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ABSTRACT: The surface properties of graphene quantum dots
(GQDs) control their dispersion and location within the matrices
of organic molecules and polymers, thereby determining various
properties of the hybrid materials. Herein, we developed a facile,
one-step method for achieving systematic control of the surface
properties of highly fluorescent GQDs. The surfaces of the as-
synthesized hydrophilic GQDs were modified precisely depending
on the number of grafted hydrophobic hexylamine. The geometry
of the modified GQDs was envisioned by conducting simulations
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using density functional theory. In stark contrast to the pristine GQDs, the surface-modified GQDs can effectively stabilize oil-in-
water Pickering emulsions and submicron-sized colloidal particles in mini-emulsion polymerization. These versatile GQD
surfactants were also employed in liquid—solid systems; we demonstrated their use for tailoring the dispersion of graphite in
methanol. Finally, the particles produced by the GQD surfactants were fluorescent due to luminescence of the GQDs, which
offers great potential for various applications, including fluorescent sensors and imaging.
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B INTRODUCTION

Nanoparticles (NPs) with tailored surface properties can
control the interfacial properties of two immiscible polymers
or fluids; thus, they can act as efficient surfactants to produce
novel structured materials such as bicontinuous solar cells,
membranes for catalytic supports, photonic band gap materials,
and asymmetric-structured particles.' > Unlike conventional
organic surfactants, NP surfactants have the interesting
photonic, magnetic, electrical, and catalytic properties that
can be combined to produce synergistic effects with the
intrinsic properties of the polymer or fluid matrix. In addition,
extremely stable emulsions can be easily developed by particle
surfactants due to their quasi-irreversible adsorption at the
interface between the blends.'®™' However, the efficiencies of
the NP surfactants are often limited due to their ill-defined
surface properties, which determine their dispersion and
control their thermodynamic interactions with the matrix
materials.'”**7>% Therefore, an appropriate method must be
developed to precisely tune the surface properties of the NPs.
However, this remains a significant challenge, because each type
of NPs has a unique surface coating, which often requlres
different strategies for tailoring their surface chemistry.*®
Nanometer-sized graphite derivatives called graphene
quantum dots (GQDs) have been the center of intensive
research due to their remarkable physical, mechanical, and
optoelectronic properties.”” >* They consist of hydrophilic
groups at the edge and a hydrophobic basal plane similar to
well-known graphene oxide (GO), but they have a greater
edge-to-volume ratio than micron-sized GO.****® Therefore,
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GQDs have great potential for use as effective surfactants that
are suitable for the development of the submicron-sized
emulsions or colloidal particles. In addition, their distinctive
properties, such as tunable luminescence emissions, biocompat-
ibility, and long-term resistance to photobleaching, make
promising applications of GQD-stabilized emulsions feasible,
such as their use in bioimaging and fluorescent sen-
sors.”’ 733774 However, GQDs have seldom been used as
solid surfactants, because it is difficult to control their surface
properties in a reproducible and systematic manner.*' Unlike
GO sheets, the surfaces of GQDs are highly hydrophilic due to
the excessive numbers of oxygen functional groups on the basal
plane and edges, which limits their solubility in the organic
solvents.**>3%*>%3 Recently, it was reported that the surface of
the GQDs could be modified by the chemical-grafting
approach.””~* Nevertheless, chemically modified GQDs have
yet to be used as surfactants because the precise and systematic
control in the surface properties of GQDs by chemical-grafting
approach has not been achieved.

Herein, we report a simple, one-step method to produce
nano-sized GQDs with controlled surface activity (Scheme 1).
As-synthesized hydrophilic GQDs were modified with hydro-
phobic hexylamine via one-step simultaneous reaction of N,N’-
dicyclohexylcarbodiimide (DCC) coupling and epoxide ring-
opening at a mild temperature of 40 °C. Specifically, we
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Scheme 1. Preparation Route of Surface-Modified GQDs
with Hexylamines®
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“Photo images describe the solubilities of the GQDs.

developed a series of four different modified GQDs that had
gradually increasing amounts of grafted hexylamine, and we
demonstrated a full-range control of the surface properties of
the GQDs, ie., from very hydrophilic to fully hydrophobic.
Based on the controlled hydrophilic/hydrophobic balance of
the modified GQDs, their effectiveness as particle surfactants
was examined in various immiscible blends. In addition, all of
the emulsions and particles stabilized by the GQD surfactants
were highly stable and fluorescent, demonstrating a successful
example of the synergistic incorporation of the unique GQD
properties into the composites.

B EXPERIMENTAL SECTION

Materials. Vulcan CX-72 carbon black was purchased from Cabot
Corporation. Styrene, hexylamine, DCC, 4-dimethylaminopyridine
(DMAP), and toluene were purchased from Aldrich. Before the
emulsion polymerization, styrene was purified by passing it through an
alumina column. Azobis(isobutyronitrile) (AIBN) was purchased from
Junsei and purified by recrystallization from ethanol. Deionized water
was used in all of the experiments.

Preparation of Pristine GQDs and Surface Modified GQDs.
Pristine GQDs were prepared via chemical oxidation.** Briefly, CX-72
carbon black was refluxed with nitric acid (6 M) for 48 h. Then, the
resulting mixture was cooled to room temperature and centrifuged at
4000 rpm for 20 min. The supernatant was carefully collected, and a
reddish-brown powder was obtained by evaporating the solvent. The
GQDs were redispersed in tetrahydrofuran (THF) and ultrafiltered
through a 0.22 ym microporous membrane. To prepare the surface-
modified GQDs, hexylamine (25 mg, 0.247 mmol), DMAP (60.3 mg,
0.494 mmol), and the as-prepared GQDs (100 mg) were dissolved in
THF (20 mL) with nitrogen bubbling, and the mixture was stirred for
30 min. Then, DCC (203.3 mg, 0.988 mmol) was added, and the
mixture was heated at 40 °C for 12 h. After cooling to room
temperature, the mixture was passed through Whatman #1 filter paper.
The filtrate was centrifuged, and the precipitated product was then
washed with diethyl ether several times to remove unreacted
hexylamine. The product was named GH2S. Similar procedures
were used to synthesize GHS50, GH7S, and GH100 with different
weight ratios of hexylamine to pristine GQDs, i.e,, 50, 75, and 100 wt
%, respectively.

Preparation of Pickering Emulsions Stabilized by Modified
GQDs. Solutions of modified GQDs were prepared by dissolving GHO
and GH2S (3 mg) in deionized (DI) water (2 mL) and GHS0, GH7S,
and GH100 in 1 mL of o-dichlorobenzene (DCB) and subsequently
subjecting them to ultrasonication for 10 min. Then, 1 mL of DCB
was added to the GHO and GH2S solutions, and 2 mL of water were
added to GHS0, GH7S, and GH100 to prepare the same overall

8616

amount of solution (3 mL) for each sample. The solutions were
emulsified using a homogenizer for 5 min at 15000 rpm.

Preparation of Polystyrene (PS) Colloidal Particles. PS
colloidal particles were prepared by heterogeneous mini-emulsion
polymerization. In a S0 mL vial, GQDs (7.5 mg), styrene (100 mg),
octadecane (S mg), and AIBN (4 mg) were dispersed in methanol
(MeOH) and stirred for 20 min. The mixture was subsequently
subjected to ultrasonication for 10 min. The resulting mixture was
transferred to an ampule and then degassed three times before
performing the radical reaction. The reaction mixture was stirred at a
constant rate at 70 °C for 24 h. After polymerization, the PS colloidal
particles were quenched by pouring the reaction mixture into MeOH
at room temperature. The PS colloidal particles were isolated by
filtration and washed several times with MeOH, a MeOH/distilled
water (50:50 v/v) mixture, and distilled water and finally dried at room
temperature.

Dispersion of Graphite. For the solid dispersion experiments,
graphite powder (Asbury, 3763) and 3 mg of GQDs were added to 3
mL of MeOH at a mass ratio of S:1 (graphite/GQD). Then, the
dispersion was sonicated for 30 min using an ultrasonicator. After that,
the solution was centrifuged at 1000 rpm for 5 min to remove
undispersed chunks. The supernatant was carefully collected and
stored at room temperature for several months. Then, images of the
dispersed graphite were obtained by optical microscopy.

Characterization. The size of GQDs and the morphology of
polymer particles stabilized by modified GQDs were investigated using
field emission-scanning electron microscope (FE-SEM; Hitachi S-
4800), transmission electron microscopy (TEM; JEOL 2000FX), and
optical microscopy (Nikon, Eclipse 80i). The TEM samples were
prepared by dropping aqueous suspensions of GQDs on Cu grids
coated with a holey carbon film followed by solvent evaporation.
Attenuated total reflectance-Fourier transform infrared (ATR-FTIR)
spectra were collected using a Bruker ALPHA. X-ray photoelectron
spectroscopy (XPS) was performed using a Thermo VG Scientific
ESCA 2000. Atomic force microscopy (AFM) images were acquired
on a scanning probe microscope (Veeco). X-ray diffraction (XRD) was
performed using a RIGAKU D/MAX-2500. Raman spectra were
collected using a LabRAM ARAMIS. The UV—vis absorption spectra
and photoluminescence (PL) emission spectra of the surface-modified
GQDs were measured using a UV-1800 spectrophotometer
(Shimadzu Scientific Instruments) and a Horiba Jovin Yvon NanoLog
spectrophotometer, respectively. The emission quantum yields (QYs)
of the surface-modified GQDs were calculated based on rhodamine B
as a standard using the following equation:
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where @ is the quantum yield, I is the measured integrated emission
intensity, # is the refractive index of the solvent, A is the optical
density, and the subscript “st” refers to the standard with a known
quantum vyield, and “x” refers to the sample.

B RESULTS AND DISCUSSION

The pristine GQDs were synthesized according to the reported
procedure and denoted as GHO.* The resulting GHO exhibited
a broad (002) XRD peak centered at 21.1°, which was similar
to the value from hydrothermally synthesized GQDs (Figure
S1(a), Supporting Information).** In addition, upon the
excitation of the GHO with a 514 nm laser, the Raman
spectrum showed two distinctive carbon-related bands, D band
at around 1356 cm™ and G band at around 1605 cm™, which
was consistent with previous reports (Figure S1(b)).”****® The
GHO had various oxygen-containing groups, such as epoxy,
hydroxyl, and carboxylic acid groups on the basal plane and the
edges. These functional groups can provide reactive sites for
interactions with organic molecules. Scheme 1 shows that the
surface chemistry of the GQDs was systematically modified by
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Figure 1. (a) Transmission infrared spectra of GHO, GH25, GHS0, GH7S, and GH100 (inset: vector-normalized transmission infrared spectra for a
specified peak of the carboxyl group around 1720 cm™"); (b) vector-normalized transmission infrared spectra of GH25, GHS0, GH7S, and GH100

ranging from 3200 to 2600 cm™L
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Figure 2. (a) Average height of the synthesized GQDs measured by AFM; (b) chemical structure of model GQD system with two grafted
hexylamine on the basal plane and its equilibrium geometry based on molecular simulations.

altering the amounts of hexylamine molecules. These molecules
were grafted onto the GQD surface by one-step reaction of
DCC coupling with the carboxylic acid moieties and/or of the
ring-opening of the epoxy moieties at a mild temperature of 40
°C. As a result, four different types of GQDs were obtained
successfully, and they are denoted as GH25, GH50, GH7S, and
GH100 according to their weight ratios of added hexylamines,
ie., 25, 50, 75, and 100 wt %, respectively.

ATR-FTIR measurements were performed to monitor the
grafting reaction of the hexylamine occurred on the surfaces of
the GQDs (Figure 1). A few important vibration peaks of
functional groups were monitored and compared, including
carboxylic acid, epoxide, and amide groups. For GHO, a strong
stretching vibration of C=0O was observed at 1720 cm™" due to
the carboxylic acid groups at the GQD edges. However, the
intensity of the C=0 stretching vibrations decreased gradually
in the order of GH25, GH50, GH75, and GH100 (inset in
Figure 1a), because the carboxylic acid groups were converted
to amide groups, resulting in the appearance of new stretching
vibration of C=0 at 1644 cm™' and of bending vibration of
N—H at 1557 cm™". Also, the stretching vibrations of secondary
amine appeared at 3050—3150 cm™', whereas the epoxide band
at 1035 cm™' decreased in intensity due to the ring-opening
reaction of epoxide groups with the hexylamine. In addition,
asymmetric stretching vibration peaks of C—H at 2854 and
2927 cm™' increased as the amount of grafted hexylamine
increased in the order of GH2S, GHS0, GH7S, and GH100.
For further support of the precise surface modification of the
GQDs, high-resolution carbon 1s (C 1s) and nitrogen 1s (N
1s) XPS measurements were performed (Figure S2). Table S1
summarizes the atomic concentrations of the different GQDs
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measured by XPS. The variations between the GHO and
GH100 C 1s spectra revealed significant changes in the
proportions of carboxylic acid and amide groups. For GH100,
because most of the carboxylic acid groups reacted with the
hexylamine, the C(O)—O peak at 289.4 eV vanished, whereas
an amide bond (C(O)—N) peak appeared at 288.1 eV. In the N
1s XPS spectra, it was evident that the total amount of nitrogen
increased in order of GHO, GH25, GHS0, GH7S, and GH100,
indicating that the GQD surface properties were systematically
controlled by the successful grafting of hexylamine molecules
onto the GQDs.

The average heights of the surface-modified GQDs were
measured from the AFM images, and their average sizes were
estimated from the TEM images of each sample. As shown in
Figure S3, GHO was monodispersed with an average height of
0.97 nm, indicating that it was mostly single- or bilayered.”
Interestingly, upon the grafting of the hexylamine, the average
height of GH100 was increased dramatically to 2.98 nm, with
clear increasing trend in the order of GH25, GH50, GH7S, and
GH100 (Figure 2a). The increase in the average height was
attributed to the chain length of the hexylamine grafted on the
basal plane of the GQDs, which can be well supported by
molecular simulation.”” The simulation was performed using
density functional theory (DFT) at the B3LYP/6-31G(d,p)
level based on the GQD model that had two hexylamine
grafted on the basal plane (Figure 2b). Since the chain length of
the extended hexylamine molecule was about 1 nm at the
equilibrium geometry, the calculated height of the hexylamine-
grafted GQDs was approximately 3 nm, which was consistent
with our experimental results. In addition, the grafting of
hexylamine affected the size of the GQDs. As shown in Figure
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S4, the size increased from 12.4 for GHO to 13.5 nm for
GH100, validating that the hexylamine molecules were
successfully grafted onto the GQD edges. And, as shown in
insets of Figure S4(a) and (d), the high-resolution TEM images
of GHO and GH?7S revealed a crystalline structure with a lattice
parameter of 0.24 nm, which corresponds to the (1120) lattice
fringes of graphene, suggesting that the crystalline structures of
the GQDs were maintained after the hexylamine grafting.*’
To investigate the effect of the modified surface chemistry on
the solubility of the GQDs, 3 mg of each type of the five
different GQDs were separately dissolved in 2 mL of a water/
chloroform (1:1 v/v) mixture (Figure S6). Whereas GHO was
only soluble in the water phase, most of GH25, GHS0, and
GH7S were located at the interface between the water and the
organic phase. In contrast, GH100 was soluble only in the
organic phase. Thus, the surface properties of the modified
GQDs were controlled systematically, ranging from hydrophilic
to hydrophobic surfaces. Furthermore, to demonstrate the
solubility of the surface-modified GQDs, GH2S5, GH50, GH7S,
and GH100 were dispersed in other hydrophobic solvents, such
as dichloromethane (DCM), toluene, chlorobenzene (CB), and
DCB. As shown in Figure S7, the GH50, GH7S, and GH100
were clearly dispersed in these solvents without any
aggregation. However, the GH2S was only partially dispersed
due to relatively strong hydrophilic surface properties. Next, we
explored the potential of the surface-modified GQDs for use as
surfactants to create micrometer-sized droplets of organic
solvent in water. For each of the five different GQDs, a 1 mg:
mL™" GQD solution in a DCB/water (1:2 v/v) mixture was
emulsified using a homogenizer at 15000 rpm for S min to
generate an oil-in-water emulsion. Even after vigorous stirring,
GHO and GH100 remained in a single phase, ie., water and
DCB, respectively; thus, they failed to form Pickering
emulsions. In contrast, as shown in Figure 3b—d, GH2S5,
GHS0, and GH75 reduced the total interfacial energy by
replacing part of the oil—water at the interface, resulting in the
dispersion of the oil droplets in the water.">**™* The optical
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Figure 3. (a) Photograph of the Pickering emulsions stabilized by
GH25, GHS0, and GH7S. Optical micrographs of DCB-in-water
Pickering emulsions stabilized by (b) GH2S, (c) GHS0, and (d)
GH7S5. GHO and GH100 were not able to stabilize the Pickering
emulsions. The insets in panels b—d show the size distributions and
average sizes of the emulsion droplets.
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microscopy images were obtained three months after
preparation of the emulsions. Most of the emulsified droplets
were approximately 2—3 pym in diameter, demonstrating the
high interfacial activity of GH25, GHS0, and GH7S. However,
each sample had a different volume fraction of the residual
emulsion; 9, 77, and 76 vol % for GH2S5, GHS0, and GH7S,
respectively (Figure 3a).* In addition, the GHS0 and GH7S
emulsions were stable against coalescence for at least several
months, because the grafted hexylamines on the GQDs
suppressed the aggregation of the GQDs significantly by
reducing the strong 77— interactions between the GQDs.
The amphiphilic nature of GH25, GHS0, and GH7S allowed
for their use as surfactants in heterogeneous polymerization.
Mini-emulsion polymerization of styrene was performed at 70
°C for 24 h using the GQDs as surfactants. PS colloidal
particles were not produced when GHO and GH100 were
employed, which is consistent with the results from the
Pickering emulsions. In contrast, the mini-emulsion polymer-
ization using GH2S5, GHS50, and GH7S produced submicron-
sized and spherical PS colloidal particles with smooth surfaces
that resembled the surface morphology of particles stabilized by
conventional organic surfactants (Figure 4). These surface
morphologies differ from the rough surface morphologies
observed for the PS colloidal particles formed when large GO
sheets were used as the stabilizers.’>>' The conversions of all
mini-emulsion polymerizations were greater than 90%,
substantiating the effectiveness of the surfactant behaviors of
GH2S, GHS0, and GH7S. The average sizes of the PS colloidal
particles stabilized by GH2S5, GHS0, and GH7S were 655, 641,
and 278 nm, respectively. In addition, the particle size
distributions became narrower in the order of GH2S, GHSO,
and GH7S, indicating that GH7S had the highest interfacial
activity of the GQDs used in this study due to its well-balanced
amphiphilicity. Furthermore, the tunable luminescence emis-
sion of the GQDs can be synergistically combined with
surfactant properties. We measured the UV—vis absorption
spectra and photoluminescence (PL) emission spectra of
GH2S5, GHS0, and GH75 to investigate the luminescence
properties of the GQDs. As shown in Figure S8(a), strong
absorption bands for the surface-modified GQDs were
observed at around 278 nm, which was attributed to amide
groups at the edges of the GQDs.> Figure S8(b) shows PL
emission spectra of GH2S, GHS0, and GH7S under excitation
at 365 nm. All of the surface-modified GQDs emitted green
luminescence with maximum emission peaks at 540 nm,
irrespective of the amount of grafted hexylamine. It is suggested
that PL emission of GQDs results from the irradiation decay of
excited electrons from the lowest unoccupied molecular orbital
(LUMO) to highest occupied molecular orbital (HOMO) of
the carbenes at their zigzag edges.>”*®* In addition, the
carbenes at the zigzag edges of the pristine GQDs were
expected to be well preserved even after hexylamine chains
were grafted onto the edges of the GQDs because those sites
were not affected by the surface modifications. Therefore, PL
emissions were well observed for the surface-modified GQDs,
i.e, GH2S5, GHSO, and GH7S. The QYs of the surface-
modified GQDs were calculated based on rhodamine B as a
standard. The QYs of GH2S5, GHS0, and GH7S decreased
slightly in the order of 1.91, 1.56, and 1.41%, respectively. The
—CONHR and —CNHR groups formed by the surface
modification induced the nonradiative recombination of
localized electron—hole pairs; thus, the QY decreased gradually
as the amount of grafted hexylamine increased.’” To

DOI: 10.1021/acsami.5b00729
ACS Appl. Mater. Interfaces 2015, 7, 8615—8621


http://dx.doi.org/10.1021/acsami.5b00729

ACS Applied Materials & Interfaces

Research Article

) it

Avg. size = 655 nm

0 500 1000 500 1000
nm

Size ( Size (nm)

500 1000
Size (nm)

Figure 4. SEM images and the size distributions of the PS colloidal particles prepared by mini-emulsion polymerization using (a) GH2S, (b) GH50,
and (c) GH7S. The insets in panels a—c show the size distributions and average sizes of the PS colloidal particles.
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Figure S. Photographs of graphite powder in MeOH (a) without a dispersing agent and (b) with GHO, GH2S, GHS0, GH7S, and GH100 as
dispersing agents after several months. Optical microscopy images and size distribution histograms of the graphite dispersions using (c) GH25, (d)

GHS50, and (e) GH75.

demonstrate potential of the surface-modified GQDs as
fluorescent surfactants, the optical and fluorescence microscopy
images of PS particles stabilized by GH25 were measured.
Figure S9 shows that the PS colloidal particles stabilized by
GH2S had a green emission, which indicated that fluorescent
GQDs were strongly coated on the surface of the PS particles.

Another major application of surfactants is as dispersing
agents for insoluble solids by reducing the interfacial energy
between the solid and the liquid.* To investigate the surfactant
behaviors of surface modified GQDs for solid dispersions, a
model system with graphite as the insoluble solid and MeOH as
the solvent was chosen (Figure Sa). The graphite powder and
GQDs were dispersed in MeOH at a mass ratio of 5:1, and the
dispersion was sonicated for 30 min using an ultrasonicator.
Then, the dispersion was centrifuged at 1000 rpm for S min for
separation. Because the GQDs have 7-conjugated aromatic
rings in their basal plane, they can adsorb on the graphite
surface through sz—n interactions, which decreases the
interfacial energy between the graphite and MeOH. Thus, the
GH2S, GHS0, and GH7S produced excellent dispersion of the
graphite powder. However, GH100 did not stabilize the
graphite powder well because the large quantity of grafted
hexylamine on GH100 could prevent its interaction with the
graphite. It was observed that 1 mg of GH2S, GHSO0, and
GH?75 dispersed 0.8, 1.8, and 3.0 mg of graphite, respectively,
whereas GHO and GH100 dispersed only 0.1 and 0.2 mg of

graphite, respectively. It is also noted that the graphite
dispersions using GH25, GHS0, and GH7S were highly stable
for at least several months after the preparation (Figure Sb). In
comparison, it is previously reported that the dispersion of
graphite by GO was stable for a few days.* As shown in Figure
Sc—e, the sizes of the dispersed graphite were decreased from
13.4 to 2.6 um in the order of GH2S, GHS0, and GH7S. In
particular, GH75 with well-balanced amphiphilicity exhibited
excellent surfactant behavior in the oil—water system and was
also the most effective dispersing agent for graphite.

B CONCLUSIONS

We successfully synthesized a series of modified GQDs with
tailored surface properties and demonstrated their use as
efficient surfactants in immiscible blends. Wide-range control of
the surface properties of the GQDs, from very hydrophilic to
fully hydrophobic properties, was achieved in a systematic
manner by grafting controlled amounts of the hexylamine onto
the GQD surfaces. In addition, the reaction condition was very
mild at 40 °C, so the reaction should not affect any of the
intrinsic properties of the GQDs. The amphiphilic GQDs, i.e.,
GH2S, GHS0, and GH7S, were located at the interface
between two immiscible blends, and thus, the desired surfactant
behavior was achieved with the modified GQDs. Specifically,
these GQD:s stabilized oil-in-water Pickering emulsions and the
mini-emulsion polymerization of PS colloidal particles, the sizes
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of which were less than a few hundred nm. The GQDs were
also used to control the dispersion of graphite in MeOH. Our
strategy for controlling the surface activity of GQDs is a simple
and versatile method that can extend the range of their
application from emulsifiers to dispersing agents. More
importantly, the synergistic combination of the fluorescence
and surfactant properties of surface-modified GQDs can pave
the way for promising applications, such as a fluorescent label
and bioimaging.
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