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abStraCt

For the first time, the structure and dynamics of H2O in the interlayer of anomalous 11 Å tobermorite 
have been analyzed based on ab initio molecular dynamics simulations. The simulations provide de-
tailed information on the structure of the hydrogen bonds formed by H2O molecules and OH groups. 
The calculated structural parameters of the tobermorite building blocks are in good agreement with 
the experimental model of Merlino et al. (1999), which is based on X-ray diffraction (XRD) measure-
ments. However, in contrast to the measurements, the simulations suggest that the W1 and W3 sites 
are split between two general positions with 50% occupancy. It is proposed that the experimental stud-
ies provide only averaged coordinates of these sites due to the limitations imposed by the polytypic 
structures. Analysis of the H2O dynamics at 321 and 506 K suggest the possibility of a temperature 
induced order-disorder transition associated with the orientation of O6H···W1 and O6H···W3 hydrogen 
bonds in the structure of anomalous 11 Å tobermorite. The experimental IR and Raman spectra of 11 
Å tobermorite are interpreted based on analyses of the vibrational density of states. 
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IntroduCtIon

The mineral group tobermorite comprises several layered 
calcium silicate hydrates (C-S-H) with common structural mod-
ules, different degrees of hydration, and variable compositions 
of the interlayer (Bonaccorsi et al. 2005; Merlino et al. 1999). 
The natural samples are found in hydrothermally altered carbon-
ate rocks and vesicle fillings of basalts. The crystallographic 
model of tobermorite is used as a basic structural concept for 
amorphous C-S-H, which is the main phase of ordinary Portland 
cement (Cong and Kirkpatrick 1996; Kirkpatrick et al. 1997; 
Richardson 2004; Taylor 1997). Furthermore, the formation of 
crystalline tobermorite phases is expected in the cement used 
in deep geological repositories for radioactive waste (Jantzen 
1984). Similar to zeolites, the structure of tobermorite has cavities 
that can incorporate H2O and various ionic species (Richardson 
2004). A detailed knowledge of tobermorite chemistry is there-
fore indispensable for understanding the chemical, structural, 
and technological properties of cement compounds and their 
derivatives and for the development of new materials. 

The first structural model for tobermorite was proposed by 
Megaw and Kelsey (1956). According to the most recent crystal-
structure refinements (Bonaccorsi et al. 2005; Merlino et al. 1999, 
2001), the basic structural module of tobermorite is formed by a 
layer of seven-coordinated Ca atoms. Wollastonite type chains 
of silicate tetrahedra, running along the b axis, are attached to 
both sides of the Ca layer (Fig. 1). The silicate tetrahedra may 
occupy two alternative positions displaced by a translation vector 
of length b/2. Due to variations in the structural position of the 
tetrahedral chain, the natural samples usually show long-range 
stacking disorder. Depending on the degree of hydration and 

the composition of the interlayer, some neighboring Ca layers 
are connected through bridging interlayer cations and bridging 
tetrahedral sites, and others directly by a single silicate chain. The 
interlayer space may be occupied by various cations and H2O.

Three tobermorite phases have been differentiated on the 
basis of their basal spacing: 14 Å tobermorite [plombierite, 
Ca5Si6O16(OH)2·7H2O], 11 Å tobermorite with a variable compo-
sition in the interlayer [Ca5–xSi6O17–2x(OH)2x·5H2O] and H2O-free 
9 Å tobermorite [Ca5Si6O16(OH)2, riversideite]. Upon heating 
to about 353–373 K the 14 Å tobermorite transforms into the 
11 Å tobermorite. Calcium-rich 11 Å tobermorite (the so called 
“normal” form) loses its interlayer H2O at 573 K and further 
transforms to the 9 Å tobermorite. In contrast, the “anomalous” 
11 Å tobermorite [a Ca-poor polymorph with the chemical 
composition Ca4Si6O15(OH)2·5H2O] does not collapse to the 9 
Å tobermorite upon dehydration. Variations in the thermal be-
havior of 11 Å tobermorite were initially explained by different 
relative arrangements of the tetrahedral chains in the “normal” 
and “anomalous” forms (Wieker et al. 1982). However, it was 
recently shown that both “normal” and “anomalous” tobermorite 
forms have the identical arrangement of tetrahedral chains 
(Merlino et al. 1999, 2001). Alternatively, the difference in the 
thermal behavior was explained by the presence of interlayer Ca 
ions in the normal tobermorite, which requires the collapse of the 
building blocks to compensate for the loss of H2O molecules in 
the coordination shell of interlayer Ca upon dehydration (Merlino 
et al. 1999, 2001). 

The crystal structure and the order-disorder character of 11 
Å tobermorite (normal and anomalous forms) have been suc-
cessfully studied using X-ray diffraction (XRD) (Merlino et al. 
1999, 2001). The studies report the structure of the Ca layer, the 
relative orientation of the silicate chains, and the refined positions 
of H2O and Ca ions in the interlayer. Since the position of hydro-* E-mail: sergey.churakov@psi.ch


