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Figure S1. Jobs plot for formation of L-Hg2+

Figure S2. Energy-dispersive X-ray spectroscopy (EDX) mapping of Fe3O4@TiO2 NP
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Figure S3. A) Thermogavimetric analysis (TGA) of L under argon and B) Differential Thermal 
Analysis (DTA) of L under argon.
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Figure S4. A: Magnetic hysteresis curves of Fe3O4@TiO2 and Fe3O4@TiO2-L nanomaterials at 
300K. B: Fluorescence measurements (excitation wavelength 330nm) of Fe3O4@TiO2-L (1.0 mg) 
in anhydrous acetonitrile (3.0 mL) taken every 6 minutes in sealed 1 x 1 cm cuvette. 

 

Figure S5. Differential pulse voltammetry (DPV) response of the Fe3O4@TiO2-L deposited on 
glassy carbon electrode and stepwise exposed to Hg2+ and Fe3+ in 0.1M H2SO4. 

Synthesis of the ligand 2,6-di(thiophen-2-yl)-4,4'-bipyridine (L)

 Ligand L was synthesized according to previously published procedure.1, 2 

L: 1H-NMR (400 MHz, DMSO-d6) δ 8.79 (dd, J = 4.4, 1.7 Hz, 2H), 8.21 (s, 2H), 
8.07 (dd, J = 3.7, 1.1 Hz, 2H), 8.04 (dd, J = 4.5, 1.7 Hz, 2H), 7.71 (dd, J = 5.0, 
1.1 Hz, 2H), 7.23 (dd, J = 5.0, 3.7 Hz, 2H). 13C NMR (101 MHz, DMSO-d6)  δ 
152.99 (s), 150.91 (s), 147.12 (s), 144.68 (s), 144.31 (s), 129.58 (s), 128.94 (s), 

126.85 (s), 114.85 (s),  FT-IR: ν/cm-1 3044w (C-H aromatic), 2100w (C-H aromatic), 1535m 
(C=S), 1455s (C=C-C), 1066m (C-H aromatic), 817vs (C-H aromatic), 691vs (C-H aromatic). 
ESI-MS: For C18H12N2S2 predicted 320.44, found (M+1) 321.05.

N

N
SS

L
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Synthesis of the 1-methyl-2’,6’-di(thiophen-2-yl)-[4,4’-bipyridin]-1-ium 
ligand (QL)

Following a literature procedure,3 a reflux system was assembled whilst hot and 
flushed with N2(g). To the round bottom flask L (0.16 mmol), acetonitrile (25 mL) 
and methyl iodide (0.78 mmol) were added then heated to 40°C whilst stirring. 
Upon reaching 40°C the reaction mixture was refluxed for 24 hours. Once cooled 
to room temperature, the solvent was removed by a rotary evaporator and the 

powder dried in vacuo to give 1-methyl-2’,6’-di(thiophen-2-yl)-[4,4’-bipyridin]-1-ium as a bright 
yellow solid, QL (35 mg, 67%).

QL 1H-NMR (400 MHz, DMSO-d6) δ 9.19 (d, J=6.8 Hz, 2H), 8.81 (d, J=6.8Hz, 2H), 8.40 (s, 2H), 
8.09 (dd, J=3.7, 1.0 Hz, 2H), 7.74 (dd, J=5.0, 1.0 Hz, 2H), 7.25 (dd, J=5.0, 3.7 Hz, 2H) 4.39 (s, 
3H). 13C NMR (101 MHz, DMSO-d6) δ 148.65 (m), 146.94 (s), 141.4 (s), 138.73 (s), 138.27 (s), 
125.08 (s), 123.94 (s), 122.29 (s), 120.45 (s), 110.15 (s), 42.93 (s)  FT-IR: ν/cm-1 2991w (C-H 
aromatic), 2100w (C-H aromatic), 1539m (C=S), 1419s (C=C-C), 830s (C-H aromatic), 709vs (C-
H aromatic).

Synthesis of L-Hg2+  metal complex

Corresponding mercury complex L-Hg2+ was formed when a solution of 30.2 mg 
(0.076 mmol) of mercury(II) perchlorate hydrate in acetonitrile (2 mL) was added 
to a solution of L (24.2 mg,  0.076 mmol) in acetonitrile (3 mL). After 30 min 
yellow precipitate was filtered out and washed with 50 mL of hexanes resulting in 
10 mg, 25.4% yield of complex L-Hg2+.  

For L-Hg2+  1H NMR: (400.00 MHz, CD3CN): δ 8.88 (d, 3JHH = 6.1 Hz, 1H), 8.49 
(d, 3JHH = 6.2 Hz, 1H), 8.07 (s, 1H), 7.92 (d, 3JHH  = 3.6 Hz, 1H), 7.65 (d, 3JHH  = 5.0 Hz, 1H), 7.26 
(m, 1H).13C NMR (101 MHz, CD3CN): δ 155.99 (Cq), 153.12 (Cq), 142.53, 130.47, 129.13, 
127.70, 126.26, 126.22( Cq), 116.5. Assignments for quaternary carbons were made by comparison 
of 13C NMR to DEPT 135-NMR. ESI-MS: For C18H12 HgN2S2

2+ predicted 261.00, found (M-1) 
260.11, (M-3) 258.04, (M-3+K) 283.05.

Synthesis of QL-Hg2+  metal complex

The QL-Hg2+ complex was synthesized by addition to the solution of of mercury(II) 
perchlorate hydrate (23.4 mg, 0.058 mmol) in acetonitrile (2 mL) to a solution of L 
(27.0 mg, 0.058 mmol) in acetonitrile (3 mL) After 30 min, the yellow precipitate 
was filtered out and washed with 50 mL of hexanes resulting in 7.6 mg, 17.8% yield 
of complex QL-Hg2+. 1H NMR (400 MHz, CD3CN) δ 8.81 Hz (d, 3JHH = 7.24 Hz, 
1H) 8.46 Hz (d, 3JHH = 7.24 Hz, 1H) 8.09 Hz (s, 1H) 7.94 Hz (d, 3JHH = 4.84 Hz, 1H) 
7.71 Hz (d, 3JHH= 6.04 Hz, 1H) 7.28 Hz (m, 1H) 4.39 (s, 3H). 13C-NMR (101 MHz, 
CD3CN) δ: 153.1(Cq), 152.6(Cq), 145.9, 144.7(Cq), 137.7(Cq), 130.2, 128.7, 127.7, 
126.1, 116.1, 48.21
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Synthesis of the Fe3O4 NP

The synthesis was carried out according to a previously reported method with modification,4, 5 2.5g 
of FeCl3•6H2O was allowed to stir in 75 mL of ethylene glycol until it dissolved. Then 7.2g of 
sodium acetate and 2g of polyethylene glycol (PEG) 4000 were added to the above solution and 
stirred until all the reactants dissolved. The mixture was then transferred into a Teflon-lined 
stainless steel autoclave. The autoclave was heated to and maintained at 160oC for 8 hours and 
then naturally cooled to room temperature. The product mixture was centrifuged, the liquid was 
discarded while the solids were washed with ethanol and water. The magnetite product was dried 
under vacuum at 90oC for 10 hours.  

Synthesis of the Fe3O4@TiO2 NP

Based on a pervious method,6 100 mg of Fe3O4 microspheres were dispersed in 100 mL of an 
ethanol/ acetonitrile (3/1, v/v), followed by the addition of 1 mL concentrated (28%) ammonia 
solution under sonication for 20 minutes. Afterwards 1.6 mL of tetrabutyl titanate (TBOT) in 30 
mL of ethanol/ acetonitrile (3/1, v/v) was added dropwise under continuous sonication. The 
mixture was then allowed to stir under sonication for 2 hours then transferred into a Teflon-lined 
stainless steel autoclave. The autoclave was heated to and maintained at 160oC for 24 hours and 
then naturally cooled to room temperature. The product mixture was centrifuged, the liquid was 
discarded while the solids were washed with ethanol and water. The product was then dried under 
vacuum at 100oC overnight. The powder was sonicated in solutions of ethanol and water multiple 
times then separated with a magnet to remove any unreacted TiO2.  

Synthesis of Fe3O4@TiO2-L NP 

The solid substrate Fe3O4@TiO2 NP was functionalized by the molecular receptor L by two step 
procedure using chlorobenzylsiloxane-based templating layer according to an adapted literature 
procedure.7 

Cl

Si
O

O
O

Substrate

N

N

SS

Cl

Si
O O O

N

N

SS

95oC, 96hr, no light
CH3CN, N2 atm

Cl

Si
Cl

Cl
Cl

C6H6 (1:200 v/v)

rt, N2 atm.

Substrate

Under N2 atmosphere, Fe3O4@TiO2 NP substrate was submerged into a solution of trichloro(4- 
(chloromethyl)phenyl)silane with anhydrous hexane (1:200 v/v) for 20 min. The material was 
washed 3x with anhydrous hexane then with anhydrous acetonitrile, and sonicated 1x for 5 min 
per solvent. Then the material was submerged into the solution of L (0.2 mM) in anhydrous 
acetonitrile and sealed in a pressure tube. The material was heated for 96 h at 95oC without light. 
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After cooling down, the resulting Fe3O4@TiO2–L NP material was washed 3x with anhydrous 
hexane then anhydrous acetonitrile, and sonicated 1x for 5 min per solvent. 

Determining selectivity of L to various metal ions in acetonitrile. 

A stock solution of L was made in acetonitrile to give a final concentration of 9.98x10-3 mM. Eight 
metal (Fe2+, Fe3+, Cr3+, Zn2+, Co2+, Ru3+, Cd2+, Cu2+) solutions were prepared by dissolving the 
corresponding metal salt in acetonitrile. An aliquot of the L stock solution (9.98x10-3 mM) was 
transferred to a 10 mm x 10 mm quartz cuvette. The fluorescence emission was measured using 
λex = 330 nm and λem = 340 – 640 nm. An aliquot of the first metal solution was added to the 
cuvette, stirred for 2 minutes, then the fluorescence emission of M+L was measured. Hg2+ was 
then added to the cuvette, stirred for 2 minutes before the fluorescence emission of M + L + Hg2+ 
was obtained. These steps were repeated for all eight metal salts.

Fluorescence emission experiment of L-Hg2+ complex formation 

A stock solution of Hg2+ was prepared by dissolving Hg(ClO4)2 in acetonitrile. An aliquot of the 
L stock solution (1x10-4 mM) was transferred to a 10 mm x 10 mm quartz cuvette. Additions of 
Hg2+ were added via a microsyringe to the L aliquot solution until the fluorescence peak at 413 
nm was fully quenched. Between each addition step, the solution was mixed for 30 sec before the 
fluorescence emission was measured. Experiment was performed two times under excitation 
wavelengths of 325 and 385 nm, respectively. When the sample was exited under 385 nm upon 
addition of mercury, in addition to the disappearance of the peak at 413 nm, the growing of the 
new emission peak at 580 nm was observed. See Figure 3 in the main manuscript for details.

Determination of fluorescence quantum yields for L and L-Hg2+ 

a) Quantum Yield of L at 413 nm

The fluorescent standard sample to be used is L-tryptophan as its λabs and λem are similar to that of 
the L test sample. A stock solution of L-tryptophan was prepared by dissolving L-tryptophan (20 
mg) in DI water to give a concentration of 10 mM. This was followed by two further dilutions of 
the solution to give a final concentration of 0.2 mM. The fluorescence emission was measured 
using λex = 280 nm and λem = 290 – 500 nm. This was repeated for the L test sample, where the 
solvent background used was acetonitrile and the concentrations of the five dilutions were 1.11 
x10-3 mM, 2.22 x10-3 mM, 3.33 x10-3 mM, 4.44 x10-3 mM and 5.55 x10-3 mM. Fluorescence 
emission was measured using λex = 330 nm and λem= 340 – 550 nm. The integrated fluorescence 
intensity was plotted against the absorbance at the fluorometer excitation wavelength. This is at 
280 nm for L-tryptophan and 330 nm for L. A linear regression line was fitted to the resulting 
graph, of which the gradient is required for the quantum yield calculation.

Equation S18 is required to calculate the fluorescence quantum yield:

Eq. S1
𝜑𝑥 = 𝜑𝑆𝑇𝐷( 𝑚𝑥

𝑚𝑆𝑇𝐷
)( 𝜂2

𝑥

𝜂 2
𝑆𝑇𝐷

)
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Where ‘ ’ denotes the complex (test sample) and ‘ ’ denotes L-tryptophan (standard 𝑥 𝑆𝑇𝐷
sample).  represents the quantum yield,  represents the gradient of the plot of integrated 𝜑 𝑚
fluorescence intensity vs absorbance, and  represents the refractive index of the solvent used. 𝜂

Propagation of error for quantum yield calculations. Equation S2 was used to calculate the standard 
deviation from quantum yield.

 Eq.S2
𝜎𝑥 = 𝜑𝑥 (𝜎𝑚𝑥

𝑚𝑥
)2 + (𝜎𝑚𝑆𝑇𝐷

𝑚𝑆𝑇𝐷
)2 + (𝜎𝜑𝑆𝑇𝐷

𝜑𝑆𝑇𝐷
)2

Table S1. Variables for calculation of the standard deviation from quantum yield for L 
Parameter Value Standard Error (±)
Quantum Yield, ϕx, L 0.21 0.08
mx 2.88 x 105 1.07 x 104

mSTD 1.59 x 105 2.27 x 104

ϕSTD 0.12 0.01
𝜎𝑚𝑥 = 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑒𝑟𝑟𝑜𝑟 𝑜𝑓 𝑚𝑥 ∗ 𝑁 2.14 x 104 -
𝜎𝑚𝑆𝑇𝐷 = 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑒𝑟𝑟𝑜𝑟 𝑜𝑓 𝑚𝑆𝑇𝐷 ∗ 𝑁 4.55 x 104 -

The standard deviation from quantum yield for L was calculated using equation 2.

𝜎𝑥 =  0.21 (2.14 × 104

2.88 × 105)2 + (4.55 × 104

1.59 × 105)2 + (0.01
0.12)2 = 0.08

b) Quantum Yield of L–Hg2+ Complex at 585 nm 

The quantum yield of L–Hg2+ was determined using the fluorescent standard sample Ru(bipy)3 as 
its λabs and λem are similar to that of the L–Hg2+ complex test sample.9 A stock solution of Ru(bipy)3 
was prepared by dissolving Ru(bipy)3 (2.5 mg) in DI water (20 mL) to give a concentration of 
2.0*10-4 M. A stock solution of L–Hg2+ was prepared by dissolving L (42.8 mg) and Hg(ClO4)2 
(31.6 mg) in acetonitrile (3 mL), the L–Hg2+ (4.1 mg) was then filtered out and dissolved in 
acetonitrile (10 mL), to give a final concentration of 6.7*10-4 M solution.  

The UV-Vis absorbance of the solvent background was measured, followed by eleven dilutions of 
the standard Ru(bipy)3 stock solution. The fluorescence emission was also measured using λex = 
452 nm and λem= 460 – 700 nm. This was repeated for the L–Hg2+ test sample, fluorescence 
emission was measured using λex = 380 nm and λem= 400 – 700 nm. The integrated fluorescence 
intensity was plotted against the absorbance at the fluorometer excitation wavelength. This is at 
452 nm for Ru(bipy)3 and 380 nm for L–Hg2+. A linear regression line was fitted to the resulting 
graph, of which the gradient is required for the quantum yield calculation.

Eq. S1 was used to calculate the fluorescence quantum yield. Where ‘ ’ denotes the complex L– 𝑥
Hg2+ (test sample) and ‘ ’ denotes Ru(bipy)3 (standard sample).  represents the quantum 𝑆𝑇𝐷 𝜑
yield,  represents the gradient of the plot of integrated fluorescence intensity vs absorbance, and 𝑚

 represents the refractive index of the solvent used.𝜂
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𝜑𝑥 = 0.57

Propagation of error for quantum yield calculations for L–Hg2+-Complex. Eq. S2 was used to 
calculate the standard deviation from quantum yield.

Table S2. Variables for calculation of the standard deviation from quantum yield for L– Hg2+ 
complex

Parameter Value Standard Error (±)
Quantum Yield, ϕx, L-Hg(II) Complex 0.57 0.16
mx 3.24 x 104 2.05 x 103

mSTD 2.03 x 104 1.31 x 103

ϕSTD 0.36 0.01
𝜎𝑚𝑥 = 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑒𝑟𝑟𝑜𝑟 𝑜𝑓 𝑚𝑥 ∗ 𝑁 6.48 x 103 -
𝜎𝑚𝑆𝑇𝐷 = 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑒𝑟𝑟𝑜𝑟 𝑜𝑓 𝑚𝑆𝑇𝐷 ∗ 𝑁 4.14 x 103 -

The standard deviation from quantum yield for L–Hg2+ complex was calculated using Eq. S2.

𝜎𝑥 =  0.57 (6.48 × 103

3.24 × 104)2 + (4.14 × 103

2.03 × 104)2 + (0.01
0.36)2 = 0.16

Fluorescence Emission Experiment of Hg2+ with Fe3O4@TiO2-L NP

The fluorescence samples of Fe3O4@TiO2-L NP were prepared by adding 1.0 mg of Fe3O4@TiO2-
L NP into 3.0 mL of anhydrous acetonitrile and sonicating it for 15 minutes. The solution was then 
transferred to a 10 mm x 10 mm quartz cuvette. The fluorescence emission was measured using 
λex = 330 nm and λem = 340 – 600 nm at a slow scan rate. A stock solution of Hg2+ was prepared 
by dissolving Hg(ClO4)2 in acetonitrile, which  was added drop wise to the solution in intervals of 
1.0 µL using a microsyringe, the fluorescence spectra of the Fe3O4@TiO2-L NP with Hg2+ were 
measured three times each to obtain the average peak height. Between each run and addition, the 
solution was mixed for 30 sec before the fluorescence emission was measured.

Selectivity Experiment of Hg2+ with Fe3O4@TiO2-L NP

Eight metal solutions (Fe2+, Fe3+, Cr3+, Zn2+, Co2+, Ru3+, Cd2+, and Cu2+) were prepared by 
dissolving the corresponding metal salt in acetonitrile. 1.0 mg of Fe3O4@TiO2-L NP was added 
into 3.0 mL of anhydrous acetonitrile and sonicated for 15 minutes then transferred to a 10 mm x 
10 mm quartz cuvette. The fluorescence emission was measured using λex = 330 nm and λem = 340 
– 640 nm. An aliquot of the first metal solution was added to the cuvette, sonicated for 2 minutes. 
Then the fluorescence emission of M+L was measured. Hg2+ was then added to the cuvette, 
sonicated for 2 minutes before the UV-vis and fluorescence emission of M+L + Hg2+ was obtained. 
These steps were repeated for all seven metal salts.

Mercury uptake experiment by Fe3O4@TiO2-L NP from aqueous solutions. 

Cold Vapour atomic absorption (AA) method was employed to study mercury uptake ability for 
Fe3O4@TiO2-L NP nanomaterial as previously reported.10 In this experiment, a mass of 62.0 mg 
of mercury perchlorate was weighed out, and then dissolved in 100 mL of type 1 deionized water 
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(DI water) in a 100 mL volumetric flask to create an initial stock solution of 274 mg/L mercury. 
Calibration solutions and test solutions were prepared by stepwise dilution of the stock solution. 
Mercury uptake ability was determined in triplicates to ensure reliable measures of the uptake 
properties. For the mercury uptake experiment, samples were created by adding 7.5 mL of the 
working 1 mg/L stock solution to the 30 mL sample vials. Then 1.7-1.9 mg of Fe3O4@TiO2-L NP 
were added to the vial and sonicated for 15 minutes to allow for complete exposure to the solution. 
Following this, the reacted Fe3O4@TiO2-L NP material was removed from the media using a 
magnet, the solutions were quantitatively transferred to a 100 mL volumetric flask and diluted to 
100 mL using DI water. Mercury content was measured using a Varian AAS 240 instrument 
equipped with a cold-vapour absorption set-up, using stannous chloride as the reductant. 
Mercury absorption ability of the Fe3O4@TiO2-L NP was determined as 13.35*10-3 mg of Hg2+/ 
mg of material or 13.35 μg Hg2+ /mg of material.

Table S3. Mercury uptake analysis by Fe3O4@TiO2-L NP material. 

Mercury Uptake Analysis

Samp
le

Concent
ration 
Hg 
Initially 
(μg/L)

Mass of 
Magnetite 
NP’s 
Added 
(mg)

Absorbtion 
Measured

Concentration 
After 
Addition and 
Removal of 
NP’s (μg/L)

Mercury 
Uptake/ 
mg of 
NP’s 
(μg/L)

Mercury 
Uptake 
(mg/mg)

Mercury 
Uptake 
(μg 
/mg)

1 75 1.7 0.3323 50.79 14.24 0.01424 14.24
2 75 1.9 0.3312 50.65 12.81 0.01281 12.81
3 75 1.8 0.3386 51.59 13.01 0.01301 13.03
Avera
ge 75 1.8 0.3340 51.01 13.35 0.01335 13.35

Binding constants calculations

A modified Stern Volmer equation shown below was used to calculate the binding constants 

𝑙𝑜𝑔
𝐹0 ‒ 𝐹

𝐹
= 𝑙𝑜𝑔𝐾𝑏 + 𝑛𝑙𝑜𝑔[𝑄]

Where F0 is the fluorescence intensity of L at 413 and F is the intensity of L at 413 nm in the 
presence of Hg2+. Kb is the binding constant, n is the number of binding sites (n=1 for our system) 
and [Q] is the concentration of Hg2+.

Limit of detection calculations

The limit of detection (LOD) was calculated from the calibration curves using the following 
equation. Where σ is the standard deviation of the response.  

𝐿𝑂𝐷 =
3𝜎

𝑠𝑙𝑜𝑝𝑒
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Electrochemistry

An ink was made by sonicating 2.7 mg of the Fe3O4@TiO2-L NP, 100µL deionized water, 100µL 
isopropyl alcohol, and 50µL Nafion®. 2µL of the ink was drop coated onto a 0.071cm2 diameter 
glassy carbon electrode and dried with heat (loading of the material: 304µg/cm2). The 
functionalized electrode was immersed into a 0.6 mM solution of Hg2+ for 30 min. The electrode 
was washed and corresponding electrochemical tests were ran. The electrode was then immersed 
in a 5 mM solution of Fe3+ for 30 min. The electrode again was washed with water and 
electrochemical tests were performed.

Electrochemcial measurements were ran in 0.1M H2SO4. A mercury/mercury sulfate was used as 
a reference electrode and a platinum wire was used as the counter electrode. Cyclic voltammetry 
(CV) was performed at 50mV/s and 10mV/s in the potential range of 0-1.2V vs SHE. The 
electrochemical measurements were performed using a Solartron Analytical 1470E potentiostat 
with corresponding Multistat and CView software. Differential pulse voltammetry was run with a 
height of 50mV, width of 10ms, period of 100ms, and increment of 10mV on a Pine wavedriver 
with corresponding aftermath software.
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