to fulfill various applications. Although
this problem can be partially solved by long-term [7,8] or
multiple [9] sonication, a gradual increase of the defect
sites is noticed. Third, even though the graphene disper-
sions can be directly applied in solution-processed devices
through spin-coating, it becomes difficult when solid
samples are needed such as in the fabrication of electrode.
Although graphene films can be obtained by filtration
[5], one has to deal with a large volume of dispersion due
to the low ¢g, which could be a technological obstacle in
practical applications. This problem also holds true for the
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recently-developed, shear-assisted production of graphene
[12].

An alternative way to improve c; is to use stabilizing
reagents (SRs) [13-17]. This strategy can also greatly
expand the range of solvents used for the exfoliation of
graphite, even in aqueous solutions [18]. Typical SRs
include alkylated compounds with different functional
groups [13-15], polymers [16] and porphyrin derivatives
[17]. For the alkylated compounds attempted up to now,
the molecular structures are limited, i.e., only molecule
bearing one aliphatic chain has been tried. Moreover, the
SRs can be hardly removed, and the alkyl chains on the
graphene surface may serve as an insulating layer which
significantly influences the electrical property of graphene.

Herein we report the preparation of graphene dispersions
through LPE method aided by a typical alkylated Percec
monodendron (APM) which bears three long alkyl chains
(3,4,5-trioctadecyloxybenzaldehyde, 1, Fig. 1a). Moreover,
temperature-induced recovery of the dispersed graphene
back to solids which can be easily separated by filtration
has been demonstrated for the first time. Finally, the alkyl
chains have also been covalently anchored onto the outer
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layer of the recovered graphene via [3+2] cycloaddition,
which significantly improves the dispersibility of the func-
tionalized graphene in various organic solvents.

EXPERIMENTAL SECTION

Materitals

3,4,5-trihydroxybenzaldehyde monohydrate (purity: 98%)
was purchased from Sigma-Aldrich. Sarcosine (purity:
99%) was purchased from Shanghai Aladdin Biochemical
Technology Co., Ltd. Graphite flakes (325 mesh) was ob-
tained from Shanghai Chemical Company. Chlorobenzene
(analytical grade) was from Tianjin Chemicals. Pristine
graphene used for comparison was obtained from Nanjing
XFNANO Materials Tech Co., Ltd. 1-Bromooctadecane
was from Shanghai Three-friends Chemical Regent Co.,
Ltd (China).
local suppliers with the quality of analytical grade. All the
chemicals were used without further purification unless
otherwise stated. High-purity water was obtained from a
water purification system (Ulupure Instrument Co., Ltd).
Synthesis and characterization of 3, 4, 5-trioctadecyloxy-

Other chemicals and solvents were from

0.05 0.1 0.15 0.2 05
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Figure 1 (a) Molecular structure of the alkylated Percec monodendron 1; (b) photos of the dispersions with 5 mg mL™" graphite and increasing ¢; taken
after sonicated at room temperature for 2 h and storage at 20°C for two weeks; (c) UV-vis absorption of a typical dispersion with ¢,=0.05 wt.% (diluted
to one third of the original c;). Inset is the variation of the optical density (OD) at 550 nm of the diluted dispersion as a function of ¢,; (d) a typical TEM

image of G-d..
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benzaldehyde (1) can be found in the Supplementary infor-
mation.

Liquid phase exfoliation of graphite

To a series of glass bottles containing 5 mg mL™ graphite
in chlorobenzene (15 mg in 3 mL), varying amount of 1
was added. The mixtures were then sonicated (42-45 kHz,
80 W) for 2 h at room temperature, during which the wa-
ter in the ultrasonicator was updated every half an hour
to avoid significant temperature rise caused by sonication.
The as-prepared dispersions were allowed to stand for two
weeks in an incubator at 20°C for the sedimentation of large
particles before further characterizations.

For the experiments aiming to see the effects of sonica-
tion time and temperature, the concentration of 1 was fixed
at 0.15 wt.%. Four temperatures were selected, i.e., 25, 35,
45, 55°C, and the time of sonication was fixed at 2, 6, and
12 h, respectively. During sonication, the temperature in
the ultrasonicator was checked every 5 min and wherever
necessary water with lower temperatures was added to keep
the desired temperature. The as-prepared dispersions were
allowed to stand in an incubator at 20°C for the sedimen-
tation of large particles and the observation time was pro-
longed to three weeks for a better differentiation between
different experimental conditions.

Dispersions with larger amount (~400 mL) for subse-
quent chemical functionalizations were prepared at 25°C
for 12 h sonication with 5 mg mL™" graphite and 0.15 wt.%
1.

Sample preparation method for G-d, G-80 and G-0

To obtain G-d,, a part of G-d; was first subjected to ro-
tary evaporation followed by vacuum drying at 40°C for
2-3 d. For G-80, the phase separated sample was first fil-
tered and then washed thoroughly by chlorobenzene which
was pre-warmed to ~50°C. The solid sample was further
dried under high vacuum at 40°C for 2-3 d. G-0 was ob-
tained following similar procedures with G-80, except that
the chlorobenzene used for washing was pre-cooled in a re-
frigerator to ~4°C.

Covalent functionalization of the dispersed graphene

To a 500 mL round-bottom flask containing 240 mL
graphene dispersions, 0.3905 g (4.384 mmol) sarcosine was
added. The mixture was then stirred at 140°C for 4 d under
Ar. After cooling to room temperature, the as-prepared
functionalized graphene which deposited at the bottom
was filtered out using polyvinyl fluoride (PVDF) mem-
brane with a pore size of 0.45 um followed by thorough
washing with chlorobenzene for at least 3 times to remove
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the unreacted 1. The solid was then vacuum dried for

further characterizations.

Instruments and methods

Nuclear magnetic resonance spectra were recorded on
a Bruker Avance 400 spectrometer (Bruker, Germany)
operated at a deuterium frequency of 400 MHz (for
'"H NMR). Electrospray ionization mass spectrometry
(ESI-MS) was performed on a Q-TOF6510 spectrograph
(Agilent, USA). UV-vis measurements were carried out
on a computer-manipulated spectrometer (UV-vis 4100,
Hitachi, Japan). Fourier transform infrared (FTIR) spectra
were recorded on a VERTEX-70/70v spectrometer (Bruker
Optics, Germany) using KBr pellets. Transmission elec-
tron microscopy (TEM) observations were conducted on
a JEOL JEM-100 CXII (Japan) instrument operated at
100 kV. High-resolution TEM (HR-TEM) images were
recorded on a HRTEM JEOL 2100 instrument operated at
200 kV. For sample preparation, a drop of diluted disper-
sion was placed on a holey-carbon coated copper grid (300
meshes) and dried by an infrared lamp. Raman spectra
were obtained using an NXR FT-Raman module (Nexus
670, Nicolet Co.) equipped with a Gedecetor. The samples
were excited by a laster source with a wavelength of 633 nm.
Differential scanning calorimetry (DSC) measurements
were obtained with a DSC-Q2000 differential scanning
calorimeter thermal analysis system (TA instrument,
USA). Samples were analyzed in aluminium crucibles
under a flow of nitrogen and heated at 10°C min™. An
empty aluminium crucible was used as a reference. Ther-
mogravimetric analysis (TGA) were carried out with DSC
822e (Piscataway, New Jersey) under nitrogen with the

scanning speed of 10°C min™".

RESULTS AND DISCUSSION

Exfoliation of graphite at room temperature

APMs [19] have been frequently used as the building blocks
in supramolecular structures such as thermotropic liquid
crystals [20]. They are also known to have strong affini-
ties with the surface of highly oriented pyrolytic graphite
(HOPG) [21]. In current work, chlorobenzene was selected
as the solvent due to its popularity in the fabrication of
optoelectronic devices such as organic solar cells. First,
the effect of 1 on the exfoliation of graphite was investi-
gated on the samples containing 5 mg mL™ graphite (3 mL)
and increasing amount of 1 (c;). After sonicated for 2 h
(42-45 kHz, 80 W) at room temperature followed by stor-
age at 20°C for two weeks, ¢; in the supernatant was eval-
uated. As shown in Fig. 1b, the exfoliation of graphite
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without 1 is poor. With increasing ¢; (up to 0.15 wt.%),
the color of the supernatant becomes heavier, indicating an
increase of ¢,. Thus it can be concluded that the presence
of 1 can significantly facilitate the exfoliation of graphite.
Further increasing c; to 0.2 wt.% also produces a homoge-
neous dispersion immediately after sonication. However, a
lower ¢, was noticed after storage, indicating that the stabil-
ity of the dispersion decreased. This trend continues when
c1 was increased to 0.5 wt.% where the supernatant is al-
most colorless after stored for two weeks. Similar trend has
been noticed previously in aqueous dispersions of carbon
nanotubes (CNTs) stabilized by a branched amphiphilic
copolymer [22], where the reason was ascribed to the de-
pletion effect caused by the micelle formation at high poly-
mer concentrations. Here, this explanation does not seem
to apply as 1 only forms a clear solution in chlorobenzene.
We suppose that the increase of ¢; induces two effects. On
one hand, the number of 1 available for each graphite par-
ticle increases, leads to an increased ¢;. On the other hand,
pieces of graphite with larger sizes and/or number of layers
can be obtained, leading to a decreased stability upon stor-
age. In order to further verify the latter assumption, the
stability of the dispersions upon dilution (to one third of
the original ¢;) has been investigated. Although the sample
with ¢;=0.15 wt.% has a larger ¢, after storage (as evidenced
by their heavier color shown in Fig. 1b), it shows a greater
extent of precipitation upon dilution (Fig. 1c and Fig. SI,
Supplementary information). For the sample with ¢;=0.1
wt.%, precipitation was also noticed but with a less extent.
In contrast, samples with ¢;<0.1 wt.% show good stability
upon dilution, which could be ascribed to the presence of
graphene with smaller sizes and/or number of layers.

It is known that in LPE method, prolonged sonication
time can lead to the exfoliation of a larger extent of graphite.
Meanwhile, the number of the graphene layers and the sizes
of graphene could be reduced, leading to the improvement
of both ¢, and the stability of the dispersion. To further
improve the quality of our graphene dispersions while at
the same time, avoid significant destruction of the graphene
lattice, the sonication time was prolonged from 2 to 12 h for
a typical sample with 0.15 wt.% 1 and 5 mg mL™" graphite.
After being stored at 20°C for three weeks, the graphene
dispersion (this sample is denoted as G-d; hereafter) still
exhibits much heavier color compared to that prepared at
2 h sonication and it is also stable against dilution. UV-vis
measurement revealed a more than eight-fold increase of
the optical density (OD) at 550 nm (Fig. S2). Based on
TGA of graphite, 1 and the dried sample of G-d; (denoted
as G-ds), ¢, was determined to be ~0.18 mg mL™", which is
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among the highest values for the dispersions prepared by
LPE method under similar or even harsher experimental
conditions (Table S1). It should also be emphasized that
the amount of 1 used is much smaller compared to other
SRs to get similar ¢;. For example, to get dispersions with
cg0f 0.1 or 0.128 mg mL™", up to 20 wt.% 1-phenyloctane
or arachidic acid is needed [13], which is more than 133
times larger than 1 applied in current system. The high
efficiency of 1 to exfoliate graphite can be ascribed to its
branched structure, which creates a stronger affinity with
the graphene surface and a better steric repulsion between
neighbouring layers compared to its linear analogues [22].

Unlike the MME or CVD method, LPE actually produces
a mixture of exfoliated products. TEM observations on
G-d;show that it contains micrometer-sized graphene with
varying shapes (Fig. 1d and Fig. S3). Besides the presence
of a few multi-layered sheets, the majority of the graphene
sheets contain only a few layers or just one layer as con-
firmed by the very low contrast. To get more information,
the quality of the exfoliated graphene was further evalu-
ated by Raman spectra. It is widely accepted that the D
peak around 1350 cm™ is caused by the defect sites of the
graphene lattice. As shown in Fig. 2, graphite has a very
small D peak with a D-to-G area ratio (Sp/Sg) of 0.10. For
G-d,, a more pronounced D peak was noticed with a Sp/Sg
of 0.94. The relatively low signal-to-noise ratio and the
bulge centered around 2885 cm™ should be caused by the
presence of 1 which occupies over 85% by weight (TGA, see
below). However, the influence of 1 on Sp/Sg, if there is any,
should be small due to its much weaker Raman intensity
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Figure 2 Raman spectra of graphite, dried sample from G-d, (G-ds), pre-
cipitates at 80°C (G-80), 0°C (G-0) and functionalized graphene (G-f).
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compared to graphene as evidenced by the absence of most
of its characteristic peaks (Fig. S4) in G-d. Thus, the much
larger Sp/Sc of G-d, compared to that of graphite can be
mainly ascribed to the effect of sonication. Compared to
the samples obtained by the LPE method at the presence
of linear SRs [13-15], this Sp/Sg value is smaller, which in-
dicates a reduced number of defect sites and again high-
lights the advantage of using 1 as the SR for the exfoliation
of graphite. The 2D peak is known to contain important
information about the number of graphene layers [23]. For
graphite, a shoulder peak was observed (indicated by the
arrow), which is typical for stacked graphene layers. After
exfoliation, this peak almost disappears totally, indicating
that the number of the graphene layers has been greatly re-
duced.

Thermo-responsive properties

Previously, we have reported that the dispersion state of
surfactant-wrapped CNTs can be controlled by the vari-
ation of temperature [24,25]. Considering the structural
similarity between graphene and CNTs, such rule might
be also applied in graphene dispersions. To test this as-
sumption, the thermo-responsiveness of G-d; was investi-
gated. Our strategy to handle the sample can be schemat-
ically summarized in Fig. 3. When G-d, was heated to
~80°C, i.e., around T. of 1 (Fig. 4), the homogeneous dis-
persion became to precipitate. This unstability of G-d; can

1 + small graphene

Sonication
atrt.

be ascribed to the desorption of 1 from the graphene lat-
tice, which is reminiscent of the phenomenon observed in
surfactant-wrapped CNTs [24,25]. In fact, the influence
of temperature on the adsorption-desorption of 1 on the
graphene surface can be already seen during the exfolia-
tion of graphite. For the dispersions prepared at varying
temperatures, it was found that the ¢; in the final disper-
sion decreases continuously with increasing temperature as
confirmed by UV-vis measurements (Fig. S5).

The precipitated graphene (denoted as G-80) can be
facilely separated by filtration and subsequent washing,
which yields a bulky paper (Fig. S6) with only trace of
remaining 1 as confirmed by the rather low weight loss
between 330 and 500°C in TGA (<5%, Fig. 5a, Table S2).
Evidence of the removal of 1 can be also found from FTIR
spectra where the intensities of the asymmetric and sym-
metric methylene stretching for the alkyl chains around
2920 and 2851 cm™ decrease significantly compared to
G-d, (Fig. 5b). Unlike previous method to get the bulky
paper by directly filtering a large volume of the graphene
dispersion [5], current strategy allows us to pour the clear
supernatant beforehand, which significantly reduces the
volume of the sample to be handled. More importantly,
from Raman spectra in Fig. 2, it can be seen that Sp/Sg
of G-80 (0.36) is much smaller compared to that of G-d,
(0.94), which indicates that the phase separation simulta-
neously purifies the graphene. It is possible that the tiny

L)
=) [o]
=23
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o 1, chlorobenzene N
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00

Graphite

Sonication l .
at rt. T,~0°C

Crystalized 1

1 +small graphene

Graphene dispersion

Figure 3 Illustration of the thermo-responsive characteristics of the graphene dispersion as well as the covalent functionalization of the dispersed

graphene.
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Figure 4 DSC curves from the second heating-cooling circles of 1 and
G-d,. The temperatures at which the peaks appear have been indicated.

fragments produced during the exfoliation of graphite,
which have higher solubilities in chlorobenzene, remain
in the supernatant and have been removed by pour-out
or filtration. To verify this assumption, a part of the su-
pernatant has been dried and subjected to TGA. While 1
decomposes completely before 500°C, there is still 7.96%
weight remaining for the dried supernatant (Fig. S7),
which is assigned to the tiny fragments.

If G-di was cooled to ~0°C, precipitation also occurs.
Meanwhile, solids which are assigned to the crystalized 1
are found at the top of the sample. Thus, the precipitation
is likely to be caused by the decreased solubility of 1 in
chlorobenzene. In this case, the precipitates should be
graphene with adsorbed 1 (denoted as G-0). Indeed, the
amount of remaining 1 in G-0 after washing is larger
compared to G-80, as confirmed by the more pronounced
asymmetric and symmetric methylene stretching shown in
FTIR (Fig. 5b) and the larger weight loss between 330 and

G-0 Graphite b Graphite
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Figure 5 (a) TGA of selected solid samples as indicated; (b) FTIR of various solid samples as indicated. Normalized by the peak around 1581 cm™ (the
dotted line); (c) photos of G-d, treated at 80°C (I) and 0°C (II) followed by re-dispersion by sonication for 1 h (I, II'); (d, ) TEM images of the sample

I"and IT".
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500°C in TGA (Table S2). Raman spectrum gives a Sp/Sg of
0.56, which is also smaller compared to that of G-d,. TGA
of the dried supernatant indicates that 7.72% weight is re-
maining at 500°C (Fig. S7), indicating that the graphene
involved in G-0 has also been purified by the phase separa-
tion albeit with a lesser extent compared to G-80. To check
the reversibility of the thermo-responsiveness of G-d,, the
phase separated samples obtained at 80 and 0°C (before fil-
tration) were re-sonicated for ~1 h. Homogeneous samples
were obtained which can be stable for more than 4 h (Fig.
5¢). TEM observations revealed the presence of re-stacked
or plicated graphene (Fig. 5d, e).

Covalent functionalization

Chemically functionalized graphene has wide applications
in the preparation of hybrid materials. Aldehyde is well-
known to be reactive with curved or planar carbon lat-
tices through [3+2] cycloaddition at the presence of glycine
derivatives. This reaction was first carried out on fullerene
Ceo (i.e., the Prato reaction) [26,27] and later extended to
CNTs [28-30] and graphene [31,32]. In current system,
the graphene is stabilized by an aldehyde derivative (i.e., 1)
whose analogues have been used to functionalize fullerene
Cso via Prato reaction [21]. Although at elevated tempera-
tures, 1 tends to desorb from the graphene surface, it is pos-
sible that covalently functionalization can still occur on the
outer layer of the recovered graphene. To test this assump-
tion, the mixture was refluxed for ~4 d after introduction of
sarcosine (ten times that of 1). When cooled to room tem-
perature, black precipitates formed together with a color

Pristine

graphene

Graphite

t (min)

0

10 30 60 120

240

change of the supernatant to yellow. The black precipitates
were then separated by filtration and washed (denoted as
G-f). In TGA, a multi-step weight loss was observed with
a much higher total weight loss compared to G-80 and G-0
(Fig. 5a). Besides the more pronounced weight loss be-
tween 330 and 500°C, considerable weight loss was also no-
ticed above 500°C (Table S2). This indicates that the chem-
ical functionalization destabilizes the skeleton of graphene
through destroying the C=C double bonds. Raman spec-
trum gives a Sp/Sg of 0.70 (Fig. 2), which is much larger
than that of G-80 and G-0. These results indicate that more
defect sites have been created in the graphene lattice, which
should be ascribed to the [3+2] cycloaddition.

The covalent attachment of alkyl chains onto the
graphene lattice imparts G-f good dispersibility in organic
solvents, especially in 1,4-dioxane. After sonicated for 2 h,
a homogeneous dispersion can be obtained which can be
stored for at least 4 h with only limited precipitation (Fig.
6a). Even after 24 h, the supernatant still remains black.
Unlike the re-dispersion of G-80 and G-0, in this case
there is no 1 acting as the SR. In contrast, for commercially
available pristine graphene, obvious phase separation can
be observed 1 h after sonication, while for graphite, phase
separation occurs 10 min after sonication. The improved
dispersibility of G-f is advantageous for engineering
graphene with various hosts such as polymers, during
which pre-dispersion in an organic solvent is required. As
can be understood, the type of solvent has a big influence
on the dispersibility of G-f (Fig. S8). In chlorobenzene and
isopropanol, the dispersions can be stable for ~1 h. This

Figure 6 (a) Photos of dispersions in 1,4-dioxane (sonicated for 2 h) of G-f, pristine graphene and graphite taken at varying time; (b, ¢) TEM images
of the dispersion of G-f in 1,4-dioxane: (b) overview of four plicated graphene; (c) a piece of outstretched graphene.
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time decreases to ~10 min in cyclohexane and toluene. The
worst stability was found in DMF where G-f can be hardly
dispersed. TEM observations on the dispersion of G-f in
1,4-dioxane reveal the presence of large area graphene (Fig.
6¢), indicating that the general structure of graphene re-
tains after [3+2] cycloaddition.

CONCLUSIONS

In summary, we have demonstrated that by using an alky-
lated Percec monodendron as the SR, smart graphene dis-
persions with thermo-responsive characteristics can be ob-
tained by LPE method. The graphene has few defects and
can be effectively recovered by changing temperature. Dur-
ing this process, the purity of the graphene can be fur-
ther improved and 1 can be recycled. Besides noncovalent
wrapping, the alkyl chains can be also in situ introduced
to the graphene lattice through covalent bonds, which im-
proves the dispersibility of the functionalized graphene in
various organic solvents. Considering that Percec mon-
odendrons have diverse molecular structures and can be
easily synthesized, the strategy demonstrated here can pave
a new way to facilely produce and engineer graphene for a
wide range of applications.
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