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The detection and quantification of the fluoride ion, one of the most significant anions, have attracted
much research interest because of its striking role in oral/bone health and clinical treatment of
osteoporosis. A set of F~ ion sensors have been reported here, which operate through the fluorescence
turn-on response of reduced graphene oxide (rGO)-fluorophore noncovalent conjugate. The developed
sensing systems perform well at neutral pH in aqueous solutions, and the response towards F~ ions was
initiated within seconds. The high specificity for these optical sensors towards F~ ions, among a set
of significant competing anions, was notable. For the three fluorescent organic dyes selected for study,
tetraphenylporphyrin (Dypp), curcumin (Dcyrn), and coumarin (Dcmn), the low-level detection (LOD)
ability increased with an increase in m-interactions between rGO and the fluorophore. A fall in LOD to
the attomolar level could be achieved for the rGO-Dypp system. The turn-on fluorescence strategy was
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extended further to develop solid-state sensor strips for F~ ion detection at the attomolar level. The
fluoride-philic nature of rGO-fluorophore systems was traced by systematic investigations using FT-IR,
DOI: 10.1039/d2ma00393g XRD, and XPS techniques, which revealed that the interaction between the most electronegative F~ ion

and the rGO in the sensor unit leads to the formation of the stable compound graphite fluoride, and this
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Introduction

Graphene, the first successfully prepared 2D material, has attracted
extensive research interest due to its excellent physico-chemical
properties and widespread applications." The inherent fine
features of this wonderful material can be further modulated
by functionalisation with suitable molecular entities.> Either
covalent or noncovalent, these modifications augment the covet-
able features of graphene manyfold and widen the horizons of
this valuable material at the application level. Among these,
noncovalent functionalisation of graphene offers the possibility
of attaching functional moieties to the latter without disturbing
the m-conjugation network of graphene, unlike covalent functio-
nalisation. Noncovalent functionalisation of graphenic systems
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conversion in turn switches on the quenched fluorescence of the fluorophore.

is mainly based on van der Waals forces and n-n interactions
using polymers and molecules with extended n-systems.>®
In partially reduced graphenic systems, ionic interactions and
H-bonding are also often involved. Interactions involving
n-systems are most relevant in the context of the design and
fabrication of nanodevices based on graphene, as they can
induce dramatic effects in the structure and properties of the
system, including dispersibility, mechanical strength, stability,
flexibility, electrocatalytic properties, and so on, ensuring extended
applications.*™®

A parameter that is affected drastically due to the interactions
mentioned above is the photophysical properties of molecules
bounded with graphene. Under photoexcitation, graphene, an
established energy/electron acceptor, quenches the fluorescence
of the organic molecule through photoinduced energy/electron
transfer, paving the way to excellent chemosensors.®” The low
interaction energy <50 kJ mol ', involved in n-n or CH-n
interactions, allows the noncovalent graphene-fluorophore
system to be reversible or kinetically labile and enable facile
replacement of the fluorophore from graphene, which is man-
ifested as a change in the optical response of the pair. Oxygen-
functionalised graphenic systems, viz.,, graphene oxide (GO)
and reduced graphene oxide (rGO), are able to further modulate
the above-mentioned interactions. Optical sensors based on
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Fig.1 The molecular structures of the fluorescent organic dyes selected for the development of fluoride ion sensors by noncovalently conjugating

with rGO.

noncovalently bound fluorophore-graphenic systems are an
ever-expanding area that exploits the fluorescence quenching
property of graphenic materials. Exchange of the fluorophore
on the carbon framework with a competing analyte that
releases the fluorophore realises a turn-on sensor. This strategy
has given rise to highly selective and sensitive fluorimetric
%19 1n the present work, the noncovalent assemblies
formed between reduced graphene oxide (rGO) and fluorescent
organic dyes, 5,10,15,20-tetraphenylporphyrin (Dypp), curcumin
(Dcurn), and coumarin (Demy) (Fig. 1), are utilised to develop
F~ ion sensors manifested through the fluorescence turn-on
response, with high selectivity among a group of common
anions.

Amongst the various biologically important anions studied,
F~ ions have attracted fundamental research interest owing to
their discrete properties, like high charge density and hard
Lewis basic nature. As the smallest anion, the F~ ion plays a
decisive role in environmental, biological, medical, and indus-
trial fields. F~ ions are easily absorbed and accumulated by the
body. In daily life, F~ ions are supplemented through drinking
water and toothpaste due to their potential role in preventing
dental caries and treating osteoporosis. However, high and
excessive exposure to F~ is hazardous to plants, marine life,
animals, and humans. Acute, high-level exposure to fluoride
leads to gastric and kidney problems, abdominal pain, seizures,
and muscle spasms. Many diseases, including Down’s syndrome,
low intelligence, thyroid problems, cardiovascular diseases,
neurological problems, immunotoxic effects, mitochondrial
dysfunction, and even cancer, are also likely. The permissible
dose of tolerance of F~ ions in drinking water is 1.5 parts per
million (ppm), ~78.9 puM, as per WHO guidelines. Various
methods, including optical,"* chemodosimetric,"* and electro-
analytical,"® have been widely investigated.

The rGO-fluorophore units studied herein responded to
the presence of F~ ions at extremely low concentrations. The
response was almost instantaneous, occurring in <5 s.
The observed limit of detection (LOD) is 251.76 attomolar,
35.50 femtomolar, and 25.22 picomolar, for rGO-Dypp, rGO-
Dcurn; and rGO-Domn, respectively. It is worth mentioning that
an attomolar level of F~ ion detection is unprecedented in the
literature. The environmentally benign nature of the fluorophores

Sensors.
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selected is another added advantage. The pH of the solutions was
between 6.5 and 7.0, which ensures ionisation of species like
acetic acid, carbonic acid, etc. (precursors to competing anions).
Besides, interference from hydroxides will be negligible at this pH.
Carbonate and acetate ions of similar basicity to F~ ions could not
evoke an appreciable response, which is claimed as a merit of the
sensor. The results obtained herein, along with our previous
work,">"® reveal the selective affinity (or universal selectivity)
of such rGO-fluorophore turn-on sensors to F~ ions. Systematic
investigation shows that the strong interaction between the most
electronegative F~ ion and rGO that leads to the formation of a
stable compound, graphite fluoride, serves as the driving force for
the fluoride-philic nature of the aforementioned systems.

Experimental section
Materials

All the chemicals used in this study were purchased from
commercial suppliers and used as received. The fluorophores
5,10,15,20-tetraphenylporphyrin, curcumin, and coumarin
used in this study were sourced from Sigma-Aldrich. Fluoro-
phore stock solutions were prepared by initially dissolving the
required amount of dye in a DMF-ethanol mixture (1:1 ratio)
and subsequently diluting it with deionised water. Graphite
powder was purchased from Acros Organics. Hydrazine hydrate
and potassium permanganate were purchased from Merck.
A modified Hummers’ method was adopted to obtain rGO
from graphite powder using a hydrazine hydrate mediated
route. The details of the synthesis are given elsewhere.'®* Stock
solutions of the analyte anions (fluoride, chloride, bromide,
iodide, nitrate, nitrite, bicarbonate, carbonate, acetate, and
sulfate, procured from Merck as either sodium or potassium
salts) were prepared by dissolving the required amount of their
salts in deionized water. The salts were selected in such a
manner that the counter cations of the anions are inert to the
sensor.

Measurements

The electronic absorption spectra were recorded on a JASCO
V-550 UV/vis spectrophotometer and the fluorescence spectra

© 2022 The Author(s). Published by the Royal Society of Chemistry
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were recorded on a PerkinElmer LS-55 fluorescence spectro-
meter. Optical studies in solution state were carried out using a
1 cm quartz cuvette. The fluorescence spectra were recorded by
exciting the samples at the respective excitation wavelengths of
the fluorophores. Fluorescence lifetime measurements were
carried out using a Horiba (model DeltaFlex) time-correlated
single photon counting system. The lifetime values (t), normal-
ized pre-exponential value (x), and average lifetime (t,,) were
determined using EzTime decay analysis software. The quality
of the fit was judged by fitting parameters, such as 3> (<1.1), as
well as visual inspection of the residuals. Infrared spectra were
recorded on a JASCO FT/IR-4100 Fourier Transform Infrared
Spectrometer using the KBr pellet method. X-ray photoelectron
spectroscopy (XPS, PHI 5000 VersaProbe II, ULVAC-PHI Inc.,
USA) equipped with a micro-focused (200 pm, 15 kV) mono-
chromatic Al-K, X-ray source (1486.6 eV) was used for identi-
fying the elements in the carbon material. Both survey spectra
and narrow scans (high-resolution spectra) were recorded.
Survey scans were recorded with an X-ray source with power
of 50 W and pass energy of 187.85 eV. High-resolution spectra
of the major elements were recorded at 46.95 eV pass energy.
XPS data were processed using PHI's Multipak software.

X-ray diffraction (XRD) studies were performed on a Rigaku
MiniFlex 600 diffractometer with Cu K, radiation (1 = 1.54 A).
Samples for XRD analysis were prepared by drop casting an
aqueous solution rGO-F(fluorophore), followed by the com-
plete removal of the solvents under a high vacuum. Scanning
electron microscopy (SEM) images were obtained using a Zeiss
EVO18cryo SEM with a secondary electron detector and an
accelerating voltage of 15 kV after sputtering with gold-
palladium alloy. Samples were prepared by dropcasting the
aqueous solution of rGO-F(Dypp) over smooth aluminum foil
and drying in air overnight.

Solution-state detection of fluoride ions using rGO-fluorophore

2.5 mL of 10~ > M fluorophore solution (initially dissolved in
1:1 DMF-ethanol mixture and subsequently diluted with
water) was taken in a cuvette, and aliquots of rGO dispersion
were added to the above solution so as to suppress the optical
signal fluorescence of the dye. An rGO dispersion in deionised
water of concentration 83 mg mL ™' was used throughout the
experiment, which was subjected to ultrasonication for 15 min
prior to the experiment. The interaction between the fluoro-
phore and rGO was monitored using UV/vis absorption and
fluorescence spectroscopy. The emission spectra were recorded
after each addition of rGO dispersion, and a decrease in the
emission intensity of the fluorophore was noted. The rGO-
fluorophore noncovalent conjugate thus prepared constitutes
the sensor unit here. The pH of the solutions of rGO-Dypp, rGO-
Dcurn, and rGO-Dovn sensors were determined as 6.59, 6.63,
and 6.73, respectively. The sensor systems were stable for up to
two weeks, after which a slight decrease in efficiency was noted
due to factors like aggregation and oxidation of rGO. The
selectivity of the sensors was checked by adding solutions of
different anions prepared in deionised water to the rGO-
fluorophore solution (2.5 mL fluorophore and 20-60 pL rGO

© 2022 The Author(s). Published by the Royal Society of Chemistry
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dispersion). Quantitative determination of F~ ions was done by
measuring the emission intensity of the system after adminis-
tering various concentrations of ions, prepared by dissolving
requisite amounts of salt in deionized water.

rGO-fluorophore sensing strips for the detection of fluoride
ions

A solid-phase filter paper-based sensor strip was developed
using the most efficient sensor system, rGO-Drpp. The test
strips were obtained by immersing fine-quality paper strips in
rGO-Dypp solution for 1 h followed by drying at 60 °C for 1 h.
The sensing ability of the sensing strips was tested under UV
light illumination (365 nm) after adding the requisite amount
of F~ ion solution to the strip. The performance of the strip was
found to be satisfactory for about two weeks.

Results and discussion

rGO-fluorophore noncovalent conjugate for the selective
detection of fluoride ions

Characterisation of the prepared rGO samples using XRD
analysis, combined with FTIR spectral data and Raman spectral
analysis, indicate a functionalised carbon core in the material
(Fig. S1, ESIt). As is evident from the Raman spectral data, a
significant amount of sp® defects was noted, with an Ip/I; ratio
of 0.92. A C/O ratio of 2.7 is confirmed for the system from the
XPS results, with 73 and 27% of carbon and oxygen, respectively
(Fig. S2, ESIt). C 1s binding energies at 284.7, 286.9, and
287.77 eV identify C—=C, C-O, and C—O0 functionalities indi-
cating a graphenic system functionalised with carbonyl and
hydroxyl groups. The detailed characterisation of rGO is
described elsewhere."®

The sensing unit is constituted by combining the fluoro-
phore and rGO. We first conducted a study on the detection of
F~ ions using an rGO-Dppp noncovalent conjugate. For this
purpose, the interaction between rGO and Dypp in an aqueous
solution was studied using UV/vis absorption spectroscopy,
a tool recognized for exploring the interactions in such systems
(Fig. 2a). The Soret band of Dypp, arising due to the a;,(n) to
e,*(m) transition, appears at 414 nm, and the four less intense
peaks corresponding to the a,,(r) to e,*(n) transition (Q bands)
are seen at 517, 555, 592, and 650 nm, which are characteristic
of the free-base monomer. rGO had a remarkable influence on
the absorbance of Dypp, as the absorbance intensity decreases
with the addition of rGO (with rGO dispersion as the reference).
However, with an increasing concentration of rGO, the absorp-
tion peak of Dypp undergoes a marginal change in absorbance
wavelength, an observation justifying the noncovalent linkage
of porphyrin with the rGO in the ground state'” where the
major contribution arises from m-n interactions of the two
moieties.'® Fig. 2b shows the fluorescence spectrum of Drpp
that exhibits emission peaks at 655 and 717 nm when excited at
410 nm in an aqueous solution. As is evident from the figure,
noticeable emission quenching is observed upon adding rGO
to the fluorophore solution. These results agree with studies

Mater. Adv., 2022, 3, 6809-6817 | 6811
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Fig. 2 (a) UV/vis absorption and (b) fluorescence spectra of Drpp (10712 M) in the absence and presence of rGO (40 pL), Zex = 410 nm. The inset of (b)
shows a photograph of aqueous solutions of Dypp (1072 M) and Drpp (10722 M) + rGO (40 pl) under the illumination of 365 nm UV light. (c) The
fluorescence response of rGO-Dypp towards various anions. The concentration of F~ ions is 10 pM (100 pl) and that of other ions is 50 pM (100 pL).

based on other fluorophore-graphenic systems reported pre-
viously."®** The formation of a non-emissive complex between
Drpp and rGO in the ground state is further evidenced by time-
resolved fluorescence lifetime studies. The fluorescence decay
profiles subjected to bi-exponential fitting provided average
lifetime values of 10.29 and 10.20 ns for Dypp and rGO-Dypp,
respectively, indicating static quenching (Fig. S3, ESIt). The
constant lifetime values of Dypp in the absence and presence
of rGO indicate that static quenching operates in the process,
as rGO and Dypp form a non-emissive complex in the ground
state.'” If dynamic quenching operates, the excited state kinetics
of Dppp will be altered, leading to a change in fluorescence
lifetime, which is not observed here.

We then tested the response of the rGO-Dypp noncovalent
conjugate towards various anions. It was observed that among
the different anions (Cl~, Br, 1", F~, SO,>, CH;COO, NO,,
NO;~, CO;*>, and HCO;") studied, only F~ responds to the
system, by recovering the rGO-mediated quenched fluorescence
of Dypp. The change in fluorescence was noticeable in <5 s
(Fig. S4, ESIY). Fig. 2c displays the selectivity of the sensor
towards F~ ions, illustrating the ability of the rGO-Dypp System
to identify F~ ions selectively through a fluorimetric response.
Interference-free detection of F~ in the presence of other
competing anions is also evident from the figure, as a mixture
of anions devoid of F~ ions produces a marginal enhancement
in the fluorescence of rGO-Dypp.

It was noted that the fluorescence of the sensor probe,
rGO-Dpp, Was restored with successive introduction of increa-
sing amounts of F~ ions (Fig. 3). The concentration range that
evoked such response was significantly wide, from micromolar
to commendably low concentrations like the attomolar, ensur-
ing the utility of the system as an F~ ion sensor in a wide range
of concentrations. The results on picomolar, femtomolar, and
attomolar concentrations of F~ ions are provided in Fig. 3. The
fluorescence variation of the system (Ae,, @655 nm) with F~ ion
concentration was found to be perfectly linear in all the
concentration regions studied, which allow quantitative deter-
mination of the F~ ion (Fig. 3b, d and f). To the best of our
knowledge, rGO-Dypp, with a limit of detection (LOD) of 251.76
attomolar, is superior in sensitivity (in terms of its LOD) to other
F~ ion sensors reported previously.''®>*>* Another attractive

6812 | Mater. Adv, 2022, 3, 6809-6817

feature of the present system is the wide linear range of
fluorescence variation with the concentration of F~ ions, which
enabled the highly selective quantification of F~ ions over a wide
range of concentrations. This is a noteworthy feature, as most
sensors lack a wide range of sensing applications. The lowest
concentration of F~ ions that showed a noticeable enhancement
in the fluorescence of the sensor (rGO-Dypp) experimentally was
38.85 attomolar (LOD = 38.85 x 10~ "* mol L™1).

Solid-state fluoride ion sensor

To simplify the detection strategy, a solid-state paper sensor
strip was developed using the most efficient (in terms of LOD)
solution-state F~ ion sensor system, rGO-Dypp. The test strips
were obtained after immersing the paper strips in rGO-Dypp
aqueous solution for 1 h, then drying at 60 °C. The performance
of the solid-state sensor for detecting F~ ions is shown in Fig. 4.
The sensor strip was monitored under 365 UV light illumina-
tion after adding an attomolar concentration of F~ ions. The
appearance of light pink luminescence of Dypp is noted, which
indicates the potential of the strip to respond to F~ ions at this
low concentration. The results demonstrate the potential of
rGO-Dypp-based paper strips with simple operation and rapid
response for onsite applications for monitoring F~ ions at low
concentration levels.

rGO-curcumin and rGO-coumarin systems as fluoride ion
sensors

The noncovalent interactions of rGO with the other two fluoro-
phores, Dcyrn and Demn, also resulted in similar fluorescence
quenching properties. As shown in Fig. S5a (ESIT), the fluores-
cence of Dcygrn Observed at 545 nm (Zex = 400 nm) showed
quenching in the presence of rGO. Similar behaviour is also
displayed by Dcwmn, Which showed quenching of emission at
396 nm (Lex = 265 nm) in the presence of rGO (Fig. S5b, ESIT).
These two systems yielded an interesting observation when
evaluated for their anion sensing efficiency. Both these systems
respond to the same anion, F~, while all other anions were inert
in affecting the optical response in the sensors, analogous to
the rGO-Dypp system. Fig. 5 summarises the response of the
three systems towards various anions, thus showing the speci-
ficity of the systems for F~ ions. rGO-Dcygn could sense F~ ions

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Restoration of quenched fluorescence of rGO-Dypp on adding F~ ions in (a) attomolar, (c) femtomolar, and (e) picomolar concentration levels
(Aex = 410 nm). (b, d and f) Plots showing the variation in fluorescence response (lem@655 nm) with the concentration of F~ ions. Inset of (a) shows a
photograph of rGO-Dpp (Drpp: 10712 M, rGO: 40 pul) aqueous solution in the absence and presence of F~ ions (10~ M) under illumination with 365 nm

UV light.

Fig. 4

Image of rGO-Drpp-coated paper strip sensor (left) and strip

treated with F~ ions (right) under 365 nm UV light illumination.

at concentrations down to the femtomolar range, while rGO-Devn
could detect F~ ions at a picomolar level (Fig. S6 and S7, ESI¥).
Quantitative determination of F~ ions was also enabled by these

© 2022 The Author(s). Published by the Royal Society of Chemistry

two systems. The LOD values obtained were 35.50 femtomolar
and 25.22 picomolar for rGO-D¢cygrn and rGO-Demn;, respectively.
The sensitivities achieved were significant compared to several
other reported F~ ion sensors. Among rGO-Dypp, IGO-Dcuyrn;
and rGO-Dgyn, YGO-Dpp Was most sensitive, with an LOD of
251.76 attomolar, a value unprecedented in the literature.

Fluoride-philic nature of rGO-fluorophore systems

All the rGO-fluorophore fluorimetric sensors studied are selec-
tive towards F~ ions among the selected anions (Table 1). This
result should be read along with our previously reported work

Mater. Adv,, 2022, 3, 6809-6817 | 6813
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Fig. 5 Plot showing selective response of rGO-fluorophore systems
towards F~ ions.

Table 1 Selectivity and sensitivity of various rGO-fluorophore systems

System Anion Sensitivity
rGO-Dypp (present work) F~ 38.85 aM
rGO-Dcygn (present work) F 35.50 fM
rGO-Dcmn (present work) F 25.22 pM
rGO-Rhodamine 6G (ref. 14) F 44.7 nM
rGO-Fluorescein (ref. 15) F 89.52 nM

on rGO-dye hybrids, which have also shown selectivity towards
F~ ions (Table 1)."*" This observation prompted us to gain
insight into the factors determining the selectivity of these
turn-on rGO-fluorophore anion sensors. To this end, a detailed
investigation was conducted using the material obtained
after the complete restoration of the fluorescence of the rGO-
fluorophore upon adding a sufficient amount of F~ ions. This
experiment was conducted under the conditions for fluoride
detection in the micromolar range. Typically, 80 pL (1 M) of KF
solution was added to a mixture of 2.5 mL (1 pM) fluorophore
solution and 60 pL of rGO dispersion. After equilibration, the
solid was collected via centrifugation and washed for several

View Article Online
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cycles with methanol, followed by a final rinse with water. The
remaining material was expected to be a combination of
F~ ions and rGO, devoid of the fluorophores used. The systems
thus obtained are labelled as rGO-F(fluorophore), in which the
name of the corresponding fluorophore is given in parentheses
to identify the respective samples.

Fig. 6a presents the SEM image of a representative system,
rGO-F(Dypp), revealing piled carbon layers after fluoride ion
incorporation. Fig. 6b displays the FT-IR spectra of the various
rGO-F(fluorophore) materials. The figure also shows the FT-IR
spectrum of graphite fluoride for a meaningful comparison.
Comparing the obtained FT-IR spectra with that of rGO
(Fig. S1b, ESIt) indicates that the rGO-F(fluorophore) materials
are no longer pure rGO. An additional band is observed in the
rGO-F(fluorophore) systems at ~1220 cm ' corresponding to
C-F vibration, as in the case of graphite fluoride,® and
indicates the formation of C-F covalent bond upon the inter-
action of rGO with F~ ions.***’

Further confirmation of the formation of the C-F bond and
conversion of rGO into a stable compound is obtained from
the powder XRD patterns of the rGO-F(fluorophore) systems
(Fig. 6¢). The characteristic peak of rGO observed at ~25°
(Fig. S1a, ESIf) is not observed in these systems. Loss of
graphene character and change to a crystalline graphitic nature
are evident from the diffraction patterns. The maximum
intense XRD peak observed at 20 = 14-16° is indexed to the
(001) reflection of the (CF,), stacked structure in graphite
fluoride.*® The position of the aforementioned peak depends
on the degree of fluorination,*®?° the increase in the intensity
of which suggests an increasing F/C ratio.*®*° A theoretical
study by Rimsza and co-workers indicates that the position
of the said peak at 20 = 14.8° corresponding to a d-spacing
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Fig. 6 (a) SEM image of rGO-F(D+pp). (b) A comparison of FT-IR spectra of rGO—F(fluorophore) systems with that of graphite fluoride. (c) XRD patterns of

rGO—-F(fluorophores) systems. (d) Survey XPS spectrum of rGO-F(Dypp). XPS (e) Cls and (f) F1s spectra of rGO-F(Dtpp).
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of 5.98 A, as observed herein, signifies a hexagonal crystal
structure in graphite fluoride, in which the direction of the
C-F bond alternates from one side of the fluorinated graphite
layer to the other side between each adjacent C atom, giving
rise to a distinct chair conformation for each ring.*® The peak
noted at 20 = 44°, which is more prominent in the rGO-F(Dypp)
sample, accounts for the diffraction from the (101) plane in
hexagonal graphitic carbon.*'

Hence, it is inferred that the high affinity of F~ ions towards
rGO-fluorophore systems leads to the formation of a stable
compound, which is the driving force behind the fluoride-
philic nature of rGO-fluorophore sensor systems. This inference
is further substantiated by the XPS spectrum of rGO-F(Dypp),
chosen as a representative case. The survey XPS spectrum of
the system is provided in Fig. 6d. Atomic percentages of the
elements present (C - 65.2%, F — 17.3%, and O - 17.5%) assign
the CFy,60¢,7; formula to rGO-F(Dpp). Two distinct peaks are
observed for C 1s electrons. The peak at ~284 eV explains
carbons bound to other carbons and oxygen species, while the
region at ~290 eV accounts for carbons bound to fluorine
atoms. Peaks at 287.9, 289.2, and 291.2 eV represent binding
energy values of C1s spectra of semi-ionic C-F, C-F covalent, and
CF, bands, respectively (Fig. 6€).>” A comparison of relative areas
in the XPS spectra shows that the C-F state dominates in the
system. Peaks in the spectrum with binding energies in the
range 684-689 eV correspond to the binding energy values of
fluorine in fluorinated graphite.>® The fluorine 1s spectra of
semi-ionic C-F bond, C-F, and C-F2 correspond to energy values
686.8, 688.1, and 689.0 eV (Fig. 6f).>” Fluorination of carbon
layers is supposed to be at the expense of oxygen bound to
carbon. A decrease in oxygen content in graphite fluoride
samples compared to the starting graphenic materials upon
fluorine incorporation is attributed to the substitution of oxygen
functional groups like hydroxyl by the fluoride ions.*” Atomic
percentages of oxygen derived from XPS analysis, viz., rGO (27%)
(Fig. S2, ESIt) and rGO-F(Dypp) (17.5%) (Fig. 6d), validate this
suggestion. The F~ ion, being the smallest and most electro-
negative entity with a high charge density, can exert strong
interaction between F~ and rGO paving the way to the fluoride-
philic nature of noncovalently bound rGO-fluorophore sensor
systems.

Thus, the restoration of fluorescence or the release of
fluorophores from the rGO-fluorophore complex by F~ ions
that displace hydroxyl groups with high specificity is attributed
to the strong interaction of F~ ions with rGO that results in the
formation of graphite fluoride, which eventually releases the
noncovalently bounded fluorophore, leading to fluorescence
enhancement. The detection strategy involved in the process
is presented in Scheme 1, taking Dypp as a representative
fluorophore.

It can also be seen that, despite the presence of an extended
n network, the two fluorophores, Rhodamine 6G and fluores-
cein, do not exhibit the expected high sensitivity (low LODs) in
F~ ion detection in the presence of rGO compared to other
molecules studied in this work. It is important to note that a
combined computational and experimental study by Yu and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic of F~ ion sensing strategy of rGO-fluorophore
system.

co-workers proved the strong interactions between the Rhod-
amine 6G molecule and graphenic systems that involve oxygen-
containing functional groups on graphene.”® Similar types of
interactions could operate in the case of an rGO-fluorescein
system.””** These strong interactions obviously hinder the
facile displacement of the fluorophores from rGO in the
presence of F~ ions, as it reduces the density of the functional
groups that serve as the displacement sites for fluorine attach-
ment. This explains the lower sensitivity of rGO-Rhodamine 6G
and rGO-fluorescein systems in F~ ion detection, despite their
extended m-conjugation. This aspect also confirms the involve-
ment of oxygen functionalities in the formation of graphite
fluoride reported in the present study.

Conclusions

In summary, rGO-fluorophore noncovalent conjugates, specific
for the fluorimetric detection of F~ ions in aqueous solutions
at lower concentrations, are reported. A turn-on fluorescence
sensing modality is realised for these sensors in the presence
of the analyte of concern. For the rGO-fluorophore systems
studied, tetraphenyl porphyrin (rGO-Dypp), curcumin (rGO-
Dcurn), and coumarin (rGO-Dcymy), the sensitivity order in
terms of LOD values of the sensors was rGO-Dipp > rGO-
Dcurn > YGO-Demn, giving the impression that the sensitivity
increased with the degree of conjugation of the aromatic
framework of the fluorophore selected. The LOD values
achieved were 38.85 aM, 35.50 fM, and 25.22 pM for rGO-
Dypp > rGO-Dcurn > rGO-Demn, respectively. To simplify the
detection strategy, a solid-state paper sensor strip was devel-
oped using the rGO-fluorophore system immobilised on a
paper strip, which showed sensitivity towards F~ ions at
attomolar concentration. Characterisation of the material
obtained after the complete restoration of the fluorescence of
the rGO-fluorophore system upon adding a sufficient amount
of F~ ions using FT-IR, XRD, and XPS revealed that the
interaction between the most electronegative F~ ion and rGO,
resulting in the formation of stable graphite fluoride, justifies
the fluoride-philic nature of the aforementioned systems.
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