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ABSTRACT

Titanium Phosphate nanoparticles, TPNP, consisting of a NaTiz(PO.)s core and a shell of
hydrogenphosphate and dihydrogenphosphate of Titanium, undergo fast hydrolysis in water releasing
phosphoric acid. This reaction is inhibited in the presence of metallic ions like Cd?* or Hg?*, which
are able to replace the protons of the shell acid phosphates. The amount of the adsorbed metallic
cations could be regulated using counterions of different basicity. The resulting nanoparticles also
incorporate NH2(CH2);CHs  (N-octylamine) at room  temperature  forming  N-
octylammonium/phosphate ion pairs, but it was found that at higher cation concentration inside the
nanoparticle, a lower amount of amine was adsorbed. The metallic cations and N-octylamine are

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

The transition metal phosphates constitute an active field of investigation both in academy and
industry.>? Among them, titanium phosphates have found applications mainly as ionic exchangers®-°
and catalysts,'®* although they have also been used for other purposes like ionic conductors,
molecular sorbents,'” semiconductors and photocatalysts.'® Titanium phosphates present a great
variety of structures, from the well-known layered species'®?? to amorphous materials,?® including,
inter alia, films,® fibers,?* nanoparticles,?>?%!# hollow nanospheres,® and nanotubes.?’

Titanium phosphate nanoparticles, hereafter named TPNP, obtained using docusate sodium salt
(DOSS), orthophosphoric acid (85%) and titanium(IV) n-butoxide as the starting materials are
particularly interesting.?® They possess a core of crystalline NaTi2(PO4)s and a shell of amorphous
hydrogenphosphate and dihydrogenphosphate of titanium. Similar titanium phosphate nanoparticles
using sodium dodecyl sulfate instead of sodium docusate (DOSS) as surfactant have been prepared.?

The sodium dititanium triphosphate, NaTi(POa)s, is able to insert lithium?® and extra sodium
ions?>% and to exchange Na* by Ag* cations®! and protons.®? Furthermore, the NaTi2(POa4)s crystals
are luminescent,® they show a band emission around 750 nm, probably due to Ti** impurities, which
is very sensible to the titanium environment, particularly to the insertion of foreign ions and the
crystallinity of the sample.

On the other hand, TPNP can act as Brgnsted acid catalysts® and as ion exchangers® because
of the presence of acid phosphates in the shell. In fact, the TPNP are able to catalyze the ketalization
of cyclohexanone and 1,2-ethanediol to cyclohexanone ethylene ketal.?® They can also be loaded
with zinc(11)** and cadmium (11)*>2¢34 cations and, after being functionalized with a predetermined

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

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

case of the amorphous Ti(HPOs)..” Thus, it has been found that Ti(HPO4), exhibits higher affinity
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towards Pb?* over Zn?* and Cd?*, even in the presence of Ca?* at different concentrations. This result
is not anticipated when the Hard and Soft Acid and Bases (HSAB) principle is applied, since Ca®* is
harder than Pb?*. Nevertheless, it fits well with the log Ksp (Solubility Product Constant) values of
the metal phosphates. On the other hand, it has been established that only half of the exchangeable
hydrogen ion in amorphous Titanium phosphate is accessible for Pb?* exchange under neutral or
acidic solution pH, and the rest is available only for the alkaline solution.

Our group is also interested in this kind of nanoparticles®”* and we considered that some
additional insight could assist to understand better the ion exchange process, as well as the
subsequent addition of proteins, two of the main points in preparing labels for the fabrication of
electrochemical biosensors. In this paper, we present the first results of our study, using cadmium (11)
and mercury(ll) as interchangeable cations with TPNP and N-octylamine as a model for the more

complicated proteins.

EXPERIMENTAL SECTION

Materials and Reagents

Titanium (IV) butoxide, docusate sodium salt (DOSS), crystalline HsPOs (>99.999%),
cadmium (Il) nitrate tetrahydrate, cadmium (lI) acetate dihydrate, cadmium (Il) acetylacetonate
mercury(ll) nitrate monohydrate, mercury(ll) acetate were purchased from Sigma-Aldrich and used
as received. Absolute ethanol and diethyl ether were purchased from VWR and used without further
purification. Ultrapure water was obtained with a Millipore Direct Q5 purification system from

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

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

JEM 2100 transmission electron microscope with an accelerating voltage of 200 kV. X-ray
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diffraction (XRD) patterns were performed with a Bruker D8 X-ray diffractometer with a Cu Ko X-
ray source, A= 0.15418 nm. Fourier transform infrared (FTIR) spectroscopic measurements were
measured on a Perkin Elmer FT Paragon 1000 using KBr pressed disks.

The 3P solid state NMR measurements were performed on a Bruker Avance 400 spectrometer
equipped with a 89 mm wide bore, 9.4 T superconducting magnet (*'P Larmor frequency at 161.98
MHz). Samples of TPNP were placed in 4 mm zirconia rotor. All reported data were acquired at
room temperature. A standard Bruker double resonance 4 mm cross-polarization (CP)/magic angle
spinning (MAS) NMR probe head was used. The 3P MAS spectra were acquired using a single pulse
excitation (4.15 ps) with high power proton decoupling. A 10 s recycle delay and a MAS spinning
rate of 10 kHz were used. The number of acquired scans was 164. A CP pulse sequence with varying
contact time and followed by high-power proton decoupling was used to acquire de 3P CP/MAS
spectra of TPNPs, at a MAS rate of 6 kHz. In all cases, the free-induction decays were subjected to
standard Fourier transformation with 20 Hz line broadening and phasing. The chemical shifts were
externally referenced to phosphoric acid 85% (0.0 ppm).

Fluorescence spectra were recorded on a “Varian Carey Eclipse” Luminescence
Spectrophotometer using a fixed excitation wavelength of 265 nm with both excitation and emission
slit width of 10 nm. The measurements of absorbance and fluuorescence were carried out using

conventional Quartz SUPRASIL cuvettes (Hellma Analytics, Germany).

Voltammetric determination of metals

The quantification of metals in the solutions of the synthesis and after the acid treatment was
carried out by a voltammetric method. Screen-printed carbon electrodes (DRP-110, DropSens) were
used to perform the measurements using a uStat8000 potentiostat (DropSens). Square-wave anodic
stripping voltammetry was used as the electrochemical technique due to its good performance for

metallic quantification. For the determination of cadmium, the preconcentration step was carried out
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by applying a potential of -1.4 V for 30 s, while that for the determination of mercury, the
preconcentration step was performed by applying a potential of -0.7 V for 30 s. The anodic stripping
curves were recorded and the stripping peak currents were considered as the analytical signals.
Several known amounts of Cd?* and Hg?" were added to the sample solutions (with unknown

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

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

The cadmium-modified nanoparticles were prepared as follows; 40 mg of TPNP were added to
17 ml of a water solution containing 52 mg of cadmium (Il) nitrate tetrahydrate (0.17 mmoles) and
the resulting mixture was stirred at 50°C for 24 h. Then, the final mixture was centrifuged (10000
rpm, 5 m), the solid precipitate was washed three times with 5 mL of ultrapure water and the
nanoparticles were dried under vacuum overnight yielding TPNP-Cd-1. Similarly, TPNP-Cd-2 and
TPNP-Cd-3 were synthesized but using cadmium (Il) acetate dihydrate (45 mg, 0.17 mmoles) or

cadmium (1) acetylacetonate (53 mg, 0.17 mmoles), respectively.

.- TPNP-Cd-1

IR (cm™): 3421 s, br, vion) ; 2960 VW, vicr)y 1626 m, br, §ory; 1225 sh, m, §pow); 1032 vs,
vbr, vie=o) ; 797 m; 645 m; 580 m, d(o-r-on); 513 M pro2). (Fig. 1 and Fig.7)

1P MAS NMR (§ in ppm) broad signal from +8 to -33 with peaks at -20 ((HPO4)?%) and -28
((PO4)®). (Fig. 2)

DRX. 20 (plane) 14.6 (012); 18.1; 20.4-20.9 (104/110); 24.4 (113); 29.4 (024); 32.6 (116/211);

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

.- TPNP-Cd-2
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IR (cm™): 3441 s, br, vion) ; 2960 vw, vcry ; 1621 m, br, §owy; 1220 sh, m, §pory; 1023 vs,
vbr, vie=o) ; 802 m; 640 m; 581 m, d(o-p-on); 540 m. (Fig. 1)

3P MAS NMR (6 in ppm) broad signal from +19 to -34 with peaks at +3, -20 ((HPO4)*) and
-28 ((PO4)*). (Fig. 2)

DRX. 20 (plane) 20.9 (too intense to be 110); 24.3 (113), 27.5; 29.1 (024); 31.5; 36.6 (300);

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

.- TPNP-Cd-3

IR (cm™): 3421 s, br, vion) ; 2960 vw, vicry -; 1621 m, br, §ow); 1215 sh, m, Spory; 1025 vs,
vbr, vp=0) ; 802 m; 638 m; 581 sh, m, &(o-r-on); 547 m. (Fig. 1)

1P MAS NMR (& in ppm) broad signal from +18 to -34 with clear peaks at +4, -20 ((HPO4)?)
and -27 ((PO4)*) (Fig. 2)

DRX. 20 (plane) 20.9 (too intense to be 110); 24.2 (113), 29.3 (024); 32.4 (too intense to be

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

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

The mercury-modified nanoparticles were prepared as described above for TPNP-Cd; 40 mg of
TPNP were added to 17 ml of a water solution containing 58 mg of mercury (I1) nitrate monohydrate
(0.17 mmoles) and the resulting mixture was stirred at 50°C for 24 h. Then, the final mixture was
centrifuged (10000 rpm, 5 m), the solid precipitate was washed three times with 5 mL of ultrapure
water and the nanoparticles were dried under vacuum overnight yielding TPNP-Hg-1. In a similar

way TPNP-Hg-2 were synthesized but using mercury (I1) acetate (54 mg, 0.17 mmoles)

- TPNP-Hg-1
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IR (cm™): 3431 s, br, V(oH) ; 2960 vw, v(cH) 2921vw v(chH) (docusate sodium salt); 1617 m, br,
d(HoH); 1258 m; 1018 vs, vbr, vp=0) ; 797 m; 635 m; 522 m. (Fig. 4)

3P MAS NMR (8 in ppm) broad signal from +35 to -35 with peaks at +16, +5, 0, -17 and -28
((PO4)*). (Fig. 4)

DRX. 20 (plane) 21.1(110); 24.5 (113); 32.7 ( too intense to be 116/211). (Fig. 5)

- TPNP-Hg-2
IR (cm™): 3421 s, br, vior) ; 2960 VW, vicry ; 2921vW vchy ; 1611 m, br, S¢on); 1258 m; 1018
Vs, Vbr, v=0) ; 797 m; 635 m; 532 m. (Fig. 4)
3P MAS NMR (& in ppm) broad signal from +20 to -35 with peaks at +6, +1, -17 and -27
((PO4)*). (Fig. 4)

DRX. 20 (plane) 24.2(113); 31.1 ; 32.4 ( too intense to be 116/211). (Fig. 5)

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

To protonate metal-modified nanoparticles, 80 mg of TPNP-Cd-2 were added to 5 mL of a 0.1
M HCI aqueous solution and the mixture was centrifuged at 20000 rpm for 60 s. The resultant solid
TPNP-Cd-2-H was washed (by centrifugation) three times with 5 mL of ultrapure water, and then

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

- .- TPNP-Cd-2-H

IR (cm™): 3431 s, br, vion) ; 2960 VW, vcHy ; 1626 m, br, Sowy; 1033 vs, Vbr, ve=o) ; 802 m;
640 m; 581 m, d(o-r-oH); 513 M p(roz). (Fig. 6)

3P MAS NMR (5 in ppm) broad signal from +8 to -34 with peaks at 0, -5 ((H2PO4)), -13

((H2P04)), -21 ((HPO4)%) and -27 ((PO4)*). (Fig. 6)
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DRX. 20 (plane) 14.6 (012); 20.2 (104); 21.0 (110); 24.4 (113); 29.4 (024); 32.6 (116/211);
36.8 (300); 47.0 (128); 50.0 (226); 53.9 (137); 57.6 (410) (Fig. 6)

- TPNP-Hg-2-H

IR (cm™): 3441 s, br, vion) ; 2960 VW, v(cH) ; 1631 m, br, Sow); 1038 vs, vbr, ve=o) ; 797 m;
640 m; 581m, J(0-p-oH); 513 M pro2). (Fig. 6)

3P MAS NMR (& in ppm) broad signal from +8 to -35 with peaks at +3, 0, -5 ((H2POa)), -13
((H2P0O4)), -21 ((HPO4)%) and -28 ((PO4)*). (Fig. 5)

DRX. 20 (plane) 14.6 (012); 18.1; 21.5; 24.5 (113); 28.2; 29.5 (024); 31.5; 32.8 (too intense

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

Preparation of NPFT-Cd-1-OA.

To prepare N-octylamine-modified nanoparticles, 50 mg of TPNP-Cd-1 were added to 3 mL of
a N-octylamine solution (60 pL, 0.37 mmol) in a mixture ethanol/water (50%, v/v) and the resultant
dispersion was stirred 48 h at room temperature. Afterwards, the resultant solid TPNP-Cd-1-OA was
washed (by centrifugation) three times with 5 mL of ultrapure water, three times with 5 mL of an

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

- NPFT-Cd-1-OA

IR (cm™): 3421 s, br, v ; 3176's, b, viumy; 2950 s, vichy; 2920 s, vicH); 2852 s, V(cH),
1631 m, br, SHow); 1570 sh, Srnrz); 1469 M, & ery ; 1293 m; 1230 sh, Spory; 1060, sh, vip=0);
1023 vs, br, ve=0) ; 802 w; 724 w; 640 w; 550 m. (Fig. 7)
13C CP/IMAS NMR (5 in ppm) : 15, 24, 29, 31, 33, 41. (Fig. 7)
3P MAS NMR (8 in ppm) broad signal from +8 to -40 with peaks at -3, -21 ((HPO4)*) and -

28 ((PO4)*). (Fig. 8)
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DRX. 20 (plane) 14.5 (012); 20.9 (110); 24.3 (113); 29.4 (024); 32.5 (116/211); 36.5 (300);
46.8 (128); 49.8 (226); 53.9 (137); 57.3 (410). (Fig. 8)

The protonation of TPNP-Cd-1-OA

To protonate octylamine-modified nanoparticles, 80 mg of TPNP-Cd-1-OA were added to 5
mL of a 0.1M HCI solution and the mixture was centrifuged at 10000 rpm for 60 s. The resultant
solid, TPNP-Cd-1-OA-H, was washed (by centrifugation) three times with 5 mL of ultrapure water,

and then dried at r.t. overnight.

-TPNP-Cd-1-OA-H

IR (cm™): 3411 s, br, vion) ; 3186 m, b, vinwy; 2960 s, vichy; 1626 m, br, Sgion); 1464m, § gich);
1220 sh, dppory); 1028 vs, br, ve=0) ; 640 w; 581 w, (0-p-oH); 513 M pro2). (Fig. 8)

3P MAS NMR (5 in ppm) broad signal from +8 to -40 with peaks at -3, -21 ((HPO4)?) and -
28 ((PO4)%). (Fig. 8)

DRX. 20 (plane) 14.5 (012); 20.3 (104); 20.9 (110); 24.4 (113); 29.4 (024); 32.5 (116/211);

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

RESULTS AND DISCUSSION

Titanium phosphate nanoparticles, TPNP, were obtained following a procedure previously
described in the literature?®* and explained elsewhere®”®. Typically, 5.65 mmol of AOT was
dissolved into 12.5 g of ethanol and then H3PO4 (51 mmol) was added. After stirring for 3 h. at r.t.,
the solution was filtered and the precipitate was removed. Then, a mixture of TBOT in ethanol
(2.5mmol/15.5 mL) was fast dropped into the filtered solution, and stirred at 80 °C for 6 h. A white
solid product was obtained and washed with ethanol and diethyl ether for several times until neutral
pH and then dried at 80 °C overnight. They were characterized by TEM (Fig. S-1), XRD (Fig. S-2),

IH MAS NMR (Fig. S-3), 3P CPMAS NMR (Fig. S-4), and FTIR (Fig. S-5). The obtained data are

10
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practically coincident with those of the reported titanium phosphate nanoparticles.?>3* The most
noticeable difference is that TPNP have a smaller diameter (3045 vs. 50 nm).

The infrared spectrum of TPNP (Fig. S-5) deserves a detail analysis. It shows two broad bands
at 3431 (v(on)) and 1631 cm™ (§(How)) attributable to the physically adsorbed water, and a weak signal
at 2960 cm™ (alkyl v(cr)) due to DOSS, the surfactant used for the synthesis of TPNP, both of them
were also detected by proton solid NMR (Fig. S-3).2° It also exhibits a band at 635 cm™ that is
present in the IR spectrum of NaTi2(POa)3,* the crystalline component of TPNP identified by its
XRD signals (Fig. S-2).2>% In addition to the very strong and broad band at about 1028 cm™ (vp=0))
associated to the phosphate groups, the IR spectrum shows some other interesting peaks: a shoulder
at 1227 cm™ (§pory) attributable to the dihydrogenphosphate groups;*®#! a band of medium intensity
about 510 cm™ (peo2) also due to the dihydrogenphosphate groups;*? and a peak of weak intensity at
581 cm™ (5(0-p-om)) attributable to the hydrogenphosphate groups.** The presence of phosphate,
hydrogen phosphate and dihydrogen phosphate groups in TPNP is confirmed by its 3P CPMAS
NMR spectrum (Fig. S-4).2 We have found that the intensity of the bands at 581 cm™ (§(0-p-on)) and
at 510 cm™ (pro2)), due to the acid phosphates, are very sensitive to the proton exchange process and,
therefore, very useful to follow the incorporation/release of cations and amines to/from the TPNP.
Finally, the broad band at 2930 cm™ (v(on)) is due to the POH groups*#4, while the signal at 2381
cm™ seems to be a combination band.**

The 3'P CP/MAS NMR spectrum of TPNP (Fig. S-4) closely resembles that one reported by
Liu et al.?®, but the chemical shifts (-27.9, -20.6, -13.8 and -6.0 ppm) are not exactly the same. They
assumed that the peaks at -26.4, -19.1 and -10.9 ppm, are due to (PO4)*, (HPO4)? and (H2PO4)
groups, respectively, but a fourth peak at about -4 ppm was not assigned. In order to obtain more
information about the origin of this band, additional solid state NMR measurements were performed.
In the case of 3P NMR, there is no need to use the CP method to improve the spectral signal-to-noise

ratio, but this type of experiments could provide some insights to the molecular structure of the

11
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TPNPs. Thus, a series of spectra varying the CP contact time between *H and 3'P were acquired. The
kinetics of the CP for the four resonances is illustrated in Fig. S-6 and the results summarized in
Table S-1. It is observed that Ti, (*H) and Twe decrease with increasing number of protons,
suggesting that the peak at -6 ppm corresponds to a protonated phosphate. Generally, solids with
abundant and strongly coupled protons exhibit a uniform response, i.e., a single value of T1, (*H)
independently of their surroundings. In our case, the values of T1, (*H) indicate some differences in
the proton environments cross-polarizing with each of the four 3'P resonances; although the values
associated to peaks at -6 and -13.8 ppm are similar. Also, the values of the CP time constant Twp,
which decreases with decreasing *H-3'P distances or increasing number of protons, suggest an
increasing protonation of phosphorous compounds with increasing chemical shift, backing the
previous statement.

In addition, we recorded two 3P MAS NMR spectra of TPNP, with *H and without 'H
decoupling (Fig. S-7) to seek further evidence to support the above assumption. Unexpectedly, both
of them exhibit an extra peak at 0 ppm, assignable to H3zPOs, probably originated by hydrolysis of the
phosphate groups in the TPNP either by the water retained in its surface (detected by IR and proton
solid NMR) or by the water present in the atmosphere. This hydrolysis will be discussed later. The
pattern of the spectra is markedly different of that one obtained by the 3P CPMAS NMR method
(Fig. S-4), although the chemical shifts are practically coincident. As it could be anticipated, the
spectra collected (Fig. S-7) show the same intensity in the bands due to the POs* groups, but
different for acid phosphates (it is expected higher intensity for the bands due to HPO4? and H,PO4
groups in the spectrum obtained with *H decoupling). This means that the signal at -6 ppm should be
attributable to a dihydrogenphosphate. However, it should be pointed out that this assignment is not
as straightforward as it could be desirable due to variations in the Ti-O-P coordination, the presence
of Na*, as well as changes in bond angles and bond lengths which could modify the values of the

observed chemical shifts to some extent*.

12
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Nevertheless, the characterization of the products obtained from TPNP by cation exchange
with Cd?* and Hg?*, confirm that this assignation is correct (discussed later).

The formation of HzPOs inside the TPNP was not detected previously because the 3P NMR
spectra of the samples were obtained using the 3P CPMAS/NMR technique, which is not able to
detect free molecules with certain mobility like phosphoric acid. Fig. S-8a shows two P MAS NMR
spectra of the same TPNP sample; one was recorded just after the preparation, the other one a week
later. The spectra were edited in such a way that the intensity of the peak at -28 ppm has the same
intensity in both spectra. In the second spectrum, recorded after seven days, it is not only observed
the occurrence of a new signal at 0 ppm, assigned to HsPQOas, but also that the intensity of all other
peaks has increased, suggesting that all the phosphates groups (POs*, HPO4? and H2POs) have
followed a hydrolysis process. The spectrum of TPNP after four months in open air (Fig. S-8b)
evidences that the hydrolysis of the TPNP is a complicated process; the band at -13 ppm has been
split into two closed peaks, at -12 and -14 ppm, and the signal at -20 ppm appears now at -21 ppm*’.

As could be expected, the hydrolysis of TPNP is very fast in liquid water and the resultant
phosphoric acid is accumulated in the solvent, as it is evidenced in the 3P NMR spectrum of TPNP
in D20 after stirring the nanoparticles in deuterated water for 10 minutes at room temperature (Fig.
S-9). Since the incorporation of metallic cations Cd?* and Zn?* into TPNP have been carried out in
water at 50° for 24 h,**the existence of a competitive reaction like the hydrolysis of the nanoparticles
could be a problem. However, if 40 mg of TPNP are added to 17 ml of a water solution containing
0.17 mmol of Cd(NOz3)2 only tiny amounts of phosphoric acid are detected in the solution after 2h at
50°C (Fig. S-10). Since separate experiments clearly indicate that the hydrolysis is very fast at the
beginning and later it slows down it seems that when the nanoparticles are added onto water solution
of the metallic ion, the exchange reaction is much faster than the hydrolysis. On the contrary, a
minute hydrolysis in the starting material, TPNP, did not affect the properties of the nanoparticles

obtained after incorporation of metal ions, as far as we were able to detect.
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Incorporation of Cadmium (1) cations

The insertion of Cd?* into TPNP has been described previously.®* In order to control the
cadmium (I1) concentration inside the resulting nanoparticles, we repeated the reaction following the
same procedure with slight modifications. Briefly, we dispersed 40 mg of TPNP in 17 ml of a water
solution containing 0.17 mmol of Cd(NOz)2 and stirred the mixture at r.t. for 24 h (reaction I). Then,
we doubled the amount of Cadmium (1), maintaining the room temperature (reaction Il). Finally, we
duplicated the amounts used in reaction I, but stirring the resulting suspension at 50°C (that is,
following closely the recipe explained in the literature,® reaction Il1). The characterization with
FTIR and TEM of the nanoparticles TPNP-Cd-1, TPNP-Cd-11 and TPNP-Cd-I11 obtained in reactions
I, 11 and II, respectively, showed that they were almost identical, within the margin error of the
techniques. Particularly interesting were the EDS (TEM) data; they indicated that the relative
concentration of Cd?* in the nanoparticles is essentially coincident in the three cases. These facts
suggest that the substitution of hydrogen ions in TPNP follows a pattern similar to that exhibited by
Ti(HPO4)2" that is, some of the protons are easily substituted by Cd?* but for further substitution a
more basic environment is required (see introduction). This result prompted us to modify our strategy
to increase the concentration of metal ions inside the titanium phosphate nanoparticles. Thus,
considering that in these reactions the final suspension is acid (pH=2.47 at the end of reaction IlI) as
a consequence of the ion exchange (protons of acid phosphates are replaced by Cd?* cations), we
decided to use cadmium (1) acetate and cadmium (lI) acetylacetonate salts instead of Cd(NO3)2 as
source of Cd?* ions. Since these basic anions (CH3;COO™ and [CH;COCHCOCHj3]) will increase the
solution pH, their presence should shift the equilibrium inducing a higher incorporation of metal
cations into the TPNP.

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

cadmium salts (Cd(NOs)2 - 4H,0O; Cd(CH3COO), - 2H,0 and Cd(C2H70O2).) and then stirred the
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resulting mixtures for 24 h at 50°C, obtaining TPNP-Cd-1, TPNP-Cd-2 and TPNP-Cd-3 respectively.
The TEM micrographs revealed that the obtained nanoparticles retain roughly the spherical shape
and the diameter size of the starting TPNP (Fig. S-11). According to our expectations, the pH of the
final reaction mixtures, shown in the last column of Table 1, increases when passing from nitrate
through acetate to acetylacetonate cadmium (Il) salts. Consequently, the higher the basicity of the
anion used, the greater is the amount of incorporated cadmium (Il) ions into the resulting
nanoparticles, as pointed out by the EDS (TEM) data of the prepared nanoparticles (see Table 1).
Comparing the infrared spectra of phosphate nanoparticles containing cadmium (11) cations
with that of the starting TPNP it is easy to see small modifications, the most relevant are in the 700-
400 cm! region (Fig. 1). In the IR spectrum of TPNP-Cd-1 the band ca. 510 cm™, attributed to the
H2PO4 groups, has lower intensity than the same band in the IR spectrum of TPNP. Simultaneously,
the bands at -6 and -13 ppm of the 3!P spectrum of the starting material, also due to the
dihydrogenphosphate groups, have practically disappeared in the 3P spectrum of TPNP-Cd-1(Fig.
2). This is easily understandable taking into account that the protons of the dihydrogenphosphate
groups are more acidic that the proton of the HPO4* moieties, and, therefore, they will be the first to
be substituted by the incoming Cd?* cations. Incidentally, the simultaneous fading of the peaks at -6
and -13 ppm in the phosphorus NMR spectra of TPNP-Cd-1 reinforces the assignation of the band at
-6 ppm in the 3P spectrum of TPNP to the H,PO4 groups. There is not any band ca. 510 cm™ in the
700-400 cm™ region of the IR spectra corresponding to TPNP-Cd-2 and TPNP-Cd-3, although a new
band around 540-547 cm™ (Fig.1) is observed. Similarly, a new signal in the 3P MAS NMR spectra
of the nanoparticles containing more cadmium (1) ions was detected, namely that at 3-4 ppm. These
new signals observed both in the IR and the 3!P spectra suggest the formation of cadmium
phosphates. Interestingly, the bands due to NaTi2(PO4)s and to the hydrogenphosphate groups in the

infrared spectra (those at 640 and 580 cm™), as well as in the 3P MAS NMR spectra (those at -28

15



353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

and -20 ppm) are present in all the spectra, suggesting that the HPO42 moieties and the crystalline
nucleus of the starting material remain mainly unaltered along the substitution process.

However, comparing the XRD patterns of these cadmium derivatives with that of the starting
TPNP (Fig. 3), it can be seen that the successive incorporation of Cd?* ions leads to a progressive
crystal destruction (although the peaks corresponding to some crystal planes of NaTi2(POa4)s are
recognizable in all the patterns). Furthermore, the intensity of the peaks at 20 = 20.9 and 32.4
(corresponding to the planes (110) and (116)/(211) respectively) have an unusual intensity in the
XRD patterns of TPNP-Cd-2 and TPNP-Cd-3. On the other hand, new peaks appear 26 = 18.1 and
27.5 and 31.5 in the XRD patterns of TPNP-Cd-1 and TPNP-Cd-2. The profound modifications of
the original XRD pattern as the metal ions are incorporated into the TPNP nanoparticles evidence
that this process is not a simple ion exchange procedure since the crystalline nucleus, which is highly
reactive?®2%3132 js also affected. The alterations in the NaTi2(PO4)s were also detected by
luminescence measurements; in fact, the area under the fluorescence signal at 720 nm diminishes

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

Incorporation of Mercury (11) cations

The Hg?* ions were also introduced inside the TPNP following a procedure similar to that
described for the insertion of cadmium (1) ions into the titanium phosphate nanoparticles. Thus, we
added 40 mg of TPNP to 17 ml of a water solution containing 0.17 mmol of the mercury salts
(Hg(NOg3)2.2H20 and Hg(CHsCOO)2, and then stirred the resulting mixtures for 24 h at 50°C,
obtaining TPNP-Hg-1 and TPNP-Hg-2 respectively. Again, the obtained nanoparticles retain the
spherical shape and the diameter size of the starting TPNP, as revealed by the TEM micrographs
shown in Fig. S-13. However, in this occasion, some dark spots inside each nanoparticle are
observed. A detailed examination by EDS (TEM) indicated that the mercury ions are concentrated in

these dots. As expected, the utilization of mercury (I1) acetate instead of mercury (II) nitrate yields
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higher concentration of the metal ions in the obtained nanoparticles, and higher pH values in the final
mixture solution (see Table 2).

The region between 700 and 400 cm™ in the infrared spectra of TPNP-Hg-1 and TPNP-Hg-2,
as well as their P MAS NMR spectra, are shown in Fig. 4. The disappearance of the peaks at 580
and at 510 cm (in the infrared spectra) and the bands at -6, -13 and -20 ppm (in the 3!P spectra), all
of them attributable to the acid phosphate groups, clearly indicate that the protons of the
dihydrogenphosphates and hydrogenphosphates have been substituted by the mercury cations. The
presence of new signals in the infrared spectra (at 522 and 532 cm™, respectively) and in the NMR
spectra (at -17, 0, +5 and +16 ppm and at -17,+1, and +6 ppm, respectively) should correspond to the
formation of mercury phosphates. On the other hand, the persistence of the peaks at 635 cm™ (in the
IR spectra) and -28 ppm (in the solid NMR spectra), both due to phosphate groups, suggests the
perseverance of the NaTix(POa4)s nucleus. However, the XRD patterns of mercury derivatives (Fig. 6)
indicate clearly the loss of crystallinity of that nucleus, suggesting that the incorporation of metal
ions into TPNP is not a simple proton/metal ion exchange, but it affects all the components of the
nanoparticle. The alterations in the NaTi2(PO4)s were again detected by luminescence measurements

(Fig. S-14)

The protonation of the nanoparticles containing metal ions

The usefulness of TPNP as labels for electrochemical biosensors rests in the possibility of
rapidly releasing the metal ions incorporated into the nanoparticle to be detected by the
corresponding electrodes. In order to verify the availability of metallic ions from TPNP-Cd-2 and
TPNP-Hg-2, these nanoparticles were treated with a water solution of HCI 0.1 M for 60 s yielding
TPNP-Cd-2-H and TPNP-Hg-2-H respectively. (See experimental part for details).

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

They preserve approximately the size and shape of the parent nanoparticles, but EDS (TEM) data
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reveals that the cadmium (I1) cations have not been totally released. In fact, carefully monitoring of
the process indicates that neither Cd?* nor Hg?* were completely released (see later). The appearance
of the bands at 581 and 513 cm™ in their infrared spectra and the signals at -5, -13 and -21 ppm in
their 3P MAS NMR spectra indicates that some hydrogenphosphates and dihydrogenphosphates
have been reconstituted (see Fig. 6), that is, the protons have replaced most of the metal ions.
However, the broad bands observed in the range 0 - 3 ppm in their phosphorus spectra, their XRD
patterns (Fig 5) and their fluorescence signals (Fig S-16), clearly show that the starting material,
namely TPNP, is not recovered.

It is possible to monitor the abundance of the metal cations in solution along the entire ion-
exchange process, that is, in the formation of TPNP-Cd-2 and TPNP-Hg-2 and in the subsequent M?*
release in acid media. A voltammetric technique using the standard additions method described in the
Experimental section was employed. As illustrated in Fig. S-17 and Fig. S-18, the synthesis of the
titanium phosphate nanoparticles containing Cd®* and Hg?* have been carried out in the presence of
metal ions excess. On the other hand, the release of the Cd** or Hg?" cations incorporated in the
nanoparticles is not complete after 60 s in acid media, the time used in the analytical applications.

The release of M?* is complete after 24 h elapsed.

Incorporation of N-octylamine

The application of the titanium phosphate nanoparticles as labels for electrochemical
biosensors requires the immobilization of proteins on their surface.?>* To this end, the nanoparticles,
already loaded with metal cations, were treated successively with PAH (poly (allylamine
hydrochloride)) glutaraldehyde and the desired protein.?>** Since these nanoparticles were able to
react with the poly (allylamine hydrochloride), it is likely that they could also react directly with the
amine groups of the proteins. However, considering that the TPNP/protein interaction would be very

difficult to characterize, it seems convenient to study first the reaction between an amine and the
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titanium phosphate nanoparticles. The elected amine was N-octylamine, not only because it
possesses a high number of CH2 groups, easily detected by IR and *C NMR, but also because it is
only partially soluble in water and therefore the resultant solution is not too basic to dissolve the
TPNP. Thus, TPNP-Cd-1 was treated with N-octylamine in ethanol/water (v/v, 50%) to yield TPNP-
Cd-1-OA, nanoparticles of shape and size closed to those of the starting material. The infrared
spectrum of TPNP-Cd-1 shows remarkable differences with that of the new nanoparticles (see Fig.
7). In the IR spectrum of TPNP-Cd-1-OA the bands at 2950 cm™, vcry; 2920 cm?, v(cr); and 2852
cm™, vichy, and that at 1469 cm™, & ey, clearly indicates the presence of the amine CH. groups in
the new material. On the other hand, the absence of the band at 513 cm™, peoy, due to the
dihydrogenphosphate groups, the shoulder at 1570 cm™ (8-RNHs") and the appearance of a broad
signal at 3176 cm™ (v-RNHs*) suggest the formation of a phosphate/ammonium ion pair. This
hypothesis is also supported by the 3C MAS NMR spectrum of TPNP-Cd-1-OA (see Fig. 7), closely
related to that of N-octylammonium tetrafluoroborate. The 3P MAS NMR spectrum of the new
nanoparticles exhibits a new band ca. -3 ppm and its XRD pattern retains most of the signals
corresponding to TPNP-Cd-1 (see Fig 8) but these data do not provide relevant structural
information.

The formation of amine/phosphate ion pairs by direct reaction opens the possibility to attach
proteins to the titanium phosphate nanoparticles in a simple way, facilitating the preparation of this
kind of electrochemical biosensors.

It is also noteworthy the comparison of the infrared spectra in the region 4000-2800 cm™ of the
nanoparticles TPNP-Cd-X-OA (X=1-3), the resulting products from the reaction of TPNP-Cd-X
(X=1-3) with N-octylamine in ethanol/water (v/v, 50%) and collected in Fig. 8. This image shows
that the higher the concentration of Cd?*, the lower the intensity of the signals at 2960, 2921 and
2852 cm’1, v(cH), corresponding to amine CHz groups. That is, the increasing incorporation of metal

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

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

The protonation of the nanoparticles containing metal ions and amines

The final step in the application of electrochemical biosensors based in titanium phosphate
nanoparticles consists in the release of the metallic cations from nanoparticles containing both metal
ions and proteins. In this regard, we treated TPNP-Cd-1-OA with 0.1 M HCI during 60 s, obtaining
TPNP-Cd-1-OA-H as nanoparticles with the habitual shape (spherical) and size (diameter about 30
nm). Again, the release of cadmium ions is incomplete (the percentage of Cd in the nanoparticle
decreases from 1.66 to 0.42 %, according to EDS data). On the other hand, TPNP-Cd-1-OA-H
recovers some hydrogenphosphates and dihydrogenphosphates, as indicated by the band at 581 cm™,
8(0-p-om) and 513 cm, pro2), respectively, in its IR spectrum, but the nanoparticle is not identical to

the starting TPNP as evidenced by its 3P NMR and XRD patterns (bottom of Fig. 8).

Conclusions

The TPNP is hydrolyzed in presence of H>O. However, this process is slower than the
proton/cation exchange even when the reaction is carried out in warm water. It is possible to
incorporate different amounts of metal ions into TPNP using distinct metal salts, taking advantage of
the different basicity of the counterions. A detailed analysis of these reactions indicates that they also
affect the crystalline nucleus of the nanoparticles and, therefore, they do not consist in a simple ion
exchange process. N-octylamine can be attached to the titanium phosphate nanoparticles containing
Cd*™ ions by direct reaction, forming phosphate/N-octylammonium ion pairs. Most of the
incorporated metal cations and N-octylamine are removed by treating the corresponding
nanoparticles with 0.1 M hydrochloric acid aqueous solution during only 60 s, explaining

satisfactorily why the TPNP can be used as labels for electrochemical biosensors.
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TABLES AND FIGURES

0 (%) Na (%) P (%) Ti(%) Cd(%) pH
65,55 3,68 22,18 8,59
TPNP 0,00
(£480)  (£013)  (£333)  (+137)
65,56 2,36 20,54 10,52 1,02
TPNP-Cd-1 2,47
(£132)  (#001)  (£1,00) (025  (+0,03)
67,39 1,59 17,04 7.26 6,72
TPNP-Cd-2 4,29
(£039) (028  (£0,10) (015  (+0,12)
62,41 2,21 18,07 7.43 9,88
TPNP-Cd-3 573
(£2,96)  (£033)  (£1,20) (+060)  (+1,13)

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

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

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

corresponding to the different cadmium (1) incorporation reactions.
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570

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

65,55 3,68 2218 859
TPNP (+480)  (£013) (¢333) (x137) %0
70,67 0,67 19,07 8,57 1,03
TPNP_ _ ) L 1 ) 1
ol 4022)  (x008) (¢124) (2063 (x042) %8
PNpHgs 7000 129 18,67 7.90 214 o

(£233)  (#019)  (+151)  (£0,70)  (0,20)

571

572  Table 2. Relative concentration of O, Na, P, Ti and Cd (EDS (TEM) data) in TPNP, TPNP-Hg-1 and
573  TPNP-Hg-2. The oxygen % includes the % of the rest of elements detected by EDS (TEM) and not
574  shown in the Table. The last column shows the pH values of the final mixture corresponding to the

575  different mercury (Il) incorporation reactions.
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Figure 1. Infrared spectra in the region 700-400 cm™ of TPNP (a), TPNP-Cd-1(b), TPNP-Cd-2 (c)
580 and TPNP-Cd-3 (d).
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582  Figure 2. 3P MAS NMR spectra of TPNP (a), TPNP-Cd-1(b), TPNP-Cd-2 (c) and TPNP-Cd-3 (d).
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Figure 3. XRD patterns of TPNP (a), TPNP
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Figure 4. Infrared spectra in the region 700-400 cm™ of TPNP (a), TPNP-Hg-1(b) and TPNP-Hg-2

(c) (top) and 3P MAS NMR spectra of TPNP (d), TPNP-Hg-1(e) and TPNP-Hg-2 (f) (bottom).
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Figure 7. Infrared spectra (left) of TPNP-Cd-1 (top) and TPNP-Cd-1-OA (bottom) and *C CP/MAS

597

NMR spectra of TPNP-Cd-1-OA (right).
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601  Figure 8. Infrared spectra in the region 700-400 cm™ (a) 3P MAS NMR spectra (b) and XRD
602  patterns (c) of TPNP-Cd-1-OA (top) and TPNP-Cd-1-OA-H (bottom).
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Figure 9. Infrared spectra in the region 4000-2800 cm™ of TPNP-Cd-1-OA (a), TPNP-Cd-2-OA (b)
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and TPNP-Cd-3-OA (c).
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Figure S-1 TEM Micrographs (left) and Size distribution (right) of TPNP.
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Figure S-2 XRD pattern of TPNP.
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Figure S-4 3P CP/MAS NMR spectrum of TPNP.
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Figure S-5 Infrared spectrum of TPNP (4000-400 cm™).

Intensity
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Figure S-6. tH-> 3P CP kinetics with MAS at 6 kHz in TPNP: (e) -27.9 ppm; () -20.6 ppm; (o)
13.8 ppm, and (0) -6.0 ppm. The fittings use eq. I(t) =1, (1 — T’S ) 1 [exp (——) — exp(— )]

where I(t) represents the peak intensity, lo is the absolute intensny, Tis is the CP time constant
between nuclei | (*H) and S (3'P), T{p is the spin-lattice relaxation time in the rotating frame of nuclei

| and tn, is the contact time.
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Figure S-7 3P MAS NMR spectra of TPNP, one with *H decoupling (black), the other without H
decoupling (red).
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Figure S-9 3P NMR spectrum of TPNP in DO after stirring at room temperature the nanoparticles
in deuterated water for 10 minutes.
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Figure S-10 3P NMR spectrum of the final mixture solution after the reaction between TPNP (40

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

added to the cadmium salt solution.
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Figure S-11 TEM Micrographs (top) and Size distribution (bottom) of TPNP-Cd-1(a), TPNP-Cd-2

(b) and TPNP-Cd-3 (c).
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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.
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Figure S-13 Overview (a) and detailed (b) TEM Micrographs and Size distribution (c) of TPNP-Hg-
1 (top) and TPNP-Hg-2 (bottom).
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Figure S-14 Relative area under the fluorescence signal at 720 nm corresponding to TPNP, TPNP-

Hg-1 and TPNP-Hg-2.
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Figure S-15 TEM Micrographs (a) Size distribution (b) of TPNP-Cd-2-H (top) and TPNP-Hg-2-H
(bottom).
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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).



TPNP + Cd(CH;C00),2H,0 —2C2h_ 1pNp.cd2 + Cd® in solution

40 mg 170 pmoles 80 £ 1 pumoles

r.t,60s

TPNP-Cd-2 + HC1 0.1 M TPNP-Cd-2-H + Cd*" in solution

70 £ 2 pumoles

Y

TPNP-Cd-2-H + HC10.1 M r-t,24h Cd%" in solution

34 £ 7 umoles

Figure S-17 Monitoring of Cd?* abundance in solution and the incorporation /release of the
cadmium (1) cation to/from titanium phosphate nanoparticles.

TPNP + Hg(CH;COO), _S0C.2dh TPNP-Hg-2 + Hg?* in solution

40 mg 170 pmoles 53 £2 pmoles

r.t.,60s

Y

TPNP-Hg-2 + HC1 0.1 M TPNP-Hg-2-H + Hg?" in solution

80 £ 7 umoles

TPNP-Hg-2-H + HCI10.1 M rt,24h Hg>" in solution

Y

27 £ 5 umoles

Figure S-18 Monitoring of Hg?* abundance in solution and the incorporation/release of the mercury
(1) cation to/from titanium phosphate nanoparticles.

Table S-1. Cross-polarization time constants.

Phosphate group Siso, PPM T, (*H) 23, ms Tup?, Ms
(POL)* -27.9 i 0.83 (0.06)
(HPO,)* -20.6 9.6 (0.4) 0.83 (0.03)
(H,PO% -13.8 6.2 (0.2) 0.78 (0.03)
(NaH2PO,) -6.0 5.2 (0.4) 0.71 (0.06)

Standard deviation shown in parenthesis.



