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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
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gen atoms cannot be resolved by XRD techniques, the detailed 
structural role of H2O remains unknown. Molecular modeling is 
an appropriate tool to obtain complementary information on the 
structure and dynamics of hydrous species in mineral phases on 
an atomic scale. Atomistic simulations of C-S-H phases are still 
rare, due to the high complexity of the system. nonetheless, there 
is growing interest in the application of molecular modeling in 
the field of cement chemistry. Recently, the structure of the water 
at the tobermorite interface was studied by molecular dynamics 
(MD) using an empirical force field (Kalinichev and Kirkpat-
rick 2002; Kalinichev et al. 2007). The preferential position of 
Al impurities in the silicate chain of tobermorite was studied 
using ab initio, semi-empirical molecular orbital calculations 
and force field methods (Faucon et al. 1997, 1999; Kashihara 
et al. 1994). Several studies have focused on the structural and 
mechanical properties of other C-S-H phases (Bell and Coveney 
1998; Churakov and Mandaliev 2007; Coveney and Humphries 
1996; Gmira et al. 2004; Kirkpatrick et al. 2005).

In this work, quantum mechanical calculations based on the 
density functional theory (DFT) have been performed to reveal 
the structural positions and dynamics of H2O in the anomalous 
11 Å tobermorite. In contrast to classical simulations based on 
empirical force fields, quantum mechanical calculations do not 
require a preliminary calibration of interaction parameters for the 
system of interest. Thus, the “parameter free” ab initio methods 
are particularly beneficial for studying complex C-S-H phases. 
However, it should be kept in mind that ab initio methods use 
several approximations that may have an effect on the results and 
efficiency of simulations (Goedecker 1999; Payne et al. 1992). 
The accuracy of such approximations should usually be assessed 
by benchmarking against well-characterized systems. The practi-
cal application of ab initio methods is limited to systems of small 
size (up to several hundreds atoms) and short simulation times 
of several tens of picoseconds due to their high computational 
costs. Thus, the system of interest must be simplified for the sake 

of efficiency. The anomalous form of 11 Å tobermorite [MDO2 
polytype (Merlino et al. 2001)] was considered as being one of 
the simplest phases in the tobermorite group that also contains 
interlayer H2O. Since the anomalous 11 Å tobermorite does not 
contain interlayer cations, the study is focused exclusively on the 
role of H2O in the interlayer of tobermorite. Possible variations 
in tobermorite chemistry, including dehydration, defects in the 
tetrahedral chain and isomorphic substitutions remain, therefore, 
beyond the scope of this study. A further purpose of this study was 
to test the performance of the linear-scaling methods (Goedecker 
1999) recently implemented in the CP2K package (VandeVondele 
et al. 2005) against the common plane wave techniques (CPMD 
1997–2001). The former method seems to be more efficient in 
the case of large systems and long simulation times. Furthermore, 
the Born-Oppenheimer MD approach used in CP2K simulations 
overcomes some technical difficulties of Car-Parrinello MD (see 
following section for details) recently noticed in the simulation 
of bulk water (Kuo et al. 2006). The structural properties of 11 
Å tobermorite obtained with the CP2K package are compared 
with the equivalent calculations performed with the “traditional” 
density functional methods using a plane wave basis set (CPMD 
1997–2001). This study is considered to be a first step toward 
the comprehensive ab initio modeling of other tobermorite forms 
and amorphous C-S-H phases. 

Method and SIMulatIon Setup

CP2K simulations
Ab initio MD simulations of 11 Å tobermorite were performed based on the 

density functional theory (Hohenberg and Kohn 1964; Kohn and Sham 1965) 
implemented in the QUICKSTEP/CP2K simulation package (VandeVondele et al. 
2005) using the Gaussian and Plane Wave method (GPW) (lippert et al. 1997). In 
the GPW method, the Kohn-Sham orbitals are expanded using a linear combination 
of atom-centered Gaussian type orbital functions. The electron charge density is 
expanded using an auxiliary basis set of plane waves (PW) up to a 320 Ry cutoff. 
The PBE exchange and correlation functional (Perdew et al. 1996) used in this 
work is known to accurately reproduce the structural properties of water (Grossman 
et al. 2004). The dual space norm-conserving pseudopotentials of Goedecker et 
al. (1996) were applied to avoid explicit consideration of core electrons. Triple-ζ 
valence basis sets, augmented with two sets of polarization functions optimized for 
use with the selected pseudopotentials, were employed for O and H using 2s22p4 and 
1s1 valence configurations, respectively. For Ca and Si, double-ζ valence basis sets, 
augmented with d-type polarization functions, were applied, employing 3s23p44s2 
and 3s23p2 states in the valence shell, respectively. 

Accuracy of the basis sets, pseudopotentials and the other simulation param-
eters were tested against geometries of simple molecules of H, O, Si, and Ca in 
gas phase as well as the lattice constants of Ca and Si oxides. The calculations 
reproduce the experimental geometries within 1.0%. The lattice parameters of 
oxides were reproduced within 1.5%. It is worth mentioning that a similar simula-
tion setup, except for the BlYP exchange and correlation functional (Becke 1988; 
lee et al. 1988), has been already used successfully in the simulations of bulk 
water (Kuo et al. 2004). 

Ab initio MD simulations based on the Born-Oppenheimer approximation 
were performed with a time step of 1.0 fs. Before every force evaluation step, 
the energy was converged to within 3 × 10–10 au/atom using a single k-point in 
the origin of the Brillouin zone (Γ-point sampling ). The simulations were started 
from the crystal-structure model proposed by Merlino et al. (2001) for anomalous 
11 Å tobermorite. Since the experimental model does not provide the positions of 
hydrogen atoms, the H2O molecules were initialized with an arbitrary orientation, 
centered in the oxygen sites. The system was equilibrated for at least 20 ps. The 
initial 5 ps of equilibration were conducted at 400 K to speed up the rearrangement 
of water molecules in the interlayer followed by annealing to the target temperature. 
The structural parameters of tobermorite and the H2O dynamics were deduced from 
a 20 ps production run in a microcanonical ensemble at an average temperature 
T = 321 K. A supplementary molecular dynamics trajectory (20 ps production 

Fig. 1

FIgure 1. Crystal structure and distribution of H2O sites in the 
anomalous form of 11 Å tobermorite as proposed by Merlino et al. 
(2001). The H2O sites (W1, W2, W3, and W6), OH groups (O6), and O 
atoms relevant for the hydrogen bonding (O1, O2, and O7) are indicated. 
Calcium and silicon sites are shown as rendered polyhedra. See Table 2 
for the experimental and the theoretical coordinates.
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run) was performed at 506 K to speed up the reorientation dynamics of hydrogen 
bonds and to assess the effect of thermal disorder on the structural position of H2O 
molecules in the interlayer.

Supercell setup for CP2K simulations
The implementation of the DFT methods in the CP2K package is limited to 

the orthorhombic simulation cell. The structure of the MDO2 polytype of 11 Å 
tobermorite was solved in the monoclinic space group B11m. Taking into account 
that the γ angle (123.18°) is close to the ideal value of 120° and the symmetry of 
the building blocks in tobermorite has the orthorhombic layer group symmetry 
C2m(m), the unit cell can be transformed to the orthogonal supercell by doubling 
the lattice parameters in the “a” direction (see also Fig. 3 in Merlino et al. 2001). 
The parameters of the simulation supercell, and the simulation conditions, are 
summarized in Table 1. 

CPMD simulations
Since the CP2K code has not been widely used for the modeling of mineral 

phases before, additional test calculations on anomalous 11 Å tobermorite were 
performed with the plane wave DFT method (CPMD 1997–2001) using the experi-
mental geometry of the supercell (Table 1). The simulations were performed using 
the BlYP exchange and correlation functional (Becke 1988; lee et al. 1988) and 
Troullier-Martins pseudopotentials (Troullier and Martins 1991). The 3s23p2 states 
of silicon, 2s22p4 states of oxygen, 1s1 states of hydrogen, and 3s23p44s2 states of 
calcium were included in the valence and expanded in a plane wave basis set up 
to a 70 Ry cutoff. The Car-Parrinello MD simulations (Car and Parrinello 1985) 
were performed in the nVT ensemble using 0.12 fs time steps and a fictitious 
electron mass set at 900 au. The temperature (Table 1) was controlled using a 
nose-Hoover chain of thermostats (Hoover 1985; nose 1984). The H atoms were 
modeled using the mass of deuterium to allow for longer integration time steps. 
The system was equilibrated for 5 ps starting from a similar configuration used in 
the CP2K run. The geometric parameters were obtained by averaging over about 8 
ps of the production run. The accuracy of the pseudopotentials, and PW expansion 
were tested against geometries of simple molecules of H, O, Si, and Ca in the gas 
phase as well as the lattice constants of Ca and Si oxides. Exactly the same set of 
simulation parameters was recently used to study the structure of the crystalline 
calcium silicate hydrate-xonotlite (Churakov and Mandaliev 2007). 

The total MD trajectory generated with the CPMD code is almost three times 
shorter than the one provided by the CP2K simulations. The CMPD results are 
only used to prove the capability of CP2K simulations to reproduce the basic 
structural elements of tobermorite building blocks. The dynamics and structure of 
interlayer sites are deduced from the long CP2K trajectories. Thus a comparison 
between the results obtained with CP2K and CPMD packages enabled us to test 
the effects of supercell geometry and performance of the localized basis set vs. 
plane waves for C-S-H phases. 

Born-Oppenheimer approach vs. Car-Parrinello MD 
In the Car-Parrinello MD approach, the electronic degrees of freedom are 

treated classically via the introduction of a fictitious electronic kinetic energy term 
in the extended lagrangian of the system (Car and Parrinello 1985). The fictitious 
mass of electronic wavefunctions is chosen in such a way as to enable the efficient 
integration of the equations of motion and guarantee an adiabatic separation of 
nuclear and electronic degrees of freedom (Blöchl and Parrinello 1992). It has been 
shown, however, that some degree of nonadiabaticity exists for any value of the 
fictitious electronic mass (Tangney 2006; Tangney and Scandolo 2002). Thus, heat 
is inevitably transferred from nuclei to electrons resulting in a decrease of the ionic 
temperature during simulations. It was suggested therefore to use the nose-Hoover 
chain of thermostats for long Car-Parrinello MD simulations (Kuo et al. 2004). 
Instead, in the Born-Oppenheimer approach, the wave functions are quenched to the 

ground state before each step of interatomic force calculations (Payne et al. 1992). 
The accuracy and time-reversibility of the ionic trajectory depends strongly on the 
convergence of the wave functions. A critical inspection of the Car-Parrinello and 
Born-Oppenheimer results for bulk water has shown that the structural properties 
predicted by both methods are similar if the fictitious electronic mass in the Car-
Parrinello simulations is taken to be reasonably small and/or a thermostat method 
is used (Grossman et al. 2004; Kuo et al. 2004; Schwegler et al. 2004). However, 
the presence of a fictitious electronic mass parameter in Car-Parrinello dynamics 
inevitably shifts vibrational power spectra in the region of lower frequencies (Kuo 
et al. 2006). The simulation setup for the Car-Parrinello simulations used in this 
work is consistent with the recommended values of fictitious electron mass and 
use of the thermostats (Grossman et al. 2004; Kuo et al. 2004). Thus, we expect 
agreement of the average structural properties of tobermorite obtained from Car-
Parrinello and Born-Oppenheimer molecular dynamics. The vibrational power 
spectra obtained from the Car-Parrinello simulation must be extrapolated to the 
limit of an infinitely small fictitious mass of electrons (Kuo et al. 2006).

Hydrogen bond dynamics 
The dynamics of hydrogen bonds formed by H2O molecules was analyzed based 

on the correlation function of the hydrogen bond population. The hydrogen bond 
“continuous” lifetime correlation function (Rapaport 1983) is defined as:
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where hij(τ) is the population variable, which is unity when a particular hydrogen 
site i donates a hydrogen bond to an O site j at time τ, and is zero otherwise. Fur-
thermore, Hij(τ + t) = 1 if a target ij pair remains continuously hydrogen bonded 
during the time t, and is zero otherwise. A simple geometric criterion has been used 
to define hydrogen bonds, e.g., the bond is considered to be formed if the distance 
between O and H sites is shorter than 2.4 Å (Kalinichev and Churakov 2001). For 
the exponential decaying correlation function, the relaxation time constant τ~ij is a 
measure of the bond lifetime (Chandler 1987):

C t eij

t

ij( ) ~
−
τ . (2)

Vibrational density of states in the tobermorite was calculated by Fourier trans-
form of the velocity autocorrelation function (Allen and Tildesley 1987) using the 
maximum entropy method (Press et al. 1992). To compare the CPMD results with 
the CP2K calculations and the experimental data, the spectral lines of deuterium 
had to be corrected for isotopic substitution and the “fictitious mass” of electrons in 
the Car-Parrinello molecular dynamics. In a harmonic approximation, the frequency 
shift due to substitution of hydrogen by deuterium can be expressed by

v v
M
M

vH D
D

H
D= ≈ 2    (3)

where νH/MH and νD/MD are vibrational frequencies and masses of hydrogen and 
deuterium, respectively. The scaling parameter (α = 1.04) was used to extrapolate 
the vibrational frequencies in the mid-infrared region to the limit of an infinitely 
small fictitious mass (Tangney 2006; Tangney and Scandolo 2002). 

reSultS

Structural parameters of tobermorite: Comparison of 
theoretical and experimental data

Atomic coordinates of anomalous 11 Å tobermorite obtained 
from the CP2K and the CPMD trajectories are compared with 
the experimental data (Merlino et al. 2001) in Table 2. Both 
CPMD and CP2K simulations show good overall agreement 
with the experimental results for the Ca, Si, and non-aqueous O 
sites. The positions of O6 and H2O sites are also in reasonable 
agreement with the experimental data, although they show larger 
deviations. Although, the CPMD and CP2K simulations were 

Table 1.  Parameters of the supercell used in the simulation of 
anomalous 11 Å tobermorite, duration of equilibration/
production runs (Eql/Prod), and the average simulation 
temperature

 a  b  c (Å) Eql/Prod (ps)  T (K)
 α  β  γ (°)

CPMD 13.47  14.74  22.487 5/8 300
 90   90   123.25 
CP2K 11.265   14.792   22.487 20/20 321
 90  90 90 5/20 506
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performed at different temperatures, this has a negligible effect 
on the averaged structure of the building blocks in tobermorite 
(compare the results of CP2K calculations at 321 and 506 K). 
Table 2 does not provide the coordinates for H atoms. As we will 
see later, the H2O sites in the structure of tobermorite undergo a 
fast rotational motion. Therefore, it is appropriate to discuss the 
proton distribution in terms of probability density rather then to 
define deterministic crystallographic sites. The reason for the 
differences in the experimentally determined and calculated 
positions of the aqueous sites and the occupancy of the W1 and 
W3 positions is addressed below. 

The selected bond distances for the Ca and Si coordination 
shells are summarized in Table 3. The results obtained with the 
CPMD are in a good agreement with the experimental data. The 
simulations predict slightly shorter Ca-O distances and slightly 
longer Si-O bonds. Somewhat larger differences are predicted for 
the Ca-O6 bond. note further that absolute agreement between 
calculated and experimental data cannot be expected since the 
size of the system and the simulation time are not sufficient to 
fully account for the effects of long-range disorder and possible 
contributions of a slow diffusive motion of the H2O molecules 
in the interlayer. Additionally, the presence of minor traces of 
calcium ions in the interlayer, which cannot be ruled out in 
natural and synthetic samples of “anomalous” tobermorite, has a 
pronounced effect on the bond distances of the tetrahedral double 
chain (see Merlino et al. 2001, Table 3). An exact determination 
of the oxygen position in H2O and OH groups by the experimental 
methods is complicated due to presence of protons, which are 
“invisible” to X-rays. Remarkably, the average calculated Ca-O, 
Ca-Si, and Ca-Ca distances are in excellent agreement with the 
results from EXAFS measurements (Kirkpatrick et al. 1997). In 
contrast to the XRD data, the EXAFS measurements probe short 
range order in the structure. Thus, we may expect EXAFS data 
to agree better with the calculations than the XRD results. 

Comparing CP2K predictions with CPMD results and the 

Table 3.  Average interatomic distances obtained with CPMD (300 K) 
and CP2K (321 K) package compared to the experimental 
data

  CP2K CPMD Exp*

Ca1 O4/O4 2.325 2.325 2.368
 O8 2.325 2.315 2.356
 O3/O3 2.415 2.415 2.399
 O9 2.385 2.385 2.414
 W6 2.515 2.505 2.511
Ca3 O4 2.355 2.355 2.398
 O8/O8 2.395 2.395 2.407
 O3 2.365 2.355 2.401
 O9/O9 2.405 2.395 2.400
 O6 2.495 2.485 2.555
Si1 O1 1.685 1.665 1.649
 O2 1.675 1.645 1.637
 O3 1.635 1.615 1.599
 O4 1.625 1.605 1.609
Si2 O1 1.645 1.615 1.614
 O5 1.635 1.605 1.603
 O6 1.665 1.655 1.654
 O7 1.645 1.625 1.612
Si3 O2 1.665 1.645 1.639
 O7 1.685 1.655 1.646
 O8 1.625 1.605 1.602
 O9 1.635 1.615 1.601

  CP2K CPMD Exp†

Ca O 2.39 2.38 2.42
Ca Si 3.08 3.09 3.09
Ca Si 3.45 3.43 3.44
Ca Ca 3.79 3.80 3.79

Notes: The coordination shell of Ca1 sites includes two O3 and two O4 sites (two 
O8 and two O9 for Ca3). An average distance is given for these sites.
* X-ray diffraction data of Merlino et al. (2001).
† EXAFS data of Kirkpatrick et al. (1997).

experimental data, we find that the CP2K calculations systemati-
cally predict slightly longer Si-O distances. Similar behavior was 
noticed in the test calculations using the simple gas molecules and 
the solid phases. The source of this deviation lies in the accuracy 
of the basis set for Si atoms used in the calculations with CP2K. 
The accuracy could be improved by going from a double-ζ to 
the triple-ζ valence basis set. The larger basis set would signifi-

Table 2.  Atomic coordinates obtained from ab initio simulation using CPMD and CP2K packages compared with the experimental data of 
Merlino et al. (2001) 

 This Work Experimental
  CP2K (321 K)   CP2K (506 K)   CPMD (300 K)   Merlino et al. (2001)
 x y z x y z x y z x y z

Ca1 0.265 0.433 0.204 0.264 0.433 0.204 0.266 0.434 0.204 0.2651 0.4328 0.2056
Ca3 0.750 0.923 0.294 0.751 0.923 0.294 0.750 0.924 0.293 0.7499 0.9228 0.2935
Si1 0.755 0.386 0.158 0.755 0.387 0.158 0.757 0.389 0.158 0.7581 0.3862 0.1574
Si2 0.911 0.755 0.071 0.913 0.756 0.071 0.917 0.759 0.071 0.9087 0.7531 0.0712
Si3 0.757 0.970 0.157 0.757 0.969 0.157 0.759 0.971 0.157 0.7592 0.9697 0.1577
O1 0.767 0.507 0.094 0.769 0.507 0.093 0.776 0.512 0.094 0.7710 0.5059 0.0942
O2 0.753 0.176 0.130 0.751 0.175 0.131 0.759 0.181 0.132 0.7590 0.1780 0.1327
O3 0.988 0.540 0.200 0.986 0.540 0.199 0.985 0.541 0.200 0.9850 0.5369 0.1982
O4 0.514 0.305 0.195 0.513 0.306 0.194 0.515 0.307 0.193 0.5190 0.3063 0.1942
O5 0.399 0.748 0.506 0.402 0.749 0.500 0.408 0.753 0.501 0.3940 0.7460 0.5000
O6 0.190 0.894 0.095 0.191 0.894 0.095 0.192 0.896 0.095 0.1880 0.8930 0.0940
W6 0.260 0.431 0.088 0.261 0.431 0.090 0.266 0.432 0.089 0.2700 0.4340 0.0939
O7 0.766 0.860 0.093 0.769 0.862 0.093 0.778 0.868 0.093 0.7700 0.8601 0.0951
O8 0.517 0.810 0.195 0.517 0.808 0.195 0.519 0.810 0.193 0.5230 0.8110 0.1950
O9 0.989 0.047 0.199 0.988 0.046 0.199 0.986 0.046 0.199 0.9870 0.0459 0.1985
W1 0.898 0.224 0.519 0.905 0.220 0.508 0.919 0.224 0.497 0.9270 0.2190 0.5000
W2 0.362 0.233 0.507 0.379 0.240 0.506 0.378 0.238 0.502 0.3790 0.2370 0.5000
W3 0.901 0.777 0.506 0.909 0.786 0.505 0.906 0.773 0.505 0.9220 0.8000 0.5000
W1* 0.9270 0.2190 0.5160         
W3* 0.9220 0.8000 0.5160         

Note: “W” stands for the position of oxygen atom in H2O molecules.
* Suggested positions of W1 and W3 sites based on the density profile of oxygen atoms along z-direction. The x and y coordinates are taken from data of Merlino 
et al. (2001). The z-coordinate corresponds to displacement 0.37 Å relative to the mirror plane in the interlayer (Fig. 7b). 
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cantly increase the computational costs, however. Therefore, it 
was decided to accept somewhat longer Si-O bond distances 
as a trade for computational costs. note further that we could 
not find any artifacts related to the differences in geometries 
of the supercells in CPMD and CP2K calculations. Therefore, 
we conclude that the orthorhombic supercell used in the CP2K 
calculations is justified for the purpose of this study.

The vibrational density of states obtained from CPMD and 
CP2K trajectories are shown in Figure 2. Apart from the minor 
discrepancies in the absolute frequencies attributed to the artifi-
cial slow down of the light nuclei in the Car-Parrinello MD (Kuo 
et al. 2006), both methods show excellent agreement with the 
spectra shape. The form of the calculated vibrational density of 
states is also in good agreement with the IR absorption spectra 
of natural tobermorite (Garbev 2004; Yu et al. 1999). A detailed 
analysis of the vibrational density of states, and the interpreta-
tion of measured IR and Raman spectra, will be given in the 
following section.

In summary, the structural and dynamic parameters of 
tobermorite obtained in the simulations are in good agreement 
with the experimental data. The deviations between calculated 
and experimental structural parameters can be explained by 
compositional variations and structural disorder of the natural 
samples. The Si-O bonds obtained in CP2K simulations are 
slightly overestimated, but this is unlikely to have any signifi-
cant effect on the structural position of the H2O interlayer. The 
orthorhombic geometry of the simulations supercell is suitable 
for the purposes of this study.

Hydrogen bonds and orientation of H2O molecules in the 
interlayer of tobermorite

OH groups in O6 sites. The unit cell of tobermorite con-
tains four O6H groups, and two W1 and two W3 H2O sites. The 
orientation of the O6H bond is determined by the geometry of 
long-lived O6H···W1 and O6H···W3 hydrogen bonds. According 
to the statistics (Table 4), each O6H group donates on average 
0.5 hydrogen bond to W1 and to W3 H2O molecules. These 
bonds are the shortest ones in the system and are characterized 
by the longest relaxation time (Table 4). In every instantaneous 
configuration, a half of the O6H groups in the system are bound 
to W1, while the other half donates hydrogen bonds to the W3 
sites. During the production run at room temperature none of 
these bonds were broken so that every O6H group remained 
hydrogen bonded to one and the same W1 or W3 H2O site. 
The ensemble-average angle distribution of the O6H dipoles 
relative to the axial orientation of the simulation cell is shown 
in Figure 3. The instantaneous configuration of O6H groups, 
which is consistent with the angular distribution, is schematically 
shown in Figure 4. This illustrates a “correlated” orientation of 
the neighboring O6H groups. Figure 4 indicates that the O6H 
dipoles are oriented out of  the (010) plane, and therefore the 
“instantaneous” configurations violate the layer group symmetry 
C2m(m). Such an orientation of the O6H groups is the conse-
quence of a strong electrostatic repulsion between neighboring 
O6H protons. By contrast, the orientation of the OH groups in the 
next neighboring layer is random, so that the group symmetry of  
the building block, C2m(m), is retained as an ensemble average. 
Although the flipping of hydrogen bonds between O6H···W1 and 

FIgure 2. Total vibrational density of states (thick line) and the 
individual contributions from H atoms associated with O6, W6, W1, W2, 
and W3 sites (thin lines) obtained from CPMD and CP2K simulations. 
The frequencies of CPMD results are scaled by 1.04·√2 to correct for 
isotopic substitution and the fictitious dynamics of electrons. 
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Fig. 2.Table 4.  Position of the first maximum Rmax of the hydrogen-oxygen 
radial distribution function, average number of hydrogen 
bonds nHB, and hydrogen-bonds relaxation time ~τij (Eq. 2)

  CP2K (321 K)   CP2K (506 K)

 Rmax,1 nHB  ~τij Rmax,1 nHB  ~τij

 (Å)  (ps) (Å)  (ps)

O6H···W1 1.59/1.63 0.50 >20 1.65 0.49 1.35
O6H···W3 1.57/1.63 0.50 >20 1.63 0.45 1.57
      
W6H···W2 1.91 0.29 0.3 1.87 0.28 0.21
W6H···W3 2.01 0.18 0.17 1.93 0.17 0.17
W6H···W1 2.00 0.15 0.17 1.90 0.14 0.15
W6H···O7 2.02 0.17 0.17 1.98 0.16 0.11
W6H···O1 2.03 0.15 0.17 2.03 0.15 0.10
W6H···O2 – 0.13 0.08 – 0.12 0.06
      
W1H···W2 1.79 0.24 1.36 1.82 0.23 0.29
W1H···W6 1.73 0.37 0.58 1.87 0.28 0.19
W1H···O1 1.79 0.34 0.18 1.81 0.41 0.14
W1H···O6 1.99 0.09 0.18 – 0.9 0.08
      
W2H···O2 1.89 0.45 0.7 1.96 0.4 0.14
W2H···O7 2.02 0.30 0.33 – 0.24 *
W2H···O1 2.01 0.31 0.33 – 0.26 0.11
W2H···W6 2.12 0.13 0.12 – 0.14 0.10
      
WH3···W2 1.77 0.25 0.79 1.77 0.23 0.21
WH3···W6 1.75 0.32 * 1.79 0.26 0.21
WH3···O7 1.85 0.35 0.2 1.89 0.40 0.14
WH3···O6 2.11 0.12 0.2 – 0.10 0.13

Note: Dash = Maximum cannot be clearly identified.
* Decay cannot be described with a single exponent. 

O6H···W3 had not been observed during the production time 
at room temperature (likely due to the small size of the system 
and the rather short simulation time ~20 ps) such transforma-
tions may occur in the natural samples on the longer time scale 
or higher temperatures. To promote the reorientation dynamics 
of hydrogen bonds, an additional run at 506 K was performed. 
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At this temperature the kinetic energy was sufficient for trans-
formations between O6H···W1 and O6H···W3 configurations 
within the simulation time of 20 ps (see the following section). 
The time-dependent variation of O6H···W1 and O6H···W3 bond 
distances ∆RHB(t) for two arbitrary O6H groups together with the 
bond formation function h(t) is shown in Figure 5. The latter 
parameters are defined as follows:

∆RHB(t) = R(O6H···W1, t) – R(O6H···W3, t) (4)

h t
R t
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  if  
1 0
1 0
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The evolution of ∆RHB(t) clearly indicates that O6H···W1 
to O6H···W3 transformations take place at 506 K. A similar 
behavior of OH groups was detected by ab initio simulations 
and nMR measurements in the structure of OH-topaz (Churakov 
and Wunder 2004; Xue et al. 2006). 

W1 and W3 H2O sites. The structural orientation of the H2O 
molecules in the W1 and W3 sites was found to have remark-
able similarities. The position of oxygen atoms in the W1 and 
W3 sites is controlled by the long-lived hydrogen bonds with 
the O6H groups (Table 4; see also the section on O6H sites). 

Density profiles of O atoms along the c direction indicate that the 
averaged coordinates of the W1 and W3 sites are split into two 
sub-positions with 0.5 occupancy, shifted relative to the (001) 
mirror plane by 0.37 Å (Fig. 6). The occupancy of split O sites 
depends on the hydrogen bonds formed by H2O molecules with 
the “upper” or “lower” O6H groups (with respect to the c axis). 
Since the transformation of O6H···W1 to O6H···W3 could not 
be observed at room temperature, the W1 and W3 sites occupy 
one and the same “upper” (or “lower”) sites during the entire 
simulation time, as is shown in Figure 6. At 506 K, the kinetic 
energy of molecules was sufficient to break the O6H···W1 and 
O6H···W3 bonds (Fig. 5). As a consequence, the W1 and W3 
H2O molecules were able to jump between “upper” and “lower” 
sites. The density profiles of W1 and W3 sites at 321 and 506 K 
are compared in Figure 7a. The distribution for 506 K has not 
fully converged to the equilibrium profile and the influence of 
the initial configuration of H2O sites is obvious. However, the 
transition of the molecules between neighboring sites can be 
clearly seen. If we take into account the independent dynamics 
of the W1 and W3 sites in the next neighboring interlayer, the 
ensemble averaged distribution at 321 K resulted in a “double 
hill” profile (Fig. 7b). Such a break up of the W1 and W3 sites 
observed in the simulations could explain the unusually large 
displacement factor reported in XRD studies for these sites 
(Merlino et al. 1999, 2001). 

The statistics of various hydrogen bonds donated by the W1 
and W3 sites is given in Table 5. The preferential orientation 
of these sites is shown schematically in Figures 4, 8c, and 8d. 
The W1H···W2 and W3H···W2 are the bonds with the longest 
relaxation time for the W1 and W3 sites. Therefore, these 
bonds control the orientation and position of W2 molecules 
(see below). Considering a local (instantaneous) symmetry, 
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FIgure 3. Time-ensemble averaged distribution of the angle formed 
between the O6H bond and the a, b, and c directions in the simulation 
supercell obtained from CP2K trajectory at 321 K.

FIgure 4. Schematic view of an instantaneous arrangement of the 
OH groups forming strong H bonds with the W1 and W3 sites. Possible 
hydrogen bonds donated by W1 and W3 sites are also indicated (W1: 
O6···HOH···W2, W6···HOH···W2, W6···HOH···O1; W3: O6···HOH···W2, 
W6···HOH···W2, W6···HOH···O7). 

Fig 4 .
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FIgure 5. Time evolution of the difference between hydrogen bond 
distances ∆RHB(t) (Eq. 4) and bond formation function h(t) (Eq. 5) shown 
for two different O6H groups at 506 K.
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the O1···HW1H···W6 and W6···HW3H···O7 hydrogen-bond 
chains are structurally equivalent. Other relevant configura-
tions (Table 5) are W2···HW1H···O1, W2···HW1H···O6, and 
W2···HW1H···W6, which correspond to W2···HW3H···O7, 
W2···HW3H···O6, and W2···HW1H···W6. 

W2 sites H2O sites. The orientation of the W2 sites (Fig. 8a) 
can be explained based on the hydrogen-bond connectivity (Table 
5), the distribution of the H2O dipole moments (not shown), and 
the density profile of O and H atoms. The O atom of the W2 
site is situated on the mirror plane in the center of the interlayer 
(Fig. 5). The plane of the H2O molecule is oriented sub-parallel 
to the (100) crystal plane with the dipole moment pointing along 
the “a” direction. Such an orientation of the dipole moment is 
predetermined by the chain of hydrogen bonds O6H···W1H···W2 
or O6H···W3H···W2 (Fig. 8d). For every instantaneous configu-
ration of W2 sites, one H atom donates a hydrogen bond to the 
O2 atom, while the second OH contact forms a hydrogen bond to 
the O7 or O1 atom from the opposite (with respect to the “a-b” 
plane) tetrahedral chain with a 50% probability. By considering 
fast reorientation dynamics of the W2 sites, the following types 
of motion are expected: transition between O2···HW2H···O7 to 
O2···HW2H···O1, from O2···HW2H···O7 to O7···HW2H···O2, 
and from O2···HW2H···O1 to O1···HW2H···O7. The average 
lifetime of these hydrogen bonds is substantially below the 
average life-time of hydrogen bonds in bulk H2O at ambient 
conditions (Table 4).

W6 H2O sites. The W6 sites have the characteristics of 
strongly absorbed H2O molecules on the surface of the Ca layer. 
The lone electron pair points to the Ca1 sites. The W6H···W2 is 
the strongest and statistically dominant hydrogen bond, which 
mainly constrains the orientation of the W6 site (Tables 4 and 
5). Weaker hydrogen bonds are donated to W1, W3, O1, O7, 
and O2 sites (Table 5). Figure 8b schematically illustrates the 
preferential orientations of W6 H2O molecules. The reorienta-
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FIgure 7. (a) Density profiles for O (dotted line) and H (solid) 
atoms in a single interlayer for the W1 and W3 sites obtained from CP2K 
trajectory at 321 and 506 K. (b) Density profiles for 321 K trajectory 
averaged over neighboring interlayer and the mirror plane as suggested 
by X-ray refinement by Merlino et al. (2001). The distribution of O sites 
clearly indicates the splitting of O positions relative to the mirror plane. 
The symmetry averaged profiles of O atoms in W1 and W3 sites are 
identical. The small differences in the density profiles of H atoms in W1 
and W3 sites could be attributed to deficient statistics due to the short 
simulation time (~20 ps), rather then the structural differences. 
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FIgure 6. Average atomic density profile of O (dashed lines) and H 
(solid lines) atoms along the c direction of the simulation cell for W1, 
W2, and W3 sites at 321 K. note that the obtained distributions for W1 
and W3 sites violate the mirror plane (thin vertical line) in the tobermorite 
structure suggested by X-ray measurements (Merlino et al. 2001). 

Table 5.  Probability (in percents) of H2O configurations with a 
particular connectivity of hydrogen bonds (Ox···HWnH···Oy), 
obtained from CP2K trajectory at 321 K

HW6H ···O1 ···O2 ···O7 ···W1 ···W2 ···W3
O1··· 0     
O2··· 2 0    
O7··· 1 2 0   
W1··· 1 6 4 0  
W2··· 13 0 18 11 0 
W3··· 7 7 1 6 12 0
      
HW2H ···O1 ···O2 ···W6 ···O7  
O1··· 3     
O2··· 31 2    
W6··· 10 1 0   
O7··· 2 29 11 3  
      
HW1H ···O1 ···O6 ···W6 ···W2  
O1··· 2     
O6··· 1 0    
W6··· 43 0 5   
W2··· 11 18 19 0  
      
HW3H ···O6 ···W6 ···O7 ···W2  
O6··· 0     
W6··· 0 2    
O7··· 2 42 1   
W2··· 23 15 10 0  

Notes: The Ox and Oy are the names of oxygen sites given in the row and column, 
respectively, for W6, W2, W1, and W3 H2O sites. The results for 506 K (not shown) 
are essentially similar.
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tion dynamics of W6 sites include the transformations between 
W2···HW6H···O1,O7 and W2···HW6H···W1,W3 hydrogen 
bonded configurations.

Vibrational density of states 
Figure 2 represents the vibrational density of states obtained 

from CPMD and CP2K calculations in the 1500–4000 cm–1 fre-
quency range. Apart from the minor discrepancies in the absolute 
frequencies, both methods provide a remarkably similar shape 
for the vibration spectra. The asymmetric peak with a maximum 
at 3630 cm–1, and two broad shoulders at 3300 and 3000 cm–1, 
represent the stretching modes of OH groups. The sharp band at 
1620 cm–1 is related to bending modes of H2O molecules. The 
total spectrum is resolved into individual contributions from 
different H2O sites and O6H groups. The W1, W2, W3, and W6 
sites provide the main contributions to the 3630 cm–1 band as 
well as a smaller contribution to the 3300 cm–1 band. The O6H 
sites are entirely responsible for shoulder at 3000 cm–1 and also 
provide a smaller contribution to the band at 3300 cm–1. note that 
the O6H group does not contribute to the H2O bending band at 
1620 cm–1. Half of the intensity of the W6 band almost exactly 
coincides with the contribution due to the W2 site (there are two 
times more W6 molecules than W2 molecules in the unit cell), 
indicating that both sites have a similar environment in terms of 
hydrogen bond strength. The shape of the W1 and W3 contribu-
tions are almost identical thus supporting the idea of the similar 
structural role of these sites, as suggested by the analysis of the 
hydrogen bond connectivity. 

Both the high- (506 K) and low- (321 K) temperature spectra 
are very similar. A minor temperature effect is indicated in the 
“smoothness” of the W1 and W3 bands due to the larger trans-
lational freedom of the molecules at higher temperatures. From 
a comparison of CP2K and CPMD data, one can infer that the 
3300 cm–1 band in the O6H contribution obtained with CPMD 
is stronger than that obtained with CP2K. We believe that the 
CP2K simulations are superior to CPMD results since the Car-
Parrinello approach is known to have a strong dependence on the 
choice of the fictitious electron mass. Additionally, the present 

CPMD results have a lower statistical significance due to the 
shorter simulation time. 

dISCuSSIon

Static and dynamic disorder in the structure of anomalous 
tobermorite

The experimental studies describe an order-disorder character 
of the tobermorite phases associated with the relative arrange-
ment of the building blocks and the distribution of the Ca ions 
in the interlayer (Merlino et al. 1999, 2001). The present results 
reveal a new level of structural heterogeneities in anomalous 
tobermorite associated with the dynamics of H2O molecules in 
the interlayer. The following types of order-disorder related to 
hydrogen bonding have been identified: (1) orientational order-
disorder of O6H groups in the interlayer, associated with the 
long-lived O6H···W1 and O6H···W3 hydrogen bonds and partial 
occupation of W1 and W3 sites, and (2) short-time disorder as-
sociated with fast reorientation dynamics of donation hydrogen 
bonds formed by W1, W3, W2, and W6 H2O molecules. 

The results of MD simulations strongly suggest that the W1 
and W3 sites are located in general positions with 50% residence 
time at coordinates (0.927, 0.219, 0.516) and (0.922, 0.800, 
0.516), respectively, in contrast to the special positions (0.927, 
0.219, 0.500) and (0.922, 0.800, 0.500) with 100% occupancy 
reported from XRD studies (Merlino et al. 1999, 2001). The 
reported experimental sites correspond to an average of the 
split positions obtained in the simulations. The unusually high 
displacement factors reported for W1 and W3 sites in XRD 
studies (see Table 2 in Merlino et al. 2001) further support our 
conclusion concerning the split in W1 and W3 sites (Fig. 7b). 
Based on the findings from this study the XRD measurements 
could be reinterpreted to obtain more precise coordinates of the 
W1 and W3 sites.

no transition of W1 and W3 molecules between neighboring 
sites was observed during 20 ps molecular dynamic trajectory 
at 321 K. In contrast, at 506 K such transitions occur within a 
short simulation run. This observation indicates the possibility 

Fig. 8

FIgure 8. Preferential orientations of hydrogen bonds formed by interlayer H2O in the tobermorite structure (schematic). In the (ac) projection, 
the positions of W1 and W3 sites almost coincide. (A) Four possible orientation of W2 H2O molecules (O2···HOH···O1 and O2···HOH···O7). (B) 
Orientation of W6 sites (W2···HOH···O1, W2···HOH···O7, W2···HOH···W1, and W2···HOH···W3) (C, D) Orientation of O6H, W1, and W3 sites 
(W1: O1···HOH···W6, O1···HOH···W2, and W2···HOH···W6; W3: O7···HOH···W6, O7···HOH···W2, and W2···HOH···W6). 
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of a temperature-induced order-disorder phase transition in 
anomalous tobermorite in the temperature interval 300–500 K 
associated with the orientation-ordering of O6H dipoles and the 
H2O distribution in the W1 and W3 sites. In principle, such a 
phase transition could be detected with the help of nMR spec-
troscopy. Therefore, we encourage the experimental community 
to investigate such a phenomenon.

Interpretation of IR and Raman spectra
The vibrational density of states calculated for tobermorite 

can be compared with the experimental IR and Raman studies 
on natural and synthetic samples. The intensity of IR spectra is 
related to the dynamic variation of the dipole moment of the 
system (Silvestrelli et al. 1997). The intensity of Raman spec-
tra depends on dynamic variations of the polarizability tensor 
(Putrino and Parrinello 2002). Since the dipole moment and the 
polarizability depend on both atomic positions and the distribu-
tion of electron density, the amplitude of vibrational density of 
states is not identical to the IR or Raman spectra. nevertheless, 
the positions of the vibrational frequencies are interrelated. IR 
absorption spectra of natural and synthetic 11 Å tobermorite 
were reported by Yu et al. (1999) and Garbev (2004). The C/S 
ratio of the 11 Å tobermorite studied by Yu et al. (1999) was 
0.8, which indicates the presence of significant amounts of Ca 
in the interlayer. The experimental studies report an asymmetric 
IR absorption band with a maximum at 3600 cm–1, and a weak 
shoulder at 3300 cm–1. These bands are in excellent agreement 
with the calculated vibrational density of states (Fig. 2). In con-
trast to the calculations, there are no unambiguous indications 
for absorption at 3000 cm–1 in the measured spectra, for the 
following reasons: the calculated 3000 cm–1 band attributed to 
O6H stretching is very weak and can only be clearly resolved 
by analyzing individual contributions from the different H sites. 
The experimentally investigated 11 Å tobermorites have a high 
content of interlayer Ca ions. From the structure of normal 
tobermorite it is known that the concentration of O6H groups 
is anti-correlated with the concentration of Ca in the interlayer. 
Therefore, we believe that the weak band at 3000 cm–1 band is 
simply hidden in the background. Additionally, the experimen-
tal spectra are “contaminated” by contributions from the H2O 
molecules bonded to interlayer Ca ions. Thus, detailed simula-
tions of “normal” 11 Å tobermorite that include order-disorder 
phenomena will be necessary to completely resolve the nature of 
experimental IR and Raman spectra of 11 Å tobermorite. 

A possible hint as to the nature of the vibration bands at 3000 
cm–1 can be gained from the rather controversially discussed 
phase, referred as 10 Å tobermorite. Formation of this phase 
was observed by Bonaccorsi and Merlino (2000) after heating 
anomalous tobermorite at 773 K. Another synthesis route for 
this phase might be the mixed hydrothermal product of gyrolite 
and 10 Å tobermorite obtained from amorphous CaO and SiO2 
at 453–483 K (Garbev 2004; Jauberthie et al. 1996). It is not 
clear, however, if these phases are all identical. The C/S ratio in 
the 10 Å tobermorite is similar to the one in the “anomalous” 
11 Å polymorph, but the H2O content is lower. The Raman 
spectrum of hydrothermally synthesized 10 Å tobermorite was 
reported by Garbev (2004). The spectrum contains two weak 
bands at 3648 and 3490 cm–1, and a very strong double band 

at 2938 and 2869 cm–1. On the assumption that the 10 Å poly-
morph merely represents strongly dehydrated anomalous 11 Å 
tobermorite, one could argue that the traces of H2O available in 
the 10 Å polymorph are the W1,W3-like H2O molecules. As a 
consequence, the hydrogen bonded to the O6H groups, would be 
responsible for the bands at 2938 and 2869 cm–1. note, however, 
that the proposed interpretation is very speculative, since 10 Å 
tobermorite is very poorly characterized. 

Water diffusion in tobermorite
An important aspect of tobermorite chemistry is the abil-

ity of water molecules and ions to diffuse in the interlayer of 
tobermorite and C-S-H phases. The simulation time of 20 ps 
was not sufficient to observe the diffusive process even at 506 
K. It should be noted that water diffusion in idealized anomalous 
tobermorite may be different from that in natural samples. On 
the one hand, the natural samples contain interlayer ions that are 
likely to slow down the water diffusion by fixing the water mol-
ecules to their hydration shell. On the other hand, defects in the 
structure and partial occupation of the available water sites due 
to compositional variations can substantially facilitate diffusion. 
It was recently shown, in the case of xonotlite, that defects in the 
tetrahedral double chain are likely to occur in pairs (Churakov 
and Mandaliev 2007). Similar types of defects in the bridging 
tetrahedra of tobermorite would open additional possibilities 
for the diffusion of water molecules and ions. To the best of our 
knowledge direct measurements or simulations of water diffu-
sion in tobermorite crystalline phases are not available. A good 
estimate may be obtained from simulations of the tobermorite-
water interface and water diffusion measurements in C-S-H 
phases. Classical MD simulations of the water-tobermorite 
interface revealed the existence of “slowly” diffusing near-
surface water molecules (Kalinichev et al. 2007). The diffusion 
coefficient of surface H2O can be considered as an upper limit for 
interlayer diffusion of water in tobermorite. The simulation and 
the experimental data predict diffusion coefficients for surface 
H2O as low as 5 × 10–11 and 6 × 10–10 m2/s for “strongly” and 
“weakly” bonded molecules respectively (Korb et al. 2007). note 
that a simulation trajectory as long as at least ~10 ns would be 
necessary to estimate such a slow process. This is far beyond 
the performance of ab initio methods on the presently existing 
computational resources. Therefore, it is challenging to develop 
a classical force field capable of reproducing the structural and 
dynamical properties of the crystalline and amorphous C-S-H 
phases, which will allow the atomistic simulations of transport 
phenomena in cement to be carried out.
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