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Thermal behavior of dental enamel and geologic apatite: An infrared spectroscopic study
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ABSTRACT
Teeth and bones consist of an apatite-type structure and such biogenic apatites usually occur in
nano-crystalline form. Because of the small particle size in biological tissues, local structural details
of biogenic apatite have still not been resolved in detail. Comparison of the phonon spectra of enamel
apatite with those of inorganically formed apatite was carried out to improve our understanding of
the vibrational behavior of biogenic apatite. In situ mid-infrared absorption spectra of dental enamel
and geologic fluorapatite were recorded from 300 K to ca. 750 K. Lattice vibration modes were
studied at low temperature in the infrared region of 150 to 650 cm–1. The IR excitations indicate that
geologic apatite undergoes heavier thermal changes than enamel apatite at temperatures between 60
K and 300 K. In situ high-temperature IR spectra confirm the different thermal evolution of dental
enamel and geologic fluorapatite. The P-O overtones or combinational vibrations and hydrous species of enamel apatite show two different thermal regions below and above 600 K. The thermal
behavior in the region below 600 K corresponds to the loss of adsorbed and part of the lattice water,
combined with an increase of structural OH groups. In the second thermal region (above 600 K), the
similarity of thermal response of dental enamel to that of the geologic apatite from 300 K suggests
the existence of a highly ordered system. This result may be explained by the dehydration and atomic
rearrangements in the channels of enamel apatite structure below 600 K.

INTRODUCTION
Apatite is found in igneous, metamorphic, and sedimentary
rocks, but also occurs in calcified tissues. Chemical analyses
and spectroscopic studies show that biogenic apatite is Ca-deficient, nonstoichiometric, and contains carbonate ions in its
structure (Eanes 1979; Elliot 1994). Even the largest crystallites in mammalian dental enamel are too small for classical
single-crystal X-ray structure determination. Up to now, many
compositional and structural details of biogenic apatite have
not been clarified due to substitutions and vacancies in the structure (Elliot 1997; Hughes et al. 1989; Leventorui et al. 2000;
Wilson et al. 1999).
Vibrational spectroscopy is one of the most sensitive and
convenient tools to obtain compositional and structural information via phonon excitations (Bismayer 2000). Fourier transform infrared spectroscopy has been used to measure bone
mineral crystallinity and mineral spatial variations (e.g.,
Surovell and Stiner 2001; Nielsen-Marsh and Hedges 1997;
Gadaleta et al. 1996; Paschalis et al. 1997). Although some
studies of biogenic or inorganically formed apatite have been
done using infrared (IR) spectroscopy, only a few were comparative studies. For example, Elliot (1994) determined the
orientation of OH and carbonate ions in dental enamel and geologic fluorapatite using polarised infrared spectroscopy. The
results showed that the OH ions in the anion channels are oriented with the O-H direction parallel to the c axis. In contrast
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to geologic apatite in which nearly all the carbonate ions substitute for phosphate ions, about 10% of the carbonate ions in
dental enamel have their plane nearly parallel to the c axis, and
these are assumed to substitute for OH ions. Dahm and Risnes
(1999) compared the hydroxyl and carbonate bands in the spectra of shark enameloid with those of geologic apatite. They
observed strong hydroxyl absorption bands at 3535 cm–1 in both
spectra and a weak shoulder at about 3570 cm–1 in the geologic
apatite. Some investigations have been done on the effect of
substitutions in the channels (like F, Cl) on OH stretching
(Dykes and Elliot 1971; Klee 1974). The quantitative determination of OH in synthetic and natural apatite (Baumer et al.
1985), as well as the construction of models to reproduce vibrational frequencies and other physical constants (Boyer and
Fleury 1974; Devarajan and Klee 1981), also have been attempted.
A study on the thermal decomposition of dental enamel powders
indicated that the structural OH content increased to a maximum
near 400 ∞C due to the release of carbonate ions and water from
the channels along the c axis (Holcomb and Young 1980).
In the present study, we undertook in situ IR spectroscopic
investigations on dental enamel and geologic apatite at low and
high temperatures to compare their thermal evolution, especially in the spectroscopic regions of the lattice modes, P-O
overtones, and hydrous species. The work attempts to understand the chemical and structural stability and aging phenomena in dental enamel. Biogenic apatite in bone and teeth has a
defect structure contaminated by the incorporation of various
impurity species in to the crystal (Elliot 1997). Comparison of
its thermal behavior with well-crystallized geologic samples
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