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47,49Ti solid-state NMR spectra are reported from TiO2 nanoparticles. Particles heated below
700 °C are predominantly anatase. The corresponding 47,49Ti NMR spectra can be simulated
by using the NMR interaction parameters determined from bulk polycrystalline TiO2 with
an additional Lorentzian smoothing, which increases as the particle size, as determined by
X-ray diffraction, decreases. Above 700 °C conversion to rutile increases with increasing
calcination temperature. XRD and solid-state NMR provide complementary quantification
of the phase distribution with very good agreement between the techniques when there are
comparable quantities of rutile and anatase present. At low anatase content NMR is more
sensitive to the phase distribution.

Introduction

The well-known technological importance of titania-
based materials has resulted in applications such as
pigments,1 gas and humidity sensors2,3 catalysts,4 pho-
tocatalysts,5 and photovoltaics.6 The optical, electrical,
and catalytic properties of these materials strongly
depend not only on the crystalline phase present but
also on the morphology and size of the particles.7-9

Most solid-state NMR studies of TiO2-related materi-
als have applied 17O including investigation of the
structure of crystalline titania,10 TiO2 gels,11,12 and TiO2
nanoparticles.13 17O NMR readily distinguishes the
three crystalline TiO2 polymorphs, anatase, rutile, and
brookite, from their distinct isotropic chemical shifts.
To allow good signal-to-noise spectra to be readily
acquired, 17O enrichment is necessary because of the
very low natural abundance of this nucleus (0.037%).

This is straightforward and relatively inexpensive for
some sol-gel routes11,12 but would be quite expensive
for the aqueous synthesis route used in this investiga-
tion. Here, monodisperse TiO2 nanoparticles are ob-
tained by precipitation from TiCl4 in an aqueous solu-
tion of HCl, the size of the particles being adjusted over
the nanometer scale (5-10 nm) by controlling the
acidity of the precipitation medium.14

An alternative NMR approach is to examine 47,49Ti,
which has been shown to give useful information about
Ti-based oxides and metals15,16 despite the intrinsic
difficulty of observing these nuclei. To date, few solid-
state Ti NMR studies have been published (see ref 17
for a recent review) because of the properties of the two
magnetically active isotopes, 47Ti (I ) 5/2) and 49Ti (I )
7/2). The isotopes both have a low natural abundance
(7.28% for 47Ti, 5.51% for 49Ti) and small gyromagnetic
ratios (γ). These factors combine to produce relatively
low intrinsic detection sensitivity. However, the main
experimental difficulty is that both isotopes have mod-
erately large quadrupole moments (Q) in the ratio
49Q/47Q ) 0.8275. Usually, the second-order quadrupolar
broadened central (1/2, -1/2) transition is observed with
relative broadening ∆ν47/∆ν49 ∼ 3.437.18 For comparison
with 27Al the relative broadening of 49Ti is at least 5.74
greater for sites with the same structural distortion,
largely through the effect of the low γ. Titanium NMR
has the additional difficulty that the isotopes have
almost identical γ’s, so that even at 14.1 T the resonance
frequencies differ by only ∼9 kHz. Given the typical
widths of the resonances observed, most spectra will
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consist of completely overlapped resonances from the
two isotopes.

Despite these problems titanium NMR spectra have
been reported from all three polymorphs of titania15,19-21

with the quadrupole coupling constant CQ varying by a
factor of ≈3 and the isotropic chemical shifts covering
a range of ≈200 ppm (see Table 1 of ref 12). A TiO2 gel
annealed at different temperatures has recently been
studied by 47,49Ti NMR.22 Despite significant overlap of
the resonances, there were sufficient spectral features
to unambiguously identify anatase and rutile. This en-
courages the view that titanium solid-state NMR could
have great potential for characterizing such systems.

This paper examines the influence of the size and
crystallinity of TiO2 nanoparticles on the shape of the
corresponding 47,49Ti NMR spectra. The spectra are then
simulated to quantify the distribution of anatase and
rutile phases in these nanoparticles and the changes
that occur upon annealing at high temperatures. A
careful comparison is made between the phase distribu-
tion in these particles as determined by 47,49Ti NMR and
X-ray diffraction (XRD).

Experimental Section

Nanoparticle Synthesis. Five milliliters of pure TiCl4

(Fluka, 98%) was first diluted in a 3 M solution of hydrochloric
acid and the resulting solution ([Ti4+] ) 0.7 M) was diluted in
30 mL of distilled water. The pH of the medium was then
adjusted to be 2 by the addition of 3 M sodium hydroxide and
maintained at this value for 30 min. A white precipitate
appeared instantaneously and the solid phase was collected
by centrifugation after a week of aging at 60 °C without
stirring. The precipitate was washed twice with a solution of
the same pH as used for the synthesis and was then dried at
room temperature under a nitrogen flow. The sample was then
annealed under an ambient atmosphere for ≈1 h, in successive
steps to 850 °C.

Particle Size Characterization. XRD patterns of all
samples were collected on a Phillips PW1050 powder diffrac-
tometer using Cu KR radiation (λ ) 1.544 Å). A range of 2θ )
10°-70° was scanned at a rate of 1.5° min-1. Assuming that
the line broadening is essentially due to the particle size (S),
an estimate for S was made from the Debye-Scherrer equa-
tion,23 that is, S ) (0.9 × λ)/(â × cos θ) where λ is the
wavelength of the X-ray radiation and â is the corrected full
width at half-height of a diffraction peak at angle θ. Figure
1a shows the XRD pattern recorded for the as-made nanopar-
ticles, which is characteristic of crystalline particles of TiO2

anatase with a small quantity of brookite (e20%). The mean
size of the titania particles was determined from the measured
line widths of the (101) and (200) diffraction lines. These two
peaks are superimposed with XRD reflections of brookite, but
as the proportion of brookite is always small, accurate esti-
mates of the anatase particle size can be made. The average
diameter obtained is 5 ( 0.4 nm, which is consistent with the
mean size observed by TEM experiments (Figure 1b,c). The
transmission electron micrograph was obtained using a JEOL
100 CX microscope, and the sample was prepared by evaporat-
ing very dilute suspensions onto carbon-coated grids. The
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Figure 1. (a) XRD pattern, (b) TEM micrograph, and (c) particle size distribution of as-made anatase nanoparticles.

Table 1. 49Ti NMR Parameters Extracted from the
Simulations of the Different Bulk Polycrystalline

Phases of TiO2

sample 49Ti δiso (ppm) ((5) 49CQ (MHz) ((0.1) η ((0.1)

anatase -67 4.6 0.1
rutile -15 13.4 0.2
brookite -165 10.0 0.55

Phase Distribution of Titania Nanoparticles Chem. Mater., Vol. 13, No. 2, 2001 463



particle size distribution was determined by measuring the
average diameter of about 100 particles.

47,49Ti NMR Experiments. Static NMR spectra were
acquired at 33.81 MHz using a CMX Infinity 600 spectrometer
with a Chemagnetics 9.5-mm MAS probe. Spectra were
recorded using a spin-echo θ-τ-2θ pulse sequence (θ ) 90°
corresponding to a 1.8-µs pulse length) with extended phase
cycling.24 τ was made sufficiently long to capture the whole
echo, which was apodized by Gaussian multiplication centered
at the echo maximum and Fourier transformed. As the whole
echo is captured, the spectra are readily phased by zeroing
the imaginary channel. A recycle delay of 1 s was employed,
which was sufficiently long to ensure fully relaxed spectra, and
20 000-90 000 FIDs were typically added together. Spectra
were referenced to the 49Ti line of SrTiO3 (δ ) 0 ppm). The
observed second-order quadrupolar line shapes for the (1/2,
-1/2) transition for 47Ti and 49Ti were fitted using a modified
version of the Bruker Winfit program.25

Results and Discussion

The X-ray patterns obtained for the TiO2 particles
heat-treated up to 850 °C are presented in Figure 2.
Anatase and a small proportion of brookite (e20%) are
evident below 700 °C while rutile appears at >700 °C.
As rutile is the thermodynamically stable phase, the
proportion of rutile clearly increases with temperature
and is the only phase observed at 850 °C. It is also
evident that the peak width from anatase decreases
with temperature, indicating an increase of the average
particle size.

The 47,49Ti NMR static spectra of the TiO2 nanopar-
ticles annealed up to 850 °C are shown in Figure 3. The
line shape observed for the as-made particles resembles

a smeared version of an anatase spectrum (discussed
below) and is quite similar to the one reported by
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Figure 2. XRD patterns of (a) as-made TiO2 particles and after calcination at (b) 400 °C, (c) 550 °C, (d) 650 °C, (e) 700 °C, (f) 730
°C, (g) 770 °C, and (h) 850 °C.

Figure 3. 47,49Ti static NMR spectra of (a) the as-made TiO2

particles and after calcination at (b) 400 °C, (c) 550 °C, (d)
650 °C, (e) 700 °C, (f) 730 °C, (g) 770 °C, (h) 800 °C, and (i)
850 °C.
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Bastow and Whitfield for a titania gel annealed at 500
°C.22 As the annealing temperature increases up to 700
°C, the singularities of this shape become clearer and
the line approaches that of bulk crystalline anatase.
Above 700 °C, a second, broader line shape appears that
can be identified with rutile. This broader peak is the
only one remaining at 850 °C, in good agreement with
the XRD results.

Samples Annealed at T e 700 °C. The 47,49Ti static
NMR spectrum of a specimen of commercial crystalline
anatase (Aldrich) is shown in Figure 4e and is the
superposition of the line shapes from the 47Ti and 49Ti
isotopes separated by the difference in their Larmor
frequencies of 49ν - 47ν ) 9076 Hz at 14.06 T. The
spectrum was then simulated, by using the same electric
field gradient and asymmetry parameter (η) for each
site so that CQ was scaled by the ratio of the quadrupole
moments 49Q/47Q ) 0.8275.18 The quadrupolar param-
eters obtained presented in Table 1 are in good agree-
ment with those previously proposed.15,19,21,22 The iso-
tropic chemical shift value of approximately -67 ppm
is in good agreement with the value obtained in the
MAS NMR study of Dec et al.21

Below 700 °C the spectra obtained for the TiO2
nanoparticles could be well simulated (Figure 4) by
using the same quadrupolar parameters but with ad-
ditional Lorentzian apodization to smooth the line. The
amount of Lorentzian smoothing decreases with in-
creasing annealing temperature (Table 2). The corre-
sponding sizes of the particles determined from the line
width of the (101) diffraction peak of the X-ray patterns
(Figure 2) are also given in Table 2. XRD indicates

anatase structure in these nanoparticles below 700 °C.
The degree of order increases with annealing temper-
ature and the X-ray reflections narrow. The 47,49Ti NMR
spectra are also charateristic of anatase with the
features of the second-order quadrupolar pattern sharp-
ening so that less smoothing is required with increasing
annealing temperature. This broadening is indicative
of a spread of parameters resulting from a range of local
environments that is greater in the less ordered materi-
als.

The XRD patterns obtained for TiO2 particles heat-
treated up to 650 °C also show a small proportion of
brookite, which is not obvious on the 47,49Ti NMR
spectra. The 47,49Ti NMR spectrum of brookite crystal-
lized under hydrothermal conditions26 is presented in
Figure 5a. The resonance is much broader than that
from anatase and could be simulated with CQ ap-
proximately twice that of anatase (Table 1). The 49Ti
(1/2, -1/2) transition lies on top of the much broader
one for 47Ti. The value of η is consistent with that in
ref 12 but the values of CQ and the isotropic chemical
shift do not agree between the two studies. However,

(26) Keesman, I. Z. Anorg. Allg. Chem. 1966, 346, 30.

Figure 4. Experimental and simulated 47,49Ti static NMR
spectra of (a) the as-made TiO2 particles and after calcination
at (b) 400 °C, (c) 650 °C, (d) 700 °C, and (e) bulk polycrystalline
anatase.

Figure 5. Experimental and simulated 47,49Ti static NMR
spectra of (a) TiO2 crystalline brookite and (b) as-made
particles.

Table 2. Dependence on the Annealing Temperature (Tp)
of the Mean Particle Size Determined from XRD and

Lorentzian Apodization Used in the 47,49Ti NMR Spectral
Simulations

Tp (°C) 400 550 650 700

size (nm) ((0.4) 5 7.5 11 17 19
apodization (kHz) ((0.1) 49Ti 8.0 7.2 6.8 6.0 4.8

47Ti 24.6 21.7 16.8 11.5 5.8
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as was noted in ref 12, large differences appear in the
titanium NMR spectra from different brookite samples.

With the parameters for brookite obtained here, the
spectrum of the as-made nanoparticles was simulated
using both anatase and brookite components in the
proportion (80/20) obtained from the X-ray diffraction
patterns (Figure 5b). This ratio is reflected in the NMR
spectra by the integrated intensity of the 49Ti features
from the two phases. The resulting shape is not very
different from the pure anatase because the brookite
line shape is much broader and is of relatively low
integrated intensity. Hence, although it is possible to
simulate the 47,49Ti NMR spectra from such samples, it
would not be possible to unambiguously identify the
presence of the relatively small amounts of brookite in
these samples on the basis of the NMR spectra alone.

Samples Annealed at T g 700 °C. Between 700 and
800 °C, the coexistence of TiO2 anatase and rutile in
various proportions is expected from the XRD patterns
(Figure 2). The 47,49Ti static NMR spectrum of the
particles heat-treated at 770 °C shows quite clearly, in
addition to the anatase shape, the presence of discon-
tinuities that can be identified by their positions as
being from rutile (Figure 6c). The 47,49Ti NMR static
spectrum of rutile (Figure 6e) has a much broader
frequency spread than anatase. Hence, only the 49Ti
NMR spectrum is efficiently excited and the edges of
the 47Ti resonance are not clearly observed. The 49Ti
centerband shape could be fitted with quadrupolar
parameters (Table 1) in good agreement with those
already reported15,21 and the isotropic chemical shift is
also in broad agreement.15

Figure 6. Experimental and simulated 47,49Ti static NMR
spectra of the TiO2 particles annealed at (a) 700 °C, (b) 730
°C, (c) 770 °C, (d) 800 °C, and (e) 850 °C.

Figure 7. XRD patterns of the TiO2 particles annealed at 800 °C together with an expansion of the 2θ range between 20°
and 32°.
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Spectra of titania particles heat-treated above 700 °C
were then simulated using both anatase and rutile
shapes in different proportions (Figure 6). The resulting
ratio between the two phases was extracted from these
simulations by integration of the corresponding 49Ti
signals of the two phases (Table 3). The proportions of
these phases were also calculated from the X-ray
patterns by considering the ratio of the areas of the 110
and 121 diffraction peaks of the anatase and rutile
phases, respectively. A calibration curve established by
recording the XRD patterns of known mixtures of
anatase and rutile14 was then used to deduce the true
ratio of the two phases (Table 3). These calculations
were made assuming that, according to the width of the
diffraction lines, the domain sizes of the two phases
were not very different. The results obtained by NMR
and XRD are in excellent agreement and are comple-
mentary. For example, the amount of the rutile cannot

accurately be determined from the NMR spectrum of
the 700 °C sample because of the low intensity of the
broad rutile resonance, which is largely lost in the
baseline (Figure 6a). However, the small amount of
anatase in the 800 °C sample is quite difficult to
evaluate from XRD (Figure 7). This small component
can be easily observed and the amount determined from
the NMR spectrum because the small but much nar-
rower anatase signal is apparent on top of the broad
rutile line shape (Figure 6d).

This study has clearly shown the utility of high-field
solid-state titanium NMR for materials characteriza-
tion. NMR is complementary to XRD and in TiO2
nanoparticles the phase mixture of anatase and rutile
can be quantified. With ever higher applied magnetic
fields becoming available, this should encourage even
wider application of titanium NMR in solids.
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Table 3. Percentages of Anatase and Rutile in Titania
Nanoparticles Heat-Treated at Temperatures (Tp) T g

700 °C, Extracted from XRD and 49Ti NMR Spectral
Simulations

% from XRD ((2) % from 49Ti NMR ((2)

Tp (°C) anatase rutile anatase rutile

700 72 28 70 30
730 60 40 58 32
770 28 72 26 74
800 2 98 4 96
850 0 100 0 100
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