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ABSTRACT: Selective detection of either mercury (Hg*") or iodide (I") ion using
fluorescence turn-on or turn-off processes is an important area of research. In spite of
intensive research, simultaneous detection of both mercury and iodide using
fluorescence turn-off-on processes, high sensitivity and theoretical support concerning
the mechanisms are still lacking. In the present work, graphene oxide is functionalized
by thymine to realize simultaneous detection of both Hg>* and I~ selectively using
fluorescence turn-off-on mechanism. Ultra high sensitivity to the extent of ppb level
exploiting large surface area of graphene is achieved. DFT calculations also assist to
realize the detailed mechanisms involving this PL quenching and also its regain during

sensing of these ions in aqueous solution.
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B INTRODUCTION

Heavy metal ion pollution has become a major concern to
human health and ecology during the past decade.' Among
different toxic metals, mercury (Hg*") is one of the most toxic
pollutants in the earth.” According to United States Environ-
ment Protection Agency, every year ~60 000 tons of mercury is
generated from natural and human sources, resulting in its
incorporation into our food chain system.”* It can easily pass
through our skin and respiratory and gastrointestinal tissues
and damage our central nervous system, causing brain damage,
kidney failure, and various cognitive and motion disorders.™®
Similarly, iodide anion (I7) has also drawn important attention
in biological fields due to its essential role in micro nutrition
and neurological and thyroid gland function for normal human
growth. According to the World Health Organization, iodide
deficiency also causes serious health disorders in the human
body. Therefore, these adverse effects garner interests in
designing new chemical routes for sensitive detection of Hg>*
and I~ ions.”® The methods generally used to detect these ions
include atomic absorption spectrometry, plasma-mass spec-
trometry, colorimetric strategies, capillary electrophoresis, and
dithio-amide-functionalized lipid bilayers.”™"> Most of these
processes have limitations due to the interference from other
metal ions, delayed response and a lack of usability in aqueous
medium. Therefore, selective and sensitive detection of Hg>*
and I” ions in water medium is really a challenging task.
Recently, fluorescence has become a powerful technique for
detecting low concentrations of analytes due to its high
accuracy, sensitivity, and simplicity.'*”"* Graphene, a mono-
layer of sp” carbons, has been extensively investigated due to its
large surface area, superior electronic, mechanical properties,
and exceptional thermal stability.”>*' Graphene oxide (GO), an
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oxidized form of graphene with several functional groups like
epoxy, hydroxyl, and carboxylic, is a more effective material
where sensing applications are concerned.”*”** Higher
reactivity and solubility in suitable solvents make this material
very special in different applications.”> > In spite of that,
fluorescence-based sensing applications usin(g GO are still in
their infancy due to poor optical property.”® During the past
few years, several strategies have been developed to improve
optical property using functionalization technique.* ~>* There-
fore, it is quite interesting to use functionalized GO for the
selective detection of Hg*" and I” ions at the low concentration
limits.

Recently, some fluorescent nanomaterials have been used to
detect mercury and iodide ions.**™* In spite of those, cost-
effective production, stability, sensitivity, selectivity, and
regeneration of the material particularly in aqueous medium
are still to be improved. Mostly, the design of fluorescence turn-
off-on systems for mercury and iodide probes is not an easy
task as iodide has an intrinsic fluorescence quenching nature
due to the heavy atom effect and lower binding affinity.*"** In
addition, structural stability of the complex for this fluorescence
turn-off-on mechanism has not yet been investigated using
theoretical calculations in spite of few experimental results.

In this study, we have functionalized weak emissive GO at
the epoxy sites by nucleic acid base thymine through normal
Sn2 mechanism ensuing a new luminescent thymine function-
alized reduced GO (T—rGO) material. We have successfully
demonstrated the fluorescence turn-off-on sensing of Hg*" and
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I” ions in aqueous medium as shown in Scheme 1. Here, the

complete quenching of fluorescence intensity occurs selectively

Scheme 1. Fluorescence Turn-off-on Sensing of Hg2+ and I”
by T-rGO

T-rGO

after addition of 40 uM Hg*" solution and also regained by
addition of 80 uM iodide salts in aqueous medium. The as-
synthesized material is also very sensitive toward both mercury
and iodide ions down to their nano molar concentrations. The
density functional theory (DFT) calculations also help us to
understand the structural stability and the nature of interactions
between fluorophore T—rGO, Hg*" and I” ions during this
turn-off-on selective fluorescence sensing.

B RESULTS AND DISCUSSION

Photoluminescence Study. Following successful applica-
tions of the T—Hg2+—T pairing, we have prepared a thymine-
based novel graphene fluorophore nano probe. First, we have
synthesized GO by modified Hummer’s method and then,
functionalized with thymine moieties using a simple Sy2
reaction mechanism. This results a bright blue emissive
fluorophore (T—rGO) which gives an intense spectra at 448
nm when excited at 340 nm wavelength as shown in Figure 1a.
During functionalization with thymine, the epoxy groups which
contain nonradiative electron—hole (e—h) pairs are broken by
amine group of thymine exhibiting such large enhancement in
PL spectra. The compared PL spectra of GO and T—rGO is
given in Figure S4 (Supporting Information). The as-
synthesized material shows a strong PLE spectrum at 342
nm, shown in the inset of Figure la. From Figure 1b, we can
also see a red shift in its peak position with change in excitation
wavelength for this fluorophore. This observation also indicates
surface passivation of GO during its functionalization.® The
calculated QY of our synthesized T—rGO is ~22.47%. All the
calculations are given in the Supporting Information.

Selective Mercury Sensing by Fluorescence Quench-
ing. Prior to evaluating the metal ion selectivity, we have used
this material for the detection of Hg*" ions in aqueous solution.
We have used mercury metal ions as a fluorescence (PL)
quencher during this sensing experiment. We have added
aqueous solutions of Hg** ions to the aqueous dispersion of T—
rGO at pH7 (buffer solution of potassium dihydrogen
phosphate/disodium hydrogen phosphate dihydrate). An
immediate fluorescence quenching (~14%) is observed after
incubation of only 2 uM Hg*" solutions owing to strong

Intensity (a..)

250 300 350 400

Wavelength (nm)

Intensity (a.u.)

—PL

400 450 500 550 600
Wavelength (nm)

(b)

280 nm
——300 nm
——320 nm
——340 nm
~——360 nm
~——380 nm
——400 nm

Intensity (a.u.)

T T T T
400 450 500 550
Wavelength (nm)

Figure 1. (a) Fluorescence spectra of T—rGO, (inset) its PLE
spectrum, and (b) excitation dependent PL spectra.

binding interaction between thymine moiety and Hg*" ions.
From Figure 2a, it is seen that the fluorescence is quenched
totally after addition of 40 uM Hg*" solutions. To check the
selectivity of T—rGO toward Hg*', we have also carried out PL
quenching experiment with different metal ions such as Fe®”,
Ni*, Cu**, Fe?*, Co*, Mn*, Pb*, AP**, Na*, K', Ag", and so
on. All the other ions show very moderate PL quenching
compared to Hg*" after 40 uM, as shown in Figure 2b. These
results indicate the strong selectivity of T—rGO toward Hg**.

We have also studied the quenching experiment for Hg*" in
the presence of other metal ions. We initally added 20 yuM
aqueous solutions of different metal ions to the aqueous
dispersion of T—rGO to access more vacant binding sites,
followed by the addition of 20 yM Hg** solution. The
experimental results in Figure 3a show that all the metal ions,
including mercury, show quite similar quenching effect along
with bare 20 uM of Hg*". These results are worth noting with
the fact that the T—rGO fluorescent probe is expediently
combined with mercury(Il) ion via T—Hg>*—T interaction
causing such sensitive PL quenching compared to other metal
ions.®

The fluorescence quenching efficiency is also analyzed by
Stern—Volmer plot using equation I/I = Kg, [Q] + 1, where I,
and I are fluorescence intensities before and after addition of
different analytes, [Q] is the molar concentration of analytes
added and Kgy is the quenching constant (M™"). From Figure
3(b), it is seen that Hg®* shows an exponential S—V curve
whereas others show typical linear curve. At lower concen-
tration, the S—V plot of Hg2+ is close to linear, but with
increase in concentration it completely deviates from linearity
and increases almost exponentially. Whereas, all the plots for
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Figure 2. (a) Fluorescence quenching experiment after the addition of
different micromolar Hg** solution to 5§ mL T—rGO solution at pH 7
and (b) quenching efficiency with different metal ions.

other metal ions remain linear at higher concentrations. This
statistics resolutely props up the selectivity of T—rGO with
Hg*". Once the selectivity of the T—rGO fluorophore for Hg**
is established, it is of interest to determine the limit of
quantification for the detection of mercury(II). This system has
a limit of quantification down to 400 ppb that implies the super
sensitivity of this fluorophore over other reported materials.
The experimental data and calculations are given in Figure SSa
(Supporting Information).

Changes during Hg?* Sensing. After the attachment of
thymine molecules, T-rGO has become a fluorescent active
material. Now, this fluorophore acts as an electron donor center
during photoinduced electron transfer (PET) mechanism. As
the Hg”* ions have very natural tendency to bind with the
nitrogen atoms of thymine molecules, they stabilize forming
T—Hg*"—T-like base pairs. Now, during PL experiments,
electrons are easily transferred from the electron-rich
fluorophore (T—rGO) to electron-deficient Hg*" ions following
PET mechanism. This causes a large quench in fluorescence of
the fluorophore T—rGO material. To clarify this fact we also
performed, time-correlated single-photon counting (TCSPC)
study, as decay time measurements are highly sensitive during
PL quenching experiments. The calculated average decay time
for T-rGO fluorophore is 10.4 ns, shown in Table S1
(Supporting Information). After the addition of Hg*', the decay
time of the fluorophore decreases gradually. Finally, it reduces
to 7.97 ns after addition of 40 M Hg**, shown in Figure 4a,b.
This result stoutly resembles the strong binding ability of Hg**
to the thymine gr. of T—rGO composite ensuing tremendous
PL quenching.

From the UV—vis spectrum in Figure S6 (Supporting
Information), it is also seen that the peak at 260 nm of T—rGO
is gradually decreased after addition of Hg*" solution owing to
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Figure 3. (a) PL quenching efficiency of T—rGO in the presence of 20
uM of different metal ions followed by 20 uM of Hg** ion and (b)
Stern—Volmer plot for those metal ions.
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Figure 4. Decay time of (a) T—rGO, (b) T—rGO after the addition of
Hg** solution, and (c) T-rGO/Hg* system after the addition of
iodide solution during TCSPC measurements.

the interaction between Hg*" and amine group of thymine base.
The FTIR spectra of T—rGO in Figure S7 (Supporting
Information), also support the formation of coordinative
interaction after addition of Hg". The shifting of C—N
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stretching vibration from 1230 to 1213 cm™' resembles strong
binding interaction between mercury ion and nitrogen atom of
thymine base. During this PL quenching experiment, electrons
are transferred from graphene-based fluorophore to mercury
ions causing shifting of D and G bands. As a result, the G band
is blue-shifted from 1584 to 1593 cm™}, and D band is red-
shifted from 1366 to 1355 cm™, as shown in Figure S8
(Supporting Information).

Selective lodide Sensing by Restoring Quenched PL.
We further examine that T-rGO_Hg system can also be used
as a PL-responsive probe for iodide sensing as the quenched
fluorescence of the complex is restored in the presence of
iodide salt. We have measured the recovered fluorescence
spectra of T—rGO_Hg system in the presence of double
volume of iodide solution as one Hg*" ion binds with two
iodide ions forming Hgl, salt. With the addition of iodide
solution, the fluorescence emission of the complex increases
gradually. The binding constant for thymine and Hg** is ~10°,
while for Hg2+ and I™ it is >10%.** Therefore, this high binding
affinity guides the formation of Hgl, molecule making T—rGO
nanoprobe free. This helps to stop PET from electron rich
fluorophore to electron deficient moiety resulting such
enhancement in the PL property during fluorescent “turn-on”
sensing. We have been able to regain its fluorescence efficiency
up to 96% after addition of 80 uM iodide salt, as shown in
Figure Sa. To elucidate the selectivity of the T—rGO_Hg
system toward iodide salt, we have carried out turn-on
fluorescent experiments with different anions like F~, CI7,
Br-, SO, , NO,; , CO;*", CH;COO", and PO,*. From
Figure Sb, it is seen that the fluorescence enhancement for
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Figure S. (a) Recovery of PL by different micro molar iodide solutions
after quenched by 40 uM of Hg?* solution at pH 7 and (b) PL
recovery efficiency with different anions.

other anions are quite low compared to iodide. These results
strongly reveal that T—rGO_Hg system is also very selective
toward the sensing of iodide salt.

To investigate the interference of other anions during this PL
recovery experiment, we measured the PL recovery efficiency of
T—rGO/Hg*" with iodide ions in the presence of different
anions. We have done all these experiments with initial 40 4M
of different anions followed by another 40 uM of iodide
solutions. From Figure S9 (Supporting Information), it is seen
that bare iodide ion has very promising recovery efficiency in
the presence of other anions. So, all the other anions have very
little interference toward the T—rGO/Hg*" system during PL
recovery experiments by iodide ion.

To consolidate this, we conducted TCSPC measurements
after the addition of iodide salt. The value of lifetime gradually
increases from 7.9 to 10.2 ns after the addition of 80 M of
iodide solution, shown in Figure 4c. These results indicate that
Hg(II) form strong complex with iodine (Hgl,) making amine
group of thymine free during this “turn-on” sensing. According
to the WHO, for a healthy human being, the maximum
recommended iodide concentrations in drinking water and in
the human urinary system are 18 and 100—-200 ug L7/,
respectively.* For practical application, we have also measured
the detection limit of iodide for our material. From Figure S5b
(Supporting Information), we see that the detection limit of
iodide is 1.27 ppm, which is well below the allowed
concentration level in drinking water.

To verify the selectivity and sensitivity of T—rGO in real
samples, we carried out sensing experiments with local tap
water of Jadavpur area by adding different amounts of mercury
and iodide ions to it. We measured their PL recovery efficiency,
which is shown in Table S2 (Supporting Information). Greater
than 90% recovery efficiency in tap water is well in agreement
with the selectivity of the sensor without any significant
interference of other ions present in tap water.

DFT Study. Hg’" can form stable structure with thymine
moiety of T—rGO system via T—Hg*"—T interaction compared
to other metal ions resulting strong PL quenching. When
iodide ions are added to that solution, iodide can strongly bind
to those captured Hg** ions, making thymine groups free, and
the quenched PL is recovered as shown in Scheme 1. To
confirm this, we theoretically investigated the total experiment
by DFT technique using the B3LYP/6-31G method in the
GAUSSIAN 03 software package. For this, we first optimized
T—rGO system (Figure S10, Supporting Information) and then
incorporate different metal ions in it. The DFT optimized
structure in Figure 6a strongly supports that Hg** can form very
stable structure with T—rGO via T—Hg’*—T interaction. We
have also carried out this optimization experiment with other
metal ions such as Fe’*, Ni**, Co**, Mn**, Ag", and Na’. The
optimized structures for all metal ions are shown in Figures
S11—-S16 (Supporting Information). To obtain the most stable
structure, we also calculate the highest occupied molecular
orbital (HOMO) energy levels for all the systems. The
stabilized HOMO energy levels for all the systems are
summarized in Table 1. From Table 1, the most stable
HOMO energy level is found for the T-rGO_Hg T-rGO
system as T—rGO moiety forms most stable complex with
Hg(II) ion compared to other metal ions. Now, when we
incorporate iodide ions to the optimized T—-rGO_Hg_T-rGO
system, I” strongly coordinates with that captured Hg>* ion,
forming stable Hgl, molecule, as shown in Figure 6b. As a
result, the engaged thymine moieties in the T—Hg—T system
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Figure 6. DFT optimized structure of T—rGO after addition of (a) Hg** and (b) I” ions.

Table 1. HOMO Energy Levels of Optimized T-rGO
System with Different Metal Ions

band energy (eV)

optimized structures HOMO LUMO
only T-rGO —4.81 —4.01
with Hg?* 4355 —388
Ni** —4.28 —3.98
Mn?** —4.32 —3.56
Co** —4.38 —341
Fe¥* —4.31 —391
Ag' —439 398
Na* —4.32 -3.71
T—rGO/Hg* system after addition of I solution —4.96 —4.04

become free to reorganize T—rGO moiety. So, the DFT
calculations strongly support our proposed mechanism for T—
rGO system and its selectivity toward Hg** and I” ions during
this fluorescence “turn-off-on” sensing in aqueous medium.

B CONCLUSION

In summary, we have synthesized a new fluorescent probe
through the functionalization of graphene oxide and success-
fully designed a new fluorescent “turn-off-on” based platform
for the detection of mercury(Il) and iodide(I) ions in aqueous
medium. Owing to the strong binding interaction of T—Hg**—
T base pair, mercury selectively quenches the fluorescence of
our graphene-based fluorophore (T—rGO). The presence of
other metal ions does not hinder the detection of Hg>'.
Furthermore, the addition of iodide salt recovers the quenched
fluorescence making very stable Hgl, complex with Hg**. Our
developed system is able to detect Hg** and I” at nano molar
concentration level. We have also proved our proposed
mechanism of fluorescence sensing by DFT calculations.
Finally, very simple, economic, higher selectivity, and sensitive
detection ability make this graphene based fluorophore a
suitable material for the selective detection of mercury and
iodide ions in aqueous medium.
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B EXPERIMENTAL SECTION

Details including the synthesis process, required chemicals, fluo-
rescence experimental details, characterizations, and microstructural
analysis of the prepared T—rGO material are given in Supporting
Information.

B ASSOCIATED CONTENT

© Supporting Information

Details of experimental section including synthesis procedure,
required chemicals, fluorescence experimental details, character-
izations and microstructural analysis of our prepared T—rGO
material; detection limit data for mercury and iodide;
microstructural change after addition of mercury; TCSPC
calculations and DFT optimized structures. The Supporting
Information is available free of charge on the ACS Publications
website at DOI: 10.1021/acsami.5b02603.
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