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INTRODUCTION

The structure and properties of the apatite-water interface 
have been widely studied as a basis for understanding the sur-
face chemistry of apatite (Misra 1984; Posner 1985; Ishikawa 
1997; Gramain and Schaad 2000; Dorozhkin 2002; Rakovan 
2002). Apatite has received much attention in recent decades, 
as an analogue of bone and teeth of vertebrates, and as a major 
source of phosphorus for fertilizers. The apatite-water interfa-
cial structure is also crucial for understanding various interfacial 
processes relevant to radionuclide waste management (e.g., Or-
doñez-Regil et al. 1999; Teterin et al. 2000; Fuller et al. 2002) 
and heavy metal remediation (e.g., Jeanjean et al. 1995; Ma et 
al. 1995; Arey et al. 1999). The effect of hydration on surface 
structural relaxations and surface energy minimization has been 
discussed (Mkhonto and de Leeuw 2002). An interesting feature 
that arises among these studies is the idea that multi-layer adsorp-
tion of water is driven by hydrogen bonding at apatite surfaces 
(Posner 1985; Ishikawa et al. 1989). Yet, no direct molecular-
scale observation of the structure of the apatite-water interface 
has been reported. 

The structure of interfacial water for various mineral systems 
has been determined by surface X-ray reß ectivity. Examples are 
water and calcite (Fenter et al. 2000a), barite (Fenter et al. 2001), 
alumina (Eng et al. 2001), muscovite (Cheng et al. 2001), quartz 
(Schlegel et al. 2002), and orthoclase (Fenter et al. 2000b, 2003). 
Most of these studies observed a single adsorbed water layer at 
the interface, typically due to completion of the substrate ion 
hydration shell. However, interfacial water with a distinct hydra-
tion layer followed by broader weak layering extending ∼10 Å 

from the surface was observed for the muscovite-water interface 
(Cheng et al. 2001). In the present paper, we determine the in-
terfacial structure of the ß uorapatite (FAp) (100)-water interface 
with an emphasis on the hydration layer structure. The interfacial 
structure was obtained in the form of an electron density proÞ le 
perpendicular to the FAp (100) surface, as derived from high-
resolution X-ray reß ectivity data. The validity of this approach 
has been established and used for various mineral-water interface 
systems (Fenter 2002). We found that the equilibrium structure of 
the FAp (100)-water interface in deionized water consists of (1) a 
Ca-and/or F-deÞ cient outermost layer of the FAp whose surface 
is terminated at the traditional unit-cell boundary with minimal 
structural relaxations, and (2) two distinct adsorbed water layers, 
which are followed by a featureless proÞ le corresponding to bulk 
ß uid water. The hydration structure is discussed, and the role 
of the well-known metastable phase, octacalcium phosphate, in 
forming a stable hydration structure is re-evaluated.

FUNDAMENTALS

The X-ray reflectivity technique has been thoroughly 
described elsewhere (Als-Nielsen 1987; Feidenhans'l 1989; 
Fenter 2002), so only the essential elements are discussed here. 
The relationship between specular (mirror-likely reß ecting) 
X-ray reß ectivity and electron density can be expressed by the 
equation
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ABSTRACT

A complete understanding of the surface chemistry of the apatite-water system requires direct 
observation of the interfacial structure at the molecular scale. We report results for the structure of the 
apatite (100)-water interface obtained with high-resolution specular X-ray reß ectivity from a natural 
growth surface of Durango ß uorapatite. A uniform termination at the crystallographic unit-cell bound-
ary was determined. An atomistic model of the interfacial structure is compared to the experimental 
results and optimized through non-linear least-squares Þ tting in which the structural parameters were 
selected to be both physically and chemically plausible. The best-Þ t structure includes a Ca- and/or 
F-deÞ cient outermost surface, minimal structural relaxations of the near-surface apatite crystal, and 
the presence of a layered interfacial water structure exhibiting two distinct water layers. The height 
of the Þ rst water layer is 2.64(9) Å relative to the relaxed surface with 3.5(1.3) water molecules per 
surface unit-cell area (64.9 Å2). A second layer of adsorbed water is found 1.53(5) Å above the Þ rst 
layer, followed by a nearly featureless proÞ le of the bulk liquid water. The layered structure of water 
is interpreted as being due to hydrogen bonding at the solid-water interface. The interfacial structure 
shows a strong similarity with the octacalcium phosphate structure projected along a surface normal 
direction. 




