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abstract

The complex asymmetric stretch (ν3) region infrared (IR) spectrum of synthetic sodium- and 
carbonate-bearing hydroxylapatites (CHAP) has been interpreted using overlapped Gaussian dis-
tributions for individual carbonate ion species. There is now good agreement for the distribution of 
carbonate ions between phosphate (type B) and c-axis channel (type A) positions using three indepen-
dent methods: X‑ray structure site occupancies, out‑of‑plane bend (ν2) band areas, and asymmetric 
stretch (ν3) band areas; B/A ratios for a well-crystallized CHAP sample being 0.77, 0.78, and 0.75, 
respectively. The reported dominance of type B carbonate ions in bone mineral and dental enamel is 
attributed to the anomalous shift of type A band frequencies into the spectral region of type B, result-
ing from the substitution of Ca2+ by Na+ in the nearest-neighbor cation shell of the channel carbonate 
ions. The infrared spectra show that the hydrogencarbonate (bicarbonate) ion in apatite crystals is a 
channel species, as are its room-temperature decomposition products, type A carbonate and labile 
(type L) carbonate. The research suggests that bone mineral crystals may actively communicate with 
body fluids through the apatite channel, pointing to a possible role for the apatite channel in mediating 
acid-base reactions in the body.
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introduction

Carbonate-bearing hydroxylapatite is by far the most impor-
tant biomineral, accounting for up to about 70 wt% of cortical 
bone and 97 wt% of dental enamel; typical carbonate contents 
for the inorganic fraction of bone and enamel being 4.8 and 3.0 
wt% CO2, respectively (Elliott 2002). The carbonate content has 
a direct bearing on the growth and strength of bone (Liu et al. 
2011), bone physiology, and development of bone prostheses, and 
it is the reservoir for controlling excess acidity and alkalinity in 
the human body (Bettice 1984; Green and Kleeman 1991; Rey et 
al. 2009). Fluoride-bearing hydroxylapatite is the important anti-
caries component of dental enamel (Brudevold et al. 1956), and 
carbonate-bearing fluorapatite and francolite are the dominant 
mineral varieties in phosphorites (McClellan and Lehr 1969).

In the present paper, the abbreviations HAP, FAP, and CLAP 
refer to both ideal formulas and synthetic phases of hydroxyl-
apatite, fluorapatite, and chlorapatite compositions, respectively, 
and CHAP, CFAP, and CCLAP are used similarly for the corre-
sponding synthetic carbonate-bearing phases. The ideal formula 
of hydroxylapatite is Ca4Ca6(PO4)6(OH)2, and the hexagonal 
structure can accommodate the carbonate ion in either the c-axis 
structural channel, where it substitutes for the hydroxyl ion (type 
A carbonate; A CHAP):

[ACO3 = 2(OH)] (1)

or the apatite matrix, where it substitutes for the phosphate group 

(type B carbonate; B CHAP). This latter substitution requires 
charge balancing and may be complex; e.g.:

[Na + BCO3 = Ca + PO4]. (2)

Both synthetic and natural carbonate apatites typically contain 
both type A and type B carbonate ions (AB CHAP).

Although the basic crystal structures of fluorapatite and 
hydroxylapatite have been known since 1930 (Náray-Szabó 
1930 and Mehmel 1930, respectively), the structural roles of the 
carbonate ion in biological apatite and francolite have remained 
elusive, due to the nanoscale crystal size, fragility, and reactivity 
of nanocrystals extracted from bone tissue and phosphorites and 
their low degree of crystallinity. Progress made using analog 
materials is reviewed in LeGeros (1991) and Elliott (1994, 
2002), and an extended bibliography of more recent studies is 
given in Fleet et al. (2011). It was established in early studies 
(e.g., LeGeros et al. 1969) that the carbonate ion could be present 
both in the c-axis structural channel and as a substituent for the 
phosphate group, but more detailed structure analysis was limited 
again by nanoscale crystal size and low degree of crystallinity.

Recently, the accommodation of the carbonate ion in sodium-
free CHAP (Fleet and Liu 2003, 2004, 2005; Fleet et al. 2004) 
and sodium-bearing CHAP, CCLAP, and CFAP (Fleet and Liu 
2007a, 2008a, 2008b), has been investigated using the X-ray 
single-crystal structure method in conjunction with Fourier trans-
form infrared spectroscopy (FTIR, IR) and single crystals grown 
from carbonate-rich melts at high P-T. CHAP compositions en-
compassed the composition fields of apatite in cortical bone and 




