
1 

 

 1 

A ZnS quantum dot based super selective fluorescent chemosensor 2 

for soluble ppb-level total arsenic [As(III) + As(V)] in aqueous media: 3 

Direct assay utilizing aggregation-enhance emission (AEE) for 4 

analytical application †  5 

 6 
Saurav Kayal and Mintu Halder* 7 

 8 

Department of Chemistry, Indian Institute of Technology Kharagpur, Kharagpur-721302, India. 9 

*Corresponding author: mintu@chem.iitkgp.ac.in; Phone: +91-3222-283314, FAX: +91-3222-10 

282252 11 

 12 

 13 

 14 

 15 

 16 

 17 

 18 

 19 

 20 

 21 

 22 

 23 

 24 

 25 

 26 

 27 

Electronic Supplementary Material (ESI) for Analyst.
This journal is © The Royal Society of Chemistry 2019



2 

 

 28 

Table of Content 29 

 30 

Contents                                                                                                              Pages 31 

1. Reagents and Chemicals                                                                               3 32 

2. Instrumentation                                                                                             3-4 33 

3. Preparation of TSA-capped ZnS QD                                                          4 34 

4. Characterization of TSA-capped ZnS QD                                                  5-10  35 

5. Procedure for arsenic (As)  determination                                                    10 36 

6. Calculation for limit of detection (LOD)                                                      11-12 37 

7. Selectivity Study                                                                                           12-13 38 

8. pH study                                                                                                        13-14 39 

9. Plausible PL turn-on mechanism                                                                  14-19 40 

10. Real water sample analysis                                                                           19-20 41 

11. References                                                                                                     21-22 42 

 43 
 44 
 45 
 46 
 47 
 48 
 49 
 50 
 51 
 52 
 53 
 54 
 55 
 56 
 57 
 58 
 59 
 60 
 61 
 62 
 63 
 64 
 65 
 66 
 67 
 68 
 69 



3 

 

1. Reagents and Chemicals 70 

All the chemicals procured are commercially available and used as received without any 71 

purification. Zinc acetate dehydrate (Zn (OOCCH3)2.2H2O), sodium (meta)arsenite (NaAsO2), 72 

disodium hydrogen arsenate heptahydrate (Na2-HAsO4.7H2O), thiosalicyclic acid (TSA), 73 

ethylenediaminetetraacetic acid disodium salt dehydrate (C10H14N2Na2O8.2H2O), sodium 74 

dihydrogen phosphate (NaH2PO4.H2O) and sodium hydrogen phosphate (Na2HPO4) were 75 

purchased from Sigma-Aldrich. Sodium hydroxide was purchased from Merck, India. Deionized 76 

double distilled water was used throughout the experiment for preparing solutions.   77 

2. Instrumentation 78 

The pH of solutions is measured with Eutech-510 ion pH-meter, which was pre-79 

calibrated with standard pH buffer tablets (pH 7). The UV-vis absorption spectra are recorded 80 

with a Shimadzu UV-2450 spectrophotometer in the 1 cm-path length cuvette against the solvent 81 

reference in the range 200-800 nm. The steady-state fluorescence was recorded with a Jobin-82 

Yvon-Spex Fluorolog-3 spectrofluorimeter. The time-resolved photoluminescence lifetime 83 

decays were collected by using a time-correlated single photon counting (TCSPC) picosecond 84 

spectrophotometer (LifeSpec-II, Edinburgh Instruments, U.K.). Samples were excited with a 85 

pulsed diode (EPLED-295, pulse width 67.9 ps) centered at 295 nm and emission signals were 86 

collected at magic angle 54.7 using a photomultiplier tube (H10720-01 Photosensor module from 87 

Hamamatsu). The laser repetition rate was kept at 5 MHz, and the excitation peak power was ~70 88 

mW. The Instrument Response Function (IRF) is ~ 270 ps. The data were analyzed by using F900 89 

Software from Edinburgh Instruments. Fourier transform infrared spectroscopic (FTIR) 90 

measurements are performed with a Perkin-Elmer FTIR spectrophotometer RX1 in range 300-91 

4000 cm-1 using KBr pellets. The morphology of the ZnS QD was also monitored by atomic force 92 

microscopy (AFM), Agilent Technologies, Model 5500. Field Emission Scanning Electron 93 

Microscopy (FESEM) images were taken with FEI NOVA NANOSEM 450 instrument having an 94 

operating voltage of 5 kV. 20 L of liquid sample was drop-casted on glass grids for FESEM 95 
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analysis. High-Resolution Transmission electron microscopy (HR-TEM) images are taken using 96 

the JEOL Model JEM-2010 electron microscope with an operating voltage of 200 kV. 20 L of 97 

dilute liquid samples were drop-casted on carbon-coated copper grids (Allied Scientific Products, 98 

India) for HRTEM analysis. Selected Area Electron Diffraction (SAED) pattern was also 99 

obtained from HR-TEM analysis. Energy Dispersive X-ray (EDX) microanalysis was performed 100 

using both HRTEM and FESEM instrument for compositional analysis. Dynamic Light 101 

Scattering (DLS) measurements were carried out using Malvern Nano ZS instrument employing a 102 

4mW He-Ne laser (wavelength (λ) of 632.8 nm) and an Avalanche Photo Diode (APD) detector 103 

to get the hydrodynamic radius (Rh) of the particle. A cuvette of 1 cm path length was used for 104 

DLS measurements. X-ray diffraction (XRD) pattern of the sample is collected using Bruker D8 105 

Diffractometer unit with nickel-filtered Cu Kα line (λ = 1.54Å) in the 2θ range of 5º-80º at a 106 

scanning rate of 5.0º min-1. The XRD data is analyzed using JCPDS software.  107 

3. Preparation of TSA-capped ZnS QD 108 

Synthesis of water-soluble ZnS QD was carried out using TSA as capping agent as well 109 

as the source of sulfur. For the preparation of the sample, the optimum molar ratio of TSA: Zn:: 110 

4: 1 was taken. The pH of the solution was adjusted to ~9.0 by using 1 (M) NaOH and again 111 

stirred for some time to ensure proper mixing. Then the mixture was refluxed by hydrothermal 112 

method for 5 hours at 80-90 0C. The scheme for the formation of TSA- capped ZnS QD are 113 

described as follows (see Scheme 1).   114 

 115 

 116 

 117 
 118 

 119 

Scheme S1. The formation process of the TSA-capped ZnS QD.  120 

 121 
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4. Characterization of TSA-capped ZnS QD   123 

 124 

4.1. UV-Vis absorbance spectra 125 

  The room temperature optical absorption spectra of TSA-ZnS QD were shown in Figure 126 

S1. The as-prepared aqueous solution of TSA-capped ZnS QD was colorless. 127 

 128 

 129 

 130 

 131 

 132 

 133 

 134 

 135 

 136 

Figure S1. UV-Vis absorption spectra of TSA-capped ZnS QD at pH 7.4 buffer.  137 

   138 

4.2. Photoluminescence (PL) emission spectra  139 

Photoluminescence (PL) spectra of TSA capped ZnS QD is carried out at room 140 

temperature at excitation wavelength of 295 nm at pH 7.4 buffer medium (shown in Figure S2). 141 

The emission maximum is found to be at 420 nm. The origin of emission spectra is due to the 142 

sulfur vacancy in ZnS host.1 The ultraviolet blue emission peak corresponds to an excitonic 143 

emission that could be associated to the radiative recombination of the hole in the valence band 144 

and electron in the conduction band.2 Fluorescence measurements were performed from 315 to 145 

570 nm, keeping excitation slit at 3 nm and emission slit at 2 nm with excitation at 295 nm.     146 

 147 
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 152 

 153 

 154 

 155 

 156 

 157 

 158 

 159 

 160 

 161 

 162 

Figure S2. Photoluminescence (PL) emission spectra of TSA-capped ZnS QD in pH 7.4 buffer 163 

(exc = 295 nm).   164 

 165 

  4.3. Fourier Transform Infrared Spectroscopic study of sensor 166 

 167 

 168 

 169 

 170 

 171 

 172 

 173 

 174 

Figure S3.  FT-IR spectra of (A) Free TSA only, (B) TSA-capped ZnS QD. 175 

 176 

We also measured Fourier transform infrared (FTIR) spectroscopy of TSA-capped ZnS 177 

QD (see Figure S3).  We compared the IR band of our as-prepared chemo-sensor (QD) with free 178 

capping agent TSA. Pure TSA (curve A) shows the IR band of O-H str (3500 and 3011 cm-1), 179 

C=O str (1679 cm-1), S-H str (2697 and 2519 cm-1) and C-H/O-H bending (1409 cm-1). In the 180 

TSA-capped ZnS QD, the absence of –SH band is attributed to the cleavage of S–H bond and its 181 
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subsequent attachment with the QD surface which indicates the formation of ZnS QD. The peak 182 

for C=O also shifts from 1679 cm-1 to 1649 cm−1 (curve B). The peaks at 645 cm-1 are 183 

characteristic of Zn-S vibration and also characteristic of cubic ZnS which are in good agreement 184 

with reported results in the references.3   185 

 186 

Table S1. Tentative vibrational assignments of TSA-capped ZnS QD.  187 
 188 

Functional Groups TSA only TSA-ZnS QD 

O-H Stretching 3500 and 3011 cm-1 3432 cm-1 

C=O Stretching 1679 cm-1 1649 cm-1 

S-H stretching 2697 and 2519 cm-1 Disappeared 

C-H bending and O-H bending 1409 cm-1 1396 cm-1 

Zn-S stretching - 645 cm-1 

 189 

4.4. X-ray diffraction (XRD) pattern of the sensor 190 

 191 

 192 

 193 

 194 

 195 

 196 

 197 

 198 

 199 

 200 

Figure S4. XRD pattern of TSA-capped ZnS QD.   201 
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Powder XRD pattern of TSA-capped ZnS QD was shown in Figure S4. The three 203 
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crystal structure phase (JCPDS No. 05-0566).4 The broadness of the diffraction peaks illustrates 206 

the nanocrystalline nature of the samples.5  207 

     4.5. Transmission electron microscopy (TEM) studies 208 

Transmission electron microscopy (TEM) has been used to characterize the TSA-capped 209 

Zn QD in aqueous solution. Particle size and morphology of the TSA-ZnS QD were resolved by 210 

transmission electron microscopy (TEM) as shown in Figure S5. According to the TEM results 211 

the QD were nearly monodisperse with spherical shape. The existence of spherical clusters of the 212 

average diameter of about ~16.1 ± 0.5 nm was observed in Figure S5A (TEM image).  High-213 

resolution transmission electron microscopy (HRTEM) image (Figure S5B) of TSA-ZnS QD 214 

showed clear lattice fringes with an interplanar spacing of 0.28 Å. The selected area electron 215 

diffraction (SAED) pattern (Figure S5C) showed clear lattice fringes and crystalline nature of 216 

ZnS QD.   217 

(A)                                                  (B)                                                (C) 218 

 219 

 220 

 221 

 222 

 223 

 224 

 225 

Figure S5. (A) TEM image (B) HRTEM image (lattice fringes) and (C) SAED pattern of TSA- 226 

capped ZnS QD at different scale bars.  227 

 228 

 229 

 230 

 231 

 232 
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  4.6. Dynamic light scattering (DLS) of TSA-capped ZnS QD 233 

 234 

 235 

 236 

 237 

 238 

 239 

 240 

Figure S6. DLS pattern of TSA-capped ZnS QD.   241 

The hydrodynamic particle size distribution of the TSA-ZnS QD was measured by using 242 

dynamic light scattering (DLS) technique. The mean hydrodynamic particle size of TSA-ZnS QD 243 

was estimated to be 22.3 ± 0.2 nm (see Figure S6). The average hydrodynamic particle size of 244 

TSA-ZnS QD by using DLS method is little higher than that of TEM measurement due to solvent 245 

effects.  246 

 247 

4.7. Energy dispersive spectroscopy (EDX) of TSA-capped ZnS QD 248 

The EDX analysis (see Figure 7 and Table S2) clearly showed that the presence of 249 

elements such as Zn and S indicating that the ZnS QD is composed of zinc and sulfide element 250 

only. 251 

 252 

 253 

 254 

 255 

 256 

 257 

 258 
Figure S7. EDX analysis of TSA-capped ZnS QD.   259 
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Table S2. EDX pattern of TSA-capped ZnS QD. 262 

Element Weight (%) Atomic (%) 

Zn K  34.93 20.84 

S K 65.07 79.16 

Total 100.00 100.00 

 263 

4.8. Elemental area mapping pattern of TSA capped ZnS QD 264 

 265 

 266 

 267 

 268 

 269 

 270 

Figure S8. Elemental area mapping pattern of TSA capped ZnS QD. 271 

4.9. Photoluminescence lifetime decay of TSA-capped ZnS QD 272 

To monitor the lifetime of TSA-capped ZnS QD, we further carried out time-correlated 273 

single photon counting (TCSPC) study (see Figure S9). The average fluorescence lifetime (τav) of 274 

TSA-capped ZnS QD was estimated to be 2.24 ns at λem= 420 nm during excitation with 295 nm 275 

pulsed LED source. The lifetime parameters are shown in Table S3.    276 

 277 

 278 

 279 

 280 

 281 

 282 

 283 

 284 

 285 

Figure S9. Photoluminescence lifetime decay of TSA-ZnS QD at pH 7.4. The sample was 286 

excited using a 295 nm pulsed LED source and the decay was monitored at 420 nm. 287 
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 288 

Table S3. Fluorescence lifetime parameters of TSA-capped ZnS QD. 289 

1 (ns)  2 (ns)  av (ns) χ2

0.79 0.79 7.70 0.21 2.24 1.08 

 290 

 291 

4.10. Stability check of TSA-capped ZnS QD 292 

 293 

 294 

 295 

 296 

 297 

 298 

 299 

 300 

 301 

 302 

 303 

Figure S10. Photoluminescence spectra of TSA-capped ZnS QD at pH 7.4; solution after 304 

preparation (black line) and solution after 10 months standing (red line) (λex= 295 nm).  305 

 306 

5. Procedure of arsenic (As) determination 307 

For fluorometric titrations, stock solutions of TSA capped ZnS QD (0.1 mL) and 2.4 mL 308 

10 mM phosphate buffer (pH~7.4) were taken in 3 mL cuvette. Then both soluble As(III) and 309 

As(V) salts were added incrementally starting from 0 to 250 ppb concentration (very low 310 

concentration range) in a regular interval of concentration. The solutions were mixed well and 311 

then the fluorescence spectra were recorded for each solution. Path length used of the cells for 312 

emission studies was 1 cm. Fluorescence measurements were performed from 315 to 570 nm, 313 

keeping excitation slit at 3 nm and emission slit at 2 nm with excitation at 295 nm.   314 
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 316 

6. Calculation of limit of detection (LOD)  317 

To validate this method, the limit of detection (LOD) was obtained by drawing the 318 

calibration curve (see Figure 3 in the main manuscript) in the very low concentration region. The 319 

limit of detection (LOD) is estimated by the eqn. (1)6, 7  320 

                 Limit of detection (LOD) =         ………. (1) 321 

Where,  is the standard deviation of the intercept of the blank (QD-only) obtained from 322 

a plot of PL intensity vs. [QD-only], and K is the slope obtained from the linear part of the plot of 323 

PL intensity of QD vs. [Arsenic]. Some details on how to calculate the detection limit are shown 324 

below: firstly, standard deviation () of the instruments for this fluorimetric method was obtained 325 

from statistical analysis of the blank sample. The linear fitting equation at low As(III) 326 

concentrations was y = 264617 + 6192 x (R2=0.99336), so the slope (K) is 6192. Similarly, the 327 

linear fitting equation at low As(V) concentrations was y = 264686 + 1626 x (R2=0.9916), so the 328 

slope (K) is 1626. Using 3slope rule,7 the limit of detection was estimated to be 0.79  0.01 ppb 329 

for As(III) and 2.79  0.02 ppb for As(V) using the as-prepared TSA-ZnS QD. The LOD values 330 

for both of As(III) and As(V) are remarkably lower than that of MCL reported value as well as 331 

other reported values in literature (see Table S4). That means, we can easily detect arsenic (As) 332 

even below ~3 ppb in aqueous medium using the PL method.  333 

 334 

 335 

 336 

 337 

 338 

 339 

 340 
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Table S4. List of other reported limit of detection (LOD) values for arsenic. 341 

System Method LOD value Reference 

Fluorescent-based 

probe 

Colorimetrically and 

Fluorimetrically via 

PL turn-on method 

54.91 nM (ca. 4.12 

ppb) for arsenite ion 

Anal. Chem. 2014, 86, 

11357−113619 

Magnetic iron oxide 

nanoparticles 

Fluorimetrically via 

PL turn-on method 

300 nM for As(III) 

ion 

Chem. Commun., 

2014, 50, 8568-857010 

Di-oxime based 

fluorescent probe 

Colorimetrically and 

Fluorimetrically via 

PL turn-on method 

0.23 M for As(III) 

ion and 1.32 M for 

As(V) ion 

Analyst, 2015, 140, 

2979–298311 

ZnO QD PL turn-off method 27.0 ppb for As(III) 

ion 

Anal. Methods, 2016, 

8, 445-45212 

TSA-capped ZnS 

QD 

PL turn-on method 0.79  0.01 ppb  for 

As(III) and 2.79  

0.02 ppb  for As(V)  

Our present work 

 342 

 343 

7. Selectivity study or Competitive study  344 

The selective sensing of the analyte is an important criterion for a successful sensor. 345 

Therefore, we have also carried out studies with various common coexisting metal cations, such 346 

as Ca(II), Al(III), Fe(III), Co(II), La(III), Mn(II), Pb(II), Cu(II), Hg(II), and Na(I) and as well as 347 

anions, such as Cl-, F-, CN-, OAc-, NO3-, H2PO4
- , HPO4

2-, PO4
3- and S2- under similar 348 

experimental conditions that have been used for the determination of both arsenic [As(III) and 349 

As(V)] in the dispersion of TSA-ZnS QD. In order to check the selectivity of the sensor (QD) 350 

towards arsenic detection, we carried out fluorescence experiments with our sensor (QD) and 250 351 

ppb of different ions (cations and anions included). It is important to note that the detection of 352 

arsenic (As) was not perturbed by any other coexisting ions. Our fluorescence spectroscopic 353 

measurements (see Fig. 4) show that the aqueous solution of our sensor is extremely specific 354 

toward arsenic [both As(III) and As(V)] in the presence of other ions in the water medium. 355 
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As shown in Fig. 4A-B, only the addition of arsenic led to drastic photoluminescence 356 

intensity change (PL enhancement) of the TSA-ZnS QD, and no significant changes of PL 357 

intensity were observed upon addition of other ions mentioned. These also indicate that only 358 

arsenic (As) has strong interaction with TSA-ZnS QD, resulting in the enhancement of PL 359 

intensity of QD. 360 

 361 

8. pH dependence study 362 

For biological applications, the appropriate pH condition for a successful probe is of 363 

utmost importance. In the absence and presence of arsenic , the PL intensities of our sensor (TSA-364 

ZnS QD) were estimated at different pH values using phosphate buffer (10 mM). Moreover, this 365 

chemosensors (in the absence of As) exhibited stable fluorescence emission in the pH range of 366 

6−11, making it well applicable for physiological pH conditions (pH, ~7.4) (see Figure S11). 367 

This study clearly showed that the PL intensity of QD is almost independent over the pH range 368 

6−11 (Figure S11 and Figure S12). This result demonstrated that our sensors were very much 369 

useful in an environmental system for chemical detection of toxic soluble arsenic.  370 

 371 

 372 

 373 

 374 

 375 

 376 

 377 

 378 

Figure S11. pH dependent PL study of the TSA-capped ZnS QD in the absence of arsenic (As) at 379 

different pH in 10 mM phosphate buffer at 250 C.     380 
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 382 

 383 

 384 

 385 

 386 

 387 

 388 

 389 

 390 

Figure S12. pH dependent PL study of the TSA-capped ZnS QD in the presence of arsenic (As) 391 

at different pH in 10 mM phosphate buffer at 250 C.     392 

 393 

It was clearly observed that the fluoresce intensity of our sensor (QD) in the presence of 394 

arsenic was hardly affected between pH 6 and 10 in 10 mM phosphate buffer medium, indicating 395 

that this pH range is suitable for fluorescence studies for the recognition of As (see Figure S12). 396 

In the present work, a pH of ~7.4 buffer (10 mM) solution was chosen throughout the sensing 397 

experiments for physiological purpose. Unless otherwise mentioned, the following experiments 398 

were done in the optimized conditions. 399 

9. Plausible PL turn-on mechanism 400 

    9.1. Time resolve fluorescence lifetime study 401 

The mechanism of binding of the arsenic species to the TSA-ZnS QD has been 402 

substantiated by different methods such as Fourier transform infrared (FTIR) spectroscopy, zeta 403 

potential measurements, dynamic light scattering technique (DLS) and fluorescence lifetime 404 

(TCSPC) studies. The arsenic (As) assisted ‘turn-on’ behavior of TSA-capped ZnS QD is 405 

demonstrated from the fluorescence lifetime decay (TCSPC) experiment (see Figure S13). As 406 

shown in Figure S13, the data were well fitted with biexponential equation (see eqn. 1) and the 407 
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average fluorescence lifetime was given in Table S5. The average lifetime of TSA-capped ZnS 408 

QD is 2.24 ns, whereas in the presence of 250 ppb As (III), the fluorescence lifetime is found to 409 

be 2.28 ns (see Table S5). The lifetime result clearly indicates that there is ground-state 410 

interaction between TSA-ZnS QD and As(III).6   411 

 412 

 413 

 414 

 415 

 416 

 417 

 418 

 419 

Figure S13. Fluorescence lifetime decay of TSA-ZnS QD in the presence of 250 ppb arsenic (As) 420 

at λem= 420 nm and λex = 295 nm (pH 7.4 buffer).  421 

 422 

Table S5. Fluorescence lifetime (λexc=295 nm) decay parameters of TSA-ZnS QD at 420 nm in 423 

the presence of arsenic, at pH 7.4 and T = 298 K.   424 

 425 

 426 

 427 
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9.2. Fourier Transform Infrared Spectroscopic Study  430 

 431 

Figure S14 represents the FTIR spectra of free TSA capping, TSA-capped ZnS QD and 432 

TSA-capped ZnS QD with arsenic. Pure TSA (curve A) shows the IR band of O-H str (3500 and 433 

3011 cm-1), C=O str (1679 cm-1), S-H str (2697 and 2519 cm-1) and C-H/O-H bending (1409 cm-434 

1). In the TSA-capped ZnS QD, the absence of characterictic –SH band is attributed to the 435 

cleavage of S–H bond and its subsequent attachment with the QD surface which indicates the 436 

formation of ZnS QD. The peaks around 645 cm−1 are characteristic of Zn-S vibration and also 437 

characteristic of cubic ZnS which are in good agreement with reported results in references.3 The 438 

peak for C=O also shifts to 1649 cm−1 from 1679 cm-1 (curve B).  439 

 440 

 441 

 442 

 443 

 444 

 445 

 446 

 447 

Figure S14. FT-IR spectra of (A) Free TSA only, (B) TSA-capped ZnS QD and (C) TSA capped 448 

ZnS QD in the presence of 250 ppb arsenic (As(III)).   449 

In the presence of 250 ppb arsenic, the carboxylic oxygen of TSA in TSA-capped ZnS 450 

quantum dots become engaged in coordination with the arsenic. Both O-H and C=O stretching 451 

frequencies were decreased upon addition of As (250 ppb) and a new band is appeared at 838 cm-452 

1 (see curve C) due to symmetric stretching frequency of As-O.7, 8 The important IR bands are 453 

listed in Table S6.  454 
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Table S6. Tentative vibrational assignments of TSA-ZnS QD in the presence of arsenic (As). 456 
 457 

Functional Groups TSA only TSA-ZnS QD TSA-ZnS QD + 250 

ppb arsenic (As) 

O-H Stretching 3500 and 3011 cm-1 3432 cm-1 3472 cm-1 

C=O Stretching 1679 cm-1 1649 cm-1 1635 cm-1 

S-H stretching 2697 and 2519 cm-1 Disappeared Disappeared 

C-H bending and O-H 

bending 

1409 cm-1 1396 cm-1 - 

Zn-S stretching - 645 cm-1 - 

As-O stretching - - 838 cm-1 

 458 

 459 

9.3. Schematic representation of mechanism 460 

The mechanism of TSA-capped ZnS QD with arsenic ions is presented in Scheme S2. In 461 

our synthesized TSA-capped ZnS QD, the sulfur atom of the thiol group remains attached to the 462 

surface of the ZnS QD and the negatively charged carboxyl group (at higher pH) is accessible for 463 

selective coordination with arsenic ion (As-O bond formed which is supported by FTIR data). We 464 

propose that As(III) can coordinate with three TSA-capped ZnS QD (as shown in Scheme S2) 465 

followed by aggregation, resulting in an increase in PL intensity. As shown in the Scheme S2, 466 

three TSA-capped ZnS QD can be attached to the trivalent arsenic, which in turn leads to the 467 

agglomeration of the QD and enhancement of PL (due to AEE). 468 

 469 

 470 

 471 

 472 

 473 

 474 
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 475 

 476 

 477 

 478 

 479 

 480 

 481 

 482 

 483 

 484 

Scheme S2. Schematic representation showing the mechanism of As(III) with TSA-capped ZnS 485 

QD through As-O linkage.  486 

 487 

  9.4. Dynamic light scattering (DLS) study 488 

We further studied of dynamic light scattering (DLS) measurements of TSA-ZnS QD in 489 

the presence of a different concentration of As(III). The hydrodynamic particle diameter of our 490 

chemosensor was gradually increasing with the increasing concentration of As(III) from 2 ppb to 491 

250 ppb (see Figure S15 and Table S7). We also plot normalized intensity as a function of 492 

hydrodynamic diameter (see inset, Figure S15). The results clearly indicate aggregation which 493 

enhanced the PL intensity.  494 

 495 

 496 

 497 
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 501 

 502 

 503 

 504 

 505 

 506 

 507 

 508 

Figure S15. Dynamic light scattering (DLS) data fitted with Gaussian function for TSA-capped 509 

ZnS QD in the absence and presence of different concentration (0 to 250 ppb range only) of 510 

As(III) at pH 7.4.  Inset shows DLS data with line connection plot. 511 

 512 

Table S7. Hydrodynamic particle diameter of TSA-ZnS QD in the absence and presence of 513 

different concentrations (2 ppb to 250 ppb) of As(III), as obtained from DLS.    514 

 515 

 516 

 517 

 518 

 519 

 520 

We also measure the hydrodynamic particle diameter (from DLS) of the sensor in the 521 

presence of As(V) and the particle size increases but here the tendency of increase is less 522 

compared to As(III) (see Figure S16 and Table S8).   523 

 524 

 525 

 526 

Sample Diameter (nm) 

QD + 0 ppb  As(III)  22.3 ± 0.2 

QD + 2 ppb As(III)  50.8 ± 0.1 

QD + 10 ppb As(III)  68.6 ± 0.2 

QD + 20 ppb As(III)  78.8 ± 0.3 

QD + 30 ppb As(III)  91.3 ± 0.4 

QD + 50 ppb As(III)  105.7 ± 0.2 

QD + 100 ppb As(III)  164.2 ± 0.4 

QD + 250 ppb As(III)  190.1 ± 0.5 
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 527 

 528 

 529 

 530 

 531 

 532 

 533 

 534 

 535 

Figure S16. Dynamic light scattering (DLS) data of TSA-capped ZnS QD in the presence of 10 536 

ppb and 250 ppb As(V) at pH 7.4.   537 

 538 

Table S8. Hydrodynamic particle diameter of TSA-ZnS QD in the absence and presence of 539 

different concentrations (10 ppb and 250 ppb) of As(V), as obtained from DLS.    540 

Sample Diameter (nm) 

QD + 0 ppb As(V)  22.3 ± 0.2 

QD + 10 ppb As(V)  48.7 ± 0.3 

QD + 250 ppb As(V)   93.3 ± 0.5 

 541 

9.5. Zeta potential measurements  542 

We also measured the zeta potential of TSA-capped ZnS QD in the presence of As(III) or 543 

As(V) analytes (see Figure S17). In the present experiment, free TSA-capped ZnS QD possess a 544 

zeta potential of about -32.6 mV. Upon addition of a particular concentration of As(III) (250 545 

ppb), the zeta potential of the sensor changes to -15.5 mV. But in the addition of As(V) analyte 546 

(250 ppb), the zeta potential of the QD changes to -21.3 mV. This results also indicate that more 547 

aggregation is obvious in the presence of As(III) than with As(V) and hence more PL 548 

enhancement results with As(III). 549 
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 550 

 551 

 552 

 553 

 554 

 555 

 556 

 557 

 558 

Figure S17. Zeta potential plot of TSA-capped ZnS QD in the presence of As(III) and As(V) 559 

at pH 7.4.   560 

 561 

9.6. Transmittance electron microscopic (TEM) images   562 

We have also measured the size of TSA capped ZnS QD by using TEM techniques in the 563 

presence of a different concentration of arsenic (As) from 2 ppb to 250 ppb. When As(III) was 564 

added to TSA-ZnS QD, the average particle size was increased substantially (from 14.5 nm to 565 

120 nm) suggesting the formation of aggregates (see Figure S18A-F and Table S9). This result 566 

also supports the aggregation-enhanced emission (AEE) in our chemosensor in the presence of 567 

arsenic (As) ions. 568 

-35

-30

-25

-20

-15

-10

QDs  

Q
D

s 
+

 A
s(

V
) 

Q
D

s 
+

 A
s(

II
I)

 

-21.3 mV

-15.5 mV

Z
et

a
 P

o
te

n
ti

a
l 

(m
V

)

 

 

       QDs                     QDs + As(III)      QDs + As(V)       

-32.6 mV



23 

 

 569 

Figure S18A-F. TEM images of TSA-ZnS QD in the absence and presence of different 570 

concentrations of As(III), entire concentration range: (A) 0 ppb, (B) 2 ppb, (C) 10 ppb, (D) 50 571 

ppb, (E) 100 ppb and (F) 250 ppb of As(III).  572 

 573 
Table S9. Particle diameter of TSA-ZnS QD in the absence and presence of different 574 

concentration (2 ppb to 100 ppb) of As(III)  by using TEM study.    575 

 576 
Sample Diameter (nm) 

QD + 0 ppb As(III)  16.1 ± 0.5 

QD + 2 ppb As(III)  34.8 ± 0.2 

QD + 10 ppb As(III)  53.8 ± 0.1 

QD + 50 ppb As(III)  67.1 ± 0.4 

QD + 100 ppb As(III)  84.5 ± 0.3 

QD + 250 ppb As(III)   107.8 ± 0.3 

 577 
We also measure the particle size (from TEM) of the sensor in the presence of As(V), the 578 

particle size is found to increase but the tendency of increase is lesser compared to As(III) (see 579 

Figure S19 and Table S10).  580 

(A) 

(D) (F) 

(B) (C) 

E 
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 581 

 582 

                                              583 

 584 

 585 

 586 

 587 

Figure S19. TEM images of TSA-ZnS QD in the absence and presence of (A) 0 ppb and (A) 10 588 

ppb and (B) 250 ppb As(V).   589 

 590 

Table S10. Particle diameter of TSA-ZnS QD in the absence and presence of a different 591 

concentration of As(V)  by using TEM study.    592 

Sample Diameter (nm) 

QD + 0 ppb As(V)  16.1 ± 0.5 

QD + 10 ppb As(V)  30.6 ± 0.3 

QD + 250 ppb As(V)   77.3 ± 0.4 

 593 
 594 
10. Real water-sample analysis     595 
 596 

To ensure the validity of this fluorimetric method in real sample analysis, the proposed 597 

method has been applied for total arsenic determination in both the pond water and tap water 598 

samples from within the campus. The pond water and tap water samples were first filtered to 599 

avoid any particulate suspension by Whatman 42 filter paper and then all the samples (both tap 600 

and pond water) were treated with disodium salt of ethylenediaminetetraacetic acid (Na2EDTA) 601 

for complexation with other metal cations [especially Fe(III) ion] but it does not form complexes 602 

with arsenite and arsenate. The pH of all the solutions was adjusted to ~7.4 by using sodium 603 

phosphate buffer. Then, we spiked the real water samples (both tap and pond water) with various 604 

concentrations of arsenic [As(III), As(V) and mixture of As(III) + As(V) (1:1 ratio)] 605 

(A) (B) (C) 

https://en.wikipedia.org/wiki/Ethylenediaminetetraacetic_acid
https://en.wikipedia.org/wiki/Ethylenediaminetetraacetic_acid
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(concentration range: 0, 5, 30, 50 and 100 ppb) and assessed the feasibility of our proposed nano-606 

sensor (TSA-ZnS QD). The complete summarized results are shown in Table S11-13. From the 607 

tabular data, we observe that our developed chemosensor (TSA-capped ZnS QD) is highly 608 

specific and has got high sensitivity toward arsenic (As) in the real water samples also. The 609 

results show good recovery rate, which indicates that the proposed method could also work in 610 

environmental water samples. The negligibly small value of RSD (below 3.00%) indicates that 611 

the proposed method gives accurate results.  612 

 613 

Table S11. Recovery analysis of spiked As(III) with one representative Pond water and Tap 614 

water samples from campus.   615 

 616 

Sample types Spiked As(III) 

(ppb) 

Total As(III) 

found (ppb)a 

(Mean ± SD) 

Mean recovery 

(%) of As(III) 

RSD (%)b 

Tap water 0 0 - - 

Tap water 5 4.94 ± 0.05 99.8 1.01 

Tap water 30 29.5 ± 0.4 99.7 1.35 

Tap water 50 49.0 ± 0.8 99.6 1.63 

Tap water 100 99.5 ± 1.8 101.3 1.81 

Pond water 0 0 - - 

Pond water 5 4.92 ± 0.06 99.6 1.22 

Pond water 30 29.2 ± 0.4 98.7 1.37 

Pond water 50 49.2 ± 0.9 100.2 1.83 

Pond water  100 99.3 ± 2.6 101.9 2.62 

 617 

aMean of three determination and bRelative standard deviation from three determinations  618 

 619 
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 620 

Table S12. Recovery analysis of spiked As(V) with one representative Pond water and Tap water 621 

samples from campus.  622 

 623 

Sample types Spiked As(V)  

(ppb) 

Total As(V)  

found (ppb)a 

(Mean ± SD) 

Mean recovery 

(%) of As(V)  

RSD (%)b 

Tap water 0 0 - - 

Tap water 5 4.93 ± 0.05 99.6 1.01 

Tap water 30 29.4 ± 0.4 99.3 1.36 

Tap water 50 48.7 ± 0.9 99.2 1.85 

Tap water 100 99.2 ± 1.9 101.1 1.92 

Pond water 0 0 - - 

Pond water 5 4.88 ± 0.05 98.6 1.02 

Pond water 30 28.8 ± 0.5 97.6 1.74 

Pond water 50 49.6 ± 1.2 101.6 2.42 

Pond water  100 99.8 ± 2.8 102.6 2.81 

 624 

aMean of three determination and bRelative standard deviation from three determinations  625 

 626 

 627 

 628 

 629 

 630 

 631 

 632 

 633 

 634 

 635 
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 636 

Table S13. Recovery analysis of a spiked mixture of As(III) and As(V) [1:1 ratio] with one 637 

representative Pond water and Tap water samples from the campus.   638 

 639 

Sample types Spiked mixture 

of As(III) and 

As(V) (ppb) 

Total arsenic 

[As(III)+As(V)] 

found (ppb)a 

(Mean ± SD) 

Mean recovery 

(%) of total 

arsenic 

[As(III)+As(V)] 

RSD (%)b  

Tap water 0 0 - - 

Tap water 5 4.92 ± 0.05 99.4 1.02 

Tap water 30 29.2 ± 0.4 98.6 1.37 

Tap water 50 48.6 ± 0.9 99.0 1.85 

Tap water 100 99.6 ± 1.9 101.5 1.91 

Pond water 0 0 - - 

Pond water 5 4.90 ± 0.05 99.0 1.02 

Pond water 30 29.0 ± 0.6 98.7 2.06 

Pond water 50 49.2 ± 1.2 100.8 2.44 

Pond water  100 99.3 ± 2.7 102.0 2.72 

 640 

aMean of three determination and bRelative standard deviation from three determinations  641 

 642 

 643 

 644 

 645 

 646 

 647 

 648 

 649 



28 

 

11. References 650 

1. Sooklal, K.; Cullum, B. S.; Angel, S. M.; Murphy, C. J., Photophysical Properties of ZnS 651 

Nanoclusters with Spatially Localized Mn2+. J. Phys. Chem. B. 1996, 100, 4551-4555.  652 

2. Reynolds, D. C.; Look, D. C.; Jogai, B. Fine structure on the green band in ZnO. J. Appl. Phys. 653 

2001, 89, 6189-6191.  654 

3. Devi, B. S. R.; Raveendran, R.; Pramana, A. V. V. Synthesis and characterization of Mn2+-655 

doped ZnS nanoparticles. J. Phys. 2007, 68, 679–687.  656 

4. Hosseinzadeh, G.; Maghari, A.; Farniya, S.; Keihan A.; AA, M. M. Mater. Sci. Eng. C. 2017, 657 

77, 836-845.   658 

5. Huang, P. C.; Jiang, Q.; Yu, P.; Yang, L. F.; Mao, L. Q. ACS Appl. Mater. Interfaces 2013, 5, 659 

5239-5246. 660 

6. Kayal, S.; Mandal, A.; Pramanik, P.; Halder, M. Hypothesizing the applicability of the 661 

principle of linear combination in predicting sensing behaviors of quantum dots: A deeper 662 

understanding of the precise tuning of quantum dot properties with capping composition. J. 663 

Photochem. Photobiol. A, 2019, 373, 182-190.   664 

7. International Conference on Harmonization (ICH) of Technical Requirements for 665 

Registration of Pharmaceuticals for Human Use, Topic Q2 (R1): Validation of Analytical 666 

Procedures: Text and Methodology, www.ich.org., 2005. 667 

8. Goldberg, S.; Johnston, C. T. Mechanisms of Arsenic Adsorption on Amorphous Oxides 668 

Evaluated Using Macroscopic Measurements, Vibrational Spectroscopy, and Surface 669 

Complexation Modeling, J. Colloid Interface Sci., 2001, 234, 204–216. 670 

9. Rivera-Reyna, N.; Hinojosa-Reyes, L.; Guzm´an-Mar, J. L.; Cai, Y.; O'Shea K.; Hern´andez-671 

Ram´ırez, A. Photocatalytical removal of inorganic and organic arsenic species from aqueous 672 

solution using zinc oxide semiconductor, Photochem. Photobiol. Sci., 2013, 12, 653–659.      673 

10. Lohar, S.; Pal, S.; Sen, B.; Mukherjee, M.; Banerjee, S.; Chattopadhyay, P., Selective and 674 

Sensitive Turn-on Chemosensor for Arsenite Ion at the ppb Level in Aqueous Media Applicable 675 

in Cell Staining. Anal. Chem. 2014, 86, (22), 11357-11361. 676 

11. Liu, B. W.; Liu, J. W., DNA adsorption by magnetic iron oxide nanoparticles and its 677 

application for arsenate detection. Chem. Commun. 2014, 50, (62), 8568-8570. 678 

12. Islam, A. S. M.; Alam, R.; Katarkar, A.; Chaudhuri, K.; Ali, M., Di-oxime based selective 679 

fluorescent probe for arsenate and arsenite ions in a purely aqueous medium with living cell 680 

http://www.ich.org./


29 

 

imaging applications and H-bonding induced microstructure formation. Analyst 2015, 140, (9), 681 

2979-2983. 682 

13. Pal, S. K.; Akhtar, N.; Ghosh, S. K., Determination of arsenic in water using fluorescent ZnO 683 

quantum dots. Anal. Methods 2016, 8, (2), 445-452. 684 

 685 

 686 

 687 

 688 

                                             ………………………… 689 


