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Abstract

Two Hg2+ chemosensors, rhodamine B hydrazide (RBH) and rhodamine 6G hydrazide (R6GH),
were synthesized by a single step. In the presence of Hg**, both of sensors RBH and R6GH exhibited
highly sensitive OFF-ON fluorescence enhancement. Importantly, the sensors showed a selective
binding to Hg** over other common metal ions such as K*, Na*, Fe'*, Ca*, Cu**, Ag" and Pb** in
aqueous solutions. The OFF-ON fluorescence enhancement upon Hg** binding could be ascribed to
conformational change of spirolactam moiety of rhodamine fluorophore through spirolactam ring
opening process. Furthermore, encapsulation of the sensors by polymeric membranes (PMMA)
provided high selectivity and high sensitivity. Especially, sensors-encapsulated polymeric membrane
RBH that showed extremely low detection limit (0.2 ppb), which was 245 times lower than sensor
RBH in aqueous solution. In addition to fluorescence enhancement, the presence of Hg** also induced
a noticeably color change from colorless to pink for the sensors dissolving in aqueous solution (10%
v/v MeOH/water). The detection limits of sensor RBH and R6GH in both formats were in the range
of 10° — 107 M of Hg** and were sufficient for on-site Hg**detection in the environmental and
biological systems such as ground water, drinking water and edible fish. In particular, the extremely
high sensitivity of the novel sensors-encapsulated polymeric membranes RBH could pave the way for
development of real time Hg** detection portable device.

Keywords
rhodamine; Hg** chemosensor; polymeric membranes; encapsulated sensor

Introduction

Hg** and its derivatives are highly toxic pollutants" > which are danger to human and other living
species upon exposure. Contamination of Hg** in an environment can originate from various
industrial sources such as oil drilling, power plant and steel plant. Inorganic mercury can be
transformed to methyl mercury by bacteria, and can easily enter human body via the food chain.’”’
The accumulation of Hg** in human can lead to serious health problems such as damaging and
dysfunction of brain, kidney, DNA and central nervous system.” ° Hg** in an environment are
generally detected by traditional analytical methods, such as inductively coupled plasma mass
spectrometry and atomic absorption/emission spectroscopy.'”'' These method are expensive, time-
consuming and requires sophisticated instrumentation which are not suitable for on-site detection of
Hg**. Therefore, cheaper, reliable and more practical methods for on-site Hg** detection are desirable.
In particular, fluorescence-based sensors for Hg** detection have gained a lot of interests because the
sensors require low cost, simple instrumentation, and provide low detection limit with adequate
sensitivity and high selectivity.'>"*

These Hg”* fluorescence-based sensors were synthesized based on the fluorescence-active
molecules, which included naphthalimide,"”™ dansyl,*®* pyrene’**’ and fluorescein.®* Among
these Hg”" sensors, it have been reported that rhodamine-based sensors could worked effectively as
“OFF-ON” Hg2+ fluorescent chemosensors via chelation-enhanced fluorescence (CHEF) mechanism.
The rhodamine-based sensors exhibited excellent photophysical properties including absorption and
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emission in visible wavelength, high sensitivity and high selectivity. Additionally, in the presence of
Hg’* a color change of the sensors can be visualized by naked-eye which resulted from selective ring
opening of spirolactam in rhodamine molecules upon binding of Hg**.***!

The aim of our work is to design the fluorescence-based sensors which can provide high sensitivity
and selectivity for Hg** detection. The sensors should be produced by inexpensive starting materials,
through a simplistic synthetic route and the sensors should be able to further develop to use for an on-
site Hg”* detection. With all these criteria in mind, we have prepared two types of sensors based on
rhodamine derivatives to serve as fluorescence-active molecules. These two rhodamine derivatives
were based on a hydrazine molecule which was covalently bound to rhodamine B moiety (RBH) and
rhodamine 6G moieties (R6GH) as shown in Fig. 1. Sensor RBH has been reported for Hg**-
sensing’’ but R6GH molecule have not been previously tested as Hg”" sensor. In this study, we
sought to increase the sensitivity of the fluorescence-based Hg™* sensor by employing R6GH as the
fluorophore instead of RBH because R6GH provides larger molar extinction coefficients as well as
higher quantum yield.*** Therefore, we expected enhancement in sensitivity of the designed sensor
by using of R6GH as the fluorophore which is necessary for the development of economical portable
Hg**-sensing devices.

These bare (Hg** free) rhodamine-based sensors were in spirolactam conformations, which were
colorless and non-fluorescent. The addition of Hg”" led to spirolactam ring opening via coordination
or irreversible chemical reaction,’ ** resulting in the appearance of a pink color (“OFF-ON”
fluorescence switch). The colorimetric change and “turn-on” fluorescence behavior of sensors upon
Hg™* chelating observed here could potentially be used in portable devices and test kit for “naked-eye”
Hg** detections.'” 77> **7 In addition, encapsulation of the other fluorescence sensors have been
previously reported, the encapsulation led to more convenient use of the sensors, which still exhibited
high sensitivity while maintaining high selectivity.**' In this work, we also sought to increase the
sensitivity and ease of use of our Hg** sensors therefore we tried encapsulating our sensors with
PMMA onto glass slides. We found that both of our sensors in solution and the encapsulated ones
were extremely selective to Hg** binding with negligible interferences from other metal ions. All of
the sensors also provided high sensitivity with Hg** detection limits at concentration of ppb level.

Particularly, sensors-encapsulated polymeric membranes RBH exhibited very low detection limit
(0.2 ppb) that was roughly 245 times lower than sensor RBH in solution. The extremely high
sensitivity of the sensors-encapsulated polymeric membranes RBH could pave the way for
development of real time Hg** detection portable device.

(0] (0]
/\N ‘ (0} ‘ N/\ /\H ‘ o) ‘ H/\
N

) RB R6GH
Fig. 1 Structures of sensor RBH and R6GH.
Experimental

Materials

All reagents and solvents were purchased from Fluka Chemical Corporation and were used as
received. All of the metal salts used in this study were acetate salts and were purchased from Strem
chemicals, Inc.
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Methods

NMR spectra were obtained by a Bruker Avance 300 spectrometer operating at 300 MHz for 'H and
75 MHz for C. All NMR spectra were obtained in CDCl; solutions with TMS as the internal
standard. Melting point was carried out by Stuart Scientific melting point apparatus SMP2. Mass
spectra were performed by a ThermoElectron LCQDECA-XP, electrospray ionization ion trap mass
spectrometer. Absorption spectra were determined by a single beam Hewlett Packard 8453
spectrophotometer. Fluorescence measurements were performed on a Perkin Elmer Luminescence
spectrometer LS 50B. The excitation and emission slit widths were 5.0 nm. Fabrications of the
sensors-encapsulated polymeric membranes were performed by a spin coater operated at 5000 rpm for
40 seconds. Computational experiments and DFT calculations were carried out using Gaussian 09
program’ and the geometry optimization at the DFT-B3LYP level using 6-311G** for main group
element and LanL2DZ.”**® The optimized structure of RBH, R6GH, RBH:Hg>* complex and
R6GH:Hg** complex were generated by VMD.>

Synthesis of rhodamine B hydrazide (RBH)

The synthesis of the sensor RBH was obtained in the same manner as described previously™ and the
synthetic steps are outlined in Scheme 1. '"H NMR (300 MHz, CDCl,): & 1.12 (t, 12H, J = 6.9 Hz),
3.29 (q, 8H, J = 6.6 Hz), 3.62 (br-s, 2H, NH,), 6.24 (dd, 2H, J; = 8.7 Hz, J, = 2.4 Hz), 6.40-6.43 (m,
4H), 7.01 (dd, 1H, J; = 5.4 Hz, J, = 3.0 Hz), 7.34-7.37 (m, 2H), 7.91 (dd, 1H, J; = 5.7 Hz, J, = 3.0
Hz) ppm; "C NMR (75 MHz, CDCl): § 12.54 (4CH3), 44.25 (4CH,), 65.58 (C), 98.02 (2CH), 104.71
(20), 107.97 (2CH), 122.73 (CH), 123.68 (CH), 127.88 (CH), 127.97 (2CH), 129.93 (2C), 132.36
(CH), 148.71 (2C), 151.56 (C), 153.8 (C), 165.88 (C) ppm.

Synthesis of rhodamine 6G hydrazide (R6GH)

The synthesis procedure of R6GH was modified from the previous study.*' In a 10 mL round bottom
flask, a mixture of rhodamine 6G (0.10 g, 0.21 mmol) and triethylamine (0.10 mL, 1.7 mmol) in
ethanol (5 mL) was stirred for 30 min under an argon atmosphere. Then, hydrazine monohydrate
(0.10 mL, 2.0 mmol) was added in to the mixture. After that, the solution was refluxed for 24 h under
argon atmosphere (the precipitation could be observed soon after the mixture was heated). After
cooling to room temperature, the precipitation was filtered and dried to give pale pink powder 67 mg,
75% yield, m. p. 263-265 °C; '"H NMR (300 MHz, CDCls): & 1.32 (t, 6H, J = 7.2 Hz), 1.92 (s, 6H),
3.21-3.23 (m, 4H), 3.52 (br-s, 1H, NH), 3.59 (br-s, 2H, NH,), 6.26 (s, 2H), 6.39(s, 2H), 7.05-7.08 (m,
1H), 7.42-7.48 (m, 2H), 7.94-7.99 (m, 1H) ppm; “C NMR (75 MHz, CDCl):  14.77 (2CHs), 16.71
(2CH3), 38.37 (2CHy), 66.06 (C), 96.84 (2CH), 104.92 (2C), 117.99 (2C), 123.04 (CH), 123.81 (CH),
127.70 (2CH), 128.13 (CH), 129.86 (C), 132.59 (CH), 141.54 (2C), 151.75 (O), 152.24 (2C), 166.22
(C) ppm; HR-ESI MS calcd for CogHpsNyNaO," (M+Na)™ 451.2104 m/z, found 451.2112 m/z.
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Scheme 1 Synthesis of RBH and R6GH



RSC Advances

Preparation of sensors-encapsulated polymeric membranes

The single layer luminescent films were prepared by spin coating the fluorescent sensor RBH or
R6GH mixed in polymer solution onto microscope glass slides. First, the solutions of sensors RBH
and R6GH were prepared by dissolving 0.0081 g of sensor RBH or 0.0109 g of sensor R6GH in 10
ml of chloroform (AR grade). Then, 0.30 g of PMMA was added to the sensor solutions and the
mixtures were sonicated for 20 minutes. The mixtures were then poured onto the substrate and spin
coated at constant speed of 5000 rpm for 40 seconds and were left to dry at room temperature for 1
day.

Hg2+ binding affinity and sensitivity studies

The binding studies of sensors RBH and R6GH were carried out in MeOH for UV-visible study and
in 10% v/v MeOH/water for fluorescence measurement. The acetate salts solutions (1.0x10> M) were
prepared by dissolving the desired amount of acetate salts in deionized water. The fluorescence
titration was performed by measuring fluorescence intensities of solutions of RBH and R6GH
(4.4x10° M) as a function of concentrations of added metal ions over a fixed wavelength range (500 —
650 nm). The excitation wavelength was (A.) 500 nm for sensors RBH and R6GH. The sensitivity of
sensors RBH and R6GH encapsulated polymeric membranes were tested by immersion of the
membranes in 10% v/v MeOH/water solutions with different Hg** concentrations.

Result and discussion

Molecular design and synthesis of RBH and R6GH

Sensors RBH and R6GH were synthesized according to the synthetic outlined in Scheme 1.
Rhodamine B hydrazide (RBH) and rhodamine 6G hydrazide (R6GH) were prepared by amidation
reaction of rhodamine B or rhodamine 6G hydrochloride with hydrazine monohydrate.’® *' The
synthetic route was simple, used only one-step synthesis and required inexpensive starting materials.
The sensors structures were confirmed by ESI data, 'H NMR and C NMR spectra as shown in
section 2.

The characterizations confirmed that the structure consisted of two nitrogen atoms at the chelating
sites, which were covalently bound to rhodamine B and rhodamine 6G subunits. Based on the
spirolactam (non-fluorescent) to ring-opening spirolactam (fluorescent) equilibrium of rhodamine, the
sensor structures were designed by considering the electrostatic-structural change. Consequently, the
chelation between the carbonyl oxygen and nitrogen atoms of the sensors and Hg** could occur via
favorable electrostatic interactions, resulting in both fluorescence enhancement and a colorimetric
change. In addition to utilizing of the sensors in solutions, the polymeric membranes of both sensors-
encapsulated by PMMA coated on glass slides were also prepared for portable test kit application.

Sensitivity studies in aqueous solutions

The sensitivity study of sensor RBH for determination of Hg”* has been reported by Kim and
coworkers.” The maximum absorption of sensor RBH dissolving in MeOH was 550 nm. In our
work, we also tested Hg™* detection of sensor RBH in 10% v/v MeOH:water. In the presence of Hg”*,
the fluorescence emission of sensor RBH was strongly enhanced at 573 nm and was accompanied by
chromogenic changes of the sensor (from colorless to pink). The detection limits were calculated from
the plot of the fluorescence intensities as a function of the Hg>* concentrations as describe in the
previous study™ and the detection limit of sensor RBH in solution was 2.4x107 M or 49 ppb and the
association constant, K., of sensor RBH was 4.65x10" M.

In contrast, R6GH sensor has never been reported as a sensitive and selective Hg**-sensor. The
maximum absorption of sensor R6GH in MeOH was 525 nm as shown in Fig. 2a. In the absence of
Hg™*, the solution of sensor R6GH was colorless and did not exhibit fluorescence. Upon gradual
titration of Hg*, strong absorption band at approximately 525 nm was observed as well as the color of
the solution was changed from colorless to pink which could be seen by bare eyes.

Page 4 of 17
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A narrow peak (shoulder) at approximately 480 nm in the absorbance spectra of sensor R6GH
(Fig. 2) could be ascribed to the change of photophysical properties of the absorption due to the
acidity environment caused by solvent and addition of Hg**. In this work, solvent (MeOH) is slightly
acidic and could lead to an appearance of the shoulder in the absorption spectra. This change of an
absorption due to ionization of the fluorescence molecule caused by change of pH could be observed
in the fluorescence molecule, and has been well explained and demonstrated.’® In addition, it has been
previously reported that adding of Hg** in to rhodamine-based fluorescence molecule could lead to
appearance of the shoulder in the absorption spectra due to Hg**-induced spirolactam ring-opening,
which resulted in change of photophysical properties of the absorption.”’
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Fig. 2 a) UV-Visible absorption spectra of sensor R6GH (0.33 uM) in MeOH with addition of [Hg**] a: 0 uM,
b: 7.2 uM, c: 29 uM, d: 36 uM, e: 43 uM, f: 50 uM, g: 56 uM. b) Fluorescence titrations (Aex = 500 nm) of
sensor ROGH (4.4 uM) in 10% v/v MeOH/water with addition of [Hg“] a: 0 uM, b: 4.4 pM, c: 10 uM, d: 14
uM, e: 19 uM, f: 26 uM, g: 35 uM, h: 44 uM.

The quantitative analysis of sensors R6GH was carried out by monitoring the rhodamine
fluorescence with excitation wavelength at 500 nm. The fluorescence intensity changes of the sensor
were monitored upon the addition of metal ions to determine the cations binding capacities. Fig. 2b
shows the emission spectra of sensor R6GH in the presence of different concentrations of Hg™*,
respectively. The fluorescence behaviors of sensor R6GH clearly demonstrated the “OFF-ON”
switching mechanism. In the absence of Hg”*, the solution of the sensor provides weak emission
signals (non-fluorescence). Whereas the addition of Hg** resulted in the fluorescence “turn-on”, with
the intensities of the emitted fluorescence increased as a function of Hg®* concentration. The
fluorescence emission was consequence of rapidly enhanced strong emissions at 540 nm.
Furthermore, sensor R6GH also exhibited chromogenic changes (colorless to pink).
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As we expected, the detection limit of sensor R6GH in solution was improved to 2.9x10® M or 5.9
ppb compared to rhodamine B hydrazide system (49 ppb). It should be noted that in solutions, the
sensitivity of sensor R6GH employing rhodamine 6G has improved significantly compared to the
sensor that employing RBH (detection limits are 5.9 ppb and 49 ppb, respectively). This enhancement
in sensitivity is possibly due to a higher emission quantum yield of rhodamine 6G (®; = 0.94 in
EtOH)* compared to that of rhodamine B (®;= 0.69 in EtOH).*” The sub-micromolars detection limit
of our sensor is sufficient for Hg** ions detection in the environmental and many biological systems
such as ground water, drinking water and edible fish. The association constant, K,s,., observed from
the changes of intensities in the fluorescence titration, of sensor R6GH was 7.13x10° M and
1:1complex formation of sensor RGGH with Hg** was suggested. The K. was determined utilizing
the Benesi—Hildebrand plot as described in previous studies.”®>’

Binding mechanism of the sensors

The photophysical properties, NMR data and molecular modeling results illustrated that the
binding of the sensors and Hg** ions took place through electrostatic interactions between the carbonyl
oxygen and nitrogen atoms of the sensors and Hg**. The selective binding resulted in change of the
structures from the spirolactams (non-fluorescent forms) of RBH and R6GH to the non-cyclic forms
(fluorescent forms) as indicated by the OFF-ON fluorescence signal upon Hg** binding. The operation
of the sensors are proposed and shown in Scheme 2.

0

O N—NH,
AL A
)

o)
RBH N P RBH + Hg?* N

spirolactam (non-fluorescence form) spirolactam ring opening (fluorescence form)

O
O N—NH2 ng"'
I O I NH

HN 0
) R6GH N ) R6GH + Hg?* L

spirolactam (non-fluorescence form) spirolactam ring opening (fluorescence form)

Y

Scheme 2 Proposed operation of sensors RBH and R6GH: before binding to Hg2+ (left) and after binding to
Hg** (right)

The large fluorescence enhancement of RBH (at 573 nm) and R6GH (at 540 nm) could be
corresponded to ring opening spirolactam conformation of the rhodamine units, which was induced by
the complexation of Hg** ions. When the sensors coordinated with the Hg** ions, the rhodamine
structure contained more conjugated double bonds from the opening form of the spirolactam ring
which resulted in an increase of the fluorescence intensity.
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BC-NMR titration results clearly supported the proposed ring-opening mechanism. As
demonstrated in Fig. 3, the chemical shift of the quaternary carbon of RBH at 65.6 ppm® was
disappeared indicating a spirocycle ring opening upon the addition of Hg**. In addition, the
appearance of new signal at 175.6 ppm, which corresponded to carbonyl carbon of amide functional
group®', indicated spirocycle ring opening and the amide formation.

(b)

RBH + Hg?* \

1Y S N W

(a)

(o]

W
N\ NH

N O 0 O NN
A

RBH |\

n\ilﬂ‘ L

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

Fig. 3 "C-NMR spectra of RBH in the absence of Hg** (a) and in the presence of Hg** (b)

A similar behavior was observed for R6GH, the addition of Hg** led to lower intensity of the
quaternary carbon at 66.1 ppm® as well as the appearance of new signal of carbonyl carbon of amide
at 175.9 ppm®', indicated that Hg*" induced spirocycle ring opening (Fig 4.).
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Fig. 4 C-NMR spectra of R6GH in the absence of Hg”* (a) and in the presence of Hg** (b)

In order to clarify the coordination geometry of RBH and R6GH and investigate the Hg** binding
to RBH and R6GH, Gaussian 09°> was employed to perform the geometry optimization at the DFT-
B3LYP level using 6-311G** for main group element and LanL.2DZ***® for Hg** in 10% v/v
MeOH:water with the integral equation formalism polarizable continuum model (IEEPCM). The
optimized structure of RBH, R6GH, RBH:Hg** complex and R6GH:Hg** complex generated by
VMD** were shown in Fig. 5.

a)

RBH RBH:Hg** complex
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b)

R6GH R6GH:Hg** complex

Fig. 5 a) Optimized structure of RBH and RBH:Hg2+ complex b) Optimized structure of R6GH and
R6GH:Hg2+ complex obtained at the B3LYP level using 6-311G** for main group element and LanL.2DZ for
Hg™* in 10% v/v MeOH:water with the integral equation formalism polarizable continuum model (IEEPCM).

The optimized structures of the host-guest complexes in 10% v/v MeOH:water are shown in Fig.
5. The optimized structures revealed that ions-recognition of both sensors were originated from the
favorable electrostatic interactions (via electrostatic interactions and cation-dipole interactions) of the
carbonyl oxygen atom (from rhodamine portion) and nitrogen atom (from hydrazine portion) with
Hg** ion. The distances that indicate the binding sites of Hg** bound to RBH and R6GH are
illustrated in Fig. 5 (a and b). From the optimization using DFT, for RBH:Hg** complex, Hg** was
coordinated by the carbonyl oxygen and nitrogen atoms with the distances of 2.41 A and 2.48 A while
for R6GH:Hg** complex, Hg®* was bound to the carbonyl oxygen and nitrogen atoms with the
distances of 2.46 A and 2.45 A, respectively.

Selectivity studies in aqueous solutions

The fluorescence emission of sensor R6GH in the presence of various transition metal ions was
investigated in 10% v/v MeOH/water to evaluate their potential utilization as a fluorescent sensor for
cations recognition. The selectivity of the sensor was studied by the method which was similar to the
separate solution method (SSM) that was used in ion-selective electrode applications.”” The SSM
method measures a series of separate solutions with each solution bearing only a salt of the
determined ion. The selectivity of fluorescent sensor R6GH have been carried out by recording the
fluorescence intensities of the sensor as a function of concentrations of different metal cations
including Ag®, Ca®*, Cu**, K*, Na*, Pb’* and Fe’*.
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Fig. 6 a) Fluorescence enhancement (540 nm) of R6GH (4.4 uM) as a function of the concentrations of various
metal ions in 10% v/v MeOH/water. b) Color changes of sensor ROGH (4.4 uM) in the absence and presence
of Hg™, Ag*, Ca®*, Cu™, K*, Na*, Pb>* and Fe’* (A, = 500 nm).

Selectivity study revealed that sensor R6GH exhibited much stronger binding affinity to Hg** than
other metal ions as illustrated in Fig. 6a. It can be seen that only Hg** led to a significant increase of
fluorescence intensity (fluorescence enhancement), while addition of other metal cations such as Ag®,
Ca®™, Cu™, K*, Na*, Pb** and Fe’* barely affected the fluorescence intensities. The selectivity results
suggested that sensor R6GH was a Hg"-selective fluorescent sensors in aqueous solution and Ag”,
Cu®* and Pb** which were potential competitors'> " could not interfere Hg** detection of the
sensors. The high selectivity of sensor R6GH presented here was expected due to the favorable
electrostatic interactions of Hg** to the sensors because of the appropriate charge and size of Hg**
which promote the interaction of Hg** with N donor atom of the hydrazine ligand and the O donor
atom of the rhodamine moiety, which occurred via the cation-dipole interaction and cation-anion
interaction.”>**!

The selective determination was not only indicated by fluorescence enhancement but also by a
colorimetric change, as presented in Fig. 6b. Upon the addition of Hg** to the solution of R6GH, the
color change of the solutions from colorless to pink could be easily observed by the bare eyes, while
the titration of other ions (Ag*, Ca®*, Cu**, K*, Na*, Pb** and Fe**) with concentrations greater than 10
equivalents of Hg** induced no color changes in the solutions.

Studies of sensors-encapsulated polymeric membranes

Real time and on-site analysis application such as portable test kit utilizing our sensors is possible
due to the excellent optical properties of the sensors such as strong absorption and fluorescence in
visible wavelength in the presence of Hg*". In this work we demonstrated portable test kit for Hg**
detection by encapsulation fluorescent sensors RBH and R6GH in a low cost polymer (PMMA) and
then coated the sensors onto glass slides to serve as portable sensors for Hg** determination.

The sensors-encapsulated polymeric membranes RBH and R6GH were immersed in 10% v/v
MeOH/water containing different Hg** concentrations. The fluorescence intensities at 658 nm for
RBH and at 665 nm for RGGH were then recorded as a function of Hg** concentrations as shown in
Fig. 7a and 7b.
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Fig. 7 a) Fluorescence titrations (A, = 500 nm) of the polymeric membranes RBH in 10% v/v MeOH/water
with addition of [Hg2+] a: 0 uM, b: 0.9 uM, c: 1.5 puM, d: 89 uM. b) Fluorescence titrations (Aex = 500 nm) of
the polymeric membranes R6GH in 10% v/v MeOH/water with addition of [Hg**] a: 0 uM, b: 0.1 uM, c: 1.9
uM, d: 3.3 uM.

The detection limits of the sensors-encapsulated polymeric membranes RBH and R6GH were
1.1x10° M or 0.2 ppb and 5.9x10® M or 12 ppb, respectively. The association constant, Kioc,
observed from the changes of intensities in the fluorescence titration, of sensors-encapsulated
polymeric membranes RBH and R6GH were 1.13x10" M™" and 6.26x10° M, respectively. Table 1
illustrates the comparison of analytical parameters for sensors employing RBH and R6GH in
solutions and polymeric membranes for determination of Hg**.

Table 1. Analytical parameters of sensors employing RBH and R6GH in solutions and PMMA membranes

Sensor Working system Aex/hem (NM) Detection limit Working range
0 7 3
MeOH/H,0 (1:9 v/v)  500/573 2'4"(11% ;2'13'2;‘;]?) M 500-2500 ppb
y RSH i 1.1x10° + 3.1x10"°M
Polymer film 500/658 ) 02 +6 0'63 ppb) 50-750 ppb
o 2.9x10® £6.2x10° M
Sl MeOH/HO (1:9 v/v)  500/540 59413 ;pb) 100-250 ppb
O O -8 8
N e U Polymer film sooie6s  OOX107 £ LIXIOEM 1y 560 0

(12 £2.2 ppb)
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Remarkably, the encapsulated sensor RBH exhibited approximately 245 times lower detection
limit than the detection limit of sensor RBH dissolving in the solution. The drastically low detection
limit of the encapsulated sensor RBH could be attributed to both slower motion of Hg** and the
proper orientation of the sensor, which promoted binding of Hg**, in confined spaces (pores) of
PMMA film

Due to the extremely low detection limit of sensors-encapsulated polymeric membrane RBH, the

further investigation on Hg** binding to RBH in environment which has similar dielectric constant (&)
to that of polymeric membranes (PMMA) (e=3.6)*® was also performed. Using the optimized structure
of RBH:Hg** complex in 10% v/v MeOH:water as the starting structure, the RBH:Hg** complex
was optimized at the B3LYP level using 6-311G** for main group element and LanL.2DZ for Hg**
with the integral equation formalism polarizable continuum model (IEEPCM) and dielectric constant
of 3.6.

As illustrated in Fig. 8, the optimized structure of RBH:Hg** complex in PMMA showed that Hg**
was bonded by carbonyl oxygen atom and nitrogen atom with shorter distances than those of
RBH:Hg** complex in 10% v/v MeOH:water (Fig 5a). The complexation energy of RBH:Hg™
complex in PMMA calculated from the Energy of complex — Energy of RBH — Energy of Hg** was
equal to —63.23 kcal/mol, indicated a good stability of this complex in PMMA polymer film, which
was 56 kcal/mol lower than that of RBH:Hg** complex in 10% v/v MeOH:water.

Fig. 8 Optimized structure of RBH:Hg** complex obtained at the B3LYP level using 6-311G** for
main group element and LanL.2DZ for Hg** with the integral equation formalism polarizable
continuum model (IEEPCM) and dielectric constant (g) of 3.6.

The higher detection limit of R6GH than RBH in sensors-encapsulated polymeric membranes
could be attributed to polarities of the sensors and PMMA film. Justifying from the chemical structure
shown in Fig. 1, RBH is more hydrophobic than R6GH, therefore RBH should dissolve and disperse
in PMMA much better than R6GH due to high hydrophobicity of PMMA. Therefore, the
concentration of the incorporated RBH in PMMA film should be higher than R6GH which resulted in
lower detection limit of RBH than R6GH in sensors-encapsulated polymeric membranes. The
molecular modeling of R6GH:Hg** complex in PMMA showed the difficulty to optimize, which
indicated a less stability of this complex in PMMA polymer film compared to that of RBH:Hg**
complex, which could result in lower sensitivity and higher detection limit of R6GH compared to
RBH in sensors-encapsulated polymeric membranes.

However, the colorimetric change upon addition of Hg** was not observed for the encapsulated
sensors, which could be caused by the change in photophysic (absorption) of the sensors due to
encapsulation of the sensors by PMMA. The detection limit of the encapsulated sensor RBH in
PMMA film was 10 times lower than the allowed maximum concentration of Hg** in the
environmental (2 ppb) of US EPA', and was lower than the recently reported rhodamine-based Hg”*

sensors®” as shown in Table 2. However, it should be noted that the detection limit of both
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encapsulated sensors were sufficient for detection of Hg®* in the environmental samples while
providing convenience for using and transportation of the sensors.

Table 2. Comparison of the recently reported rhodamine sensors for determination of Hg2+

Hg**-sensor Working system Feslhem Enha.n cement Detection limit References
(nm) (times)
_
et i
o5 e EtOH/HEPES buffer 440/478, 3.2x10° M
g Lo (pH 7.4, 50:50 viv) 587 18,78 (0.64 ppb) 69
¥
i CH;CN/HEPES "
. 2} buffer (pH 7.3, 495/585 57 1(';’;10 bl;’[ 70
O ‘ 2:8 VIv) 4 pp
N 0 I\(\
1%
O CH;CN /Tris-HC1 5.4x10° M
oy SUCY NS buffer (pH7.4,  480/592 26 ; 71
o © ] (1.1 ppb)
O N o 1:1 V/V)
AN O r[\
Q Nof: 8 " CHLON 450/520, 153 7.9x10"M .
L X ° } 550 ’ (0.15 ppm)
C
39
i CH;CN/HEPES 8
5 buffer (pH 7.3,  480/554 20 L4x10" M 70
2:8 vIv) (2.8 ppb)
HN O o O NH
N
Q= 5.0x10° M
e H,0 500/550 48 73
WAL ? (1.0 ppb)
. C
o g .
NN . Ax10° M This
. N/\ Polymer film 500/658 2 (0.2 ppb) work
Pyl ; .
NN . 2.9x10° M This
D”( MeOH/H,0 (1:9 v/v)  500/540 218 (5.9 ppb) work

The selectivity studies of the sensors-encapsulated polymeric membranes were tested by SSM
method as shown in Fig. 9a and 9b. Similarly to the sensors in solutions, the result indicated that other
metal cations were barely interfered the Hg”" recognition of the sensors. The convenience for using,
high selectivity toward Hg** coupled with high sensitivity suggested that the sensors-encapsulated
polymeric membranes could be potentially used for on-site Hg** detection.
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Fig. 9 a) Fluorescence enhancement (658 nm) of polymeric membranes RBH as a function of concentrations of
various metal ions in 10% v/v MeOH/water (A, = 500 nm). b) Fluorescence enhancement (665 nm) of
polymeric membranes ROGH as a function of concentrations of various metal ions in 10% v/v MeOH/water
(Aex = 500 nm).

Conclusion

In summary, two Hg** sensors were designed, synthesized and characterized for utilization of the
sensors in solution and polymer film. Sensor RBH and R6GH were consisted of the rhodamine B
moiety and rhodamine 6G moiety, respectively. Encapsulation of the sensors by polymeric
membranes (PMMA) provided high selectivity and high sensitivity with sufficient detection limits
and convenience for Hg”* detection in environments and various biological systems. Particularly,
sensors-encapsulated polymeric membranes RBH, showed extremely low detection limit (0.2 ppb)
which was 10 times lower than the allowed maximum concentration of Hg** in the environmental (2
ppb) of US EPA. In aqueous solutions, the sensors exhibited high fluorescence sensitivity in visible
wavelength with low detection limits and excellent fluorescence selectivity toward Hg®* which was
accompanied by a colorimetric change in the presence of Hg*. Therefore, the developed sensors are
suitable for Hg** detection, especially, the portable sensors-encapsulated polymeric membrane RBH
which have a potential to be utilized for real time and on-site Hg** detection.
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