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Abstract

We use a combined experimental/theoretical approach to investigate the structure and stability of the silicate tetrahedral double chain in
xonotlite. The M2a2bc polytype of xonotlite was found to be dominant in the synthetic samples. This polytype was used to predict the relative
stability of silica defects in the tetrahedral double chain of xonotlite. The defects in Q° sites were found to be substantially more abundant
compared to Q? tetrahedra. Moreover, the paired substitutions in the silicate double chain at neighbouring Q? sites are energetically more stable
then isolated Q defects. The defects in the silicate chains of xonotlite offer structural channels accessible for diffusion of ions and water. The
defect sites are potential candidates for incorporation of foreign ions in the xonotlite structure. Based on the crystal-chemical similarities with

xonotlite the structure of silicate chains in tobermorite and C—S—H phases is discussed.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Among various hydrous calcium silicate hydrates (C—S—H),
xonotlite, CasSicO;7(OH),, is formed as a by-product of the
hardening Portland cement paste. Because of the high thermal
stability, special xonotlite rich cements find an application as
low density insulating materials [1]. The basic structural ele-
ment of the xonotlite is the layer of Ca-polyhedra made of three
different Ca sites [2]. Two of three Ca sites are seven-coordi-
nated by oxygen while the third one is a distorted octahedron.
The silicate tetrahedra form a double chain with 2/m symmetry,
which is formed by condensation of two wollastonite chains
(Fig. 1A). The Si tetrahedra can be attached to the Ca layer in
two structurally equivalent ways. This results in a number of
xonotlite polytypes characterized by different relative arrange-
ment of the silicate double chain in neighbouring Ca layers. The
nomenclature of the xonotlite polytypes and their diffraction
pattern have been discussed in a previous study [2].
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Despite the industrial importance and intensive experimental
studies many aspects of xonotlite crystal chemistry are not fully
resolved. According to the theoretical stoichiometry the cal-
cium-to-silicon ratio (C/S) in xonotlite is equal to unity. The
ideal xonotlite structure should contain only Q? and Q* type of
the Si tetrahedral sites, where Q*/Q*=2 (in the Q" notation “n”
represents the number of bridging oxygen sites per tetrahedron
Q) and only one type of OH groups attached to the Ca layer
similar to the portlandite structure. High resolution MAS NMR
29Si and "H spectra of xonotlite [3,4] revealed a minor presence
of the Q' tetrahedra. 'H MAS NMR spectra of both natural
and synthetic samples indicate presence of three different types
of proton environments, which can be attributed to Ca—OH,
Si—OH linkage and molecular water. The spectral line assigned
to Si—OH linkage is more pronounced in synthetic samples and
seems to correlate with the amount of the Q' tetrahedra [5].
Another study [6] further revealed presence of the Q' sites but
absence of Si—OH linkage. The existence of terminal Q'
tetrahedra is a direct evidence for structural defects in the Q> or
Q? sites. The experimental spectra do not allow for unambig-
uous discrimination of defects between Q2 and Q? tetrahedra. It
is also not clear by which mechanism the local charge balance
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Fig. 1. Fragment of the ideal xonotlite structure (A). Gray octahedral polyhedra enclose Ca atoms. Silicate tetrahedra are black. The oxygen atoms are shown as small
black spheres. The oxygen sites of O10H groups are shown as big black spheres. Possible tetrahedral defects in the silica double chain of xonotlite are shown as white
hatched polyhedra. Isolated Q* (B) and Q? (C) sites; coupled Q*°Q* (D) and Q?Q? (E) defects.

due to missing Si tetrahedra is satisfied. IR and Raman spectra
of natural xonotlite have a strong narrow band at 3620 cm™ '
accompanied by a broad band in 3200-3500 cm ' range,
which is attributed to OH stretching. The commonly observed
peak at 1640 cm ' is characteristic for bending in mole-
cular water [7]. Differential thermo-scanning calorimetry and
thermo-gravimetric analysis show the main weight loss at
1040 K and 1150 K [8] attributed to OH groups and de-
hydration of xonotlite into low-T-wollastonite. Minor weight
loss observed at 350-370 K is presumably due to loss of
molecular water.

The difficulties encountered in the experimental investi-
gations of xonotlite can be overcome using the methods of
computational chemistry, which allows the behaviour of the
systems to be simulated on the atomic scale. Such methods have
been successfully applied to various problems of cement re-
search including investigations of the mechanism of water
incorporation in the C—S—H phases [9], isomorphic substitu-
tions of aluminium for silica in the tetrahedral chain [10], the
sorption of water and cations on the surface of cement phases
[11-14]. The molecular modelling tools can be generally
divided in two groups: the empirical force field methods and the
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ab initio quantum mechanical calculations, which both inherit
advantages and disadvantages. In the ab initio methods the
inter-atomic interactions are obtained by solving the electronic
Schrodinger equation. Although the quantum mechanical cal-
culations are formally exact and do not require any experimental
information on the system, several numerical approximation are
used to improve the computational efficiency and can therefore
have an effect on the accuracy of the results [15]. Thus the
quality of the numerical scheme should be tested against known
experimental data. In the empirical force field methods the inter-
atomic interactions are described by model interaction poten-
tials (merely Coulomb and van der Waals forces or harmonic
functions for covalent bonds) fitted to reproduce some known
experimental data and/or quantum mechanical results. There-
fore the structural information on the system of interest or a
similar one should be available in advance. In contrast to the
computationally expensive ab initio methods that are limited to
systems of relatively small size, the empirical force field meth-
ods benefit from computational simplicity that opens up the
possibility of simulating systems composed of up to 10® atoms
for several microseconds. Unfortunately, the simple force field
parameters are not capable of reproducing the bond breaking
events, which include electron transfer or unusual atomistic
configurations like defects. In such area the quantum mechan-
ical calculations have an inestimable advantage over the other
methods.

In this work we use a coupled experimental—theoretical
approach to a shed light upon the unresolved problems of the
xonotlite crystallography. Ab initio calculations based on the
density functional theory were used to identify the structural
positions of the OH groups, the mechanisms of defect formation
in the double chain of the silicate tetrahedra and possible
incorporation of trace amounts of water in the structure of
xonotlite. The theoretical calculations are compared with the
results from X-ray diffraction technique (XRD) coupled with
Rietveld quantitative phase analysis, scanning electron micros-
copy (SEM) with energy dispersive microanalysis (EDS),
infrared spectroscopy (IR) and thermo-gravimetric analysis on
synthetic samples of xonotlite. Further NMR data from the
literature are used to discuss the structure of silicate chain in
xonotlite.

2. Materials and methods
2.1. Theoretical calculations

All calculations in this work were performed using the
density functional theory [16,17] implemented in the CPMD
[18] simulation package. The exchange and correlation were
taken into account by the generalized gradient approximation
BLYP [19,20]. Interaction of the valence electrons with the core
states is described by the pseudopotential formalism. We use
fully separable norm conserving pseudopotentials generated
using the Troullier—Martins scheme [21]. Because of significant
overlap of the valence charge density with the core states of Ca
atom, the 3s and 3p states were included in the valence. The
wavefunctions of valence electrons were expanded into the

plane wave basis set up to 70 Ry cut-off energy. The accuracy
and transferability of the pseudopotentials as well as the con-
vergence of the plane waves basis set expansion were tested
against structure of the simple oxides and hydroxides of Ca and
Si as well as their molecules in gas phase. The calculated lattice
parameters of the solid phases agree with the experimental
values within 1.0—-1.5%. The bond distances were reproduced
within 1%. The similar set of pseudopotentials for Si, O and H
was already used in earlier simulations [22]. The ab initio Car-
Parrinello MD simulations in NVE ensemble [23] were
performed, with a time step of 0.12 fs and a fictious electron
mass of 700 au. In all calculations the supercell contained
2 x2x2 unit cells of M2a2bc xonotlite polytype. The geometry
of the supercell was fixed at the experimentally determined
lattice parameters. A single k=0 point in the origin of the
Brillouin zone was used in the MD simulations and the
geometry optimization. The hydrogen atoms were substituted
with deuterium in order to take advantage of the longer inte-
gration time step for the equations of motion. Because of the
minor influence of the isotopic substitution on the structural
properties of solids the deuterium is referred as hydrogen in the
discussion, unless the dynamic properties are addressed.

The IR absorption spectrum, a(w)n(w), of xonotlite was
calculated by the Fourier transform of the time correlation
function {M(7)- M(0)), of the total (ionic and electronic) dipole
moment of the system according to [24]:

_ 4no tanh (fhw/2)

a(w)n(w) T

« / T M) - M(0)) e ar,
(1)

where a(w) is the absorption coefficient, n(w) the refractive
index, V the volume, B=(kgT )_1, T the temperature, kp the
Boltzmann constant, and ¢ the speed of light. In order to get a full
spectrum from the Eq. (1) an infinitely long trajectory must be
integrated. In practice, the simulations have a finite length that
limits the accessible frequency range. The electronic contribution
is calculated in the CPMD program using Berry phase scheme
[24] and the spectrum was obtained using the maximum entropy
method [25]. For characterisation of the IR-bands, we performed a
finite difference vibration analyses and calculate the phonon
density of state from the dynamics of individual atoms using
Fourier transform of the velocity autocorrelation function. Due to
the limited simulation time, only the high frequency part of
spectra (above 1500 cm™ ') was analysed. This part of the spectra
includes stretching modes of OH groups only.

For a comparison of the calculated IR bands of deuterium
substituted xonotlite with the experimental data, the frequency
scale of the calculated spectra must be corrected for the isotope
effect and influence of the fictitious electron dynamics on the
high frequency vibrations [26]. In a harmonic approximation,
the frequency shift due to substitution of hydrogen by deuterium
can be expressed by Eq. (2):

M,
VH = M—EVD = 1.4\/])7 (2)
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where vy, My and vp, Mp are frequencies and masses of
hydrogen and deuterium, respectively. The correction factor
(1.05) due to fictitious electron dynamics was obtained as the
ratio of the frequencies calculated from the finite difference
analysis of optimized structure of xonotlite at zero Kelvin and
the vibrational modes obtained in MD simulations.

The structures of the defects in the double chain of Si
tetrahedra were predicted by stepwise simulated annealing. The
dangling oxygen sites in defects were terminated with OH groups
to establish charge neutrality. To obtain optimal orientation of the
OH groups short MD-simulation runs (~ 1 ps) were performed at
400 K. Then the system was annealed to 300 K and equilibrated
for ~1 ps. The IR spectra of xonotlite were derived from
subsequent 1 ps trajectories using dipole dynamics technique.
Such a short simulation time does not provide valuable record of
the rearrangement dynamics of hydrogen bonds. Therefore only
vibrational dynamics of individual OH groups is discussed, which
is adiabatically decoupled from the other dynamical degree of
freedom in the system. Once again the systems were annealed to
200 K and equilibrated for ~1 ps. Finally, the systems were
cooled down to 0 K and refined using standard geometry op-
timization methods. The energies of optimized structures were
calculated with k-point sampling on 16 x 16 % 16 Monkhorst-Pack
mesh [27] using the perturbation theory approach [28]. The test
calculations indicate that the uncertainties due to k-point mesh are
below 0.1 kJ/mol. The energy differences are converged with
respect to plane wave basis set within 3 kJ/mol.

2.2. Materials and analytical methods

2.2.1. Sample preparation

The sample of xonotlite was synthesized by mixing stoichio-
metric quantities of SiO, and CaO powder materials (Ca/Si=1.0)
with 220 ml argon-purged Milli-Q water [1]. Milli-Q water gen-
erated by a Millipore water purification system was used for the
preparation of the solutions (Millipore, USA). To prevent CO,
contamination in the samples, all experiments and handling of
the materials were carried out in a glovebox with controlled N,
atmosphere (CO,, O, <2 ppm, 7=290 K +/—3 K). The suspension
was placed in 250 ml Teflon Parr bombs and heated in a oven at
490 K for 30 days. The white paste obtained, was dried over
saturated CaCl, solution in a closed container in the glovebox.

2.2.2. SEM/EDS analysis

Scanning electron microscopy (SEM) analysis was con-
ducted at the Laboratory for Material Behaviour (LWYV), Paul
Scherrer Institut (PSI), using a Zeiss DSM 962 microscope,
operated at an accelerating voltage of 20 kV and a beam current
of 76 um. The microscope is equipped with a Si(Li)-detector for
energy dispersive microanalysis (EDS). The spot size was
~1x1 pm?, and the penetration depth was ~6 pm at the used
incident beam energy.

2.2.3. Infrared spectroscopy

IR spectra were recorded at the Electrochemistry Laboratory
(ECL), Paul Scherrer Institut (PSI), using a Perkin-Elmer System
2000 spectrophotometer. The measurements were conducted in

the range 370 cm ™ '=5000 cm™ ' at room temperature using KBr
pellets, which were prepared by mixing appropriate amounts of
KBr and xonotlite, dried at 520 K and 6 hours.

2.2.4. Thermogravimetric analysis (TG/DTA)

Thermogravimetric analysis (TG/DTA) was carried out at the
Solar Technology Laboratory, Paul Scherrer Institut (PSI), on a
Netzsch STA 409 oven Typ 6.225.6-83 in the range between
300 K and 1350 K. The measurements were conducted in open
Al,Oj3 vessels under a argon gas-flow (100 ml/min) at a heating
rate of 20 K/min using about 20 mg of powder material.

2.2.5. XRD analysis

The XRD measurements were performed at the Swiss
Federal Laboratories for Materials Testing and Research (Empa,
Diibendorf). The diffraction pattern used to identify the different
xonotlite polytypes present in the synthetic sample was
collected using a Philips Xpert diffractometer operating in
Bragg-Brentano geometry (6/20) and using an XCelerator
detector module at a nominal pressure. The following condi-
tions were employed: power 40 kV, 40 mA, copper Ko »-
radiation (ratio Kot;/Ka, 0.50), divergence slit 0.25°, primary
scatter slit 0.76 mm, receiving scatter slit 0.25°, two soller slits,
flat-plate sample (round sample holder), specimen: 22 mm
(radius) x2 mm (thickness), particle size <63 pm. The scans
were taken between 260 of 5.00° and 26 of 80° at increments of
26 0.017°. The counting time was 60 s for each step. The crystal
structure parameters of xonotlite polymorphs and their relative
content in the synthetic products were obtained based on Riet-
veld refinement technique (see Appendix A for details).

3. Results
3.1. Ideal xonotlite structure

3.1.1. Experimental

The hydrothermal synthesis under the given conditions results
in white fibrous crystals of xonotlite (Fig. 2). The crystals have
diameters from 50 nm to 200 nm and they are 2—8 pm in length.
The results of SEM/EDS indicate that the best crystallized
samples consist of 17.8% (+/—0.1) Ca and 17.5% (+/—0.1%) Si,

Fig. 2. Scanning electron microscopy image of synthetic xonotlite crystals.
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Fig. 3. Rietveld analysis of synthetic xonotlite. The positions of characteristic
reflections from individual xonotlite polytypes (M2a2bc, Ma2b2c, Ma2bc,
M2a2b2c¢) and quarz are shown below XRD spectra from top to the bottom,
respectivelly.

which corresponds to a C/S ratio of nearly 1.0. For purely
crystallized samples the C/S ratio can vary between 1.0 and 1.15.
The XRD powder pattern did not indicate the presence of any
other phases such as portlandite, calcite or 11.3 A tobermorite
(Fig. 3). The absence of 11.3 A tobermorite indicates the complete
phase transition of 11.3 A tobermorite to xonotlite. Nevertheless,
the high background contribution is an indication for the presence
of a small amount of amorphous material. The portion was
estimated to be less than 3%. The excess of Ca can not be
explained by the presence of additional phases, and therefore
should be attributed to the crystal chemistry of xonotlite.

The refined lattice parameters and the relative contribution
of the different xonotlite polytypes obtained by quantitative
phase analysis using Rietveld refinement are given in Table 1.
All four xonotlite polytypes are present. The M2a2bc polytype
is the dominant phase under the given reaction conditions. The
results of the synthesis are different from the natural samples in
which the M2a2b2c polytype is abundant. The difference is
likely due to variations in the crystal growth conditions.

3.1.2. Calculations
The positions of atoms in the xonotlite structure were cal-
culated as an average over ab initio MD trajectory on M2a2bc

Table 1
Lattice parameter of xonotlite polytypes derived from the synthetic reaction
product and published data for natural xonotlite samples

Cell parameters  Synthetic sample (this work) Natural sample

M2a2be Ma2bc M2a2b2c Ma2b2c ')
A [A] 8.69 8.70 17.68 17.14 17.03
B[A] 7.367 7.35 7.17 7.34 3.67
C[A] 7.033 13.99 7.05 14.08 7.01
a 89.53 90.46 90.01 90 90
&) 89.59 90.29 90.4 90.55 90.33
Y 102.20 102.27 102.27 90 90
Space group P1 P2a Al A2/a P2/a
Single polytypes 34.66 15.61 4.99 33.12

fraction [%)]

Table 2
Average atomic position in xonotlite obtained by ab initio simulations and
experimental XRD data [3]

Calculated (this work)

Hejny and Armbruster [2]

X y z X y z
Cal 0.50 0.50 0.50 0.5000 0.5000 0.5000
Ca2 0.50 0.00 0.50 0.5000 0.0000 0.5000
Ca3 0.13 0.16 0.34 0.1335 0.1645 0.3368
Ca4 0.14 0.66 0.34 0.1385 0.6537 0.3414
Sil 0.21 0.22 0.77 0.2118 0.2170 0.7682
Si2 0.21 0.64 0.77 0.2118 0.6389 0.7686
Si3 0.32 0.96 0.06 0.3182 0.9547 0.0562
01 0.50 0.00 0.00 0.5000 0.0000 0.0000
02 0.22 0.43 0.85 0.2190 0.4303 0.8422
03 0.35 0.71 0.62 0.3512 0.7179 0.6192
04 0.35 0.21 0.63 0.3434 0.2059 0.6174
05 0.22 0.11 0.98 0.2297 0.1116 0.9720
06 0.23 0.75 0.98 0.2294 0.7538 0.9716
o7 0.04 0.64 0.67 0.0424 0.6382 0.6652
08 0.04 0.14 0.67 0.0463 0.1339 0.6740
09 0.30 0.95 0.29 0.2988 0.9506 0.2780
010 0.30 0.45 0.27 0.2977 0.4481 0.2694
D 0.32 0.45 0.14

“D” stands for deuterium.

polytype which was found to be dominant in the synthetic
samples. The results of the calculations and the experimental
data are summarized in Table 2. The calculations are in agree-
ment with the experimental data within 0.01 of the fractional
coordinates.

3.2. Crystallographic position of hydrogen atoms and the
structure of hydrogen bonds

Based on extended bond-valence sum calculations the pro-
tons in the structure of xonotlite are assigned to the O10 oxygen
sites [29,30]. The exact position of protons and the geometry of
the hydrogen bonds have not been determined by analytical
techniques. The position of hydrogen atoms (the calculations
were performed using mass of deuterium, see Section 2.1 for
details) averaged over molecular dynamic trajectory is given in
Table 2. The hydrogen—oxygen pair distribution function is
shown in Fig. 4 up to 3.5 A. As expected the protons are bonded

> 02
—05
z 01\(1 ° 06
5 - 07
g —All
=,
0 1 3

2
RIA]

Fig. 4. Hydrogen—oxygen pair distribution in the structure of xonotlite obtained
by ab initio molecular dynamics at 300 K. Notation of oxygen sites is given in
Fig. 1A.
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to the O10 sites and form hydrogen bond to the O2 sites. The
010-H and H...02 contacts are 0.984 and 2.217 A, respec-
tively.The average interatomic distances indicate that only O2
site should have measurable influence on the vibrational
dynamics of the O10H bond. The distances to O5 and O6
sites are, on average, too long to have any measurable effect on
the O10H vibrations. This is consistent with a single sharp
absorption line in the IR and Raman spectra commonly reported
for xonotlite [7]. The calculated IR spectrum (Eq. (1)) is
compared with the experimental measurements in Fig. 5B. After
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Fig. 5. The measured (A) and calculated IR absorption spectra of the ideal (B)
and defected (C) deuterium-xonotlite structure. The bottom axis in the calculated
spectra shows the frequency scale corrected for the isotopic substitution of the
deuterium by hydrogen and the fictitious dynamics of electrons (the original
frequencies of the deuterium xonotlite are shown on the top axis, see text for
details). The insert in B shows the fragment of measured IR spectra in the range
of frequencies corresponding to ab initio simulations.

correction for the isotopic shift, see Eq. (2), and the fictitious
electronic dynamics (see Section 2.1 for details) the calculated
IR spectrum is consistent with the experimental data, as further
discussed in the Section 4.2.

3.3. Structure of defects in silicate double chain of xonotlite

The Ca/Si ratio of idealized xonotlite is exactly equal to 1.0.
The natural and the synthetic samples differ from the ideal Ca/Si
ratio [1]. Increasing deviations from the ideal Ca/Si ratio
indicates an increasing degree of disorder in the xonotlite
samples. The deficiency of Si in xonotlite can be explained by
defects in the chain of Si tetrahedra. The structure of such
defects and the mechanism of the charge balancing are still
under debates. Presence of M**" or M*" cations in our samples,
which could take the structural position of the Si atoms in the
double chain, can be excluded by EDS analysis. It is also
unlikely that Ca®" atoms occupy Si*" positions in an isolated
tetrahedral site. Therefore, we assume in the calculations that
the charge compensation is fulfilled by the hydrogarnet sub-
stitution mechanism expressed in terms of the Krdger-Vink
notation for point defects [31] by:

{Si}g + 2H,0 = {H4}§; + SiO, (3)

This assumption is consistent with the presence of the
second type of OH groups commonly observed in NMR studies
[3] and additional broad OH stretching band in IR spectra of
xonotlite (Fig. 5A). Ab initio crystal structure optimizations
enable us to predict the distribution of protons in the tetrahedral
sites and the relative energies of defects formation. Although the
composition of the defect is constrained by Eq. (3) the ab initio
method allows for bond breaking and bond forming, and in
contrast to the empirical simulations, does not require a priori
knowledge of the OH connectivity. The structural arrangement of
protons in the defect is determined by the requirement of the global
energy minimum.

The silicate double chain is built by two “paired” Q2
tetrahedra (Sil, Si3) and one Q site (Si2) [5]. Although the two
different Q7 sites are present, the geometry of the Sil and Si3
tetrahedra is very similar. The accuracy of the calculation is not
sufficient to discriminate the energy difference between the
defects in the Sil and Si3 sites. Therefore, we arbitrary have
chosen a Si3 tetrahedra to be representative for both Sil and Si3
positions in Q7 site. Thus, two principally different isolated
defects, {Hs}y and {H;}q are possible as schematically
shown in Fig. 1B and C, respectively.

According to the calculations, the static energy of the defect
in {Hy}qs site is lower by 25.79 kJ/mol than in the {H,} ¢ site.
The {H,}q defects should therefore significantly prevail over
{Hy4} > ones:

{H4}Q2 _ NQz effe—‘; _ 267/1_5
{Hi}p  No

=

; 4)

where Ng: and Nq. are the total amount of Q® and Q7 sites, T
is the temperature, R is the gas constant and AE is the energy
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Fig. 6. Optimized structures of the defects in the tetrahedral silicate chain of xonotlite: {Hs} s (A), {Ha}g: (B), {Hs}gss (C), {Hs}20: (D) See Fig. 1 for the colour

legend. The OH groups are shown as sticks terminated by small bright spheres.

difference between structures with {H,} ¢ and {H,}q: defects.

H
At room temperature (300 K), the ratio iHi?z is negligibly small
4103

6.4x107°. At the upper limit of stabilit}i2 of C—S—H phases

Table 3
Structure of the hydrogen bonds in the tetrahedral defects of xonotlite
OH [A] H..O0 [A] Angle [°]
(H} &
O9H...01 0.986 1.768 169.8
O5H...01 1.001 1.800 156.0
O6H...05 1.006 1.651 169.5
O1H...03 1.050 1.560 170.9
{Hy) &
O4H...08 1.018 1.703 162.9
O4H...05 1.014 1.702 151.8
O8H...05 0.990 2.051 159.9
O2H...05 1.008 1.612 162.9
H'O4H” 96.7
{Hg} g0
O5H...06 1.006 1.665 170.2
O6H...01H, 0.994 1.910 154.1
03..HOIH...04 1.028 1.656 165.3
09-H...01H, 0.982 1.861 165.0
H'O1H” 110.4
Hs} oo
O2H...06 1.029 1.613 155.2
O6H...01 0.985 2.457 155.0
O3H...02 1.001 1.750 144.0
O3H...07 1.029 1.648 171.1
H'O3H 98.4
O5H...06 1.021 1.685 172.9
O9H...01 0.990 1.724 172.2
O1H...04 1.033 1.616 172.8
O7H...06 1.018 1.623 174.0

(500 K) the ratio is equal to 4.0x107>. The volumetric and
entropic contributions to the Gibbs free energy of defects
formation are neglected in Eq. (4). It should be noted that the
thermal contribution to the free energy difference is small, i.e.
order of 1 kJ/mol. The volumetric contribution is unknown but
usually negligible at atmospheric pressure.

The structural arrangement of OH groups and hydrogen bonds
in {Hs} ¢ and {H4} e defects is shown in Fig. 6A and B, respec-
tively. The parameters of hydrogen bonds are summarized in
Table 3. The OH-pair distribution functions are presented in
Fig. 7. In the energetically favourable {H,}¢s defects the protons
are attached to the oxygen sites of the defect tetrahedra. Two
chains of hydrogen bonds =O6H...O5H...O1H...03= and O9H...
Ol are formed. The protonated O9 sites become structurally
similar to =Ca;—OH groups in portlandite. The other OH groups
form =Si—OH linkage on the Q' sites. The hydrogen bonds in the
defects are significantly shorter than the common O10H...O
bonds in xonotlite. We can therefore expect that the vibrational
frequencies of the OH in the Si defects should be red-shifted. In
Fig. 5C the calculated IR spectrum of xonotlite with defects in
{H,} ¢ tetrahedra is shown. The vibrational density of states of
OD dipoles is given in Fig. 8. The high frequency peak at
(~2450 cm™ ") can be assigned to O10D...02 bond. Several broad
maxima at lower frequencies can be assigned to the O10D...02
vibrations in defects based on the vibrational density of states
shown in Fig. 8.

In {H,}¢ defects (Table 3) OS5 sites remain de-protonated
and act as a strong hydrogen bond acceptor (O4H...05, O2H...
05, O8H...05). The 04 sites become doubly protonated and the
configuration resemble that of a water molecule strongly sorbed
on the Ca layer.
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Fig. 7. Hydrogen oxygen pair distribution function for the isolated defects in Q>
and Q? sites.

Considering the geometry of {H,}¢» defects as initial step for
subsequent dissolution of the tetrahedral chain we calculate the
static energy of coupled defects in the neighbouring silica tetra-
hedra. Two defect geometries are possible: a coupled substitution
in adjacent Q sites {Hg} s (Fig. 1D) and that in neighbouring
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Fig. 8. Calculated vibrational density of states of the OH groups in Q* and O°
defects.

Table 4
The relative total energy (Er,1) of defect formation in the silica double chain of
xonotlite for isolated and coupled defects

ETmaI EI" EPcrt

[kJ mol '] [kJ mol '] [kJ mol ']
AE [{Ha}o,—{Ha}o,] 25.79 25.77 0.02
AE [{Hg} 0,0, —1Hs} 0,0, 1 40.06 40.09 -0.03
AE [2{H4} o, —{Hs} 0,0, 1 4.97 4.84 0.13

The defect formation in Q’ sites is energetically favourable compared to Q?
tetrahedra. Coupled substitution in the neighbouring sites is favourable
compared to the two independent substitutions on Q® tetrahedra. To illustrate
the accuracy of calculations, the single gamma point and k-point sampling
contributions to the total energy are given as Ep and Ep., respectively.

Q*-Q’ pair {Hg}q.» (Fig. 1E). Optimal arrangement of OH
groups and hydrogen bonds in {Hg}: o and {Hg}oe e defects
are shown in Fig. 6D and E, respectively. The parameters of
hydrogen bonds are summarized in Table 3. The energy of the
{Hg} s o defect is 40.06 kJ/mol lower than that of the {Hg} 2 o
substitution. The energy of the double defect {Hg}q: s is lower
by 4.79 kJ/mol compared to two independent {H4}qs substitu-
tions (Table 4).

Because the Q* defects are very few it is reasonable to assume,
for simplicity of the discussion, that isolated defects are formed
exclusively in the Q sites. Such assumption should hold up to very
high concentration of defects until almost all available Q° sites
have been consumed. Although the obtained energy difference is
close to the accuracy of calculations, the relative abundance of
{H4}¢» and {Hg} s can be still calculated from the reaction:

2{Hy}, {Sitq, = {S}g,q, + {Hs}o, 0, » (5)
[{Siz}Ql,QB} {{HS}Q3.Q3} _ _%} ()

[ {sive |

where {Siy}g:» is the concentration of undisturbed Q’ pairs,
{Hg}q is the coupled defect in neighbouring Q’ sites and

1.0

{Hy }Q3 Qy
O8F N 300K i

.S 06k / \
S {51, } 2
o 04} 500K
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b+ 2 (H3

Fig. 9. The equilibrium distribution of doubly substituted Q* sites {Hg} o005
isolated defects {H4} ¢y and undisturbed tetrahedral pairs {Sis} g q: as function
of total concentration of Q° substitutions for 300, 400 and 500 K (solid lines).
The dotted line shows the ideal solution behaviour (AE=0 in Eq. (6)).
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{Hy} & {Si}ep is the Q° pair with a single substitution. Eq. (6)
neglects the volume change upon defect formation. The volume
contribution to the relative stability of defects in Eq. (5) is expected
to shift equilibria to the right site, so that AE>=AE+PAV=AH.
The equilibrium distribution of coupled and isolated defects
calculated with Eq. (6) is shown in Fig. 9 as a function of the total
fraction of Q? substitutions. The diagram clearly illustrates that due
to the lower formation energy the double defect substitution
becomes more abundant compared to isolated Q.

3.4. TG/DTA and IR measurements

The IR spectrum of the best crystallized samples of xonotlite is
shown in Fig. SA. In the range of OH stretching frequencies, the
spectrum has a sharp absorption peak at 3611 cm™ ' and a broad
absorption band at ~3430 cm™ . The pronounced absorption peak
at 1640 cm™ ' corresponds to the bending frequency of molecular
water. A number of overlapping bands in 500—1500 cm™ ' range
are attributed to the couples stretching and bending of Si tetrahedra
and Ca octahedra.

Main weight lost during TG/DTA measurements take place at
1040-1150 K. At this temperature the OH hydrogens are
released and the xonotlite transforms to low temperature
wollastonite. The small weight loss of about 0.8 wt.% during
TG/DTA measurements observed at 350-370 K can be also
assigned to the loss of molecular water (Fig. 10). Unexpectedly,
the IR band of molecular water and TG/DTA loss at 370 K do not
disappear completely after long drying of samples at 520 K.

Based on this, for the first glance contradictory observation,
we argue that the larger portion of detected water should be
classified as surface absorbed and rather then structurally
incorporated. The drying of the probe at 520 K guarantees the
release of molecular water from the samples. It is therefore most
probably that the dried samples immediately absorb water from
the air on the surface during samples preparation for IR and TG/
DTA measurements. The kinetics of the water incorporation, on
the other hand is slow enough to get the crystalline water during
the time of TG/DTA and IR measurements. The C—S—H phases
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Fig. 10. TG/DTA scan for synthetic xonotlite obtained in the range between
300 K and 1350 K at a constant heating rate.

are known to have strongly hydrophilic surface characteristic
[32,33]. Thus we may rule out significant presence of the
structurally incorporated water in dried samples. The study of
[3] suggest, that vacuum drying and additional measurement,
presumably under vacuum, may allow water sorption on the
surface of synthetic xonotlite to be excluded.

4. Discussion
4.1. Nature and formation of tetrahedral defects in xonotlite

Although the theoretical xonotlite structure contains only Q?
and Q? tetrahedra, NMR studies detect significant amount of Q'
sites, indicating the presence of tetrahedral defects in disordered
samples. Our calculations suggest that such defects are formed
almost exclusively in the Q* sites. Additionally, the coupled
defects in Q® are dominant down to rather low total
concentration of Q° defects (Fig. 9). These results further
support the two stage mechanism of xonotlite formation early
proposed by Moorehead [34] and later confirmed by Shaw et al.
[8], using in situ X ray diffraction technique. According to this
concept, the crystalline phase domains with good periodicity
parallel to the ab plane and less ordered in the (001) direction
are initially formed. In this step the reaction products are similar
to C—S—H gel. In the second step, ordering on the structure in
c-direction leads to formation of xonotlite crystals. The ordering
stage is likely to reflect inclusion of the missing silicate
tetrahedra into the silicate chains.

Based on the defect formation energy, we can argue that at
the first stage of the xonotlite growth, the two dimensional
domains of Ca layers contain only short chains of Q? silicate
tetrahedra with numerous defects at Q> sites. Absence of Q°
sites in the structure offer channels in the direction of b axis
(Fig. 6C), which could facilitate the diffusive supply of silica
and release water molecules in proto-crystals of xonotlite.
Fig. 6C, for example, illustrates incorporation of water molecule
in the coupled defects in Q* pair. In the second stage of xonotlite
growth the defects in Q° sites of the tetrahedral chain are
subsequently repaired while the relative concentration of the
single and coupled defects is evolved according to the diagram
in Fig. 9. We believe that the degree of structural order and
deviation from the ideal Ca/Si ratio in xonotlite could be di-
rectly related to the amount of defects in Q? tetrahedra.

According to the conditions of synthesis the systems does
not contain other cations then Ca and Si. Therefore we assumed
that the charge compensation in the defects is fulfilled through
the incorporation of OH groups. In natural systems and
industrial poly-phase cements the chemistry is more diverse
and other cations can play a charge compensating role. The
defects sites are therefore the primary candidates for incorpo-
ration of foreign ions into the xonotlite structure.

Similar to the xonotlite, 11.3 A tobermorite also contains
bridging Q° and “paired” Q? sites. On a speculative manner we
can use the results obtained for xonotlite to discuss the structure
of tetrahedral chains in tobermorite and C—S—H phases. We
suggest that short silica chains, which consist of mainly “paired”
Q? silica tetrahedra, are initially formed in C—S—H phases. The
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increase of the Si content in cement phases corresponds to
“repairing” missing Q°-like sites which give rise to extension of
the silica chain. Indeed, a number of experimentally based
models for C—S—H phases [35-37] assume omission of
bridging tetrahedra and subsequent polymerisation of the silica
chain. Depending on the Ca/Si ration the Ca ions play a charge
compensating role bridging isolated Q7 pairs. All these concepts
are well in agreement with preferential stability of defects in Q*
sites of xonotlite chain observed in this work. It should be
noted, however, that other factors like Al content for example
play an important role in the formation of C—S—H phases and
tobermorite [38]. Further studies are necessary to reveal the
relative importance of charge compensation mechanisms, the
isomorphic substitutions and polymerisation of the silicate
chain on the structure of C—S—H phases.

4.2. Interpretation of the IR spectra

Idealized xonotlite only contains hydrogen in the form of
0O10-H...02 groups. The natural and synthetic samples indicate
presence of at least two types of OH groups [3] and traces of
molecular water. The IR spectral of the synthetic xonotlite
contains a broad absorption band in the 3200—-3500 cm ™' range
(Fig. 5A). This band is most probably produced by stretching of
the different OH groups forming strong hydrogen bonds in
defects of the silicate double chain, the water molecules at the
surface and possibly some traces of structurally incorporated
molecular water. As described in the Section 3.4, we were not
able to produce the samples without surface absorbed water.
Therefore an unambiguous identification of absorption bands,
caused by the structurally incorporated OH groups in the
measured spectra (apart from O10—H band) was not possible.
The theoretical calculations also have limitations, which make
the comparison of the experimental and the simulated IR spectra
difficult. Unlike the measurements the calculated spectra does
not contain contribution from any kind of surface absorbed
water, which allows identification of the OH bands in defects.
Due to the small size of the simulated cell, however, the
concentration of defects in the simulation is much higher than
in the synthetic samples, which explains the high intensity of
the defect associated OH vibrations compared to O10H band
(Fig. 5C). Additionally, the defects cause significant broadening
of O10H band. One may expect that in larger simulation cell the
absorption bands characteristic to OH groups in defects will be
shifted toward the O10H frequency because of additional re-
laxation in the structure.

Based on the simulations the sharp absorption band at
3620 cm ' can be unambiguously assigned to the O10H group.
The calculated absorption bands for O9H, O5H and O6H
groups in the Q° defect tetrahedra coincide with the frequency
range of the broad absorption band in the measured spectra at
3200-3500 cm™ !, but can not be identified as single bands, due
to above mentioned limitations of both the modelling and
experimental data. At the present time, we are not able to
distinguish between contributions from structurally incorporat-
ed OH groups and the surface absorbed water. Further
theoretical and experimental investigations are necessary to

distinguish the various contributions to the absorption band in
the given frequency range.

5. Conclusions

Our investigation of the xonotlite synthesis product is in
agreement with previous studies [1]. Deviation of the calcium/
silica ratio from the unity, which was observed after 30 days of
hydrothermal synthesis, is likely due to disorder in the structure
and Si defects. The results of the Rietveld refinement show, that
the xonotlite polytype M2a2bc is the dominant phase under the
given reaction conditions. The structure of hydrogen bond and
stretching modes of OH groups in M2a2bc polytype was inves-
tigated by means of ab initio simulations. The Si deficiency in
the natural and synthetic samples is explained by formation of
the defects in tetrahedral silicate chain. The simulations predict
that the missing tetrahedra in Q’ sites entirely dominate over
defects in Q sites. Moreover, the paired substitutions in neigh-
bouring Q? sites are energetically more stable than isolated Q>
defects. Thus, despite the entropy effect, the coupled Q° sub-
stitution becomes dominant already at small concentrations of
tetrahedral defects. Such defects provide the necessary space for
possible incorporation of foreign ions and water in the structure
of xonotlite. In the present calculations the charge compensa-
tion on the defects was fulfilled by inclusion of additional OH
groups. The vibrational frequencies of OH groups in defects are
red shifted relative to O10H bands.
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Appendix A

Quantitative phase identification and Rietveld refinements.
According to the Rietveld method the crystal structure para-
meters are obtained by least-square fit of the powder diffraction
pattern. The intensities y.; of each phase are determined from
the structure factor, |F k|2, which is calculated from the structure
model by summing up the calculated contributions from
neighbouring Bragg reflections plus the background (Eq. (A1)):

Vei = Si ) LilFil* (20 — 200)Ped + yi, (A1)
k
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where S; is the scaling factor of phase 7, k represents the Miller
indices (h k 1) for a Bragg reflection, L, contains the Lorenz
polarization and multiplicity factors, ¢ is the reflection profile
function, P; is the preferred orientation function, 4 is the
absorption factor, F is the structure factor for the k”* Bragg
reflection and y,; is the background intensity [39]. The factor
minimized in the least-square refinement is the residual, S,
calculated in the case of constant wavelength angle-dispersive
data by Eq. (A2):

Sy =D _wily—ya)’, (A2)

where w;=1/y,;, v is the observed intensity and y; is the cal-
culated intensity [39].

In the quantitative phase analysis using the Rietveld method,
the weight fraction w; of each crystalline component in the
mixture is calculated from the corresponding scaling factor S;
for that phase and the unit mass (M;) and volume (V;) by
Eq. (A3):

_ SMV
> osmy;
J

where

> wi = 1.0,

In this work the Rietveld refinement was performed using the
GSAS package [40] and the graphical user interface (GUI)
editor for GSAS experiment [41].

As starting models for the quantitative characterization of the
samples, the four known xonotlite polytypes M2a2bc, Ma2bc,
M2a2b2c and Ma2b2c [42], with the space groups P-1, P 2/a, A-1
and A2/a, respectively are used. The Ca, Si and O atoms are
ordered into positions 1h, 1fand 2i (Ca), 11 (Siand O) of P-1, 2i of
A-1, 2e of P2/a as well 4c of A 2/a [2].

The whole powder diffraction pattern of synthetic xonotlite
including the region from 5.008—79.978 (260°) was refined and
yielded an agreement index chi® of 1.479 for 15 variables. The
background was fitted using the shifted Chebyshev function with
24 background coefficients. As the complexity of the pattern did
not allow background subtraction, the background was refined as
proposed by McCusker and co-workers [43]. The profiles were
modelled using Simpson’s rule integration of a pseudo-Voigt
function (function 2) [44,45]. The Rp, wRp, and R (F*) values were
determined to be 3.01, 4.14, and 6.76, respectively. The weighted
Durbin-Watson d value [46—48] was estimated to be 0.74.

Whenever amorphous phases exist in the system, the scat-
tering contribution of the amorphous phase is part of the
background and thus not included in Eq. (A4). The fraction of
the amorphous phase can be calculated using the internal stan-
dard method, where a known fraction of standard powder (for
instance: corundum or quartz) is added to the sample and treated
as a component of the sample. After finishing of the Rietveld
refinement, the refined phase fractions are converted into weight
fractions and rescaled by the ratio between refined (x,.) and

(A3)

wi

(A4)

the known (x;) amount of added standard. The percentage of
the amorphous phase x, in the sample can be calculated di-
rectly from the weight of the internal standard according to
Eq. (AS) [49]:

100 | Xg
Xg=—o [1 -7,
(100 — xy) Xge

To estimate the amorphous content in xonotlite, a data set from
a xonotlite sample with pure quartz added as internal standard
(10%) was collected. The quartz intensities were corrected for a
preferred orientation effect along the [101] direction using the
March-Dollase formalism [50].

(AS)
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