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: Aband gap tuning of environmental-friendly graphene quantum dot (GQD) becomes a keen interest

. for novel applications such as photoluminescence (PL) sensor. Here, for tuning the band gap of GQD, a

: hexafluorohydroxypropanyl benzene (HFHPB) group acted as a receptor of a chemical warfare agent

. was chemically attached on the GQD via the diazonium coupling reaction of HFHPB diazonium salt,
providing new HFHPB-GQD material. With a help of the electron withdrawing HFHPB group, the energy

. band gap of the HFHPB-GQD was widened and its PL decay life time decreased. As designed, after

. addition of dimethyl methyl phosphonate (DMMP), the PL intensity of HFHPB-GQD sensor sharply

© increased up to approximately 200% through a hydrogen bond with DMMP. The fast response and short

© recovery time was proven by quartz crystal microbalance (QCM) analysis. This HFHPB-GQD sensor

. shows highly sensitive to DMMP in comparison with GQD sensor without HFHPB and graphene. In

: addition, the HFHPB-GQD sensor showed high selectivity only to the phosphonate functional group

. among many other analytes and also stable enough for real device applications. Thus, the tuning of

. the band gap of the photoluminescent GQDs may open up new promising strategies for the molecular

. detection of target substrates.

© The technology of making portable devices has developed a lot in recent years. As the growing hazard of chemical
- attacks in our society grows, a detection of toxic materials still has been widely studied in sensor technology®. This
. technology has improved the quality of life and has contributed to novel applications such as health monitoring,
© environmental monitoring, and safety. Chemical sensing is of crucial importance because of the growing hazard
: of terrorist chemical attacks in our society. To protect against the threat of toxic chemicals, easily conformable,
. cost effective, portable and nontoxic sensory materials are urgently needed in military and civilian systems.

: Organophosphates are a well-known example of such chemical warfare agents (CWA) that are highly toxic,
- volatile and can irreversibly alter enzymes in neurons?. It can suppress the activity of acetyl cholinesterase (AChE)
: and produce the toxic acetylcholine (ACh) which will cause loss of functions on muscle control, breathing or
. even death. To handle the threat of CWAs, many researchers have developed detectable materials with applicable
. simulants of CWA. Most of researchers have focused on receptor coordinating methods for detection of CWAs.
: Lee et al. fabricated ultrafine carbon nanofibers coated with metal oxide by electrospinning a composite solution.
© Lu et al. also reported DNA-decorated graphene chemiresistors in which DNA grafted on a clean and inert
. graphene sheet for the detection of organophosphonate (dimethyl methyl phosphonate, DMMP)*. So far, the
. mechanism of how sensing takes place in the presence of simulant have not been fully explained. Yasaei et al.
. studied the sensing properties of chemically untreated graphene at the grain boundaries®. They proved that the
. grain boundaries are highly sensitive sites for catching phosphonates by sequentially checking the numbers of
. graphene grain boundaries. They showed the sensitivity up to 300 times higher than that of a single graphene
© grain, but the fabrication of these devices is complicated, and a rapid response sensing system is still required. For
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Figure 1. An illustration of our sensory material referred to as HFHPB grafted GQD (HFHPB-GQD) and
its interactions with the target material (DMMP).

these reasons, the development of novel sensing materials with facile processing, fast response and a dual check-
ing system to reduce misdiagnoses is urgently required in sensor applications.

Many materials have been widely applied in sensing platforms such as metal oxides, organic semiconductors
and carbon based substances. Graphene quantum dots (GQDs) have drawn considerable attention in this field
because of their advantageous properties such as high surface to volume ratio, low toxicity, excellent electrical
properties, easy solution processing, strong photo-luminescence and controllable band gap with functionalized
molecules®™. For example, GQD-based sensors have been designed for use in immuno-sensors, metal ion catch-
ers, and humidity detectors!®. However, to date, there are no reports on GQD based sensor related to the detection
of nerve agents even though these chemicals are highly toxic due to their blocking properties, which occur in
the body by phosphorylation of an active enzyme site'. As a receptor for DMMP, a hexafluorohydroxypropanyl
benzene (HFHPB) functional group is well known as a strong acid and hydrogen bonding reagent. And there are
many reports about hydrogen bonding interaction between hexafluorohydroxypropanyl group and basic com-
pounds as quinone'!. So it is strongly believed that the HFHPB moiety shows an advanced property on interac-
tion with organophosphorus DMMP compound.

In this work, we report novel band gap-controlled HFHPB-GQD material and its chemical sensor. We care-
fully design new sensor system using GQD to provide the maximum change in the photoluminescence (PL)
intensity. The main design concept for the sensor is to use the HFHPB functional molecule for quenching the
fluorescence intensity of HFHPB-GQD by modulating the energy band gap and then recovering the fluores-
cence intensity of HFHPB-GQD by detecting DMMP to give an enhanced sensitivity and selectivity to DMMP
in comparison with GQD without HFHPB. New HFHPB-GQD material is successfully prepared by covalent
carbon-carbon bonding of HFHPB on the GQD via the diazonium coupling reaction. By breaking a conjugated =
electron system through the covalent carbon-carbon bonding, its energy difference (8E) between o and = orbitals
is expected to be reduced and, as a result, the energy band gap of HFHPB-GQD is expected to be widened, com-
pared with that of only GQD without HFHPB group. Specifically, the HFHPB functional group that has a strong
electron withdrawing trifluoromethyl group is introduced into the GQD backbone to decrease the PL intensity
and after addition of DMMP, the PL intensity is expected to be sharply recovered. In contrast, the PL intensity of
the GQD without HFHPB does not change after exposure to the DMMP. We assume that the strong acidic proton
produced by the electron withdrawing CF; functional group of HFHPB-GQD can easily hydrogen-bond with
phosphonate functional groups of DMMP. In addition, our designed HFHPB-GQD is expected to be selective
to only the phosphonate functional group among many other analytes including organic and aqueous solvents.
We also expect that our new HFHPB-GQDs would be very stable for real device applications since GQDs are
very stable even under an oxygen atmosphere. Moreover, HFHPB-GQDs provide easy and simple solution pro-
cessing for real device systems because of their excellent dispersion in most solvents. An illustration of our new
HFHPB-GQD and its interaction with the target material (DMMP) was shown in Fig. 1.

Results

Characterization of HFHP-GQD. The HFHPB grafted GQD was characterized using transmission electron
microscopy (TEM), and atomic force microscopy (AFM), Fourier transform infrared (FT-IR) spectroscopy,
Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), UV-vis spectroscopy (UV-vis), photolumines-
cence spectroscopy (PL) as shown Figs 2 and S1-S4. To protect from insertion of nitrogen and other additional
oxygen functional groups before adding the grafted molecules, we synthesized bare GQDs using a solvothermal
method with ethanol to obtain a clean and intrinsic GQD (see experimental section)®.

Figure 2 shows transmission electron microscopy (TEM) images of HFHPB-GQD and as-prepared GQDs
(Figure S1). As-prepared GQDs had an average diameter of 5nm. The spacing of the lattice was measured to be on
the order of 0.21 nanometers, which is related to the [110] planes of graphite (Figure S1 inset)'2. The TEM images
of modified GQDs are shown in Fig. 2a, and these images do not show a change in diameter. This result means
that the functionalization did not affect the size of the GQDs. The high resolution TEM image shows highly
crystalline with a lattice parameter of 0.21 nm even after grafting HFHPB (inset of Fig. 1a and Figure S2)!>14,
Observation of the morphology and thickness of the HFHPB-GQDs and bare GQDs were conducted by AFM. As
shown in Fig. 2b, individual HFHPB-GQDs were observed with an average thickness of 2 nm. This indicates that
the HFHPB moiety was successfully grafted on the GQD platform.

HFHPB-GQDs were further characterized by FT-IR and Raman spectroscopy. The FT-IR spectra of GQDs
showed a vibrational adsorption band of C=O stretching in COOR moieties at 1739 cm ™' and an O-H stretch-
ing vibration at 3460 cm ™. The typical peaks of C-H asymmetric and symmetric vibration (nearby 2972 cm™1)
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Figure 2. Characterization of HFHPB-GQDs. (a) TEM image, inset; HRTEM image of HFHPB-GQDs (scale
bar 1 nm). (b) AFM image of GQD (top), HFHPB-GQD (bottom). (c) Fourier transform infrared (FTIR)
spectra of GQDs (black) and HFHPB-GQDs (blue). (d) Raman spectra of GQDs (black) and HFHPB-GQDs
(blue) on a SiO2/Si substrate with a 514 nm laser. The peak shift was calculated after Gaussian fitting.

were observed in addition to a new peak (2813 cm™!), which is attributed to the stretching vibration of the C-H
bond. In addition, vibrational C-H bending in-plane (1058 cm~!) and hydrogen wagging out of plane (966 cm™!)
from the aromatic moieties in HFHPB were observed, which imply that HFHPB was attached to the GQDs!>"7.
Furthermore, the relative intensities of the peak at 1658 cm™!, which corresponds to the C=C stretching vibra-
tion, increased when the HFHPB moiety was integrated into GQD. This is because of an increased intensity in the
aromatic region due to the introduction of an HFHPB-connected benzene moiety. And during the functionaliza-
tion, as noted previously, the diazonium reaction involves decarboxylation of edge site of GQD through nucleop-
hilic addition of the enolate anion to the diazonium salt produces the azo compound named by Japp-Klingemann
reaction',

Raman spectroscopy measurements also imply the formation of HFHPB-GQDs as shown in Fig. 1d. The typ-
ical GQD peaks of D and G were displayed at about 1365 cm ™! and 1601 cm™}, respectively®. In contrast to GQD,
the D band of HFHPB-GQDs was shifted to lower wavenumbers by 11cm™! (1354 cm™"), and the intensity ratio
of the D to the G band (I/I;) was estimated to be about 1.04, which increased relative to bare GQD by about
0.92. These results indicate that structural disorder occurred in the GQD platform as previously observed by Jeon
et al.l3,19,20.

The HFHPB grafted GQDs were analyzed by XPS. The total amount of carbon, fluorine, oxygen and nitro-
gen were 45, 19, 30, and 6%, respectively, for HFHPB-GQD (Figs 3 and S2). The deconvoluted Cls spectra of
HFHPB-GQD showed several components at 284.4, 285.6, 286.2, 287.6, and 289.2 eV, which were related to
C-C, C-CE, C-0O, C=0 or C-F, and O-C=0, respectively*!~?. A strong chemically shifted peak was observed at
292.2 eV, and this is related to the binding energy of C-F because the high electronegativity of fluorine resulted in
the functionalization of GQDs with a HFHPB moiety****. Furthermore, the HFHPB-GQD showed a pronounced
F 15 peak with a F/C atomic ratio of 42.22%, while no F signal was observed for the bare GQD. These results
indicate that the HFHPB moiety was stably coordinated on the GQD. As noted previously, the diazonium reac-
tion involves an azo linkage in addition to the covalent carbon-carbon bond when phenoxy functional groups
are located on the carbon surface?$. Similarly, our HFHPB-GQD also had an azo-linked HFHPB moiety with
no contribution from a high binding energy peak at 405 eV, which would be related to nitrogen in a diazonium
group?.

The optical properties of GQD and HFHPB-GQD were investigated by UV-vis absorption spectroscopy and
PL spectroscopy. The PL excitation (PLE) spectra shown in Fig. 4a and b were obtained to further examine the
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Figure 3. (a,b) X-ray photoelectron spectra of C 1sand F 1s for HFHPB-GQDs. (c,d) Cls and F1s for GQDs.

recombination phenomena answerable for the emission. Two electronic transitions of bare GQDs were detected
at 249nm (4.98eV) and 328 nm (3.78eV) at \.,,, 404. Theses peaks are regarded as the two sorts of the electronic
transition from o and w molecular orbitals to the lowest unoccupied molecular orbital (LUMO) as shown in
Fig. 4c and d. In the case of HFHPB-GQD, 245nm (5.06eV) and 291 nm (4.26 ¢V) were observed for the transi-
tion of 0 and T orbitals to LUMO??, According to the previous reports?, the energy difference (0E) between o
and  orbitals should be below 1.5V for a triple ground state. The energy difference of GQD and HFHPB-GQD
have been calculated to be 1.2 eV and 0.8 eV, respectively, which are probable value for triplet ground state of car-
bene (<1.5eV). Thus, the HFHPB functional group can modulate the E between ¢ and w orbitals.

As seen in Fig. 4e, both GQDs and HFHPB-GQDs show strong absorption peaks in the deep UV (<250nm),
which are assigned to w-1* transitions of aromatic C=C bonds according to a previous report®*>!. An additional
shoulder peak at 265 nm was assigned to the n-w *electron transition of heteroatoms (C=0) existed in GQDs.
The absorption peak for the n-m * transition was changed from 265 nm to 260 nm with an absorption at 395nm,
which is related to new transition site (O or N related interstate band) of HFHPB-GQD?. Due to the oxygen
containing group in HFHPB, the oxygen or HFHPB related surface state may be induced between w band and ©*
band in HFHPB-GQD. The fluorescent properties are originated from the © conjugated system of the carbon
domain on GQD due to -7 electron transitions. The PL intensity of the GQD sharply decreased after introducing
the HFHPB moiety onto the GOD in comparison with the same concentration of unmodified GQDs as shown
in Fig. 3a and b. This result means that sp? carbon atoms of the aromatic rings were involved in carbon addition
to form sp?® hybridization through embedding HFHPB moieties on the GQDj; this result reflects the introduction
of electron withdrawing trifluoromethyl groups as reported previously'*?2. In addition, new appearance of inter-
state band through HFHPB group in band gap may also affect in decreasing PL intensity. Moreover, according to
a previous report, graphene and other carbon materials functionalized with fluorine showed a large blue shift in
UV-vis and PL spectra as a result of the band gap widening caused by the polarization-induced charge effect*.
Consequently, the emission peak was shifted from 412 nm to 407 nm, which is consistent with the behavior of our
UV-vis spectra®!. Our UV-vis and PL spectra showed that the blue shift phenomena increased and the PL inten-
sity decreased as the amount of HFHPB diazonium salt on a fixed amount of GQD increased (Figure S4). The
PL decay of GQD and HFHPB-GQD are measured by a time correlated single photon counting technique with
fitting by triple exponential function at 375 nm excitation as shown in Fig. 4f. The observed life time of GQD is
Tave="5.79 115, whereas that of HFHPB-GQD is T, = 4.84 ns, showing that HFHPB-GQD is shorter decay time than
GQD due to the electron withdrawing HFHPB group. For the measurement, the ratio (0.5 vs 1 with weight ratio)
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Figure 4. Optical properties of GQDs and HFHPB-GQDs. Photoluminescence excitation (PLE) (blue) and
PL (black) spectra of (a) GQD, (b) HFHPB-GQD. Energy band diagram of (c) GQD, (d) HFHPB-GQD. (e)
UV-vis spectra of GQD (black) and HFHPB-GQD (red). (f) Time resolved fluorescence decay curves of GQD
(black) and HFHPB-GQD (blue) (A, =340 nm, X\, =405nm).

of HFHPB-N2* (receptor) versus GQD was fixed and the same excitation wavelength to investigate the sensing
properties of HFHPB-GQD with PL spectra was observed.

Sensing property of HFHPB-GQD to DMMP.  The sensing response of HFHPB-GQD was monitored by
PL spectroscopy and a quartz crystal resonator to conduct a quantitative analysis. Figure 5 represents the fluo-
rescent sensing behavior of GQDs and HFHPB-GQDs in response to DMMP. To precisely determine the sensing
properties, both GQD and HFHPB-GQD were dissolved in dichloromethane to reduce the interaction between
solvent and substances before exposure to DMMP. Generally, the excited electrons can emit PL light through
radiative recombination. However, the HFHPB may contribute as non-emissive trap state between m band and ©*
band. Therefore, the PL intensity of HFHPB-GQDs dramatically decreased and a blue-shift phenomenon was
observed from 412 to 407 nm as shown in Fig. 5a. Interestingly, by adding 500 pl of 0.5 M of DMMP, the PL inten-
sity of the HFHPB-GQDs (blue line) sharply increased (by about 200%) as compared with bare GQD (black line)
and exhibited a red shift in wavelength, recovering back to the original wavelength, 412nm (open circle line). We
assume that the decreased radiative recombination through the non-emissive trap state from HFHPB function-
ality could be increaseed via hydrogen bonding with analyte (DMMP). Thus, the PL intensity is returned back to
the original value. Figure 5b showed a gradual increase in PL intensity and the maximum wavelength peaks by
adding 100 pl of the same concentrated DMMP solution. The changes in PL intensity and maximum emission
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Figure 5. (a) Photoluminescence spectra. Solid line - 2 mg/ml of GQDs (black) and HFHPB-GQDs (blue) and
circle line - after adding of 500 ul of DMMP. (b) Sensing properties of HFHPB-GQDs for 100l increases in the
amount of 0.5M DMMTP. (c) Time dependent photoluminescence spectra for HFHPB-GQDs by introducing
various concentrations of DMMP. (d) Selectivity test: photoluminescence change of HFHPB-GQDs on injection
of 500 ul of organic volatile solvents and DMMP. Excitation wavelength was at 330 nm.

wavelength of HFHPB-GQD with DMMP are considered to be the result of proton induced charge transfer via
hydrogen bonding and the introduction of scattering sites as noted in a previous report®. The total enhanced
fluorescence was 200% compared with initial response of HFHPB-GQD. The PL lifetime of GQD, HFHPB-GQD
and HFHPB-GQD interacted with DMMP were also examined as shown in Table S1 and Figure S5. As HFHPB
functional group provides the non-emissive trap site to GQD after grafting HFHPB functionality, we explained
earlier, the decay life time of PL was diminished from 7,,.=5.79 ns to 7,,. = 4.84 ns. Interestingly, the decay life-
time of HFHPB-GQD was enhanced after adding DMMP (7, = 5.05ns). The results of average PL decay life
time could be matched with the sensing behavior in PL (Fig. 5a). On the other hand, GQD without the HFHPB
moiety showed no significant changes in fluorescence even with equal concentrations of DMMP. In partial con-
clusion, this result implies that our newly designed sensor platform using HFHPB-GQD is extremely effective for
detecting a specific nerve agent and will guide the development of other specific sensing materials and devices in
the future.

To clearly understand a hydrogen bonding interaction between HFHPB moiety and DMMP, we carefully per-
formed 'H and *'P NMR experiments as shown in Fig. S6. For a control experiment, '"H NMR spectra of DMMP
and HFHPB-NH, were taken as shown in Fig. S6a and b, respectively. Figure S6C showed 'H NMR spectrum for
a mixture of DMMP and HFHPB-NH,. According to literature, the acidic hydroxylic proton caused by electron
withdrawing CF; groups of HFHPB-NH, makes easily a strong hydrogen bonding with basic compounds®. As
a result of a strong hydrogen bonding interaction of HFHPB-NH, with phosphonate group of DMMP, a large
diamagnetic shift of the hydroxyl proton was occurred, showing that the hydroxyl proton (OH) of HFHPB-NH,
was shifted from 3.36 ppm to 4.51 ppm. In addition, an experiment of hydrogen deuterium exchange was investi-
gated as seen in Fig. S6d. After adding 1 drop of D,O in the tube of mixed DMMP and HFHPB-NH,, the hydroxyl
proton was disappeared, which means that the hydroxyl proton was exchanged with deuterium of D,0. All these
results strongly supported our photoluminescence data, indicating that the HFHPB receptor functionalized on
GQDs can affect largely for detecting organophosphonate of DMMP through the noticeable change on photolu-
minescence®*3, On the other hand, 3'P NMR of DMMP? and a mixture of DMMP with HFHPB-NH, showed no
big change in the chemical shift as exhibited in Fig. S6e and f.

For more precise determination of a sensing limit in the liquid state, time resolved PL was conducted.
Figure 5¢ demonstrates the time dependent integrated PL intensity of HFHPB plugged GQDs upon exposure
to different concentrations of DMMP solutions at a fixed emission of 410 nm. The gradual increase in PL inten-
sity of HFHPB-GQD was observed after adding various concentrations of DMMP. The detection limit of the
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Figure 6. Nanogravimetry response of HFHPB-GQDs coated on QCM while releasing DMMP. Inset:
Magnified frequency change of HFHPB-GQDs at 4 ppm.

HFHPB-GQD was about 2.5 mM of DMMP, which is identified from the time resolved photoluminescence spec-
troscopy in the liquid state. In addition, an investigation of selectivity was done by PL spectroscopy in the pres-
ence of assorted analytes at identical ranges of fixed wavelength on emission as shown in Fig. 5d. HFHPB-GQD
showed outstanding selectivity for recognizing DMMPs among other organic solvents, which means that the
HFHPB moiety allows the GQDs to be a perfect indicator of DMMP.

We further investigated the quantitative adsorption of gaseous DMMP on the surface of HFHPB-GQD using a
quartz crystal microbalance (QCM) as shown in Fig. 6. The solution of HFHPB-GQD was drop-casted onto gold
electrodes of QCM. We used a mass flow controller (MFC) to control the flow of gaseous DMMP as explained in
the Supporting Information. The whole MFC system was connected to the QCM in order to check the sensing
response. Figure 6 showed a sensitivity of HFHPB-GQD to DMMP via the hydrogen bonding interactions on
QCM. As shown, the frequency of the quartz crystal resonator changed based on the concentration of gaseous
DMMP. An uncoated bare electrode of quartz crystal was tested as a control (Figure S7). The frequency of the bare
quartz crystal had constant frequency as a function of time upon exposure to DMMP from 32 to 4 ppm, which
means that the DMMP had no effect on the bare gold coated quartz crystal. In order to examine the adsorption
and desorption time for DMMP, three different samples including cleaned graphene, non-treated GQDs, and
HFHPB-GQDs were used as shown in Fig. 6. In case of GQD, it may have interaction between hydroxyl group
and DMMP due to its oxygen containing functional groups. Thus GQD shows small portion of adsorption and
desorption. Only the HFHPB-GQD coated quartz crystal showed a significant sharp change in frequency with
regard to the adsorption and desorption as a function of time. After exposure, the active layers were purged with
N, to return them to their initial conditions. Finally, we found that DMMP adsorbed at masses of 39.78 x 10~°g
at 32 ppm, 20.08 x 10~°gat 16 ppm, 11.97 x 10~ g at 8 ppm, and 6.84 x 10~°g at 4 ppm on HFHPB-GQDs coated
quartz crystals. These results were obtained by calculation using the frequency change (A f) in the Sauerbrey
equation®®. The change in the frequency was fully reversible, and the initial frequency value was recovered by
purging with N, for 34s after shutting off the DMMP gas supply. The change in frequency increases as the con-
centration of DMMP increases, which means that the change in frequency is proportional to the concentration
of gaseous DMMP. Surprisingly, our results are comparable to the limit of detection in chemiresistor sensors with
modified graphene, functionalized carbon nanotubes, and polymer integrated reduced graphene oxide**. In
order to analyze the times required for response and recovery, changes in the magnified frequencies versus time
at 4 ppm were plotted for all samples in Fig. 6 inset. The average time to approach 90% adsorption of DMMP is
31s for HFHPB-GQD, while those of graphene and non-treated GQD showed no response to exposure of gaseous
DMMP at 4 ppm, which means that the HFHPB-GQD was successfully fabricated and sensitivity was improved
by addition of the HFHPB moiety. Furthermore, the response time and the recovery time are 31 and 34 sec-
onds, respectively, which is much shorter than those of graphene and bare GQDs (Figure S8, Table S2). The fast
response and fast recovery in comparison with the bare graphene and GQDs indicate that the receptor (terminal
HFHPB group) was well organized on the GQD platform and it effectively captured the gaseous DMMP.

It is obvious that the HFHPB-GQD was strongly interacted with DMMP by hydrogen boding which is the
interaction between acidic proton and basic compound as we designed. The result indicates that the GQD mod-
ified with HFHPB moiety has the high sensitivity and selectivity than neat graphene and GQD against DMMP
vapor and liquid. Our novel functionalized GQD will provide a promising direction in the development of carbon
based sensor platforms.

Discussion

In summary, for tuning a band gap of the photoluminescent GQD, an electron withdrawing HFHPB group was
chemically attached on the GQD through covalent carbon-carbon bonding of HFHPB on the GQD by the diazo-
nium coupling reaction of HFHPB diazonium salt, providing a novel HFHPB-GQD material that can be eligible
for detecting a chemical warfare agent, DMMP. With a help of the electron withdrawing HFHPB group, the
energy band gap of new HFHPB-GQD was widened and its PL decay life time decreased. As a result, the PL inten-
sity of HFHPB-GQD dramatically decreased and the blue-shift phenomenon was observed from 412 to 407 nm
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wavelength. After addition of DMMP, however, the PL intensity of HFHPB-GQD sharply increased (by about
200%) through a hydrogen bond with DMMP that was confirmed with nanogravimetry measurement and H
NMR study, and its maximum PL peak was moved back to the original wavelength, 412 nm, which showed a fast
response and short recovery time. Thus, our HFHPB-GQD sensor shows high sensitive to DMMP in comparison
with sensors with GQD without HFHPB and graphene. In addition, the HFHPB-GQD sensor exhibited high
selectivity only to the phosphonate functional group among many other analytes including organic and aqueous
solvents and also stable enough for real device applications. This break-through band gap tuning of GQD using
electron withdrawing functional molecules may open up a promising new direction in the engineering of mole-
cules on target substrates for the enhancement of their electrical and optical properties.

Methods

Materials and characterization. As synthesized GQDs and HFHPB-GQDs were characterized by atomic
force microscopy (AFM, Agilent 5,100 AFM/SPM system), transmission electron microscopy (TEM, JEOL JEM-
2100 Field Emission Gun HR-TEM), Fourier transform infrared spectroscopy (FI-IR, Bruker Vertex 70), and
Raman spectroscopy (WiTec, Alpha 300 R with a 532-nm laser). X-ray photoelectron spectroscopy (XPS) meas-
urements were taken in a SIGMA PROBE (ThermoVG) using a monochromatic Al-Ka X-ray source at 100 W.
Photoluminescence (PL) spectra were obtained on a Cary eclipse fluorescence spectrophotometer (Agilent,
Technologies, America). The sensing properties of GQDs and HFHPB-GQDs were monitored by a nanogravim-
etry technique (EQCN, Shin) using a quartz crystal resonator (formed on a gold-coated quartz crystal from
International Crystal Manufacturing Co, Inc.). All measurements were carried out at room temperature (25°C).
Fluorescence lifetime decay was measured using a confocal microscope (MicroTime-200, Picoquant, Germany)
with a 20x objective. A pulsed diode laser (375 nm with a pulse width of ~240 ps and an average power of ~1 uW)
was used as an excitation source. An avalanche photodiode detector (PDM series, MPD) was used to collect
whole emissions from the samples. Time-correlated single-photon counting (TCSPC) technique was used to
count fluorescence photons*.

Synthesis of GQDs. Graphene oxide was synthesized by a modified hummers method. Graphene quantum
dots were obtained by a solvent assisted thermal reduction of graphene oxide. Specifically, 2mg-ml~! of graphene
oxide was placed in ethanol and then the solution was sonicated for 1 day. After sonication, the solution was
poured into an autoclave to provide heat treatment in a muffle furnace at 200 °C for 20 h. The autoclave was cooled
down to room temperature after the thermal treatment. Then, the yellowish solution was filtered. The solvent of
the yellowish solution was evaporated for further chemical treatment.

Synthesis of 4-(1,1,1,3,3,3-hexafluoro-2-hydroxypropan-2-yl)benzene diazonium
tetrafluoroborate salt (HFHPB-N27). The diazonium salt of HFHPB-N2* was synthesized according
to a previous report*. 2-(4-Aminophenyl)-1,1,1,3,3,3-hexafluoro-2-propanol (0.200 g, Alfa Aesar) was dissolved
in a 50 ml round bottom flask with dry THF (5ml) under a N, atmosphere. This solution was added dropwise to
boron trifluoride etherate (2 equiv.) in a round bottom flask cooled to —5°C under N,. Isoamyl nitrite (1.6 equiv.)
was then added dropwise to the mixture with a syringe, and a solid subsequently formed. The mixture was allowed
to stir for 30 min at —5 °C before it was allowed to return to room temperature. The solid was then filtered, and the
filtered white power was washed with small amount of cold Et,O to yield a white solid after drying: characteriza-
tion data for hexafluoroisopropylbenzenediazonium tetrafluoroborate; 'H NMR (500 MHz, CO(CDs),, §), ppm
§=8.53 (d, Ar-H, 2H), 9.09 (d, Ar-H, 2H).

Synthesis of HFHPB-GQD. GQDs were dissolved completely into ethanol to make a 10 mg-ml~! solution,
which was stirred for a few minutes. The synthesized HFHPB-N2" was dissolved into the solution of GQDs. The
solution was stirred in a sealed container in the dark overnight. To remove the impurities and unexpected starting
materials, the solution was dialyzed using a dialysis bag (retained molecular weight: 1000 Da) for 1 day.

Mass flow controller (MFC) settings. A mass flow controller (MFC) system equipped with a N, gas and
bubbler system for the liquid was utilized for sensing the DMMP vapor. Dry N, was used as the carrier gas. A cer-
tain amount of liquid DMMP was placed into the bubbler chamber, and the carrier gas was continuously passed
through the headspace of the bubbler system. The carrier gas was controlled using an individual flow controller.
The concentration was controlled using a regulating valve connected to the bubbler to obtain a fixed carrier gas
flow rate.
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