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ABSTRACT 22 

Titanium Phosphate nanoparticles, TPNP, consisting of a NaTi2(PO4)3 core and a shell of 23 

hydrogenphosphate and dihydrogenphosphate of Titanium, undergo fast hydrolysis in water releasing 24 

phosphoric acid. This reaction is inhibited in the presence of metallic ions like Cd2+ or Hg2+, which 25 

are able to replace the protons of the shell acid phosphates. The amount of the adsorbed metallic 26 

cations could be regulated using counterions of different basicity. The resulting nanoparticles also 27 

incorporate NH2(CH2)7CH3 (N-octylamine) at room temperature forming N-28 

octylammonium/phosphate ion pairs, but it was found that at higher cation concentration inside the 29 

nanoparticle, a lower amount of amine was adsorbed. The metallic cations and N-octylamine are 30 

released in acid media, but the starting material is not fully recovered.  31 
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INTRODUCTION 32 

The transition metal phosphates constitute an active field of investigation both in academy and 33 

industry.1,2 Among them, titanium phosphates have found applications mainly as ionic exchangers3–9 34 

and catalysts,10–15 although they have also been used for other purposes like ionic conductors,16 35 

molecular sorbents,17 semiconductors and photocatalysts.18 Titanium phosphates present a great 36 

variety of structures, from the well-known layered species19–22 to amorphous materials,23 including, 37 

inter alia, films,6  fibers,24 nanoparticles,25,26,14 hollow nanospheres,9  and nanotubes.27  38 

Titanium phosphate nanoparticles, hereafter named TPNP, obtained using docusate sodium salt 39 

(DOSS), orthophosphoric acid (85%) and titanium(IV) n-butoxide as the starting materials are 40 

particularly interesting.25 They possess a core of crystalline NaTi2(PO4)3 and a shell of amorphous 41 

hydrogenphosphate and dihydrogenphosphate of titanium. Similar titanium phosphate nanoparticles 42 

using sodium dodecyl sulfate instead of sodium docusate (DOSS) as surfactant have been prepared.26 43 

The sodium dititanium triphosphate, NaTi2(PO4)3, is able to insert lithium28 and extra sodium 44 

ions29,30 and to exchange Na+ by Ag+ cations31 and protons.32 Furthermore, the NaTi2(PO4)3 crystals 45 

are luminescent,33 they show a band emission around 750 nm, probably due to Ti3+ impurities, which 46 

is very sensible to the titanium environment, particularly to the insertion of foreign ions and the 47 

crystallinity of the sample.  48 

On the other hand, TPNP can act as Brønsted acid catalysts25 and as ion exchangers34 because 49 

of the presence of acid phosphates in the shell. In fact, the TPNP are able to catalyze the ketalization 50 

of cyclohexanone and 1,2-ethanediol to cyclohexanone ethylene ketal.25 They can also be loaded 51 

with zinc(II)34 and cadmium (II)35,36,34 cations and, after being functionalized with a predetermined 52 

protein, they can be used as signal tags for electrochemical biosensors.  53 

 54 

The ion-exchange properties of the titanium phosphates have been studied in some detail in the 55 

case of the amorphous Ti(HPO4)2.
7 Thus, it has been found that Ti(HPO4)2 exhibits  higher affinity 56 
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towards Pb2+ over Zn2+ and Cd2+, even in the presence of Ca2+ at different concentrations. This result 57 

is not anticipated when the Hard and Soft Acid and Bases (HSAB) principle is applied, since Ca2+ is 58 

harder than Pb2+. Nevertheless, it fits well with the log Ksp (Solubility Product Constant) values of 59 

the metal phosphates. On the other hand, it has been established that only half of the exchangeable 60 

hydrogen ion in amorphous Titanium phosphate is accessible for Pb2+ exchange under neutral or 61 

acidic solution pH, and the rest is available only for the alkaline solution.  62 

Our group is also interested in this kind of nanoparticles37,38 and we considered that some 63 

additional insight could assist to understand better  the ion exchange process, as well as the 64 

subsequent addition of proteins, two of the main points in preparing labels for the fabrication of 65 

electrochemical biosensors. In this paper, we present the first results of our study, using cadmium (II) 66 

and mercury(II) as interchangeable cations with TPNP and N-octylamine as a model for the more 67 

complicated proteins. 68 

 69 

EXPERIMENTAL SECTION 70 

Materials and Reagents 71 

Titanium (IV) butoxide, docusate sodium salt (DOSS), crystalline H3PO4 (≥99.999%), 72 

cadmium (II) nitrate tetrahydrate, cadmium (II) acetate dihydrate, cadmium (II) acetylacetonate 73 

mercury(II) nitrate monohydrate, mercury(II) acetate were purchased from Sigma-Aldrich and used 74 

as received. Absolute ethanol and diethyl ether were purchased from VWR and used without further 75 

purification. Ultrapure water was obtained with a Millipore Direct Q5 purification system from 76 

Millipore Ibérica S. A. (Madrid, Spain). 77 

 78 

Instrumentation 79 

The high-resolution transmission electron micrographs (HRTEM) were obtained on a JEOL 80 

JEM 2100 transmission electron microscope with an accelerating voltage of 200 kV. X-ray 81 
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diffraction (XRD) patterns were performed with a Bruker D8 X-ray diffractometer with a Cu Kα X-82 

ray source, λ= 0.15418 nm. Fourier transform infrared (FTIR) spectroscopic measurements were 83 

measured on a Perkin Elmer FT Paragon 1000 using KBr pressed disks. 84 

The 31P solid state NMR measurements were performed on a Bruker Avance 400 spectrometer 85 

equipped with a 89 mm wide bore, 9.4 T superconducting magnet (31P Larmor frequency at 161.98 86 

MHz). Samples of TPNP were placed in 4 mm zirconia rotor. All reported data were acquired at 87 

room temperature. A standard Bruker double resonance 4 mm cross-polarization (CP)/magic angle 88 

spinning (MAS) NMR probe head was used. The 31P MAS spectra were acquired using a single pulse 89 

excitation (4.15 μs) with high power proton decoupling. A 10 s recycle delay and a MAS spinning 90 

rate of 10 kHz were used. The number of acquired scans was 164. A CP pulse sequence with varying 91 

contact time and followed by high-power proton decoupling was used to acquire de 31P CP/MAS 92 

spectra of TPNPs, at a MAS rate of 6 kHz. In all cases, the free-induction decays were subjected to 93 

standard Fourier transformation with 20 Hz line broadening and phasing. The chemical shifts were 94 

externally referenced to phosphoric acid 85% (0.0 ppm). 95 

Fluorescence spectra were recorded on a “Varian Carey Eclipse” Luminescence 96 

Spectrophotometer using a fixed excitation wavelength of 265 nm with both excitation and emission 97 

slit width of 10 nm. The measurements of absorbance and fluuorescence were carried out using 98 

conventional Quartz  SUPRASIL cuvettes (Hellma Analytics, Germany). 99 

 100 

Voltammetric determination of metals 101 

The quantification of metals in the solutions of the synthesis and after the acid treatment was 102 

carried out by a voltammetric method. Screen-printed carbon electrodes (DRP-110, DropSens) were 103 

used to perform the measurements using a µStat8000 potentiostat (DropSens). Square-wave anodic 104 

stripping voltammetry was used as the electrochemical technique due to its good performance for 105 

metallic quantification. For the determination of cadmium, the preconcentration step was carried out 106 
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by applying a potential of -1.4 V for 30 s, while that for the determination of mercury, the 107 

preconcentration step was performed by applying a potential of -0.7 V for 30 s. The anodic stripping 108 

curves were recorded and the stripping peak currents were considered as the analytical signals. 109 

Several known amounts of Cd2+ and Hg2+ were added to the sample solutions (with unknown 110 

concentration) to perform the metal determination by the standard additions method. 111 

 112 

Preparation of TPNP-Cd-1, TPNP-Cd-2 and TPNP-Cd-3 113 

The cadmium-modified nanoparticles were prepared as follows; 40 mg of TPNP were added to 114 

17 ml of a water solution containing 52 mg of cadmium (II) nitrate tetrahydrate (0.17 mmoles) and 115 

the resulting mixture was stirred at 50ºC for 24 h. Then, the final mixture was centrifuged (10000 116 

rpm, 5 m), the solid precipitate was washed three times with 5 mL of ultrapure water and the 117 

nanoparticles were dried under vacuum overnight yielding TPNP-Cd-1. Similarly, TPNP-Cd-2 and 118 

TPNP-Cd-3 were synthesized but using cadmium (II) acetate dihydrate (45 mg, 0.17 mmoles) or 119 

cadmium (II) acetylacetonate (53 mg, 0.17 mmoles), respectively. 120 

 121 

.- TPNP-Cd-1 122 

IR (cm-1): 3421 s, br, ν(OH) ; 2960 vw, ν(CH)   ; 1626 m, br, δ(HOH); 1225 sh, m, δ(POH); 1032 vs, 123 

vbr, ν(P=O) ; 797 m; 645 m; 580 m, δ(O-P-OH); 513 m ρ(PO2). (Fig. 1 and Fig.7)  124 

31P MAS NMR (δ in ppm) broad signal from +8 to -33 with peaks at -20 ((HPO4)
2-) and -28 125 

((PO4)
3-). (Fig. 2)  126 

DRX. 2θ (plane) 14.6 (012); 18.1; 20.4-20.9 (104/110); 24.4 (113); 29.4 (024); 32.6 (116/211); 127 

36.7 (300); 50.0 (226); 53.6 (137); 57.5 (410). (Fig. 3)  128 

 129 

.- TPNP-Cd-2 130 
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IR (cm-1): 3441 s, br, ν(OH) ; 2960 vw, ν(CH)  ; 1621 m, br, δ(HOH); 1220 sh, m, δ(POH); 1023 vs, 131 

vbr, ν(P=O) ; 802 m; 640 m; 581 m, δ(O-P-OH); 540 m. (Fig. 1)  132 

31P MAS NMR (δ in ppm) broad signal from +19 to -34 with peaks at +3,  -20 ((HPO4)
2-) and  133 

-28 ((PO4)
3-). (Fig. 2)  134 

DRX. 2θ (plane) 20.9 (too intense to be 110); 24.3 (113), 27.5; 29.1 (024); 31.5; 36.6 (300); 135 

46.7 (128); 49.7 (226); 53.6 (137); 57.4 (410).  (Fig 3)  136 

 137 

.- TPNP-Cd-3 138 

IR (cm-1): 3421 s, br, ν(OH) ; 2960 vw, ν(CH)  ; 1621 m, br, δ(HOH); 1215 sh, m, δ(POH); 1025 vs, 139 

vbr, ν(P=O) ; 802 m; 638 m; 581 sh, m, δ(O-P-OH); 547 m. (Fig. 1)  140 

31P MAS NMR (δ in ppm) broad signal from +18 to -34 with clear peaks at +4,  -20 ((HPO4)
2-) 141 

and  -27 ((PO4)
3- ) (Fig. 2)  142 

DRX. 2θ (plane) 20.9 (too intense to be 110); 24.2 (113), 29.3 (024); 32.4 (too intense to be 143 

116/211); 36.6 (300); 44.6 (223); 46.6 (128); 49.7 (226); 53.6 (137); 57.3 (410).  (Fig. 3)  144 

 145 

 146 

Preparation of TPNP-Hg-1 and TPNP-Hg-2  147 

The mercury-modified nanoparticles were prepared as described above for TPNP-Cd; 40 mg of 148 

TPNP were added to 17 ml of a water solution containing 58 mg of mercury (II) nitrate monohydrate 149 

(0.17 mmoles) and the resulting mixture was stirred at 50ºC for 24 h. Then, the final mixture was 150 

centrifuged (10000 rpm, 5 m), the solid precipitate was washed three times with 5 mL of ultrapure 151 

water and the nanoparticles were dried under vacuum overnight yielding TPNP-Hg-1. In a similar 152 

way TPNP-Hg-2 were synthesized but using mercury (II) acetate (54 mg, 0.17 mmoles)  153 

 154 

.- TPNP-Hg-1 155 
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IR (cm-1): 3431 s, br, ν(OH) ; 2960 vw, ν(CH)  2921vw ν(CH) (docusate sodium salt); 1617 m, br, 156 

δ(HOH); 1258 m; 1018 vs, vbr, ν(P=O) ; 797 m; 635 m; 522 m. (Fig. 4)  157 

31P MAS NMR (δ in ppm) broad signal from +35 to -35 with peaks at +16, +5, 0, -17 and  -28 158 

((PO4)
3-). (Fig. 4)  159 

DRX. 2θ (plane) 21.1(110); 24.5 (113); 32.7 ( too intense to be 116/211). (Fig. 5) 160 

 161 

.- TPNP-Hg-2 162 

IR (cm-1): 3421 s, br, ν(OH) ; 2960 vw, ν(CH)  ;  2921vw ν(CH)  ; 1611 m, br, δ(HOH); 1258 m; 1018 163 

vs, vbr, ν(P=O) ; 797 m; 635 m; 532 m. (Fig. 4)  164 

31P MAS NMR (δ in ppm) broad signal from +20 to -35 with peaks at +6, +1, -17 and  -27 165 

((PO4)
3-). (Fig. 4)  166 

DRX. 2θ (plane) 24.2(113); 31.1 ; 32.4 ( too intense to be 116/211). (Fig. 5) 167 

 168 

The protonation of TPNP-Cd-2 and TPNP-Hg-2 169 

To protonate metal-modified nanoparticles, 80 mg of TPNP-Cd-2 were added to 5 mL of a 0.1 170 

M HCl aqueous solution and the mixture was centrifuged at 10000 rpm for 60 s. The resultant solid 171 

TPNP-Cd-2-H was washed (by centrifugation) three times with 5 mL of ultrapure water, and then 172 

dried at r.t. overnight. TPNP-Hg-2-H was obtained and purified in a similar way. 173 

 174 

.- .- TPNP-Cd-2-H 175 

IR (cm-1): 3431 s, br, ν(OH) ; 2960 vw, ν(CH)  ; 1626 m, br, δ(HOH); 1033 vs, vbr, ν(P=O) ; 802 m; 176 

640 m; 581 m, δ(O-P-OH); 513 m ρ(PO2). (Fig. 6)  177 

31P MAS NMR (δ in ppm) broad signal from +8 to -34 with peaks at 0, -5 ((H2PO4)
-), -13 178 

((H2PO4)
-),  -21 ((HPO4)

2-) and  -27 ((PO4)
3-). (Fig. 6)  179 
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DRX. 2θ (plane) 14.6 (012); 20.2 (104); 21.0 (110); 24.4 (113); 29.4 (024); 32.6 (116/211); 180 

36.8 (300); 47.0 (128); 50.0 (226); 53.9 (137); 57.6 (410) (Fig. 6)  181 

.- TPNP-Hg-2-H 182 

IR (cm-1): 3441 s, br, ν(OH) ; 2960 vw, ν(CH) ; 1631 m, br, δ(HOH); 1038 vs, vbr, ν(P=O) ; 797 m; 183 

640 m; 581m, δ(O-P-OH); 513 m ρ(PO2). (Fig. 6)  184 

31P MAS NMR (δ in ppm) broad signal from +8 to -35 with peaks at +3, 0, -5 ((H2PO4)
-), -13 185 

((H2PO4)
-),  -21 ((HPO4)

2-) and -28 ((PO4)
3-). (Fig. 5)  186 

DRX. 2θ (plane) 14.6 (012); 18.1; 21.5; 24.5 (113); 28.2; 29.5 (024); 31.5; 32.8 (too intense 187 

to be 116/211); 40.3; 43.8; 46.2; 52.9; 58.2. (Fig. 5) 188 

 189 

Preparation of NPFT-Cd-1-OA. 190 

To prepare N-octylamine-modified nanoparticles, 50 mg of TPNP-Cd-1 were added to 3 mL of 191 

a N-octylamine solution (60 μL, 0.37 mmol) in a mixture ethanol/water (50%, v/v) and the resultant 192 

dispersion was stirred 48 h at room temperature. Afterwards, the resultant solid TPNP-Cd-1-OA was 193 

washed (by centrifugation) three times with 5 mL of ultrapure water, three times with 5 mL of an 194 

ethanol/water mixture (50%, v/v) and finally dried at r.t. overnight. 195 

 196 

.- NPFT-Cd-1-OA 197 

IR (cm-1): 3421 s, br, ν(OH) ; 3176 s, b, ν(NH); 2950 s, ν(CH); 2920 s, ν(CH); 2852 s, ν(CH); 198 

1631 m, br, δ(HOH); 1570 sh, δ(RNH3); 1469 m, δ (HCH) ; 1293 m; 1230 sh, δ(POH); 1060, sh, ν(P=O); 199 

1023 vs, br, ν(P=O) ; 802 w; 724 w; 640 w; 550 m. (Fig. 7) 200 

13C CP/MAS NMR (δ in ppm) : 15, 24, 29, 31, 33, 41. (Fig. 7) 201 

31P MAS NMR (δ in ppm) broad signal from +8 to -40 with peaks at -3, -21 ((HPO4)
2-) and -202 

28 ((PO4)
3-). (Fig. 8) 203 
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DRX. 2θ (plane) 14.5 (012); 20.9 (110); 24.3 (113); 29.4 (024); 32.5 (116/211); 36.5 (300); 204 

46.8 (128); 49.8 (226); 53.9 (137); 57.3 (410). (Fig. 8) 205 

The protonation of TPNP-Cd-1-OA 206 

To protonate octylamine-modified nanoparticles, 80 mg of TPNP-Cd-1-OA were added to 5 207 

mL of a 0.1M HCl solution and the mixture was centrifuged at 10000 rpm for 60 s. The resultant 208 

solid, TPNP-Cd-1-OA-H, was washed (by centrifugation) three times with 5 mL of ultrapure water, 209 

and then dried at r.t. overnight. 210 

 211 

.-TPNP-Cd-1-OA-H 212 

IR (cm-1): 3411 s, br, ν(OH) ; 3186 m, b, ν(NH); 2960 s, ν(CH); 1626 m, br, δ(HOH); 1464m, δ (HCH); 213 

1220 sh, δ(POH); 1028 vs, br, ν(P=O) ; 640 w; 581 w, δ(O-P-OH); 513 m ρ(PO2). (Fig. 8) 214 

31P MAS NMR (δ in ppm) broad signal from +8 to -40 with peaks at -3, -21 ((HPO4)
2-) and -215 

28 ((PO4)
3-). (Fig. 8) 216 

DRX. 2θ (plane) 14.5 (012); 20.3 (104); 20.9 (110); 24.4 (113); 29.4 (024); 32.5 (116/211); 217 

36.7 (300); 47.0 (128); 49.8 (226); 53.9 (137); 57.5 (410).  (Fig. 8) 218 

 219 

RESULTS AND DISCUSSION 220 

Titanium phosphate nanoparticles, TPNP, were obtained following a procedure previously 221 

described in the literature25,34 and explained elsewhere37,38. Typically, 5.65 mmol of AOT was 222 

dissolved into 12.5 g of ethanol and then H3PO4 (51 mmol) was added. After stirring for 3 h. at r.t., 223 

the solution was filtered and the precipitate was removed. Then, a mixture of TBOT in ethanol 224 

(2.5mmol/15.5 mL) was fast dropped into the filtered solution, and stirred at 80 ºC for 6 h. A white 225 

solid product was obtained and washed with ethanol and diethyl ether for several times until neutral 226 

pH and then dried at 80 ºC overnight. They were characterized by TEM (Fig. S-1), XRD (Fig. S-2), 227 

1H MAS NMR (Fig. S-3), 31P CPMAS NMR (Fig. S-4), and FTIR (Fig. S-5). The obtained data are 228 
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practically coincident with those of the reported titanium phosphate nanoparticles.25,34 The most 229 

noticeable difference is that TPNP have a smaller diameter (30±5 vs. 50 nm).  230 

The infrared spectrum of TPNP (Fig. S-5) deserves a detail analysis. It shows two broad bands 231 

at 3431 (ν(OH)) and 1631 cm-1 (δ(HOH)) attributable to the physically adsorbed water, and a weak signal 232 

at 2960 cm-1 (alkyl ν(CH)) due to DOSS, the surfactant used for the synthesis of TPNP, both of them 233 

were also detected by proton solid NMR (Fig. S-3).25 It also exhibits a band at 635 cm-1 that is 234 

present in the IR spectrum of  NaTi2(PO4)3,
39 the crystalline component of TPNP identified  by its 235 

XRD signals (Fig. S-2).25,39 In addition to the very strong and broad band at about 1028 cm-1 (ν(P=O)) 236 

associated to the phosphate groups, the IR spectrum shows some other interesting peaks: a shoulder 237 

at 1227 cm-1 (δ(POH)) attributable to the dihydrogenphosphate groups;40,41 a band of medium intensity 238 

about 510 cm-1 (ρPO2) also due to the dihydrogenphosphate groups;42 and a peak of weak intensity at 239 

581 cm-1 (δ(O-P-OH))  attributable to the hydrogenphosphate groups.43–45 The presence of phosphate, 240 

hydrogen phosphate and dihydrogen phosphate groups in TPNP is confirmed by its 31P CPMAS 241 

NMR spectrum (Fig. S-4).25 We have found that the intensity of the bands at 581 cm-1 (δ(O-P-OH)) and 242 

at 510 cm-1 (ρ(PO2)), due to the acid phosphates, are very sensitive to the proton exchange process and, 243 

therefore, very useful to follow the incorporation/release of cations and amines to/from the TPNP.  244 

Finally, the broad band at 2930 cm-1 (ν(OH)) is due to the POH groups41,44, while the signal at 2381 245 

cm-1 seems to be a combination band.44 246 

The 31P CP/MAS NMR spectrum of TPNP (Fig. S-4) closely resembles that one reported by 247 

Liu et al.25, but the chemical shifts (-27.9, -20.6, -13.8 and -6.0 ppm) are not exactly the same. They 248 

assumed that the peaks at -26.4, -19.1 and -10.9 ppm, are due to (PO4)
3-, (HPO4)

2- and (H2PO4)
- 249 

groups, respectively, but a fourth peak at about -4 ppm was not assigned. In order to obtain more 250 

information about the origin of this band, additional solid state NMR measurements were performed. 251 

In the case of 31P NMR, there is no need to use the CP method to improve the spectral signal-to-noise 252 

ratio, but this type of experiments could provide some insights to the molecular structure of the 253 
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TPNPs. Thus, a series of spectra varying the CP contact time between 1H and 31P were acquired. The 254 

kinetics of the CP for the four resonances is illustrated in Fig. S-6 and the results summarized in 255 

Table S-1. It is observed that T1ρ (1H) and THP decrease with increasing number of protons, 256 

suggesting that the peak at -6 ppm corresponds to a protonated phosphate. Generally, solids with 257 

abundant and strongly coupled protons exhibit a uniform response, i.e., a single value of T1ρ (
1H) 258 

independently of their surroundings. In our case, the values of T1ρ (
1H) indicate some differences in 259 

the proton environments cross-polarizing with each of the four 31P resonances; although the values 260 

associated to peaks at -6 and -13.8 ppm are similar. Also, the values of the CP time constant THP, 261 

which decreases with decreasing 1H-31P distances or increasing number of protons, suggest an 262 

increasing protonation of phosphorous compounds with increasing chemical shift, backing the 263 

previous statement.    264 

In addition, we recorded two 31P MAS NMR spectra of TPNP, with 1H and without 1H 265 

decoupling (Fig. S-7) to seek further evidence to support the above assumption. Unexpectedly, both 266 

of them exhibit an extra peak at 0 ppm, assignable to H3PO4, probably originated by hydrolysis of the 267 

phosphate groups in the TPNP either by the water retained in its surface (detected by IR and proton 268 

solid NMR) or by the water present in the atmosphere. This hydrolysis will be discussed later. The 269 

pattern of the spectra is markedly different of that one obtained by the 31P CPMAS NMR method 270 

(Fig. S-4), although the chemical shifts are practically coincident. As it could be anticipated, the 271 

spectra collected (Fig. S-7) show the same intensity in the bands due to the PO4
3- groups, but 272 

different for acid phosphates (it is expected higher intensity for the bands due to HPO4
2- and H2PO4

- 273 

groups in the spectrum obtained with 1H decoupling). This means that the signal at -6 ppm should be 274 

attributable to a dihydrogenphosphate.  However, it should be pointed out that this assignment is not 275 

as straightforward as it could be desirable due to variations in the Ti-O-P coordination, the presence 276 

of Na+, as well as changes in bond angles and bond lengths which could modify the values of the 277 

observed chemical shifts to some extent46. 278 
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Nevertheless, the characterization of the products obtained from TPNP by cation exchange 279 

with Cd2+ and Hg2+, confirm that this assignation is correct (discussed later). 280 

The formation of H3PO4 inside the TPNP was not detected previously because the 31P NMR 281 

spectra of the samples were obtained using the 31P CPMAS/NMR technique, which is not able to 282 

detect free molecules with certain mobility like phosphoric acid. Fig. S-8a shows two 31P MAS NMR 283 

spectra of the same TPNP sample; one was recorded just after the preparation, the other one a week 284 

later. The spectra were edited in such a way that the intensity of the peak at -28 ppm has the same 285 

intensity in both spectra. In the second spectrum, recorded after seven days, it is not only observed 286 

the occurrence of a new signal at 0 ppm, assigned to H3PO4, but also that the intensity of all other 287 

peaks has increased, suggesting that all the phosphates groups (PO4
3-, HPO4

2- and H2PO4
-) have 288 

followed a hydrolysis process. The spectrum of TPNP after four months in open air (Fig. S-8b) 289 

evidences that the hydrolysis of the TPNP is a complicated process; the band at -13 ppm has been 290 

split into two closed peaks, at -12 and -14 ppm, and the signal at -20 ppm appears now at -21 ppm47. 291 

As could be expected, the hydrolysis of TPNP is very fast in liquid water and the resultant 292 

phosphoric acid is accumulated in the solvent, as it is evidenced in the 31P NMR spectrum of TPNP 293 

in D2O after stirring the nanoparticles in deuterated water for 10 minutes at room temperature (Fig. 294 

S-9). Since the incorporation of metallic cations Cd2+ and Zn2+ into TPNP have been carried out in 295 

water at 50º for 24 h,34 the existence of a competitive reaction like the hydrolysis of the nanoparticles 296 

could be a problem. However, if 40 mg of TPNP are added to 17 ml of a water solution containing 297 

0.17 mmol of Cd(NO3)2 only tiny amounts of phosphoric acid are detected in the solution after 2h at 298 

50ºC (Fig. S-10). Since separate experiments clearly indicate that the hydrolysis is very fast at the 299 

beginning and later it slows down it seems that when the nanoparticles are added onto water solution 300 

of the metallic ion, the exchange reaction is much faster than the hydrolysis. On the contrary, a 301 

minute hydrolysis in the starting material, TPNP, did not affect the properties of the nanoparticles 302 

obtained after incorporation of metal ions, as far as we were able to detect. 303 
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 304 

Incorporation of Cadmium (II) cations 305 

The insertion of Cd2+ into TPNP has been described previously.34 In order to control the 306 

cadmium (II) concentration inside the resulting nanoparticles, we repeated the reaction following the 307 

same procedure with slight modifications. Briefly, we dispersed 40 mg of TPNP in 17 ml of a water 308 

solution containing 0.17 mmol of Cd(NO3)2 and stirred the mixture at r.t. for 24 h (reaction I). Then, 309 

we doubled the amount of Cadmium (II), maintaining the room temperature (reaction II). Finally, we 310 

duplicated the amounts used in reaction I, but stirring the resulting suspension at 50ºC (that is, 311 

following closely the recipe explained in the literature,34 reaction III). The characterization with 312 

FTIR and TEM of the nanoparticles TPNP-Cd-I, TPNP-Cd-II and TPNP-Cd-III obtained in reactions 313 

I, II and II, respectively, showed that they were almost identical, within the margin error of the 314 

techniques. Particularly interesting were the EDS (TEM) data; they indicated that the relative 315 

concentration of Cd2+ in the nanoparticles is essentially coincident in the three cases. These facts 316 

suggest that the substitution of hydrogen ions in TPNP follows a pattern similar to that exhibited by 317 

Ti(HPO4)2
,7 that is, some of the protons are easily substituted by Cd2+ but for further substitution a 318 

more basic environment is required (see introduction). This result prompted us to modify our strategy 319 

to increase the concentration of metal ions inside the titanium phosphate nanoparticles. Thus, 320 

considering that in these reactions the final suspension is acid (pH=2.47 at the end of reaction III) as 321 

a consequence of the ion exchange (protons of acid phosphates are replaced by Cd2+ cations), we 322 

decided to use cadmium (II) acetate and cadmium (II) acetylacetonate salts instead of Cd(NO3)2 as 323 

source of Cd2+ ions. Since these basic anions (CH3COO- and [CH3COCHCOCH3]
-) will increase the 324 

solution pH, their presence should shift the equilibrium inducing a higher incorporation of metal 325 

cations into the TPNP.  326 

Therefore, we added 40 mg of TPNP to a 17 ml of water solution containing 0.17 mmol of the 327 

cadmium salts (Cd(NO3)2 · 4H2O; Cd(CH3COO)2 · 2H2O and Cd(C2H7O2)2) and then stirred the 328 
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resulting mixtures for 24 h at 50ºC, obtaining TPNP-Cd-1, TPNP-Cd-2 and TPNP-Cd-3 respectively. 329 

The TEM micrographs revealed that the obtained nanoparticles retain roughly the spherical shape 330 

and the diameter size of the starting TPNP (Fig. S-11). According to our expectations, the pH of the 331 

final reaction mixtures, shown in the last column of Table 1, increases when passing from nitrate 332 

through acetate to acetylacetonate cadmium (II) salts. Consequently, the higher the basicity of the 333 

anion used, the greater is the amount of incorporated cadmium (II) ions into the resulting 334 

nanoparticles, as pointed out by the EDS (TEM) data of the prepared nanoparticles (see Table 1).  335 

Comparing the infrared spectra of phosphate nanoparticles containing cadmium (II) cations 336 

with that of the starting TPNP it is easy to see small modifications, the most relevant are in the 700-337 

400 cm-1 region (Fig. 1). In the IR spectrum of TPNP-Cd-1 the band ca. 510 cm-1, attributed to the 338 

H2PO4
- groups, has lower intensity than the same band in the IR spectrum of TPNP.  Simultaneously, 339 

the bands at -6 and -13 ppm of the 31P spectrum of the starting material, also due to the 340 

dihydrogenphosphate groups, have practically disappeared in the 31P spectrum of TPNP-Cd-1(Fig. 341 

2). This is easily understandable taking into account that the protons of the dihydrogenphosphate 342 

groups are more acidic that the proton of the HPO4
2- moieties, and, therefore, they will be the first to 343 

be substituted by the incoming Cd2+ cations. Incidentally, the simultaneous fading of the peaks at -6 344 

and -13 ppm in the phosphorus NMR spectra of TPNP-Cd-1 reinforces the assignation of the band at 345 

-6 ppm in the 31P spectrum of TPNP to the H2PO4
- groups. There is not any band ca. 510 cm-1 in the 346 

700-400 cm-1 region of the IR spectra corresponding to TPNP-Cd-2 and TPNP-Cd-3, although a new 347 

band around 540-547 cm-1 (Fig.1) is observed. Similarly, a new signal in the 31P MAS NMR spectra 348 

of the nanoparticles containing more cadmium (II) ions was detected, namely that at 3-4 ppm. These 349 

new signals observed both in the IR and the 31P spectra suggest the formation of cadmium 350 

phosphates. Interestingly, the bands due to NaTi2(PO4)3 and to the hydrogenphosphate groups in the 351 

infrared spectra (those at 640 and 580 cm-1), as well as in the 31P MAS NMR spectra (those at -28 352 
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and -20 ppm) are present in all the spectra, suggesting that the HPO4
-2 moieties and the crystalline 353 

nucleus of the starting material remain mainly unaltered along the substitution process.  354 

However, comparing the XRD patterns of these cadmium derivatives with that of the starting 355 

TPNP (Fig. 3), it can be seen that the successive incorporation of Cd2+ ions leads to a progressive 356 

crystal destruction (although the peaks corresponding to some crystal planes of NaTi2(PO4)3 are 357 

recognizable in all the patterns). Furthermore, the intensity of the peaks at 2θ = 20.9 and 32.4 358 

(corresponding to the planes (110) and (116)/(211) respectively) have an unusual intensity in the 359 

XRD patterns of TPNP-Cd-2 and TPNP-Cd-3. On the other hand, new peaks appear 2θ = 18.1 and 360 

27.5 and 31.5 in the XRD patterns of TPNP-Cd-1 and TPNP-Cd-2. The profound modifications of 361 

the original XRD pattern as the metal ions are incorporated into the TPNP nanoparticles evidence 362 

that this process is not a simple ion exchange procedure since the crystalline nucleus, which is highly 363 

reactive28,29,31,32, is also affected. The alterations in the NaTi2(PO4)3 were also detected by 364 

luminescence measurements;33 in fact, the area under the fluorescence signal at 720 nm diminishes 365 

when passing from TPNP to TPNP-Cd-3 (Fig. S-12) 366 

 367 

Incorporation of Mercury (II) cations 368 

The Hg2+ ions were also introduced inside the TPNP following a procedure similar to that 369 

described for the insertion of cadmium (II) ions into the titanium phosphate nanoparticles. Thus, we 370 

added 40 mg of TPNP to 17 ml of a water solution containing 0.17 mmol of the mercury salts 371 

(Hg(NO3)2.2H20 and Hg(CH3COO)2, and then stirred the resulting mixtures for 24 h at 50ºC, 372 

obtaining TPNP-Hg-1 and TPNP-Hg-2 respectively. Again, the obtained nanoparticles retain the 373 

spherical shape and the diameter size of the starting TPNP, as revealed by the TEM micrographs 374 

shown in Fig. S-13. However, in this occasion, some dark spots inside each nanoparticle are 375 

observed. A detailed examination by EDS (TEM) indicated that the mercury ions are concentrated in 376 

these dots. As expected, the utilization of mercury (II) acetate instead of mercury (II) nitrate yields 377 
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higher concentration of the metal ions in the obtained nanoparticles, and higher pH values in the final 378 

mixture solution (see Table 2).  379 

The region between 700 and 400 cm-1 in the infrared spectra of TPNP-Hg-1 and TPNP-Hg-2, 380 

as well as their 31P MAS NMR spectra, are shown in Fig. 4. The disappearance of the peaks at 580 381 

and at 510 cm-1 (in the infrared spectra) and the bands at -6, -13 and -20 ppm (in the 31P spectra), all 382 

of them attributable to the acid phosphate groups, clearly indicate that the protons of the 383 

dihydrogenphosphates and hydrogenphosphates have been substituted by the mercury cations. The 384 

presence of new signals in the infrared spectra (at 522 and 532 cm-1, respectively) and in the NMR 385 

spectra (at -17, 0, +5 and +16 ppm and at -17,+1, and +6 ppm, respectively) should correspond to the 386 

formation of mercury phosphates. On the other hand, the persistence of the peaks at 635 cm-1 (in the 387 

IR spectra) and -28 ppm (in the solid NMR spectra), both due to phosphate groups, suggests the 388 

perseverance of the NaTi2(PO4)3 nucleus. However, the XRD patterns of mercury derivatives (Fig. 6) 389 

indicate clearly the loss of crystallinity of that nucleus, suggesting that the incorporation of metal 390 

ions into TPNP is not a simple proton/metal ion exchange, but it affects all the components of the 391 

nanoparticle. The alterations in the NaTi2(PO4)3 were again detected by luminescence measurements 392 

(Fig. S-14) 393 

 394 

The protonation of the nanoparticles containing metal ions 395 

The usefulness of TPNP as labels for electrochemical biosensors rests in the possibility of 396 

rapidly releasing the metal ions incorporated into the nanoparticle to be detected by the 397 

corresponding electrodes. In order to verify the availability of metallic ions from TPNP-Cd-2 and 398 

TPNP-Hg-2, these nanoparticles were treated with a water solution of HCl 0.1 M for 60 s yielding 399 

TPNP-Cd-2-H and TPNP-Hg-2-H respectively. (See experimental part for details). 400 

The new nanoparticles were characterized by IR, solid state NMR, TEM and XRD techniques. 401 

They preserve approximately the size and shape of the parent nanoparticles, but EDS (TEM) data 402 
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reveals that the cadmium (II) cations have not been totally released. In fact, carefully monitoring of 403 

the process indicates that neither Cd2+ nor Hg2+ were completely released (see later). The appearance 404 

of the bands at 581 and 513 cm-1 in their infrared spectra and the signals at -5,  -13 and -21 ppm in 405 

their 31P MAS NMR spectra indicates that some hydrogenphosphates and dihydrogenphosphates 406 

have been reconstituted (see Fig. 6), that is, the protons have replaced most of the metal ions. 407 

However, the broad bands observed in the range 0 - 3 ppm in their phosphorus spectra, their XRD 408 

patterns (Fig 5) and their fluorescence signals (Fig S-16), clearly show that the starting material, 409 

namely TPNP, is not recovered.  410 

It is possible to monitor the abundance of the metal cations in solution along the entire ion-411 

exchange process, that is, in the formation of TPNP-Cd-2 and TPNP-Hg-2 and in the subsequent M2+ 412 

release in acid media. A voltammetric technique using the standard additions method described in the 413 

Experimental section was employed. As illustrated in Fig. S-17 and Fig. S-18, the synthesis of the 414 

titanium phosphate nanoparticles containing Cd2+ and Hg2+ have been carried out in the presence of 415 

metal ions excess. On the other hand, the release of the Cd2+ or Hg2+ cations incorporated in the 416 

nanoparticles is not complete after 60 s in acid media, the time used in the analytical applications. 417 

The release of M2+ is complete after 24 h elapsed.  418 

 419 

Incorporation of N-octylamine 420 

The application of the titanium phosphate nanoparticles as labels for electrochemical 421 

biosensors requires the immobilization of proteins on their surface.25,34 To this end, the nanoparticles, 422 

already loaded with metal cations, were treated successively with PAH (poly (allylamine 423 

hydrochloride)) glutaraldehyde and the desired protein.25,34 Since these nanoparticles were able to 424 

react with the poly (allylamine hydrochloride), it is likely that they could also react directly with the 425 

amine groups of the proteins. However, considering that the TPNP/protein interaction would be very 426 

difficult to characterize, it seems convenient to study first the reaction between an amine and the 427 
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titanium phosphate nanoparticles. The elected amine was N-octylamine, not only because it 428 

possesses a high number of CH2 groups, easily detected by IR and 13C NMR, but also because it is 429 

only partially soluble in water and therefore the resultant solution is not too basic to dissolve the 430 

TPNP. Thus, TPNP-Cd-1 was treated with N-octylamine in ethanol/water (v/v, 50%) to yield TPNP-431 

Cd-1-OA, nanoparticles of shape and size closed to those of the starting material. The infrared 432 

spectrum of TPNP-Cd-1 shows remarkable differences with that of the new nanoparticles (see Fig. 433 

7). In the IR spectrum of TPNP-Cd-1-OA the bands at 2950 cm-1, ν(CH);  2920 cm-1, ν(CH);  and 2852 434 

cm-1, ν(CH), and that at 1469 cm-1, δ (HCH), clearly indicates the presence of the amine CH2 groups in 435 

the new material. On the other hand, the absence of the band at 513 cm-1, ρ(PO2),  due to the 436 

dihydrogenphosphate groups, the shoulder at 1570 cm-1 (δ-RNH3
+) and the appearance of a broad 437 

signal at 3176 cm-1 (ν-RNH3
+) suggest the formation of a phosphate/ammonium ion pair. This 438 

hypothesis is also supported by the 13C MAS NMR spectrum of TPNP-Cd-1-OA (see Fig. 7), closely 439 

related to that of N-octylammonium tetrafluoroborate48. The 31P MAS NMR spectrum of the new 440 

nanoparticles exhibits a new band ca. -3 ppm and its XRD pattern retains most of the signals 441 

corresponding to TPNP-Cd-1 (see Fig 8) but these data do not provide relevant structural 442 

information.  443 

The formation of amine/phosphate ion pairs by direct reaction opens the possibility to attach 444 

proteins to the titanium phosphate nanoparticles in a simple way, facilitating the preparation of this 445 

kind of electrochemical biosensors. 446 

It is also noteworthy the comparison of the infrared spectra in the region 4000-2800 cm-1 of the 447 

nanoparticles TPNP-Cd-X-OA (X=1-3), the resulting products from the reaction of TPNP-Cd-X 448 

(X=1-3) with N-octylamine in ethanol/water (v/v, 50%) and collected in Fig. 8. This image shows 449 

that the higher the concentration of Cd2+, the lower the intensity of the signals at 2960, 2921 and 450 

2852 cm-1, ν(CH), corresponding to amine CH2 groups.  That is, the increasing incorporation of metal 451 

ions leads to a decreasing  amount of N-octylamine in the new nanoparticles. This is understandable 452 
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taking into account that the metal ions and the amine compete for the protons of the acid phosphates, 453 

the first to replace them, and the second for the formation of phosphate/octylammonium ion pairs.  454 

 455 

The protonation of the nanoparticles containing metal ions and amines 456 

The final step in the application of electrochemical biosensors based in titanium phosphate 457 

nanoparticles consists in the release of the metallic cations from nanoparticles containing both metal 458 

ions and proteins. In this regard, we treated TPNP-Cd-1-OA with 0.1 M HCl during 60 s, obtaining 459 

TPNP-Cd-1-OA-H as nanoparticles with the habitual shape (spherical) and size (diameter about 30 460 

nm). Again, the release of cadmium ions is incomplete (the percentage of Cd in the nanoparticle 461 

decreases from 1.66 to 0.42 %, according to EDS data). On the other hand, TPNP-Cd-1-OA-H 462 

recovers some hydrogenphosphates and dihydrogenphosphates, as indicated by the band at 581 cm-1, 463 

δ(O-P-OH) and 513 cm-1, ρ(PO2), respectively,  in its IR spectrum, but the nanoparticle is not identical to 464 

the starting TPNP as evidenced by its 31P NMR and XRD patterns (bottom of Fig. 8). 465 

 466 

Conclusions 467 

The TPNP is hydrolyzed in presence of H2O. However, this process is slower than the 468 

proton/cation exchange even when the reaction is carried out in warm water. It is possible to 469 

incorporate different amounts of metal ions into TPNP using distinct metal salts, taking advantage of 470 

the different basicity of the counterions. A detailed analysis of these reactions indicates that they also 471 

affect the crystalline nucleus of the nanoparticles and, therefore, they do not consist in a simple ion 472 

exchange process. N-octylamine can be attached to the titanium phosphate nanoparticles containing 473 

Cd+2 ions by direct reaction, forming phosphate/N-octylammonium ion pairs. Most of the 474 

incorporated metal cations and N-octylamine are removed by treating the corresponding 475 

nanoparticles with 0.1 M hydrochloric acid aqueous solution during only 60 s, explaining 476 

satisfactorily why the TPNP can be used as labels for electrochemical biosensors.  477 
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 562 

TABLES AND FIGURES 563 

 O (%) Na (%) P (%) Ti (%) Cd (%) pH 

TPNP 

65,55  

(± 4,80) 

3,68  

(± 0,13) 

22,18 

(± 3,33) 

8,59  

(± 1,37) 
0,00  

TPNP-Cd-1 
65,56  

(± 1,32) 

2,36  

(± 0,01) 

20,54  

(± 1,10) 

10,52  

(± 0,25) 

1,02  

(± 0,03) 
2,47 

TPNP-Cd-2 
67,39  

(± 0,39) 

1,59  

(± 0,28) 

17,04  

(± 0,10) 

7,26  

(± 0,15) 

6,72  

(± 0,12) 
4,29 

TPNP-Cd-3 
62,41  

(± 2,96) 

2,21  

(± 0,33) 

18,07  

(± 1,20) 

7,43  

(± 0,60) 

9,88  

(± 1,13) 
5,73 

 564 

Table 1. Relative concentration of O, Na, P, Ti and Cd (EDS (TEM) data) in TPNP, TPNP-Cd-1, 565 

TPNP-Cd-2 and TPNP-Cd-3. The oxygen % includes the % of the rest of elements detected by EDS 566 

(TEM) and not shown in the Table. The last column showsn the pH values of the final mixture 567 

corresponding to the different cadmium (II) incorporation reactions. 568 

  569 



26 
 

 570 

 
O (%) Na (%) P (%) Ti (%) Hg (%) pH 

TPNP 
65,55 

(± 4,80) 

3,68 

(± 0,13) 

22,18 

(± 3,33) 

8,59 

(± 1,37) 
0,00  

TPNP-Hg-1 
70,67 

(± 2,22) 

0,67 

(± 0,08) 

19,07 

(± 1,24) 

8,57 

(± 0,63) 

1,03 

(± 0,42) 
1,98 

TPNP-Hg-2 
70,00 

(± 2,33) 

1,29 

(± 0,19) 

18,67 

(± 1,51) 

7,90 

(± 0,70) 

2,14 

(± 0,20) 
3,74 

 571 

Table 2. Relative concentration of O, Na, P, Ti and Cd (EDS (TEM) data) in TPNP, TPNP-Hg-1 and 572 

TPNP-Hg-2. The oxygen % includes the % of the rest of elements detected by EDS (TEM) and not 573 

shown in the Table. The last column shows the pH values of the final mixture corresponding to the 574 

different mercury (II) incorporation reactions. 575 

  576 
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 577 

 578 

Figure 1. Infrared spectra in the region 700-400 cm-1 of TPNP (a), TPNP-Cd-1(b), TPNP-Cd-2 (c) 579 

and TPNP-Cd-3 (d). 580 
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 581 

Figure 2. 31P MAS NMR spectra of TPNP (a), TPNP-Cd-1(b), TPNP-Cd-2 (c) and TPNP-Cd-3 (d). 582 

 583 
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 584 

Figure 3. XRD patterns of TPNP (a), TPNP-Cd-1(b), TPNP-Cd-2 (c) and TPNP-Cd-3(d). 585 

 586 
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 587 

Figure 4. Infrared spectra in the region 700-400 cm-1 of  TPNP (a), TPNP-Hg-1(b) and TPNP-Hg-2 588 

(c) (top) and 31P MAS NMR spectra of TPNP (d), TPNP-Hg-1(e) and TPNP-Hg-2 (f) (bottom). 589 

 590 
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 591 

Figure 5. XRD patterns of TPNP(a), TPNP-Hg-1 (b) and TPNP-Hg-2 (c). 592 
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 593 

Figure 6. Infrared spectra in the region 700-400 cm-1 (a) 31P MAS NMR spectra (b) and XRD 594 

patterns (c) of TPNP-Cd-2-H (top) and TPNP-Hg-2-H (bottom). 595 
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 596 

Figure 7. Infrared spectra (left) of TPNP-Cd-1 (top) and TPNP-Cd-1-OA (bottom) and 13C CP/MAS 597 

NMR spectra of TPNP-Cd-1-OA (right). 598 

 599 
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 600 

Figure 8. Infrared spectra in the region 700-400 cm-1 (a) 31P MAS NMR spectra (b) and XRD 601 

patterns (c) of TPNP-Cd-1-OA (top) and TPNP-Cd-1-OA-H (bottom). 602 
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 603 

Figure 9. Infrared spectra in the region 4000-2800 cm-1 of TPNP-Cd-1-OA (a), TPNP-Cd-2-OA (b) 604 

and TPNP-Cd-3-OA (c). 605 

 606 

 607 
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Figure S-1 TEM Micrographs (left) and Size distribution (right) of TPNP. 

 
Figure S-2 XRD pattern of TPNP. 



 
 

 
Figure S-3 1H MAS NMR of TPNP. 

 

 
Figure S-4 31P CP/MAS NMR spectrum of TPNP. 

 



 
 

 
 

Figure S-5 Infrared spectrum of TPNP (4000-400 cm-1). 

 

 

 

 

 

 
Figure S-6. 1H 31P CP kinetics with MAS at 6 kHz in TPNP: (●) -27.9 ppm; (□) -20.6 ppm; (○) -

13.8 ppm, and (◊) -6.0 ppm. The fittings use eq.  𝐼(𝑡) = 𝐼0 (1 − 
𝑇𝐼𝑆

𝑇1𝜌
𝐼  )−1  [exp (−

𝑡𝑚

𝑇1𝜌
𝐼 ) − exp (−

𝑡𝑚

𝑇𝐼𝑆
)]  

where I(t) represents the peak intensity, I0 is the absolute intensity, TIS is the CP time constant 

between nuclei I (1H) and S (31P), 𝑇1𝜌
𝐼  is the spin-lattice relaxation time in the rotating frame of nuclei 

I and tm is the contact time. 

 



 
 

 

 
 

Figure S-7 31P MAS NMR spectra of TPNP, one with 1H decoupling (black), the other without 1H 

decoupling (red). 

 

 



 
 

 
Figure S-8 31P MAS NMR spectrum of TPNP freshly prepared (red) and after a week (black) (a) and 

after four months (b). 

 

 



 
 

 
Figure S-9 31P NMR spectrum of TPNP in D2O after stirring at room temperature the nanoparticles 

in deuterated water for 10 minutes. 

 
Figure S-10 31P NMR spectrum of the final mixture solution after the reaction between TPNP (40 

mg) and Cd(NO3)2 (0.17 mmol) at 50ºC for 2h. Initially, the titanium phosphate nanoparticles were 

added to the cadmium salt solution. 



 
 

 
 

Figure S-11 TEM Micrographs (top) and Size distribution (bottom) of TPNP-Cd-1(a), TPNP-Cd-2 

(b) and TPNP-Cd-3 (c). 

 

 

 
 

Figure S-12 Relative area under the fluorescence signal at 720 nm corresponding to TPNP, TPNP-

Cd-1, TPNP-Cd-2 and TPNP-Cd-3. 

 



 
 

 
 

Figure S-13 Overview (a) and detailed (b) TEM Micrographs and Size distribution (c) of TPNP-Hg-

1 (top) and TPNP-Hg-2 (bottom). 

 

 

 

 
Figure S-14 Relative area under the fluorescence signal at 720 nm corresponding to TPNP, TPNP-

Hg-1 and TPNP-Hg-2. 



 
 

 
Figure S-15 TEM Micrographs (a) Size distribution (b) of TPNP-Cd-2-H (top) and TPNP-Hg-2-H 

(bottom). 

 

 

 
Figure S-16 Relative area under the fluorescence signal at 720 nm corresponding to TPNP, TPNP-

Cd-2-H and TPNP-Cd-2 (left) and to TPNP, TPNP-Hg-2-H and TPNP-Hg-2 (right). 



 
 

 

 

 
Figure S-17 Monitoring of Cd2+ abundance in solution and the incorporation /release of the 

cadmium (II) cation to/from titanium phosphate nanoparticles. 

 

 

 
Figure S-18 Monitoring of Hg2+ abundance in solution and the incorporation/release of the mercury 

(II) cation to/from titanium phosphate nanoparticles. 

 

 
 

 

 
Table S-1. Cross-polarization time constants. 

Phosphate group iso ppm T1 (1H) a, ms THP
a, ms 

(PO4)
3- -27.9  0.83 (0.06) 

(HPO4)
2- -20.6 9.6 (0.4) 0.83 (0.03) 

(H2PO4)- -13.8 6.2 (0.2) 0.78 (0.03) 

(NaH2PO4) -6.0 5.2 (0.4) 0.71 (0.06) 
aStandard deviation shown in parenthesis. 


