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Abstract

Nanocrystals (NCs) surface characterization is a fundamental step for understanding the physical and
chemical phenomena involved at the nanoscale. Surface energy and chemistry depend on particle size and
composition, and, in turn, determine the interaction of NCs with the surrounding environment, their
properties and stability, and the feasibility of nanocomposites. This work aims at extracting more
information on the surface of different titanium dioxide polymorphs using 1H-TD-NMR of water. Taking
advantage of the interaction between water molecules and titanium dioxide NCs, it is possible to correlate
the proton transverse relaxation times (T2) as the function of the concentration and the specific surface
area (6p-:Cm) and use it as an indicator of the crystal phase. Examples of three different crystals phase,
rutile, anatase, and brookite, have been finely characterized and their behavior in water solution have been
studied with TD-NMR. The results show a linear correlation between relaxivity (R2) and their concentration
Cm. The resulting slopes, after normalization for the specific surface, represent the surface/water
interaction and range from 1.28 g m—2 s—1 of 50 nm rutile nanocrystals to 0.52 for similar sized brookite.
Even higher slopes (1.85) characterize smaller rutile NCs, in qualitative accordance with the trends of
surface energy. Thanks to proton relaxation phenomena that occur at the NCs surface, it is possible to
differentiate the crystal phase and the specific surface area of titanium dioxide polymorphs in water

solution.



Introduction

Nanocrystals often display interesting properties, different from those of bulk materials of similar
composition. In ferromagnetic NCs smaller than the bulk magnetic domain size, the phenomenon of
superparamagnetism appears, (1) which can be exploited for biomedical applications such as the
improvement of magnetic resonance imaging (2,3) or hyperthermal treatment of cancer cells. (4) Size
reduction can also bring significant quantomechanical properties such as the quantized conductivity of
nanowires or the enhanced luminescence of Si quantum dots. (5) Bioactivity is also influenced by crystal
size and shape, (6) both at cellular and systemic level; for example, silver NCs are effective bactericides, (7)
whereas renal clearance of non-biodegradable particles is limited to few nanometer CdSe/ZnS quantum

dots. (8)

At the nanoscale, the surface-to-volume ratio of the materials becomes preponderant and the surface
effects play a major role in determining the properties of the NC. (9) In many cases, a proper surface
modification of NCs is strongly required to avoid segregation (10) and thus produce viable nancomposites.
Surface decoration is the main strategy to ensure optimal mixing of graphene, (11) silica, (12) or clays (13)
within the polymer matrices, producing materials with optimized properties. Interaction with cells,
including internalization and cytotoxicity, is also influenced by surface functionality even more than size.

(14)

TiO2 in the form of NCs is routinely used in dye-sensitized solar cells (15) or dispersed in a solid polymer
matrix, endowing it with enhanced mechanical, (16) optical, (17) or electrical (18) properties. Different
properties are associated with different phases of titanium dioxide; for example, rutile is distinguished for
its higher permittivity constant compared to anatase, (19) and thus significant efforts were made to
synthesize phase pure TiO2 NCs. (20) Toxicity can also depend on the polymorph, (21) a relevant issue

considering the amount used in food. (22)

In this work, we explore the application of time domain NMR (TD-NMR) to characterize the surface of TiO2
nanoparticles, adding a new point of view to the wide diversity of methods commonly employed in the field

of NCs characterization.

To date, dynamic light scattering (DLS) is the most used technique for measuring the size distribution of NCs
in the solution, (23) often coupled with the Z-potential surface charge measurement. Scanning and
transmission electron microscopies (SEM, TEM) and X-ray diffraction (XRD) are widely used for determining
the morphology (size and shape) and the crystal structure of the NCs. The Brunauer—-Emmett—Teller (BET)
analysis allows quantification of the specific NCs’ surface area, whereas Fourier transform infrared (FTIR)
spectroscopy, (24) high field nuclear magnetic resonance (NMR), (25) X-ray photoelectron spectroscopy,

and elemental analysis can be used for characterizing the nature and the binding modes of surface ligands.



Time domain (TD) NMR, a technique based on the same principles as modern (pulsed) NMR, involves direct
study of the free induction decay signal without the Fourier transform. Interestingly, using TD-NMR, it is
possible to measure the effect on the proton transverse relaxation times, 1H T2, of water exerted by the

dispersed NCs as a function of the total accessible surface.

In this work, we demonstrate for the first time that 1H-TD-NMR is able to differentiate the surface of TiO2
NCs of the three different polymorphic crystal structures: anatase, brookite, and rutile. We selected TiO2 as
the subject of our study, as it can be synthesized at the nanoscale with a high control over the size, shape,
and crystal structure. Rutile, anatase, and brookite TiO2 NCs were either synthesized or acquired and fully

characterized via DLS, XRD, TEM, and BET analyses.
1H T2 Relaxation of Nanocrystal Dispersions

Relaxation of nuclear spin magnetization of solvents in the presence of paramagnetic iron or manganese
NCs has been studied in depth due to important applications as contrast agent for magnetic resonance
imaging. (2) More recently, other paramagnetic nuclei have also been exploited to reduce spin lattice
relaxation times, as in the case of gadolinium(lll) diethylenetriaminepentacetate used to lessen the
experimental time required to acquire 13C CPMAS spectra of bone samples (26) or copper-chelated lipid to

significantly enhance the sensitivity of an NMR experiment on lipid bilayers. (27)

Where the disperse phase contains protons, as in the case of emulsions, mobility contrast is often present
and methods based on pulsed field gradient are applicable to decouple local motions from the translational
motion of the particles, thus determining their size. (28) Time domain NMR can also be applied to directly

determine the internal dynamic state of the disperse phase. (29)

Even in the absence of a strong and long-range relaxing effect due to the local magnetic field gradient
generated by paramagnetic domains, short-range interaction with the NCs leads to relaxation. Namely, the
solvent molecules interacting with the NCs surface have a restricted mobility compared to the
noninteracting ones, and dipolar interactions with surface groups or other adsorbed particles can bring a

rapid decrease in the transverse magnetization.

In the framework of the relaxation theory (30,31) based on the seminal work of Redfield, (32)
comprehensive models describing the relaxation of interacting and noninteracting solvents have been
proposed in the literature, and also used to estimate the size of diamagnetic inorganic particles such as
silica and the interaction between NCs and polymers, including qualitative and quantitative measurements
of absorption of polymers on the surface. (33,34) This concept has growing applications in the
characterization of cements (35) and carbon fillers (36) and has recently been refined to include the study

of particle shape (37) or the coverage. (38)



Even though the mechanisms that induce NMR relaxation are still debated, (39) with possibly
complementary effects due to dipolar interaction and motional constraint, most interpretative models
describe solvent as a two-phase system composed of a population of molecules bound to the particle

surface and a population of bulk solvent, as depicted in Figure 1.
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Figure 1. Representation of the interaction between water molecule and a generic nanocrystal. The arrows
indicate the dynamic exchange between the bound phase and the free solvent. Free water molecules are

shown blurred to indicate their high mobility.

For analytical treatment of the resulting NMR relaxation, we define Pb and Pf as the probabilities to find a
proton in the interacting (bound) and noninteracting (free) phase at a given time, vb and vf as the rates at
which a solvent molecule leaves the two phases, and Rb and Rf as the NMR relaxation rates of the two
phases, respectively. At equilibrium, vb = vf and the relaxation curve can be analytically determined
according to the fast-exchange (vb > Rb and vf > Rf) or slow-exchange model (vb << Rb and vf « Rf). In
the first case, a single exponential decay is observed, and the relaxation rate R is given by the average of

the relaxation rates, weighed by the probability of occupying each phase
R = PbRb + (1 _Pb)Rf
(1)

However, in the slow-exchange regime, the predicted relaxation curve is bimodal and constituted by the

summation of separate contributions from the free and bound protons
1(t) = Iy(Pye™Ret + Pre~Rrh).

(2)



This simple expression, where 10 and I(t) represent the intensity at t = 0 and at time t, respectively, is
substituted by a multimodal curve or even a continuous distribution in case different populations of

particles or environments are present, as in nanoporous silica or natural rocks. (40)

Relaxation curves acquired for water dispersions containing TiO2 NCs in this work are well fitted by a single
exponential, so the equations will be expressed within the framework of the fast-exchange regime. Because
the probability Pb is the ratio between the number of solvent molecules interacting with the surface and
the total number of solvent molecules, it can be defined by

mg

P, = CMJPN—OM

(3)

where CM is the NC mass fraction, op is their specific surface, ms is the solvent molar mass, NO is the
Avogadro’s constant, and p is the number of solvent molecules bound to the surface per unit surface. For
water dispersions, T2 is in the range of seconds and thus the relaxation rate of the free solvent is
significantly smaller than that of the bound solvent, and a linear relation between the nanocrystal

concentration and the NMR measurable relaxation rate can be easily obtained
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(4)

Some previous works (38,41) postulate that each particle binds a layer with a thickness L independent of
the particle size, and that the only relevant variable is Rb. We propose an even weaker assumption: the
amount of particles per surface unit and the relaxation rate of the same cannot be disentangled. Thus,
product pRb defines the surface—solvent interaction as a whole. The most straightforward application is
that after a calibration of this parameter for a given system, we can obtain an unknown specific surface
area from a known concentration of NCs and vice versa. This basic application can be helpful in evaluating
the amount of NCs after a centrifugation or dialysis step. More interestingly, if the specific surface o can be
determined independently from another technique, uRb provides a measure of the solvent—surface
interaction, a predictive factor of its catalytic biological activity. For example, it was shown that silica,
alumina, and polystyrene particles possess different specific R2 after surface normalization. (41,42)
Unsurprisingly, hydrophobic polystyrene surfaces have an almost negligible interaction with water, as

compared with silica.



Experimental Section

Reagents

Titanium(IV) butoxide (TB, 97%), titanium(IV) chloride (TiCl4, >99%), oleic acid (OLAC, 90%), oleyl amine
(OLAM, 70%), 1-octadecene (ODE, 90%), ammonium hydroxide solution (NH4OH, 28%), absolute ethanol
(299.8%), hexane (295%), dimethylformamide (DMF, 299.9%), and water and toluene (299.9%) were
purchased from Sigma-Aldrich. Nitrosoniumtetrafluoroborate (NOBF4, 98%) was purchased from Alfa
Aesar. Rutile NCs were purchased and used as received or hydroxylated as described below. Two different
samples with different sizes and specific surface area were acquired: Rut50 was purchased from Sigma-
Aldrich (<100 nm diameter, nominal surface area 50 m2 g—1) and Rut20 was purchased by NanoAmor (<50

nm diameter, nominal surface area 160 m2 g-1).

Synthetic Methods

Synthesis of Anatase TiO2 NCs

The synthesis of Ti0O2 NCs is accomplished using a solvothermal method. (43) Typically, TB (10 mmol) is
added to a mixture of 60 mmol OLAC, 40 mmol OLAM, and 11.7 mL absolute ethanol.

The mixture is poured in a 40 mL Teflon beaker and stirred for 15 min before being transferred into a 400
mL Teflon-lined stainless steel autoclave containing 40 mL of a solution of ethanol and water (96% ethanol).
The system is then heated to 180 °C for 18 h. The crude product is then centrifuged to precipitate a white
powder constituted by titania NCs covered by oleic acid whose polar terminal group is bound to the
surface. The aliphatic portion of oleic acid allows easy dispersal in hexane, an apolar solvent. The particles

are precipitated several times in ethanol to remove excess ligands and eventually dispersed in hexane.

Synthesis of Brookite TiO2 NCs

TiO2 brookite NCs were synthesized following the procedure reported by Buonsanti et al. (44) In a typical
synthesis, a solution of ODE (0.24 mol, 60.6 g), OLAM (0.26 mol, 69.6 g), and OLAC (0.02 mol, 5.65 g) is
loaded into a three-neck flask and degassed at 120 °C for 90 min, after which the mixture is cooled down to
50 °Cin N2 ambient. TiCl4 (0.02 mol, 3.8 g) is slowly added to the solution and the flask is heated up to 290
°C. The reaction is halted after 30 min and cooled down using an ice bath. The solution is dispersed in

hexane and then precipitated several times in 2-propanol and then kept in hexane.

Ligand-Stripping Procedure

A dispersion of TiO2 particles in hexane is added to a solution of NOBF4 and DMF. The resulting biphasic

mixture is stirred to maximize the interface where the ligand exchange takes place. As the ligand is



substituted by BF4—, the surface polarity changes and NCs are transferred from the nonpolar (hexane) to
the (DMF) phase, typically within 60 min. (45,46) The surface-modified NCs are then purified by
precipitation with the addition of toluene, which is miscible with DMF, and then the precipitated NCs are
dispersed in water. To increase the hydroxyl groups on the NCs surface and have a ligand-free surface, the
as-prepared particles are treated with a solution of ammonium hydroxide and stirred for 24 h at 70 °C. (44)
After that process, the particles are purified by centrifugation with water till the solution reaches pH 7-9.

This process was applied to all TiO2 samples to avoid different behaviors related to the sample preparation.
Characterization Techniques
Dynamic Light Scattering (DLS)

The hydrodynamic diameter and size distributions of the particles were determined by DLS in deionized
water (0.1 mg mL-1). The measures were recorded at 25 °C on a Malvern Zetasizer equipped with a
continuous wave 1 mW He—Ne laser operating at 632.8 nm and an avalanche photodiode detector, Q.E. >
50% at 633 nm, placed at 173° with respect to the incident beam. Reported data are the average of at least

three different measurements of the size distribution as the function of the intensity.
{-Potential

(-Potential was measured at 25 °C in deionized water, with a sample concentration of 0.1 mg mL-1 and

using a Malvern Zetasizer instrument.
BET

Nitrogen adsorption—desorption isotherms were measured at liquid nitrogen temperature using an ASAP
2010 analyzer (Micrometrics). The samples were outgassed for 12 h at 473 K. The surface area was

calculated using the Brunauer—Emmet-Teller (BET) model. (47)
XRD

For X-ray characterization, a D8 Advance powder diffractometer (Bruker) was used with Cu Kal radiation (A
= 1.5418 A) and secondary-beam monochromator. The powder is added on a quartz sample holder and

measured.
Micro-Raman

Micro-Raman measurements were carried out at room temperature by a confocal LABRAM (JobinYvon)
spectrometer operating in backscattering configuration. The measurements were performed on the
samples in a dry powder form. A helium—neon laser (wavelength 632.8 nm, nominal power 17 mW) was

used as the exciting source with the spectral resolution of about 2 cm—1. The scattered light was detected



by a CCD (Sincerity, JobinYvon). A microscope (Olympus BX40) was used to focus the excitation on the
samples and to collect the scattered radiation with a 20x objective with a numerical aperture of 0.40. The

spectra are presented after the baseline subtraction of broad luminescence signals.

Attenuated Total Reflection (ATR)-FTIR

Fourier transform infrared characterization was performed using a PerkinElmer Spectrum 100 instrument
scanning from 650 to 4000 cm—-1 with a resolution of 4 cm—1 for 64 scans. The sample, in the form of
powder, is added on the sample holder and directly analyzed over the Si crystal with the Universal ATR

(UATR).

TEM

Bright field TEM (BF-TEM) imaging was performed on a JEOL JEM-1011 microscope equipped with a
thermionic gun operating at 100 kV accelerating voltage. For these analyses, the samples were prepared by

dropping dilute suspensions of NCs onto carbon-coated 200 mesh copper grids.

TD-NMR

All TD-NMR relaxation experiments were performed at 303 K using a 0.5 T (19.9 MHz proton Larmor
frequency) Bruker Minispec mgq20 NMR spectrometer equipped with a BVT3000 temperature control
system working with nitrogen gas. The temperature was calibrated using an external thermometer with an
accuracy of 1 K. The precision is 0.1 K and the temperature is stable within that range during the
measurements. All the nanoparticles were studied at different concentrations by preparing a stock
dispersion at high concentration and then performing separate dilutions. For each concentration, we
inserted 0.15 mL of water dispersion in a 10 mm NMR tube and sonicated it before taking measurements.
For the measurement of the transverse relaxation curve of water protons, the Carr—Purcell-Meiboom—Gill
(CPMG) pulse sequence was used, acquiring 3000 points with a spacing of 4 ms between successive echoes

with a full phase cycle and averaging with at least 16 scans.

Energy-Dispersive X-ray Fluorescence (EDXRF) Analysis

Trace element analysis was performed on the dry powder by energy-dispersive X-ray fluorescence (EDXRF)
using a Bruker Artax 200 spectrometer. The system was equipped with an X-ray tube (Mo anode) with a
beam collimated down to 0.65 mm in diameter and using a 12.5 um thick Mo transmission filter. The
working conditions were 50 kV and 0.7 mA, with an acquisition time of 2700 s for each measurement.
Bruker Spectra 5.1 software was used to perform peak deconvolution and error calculation. Relative atom

concentrations were obtained using a NIST 610 as the standard reference material. (48) No evidence arises



of possible minor contaminations by other impurities, giving an upper limit of concentration of less than 20

ppm.

Results and Discussion

Because the size and shape potentially affect the nanocrystal surface energy and interaction with the
surrounding environment, NCs endowed with different shapes and dimension have been synthetized for
testing. Commercial TiO2 rutile samples, purchased from two different suppliers, anatase and brookite TiO2
NCs, synthesized by colloidal and solvothermal approaches, were fully characterized by means of TEM, DLS,
XRD, Z-potential, and BET after being stripped by their capping agents. The resulting characteristics are
listed in Table 1.

Table 1. Crystal Dimensions Derived from XRD for Anal0O Calculated at (101) Peak, Bro40 at (120), and
Rut20 and Rut50 at (110) Reported with Their Standard Deviation, TEM Reported with Their Standard

Deviation, and DLS Measurements in Water Reported with Their Polydispersity Index (PDI)?

sample| XRD (nm) (larger di:\Ee“r,iIsion first) DLS (nm)  PDI sBuEt.'I;asf:(:rf:; (m2g-1) s::gtc::eac:'ea (m2g-1) (Zr':\‘/’)te"t'al
Anal0 | 59+04 | 76%1.1 16 0.191 174+7 197.4 £ 28.6 -27.8+6.5
Rut20 | 4.6+0.2 | 21.9+3.3| 4.0+0.5 115 0.141| 164+7 141.1+38.9 -31.0+4.8
Brod0 | 5.6+0.4 | 423+7.5| 3506 110 0.22 | 174+7 154.2 £53.8 -29.3+5.2
Rut50 13.3+0.2| 65.1+7.8| 30.0+2.8| 150 0.285| 26+7 20.4+6.2 -17.7+7.9

®BET specific surface areas as well as an estimate of surface area based on TEM size presented in the
Supporting Information are reported with their standard deviation. {-Potential measured on water

dispersions are reported with their standard deviation.

A direct investigation of stripped crystals size distribution and morphology is provided by TEM microscopy:

representative images of the assemblies detected by sampling dispersions are presented in Figure 2.




Figure 2. From top to bottom: TEM images of (A) Anal0, (B) Bro40, (C) Rut20, and (D) Rut50. All images
were performed starting from highly dilute dispersions, indicating the extent of aggregation in the wet

systems.

The TEM micrographs show that both the commercial rutile (Figure 2C,D) and brookite (Figure 2B) NCs have
a rodlike morphology, whereas anatase (Figure 2A) has a quasi-spherical structure. It is possible to define
the height and width of the crystals and with this information, using simple geometrical models, calculate
the specific surface area for all samples. To get a complete picture of the NCs surface, the calculated
specific surface areas are compared with the values obtained performing N2 adsorption (Table 1, BET),
showing good agreement. All the NCs synthesized with OLAC as the capping agent were stripped in a
ligand-exchange process and substituted with BF4— counterions, followed by a hydroxylation reaction with
NH40H. By removing OA, the surface becomes hydrophilic, thus enabling the transfer of NCs to water
without affecting their size and shape, a fundamental aspect of our research. The DLS of the NCs in the
three different stripping stages and the TEM pictures of the as-synthesized NCs and the stripped ones show
that the size and shape are not affected by the ligand-exchange process (Figure S1). The effective
replacement of organic ligands by inorganic BF4— anions is established by thermogravimetric analysis (TGA)
and FTIR. In the IR spectra of the capped particle, Figure 3, the peaks associated with the aliphatic chain
(3000-2750 cm-1) and the peaks of the antisymmetric and symmetric stretching of the carboxylate group
(1520 and 1410 cm-1) are evident. The difference between the latter (~110 cm-1) is indicative of a
chelating bidentate attachment of oleic acid on the surface. (24) In the stripped NCs spectra, the peaks
related to the oleic acid aliphatic chain disappear, whereas the DMF peak appears (1640 cm—1) due to the

fact that DMF acts as a NCs stabilizer and is weakly bonded to the titania surface. (4,52)

Ana10_capped

T (%)

Ana10_stripped

4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

Figure 3. FTIR of capped (top, red) and stripped (bottom, black) anatase NCs. The lack of all adsorptions

associated with the oleic acid molecules in the bottom spectrum indicates full stripping of the NP.



The TGA of the stripped NCs (Figure S2 in the Supporting Information) shows that between 150 and 600 °C,
there is no more than 1% of organic material, indicating a fundamentally bare surface except for some
absorbed residues that IR identifies as DMF. (45) Then, the crystallographic nature of the considered NCs
has been verified by XRD as reported in Figure 4. All the reflections of the rutile commercial samples

correspond to the ones of the bulk structure.
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Figure 4. XRD diffractrograms: (A) rutile, from top to down Rut50. Rut20 and rutile microcrystaline
standard; (B) brookite, from top to down Bro40 and brookite microcrystalline standard; (C) anatase, from

top to down Anal0 and anatase microcrystalline standard.

Diffractograms of NCs are also influenced by the crystal size, which causes a broadening in the diffraction
lines: the broadening is inversely proportional to the crystal size. By analyzing the XRD data, indeed, it is

possible to estimate the crystal dimensions using the Sherrer’s formula

D= KA
" B cos@

(5)

where K is the shape factor, A is the X-ray wavelength, B is the line broadening at half the maximum
intensity, and 8 represents the Bragg angle of the considered peak. Equation 5 was used to calculate the
NCs’ dimensions as reported in Table 1. The broadening due to the size effect is clear in the case of the
Rut50 compared to the Rut20, the XRD pattern of the smaller rutile NCs appears broader than the larger
one (Figure 4A). The XRD pattern of Anal0 corresponds to the standard one confirming the purity of the
crystal phase (Figure 4B). The shape of the synthesized quasi-spherical anatase is confirmed by the XRD
sizes analysis of the nanocrystal. A full calculation of the crystallite size along the different crystallographic

directions has been done (Figure S3), showing homogeneous sizes along the different directions.



The brookite TiO2 crystal phase is instead characterized by a more complex XRD pattern. Here, the
presence of significant broadening reduces the discriminating power of XRD: the main (101) diffraction
peak of anatase at 20 = 25.3° cannot be distinguished from the (120) and (111) peaks of brookite at 26 =
25.3 and 25.7°, respectively. The only reliable indicator of the presence of brookite in the XRD patterns is
the (121) peak at 26 = 30.8".

To fully confirm the composition of the brookite sample, as suggested by Buonsanti et al., (44) a Raman
analysis was also performed. According with its greater crystal symmetry, the anatase vibrational spectrum
is simpler if compared to the brookite spectrum. The overall spectral profile of brookite reported in
literature is characterized by a very strong band at 158 cm—1 and a grouping of weaker bands at higher
wavenumber. The most important distinction is around 400 cm—1. In this region, the brookite displays a

peak at 421 cm-1, distinguishable from the anatase peak at 401 cm-1.

The spectra, presented in Figure 5, fully agree with literature examples. The insets in the figure shows that
peaks at 399 and 419 cm-1 are present in the anatase and brookite, respectively, thus confirming the

morphology of the samples.

Anat0

300 400 500 600 700 800 Bro40

160 260 360 4‘30 560 660 TGU E‘;ﬂ BEI)D TUIUU
Wavenumber (cm')

Figure 5. Raman spectra of TiO2 NCs. The rutile form is clearly distinguishable. The detected peaks at short

wavenumber present in brookite and absent in anatase indicate the purity of the two samples.

To understand the behavior of the as-prepared NCs in a solution, an evaluation of the NCs’ size in water
dispersion is performed by DLS. The detected distributions of the hydrodynamic diameters are presented in
Figure S4 (Sl) for all the samples: they all indicate a rather low polydispersity index (PDI). The average
hydrodynamic diameter values are reported in Table 1 and span from 16 to 140 nm, much larger than what

is calculated from XRD probably due to the presence of aggregates.



The spherical approximations used in DLS tend to assign an apparent diameter close to the length of the
longest axis of the elongated nanoparticles. Because differences between the DLS size and the expected
single particles values are in excess of an order of magnitude, this factor alone is insufficient to justify the
differences. A possible contribution to DLS hydrodynamic radius is particle aggregation: aggregates diffuse
coherently and are revealed by the scattered light as single larger particles. This is a frequent phenomenon
in case of small particles with a high surface energy, thus we checked its possible relevance by measuring

the C-potential of all the NCs.

All the smaller particles, also reported in Table 1, provide results around -30 mV, indicating a stable

colloidal dispersion; instead, the larger Rut50 particles display a smaller value of -17.7 mV.

Such -potential values indicate a good stability of the NCs in water and thus suggest that the bonding
between NCs within an aggregation is rather loose. The specific surface area calculated by BET, Table 1, on
the basis of N2 adsorption on the centrifuged and dried NCs, is compatible with the theoretical specific
surface area based on the TEM sizes. In other words, our assumption is that the entire NC surface is

accessible by water when in dispersion.

The study of the surface properties through 1H-TD-NMR T2 relaxation has been performed using water as
solvent. Because TiO2 NCs are known to be diamagnetic and thus do not cause NMR relaxation at long
range, the theory for the NMR relaxation of protons of water molecules interacting with particle surfaces,
described above, should hold as long as the solvent molecules bound to NCs surface are in fast exchange

with the free ones.

To exclude the presence of metal traces that could be associated with the paramagnetic centers in the
surface, EDXRF analysis was carried on each sample. As reported in Table 2, the metal content has broad
variations between the different NCs, but is generally below 0.1% weight. Because there is no TEM
evidence of an internal structuration of the NCs, it is expected that these amounts are dispersed within the

sample and do not give rise to paramagnetic effects.

As described in the Experimental Section, TD-NMR data were acquired with the CPMG sequence, which
acquires a signal intensity I(t) as a function of echo time. (3) All the curves, regardless of the particle type
and concentration, could be well fitted with single exponential function I(t) = I(0) e—(t/T2), easily extracting
the T2 relaxation time (Figure 6). This validates the fast-exchange model assumption and demonstrates the
high accessibility of the surface. The presence of dense aggregates of NCs would generate a second

population of water molecules with a different relaxation. No such population was detected.
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Figure 6. Left, example of monomodal fitting of the selected dispersions of Rut20 at different
concentrations. Fitting lines are practically superimposed with the experimental data. On the right, the T2

values extracted from the CPMG experiments are plotted against the NP concentration.

For each NCs, R2 values equal to 1/T2 were obtained at several dilutions and plotted against the product of
concentration and specific surface (opCM). Figure 7 shows the evolution of R2 for water-dispersed rutile
NCs, including the as-acquired commercial samples and their hydroxylated counterparts. All the samples
were stable in water up to 6% w/w, allowing immediate measurement of R2 over an ample range of
concentrations. All the data are fitted by linear functions with good correlation (r2 ~ 0.99), with slopes
reported in Table 3. This indicates the particles are well dispersed, without tight aggregation phenomenon,
which would modify the available surface as a function of the concentration, thus resulting in a nonlinear

R2 function. Following eq 4, the slope is a measure of the interaction of water with the surface.
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Figure 7. R2 of particles with and without the hydroxylation treatment, indicated with the suffix _H. R2 is
expressed as function of available surface per gram of solution: Rut50_H, red square (red box solid); Rut50,
blue circle (blue circle solid); Rut20_H, green diamond (green diamond solid); and Rut20, pink triangle (pink

triangle up solid). Inset graph shows a much more detailed picture of the region at low opCM.



Table 2. Metal Trace Concentrations (ppm in Weight) Resulting from EDXRF Analysis

sample Rut 20_H Rut 50_H Analo Bro40
Ca 126 £+ 24 33+15 233+30 590 + 57
Fe 82+13 6+2 8+3 24 +5
Zn 204 £ 92 389+ 89 873 +141 222 + 85
Hf 81+59 582 + 107 <20 (BdL) 142 + 60

Table 3. Slopes of R2 as a Function of Normalized Surface for All Nanocrystals

sample slope slope hydroxylated
Analo 0.51+0.01

Rut20 1.74 £ 0.08 1.85 +0.02

Bro40 0.54+0.01

Rut50 0.42+0.03 0.88+0.05

It is immediately apparent that slopes for smaller Rut20 particles are much steeper than those for Rut50,
even after normalization against the specific surface measured by BET. This normalization removes the
obvious R2 increase at a fixed weight concentration due to the increased surface-to-volume ratio of smaller

nanoparticles. The slope after this correction is instead representative of the surface interaction.

Surface hydroxylation is expected to equalize the surface chemistry, and, in fact, it brings the samples
closer in terms of relaxation behavior: as reported in Table 3, the slope of sample Rut20 is only marginally
affected, whereas the effect of Rut50 on water relaxation is enhanced by about a factor 2. Even after this
modification, the Rut20 sample composed by smaller particles still has a much higher specific R2, a first

indication of the detailed insight that can be provided by the study of the water—particle interaction.

The hydroxylated rutile samples are replotted in Figure 8 together with anatase and brookite, whose

surfaces are already hydroxylated due to our ligand-stripping process.
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Figure 8. Comparison between R2 of rutile phase represented by Rut50_H, red square (red box solid);
Rut20_H, green diamond (dark green tilted square solid); anatase Anal0 acid, green triangle (gray triangle
right-pointing solid); and brookite Bro40, purple star (blue star solid). Inset graph shows a much detailed

picture of the region at low opCM.

Also, here, for all kinds of NCs, the R2 data fit with the linear model proposed. The most striking feature of
this plot is that anatase and brookite display a very similar slope, much lower than even the larger rutile
particles. Particularly, Rut50 has a slope of 0.88 + 0.05 g m™2 s! and is remarkably different from both
anatase and brookite. Anatase and brookite, instead, present similar behavior: their slopes are 0.51 + 0.01
and 0.54 + 0.01 g m™2 s7%, respectively. All three polymorphs of TiO2 are therefore different from each other
in terms of surface—water interaction, even though anatase and brookite are very close, making 1H-TD-
NMR an informative tool for titania NCs characterization. In the framework of the equations presented
above, the different particles are then distinguished by the factor uRb. The fact that the surface is clean
from residual oleic acid allows us to relate the NMR relaxation behavior only to the NCs surface interaction

with water.

As mentioned in the discussion, it is difficult to single out whether the higher R2 is due to higher relaxivity
of the bound phase or by the greater number of binding sites per surface unit, especially considering that
this investigation is based on exchange phenomena that average the interaction with the entire particle, a
complementary approach to recent solid-state NMR investigations that focus on single facets. (49) Still, a
correlation can be traced with the recently described interplay between surface energy, relative stability of
the various polymorphs, and affinity with bound water. (50,51) Navrotsky et al. present surface energy as a
function of particle size for all three polymorphs. It turns out that the functions for surface energies in the
range of specific surface of our particles are in the same order as the uRb measured by us: brookite is
slightly more energetic than anatase and rutile more than both. Even more interestingly, rutile has a very
steep surface energy dependence on the surface area, in agreement with the increased interaction upon

decrease in the rutile particle size (Rut50 to Rut20), even after normalization for specific surface and after



chemical equalization of the surface hydroxylation. These findings are yet qualitative, but they provide a
basis for immediate applications in the characterization of the fine differences between particles of
commercial origin or those produced from different methods, and further investigation of the mechanisms

of water—surface interaction in the various polymorphs of titania is required.
Conclusions

Time domain NMR has been performed on water dispersions of NCs representing the three titanium
dioxide crystal phases to quantitatively understand the interaction that occurs between their surfaces and
water molecules. From the preliminary information given by XRD, Raman, and EDXRF analysis, the crystal
phase and purity of each sample were verified. By combining the DLS, {-potential, TEM images, and BET
data, we defined the size and shape of all the particles and verified the state of loose aggregation that they
maintain in water. Thus, we could assume an equivalence between the amount of wet surface, the one
actually interacting with water in dispersion, and the surface probed by nitrogen adsorption. Finally, we
verified the full stripping and hydroxylation of titania surfaces and described the water 1H T2 relaxation
times only in terms of interaction between water and different nanocrystal phases. By normalizing against
the BET surface, we found a general agreement between the NMR specific R2 and the surface energy as
presented for example by Ranade (52) because the values of brookite and anatase are very similar to each
other and much smaller than those of rutile with similar specific surface. The R2 of rutile was also shown to
increase with reduction in particle size, again in parallel with the evolution of surface energy as a function
of rutile particle size. Finally, the NMR technique is also sensitive to surface treatment such as
hydroxylation. Thus, along with other established and increasingly widespread methods for the shape and
functionality determination by solvent relaxation, we have shown that with TD-NMR technique, it is
possible to use water as a probe to identify different phases of the same oxide and crystals with different

specific surface area and to obtain detailed information on the surface treatment.
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