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Surface functionalization of graphene quantum dots
with small organic molecules from photoluminescence
modulation to bioimaging applications: an
experimental and theoretical investigationt

Zhaosheng Qian, Juanjuan Ma, Xiaoyue Shan, Linxiang Shao, Jin Zhou,
Jianrong Chen and Hui Feng*

Surface chemistry provides an alternative approach to modulate the emission colour and efficiency of
graphene quantum dots. We systematically investigated the surface chemistry of graphene quantum dots
functionalized with a series of small organic molecules combining experimental and theoretical
approaches. Experimental results indicated that surface functionalization with functional groups such as
alcohol, amine and thiol can effectively tune the fluorescence of graphene quantum dots, and proved that
amino groups can highly elevate the quantum yields of modified graphene quantum dots. The emission
efficiency of 1,2-ethylenediamine functionalized graphene quantum dots reached up to 17.6% due to
specific proton transfer to the conjugated fluorophore-like structure from ammonium formed by
protonation. The polyaromatic structure within the graphene quantum dots was proposed to explain the
fluorescence enhancement mechanism of graphene quantum dots functionalized by diamines. The
computational results suggested that not only the size of the polyaromatic structures within graphene
quantum dots can change their emissions, but surface functionalization can also tune their
photoluminescence through modulating their band gaps. Toxicity experiments indicated that diamine-
functionalized graphene quantum dots showed low cell toxicity similar to that of pristine graphene
quantum dots. Moreover, the bioimaging experiments suggested that functionalized graphene quantum
dots had identical abilities to label cells at a lower concentration than pristine graphene quantum dots
owing to their higher quantum yields.

advantage of biocompatibility due to their low or non-toxicity
to living cells."" Hence various methods to synthesize GQDs

Graphene quantum dots (GQDs) have attracted intensive
research interest for their unique properties and wide variety
of promising applications'™ since they were discovered
through electrophoretic analysis of fluorescent single-walled
carbon nanotube fragments. GQDs have shown excellent
performance in photovoltaic devices,”® photocatalysis,”® and
bioimaging, and their potential applications for bioimaging
includes single-photon and multi-photon bioimaging, which
has attracted special attention due to their outstanding
luminescence, low toxicity and good resistance to photo-
degradation and bleaching.”'® Compared to traditional
semiconductor inorganic dots, carbon dots have the great
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have been developed, of which two types of approaches
include top-down and bottom-up synthesis. Top-down
approaches may comprise acid oxidation,"™* electrochemical
oxidation>'® and thermal decomposition,'”™*° in which GQDs
are produced from a larger carbon structure. Bottom-up
approaches comprise solution chemistry methods,*>*! sol-
vothermal synthesis**** and microwave-assisted methods,>*>*
in which GQDs are formed from molecular precursors under
specific reaction conditions.

Although various synthesis methods have been proposed
and GQDs have shown superior properties with regard to
chemical inertness, biocompatibility and sustainability, there
are still some obstacles which hinder their practical applica-
tions in bioimaging, such as relatively low luminescence
quantum yields (the quantum yields of most GQDs are lower
than 10%), shifting fluorescence emissions and unclear
luminescence mechanisms. Improving quantum yields is an
emergent and indispensable task among these limitations.
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Thus, a great deal of effort was exerted to increase the
quantum yields of GQDs through surface chemistry. Surface
modulation of GQDs can not only greatly improve their
quantum yields but also effectively tune their photolumines-
cence, which mainly includes tuning surface oxidation,>* >’
and surface functionalization with organic molecules.>**® The
studies on surface oxidation have shown that surface oxidation
or reduction can be used to alter the photoluminescence
properties and improve the optical performance of GQDs.
However, it is not easy to control the exact oxidation state in an
experiment and may damage the conjugated structures within
the graphene quantum dots.

Surface functionalization or modification is an alternative
promising method. Functionalized groups on the surface of
the GQDs can not only tune and enhance the luminescence
but also provide an important intermediate for the subsequent
functionalization of GQDs and modulation of their properties.
Present relevant studies are focused on the functionalization
of GQDs with poly(ethylene glycol) polymers.>*~*
first prepared passivated GQDs with amine-terminated
PEG500n, resulting in an increase of the quantum yield to
10%. Using the same passivating agent, Liu et al.>" adopted a
silica sphere template to synthesize passivated GQDs with
high luminescence efficiencies of 11-15%. Combined with a
separation technique, Wang et al®” prepared the most
fluorescent PEG;sgon-functionalized GQDs, and pointed out
that the particle size and degree of surface passivation
influences the fluorescence quantum yields of GQDs to a
great extent. Later, two reports indicated that shorter PEG,qon-
passivated GQDs also achieved a high emission efficiency of
around 10%.%*** Although surface functionalization with such
polymers is still an effective approach to enhance the
luminescence of GQDs, the detailed fluorescence enhance-
ment mechanism remains unclear and the removal of extra
polymers needs complex or expensive procedures. Small
organic molecules are easily removed from functionalized
GQDs and are suitable for large-scale production besides their
superiority in price and maintenance of GQDs’ size. Recently,
some small amine compounds were employed as passivation
agents to modify GQDs,***® and the emission efficiencies of
these functionalized GQDs were increased, which shows that
functionalization with small organic molecules is an effective
and simple method to enhance fluorescence efficiency.
However, until now, the mechanism of luminescence enhance-
ment of such functionalized GQDs remained unknown, which
has hindered the development and application of GQDs. There
are still some important questions to be resolved to further
improve this approach: (1) Why can amino-functional groups
remarkably enhance the luminescence; (2) whether other
functional groups, such alcohol and thiol, apart from amino-
functional groups, endow as-prepared GQDs with high
luminescence performances; (3) whether the number of
amino-functional groups and the size of the amine com-
pounds obviously influence the luminescence performance of
GQDs; (4) whether the toxicity and bioimaging ability of

Sun et al.*°
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functionalized GQDs was affected by functionalized groups
compared to GQDs.

Attempting to resolve the above puzzles, we prepared a
series of functionalized GQDs with amines, diamines, dialco-
hols and dithiols, and explored and compared their photo-
luminescence, cell toxicity and bioimaging applications.
Pristine GQDs were synthesized through an acid oxidation
method and then purified by dialysis, exhibiting bright green
fluorescence. Interestingly, after functionalization on the
surface with 1,2-ethylenediamine, the fluorescence emission
colour was tuned to blue, and the quantum yield was improved
up to 17.6%. However, functionalized GQDs with glycol and
dithioglycol showed only slightly enhancements of their
luminescence relative to pristine GQDs. These results indi-
cated that amino-functional groups played a significant role in
the improvement of emission efficiency. Moreover, to under-
stand the enhancement mechanism of luminescence, the
photoluminescence performance of diamine-functionalized
GQDs with different carbon chains was further investigated.
The quantum yields of the diamine-functionalized GQDs
sharply decreased with lengthening of the carbon chain of
the diamines from 1,2-ethylenediamine to 1,4-butanediamine
although all of them have superiority in fluorescence intensity
relative to pristine GQDs. We speculated that 1,2-ethylenedia-
mine probably acted as a special functionality to enhance
photoluminescence, which was verified by further experiments
and theoretical evidence. Protonated 1,2-ethylenediamine can
effectively promote proton transfer from amino-functional
groups to the conjugated carbon structure, which greatly
enhanced luminescence emission. In addition, biological
experiments demonstrated that 1,2-ethylenediamine-functio-
nalized GQDs not only show low toxicity similar to pristine
GQDs, but also performed better for in vitro bioimaging.

2 Experimental section

2.1 Synthesis of pristine GQDs

Pristine GQDs were prepared according to the method
reported by Peng and co-workers.'* A typical synthesis
procedure was carried out as follows: 1.0 g nano-size graphite
powder was added to a mixture of H,SO, (180 mL) and HNO;
(60 mL), and then subjected to ultrasonication for 2 h to form
a homogeneous suspension. After refluxing at 120 °C for 24 h,
the resulting mixture was cooled to room temperature and
diluted with distilled water. The excessive acid was neutralized
by NaOH and then dialyzed in a dialysis bag (remaining
molecular weight: 1000 Da) 4 times.

2.2 Surface functionalization of GQDs

Several organic molecules were used for the purpose of surface
functionalization. For 1,2-ethylenediamine functionalized
GQDs, a mixture of as-prepared GQDs (0.1 g) and SOCI, (20
mL) was reacted for 2 h at 80 °C, and then vacuum-distilled to
remove excess SOCl,, and finally 20 mL of 1,2-ethylenediamine
was added and heated at 100 °C for 4 h. The resulting mixture
was subsequently vacuum-distilled to remove most of the
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excess 1,2-ethylenediamine and then washed with ethanol
several times, and finally dried at 100 °C overnight. A similar
procedure was applied for the synthesis of functionalized
GQDs with 1,2-glycol, 1,2-dithioglycol, 1,3-propanediamine,
1,4-butanediamine and ethylamine. The functionalized GQDs
with 1,2-glycol, 1,2-dithioglycol, 1,2-ethylenediamine, 1,3-
propanediamine, 1,4-butanediamine and ethylamine were
denoted G-GQDs, DTG-GQDs, EDA-GQDs, PDA-GQDs, BDA-
GQDs and EA-GQDs respectively, while pristine GQDs were
denoted as P-GQDs.

2.3 Characterization of the GQDs

Pristine or functionalized GQDs were homogenously dispersed
in water with the aid of ultrasonication. The UV-Vis spectra
were obtained on a PerkinElmer 950 spectrometer. The
fluorescence spectra were recorded on a PerkinElmer LS-55
spectrometer, and lifetimes were determined using a FLS920
fluorescence spectrophotometer. The Fourier transform infra-
red spectroscopy (FTIR) was carried out on a Thermo NEXUS
670 Fourier transform infrared spectrometer, in which a KBr
plate method was used. The morphologies of the GQDs were
characterized by transmission electron microscopy performed
on a JEOL-2100F instrument with an accelerating voltage of
200 KV. All samples were prepared by dropping aqueous
suspensions of GQDs onto Cu grids coated with a holey
amorphous carbon film followed by solvent evaporation under
a powerful light. The X-ray photoelectron spectroscopy
analyses were conducted using a Kratos Axis ULTRA X-ray
photoelectron spectrometer with a 165 nm hemispherical
electron energy analyzer. The incident radiation came from a
monochromatic Al X-ray (1486.6 eV) at 15 kV and 3 mA. Wide
survey scans were taken at an analyzer pass energy of 160 eV
over a 1400-0 eV binding energy with 1.0 eV step and a dwell
time of 100 ms, while narrow multiplex higher resolution
scans were performed at a pass energy of 20 eV with 0.05 eV
step and a dwell time of 200 ms. The pressure in the analysis
chamber was less than 7.5 x 10~ ° Torr during sample
analysis. Atomic concentrations were calculated using Vision
software.

2.4 Determination of quantum yields

Determination of the quantum yields of the GQDs was
achieved by comparison of the wavelength integrated intensity
of the GQDs to that of the standard quinine sulfate as
described in our previous paper.>***° The optical absorbance
was kept below 0.05 to avoid inner filter effects. The quantum
yields of the GQDs were calculated using the following
formula:

D = g [(I-As'n®)/(IsA'ng)]

where @ is the quantum yield, I is the integrated intensity, 4 is the
optical density and 7 is the refractive index of the solvent. The
subscript S refers to the standard reference of known quantum
yield. Quinine sulfate was chosen as the standard, whose quantum
yield is 0.577 and nearly constant for excitation wavelengths from
200 nm to 400 nm.
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2.5 Cellular toxicity test

Human Hela cells (10°> cells mL™") were cultivated in
Dulbecco’s modified Eagle’s medium (DMEM) containing
10% fetal bovine serum and 100 pg mL~' penicillin/
streptomycin for 12 h in an incubator (37 °C, 5% CO,). Then
suspensions of GQDs with different doses were added, which
maintained the final concentrations of GQDs at 100, 125, 150,
175 and 200 pg mL ™" respectively. The cells were cultivated for
24 h and then 20 uL of 5 mg mL~ " MTT solution was added to
every cell well. After the cells were incubated for a further 4 h,
the culture medium was removed and then 150 pL of DMSO
was added. The resulting mixture was shaken for 15 min at
room temperature without light. The optical density (OD) of
the mixture was measured at 570 nm. The OD values were
determined using a Thermo multiskan spectrum microplate
spectrophotometer. The cell viability was estimated according
to the following equation

Cell viability (%) = ODrreated/ODeontrol X 100%

where ODgoniop Was obtained in the absence of GQDs, and
ODryeated Was obtained in the presence of GQDs.

2.6 Cellular imaging

The human Hela cells were cultivated for 12 h in culture
medium containing DMEM supplemented with 10% fetal
bovine serum and 100 pg mL~' penicillin/streptomycin.
Suspensions of GQDs from the stock solution were prepared
with Dulbecco’s phosphate buffer saline (DPBS). The suspen-
sion was added to the well of a chamber slide, and the final
concentration of GQDs was 75 pg mL™', followed by
incubation at 37 °C in a 5% CO, incubator for 24 h. Prior to
inspection with a Leica laser scanning confocal microscope,
the excess GQDs were removed by washing 3 times with warm
DPBS. The fluorescence images were obtained at an excitation
wavelength of 355 nm.

2.7 Theoretical details

A series of conjugated planar structures with different
aromatic rings including 24, 42, 54, 84 and 96 spz-carbons,
and different hydroxyls and carboxyls were modeled to
represent the functional structures of pristine GQDs of
different sizes for photoluminescence. Similarly, for functio-
nalized GQDs, all the carboxyls were replaced by correspond-
ing amides. These model structures were used to evaluate the
effect of size of the polyaromatic structure and functionalized
groups on the band gap responsible for the photolumines-
cence of GQDs. Another series of conjugated planar structures
with seven aromatic rings containing 24 sp>-carbons and three
hydroxyls and protonated diamines with different carbon
chains were constructed to explore the nature of the great
fluorescence enhancement by 1,2-ethylenediamine. All the
model structures were fully optimized using a DFT method at a
PBE0/6-31G(d) level.*"** The vibrational frequency was carried
out to verify the stability of the structures. All the calculations
were carried out with a Gaussian 09 package.*’
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20 nm

Fig. 1 TEM images of 1,2-ethylenediamine-functionalized GQDs (A) and pristine
GQDs (B). HR-TEM image of 1,2-ethylenediamine-functionalized GQDs (C).

3 Results and discussion

3.1 Characterization of GQDs

The pristine GQDs (P-GQDs) were synthesized by chemical
oxidation and cutting of nano-sized graphite powder and
purified by dialysis to remove most salts including Na,SO, and
NaNOs;. The as-synthesized P-GQDs are highly soluble in water
and other polar organic solvents. The TEM image in Fig. 1B
shows that P-GQDs have a relatively narrow size distribution
around 10 nm, which are close to those reported in the
literature.** P-GQDs were first reacted with SOCl,, and then
with a series of small organic molecules including 1,2-
ethylenediamine, 1,2-glycol, 1,2-dithioglycol, 1,3-propanedia-
mine, 1,4-butanediamine and ethylamine to produce surface-
functionalized GQDs (Scheme 1). Surface functionalization of
small molecules does not change the size of the GQDs, which
was verified by TEM as shown in Fig. 1A. The 1,2-ethylenedia-
mine-functionalized GQDs (EDA-GQDs) showed a nearly
identical size distribution below 10 nm, close to that for
P-GQDs. The HR-TEM image in Fig. 1C showed that the EDA-
GQDs have a crystalline structure consisting of parallel crystal
planes.

In order to analyze the surface state of the modified GQDs,
XPS spectra of EDA-GQDs and DTG-GQDs as well as P-GQDs
were recorded, which are shown in Fig. 2 and Fig. S1-S3, ESIf.
All of the XPS survey spectra of pristine and modified GQDs
display a predominant C1s peak at 284.8 eV and O1s peak at
532.2 eV. Since salts including Na,SO, and possible added
impurities such as Na,SiO, were not completely removed, their
XPS signals also appear in the wide spectra. The XPS spectra of
EDA-GQDs show an N1s peak at 399.5 eV. The high-resolution
XPS spectra of N1s for EDA-GQDs sample are given in Fig. 2d.
The high resolution N1s spectrum of EDA-GQDs reveals the
presence of both amide (398.4 eV) and protonated amine
(400.2 eV) N atoms. The elemental analysis indicated that the
composition is N 21.59%, O 25.96% and C 52.45% (Table 1).
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Scheme 1 A schematic route of the synthesis of functionalized GQDs with
selected diamines, glycols and dithioglycols.

The XPS spectrum of DTG-GQDs showed an S2s peak at 227.1
eV and an S2p peak at 162.4 eV. As shown in Fig. 2c, the high-
resolution XPS spectra of S2p for DTG-GQDs presents two
peaks at 164.5 eV and 163.3 eV which were assigned to SH and
S linked to carbonyls at the surface. The elemental analysis
indicated that the composition is S 23.72%, O 26.59% and C
49.69%. These XPS results confirm the successful incorpora-
tion of N or S into the GQDs and the formation of amine-
functionalized GQDs and thiol-functionalized GQDs respec-
tively. The XPS spectrum for the G-GQDs was not recorded
because the obtained sample was not in the pure solid state
and thus was not accessible for XPS testing. In order to
confirm the functionalization of 1,2-glycol and other diamines
onto the GQDs, we recorded their FT-IR spectra as shown in
Fig. S4, ESIt. The spectra for the G-GQDs showed a strong peak
of a C-0 stretching vibration at around 1080 cm ™", the double
peaks of O-H distortion vibrations in the range 1450-1300
em™', and a strong and broad peak of an O-H stretching
vibration at around 3400 cm™ ', supporting the connecting of

600 500 400 300 200 100 500 400 300 200 100 O

AOts BO1s
P-GQDs

EDA-GQDs

Intensity (a.u.)

G s2p A DTG-GQDs

Intensity (a.u.)

166 165 164 163 162 161 402 400 398 396
Binding Energy(eV)

Binding Energy(eV)

Fig. 2 XPS spectra of P-GQDs (a), EDA-GQDs (b,d) and DTG-GQDs (c).
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Table 1 The concentrations of C, O and S or N in P-GQDs, EDA-GQDs and DTG-
GQDs as determined by XPS

View Article Online

Table 2 Fluorescence parameters of all the GQDs

Samples C (Wt%) O (Wt%) S (Wt%) N (Wt%)
P-GQDs 53.43 46.57 — —
DTG-GQDs 49.69 26.59 23.72 —
EDA-GQDs 52.46 25.96 — 21.59

Sample Jex' (Nm) Jem’ (M) D (%) %(ns)
P-GQDs 322 437 1.7 3.56
DTG-GQDs 351 429 1.8 4.41
G-GQDs 335 418 2.0 6.26
EDA-GQDs 339 417 17.6 6.92
PDA-GQDs 315 420 7.8 8.48
BDA-GQDs 339 427 2.5 7.39
EA-GQDs 316 430 2.1 19.06
EDA-GQDs® 337 415 8.9 7.03

1,2-glycol to the carbon dots. The characteristic C-N vibration
peak at about 1100 cm ™! appeared in the FT-IR spectra of BDA-
GQDs, PDA-GQDs and EA-GQDs, suggesting the successful
bonding of amino groups and graphene quantum dots. In the
spectra of EA-GQDs, strong peaks at 3060 and 2980 cm ™" were
induced by the presence of methyl groups in ethylamine.

3.2 Photoluminescence of GQDs

All the GQDs showed visible photoluminescence in water.
P-GQDs exhibited a fluorescence band centered at 437 nm at
an excitation wavelength of 322 nm. The emission peak of the
DTG-GQDs was shifted to 429 nm, while the optical emission
wavelengths of G-GQDs and EDA-GQDs were changed to 417
and 418 nm respectively, indicating that functionalization of
GQDs with 1,2-glycol, 1,2-dithioglycol and 1,2-ethylenediamine
enables the fluorescence of the GQDs to be blue-shifted(Fig. 3).
This was also verified by the fact that the P-GQDs showed
green fluorescence, while the EDA-GQDs emitted strong blue
light under a UV lamp. We used quinine sulfate as a standard
to measure the quantum yields of P-GQDs, DTG-GQDs,
G-GQDs and EDA-GQDs because its quantum yield was
identical (0.577) in the excitation wave length range 200-400
nm.*® As shown in Table 2, their lifetimes are between 3.56
and 7 ns, suggesting their fluorescence. However, their
quantum yields are highly changeable. The quantum yield of
P-GQDs is only 0.017, nevertheless, the fluorescence is
enhanced after functionalization with 1,2-glycol, 1,2-dithoigly-
col and 1,2-ethylenediamine. The addition of 1,2-glycol and
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Fig. 3 The emission spectra of the P-GQDs, DTG-GQDs, G-GQDs and EDA-GQDs,
and fluorescence images of P-GQDs and EDA-GQDs under a UV lamp (inset).
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“ The excitation wavelength. ” The central emission wavelength.

¢ The fluorescence quantum yield determined with quinine sulfate
(0.577) as the reference under neutral conditions. ¢ The average
lifetime. ¢ All the parameters were determined at pH 10.

1,2-dithoiglycol only slightly enhanced the fluorescence of the
functionalized GQDs, whereas functionalization with 1,2-
ethylenediamine lead to a sharp increase in the quantum
yield to 0.176. Their only difference is their surface functional
group, which implies that the amino functional group has a
specific function to enhance the fluorescence of GQDs. This
point was consistent with previous papers, in which the
quantum yields of GQDs functionalized with amino groups
were remarkably elevated.*?**3° peng et al. adopted 4,7,10-
trioxal-1,13-tridecanediamine (TTDDA) as a passivation agent
to prepare carbon dots with a quantum yield of 0.13 through a
bottom-up approach.>® Using the same passivation agent, Liu
et al. obtained enhanced multicolor photoluminescent carbon
dots through a bottom-up approach.®® Adopting a similar
approach, Wang et al employed 1-hexadecylamine as a
passivation agent to synthesize highly fluorescent carbon
dots.>® Recently, Zhu et al. conducted the surface functiona-
lization with several alkylamines, and found that linkage of
alkylamines to the surface of GQDs can modulate the
fluorescence.®® In these reports, different amino groups
including amines and diamines with different carbon chains
were explored, however, there were no clear principles and
explanation for the enhancement and modulation of the
fluorescence of carbon dots. Therefore, attempting to explore
these questions, we prepared additional GQDs functionalized
with ethylamine (EA-GQDs), 1,3-propanediamine (PDA-GQDs)
and 1,4-butanediamine (BDA-GQDs). As shown in Fig. 4, the
emission peaks of the PDA-GQDs and BDA-GQDs are very
similar to that of the EDA-GQDs, however, the central emission
wavelength of EA-GQDs is red-shifted to 430 nm relative to
those of dimaine-functionalized GQDs and P-GQDs. From the
viewpoint of the influence of the length of carbon chain of the
diamines on the quantum yields, one can infer that the
quantum yields of GQDs functionalized with diamines are
increased as the carbon chain is shortened. However, the
quantum yield of the ethylamine-functionalized GQDs is only
slightly elevated relative to that of P-GQDs compared with that
of the EDA-GQDs. The difference between 1,2-ethylenediamine
and ethylamine is the terminal amino group, which hints that
the terminal amino group may play an important role to
enhance the fluorescence. From their obviously different
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Fig. 4 The emission spectra of the EDA-GQDs, PDA-GQDs, BDA-GQDs and EA-
GQDs, and fluorescence images of EA-GQDs and PDA-GQDs under a UV lamp
(inset).

lifetimes, we can also infer that the terminal amino group has
a strong ability to tune the fluorescence of carbon dots.

In order to discover the underlying nature of the fluores-
cence enhancement by 1,2-ethylenediamine, we conducted
experiments to determine the variation of fluorescence,
dependent on pH. As shown in Fig. 5, the fluorescence
intensity of the EDA-GQDs showed a sharp drop from pH 9.2
to pH 10.3, while its fluorescence intensity remains nearly
unchanged in the ranges pH 6.5 to 9.2 and pH 10.3 to 12.8, in
which the concentration of EDA-GQDs was kept identical. This
phenomenon implied that pH or protons had a significant
effect on the fluorescence enhancement. This was also verified
by their quantum yields and lifetimes. As shown in Table 2,
the lifetimes of the EDA-GQDs at pH 7 and 10 are very close,
indicating that the nature of its fluorescence is not changed by
the pH of the environment. However, the quantum yield at pH
10 is decreased by 0.087 relative to that at pH 7, which clearly
demonstrates that the pH of the environment or presence of
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Fig. 5 The emission spectra change of EDA-GQDs at different pHs, and the
intensity variation dependent on pH (inset).
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protons heavily impacts on the fluorescence of carbon dots. It
can be deduced that the terminal amino group of EDA-GQDs is
protonated below pH 9.2, and thus the possible proton
transfer from the protonated amino group to conjugated
carbon structure enhanced the fluorescence of the carbon
dots. This is very similar to quinine: when quinine is
protonated, its fluorescence efficiency can reach 0.58, but its
quantum yield sharply descends when quinine is in a
deprotonated state.*® It was reported that protonation and
the resulting strong hydrogen bonding may make a larger
contribution in the excited state than in the ground state,
leading to fluorescence enhancement.*” A recent study also
showed that protonation of the amino groups can effectively
prevent electron transfer of the excited state and leads to
recovery of the fluorescence of local emission states.*® This
evidence supports the theory that protonation of amino groups
neighboring fluorophores can effectively enhance fluores-
cence.

3.3 Photoluminescence modulation mechanism

Although several speculative explanations for the strong
photoluminescence have been proposed since the discovery
of luminescent carbon dots, a convincing photoluminescence
mechanism remains unclear. Sun et al attributed the
photoluminescence from carbon dots to the presence of
surface energy traps that become emissive upon stabilization
as a result of surface passivation.>® Zhou et al. developed Sun
et al’s proposal, suggesting that the mechanism is the
radiative recombination of excitons from carbon dots of
different sizes and a distribution of different emission trap
sites.'®> Pan et al proposed that the luminescence may
originate from free zigzag sites with carbene-like triplet
ground states.*® Boutlinos et al. speculated that the ultrafine
size of the dots combined with their disordered structure
favors a high concentration of defect sites at the surface, giving
rise to emission.”” Bao et al also supported the defects
mechanism that surface defects can trap excitons.>® However,
Boutlinos et al. also thought that it is possible that the
formation of several different polyaromatic fluorophores
within the carbogenic network leads to fluorescence.”*”"
Later, Li et al. provided convincing evidence for the graphite
fragment structure within carbon dots, and proved that the
strong emission of carbon dots comes from the quantum-sized
graphite structure.” The nature of this proposed mechanism is
very similar to the explanation of polyaromatic fluorophores
suggested by Boutlinos et al. Wang et al. also found that the
fluorescence resembled those of band-gap transitions that may
originate from similar polyaromatic clusters.** Similar lumi-
nescence mechanisms for oxidized carbon nanotubes and
graphene oxide were also proposed and investigated by our
group and Shang et al., respectively.*>**> From analysis of the
references above, we think that it is reasonable for polyaro-
matic fluorophores or quantum-sized graphite structures to
explain the photoluminescence of quantum graphene dots.
Attempting to explore the photoluminescence modulation
mechanism through surface functionalization with small
organic molecules, we constructed a series of polyaromatic
structures to model the fluorophore structure within carbon
dots and diamine-functionalized carbon dots. Polyaromatic
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Fig. 6 The influence of the sizes of polyaromatic structures and functionalized
diamines on the band gaps of modeled fluorophore structures within carbon
dots. Inset: the optimized structures of different modeled structures at the
PBE0/6-31G(d) level.

structures with 7, 13, 19, 31 and 37 aromatic cycles were
constructed and optimized, and their band gaps are displayed
in Fig. 6. The results showed that the band gap gradually
declined with increasing size of the polyaromatic structures,
and the declining trend is obvious. This result is consistent
with the phenomena observed in the experiments.’> Dong
et al.>® separated carbon dots into different fractions through
dialysis with different membranes, and found that each
fraction of similar size had different emission from the others.
Their emission colours were arranged from blue to red
corresponding to their sizes from small to large. This
experimental evidence complements our computational
results, supporting that the size of carbon dots or polyaromatic
structures within the carbon dots dominated their emission.
By comparing the band gaps between the original polyaro-
matic structures and diamine-functionalized structures, we
found that the band gap can be remarkably elevated by surface
functionalization with diamines, indicating that surface can
also tune the fluorescence of GQDs. This is consistent with the
findings by Shi et al. that both size and shape can impact the
quantum mechanical and electronic properties of carbon
dots.>* We optimized the structures of EDA-GQDs, PDA-GQDs,
BDA-GQDs and their protonated products, and parts of them
are shown in Fig. 7. We found that the structure of protonated
EDA-GQDs was remarkably changed relative to those of EDA-
GQDs and the other structures. When functionalized 1,2-
ethylenediamine was not protonated, its carbon chain is
arranged in a zigzag line, however, a cyclic structure formed
through the hydrogen bonds between ammonium and the
oxygen atom of the amide when it was protonated. This cyclic
structure was not found in the protonated PDA-GQDs and
BDA-GQDs. This cyclic structure facilitated the indirect proton
transfer from ammonium to conjugated polyaromatic struc-
ture through the carboxyl groups. Thus the resulting proton
transfer would have a large contribution in the excited state,
and also prevent charge transfer in the excited state leading to
the recovery of fluorescence.””*® These two aspects finally
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Fig. 7 The modeled structures optimized at the PBE0/6-31G(d) level. These
structures represent EDA-GQDs, protonated EDA-GQDs, protonated PDA-GQDs
and protonated BDA-GQDs, respectively.

enhanced the fluorescence emission. This finding rationally
explain the stronger enhancement of fluorescence by 1,2-
ethylenediamine than those by 1,3-propanediamine and 1,4-
butanediamine.

3.4 Cellular toxicity test and bioimaging

In order to assess the possible cellular toxicity caused by the
presence of functionalized diamines, the in vitro cytotoxicity of
P-GQDs and EDA-GQDs was evaluated with human Hela cells
by a methylthiazolydiphenyltetrazolium bromide (MTT) assay
as shown in Fig. 8. The results suggested that both P-GQD and
EDA-GQDs showed very low toxicity to human Hela cells with
cell viabilities of higher than 80% when their concentration
was below 125 pg mL™". Their low toxicity is comparable to
that of carbon dots reported in previous papers.''”2*** From
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Fig. 8 Effect of P-GQDs and EDA-GQDs on human Hela cells.
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Fig. 9 Laser scanning confocal microscopy images of human Hela cells labeled
by EDA-GQDs (A and B) and P-GQDs (C and D). Images for A and C were
captured in bright field, and images for B and D were obtained at an excitation
wavelength of 355 nm.

the results, it can be noted that EDA-GQDs showed comparably
low toxicity to human Hela cells relative to P-GQDs, indicating
that the functionalization with organic molecules has little
influence on the cell toxicity of GQDs. We also compared their
ability to label the human Hela cells, as shown in Fig. 9. The
results showed that both types of GQDs easily went into
cytoplasm and clearly labelled the cytoplasm. Since the
emission efficiency of EDA-GQDs is higher than that of
P-GQDs, smaller amounts of EDA-GQDs can be used in cell
imaging to achieve an identical fluorescence performance.

4 Conclusions

We synthesized a series of graphene quantum dots functiona-
lized by different small organic molecules including dialco-
hols, diamines and dithiols. The functionalization of these
functional groups on the graphene quantum dots provided an
effective approach to modulate their emission colour and
efficiency. Diamines showed a stronger ability to highly elevate
the quantum yield of functionalized graphene quantum dots
than the other functional groups due to their unique
protonation mechanism. The computational results showed
that 1,2-ethylenediamine functionalization on the surface of
graphene quantum dots can form a specific cyclic structure
which facilitates the proton transfer from the ammonium
moiety to the conjugated structure, and thus lead to the largest
enhancement of fluorescence. The polyaromatic structure
mechanism can rationally explain the experimental results,
and thus was adopted to explore the fluorescence enhance-
ment mechanism. Computational results based on this

14578 | RSC Adv., 2013, 3, 14571-14579
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fluorescence mechanism suggested that both size and surface
functionalization can effectively modulate the photolumines-
cence of graphene quantum dots. Cellular toxicity tests and
bioimaging experiment demonstrated that functionalized
graphene quantum dots showed low toxicity, comparable to
pristine graphene quantum dots, but revealed a much better
bioimaging performance than pristine graphene quantum
dots. This work provides a clear direction of surface
functionalization with small organic molecules to improve
and modulate the photoluminescence of graphene quantum
dots in the future.
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