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Pigments of titanium dioxide rutile, coated with Si0,-Al205, 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 ?’Al
single pulse MAS and 3Q-MAS NMR experiments, we characterize short range order
around Al and distinguish several types of environment: Alyy, Aly, Aly, and Aly, 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 2’ Al-"H 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 ?’Al-"H Redor by the presence of proton free alumina domain in the
surface treatment. © 2000 Kluwer Academic Publishers

1. Introduction be separated or studied independently. X-ray diffrac-
TiO, pigments have a wide variety of industrial appli- tion is of difficult use due to low crystallinity and dom-
cations such as paint, plastic and fiber environmentsnant rutile spectrum. Finally transmission electronic
These pigments are composed of a bulk of titaniummicroscopy can measure the total thickness of the coat-
dioxide rutile grains (0.2« diameter) coated with ing [8]. In that sense, high resolution solid state NMR
aluminates, silicates or aluminosilicates. The perfor-offers a unique opportunity because it remains sensitive
mance of these materials: optical properties (whitenes$p disordered systems and selectively observes the con-
opagueness), durability and dispersibility, is linked tostituents of the layer treatment. To our knowledge, there
their surface treatment properties. Performance can bis no previously reported work characterizing %i€r-
evaluated by optical measurement, assessing the qudhce treatment by solid state NMR.
ity of dispersion and investigating the Ti@atalytic Using the latest methodological developments of
activity [1, 2]. A characterization of the surface of the high resolution solid state NMR (MAS [9], MQ-MAS
pigments can contribute to better establish the relatiofil0—13]), we characterize short range order around the
between surface treatment and its performance. aluminium and extend this description to larger dis-
While Al,O3-SiO, system have been widely char- tances through double resonance experiments'tGP
acterized by NMR of’Al and 2°Si in sol gels amor-  2°Si [14-16], REDORH-?"Al [17, 18]).
phous and crystalline phases [3, 4], the FHSiO,-
Al,O3) systems have been less investigated. In the gels
of TiO,-SiO, system, direct Si-O-Tilinks have been ev- 2. Experimental methods
idenced front°SiNMR [5] and confirmed by’ONMR  2.1. Chemical aspects
(isotopically enriched) [6]. Al dissolved in rutile T®D  The pigments are prepared by surface-treating Ti©
structure have been shown to substitute Ti with a lowtile particles dispersed in water, with silicate and alu-
chemical shiff’Al NMR signature at-6.5 ppm [7]. minate salts. These treatments by aqueous precipitation
The characterization of the surface treatment of;TiO are considered as models and do not fully reflect the in-
grain is difficult. The surface treatment only representglustrial process. They are carried out at room temper-
few percentages in weight of the pigment and can nogture, keeping pH: 8.5 constant, with high aluminate
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and silicate salts concentration, which favours an howith a sample spinning at 3 kHz. The spectra reported
mogeneous precipitation. below have been obtained for a radio-frequency field
We have studied the following four different synthe- strength of 63 kHz fof°Si. The cross-polarization time
sis routes : addition of aluminate salt only (synthesis A) constantsTysj) and proton spin-lattice relaxation times
successive addition of silicate and aluminate (synthe{T,,4) were determined by analysis of variable contact-
sis B), successive addition of aluminate and silicateime experiments. Chemical shifts are reported here rel-
(synthesis C) and simultaneous addition of aluminateative to tetramethylsilane (TMS).
and silicate (synthesis D). The obtained pigments were REDOR relies on rotor synchronized hahn echo
dried at 50C before annealing at 30€ and 750C  (7/2 — e — w — 1) (Echo time,zz =integer num-
during one hour. The alumina-silica coating represent®er N of rotor periods) on the observéthl channel
~4.5% of AbO3 in mass of the final pigment for syn- with possible application of synchronizedpulses on
thesis A,~4.5% of AbOs; and~4.5% of SiG inmass  the proton channel to recover the heteronucféai-
of the final pigment for the syntheses B, C and D. H dipolar interaction [17]. The redor difference signal
AS/S=(S — §)/S is obtained from the two experi-
ments with the pulsesY) and without the pulses))
2.2. Nuclear magnetic resonance applied on théH channel. The building of the REDOR
spectroscopy curve is explored by varying N in integer steps. This
Magic angle spinning (MASYAINMR measurements experiment, first described for an isolated pair g2 1
were carried outon a Bruker DSX-400 spectrometer opauclei spin [17], is simple to interpret in that case. But
erating at 104.2 MHz, using a high spinning speed 4 mmas our results are obtained by observing abunéfait
probe (13-14.5 kHz). A small pulse length of u&  (spin 52) coupled to abundafH, we are far from this
(/12) has been used Wit 1 s regcle delay to acquire ideal case and our results can only be interpreted in
the single pulse spectra and ensure a possible quantif qualitative manner, the rising slope of the REDOR
cation of the different sites that were analysed from botfsignal signing théH-2"Al dipolar coupling [18].
the central and satellite transitions [19-21]. The chemi- REDOR H-Al measurements were acquired on a
cal shifts positions are referenced to Al(R)@1 M. For ~ Bruker DSX-400 spectrometer with radio frequency
each resolved site we report the isotropic chemical shiffield strengths of 25 kHz and 65 kHz for Al and H re-
Jiso (corrected from second order quadrupolar shift) andspectively, for pigment obtained by synthesis B and on
the quadrupolar coupling consta@d =e’qQ/h) as  a Bruker DSX-300 spectrometer with radio frequency
determined from computer simulation of the experi-field strengths of 42 kHz and 36 kHz for Al and H
mental spectra [22]. Due to distribution of chemical respectively, for pigments obtained by the three other
shift and quadripolar parameteyg could not be mea- synthesis. The spinning speed was 14 kHz. The NMR
sured, it was fixed to 0.5. The experimental lineshapeparameters of each site have been measured on the most
are simulated assuming a gaussian distribution of thintense signal (first slice 0%) and only amplitudes
quadrupolar coupling constant that accounts for botthave been further varied to fit the whole Redor evolu-
the observed asymmetric shape of the line (trailing higHion, reported as a function .
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. 3 R . .
. Results and discussion

27Al pure phase MQ-MAS spectrawere acquired on 27 2
1. Al MAS and MQ-MAS?Z
Bruker DSX-400 and ASX-500, processed and sheareaﬁig. 1 show”Al MAS spectra for the four types of pig-

foIIovying' a previously_des_cribed protocol [11]. The ments dried at 50C and annealed at 30Q€ and 750C.
contributions overlapping in the MAS spectra can beThe parameters obtained from simulation : isotropic

s_eparat_ed in the isotropic dimensiam] of the two chemical shifts, quadrupolar coupling constants and
dimensional MQ-MAS spectrum. In the case?dAl - . ! e
their dispersion, are reported in Table I. Aluminium

Eﬁglr?sTo?]/izs) tirclzrf)gsmon of afine in the isotropic di- four-, five-, and six-fold coordination to oxygen are
9 y evidenced. A peak at negative chemical shift appears

c2 2 in the four cases. For the pigments A and C, this con-
17 £104_;? (1+ ”Q), tribution is well evidenced from the MAS spectra of

@1 31(SISO 31 g 3 pigments annealed at 750. For the pigments B and
D, the peak at negative chemical shiftis only evidenced
and in the MAS dimension by from MQ-MAS experiments (see Fig. 2). In agreement
with previous studies [7], this line at negative chemi-
6 Cé né cal shift is ascribed to six fold coordinated aluminium
@2 = diso — R)lo‘lv_g <1 + ?) having Ti environment.

The four pigments exhibit different spectra through-

A dispersion along the 17/31 line is therefore charac- ©0ut the thermal treatment.

teristic of a distribution of isotropic chemical shift while

adistribution of quadrupolar coupling would spread the e Pigment A, obtained by aluminate surface treat-

intensity along the line with a slope of AB1. ment, presents mainly octahedral site (11 ppm)
The CP-MAS H-Si experiments were acquired ona  Aly, at50°C, signing like a pseudoboehmite. Upon

Bruker DSX-300 spectrometer operating at 59.6 MHz  heating, aluminium four and five fold coordinated

116



TABLE | 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 Coq (£0) (MHz) Cq (£0) (MHz)
temperature {C) Siso™ (pPpm) no =0.5 %Al,03/TiO2** Siso™ (ppm) no =0.5 %AI>03/TiO*
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) 157
-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) 157 (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) 141 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 21 ppm,**: £0.1%,0: Cq distribution.

160 80 0 -80  -160 160 80 0 -80  -160
ppm ppm
Figure 1 27AIMAS (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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(a) (ppm) e Pigment D spectrum presentsA(66 ppm), Al

(35 ppm) and A (8 ppm and-5 ppm) contribu-

-80 tions at 50C. At 750°C, five types of site (66,
37, 17, 3 and—5 ppm) are separated in a 3Q-
.60 MAS experiment (Fig. 2b) with a tetrahedral site
significantly more dispersed in chemical shift and
.40 quadrupolar interaction parameters.
.20 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 af A&bn-
tribution at 50°C. This aluminium tetrahedral site (63—
20 66 ppm), which appears when silicate salt is presentin
surface treatment, is at lower chemical shift than ob-

served in transition alumina (73—-75 ppm) [4] and is

(ppm) 12080 40 0 -40 -80 representative of an aluminium with Si neighbors in an

. . aluminosilicate structure. The lowest percentage of four
MAS dimension fold coordinated Al in an aluminosilicate domain is ob-
(‘b) tained for B pigment. The D pigment shows enhanced
(ppm) Al signal testifying an increased involvement of Alin
80 the Al Si tetrahedral network compared to C pigment.
W Secondly, whatever the initial synthesis is, all pigments
P 60 annealed at 750C, present in thef#’Al 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 ¢Alof mullite at
6 ppm [24] and Al of sillimanite at 4 ppm [3]).
) . Moreover we can note that although pigments C
1sotropic and D present simila#’Al NMR spectra when dried
dimension @&t 50°C, they differ significantly after annealing at
750°C. This behavior shows that despite a similar lo-

i
H
i
H

’ | 20 cal order (first neighbors) in the two pigments dried
Li at 50°C, the reaction taking place during annealing is
120 80 40 0 -40 sensitive to longer range ordering giving very different
(ppm) MAS dimension final products. Thermal treatment can be regarded as a

revelator of the surface layer structure.

W,

Figure 2 3Q-MAS 27Al (a) pigment B at 750C, 9.40 T, 14 kHz. (b) 3.2. CP MAS H-Si

pigment D at 750C, 11.75 T, 14 kHz.
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Due to its low sensitivity (4.7% natural abundance with
only 4.5% weight of Si@ in the sample)?°Si can not
(73 ppm, 39 ppm), characteristic of a progressivebde observed with a reasonable acquisition time without
transformation towards transitional alumina, ap-Cross-polarization. Fig. 3 shows the spectra obtained for
pear in low percentages. At 75Q the major con-  the pigments C and D dried at 50. Spectra acquired
tribution is due to a A} line at 17 ppm. with variable contact times evidence at least three dif-
Pigment B spectrum presents A(63 ppm), Al,  ferent components, overlapping in the MAS spectra.
(35 ppm) and A}, (7 ppm) contributions at 5C.  The isotropic chemical shifts of the three signals are:
At 750°C, 3Q-MAS spectrum, shown in Fig. 2a, —83, =90, —101 ppm for pigment C ane-82, —90,
separates five groups of site at 67 ppm, 37 ppm;-100 ppm for pigment D.

17 ppm, 3 ppm,—5 ppm (characteristic of Al The evolution of the magnetization (integrated inten-
with Ti neighbors). The peak at 17 ppm presentssity) for the three lines as a function of contact tirtie (

a small chemical shift dispersion (no spreadingcan be fitted by the classical law for incoherent transfer:

along the continuous line). The three other sites

have chemical shift (67, 37 and 3 ppm) sim- Tal &
ilar to those observed in precursors of mullite M= MOW (e L — eTHs.>
(3Al,03-2Si0,) [24]. 1p Hsi

Pigment C spectrum presents\A(65 ppm), Al _

(35 ppm) and Ay (10 ppm and-7 ppm) contri-  assuming thaf> > Tus; and Ty} [14]. Tj} and Tus;
butions at 50C. At 750°C, there is no octahedral are respectively the proton spin-lattice relaxation time
site at 3 ppm. We only evidence three sites (plusn the rotating frame and the silicon-proton cross-
Al with Ti neighbors) at 62, 38 and 17 ppm with polarization time. The three variable parameters are:
very small chemical shift dispersion. Mo, Tl'j) andTys;j for eachQ" group.
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Figure 3 (a) pigment C dried at 50C, (number of scans 4096, 3 kHz, 7.04 T)1-2°Si CP-MAS spectrum with 10 and 2 ms contact tirf@lot of
the magnetization versus contact time; (b) pigment D dried a€50number of scans 8192, 3 kHz, 7.04 T)1-2°Si CP-MAS spectrum with 10 and
2 ms contact time2-Plot of the magnetization versus contact time.

An independenT! measurement using variale  [26]. This would be even more complicated consider-
spin-lock time before cross-polarization givﬁg val-  ing possible Si-O-Tilinks [5, 6]. In our case we showed
ues of 1.8 ms and 2.6 ms for pigments C and D respedhat Al-O-Ti links are of low intensity and did not try
tively. As previously shown by Klur [25] we are in the to take Si-O-Ti bonds into account.
case wherdl{! < Tys;, the curve rising is due t@,” Given the number of previously reportési chem-
and its lowering tdTys;, these two parameters playing ical shifts in crystalline structures, it is well known that
symmetric roles in the equation above. The curves arél and/or OH substitution cannot be clearly separated
shown in Fig. 4 and values in Table II. from chemical shift data alone : there is no way to dis-

The interpretation of these results (chemical shiftstinguish between Si(OSijOAl), and Si(OSij(OH). In
andTys; ) are rendered difficult by the number of pos- the two pigments C and D, the three observed lines have
sible configuration of the Sigxetrahedra: substitution similar chemical shifts but they show different CP be-
of Al in linked tetrahedra and/or silanol substitution haviour (Tys;). We could indexed each peak thanks to
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TABLE Il 29Sj (ppm/TMS) chemical shifts of observed pigments and literature results, cross polarization time coffsightn(l proton
spin-lattice relaxation timesT{,H)

Pigment C Pigment D Silica of precipitation SiiOz Silica gel

(dried at 50°C) (dried at 50C) (Rhdne-Poulenc) Walthest al. [3] Maciel et al. [21]

Q4 6=—-1006 ppm §=-99.6 ppm §=-1113 ppm 8g, =—108.1 —109.3 ppm
\

Thsi=15.5 ms Thsi=12.5 ms Thsi=20 ms —111.0 ppm

Tj_pH =15 ms TlpH =11 ms TlpH =8.4 ms

Q36=-90.5 ppm §=-90.2 ppm §=-102.1 ppm 8o, =—99.9 —99.8 ppm
\

Thsi=9.6 ms Thsi=6.1 ms Thsi=17 ms —101.2 ppm

TlpH =0.7 ms T]_pH =0.8 ms TlpH =0.7 ms

Q2 8=-83.1 ppm §=-82.3 ppm §=-93.9 ppm 5, =—91.7 —90.6 ppm
{

Thsi=3.8 ms Thsi=5.5ms Tusi=7ms —92.9 ppm

TlpH =0.5 ms

T]_,,H =0.5ms

TlpH =0.4ms

(a) (b)
AS AS
- o038 P
Sp - Al-Ti, peak at - Ippm So peak at 3ppm
0.7 1 0.71 -+ peakat 17ppm
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04 1 0.4 4
- Ay L —% /.
03 1 < X\)'/X\): 0.3 1
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7 - N
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Figure 4 27Al-1H REDOR evolution AS/S whereAS= (S — §) with § and S signals obtained with and without the pulses on the H) for
pigments obtained by different surface treatments and annealed & 7&) synthesis A, (b) synthesis B, (c) synthesis C, (d) synthesis D.

Tysi and § values, making the assumption that therepigments A and C only, the low chemical shift contri-
are only three peaks if’Si spectra. In our case, the bution, directly visible in MAS, is taken into account.
low signal/noise rate and the lack of resolution, do not We observe a fast increase of the Al linked to Ti
allow us to confirm unambiguously this assumption.signal (negative chemical shift) for pigments A and C
REDOR H-Al experiments provide much more inter- (represented as crosses in figure). This implies strong
esting results. dipolar coupling with protons and indicates that these

aluminium do not pertain to the bulk Ti@substitution

in the network) but to the surface of the rutile grains.
3.3. REDOR ?’Al-"H Major differences are observed between the increase
The experimental’Al-'H REDOR intensities for each of signal at 17 ppm depending upon the synthesis route.
line in the MAS spectrum are plotted in Fig. 4 as aThe increase of this signal is very slow in the case of
function of the number of rotor cycles, N. In the case ofpigments A and C indicating low dipolar couplings to
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protons. On the contrary, for the two other cases (pig-7.

ments B and D), the signal increase is much faster and
similar to the evolution observed for Aland Al in
all pigments.

Four and five-fold coordinated aluminium present
the same type of REDOR evolution in all investigated

pigments annealed at 750. 10.

We thus clearly distinguish two types of pigments:
pigments A and C exhibit densified alumina rich do-
mains ¢ =17 ppm and low’’Al-*H dipolar coupling)

which are not present in pigments B and D. Thanksi2.

to the REDOR experiments we can state that the line

at 17 ppm can sign different local environments of Al, 13

differing by their proximity to residual protons.

14.

4. Conclusion
Using the latest high resolution methods?6Al solid
state NMR (MQ-MAS, REDOR), we characterize

the surface treatment of different TiQutile pigments. 15

We show that part of the Alis directly linked to Ti at the

surface of the rutile grain. We point out that the 17 ppm?7.
Aly, line, present in all pigments after annealing at'®

750°C, can sign different longer range order structuresq
and is characteristic of Al rich proton free domains in

pigments A and C. The better three-dimensional orgazo.
nization of Al and Si seems to be obtained for pigment21.

D as probed by’Al local structure.

23.
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