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Fluorinated graphdiyne as a significantly enhanced
fluorescence materialt
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The chemical modification of graphdiyne (GDY) using light elements is a possible route to regulate its

unique structure and optoelectronic properties. In this paper it is shown that directly heating a mixture of

xenon difluoride and GDY produces partially fluorinated GDY with covalent C-F bonding and localized

sp2-carbon hybridization because of the breaking of the acetylenic bond. It is seen that the fluorescence
of GDY is significantly enhanced because of the fluorine doping. All the fluorinated GDYs with different
doping ratios of fluorine exhibit photoluminescence from bright blue to green when the excitation
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wavelength varies from 260 nm to 480 nm. In addition, the doped GDY with 15.2% fluorine doping

shows a strong photoluminescence and the quantum efficiency is 3.7%. The enhanced fluorescence is
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1. Introduction

The exploration of fluorescent materials with high stability and
efficiency has attracted wide attention because of their tech-
nological and fundamental significance in biological sensing
and optoelectronic applications.”” Among those new lumines-
cent materials, carbon-based nanomaterials including gra-
phene derivatives and graphene quantum dots (QDs) show
lower cytotoxicity and have more stable emissions.>® The
luminescence of such nanomaterials is tentatively thought to
originate from isolated sp® carbon hexagons or passivated
surface defects.**” Many efforts have been made to increase the
quantum yield (QY) of the carbon-based nanomaterials, for
example, by modifying the surface with organic molecules*® or
by doping them with light elements.®® The photoluminescence
(PL) can be tuned by the adjustment of the band gap or by the
charge-transfer effect of the functional groups.*®

Graphdiyne (GDY), a new two-dimensional periodic carbon
allotrope with a special sp-sp* hybrid structure, has been of
increased interest because large-area GDY films on the surface
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considered to be induced by defect states because of the doping of fluorine, suggesting its potential
applications in luminescence devices, such as biological sensing and flexible light-emitting diodes.

of copper were successfully synthesized in 2010.°*> According to
density functional theory (DFT), the direct band gap of original
GDY is from 0.44 eV to 1.10 eV with different approximate
methods,*® which shows that GDY has an advantage of over
graphene for optoelectronic applications.” The GDY and
related materials were believed to be promising PL materials,
which may be used as a highly efficient photocatalyst or for
fluorescence sensing, and so on**>'* Compared with traditional
optoelectronic materials, GDY has higher optical responsivity
and faster response rate, which is attributed to its better
conductivity.'®* However, there are few studies on the intrinsic
fluorescence spectra or fluorescence mechanism of GDY
because of its low emission efficiency, and it may still have a far
reaching significance worth exploring.

Doping of carbon-based materials using light elements is an
efficient method to modify the electric and optoelectronic
properties.””*® It was confirmed that the doping of fluorine on
the carbon framework of graphene can tune the gap from 0 eV
to ~3 eV.® The fluorinated graphene can emit visible PL using
irradiation of near-ultraviolet rays.*” The GDY has one-third of
sp> bonds which is similar to that of graphene. Because of the
similar structure of graphene and GDY, research on fluorinated
graphdiyne (FGDY) is also underway. It has been reported that
FGDY also has excellent properties of energy storage.* It is also
shown that using FGDY is more advantageous than using
fluorinated graphene in the band gap adjustment of nano
optoelectronic materials.” Compared to graphene, GDY has
additional sp bonds, which means that the light atoms have
more abundant doping sites than graphene, which can cause
more interesting PL.
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In the research reported here, a simple method was used for
the synthesis of FGDYs with covalent C-F bonding and localized
sp’>-carbon hybridization. For the pristine GDY which has
a residual oxygen content, then the contribution of oxygen
should be considered for the FGDYs. The PL properties were
then explored, and it is found that with the introduction of
fluorine atoms, the fluorescence intensity of FGDYs is greatly
enhanced when compared to that of the original GDY. The
FGDY with 15.2% fluorine doping shows a strong blue lumi-
nescence and the quantum efficiency is 3.7%. Because of the
low phonon energy of fluoride, doping F atoms makes it
possible to reduce or eliminate non-radiative transition sites.
The enhanced fluorescence of FGDY suggests it has potential
applications in luminescence devices, such as biological
sensing and flexible light-emitting diodes.

2. Experimental
2.1 Preparation of GDY

The GDY was synthesized using a cross-coupling reaction with
hexaethynylbenzene as the precursor.’ Tetrabutylammonium
fluoride was added to the tetrahydrofuran solution of hexakis
[(trimethylsilyl)-ethynyl]benzene in an ice bath, then it was
stirred until the solution turned purple. The solution was
washed with sodium chloride, dried over magnesium sulfate
and filtered, and then evaporated under vacuum to synthesize
the hexaethynylbenzene monomer. The GDY was grown in the
presence of pyridine and copper power using a cross-coupling
reaction of the monomer of hexaethynylbenzene for 72 h at
120 °C under an argon atmosphere and in dark conditions.
After the reaction, the black solution was evaporated at 60 °C to
remove pyridine. The powder obtained was purified and washed
sequentially with acetone, hot dimethylformamide and ethanol.
Then, the powder was washed several times sequentially with
4 M sodium hydroxide, 6 M hydrochloric acid, ethanol, and
deionized water to remove metallic ions and other inorganic
salt. After drying, the GDY powder was obtained.

2.2 Preparation of FGDY

The FGDY was prepared by directly heating a certain mass ratio
of the mixture of GDY and xenon difluoride (XeF,) in a Teflon
container at 180 °C for 12 h under an argon atmosphere. In
order to study the effect of fluorination on the fluorescence of
the doped samples, the same pristine GDY is used, and the
degree of fluorination was varied by using different mass ratios
of XeF, and GDY. The mass ratios of GDY and XeF, were 1 : 2,
1:4, or 1:8. The corresponding samples were denoted as
FGDY-1, FGDY-2 and FGDY-3, respectively.

2.3 Characterization

The morphology of the prepared samples was observed using
scanning electron microscopy (JSM-7500F, Jeol, Japan) and
transmission electron microscope (TEM, G2 F20, Tecnai,
Hillsboro, OR, USA). The chemical composition of the samples
was determined using X-ray photoelectron spectroscopy (XPS,
ESCALAB 250, VG Systems, USA). The Raman spectra was
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measured using a micro-Raman system (LabRAM-HR, Horiba,
Longjumeau, France). The surface environment of the samples
were observed using Kelvin probe atomic force microscopy
(AFM, Dimension Icon, Bruker, Germany). The PL excitation
and emission spectra were monitored using a fluorescence
spectrometer (Fluorolog-3 FL3-22, Horiba Jobin Yvon, France).

2.4 Measurement of quantum yield

The QY was calculated using to the following equation:

Q = Qr(llll) (Ar/A) (1)

where Q is the QY of the FGDYs and the standard substance, I is
the measured integrated emission intensity, and A is the
maximum absorbance value. The subscript ‘v refers to the
standard.

3. Results and discussion

Fig. 1a shows the AFM image of FGDY-2. It exhibits a sheet-like
structure and its surface was uneven. The TEM image of FGDY-2
(Fig. 1b) further confirmed a more uniform overlapping multi-
layer structure. It can be seen that it is only the ultrasonic
treatment which does not make single layered FGDYs or with
a small layer structure.” Fig. 1c is a schematic illustration of
FGDY-2.

Fig. 2a shows the Raman spectra of GDY and FGDYs with two
distinct peaks, the D and G peaks. The D peak at approximately
1370 cm™ ' indicates structural defects and the G peak at
approximately 1585 cm ™' was caused by the first-order scat-
tering of the in-phase stretching vibration with the E,; mode.>*
The I/ ratio increases from 0.77 for GDY to approximately
0.95 for FGDY-3, which means that the FGDYs had more defects
that were caused by the F-doping.** Furthermore, because of the
vibration of the conjugated diyne-links (-C=C-C=C-), two
weak peaks at 1926 cm ' and 2110 cm ™' for GDY have also
appeared.®?*> However, these two characteristic peaks of FGDYs
were weaker, which may be because of the incorporation of F
atoms destroying the sp hybrid carbon atoms of GDY.*

Fig. 2b shows the survey XPS of the samples. The GDY
displays three prominent peaks at 285.6 eV, 532.1 eV and
978.6 eV, corresponding to the photoemission of the C 1s, O 1s
and O Auger electron.** The O atom was introduced by the
adsorbed air in the synthesis process of GDY. For the FGDYs
samples, the F 1s peak at 687 eV and the F Auger peak at
832.5 eV were seen clearly,” and the F signals increased obvi-
ously with the increase of the mass ratios of GDY and XeF, in
the synthesis experiment. Fig. 2c gives the typical C 1s XPS
spectra of GDY and FGDY. For GDY, four distinct peaks
appeared at 284.5 eV, 285.3 eV, 287.2 eV and 288.5 eV in the C 1s
spectrum, which was attributed to the C-C (sp?), the C-C (sp),
the C-O and the C=0 bonds, respectively.”** The area ratio of
sp/sp> was 2.5, which indicated that the diacetyl bond had
a better linkage to the benzene ring.’ In addition to the four
peaks, FGDYs had two other peaks at 285.9 eV and 290.7 eV,
which corresponded to the C-F bond and the C-F, bond,
respectively.”®?® For FGDY-1, it was observed that the chemical

This journal is © The Royal Society of Chemistry 2019
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Fig.1 (a) The AFM image and the lower right inset is the height profile,
(b) the TEM image, (c) a schematic illustration of FGDY-2, in which gray
balls represent C atoms, blue balls represent F atoms, red balls
represent O atoms in the C-O bonds and pink balls represent O atoms
in C=0 bonds.
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structure of F only contained the C-F bond. This was because
the F atoms were preferentially doped at the triple bond of the
chain and then doped on the ring in order to preserve the planar
network structure of the GDY.*” Schematic illustrations of the F
doping in GDY are presented in Fig. S1 (see ESIt). The atomic
percentages were obtained from the quantitative analysis of the
XPS, as shown in Table 1. From FGDY-1 to FGDY-3, the
proportion of the C-F group was 0%, 16% and 19.7%, respec-
tively. The proportions of the C-F, group were 5.2%, 5% and
12.2%, respectively. Meanwhile, the proportion of the sum of
C-0 and C=0 groups increased from 19.5% with GDY to 39.8%
with FGDY-3. This indicated that all the samples had oxygen-
rich groups. Meanwhile, the area ratio of sp/sp> from FGDY-1
to FGDY-3 was significantly reduced from 0.7 to 0.2. This
confirmed that the F atom had been successfully doped,
resulting in the breaking of the alkyne bond between the two
hexagons because the area ratio of sp/sp® reduced gradually.>

To investigate the fluorescence properties of the fluorinated
GDY, the prepared samples were dissolved in ethanol (0.1 mg
mL ™). For the samples which contained hydrophilic oxygen
containing functional groups (C-O and C=O0), the prepared
samples had good solubility in ethanol (Fig. S2, ESI}). Fig. 3a
shows the fluorescence spectra of FGDY-2 when their excitation
wavelengths ranged from 260 nm to 480 nm. This presents the
strongest peak at approximately 480 nm when excited by
400 nm wavelength and showed an obvious excitation wave-
length dependence, which can be commonly observed in other
carbon materials such as graphene and fluorinated gra-
phene.*** The colorful PL emission changed from blue to green
as the excitation wavelength changed sequentially for FGDY-2.
The fluorescence spectra of the other FGDYs and GDY are pre-
sented in Fig. S3 (see ESIT). They all exhibited similar excitation
wavelength dependent fluorescent properties. However, FGDY-1
and GDY emit colors from bright blue to deep purple and then
back to bright blue, and then gradually changed to a green
emission. In a similar way to graphene, GDY also had a small
dielectric constant and a weak spin ratio coupling because it
was mainly composed of light atoms such as C and O.*®
Therefore, it had strong carrier-carrier interactions and elec-
tronic states with well-defined spin multiplicities. Therefore,
GDY, like the other two-dimensional carbon materials, had
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(a) The Raman spectrum, (b) the survey XPS spectra of GDY and FGDYs, (c) high resolution XPS spectra of C 1s of GDY and FGDYs.
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Table 1 The composition of each element of GDY and FGDYs

Chemical groups C—C (sp?) C-C (sp) C-0, C=0 C-F C-F,
Location (eV) 284.5 (+0.2) 285.3 287.2, 288.5 (£0.1) 285.9 290.7 (£0.1)
FGDY-1 (%) 43 29.3 22.5 0 5.2

FGDY-2 (%) 39.1 10.4 29.5 16 5.0

FGDY-3 (%) 23.7 4.6 39.8 19.7 12.2

GDY (%) 22.4 58.1 19.5 0 0

awider band structure than other conventional semiconductors
of a similar size.”® At the same time, the presence of surface
functional groups (such as carboxyl groups and hydroxyl
groups) formed a few defect states, bringing discrete energy
levels for GDY and FGDYs.”® Analogous to graphene, research
has shown that the effective edge groups of green light were
mainly carboxyl and amide groups,* whereas hydroxyl groups
contributed to the blue light emission.*® This also needs to be
confirmed in future work on GDY and its derivatives.

Fig. 3b shows the fluorescence spectra of GDY and FGDYs at
an excitation wavelength of 400 nm. It was observed that the
emission peak position of FGDYs was red-shifted gradually as
the degree of fluorination increased. The FGDY-3 (the FGDY
with the highest degree of fluorination) was red-shifted by
approximately 20 nm compared to GDY. A higher degree of
fluorination produced higher concentrations of surface defects
that can capture more excitons.** The generated excitons may be
in some shallow trap states, resulting in a longer wavelength

emission when the electron-hole pair recombines, and a red-
shift of the emission wavelength occurred.*

Compared with the pristine GDY, the fluorescence of FGDYs
is significantly enhanced, and with the increase of the degree of
fluorination, the fluorescence intensity presents an increasing
trend. However, when the doping amount of fluorine atoms
reaches 24%, the fluorescence intensity decreased significantly.
Therefore, the FGDY-2 (fluorine atom doping amount of 15.2%)
exhibited optimal blue emission properties. With rhodamine
6G as the standard reference material, the QE of FGDY-1, FGDY-
2, FGDY-3 were 1.7%, 3.7%, and 1.6%, respectively. The FGDYs
showed a greatly improved QE compared to the original GDY of
0.7%. According to density functional theory (DFT) calculations,
the direct band gap of pristine GDY was from 0.44 eV to 1.10 eV
when using the GW many-body theory.”® The value is corre-
sponding to the PL which should be far away from bright blue to
green colorful PL. Therefore, similar to GO, the oxygen-rich
functional groups of GDY may be the source of the PL by
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(a) The PL spectra at different excitation wavelengths from 260 nm to 480 nm of FGDY-2, (b) the PL spectra at an excitation wavelength of

400 nm for all the samples, (c) the PLE spectrum with the detection wavelength of 482 nm (the black curve) and the PL spectra at an excitation
wavelength of 400 nm (the red curve) of FGDY-2. In the inset, the image on the left is a solution of it dissolved in ethanol, and the image on the
right is a solution irradiated with a 365 nm laser, (d) the PL intensity of FGDY-2 with different pH values at an excitation wavelength of 400 nm.
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inducing the charge transfer between C and O.** However,
fluoride materials generally have low phonon energy
(<400 em™"),*> which resulted in a low probability of non-
radiative transitions,* allowing free electrons in highest occu-
pied molecular orbit (HOMO) to have more chances to return to
the ground state, thus the luminescence obtained after doping
with fluorine was significantly enhanced. This was also
consistent with the results shown in Fig. 3a, where the greater
the amount of F-doping, the smaller the fluorescent colourful
emission range of FGDY was. However, the F atom reduces the
HOMO and the lowest unoccupied molecular orbit (LUMO)
energy levels and enhanced the migration of charge carriers.**
Therefore, compared with the pristine GDY, the PL intensity of
FGDYs was greatly enhanced. When the doping amount of
fluorine and oxygen atoms were excessive, the probability of
transition of the free electron to the ground state was reduced,
resulting in fluorescence quenching because of the energy
transfer between the oxygen-rich functional group and the F
atoms.* Thus, the fluorescence intensity of FGDY-3 with high
fluorine and oxygen doping amounts was remarkably
weakened.

Fig. 3¢ shows PL and photoluminescence excitation (PLE)
spectrum of FGDY-2. It was easily seen that the strongest blue
emission was at 482 nm when excited by the 400 nm wave-
length. Meanwhile, the PLE spectra under the 482 nm showed
strong peaks at about 393 nm. The inset of Fig. 3c shows that
the FGDY-2 solution emitted an obvious blue luminescence.
The PL intensity of FGDY-2 at different pH values is shown in
Fig. 3d. The pH is an important parameter in many engineering
experiments (such as biotechnology, environmental moni-
toring, and so on), and being able to easily monitor is also
important. The fluorescence intensity of FGDY has an inter-
esting change under different pH conditions at room temper-
atures. Unlike the PL of other carbon materials which quenched
gradually under acidic conditions,* the FGDYs showed an
increase in PL intensity as the acidity of the solution increased.
This might be because of the surface-doped F atoms, dramati-
cally affecting the surface energy of the F-containing carbon
materials which acted as a protective shell with a mechanism
similar to that of surface covered amino groups in silicon
QDs.>3%3%7 At the same time, it was seen that the intensity of PL
continued to decrease under alkaline conditions. The decrease
of PL intensity can be induced by the PL center destruction
caused by the hydroxy groups.**?*° As shown in Fig. $4 (see ESIT),
the peak of the surface adsorbed hydroxyl groups (approxi-
mately 3400 cm™ ') was clearly seen at alkaline conditions.*
This indicated that in an alkaline environment, the adsorbed
hydroxyl groups of FGDY may distinctly affect the intensity of
PL. The sensitivity of PL properties to pH conditions might be
useful for new ideas for the application of carbon-based mate-
rials in the field of environmental detection.

4. Conclusions

In summary, an efficient and convenient method for synthe-
sizing fluorinated GDY was proposed by heating a mixture of
XeF2 and GDY. From the XPS analysis, it is confirmed that the

This journal is © The Royal Society of Chemistry 2019
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pristine GDY has a non-negligible oxygen content, and the
degree of fluorination is varied by using different mass ratios of
XeF, and GDY. The F atoms are preferentially doped at the triple
bond of the chain. From the PL spectra, it is found that the
fluorescence of GDY is enhanced because of the fluorine
doping. It was observed that FGDY-2 (with a fluorine atom
doping amount of 15.2%) has the strongest blue emission at
482 nm. The enhancement of PL is because of a low probability
of non-radiative transitions in fluoride materials. In addition, as
the pH value increases from 3 to 11, the fluorescence intensity
of FGDY-2 gradually decreases, showing an environmental
sensitivity. The FGDYs have a great future potential in biology,
optoelectronics and environment detection because of their
tunable optical properties and low cytotoxicity.
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