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Factors Affecting the Infrared and Raman Spectra of Rutile Powders 
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The utility of infrared and Raman spectroscopy in the characterization of powdered samples is illus- 
trated for the case of Ti02 (rutile). Particle shape and state of aggregation of the microcrystals are 
shown to have a strong effect on the infrared powder spectra as predicted by the Theory of the 
Average Dielectric Constant. On the other hand, surface effects related to particle size can be ob- 
served in the Raman spectra by the appearance of new bands as the surface to volume ratio increases. 
Finally, it is shown that the nonstoichiometric character of rutile does not have a significant effect in 
the infrared powder spectra. 0 1988 Academic Press. Inc. 

Introduction 

Theoretical considerations show that the 
vibrational spectra, infrared and Raman, of 
a powdered sample contains information 
not only on the phases present but also on 
the size, shape, and state of aggregation of 
the microcrystals that constitute the pow- 
der (1-4). The position, relative intensity, 
and width of the infrared or Raman bands 
can be, in principle, affected by the above 
effects due to the polarization charge in- 
duced on the particle surface by the exter- 
nal electromagnetic field. Experimental ob- 
servations of these effects have been 
reported for the infrared spectra of several 
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microcrystalline solids (2, 4-8) and to a 
lesser extent also for the Raman spectrum 
(9-12). Thus, vibrational spectroscopy 
could play an important role in the charac- 
terization of powders which is becoming 
very important since modern technology 
demands powders with chemical, struc- 
tural, and morphological characteristics 
well defined. 

The aim of the present work is to deter- 
mine the contribution of different factors, 
i.e., size, shape, and state of aggregation of 
the microcrystals on the vibrational charac- 
teristics of TiOz (rutile) samples using the 
Theory of Average Dielectric Constant 
(TADC) which has been shown to give ac- 
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FIG. 1. SEM of TiO? (utile) particles obtained by the aerosol technique: (a) constant N2 flow rate 
(700 mlimin); (b) variable Nz flow rate (500-800 mlimin). 

curate results for powders with particle 
sizes smaller than the radiation wavelength 
(2, 13). In this theory, not only the shape of 
the particles are considered but also their 
state of aggregation since particle interac- 
tions are approximately incorporated in the 
theory. 

Polarization effects can only be observed 
for vibrational modes which have transla- 
tional character. Due to the centrosymmet- 
ric nature of rutile structure, such modes 
are active in the infrared but not in the Ra- 
man spectrum. Therefore, the effects of 
particle shape can be observed only in the 
infrared. Regarding the Raman spectrum, 
surface effects could be observed but only 
for very low particle sizes (II, 13). 

In order to evaluate the effect of particle 
size and shape on the infrared absorption 
spectrum of microcrystalline rutile, mono- 
dispersed powders (uniform particle size 
and shape) obtained by different methods 
will be compared as well as during their 
evolution on sintering. Surface effects were 

studied in the Raman spectra of very small 
rutile microcrystals (-400 A) obtained by 
hydrolysis of TiC14. 

It is well known that rutile is highly non- 
stoichiometric and variations in the stoichi- 
ometry may, in principle, affect the powder 
spectra. In this paper, the influence of non- 
stoichiometry on the powder spectra will 
also be studied in reduced samples with 
controlled morphology. 

Experimental Procedure 

Two types of monodispersed rutile pow- 
ders were obtained using methods de- 
scribed in the literature (14, 1.5). The first 
one was prepared by hydrolysis of titanium 
ethoxide aerosol in an apparatus similar to 
that described by Vista and Matijevic (14). 
In all cases, the temperature of the falling 
film was kept at 90°C and AgCl heated to 
-700°C was used as the nuclei generator. 
Monodispersed and polydispersed spheri- 
cal powders (Figs. la and lb) were obtained 
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FIG. 2. (a) SEM of TiOz @utile) particles obtained by hydrolysis of Ti(OC2HS), in an alcoholic 
solution. (b) TEM of TiOz (rutile) particles obtained by hydrolysis of TiCI4 at 98°C. 

by altering the nitrogen flow rate. X-ray dif- of a 3 M TIC& solution. The sample was 
fraction analysis of the Ti02 particles col- washed to remove chloride anions and 
lected after heating to 250°C showed the dried at room temperature. The observa- 
material to be essentially amorphous, but it tion under the electron microscope clearly 
can be transformed to rutile at 700-85o”C, shows the polydispersed character of the 
without sintering (Figs. la and lb). sample (Fig. 2b). 

Monodispersed rutile powders were also Finally, nonstoichiometric rutile pow- 
obtained by hydrolysis of titanium ethoxide ders were obtained by reducing a high-tem- 
in ethanol solution at room temperature perature rutile sample under hydrogen at- 
with a HzO/alkoxide molar ratio of 4.5 (15). mosphere (10 Torr) at about 1200°C. On 
The particles initially formed were reduction the initially white powder started 
amorphous to X-ray diffraction but they to darken becoming black at high reduction 
could be transformed to rutile after 10 hr of rates. Reoxidation of the reduced sample 
heating at 750°C (Fig. 2a). The particle size can be completely achieved at about 600°C 
and shape of this powder was not as uni- under oxygen pressure. 
form as that obtained by the aerosol All samples studied were rutile-type 
method and the electron microscope re- structure as determined by X-ray diffrac- 
veals spheres along with elongated parti- tion. The IR spectra were recorded in a 
cles. Similar results have been also ob- Perkin-Elmer 580B spectrometer under 
served by Jean and Ring (16). such conditions yielding a resolution of bet- 

In order to observe size effects in the Ra- ter than 2 cm-‘. The sample dilution (KBr) 
man spectrum, rutile powders with very was choosen so that the maximum absorp- 
small particle size (modal diameter of about tion band would transmit no less than 20% 
400 A) were obtained by hydrolysis at 98°C of the incident energy. The infrared spectra 
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TABLE 1 

OPTICAL DATA OF Ti02 RUTILE 

(K(w)), calculated for randomly oriented 
spheroids, are linearly related to ab- 
sorbance: therefore, only the relative varia- 
tions are significant. Raman spectra were 
recorded with a Jobin Ivon Ramanor U 
1000 double monochromatic spectrometer 
using the 514.5 A Ar’ exciting line. 

Theoretical Considerations 

Rutile crystals belong to the symmetry 
group 0:; with two formula units per unit 
cell. Factor group analysis at k = 0 gives 
the following modes after substracting the 
acoustic ones: 

T = A,,(R) + AIM + A&R) + B,,(R) 
+ I&,(R) + 2B,,, + E,(R) + 3E,,(IR) 

Thus, the centrosymmetric group gives 
four vibrations (Al,, + 3E,,) infrared active 
and four vibrations (Al, + B,, + A?, + Ex) 
Raman active. In the Raman modes only 
the oxygen atoms are allowed to move dur- 
ing the vibrations but in the infrared active 
vibrations titanium and oxygen ions are 
moving. 

The infrared lattice vibrations of rutile 
have been studied by several authors 
(17, 18). The optical parameters (Table I) 
were obtained by analysis of single crystal 
reflection data (17) except for the AZ,, mode 
which was taken from neutron scattering 
measurements (19). 

The Raman spectrum of single-crystal ru- 

tile has been also studied (20, 21) and the 
symmetry of the modes is given in Table I. 
It can be seen that two extra modes to those 
theoretically predicted were found at 23s 
and 320-360 cm-‘. Either disorder effects 
(22) or second-order scattering (23) has 
been claimed to explain the extra modes 
which are clearly observed also on pow- 
dered samples (23). 

The analysis of the infrared powder spec- 
tra of rutile was carried out by using the 
TADC which has been described in full 
elsewhere (7) and only some important fea- 
tures will be given here. Three variables de- 
termine the infrared powder spectrum in 
this theory: (1) the dielectric constant of the 
matrix (cm) in which the material is diluted, 
(2) the shape of the microcrystals (g) and (3) 
the state of aggregation (.f) of the particles. 
The effect of the matrix will not be con- 
sidered since we have used KBr in all the 
experiments. The particle shape is assimi- 
lated in this theory to a revolution ellipsoid 
through a shape factor (K), and it is as- 
sumed that the axis of revolution is coinci- 
dent with the crystallographic c axis of ru- 
tile. The shape factor associated with the c 
axis is called gl and tends toward I for 
plate-like morphologies and toward 0 for 
cylinder-like morphologies being 0.33 for 
spheres. Finally, the state of aggregation is 
defined through a filling factor (J’) whose 
value ranges from 0 to 1. The f is the vol- 
ume fraction occupied by the particles in 
the composite. 

It should be noted that infrared spectra 
calculations carried out for rutile show that 
similar results are obtained for aggregated 
spheres and oblate spheroids. Conse- 
quently, the aid of electron microscopy is 
necessary to distinguish between both situ- 
ations (8, 24). 

Results and Discussion 
Infrared Spectru 

The infrared powder spectrum of the 
monodispersed powder obtained by the 
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FIG. 3. Infrared spectra of rutile powders: (a) (-) Synthesized by the aerosol technique (Fig. la); 
(---) calculated for low aggregated spheres (g, = 0.333,f= 0.1). (b) (-) Synthesized by hydrolysis in 
alcoholic solution (Fig. Za); (---) calculated with a mixture of spheres (g, = 0.333,f= 0.2) and oblate 
spheroids (g, = 0.74, f = 0.2). 

aerosol technique is shown in Fig. 3a. This 
spectrum can be fairly well reproduced by 
the TADC based on spheres with very little 
aggregation (f < 0.1). The quality of the fit 
obtained confirms the applicability of the 
TADC to materials of such a high dielectric 
constant. The main difference between the 
experimental and calculated spectrum is 
the band broadening which is greater in the 
former. This difference can, at least par- 
tially, be explained by heterogeneous clus- 
tering of the particles in the matrix (4). It is 
interesting to note that the intense absorp- 
tion at 655 cm-’ is actually the contribution 
of two modes with different symmetry (Azu, 
cot at 172 cm- ‘; E,, wt at 500 cm-‘). 

Powders composed of spherical particles 
of nonuniform size such as that shown in 
Fig. lb gave almost identical infrared spec- 
trum (data not shown) to that of the mono- 
dispersed ones, indicating that particle size 
does not influence the infrared spectrum. 
This is in complete agreement with the the- 

ory of absorption and scattering of radia- 
tion by small particles (25), since for parti- 
cle sizes smaller than the radiation 
wavelength (-0 pm) the infrared spectrum 
should be independent of the particle size. 
For greater particles sizes, nonhomoge- 
neous polarization will cause the infrared 
spectrum of a powder to vary with the size 
of the particles. However, for these particle 
sizes comparison between experiment and 
theory is difficult due to the contribution of 
scattering over the absorption mechanism 
which prevents obtaining a good-quality ex- 
perimental spectra. This is why most spec- 
troscopists grind their samples to particle 
sizes less than about 2 km. 

A completely different infrared spectrum 
was recorded for the monodispersed pow- 
der obtained by hydrolysis of titanium 
ethoxide in ethanol solution (Fig. 3b). Ac- 
cording to the observations of the particles 
under the electron microscope (Fig. 2a), the 
infrared powder spectrum can be described 
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FIG. 4. Evolution with temperature of the monodisperse TiOz spherical sample obtained by the 
aerosol technique: (a) lOOO”C, 4 hr; (b) 13Oo”C, 4 hr. 

as a mixture of spheres and oblate spher- Further support to the above interpreta- 
oids coming from sintered spheres. There- tion can be obtained from the temperature 
fore, the absorption maxima at 630 and 545 evolution of the monodispersed powder 
cm-’ correspond to two different morphol- synthesized by the aerosol technique. For 
ogies illustrating the usefulness of the in- this material, sintering starts at about 
frared spectroscopy for the characteri- 1000°C as observed by scanning electron 
zation of powders. It should be noted that microscopy (Fig. 4a). The spherical parti- 
the absorption band at 545 cm-’ can also be cles appear now more aggregated and some 
interpreted as being caused by spheres with of them are clearly sintered giving an in- 
high states of aggretation (f= 0.65) as it has frared spectrum (Fig. 4a) very similar to 
been previously suggested (8). that of Fig. 3b. Thus, the shoulder at -560 
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FIG. 5. Infrared spectra and X-ray diffraction patterns of high-temperature (1200°C) rutile powder (a) 

and its evolution at increased degrees of reduction (b and c). 

cm-’ reflects the presence of the sintered 
spheres. The effect is still more evident as 
the process continues. In fact, at 1300°C 
(Fig. 4b) the band characteristic of the sin- 
tered material appears now at 53.5 cm-‘. 
This absorption band along with the shoul- 
der at about 720 cm-’ are characteristics of 
plate-like morphologies. The band at -600 
cm-’ corresponds to morphologies close to 
spheres and is due to the less reactive mate- 
rial (Fig. 4b). Finally, it must be noticed 
that the infrared spectrum of Fig. 4b, which 
is the most commonly published infrared 
powder spectrum of rutile, actually cor- 
responds to that of a heterogeneous ma- 
terial. 

The effect of nonstoichiometry was stud- 
ied in a rutile sample heated at high temper- 
ature to ensure the lack of variability in 
particle shape during the reduction experi- 

ments. The infrared spectra of the original 
sample and after several reduction treat- 
ments are shown in Fig. 5 along with the 
X-ray diffraction patterns of the samples. It 
is clear from the figure that stoichiometry 
variations do not have any important effect 
on the infrared spectrum of rutile. Only at 
very high reduction rates a new absorption 
band at 455 cm-’ and a shift of the band at 
340 cm-’ to lower values were observed 
(Fig. SC). However, under these conditions 
several Magneli-type phases (TinOZnml, 4 5 
y1 5 9) and the broad nonstoichiometric 
phase TiO, (0.70 5 x 5 1.30) were present, 
as observed in the X-ray diffraction pat- 
terns (Figs. 5b and 5~). This last type of 
phase must be responsible for the 455 cm-’ 
absorption band since the Magneli phases 
(Ti,O*,- i) are built up of slabs of rutile-type 
structure. It can be concluded that nonstoi- 
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chiometric effects cannot be observed by 
infrared spectroscopy in currently prepared 
rutile samples. 

Raman Spectra 

Raman spectra from polycrystalline ma- 
terials have been shown to present size and 
shape effects for samples whose vibrational 
modes are both infrared and Raman active, 
i.e., modes with translational character 
(13). The first unambiguous experimental 
observation on the particle size and shape 
effects in Raman scattering was recently 
published by Hayashi and Kanamori (IO) in 
GaP microcrystals. As theoretically predic- 
ted, a new band was observed when the 
microcrystals were about one order of mag- 
nitude smaller than the wavelength of the 
incident laser radiation (-0.5 pm). In addi- 
tion, when the crystallite size decreases 
from 500 to 100 A, surface effects become 
more and more important due to the in- 

I I I I I I I I 
600 600 400 200 

cm-’ 

crease in the surface to volume ratio. In FIG. 6. Raman spectra of TiOz (rutile) powders ob- 

fact, for very small microcrystals, a com- tained by hydrolysis of TiCId at 98°C. (a) Initial 
sample; (b) heated at 2Oo”C, 8 hr; (c) heated at 400°C. 8 pletely amorphous-like spectra was ob- hr. (d) heated at l,,OOOc s hr, 

served (IO). 
Since rutile structure belongs to a centro- 

symmetric group (Di”,), only surface effects 
should be observed. Consequently, all the 
above studied samples (crystallite size 
-3000 A) gave identical Raman spectrum 
(Fig. 6d), which were also identical to that 
reported in the literature (II, 23). This 
spectrum can be fully interpreted based on 
the single crystal spectrum (20). Thus, the 
Raman bands in Fig. 6, at 147,446 and 610 
cm-‘, correspond to the B,,, E,, and A,, 
modes, respectively. The Bzi, Raman active 
mode at 826 cm-’ could not be recorded 
due to its weak intensity. The broad Raman 
band at 235 cm-’ is also present in the sin- 
gle crystal Raman spectra and either sec- 
ond-order scattering or disorder effects 
have been suggested to explain its origin 
(20, 22). 

For very small samples (-400 A) new 
scattering bands were detected at about 685 
and 100 cm-’ (Fig. 6a). Some kind of acti- 
vation mechanism, based on the relaxation 
of the selection rules, could be postulated 
to explain the above bands. Thus, the band 
at 685 cm-’ could be assigned to the opti- 
cally forbidden Azn transition, and the band 
at 104 cm-’ could be attributed either to an 
Az,~ acoustic vibration or to the Bi,, optic 
mode. However, at the present, there is no 
appropriate explanation for these bands 
other than a manifestation of surface ef- 
fects. Therefore, the new Raman bands 
seem to come from the surface layers of the 
microcrystals. In fact, these bands de- 
crease in intensity as the particle size in- 
creases (or decreases the surface) on sinter- 
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ing (Fig. 6b), disappearing for particle sizes 
of about 600 A (Fig. 6~). 

Nonstoichiometric effects on Raman 
scattering spectra of rutile could not be 
studied due to difficulties in obtaining the 
Raman spectra of the reduced samples. 
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