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Pigments of titanium dioxide rutile, coated with SiO2-Al2O3, have been characterized by
high-resolution solid state NMR. The model samples were prepared following four
synthesis routes differing by the aluminate and silicate salts addition sequence. From 27Al
single pulse MAS and 3Q-MAS NMR experiments, we characterize short range order
around Al and distinguish several types of environment: AlIV, AlV, AlVI and AlVI linked to Ti,
depending upon synthesis route and thermal treatment. The major difference between the
different samples is observed after heat treatment at 750 ◦C. Rotational echo double
resonance 27Al-1H and cross-polarization H-Si experiments provide longer range distance
information through dipolar coupling to proton. Two types of surface treatment can be
distinguished from 27Al-1H Redor by the presence of proton free alumina domain in the
surface treatment. C© 2000 Kluwer Academic Publishers

1. Introduction
TiO2 pigments have a wide variety of industrial appli-
cations such as paint, plastic and fiber environments.
These pigments are composed of a bulk of titanium
dioxide rutile grains (0.2µ diameter) coated with
aluminates, silicates or aluminosilicates. The perfor-
mance of these materials: optical properties (whiteness,
opaqueness), durability and dispersibility, is linked to
their surface treatment properties. Performance can be
evaluated by optical measurement, assessing the qual-
ity of dispersion and investigating the TiO2 catalytic
activity [1, 2]. A characterization of the surface of the
pigments can contribute to better establish the relation
between surface treatment and its performance.

While Al2O3-SiO2 system have been widely char-
acterized by NMR of27Al and 29Si in sol gels amor-
phous and crystalline phases [3, 4], the TiO2-(SiO2-
Al2O3) systems have been less investigated. In the gels
of TiO2-SiO2 system, direct Si-O-Ti links have been ev-
idenced from29Si NMR [5] and confirmed by17O NMR
(isotopically enriched) [6]. Al dissolved in rutile TiO2
structure have been shown to substitute Ti with a low
chemical shift27Al NMR signature at−6.5 ppm [7].

The characterization of the surface treatment of TiO2
grain is difficult. The surface treatment only represents
few percentages in weight of the pigment and can not
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be separated or studied independently. X-ray diffrac-
tion is of difficult use due to low crystallinity and dom-
inant rutile spectrum. Finally transmission electronic
microscopy can measure the total thickness of the coat-
ing [8]. In that sense, high resolution solid state NMR
offers a unique opportunity because it remains sensitive
in disordered systems and selectively observes the con-
stituents of the layer treatment. To our knowledge, there
is no previously reported work characterizing TiO2 sur-
face treatment by solid state NMR.

Using the latest methodological developments of
high resolution solid state NMR (MAS [9], MQ-MAS
[10–13]), we characterize short range order around the
aluminium and extend this description to larger dis-
tances through double resonance experiments (CP1H-
29Si [14–16], REDOR1H-27Al [17, 18]).

2. Experimental methods
2.1. Chemical aspects
The pigments are prepared by surface-treating TiO2 ru-
tile particles dispersed in water, with silicate and alu-
minate salts. These treatments by aqueous precipitation
are considered as models and do not fully reflect the in-
dustrial process. They are carried out at room temper-
ature, keeping pH= 8.5 constant, with high aluminate

0022–2461 C© 2000 Kluwer Academic Publishers 115



and silicate salts concentration, which favours an ho-
mogeneous precipitation.

We have studied the following four different synthe-
sis routes : addition of aluminate salt only (synthesis A),
successive addition of silicate and aluminate (synthe-
sis B), successive addition of aluminate and silicate
(synthesis C) and simultaneous addition of aluminate
and silicate (synthesis D). The obtained pigments were
dried at 50◦C before annealing at 300◦C and 750◦C
during one hour. The alumina-silica coating represents
∼4.5% of Al2O3 in mass of the final pigment for syn-
thesis A,∼4.5% of Al2O3 and∼4.5% of SiO2 in mass
of the final pigment for the syntheses B, C and D.

2.2. Nuclear magnetic resonance
spectroscopy

Magic angle spinning (MAS)27Al NMR measurements
were carried out on a Bruker DSX-400 spectrometer op-
erating at 104.2 MHz, using a high spinning speed 4 mm
probe (13–14.5 kHz). A small pulse length of 0.7µs
(π/12) has been used with a 1 s recycle delay to acquire
the single pulse spectra and ensure a possible quantifi-
cation of the different sites that were analysed from both
the central and satellite transitions [19–21]. The chemi-
cal shifts positions are referenced to Al(NO3)3 1 M. For
each resolved site we report the isotropic chemical shift
δiso (corrected from second order quadrupolar shift) and
the quadrupolar coupling constant (CQ= e2q Q/h) as
determined from computer simulation of the experi-
mental spectra [22]. Due to distribution of chemical
shift and quadripolar parametersηQ could not be mea-
sured, it was fixed to 0.5. The experimental lineshapes
are simulated assuming a gaussian distribution of the
quadrupolar coupling constant that accounts for both
the observed asymmetric shape of the line (trailing high
field edge) and the position of spinning sidebands of the
outer transitions. The isotropic chemical shift is located
at the left edge of the central transition.

27Al pure phase MQ-MAS spectra were acquired on a
Bruker DSX-400 and ASX-500, processed and sheared
following a previously described protocol [11]. The
contributions overlapping in the MAS spectra can be
separated in the isotropic dimension (ω1) of the two
dimensional MQ-MAS spectrum. In the case of27Al
(spin= 5/2) the position of a line in the isotropic di-
mension is given by
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31
δiso− 6

31
104

C2
Q

v2
0

(
1+ η

2
Q

3

)
,

and in the MAS dimension by

ω2 = δiso− 6

10
104

C2
Q

v2
0

(
1+ η

2
Q

3

)
.

A dispersion along the−17/31 line is therefore charac-
teristic of a distribution of isotropic chemical shift while
a distribution of quadrupolar coupling would spread the
intensity along the line with a slope of 10/31.

The CP-MAS H-Si experiments were acquired on a
Bruker DSX-300 spectrometer operating at 59.6 MHz

with a sample spinning at 3 kHz. The spectra reported
below have been obtained for a radio-frequency field
strength of 63 kHz for29Si. The cross-polarization time
constants (THSi) and proton spin-lattice relaxation times
(T1ρH) were determined by analysis of variable contact-
time experiments. Chemical shifts are reported here rel-
ative to tetramethylsilane (TMS).

REDOR relies on rotor synchronized hahn echo
(π/2 − τE − π − τE) (Echo time,τE= integer num-
ber N of rotor periods) on the observed27Al channel
with possible application of synchronizedπ pulses on
the proton channel to recover the heteronuclear27Al-
1H dipolar interaction [17]. The redor difference signal
1S/S= (S0− Sf )/S0 is obtained from the two experi-
ments with the pulses (Sf ) and without the pulses (S0)
applied on the1H channel. The building of the REDOR
curve is explored by varying N in integer steps. This
experiment, first described for an isolated pair of 1/2
nuclei spin [17], is simple to interpret in that case. But
as our results are obtained by observing abundant27Al
(spin 5/2) coupled to abundant1H, we are far from this
ideal case and our results can only be interpreted in
a qualitative manner, the rising slope of the REDOR
signal signing the1H-27Al dipolar coupling [18].

REDOR H-Al measurements were acquired on a
Bruker DSX-400 spectrometer with radio frequency
field strengths of 25 kHz and 65 kHz for Al and H re-
spectively, for pigment obtained by synthesis B and on
a Bruker DSX-300 spectrometer with radio frequency
field strengths of 42 kHz and 36 kHz for Al and H
respectively, for pigments obtained by the three other
synthesis. The spinning speed was 14 kHz. The NMR
parameters of each site have been measured on the most
intense signal (first slice ofS0) and only amplitudes
have been further varied to fit the whole Redor evolu-
tion, reported as a function ofN.

3. Results and discussion
3.1. 27Al MAS and MQ-MAS23

Fig. 1 shows27Al MAS spectra for the four types of pig-
ments dried at 50◦C and annealed at 300◦C and 750◦C.
The parameters obtained from simulation : isotropic
chemical shifts, quadrupolar coupling constants and
their dispersion, are reported in Table I. Aluminium
in four-, five-, and six-fold coordination to oxygen are
evidenced. A peak at negative chemical shift appears
in the four cases. For the pigments A and C, this con-
tribution is well evidenced from the MAS spectra of
pigments annealed at 750◦C. For the pigments B and
D, the peak at negative chemical shift is only evidenced
from MQ-MAS experiments (see Fig. 2). In agreement
with previous studies [7], this line at negative chemi-
cal shift is ascribed to six fold coordinated aluminium
having Ti environment.

The four pigments exhibit different spectra through-
out the thermal treatment.

• Pigment A, obtained by aluminate surface treat-
ment, presents mainly octahedral site (11 ppm)
AlVI at 50◦C, signing like a pseudoboehmite. Upon
heating, aluminium four and five fold coordinated
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TABLE I 27Al Spectra Quadrupolar parameters for pigments obtained by (A) addition of aluminate, (B) addition of silicate and aluminate
successively, (C) addition of aluminate and silicate successively, (D) addition of two salts simultaneously

Heating CQ (±σ ) (MHz) CQ (±σ ) (MHz)
temperature (◦C) δiso

∗ (ppm) ηQ = 0.5 %Al2O3/TiO2
∗∗ δiso

∗ (ppm) ηQ = 0.5 %Al2O3/TiO∗∗2

50 (A) 11 3.4 (0.8) 3.46 (B) 63 4.7 (0.5) 0.33
−1 3.7 (0.6) 1.14 35 2.8 (0.6) 0.13

7 4.8 (1.3) 3.57
300 73 5.6 (1.0) 0.32 67 5.2 (0.5) 0.35

39 3.7 (0.6) 0.31 36 4.4 (0.6) 0.96
11 3.9 (0.8) 2.34 6 5.2 (1.3) 2.72
−1 4.2 (0.6) 1.63

750 74 5.6 (0.5) 0.21 67 5.2 (0.5) 0.56
17 3.3 (0.3) 3.65 37 4.7 (0.6) 1.57
−1 3.7 (0.6) 0.74 17 3.7 (0.5) 0.18

3 5.6 (1.3) 1.72

50 (C) 65 4.4 (0.5) 1.57 (D) 66 3.9 (0.3) 1.96
35 3.6 (0.7) 0.38 35 2.5 (0.3) 0.17
10 4.7 (1) 2.57 8 3.7 (0.3) 1.72
−7 4.5 (0.7) 0.13 −5 3.7 (0.3) 0.85

300 65 4.6 (0.5) 2.20 67 4.7 (0.5) 1.70
38 4.3 (0.7) 1.41 37 4.5 (0.7) 1.67
9 4.6 (1) 0.19 6 3.4 (0.5) 0.80
4 5.8 (0.7) 0.85 −5 3.6 (0.7) 0.53

750 62 4.5 (0.5) 1.14 66 5.0 (0.5) 1.54
38 4.3 (0.6) 0.92 37 4.2 (0.7) 1.07
17 3.4 (0.3) 1.86 17 3.7 (0.5) 1.22
−2 3.8 (0.7) 0.73 3 3.1 (0.5) 0.20

−5 3.6 (0.7) 0.67

∗: ±1 ppm,∗∗: ±0.1%,σ : CQ distribution.

Figure 1 27Al MAS (13–14.5 kHz, 9.4 T) spectra of pigments obtained by four synthesis routes : (a) addition of aluminate or synthesis A, (b) addition
of silicate and aluminate successively or synthesis B, (c) addition of aluminate and silicate successively or synthesis C, (d) addition of two salts
simultaneously or synthesis D.
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Figure 2 3Q-MAS 27Al (a) pigment B at 750◦C, 9.40 T, 14 kHz. (b)
pigment D at 750◦C, 11.75 T, 14 kHz.

(73 ppm, 39 ppm), characteristic of a progressive
transformation towards transitional alumina, ap-
pear in low percentages. At 750◦C the major con-
tribution is due to a AlVI line at 17 ppm.
• Pigment B spectrum presents AlIV (63 ppm), AlV

(35 ppm) and AlVI (7 ppm) contributions at 50◦C.
At 750◦C, 3Q-MAS spectrum, shown in Fig. 2a,
separates five groups of site at 67 ppm, 37 ppm,
17 ppm, 3 ppm,−5 ppm (characteristic of Al
with Ti neighbors). The peak at 17 ppm presents
a small chemical shift dispersion (no spreading
along the continuous line). The three other sites
have chemical shift (67, 37 and 3 ppm) sim-
ilar to those observed in precursors of mullite
(3Al2O3·2SiO2) [24].
• Pigment C spectrum presents AlIV (65 ppm), AlV

(35 ppm) and AlVI (10 ppm and−7 ppm) contri-
butions at 50◦C. At 750◦C, there is no octahedral
site at 3 ppm. We only evidence three sites (plus
Al with Ti neighbors) at 62, 38 and 17 ppm with
very small chemical shift dispersion.

• Pigment D spectrum presents AlIV (66 ppm), AlV
(35 ppm) and AlVI (8 ppm and−5 ppm) contribu-
tions at 50◦C. At 750◦C, five types of site (66,
37, 17, 3 and−5 ppm) are separated in a 3Q-
MAS experiment (Fig. 2b) with a tetrahedral site
significantly more dispersed in chemical shift and
quadrupolar interaction parameters.

Comparing these results we can make the following
remarks. Firstly, in contrast with the pigment A, the
spectra of pigments B, C and D all present an AlIV con-
tribution at 50◦C. This aluminium tetrahedral site (63–
66 ppm), which appears when silicate salt is present in
surface treatment, is at lower chemical shift than ob-
served in transition alumina (73–75 ppm) [4] and is
representative of an aluminium with Si neighbors in an
aluminosilicate structure. The lowest percentage of four
fold coordinated Al in an aluminosilicate domain is ob-
tained for B pigment. The D pigment shows enhanced
Al IV signal testifying an increased involvement of Al in
the Al Si tetrahedral network compared to C pigment.
Secondly, whatever the initial synthesis is, all pigments
annealed at 750◦C, present in their27Al spectra, a peak
at 17 ppm that can be considered as an aluminium with
an environment of alumina only, as Al in Si environ-
ments occur at lower chemical shift (AlVI of mullite at
6 ppm [24] and AlVI of sillimanite at 4 ppm [3]).

Moreover we can note that although pigments C
and D present similar27Al NMR spectra when dried
at 50◦C, they differ significantly after annealing at
750◦C. This behavior shows that despite a similar lo-
cal order (first neighbors) in the two pigments dried
at 50◦C, the reaction taking place during annealing is
sensitive to longer range ordering giving very different
final products. Thermal treatment can be regarded as a
revelator of the surface layer structure.

3.2. CP MAS H-Si
Due to its low sensitivity (4.7% natural abundance with
only 4.5% weight of SiO2 in the sample),29Si can not
be observed with a reasonable acquisition time without
cross-polarization. Fig. 3 shows the spectra obtained for
the pigments C and D dried at 50◦C. Spectra acquired
with variable contact times evidence at least three dif-
ferent components, overlapping in the MAS spectra.
The isotropic chemical shifts of the three signals are:
−83,−90,−101 ppm for pigment C and−82,−90,
−100 ppm for pigment D.

The evolution of the magnetization (integrated inten-
sity) for the three lines as a function of contact time (t)
can be fitted by the classical law for incoherent transfer:

M = M0
TH

1ρ

TH
1ρ − THSi

(
e
−t
TH
1ρ − e

−t
THSi

)

assuming thatTSi
1ρÀ THSi and TH

1ρ [14]. TH
1ρ and THSi

are respectively the proton spin-lattice relaxation time
in the rotating frame and the silicon-proton cross-
polarization time. The three variable parameters are:
M0, TH

1ρ andTHSi for eachQn group.
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Figure 3 (a) pigment C dried at 50◦C, (number of scans= 4096, 3 kHz, 7.04 T),1-29Si CP-MAS spectrum with 10 and 2 ms contact time;2-Plot of
the magnetization versus contact time; (b) pigment D dried at 50◦C, (number of scans= 8192, 3 kHz, 7.04 T),1-29Si CP-MAS spectrum with 10 and
2 ms contact time;2-Plot of the magnetization versus contact time.

An independentTH
1ρ measurement using variable1H

spin-lock time before cross-polarization givesTH
1ρ val-

ues of 1.8 ms and 2.6 ms for pigments C and D respec-
tively. As previously shown by Klur [25] we are in the
case whereTH

1ρ < THSi, the curve rising is due toTH
1ρ

and its lowering toTHSi, these two parameters playing
symmetric roles in the equation above. The curves are
shown in Fig. 4 and values in Table II.

The interpretation of these results (chemical shifts
andTHSi ) are rendered difficult by the number of pos-
sible configuration of the SiO4 tetrahedra: substitution
of Al in linked tetrahedra and/or silanol substitution

[26]. This would be even more complicated consider-
ing possible Si-O-Ti links [5, 6]. In our case we showed
that Al-O-Ti links are of low intensity and did not try
to take Si-O-Ti bonds into account.

Given the number of previously reported29Si chem-
ical shifts in crystalline structures, it is well known that
Al and/or OH substitution cannot be clearly separated
from chemical shift data alone : there is no way to dis-
tinguish between Si(OSi)2(OAl)2 and Si(OSi)3(OH). In
the two pigments C and D, the three observed lines have
similar chemical shifts but they show different CP be-
haviour (THSi). We could indexed each peak thanks to
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TABLE I I 29Si (ppm/TMS) chemical shifts of observed pigments and literature results, cross polarization time constants (THSi) and proton
spin-lattice relaxation times (T1ρH )

Pigment C Pigment D Silica of precipitation SiO2/TiO2 Silica gel
(dried at 50◦C) (dried at 50◦C) (Rhône-Poulenc) Waltheret al. [3] Maciel et al. [21]

Q4 δ=−100.6 ppm δ=−99.6 ppm δ=−111.3 ppm δQ4 =−108.1 −109.3 ppm

↓
THSi= 15.5 ms THSi= 12.5 ms THSi= 20 ms −111.0 ppm
T1ρH= 1.5 ms T1ρH= 1.1 ms T1ρH= 8.4 ms
Q3 δ=−90.5 ppm δ=−90.2 ppm δ=−102.1 ppm δQ3 =−99.9 −99.8 ppm

↓
THSi= 9.6 ms THSi= 6.1 ms THSi= 17 ms −101.2 ppm
T1ρH= 0.7 ms T1ρH= 0.8 ms T1ρH= 0.7 ms
Q2 δ=−83.1 ppm δ=−82.3 ppm δ=−93.9 ppm δQ2 =−91.7 −90.6 ppm

↓
THSi= 3.8 ms THSi= 5.5 ms THSi= 7 ms −92.9 ppm
T1ρH= 0.5 ms T1ρH= 0.5 ms T1ρH= 0.4 ms

Figure 4 27Al-1H REDOR evolution (1S/S0 where1S= (S0 − Sf ) with Sf andS0 signals obtained with and without theπ pulses on the H) for
pigments obtained by different surface treatments and annealed at 750◦C: (a) synthesis A, (b) synthesis B, (c) synthesis C, (d) synthesis D.

THSi and δ values, making the assumption that there
are only three peaks in29Si spectra. In our case, the
low signal/noise rate and the lack of resolution, do not
allow us to confirm unambiguously this assumption.
REDOR H-Al experiments provide much more inter-
esting results.

3.3. REDOR 27Al-1H
The experimental27Al-1H REDOR intensities for each
line in the MAS spectrum are plotted in Fig. 4 as a
function of the number of rotor cycles, N. In the case of

pigments A and C only, the low chemical shift contri-
bution, directly visible in MAS, is taken into account.

We observe a fast increase of the Al linked to Ti
signal (negative chemical shift) for pigments A and C
(represented as crosses in figure). This implies strong
dipolar coupling with protons and indicates that these
aluminium do not pertain to the bulk TiO2 (substitution
in the network) but to the surface of the rutile grains.

Major differences are observed between the increase
of signal at 17 ppm depending upon the synthesis route.
The increase of this signal is very slow in the case of
pigments A and C indicating low dipolar couplings to
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protons. On the contrary, for the two other cases (pig-
ments B and D), the signal increase is much faster and
similar to the evolution observed for AlIV and AlV in
all pigments.

Four and five-fold coordinated aluminium present
the same type of REDOR evolution in all investigated
pigments annealed at 750◦C.

We thus clearly distinguish two types of pigments:
pigments A and C exhibit densified alumina rich do-
mains (δ= 17 ppm and low27Al-1H dipolar coupling)
which are not present in pigments B and D. Thanks
to the REDOR experiments we can state that the line
at 17 ppm can sign different local environments of Al,
differing by their proximity to residual protons.

4. Conclusion
Using the latest high resolution methods of27Al solid
state NMR (MQ-MAS, REDOR), we characterize
the surface treatment of different TiO2 rutile pigments.
We show that part of the Al is directly linked to Ti at the
surface of the rutile grain. We point out that the 17 ppm
AlVI line, present in all pigments after annealing at
750◦C, can sign different longer range order structures
and is characteristic of Al rich proton free domains in
pigments A and C. The better three-dimensional orga-
nization of Al and Si seems to be obtained for pigment
D as probed by27Al local structure.

References
1. J. B R A U N, A . B A I D I N S andR. M A R G A N S K I , Progress in

Organic Coatings20 (1992) 105.
2. H. R I T T E R, Pigment Handbook, III-B-d-1, 169.
3. E. L I P P M A A , A . S A M O S O N andM . M Ä G I , J. Amer. Chem.
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