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Blended cements have a big potential to reduce the CO2 footprint due to cement production. C(alcium)-S(ilicate)-H(ydrate) in
these novel materials is known to incorporate a considerable amount of Al. We have for the first time applied large-scale first
principles calculations to address the mechanism of Al incorporation in low C/S ratio C-S-H. In agreement with state-of-the-
art NMR information, our calculations show that Al substitutes Si in bridging tetrahedra only, and that substitutions in pairing
tetrahedra are strongly disfavoured in a wide range of conditions. In broad terms, the energy penalty for having an Al atom in
a pairing position is of about 20 Kcal/mol. Al in bridging tetrahedra is therefore the thermodynamically favoured state, rather
than merely a kinetically traped one in a solid-liquid equilibrium known experimentally to be very long to reach. A systematic
investigation of Al-Al and Defect-Al correlations shows that having two Al atoms as next-neighbours is particularly unfavourable,
which gives clues on the limit of Al incorporation in C-S-H. All in all, the current work supports the model and methodology
employed to pursue further studies in such materials (e.g.,higher C/S ratio systems), in the context of what is still theopen
question of the structure of C-S-H.

1 Introduction

Concrete, a mix of Portland cement, aggregates and water, is
the most commonly used material worldwide. Its production
is estimated to be one cubic meter per person per year! This
impressive number is explained by its good mechanical prop-
erties and ease of use, as well as by the low cost and om-
nipresence of its constituents, which happen to be the main
elements of the earth’s crust (Si, Ca, O). However, the produc-
tion of Portland cement, made from heating to high tempera-
tures (∼1500◦C) a mixture of limestones and clays, is respon-
sible for about 5-10% of the global anthropogenic emissions
of CO2

1–4. Although considerable research is devoted to new
geopolymers as replacements for Portland cement5, not less
attention is dedicated to more eco-friendly and novel cemen-
titious materials6, i.e. blended cements. In the latter, the main
idea is to replace part, if not all, of the limestones which, when
calcinated, are responsible for 60% of the carbon footprintof
cement (CaCO3 → CaO + CO2).

A recent success is the development of blended fly ash ce-
ments produced with considerably less limestones and pre-
senting a low calcium to silicon ratio (C/S). A significant im-
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the acknowledgements. See DOI: 10.1039/b000000x/
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PSI, Switzerland. Fax: 0041 56 310 2821; Tel: 0041 56 310 5757; E-mail:
luis.pegado@psi.ch
b ICB, UMR 6303 CNRS, Université de Bourgogne, F-21078 Dijon Cedex,
France.

pediment for a wide usage of new cementititious materials,
however, is the lack of solid knowledge on their stability and
durability. In other words, the equilibrium properties of hy-
dration products in novel cementitious materials are not well-
known. Calcium aluminium silicate hydrates (C-A-S-H) are
among them.

C-S-H is the main component of hydrated Portland cement
paste, and is responsible for the setting and hardening of ce-
ment, mainly due to electrostatic, short-range attractiveforces
between platelets of nanometric dimensions7–10. C-S-H nano-
hydrates form during the hydration of the anhydrous cement
grains at their surfaces, following a heterogeneous germina-
tion and growth process11–16.

At low C/S ratio C-S-H has a structure similar to that of a
naturally occuring mineral: tobermorite. The main structural
elements are a calcium layer flanked on both sides by linear
silicate (so-called) dreierketten chains, the latter being formed
by alternating bridging and pairing tetrahedra. Al is believed
to incorporate calcium silicate hydrates by substituting for Si
in these dreierketten chains. Variation of the C/S ratio in C-S-
H can happen in two ways: depolimerization of the Si chains
through the removal of bridging tetrahedra (i.e., creationof
more defects), and adsorption of Ca atoms. The latter charge-
compensate the negative surface charges due to the deproto-
nation of silanol groups. In fact, with increasing pH both the
C/S ratio and the surface charge of C-S-H increase17,18. On
the other hand, the higher the C/S ratio the less Al is incorpo-
rated in C-S-H19, and for C/S ratio above 1.2 the maximum
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Al/Si is under 0.0520.
Elemental analysis21–23 performed on blended fly ash ce-

ments shows a reduction in C/S ratio in C-S-H, as compared
to ordinary Portland cement (”typical” C/S≃ 1.7), as well as
an important Al incorporation (up to about 0.15 Al/Si ratio).
Furthermore, solid-state NMR measurements on pure C-A-S-
H phase for low C/S ratio (say, 0.7) reveal that most of the alu-
minium incorporated in C-S-H has a tetrahedral environment
and takes the position of the bridging silicates24–27. However,
it has also been shown19 that a true equilibrium between the
solid (C-A-S-H) and liquid (electrolyte solution of hydroxyde,
aluminate, calcium and silicate ions) phases takes extremely
long to reach and has so far not been observed. Consequently,
the stability of the C-A-S-H phase is still an open question.In
particular, one can legitimately ask if the observed substitu-
tion of Si with Al in the bridging positions is a kinetically fa-
vored state but not the thermodynamically stable one. In other
words, can an aluminium substitution in the pairing position
be more stable?

Only a few theoretical studies have focused on the Al sub-
stitution in C-S-H. Manzanoet al.28 have performed DFT sta-
bility studies of aluminosilicate dreierketten chains in vacuum,
ranging from 1 to 9 Si atoms in length and having at most
one Al substitution. In particular, they have rationalizedwhy
chains with lengths of 2, 5, 8 ... (3n-1) are more stable than
the others. They have also considered environmental effects
at the COSMO level, having an effective dielectric constant
to mimic the effects of (water) solvation. It was concluded
that, for the properties analyzed, the use gas phase calcula-
tions was justified. Already some years ago Faucon et al.29

performed classical molecular dynamics simulations of C-S-
H-like structures, using tobermorite as a model. For a C/S ra-
tio of 0.83 they investigated a system with two Al substitutions
in bridging sites, and one with one Al in a bridging and one in
a pairing positions. For the latter, silicate chain ruptures were
observed, which were attributed to the mechanism for charge
compensation of the Al substitution. It was concluded that
Al should preferentially be in bridging sites. No energetics or
relative stabilities of structures were reported. Recently Qomi
et al.30, also based on work with classical potentials, reported
free energy differences between an Al substitution in a bridg-
ing and in a pairing sites for C-S-H models of different C/S
ratio. The general conclusion was that bridging substitutions
were always more favourable but by exactly how much was
highly dependent on C/S ratio and other particular structural
details.

In the current work we employ for the first time large scale
first principles calculations to analyze the Al substitution in
a large C-S-H lamella, with a particular focus on determin-
ing the more stable aluminium location in C-A-S-H. Thanks
to the size of the system studied, our calculations also helpto
understand the spacial correlations between Al substitutions,

and between an Al substitution and a surface defect, which can
be seen as one of the key factors to explain the limitation of
the aluminium incorporation in C-S-H. Using this fundamen-
tal understanding we are able to rationalize the experimental
observations on C-A-S-H at low C/S ratio and low pH.

2 Models and methods

2.1 C-S-H

C-S-H has been modeled as a single plate, as illustrated in Fig-
ure 1 already for a case with two modifications (defects and Al
substitutions). The orthorhombic unit cell which generates the
original, unmodified plate by translations along the ”a” and
”b” cell parameters alone was isolated from the crystal struc-
ture of normal 11Å tobermorite31. In doing so one removes
all interlayer water and Ca atoms and keeps a single sheet with
infinite dreierketten chains of tetrahedrally coordinatedsilicon
atoms on both sides of the central Ca layer. After placement of
the protons needed to attain neutral formal charge the unit cell
formula reads 2×(Ca4Si6O14(OH)4·2H2O). The cell param-
eters employed were those for 14Å tobermorite, ”a”=11.26
(2×5.63) and ”b”=7.28 (2×3.64)32. Note that as long as one
is considering a single plate (as opposed to stacks of plates)
the structure of 9, 11 and 14̊A tobermorite is the same.

2.2 Aluminium substituted C-S-H (C-A-S-H)

In this study we have investigated C-S-H structures with sin-
gle and double aluminium substitutions, as well as structures
with defects (removed bridging tetrahedra) and single Al sub-
stitutions. Figure 1 introduces a simplified representation for
our systems, based on depicting only the silicate dreierketten
chains on the (upper) surface of our plate, and their changes
with respect to the base tobermorite structure. This represen-
tation is used in Figure 2 to illustrate four types of Al substi-
tutions studied: in a bridging position (BRIDGE), in a pairing
position (PAIR), in the end of a chain (EOC) and in a dimer
(formed by two ”isolated” pairing tetrahedra between two de-
fects) (DIMER). These constitute particular cases of different
environments for a single Al substitution, and are therefore
singled-out.

In order to investigate possible correlations between either
two Al substitutions, or one defect and one aluminium substi-
tution, an extensive, systematic set of systems has been stud-
ied. Here we wish mainly to emphasize that cases are covered
where the second of the two modifications to the base tober-
morite plate is done in the same silicate dreierketten chain,
in the next-neighbour or in the next-next-neighbour compared
to the first one, and for varying Al-Al or Al-Defect distances.
These systems will be referred to using a matrix-based nota-
tion (see Figure 1). We use B, P and D for an Al substitu-
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Fig. 1 Caption in the next page.
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Fig. 1 (Previous page) The C-S-H model employed in the current work. On the left-hand-side one has two views on the molecular
representation of a system already with one defect (D, located within the blue circle) and an Al substitution in a bridging (B) tetrahedron (in
blue). Ca atoms are depicted as grey octahedra, Si atoms as yellow tetrahedra, O atoms in red and H atoms in white. The representation is
simplified on the right-hand-side by showing only silicate dreierketten chainson the upper part of the plate in a triangle notation, where
pairing tetrahedra are triangles pointing left and bridging tetrahedra thosepointing right. The filled triangle represents the Al substitution. The
column and row numbers (respectively dreierketten chain and tetrahedron number within a dreierketten chain) will be used for a systematic
naming of the different systems with two modifications (see text for more details). The system presented is referred to as D2,5B3,9. The
dashed rectangle isolates the supercell used in our calculations. Note thatdue to the use of periodic boundary conditions there are no edges
and the plate is infinite along the surface directions, x and y.

a.) BRIDGE b.) PAIR

c.) EOC (D2,5P2,6) d.) EOC ref (D2,5B2,8)

e.) DIMER f.) DIMER ref

Fig. 2 Schematic representation of a system containing an Al atom in: a.) a bridging position; b.) a pairing position; c.) in the end of a silicate
dreierketten chain and e.) in a dimer. Structures d.) and f.) are ”reference” structures for, respectively, c.) and e.). They have the same
compostion as their corresponding system (same number of defects and Al atoms) but the Al is in a bridging, rather than a pairing position,
and are needed for energy difference calculations in Table 1. Non-modified dreierketten chains are in general not shown. For molecular
representations of the systems see the SI. The EOC structures are actually particular cases of a series with one Al and one defect, and their
designation in our systematic nomenclature system (see Figure 1 and the text) is also given.
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tion in a bridging tetrahedron, an Al substitution in a pairing
tetrahedron or a defect, respectively. Each letter carriestwo
numerical indices, the first referring to the dreierketten chain
(”column”) and the second to the tetrahedron number (”row”)
where each modification occurs. Five series of systems have
been explored, namely BB, BP, PP, DB and DP. For molecular
representations of all the structures see the SI. The descrip-
tion of the rationale employed when generating the different
systems can also be found there. Note that in this work no
correlations between Al substitutions or defects across the Ca
layer have been considered, only on one of the halves of the
plate.

2.3 Calculation details

The geometry of all structures was optimized at the Den-
sity Functional Theory level. A multi-step optimization pro-
cedure, described in detail in the SI, was followed. All
calculations employed the QUICKSTEP module33 in the
CP2K program package34, version 2.2.426. The Becke ex-
change35 and Lee-Yang-Parr36 correlation functionals have
been employed, together with the dispersion correction dueto
Grimme37 (BLYP-D2). Goedecker-Teter-Hutter dual-space,
norm-conserving pseudopotentials38 have been used to repre-
sent core electrons, and for valence electrons one employed
double-ζ , valence polarized, ”short-range” MOLOPT basis
sets39 (DZVP-MOLOPT-SR). The electron density was rep-
resented in an auxiliary basis set of plane waves up to a cutoff
of 320 Ry. On each geometry optimization step the energy
was converged to within 1.6×10−10 au/atom using a single
k-point in the origin of the Brillouin zone (Γ-point sampling).
The computational setup employed shares similarities withre-
cent studies of the acidity of hydroxide groups at solid-liquid
interfaces (e.g. silica, clays)40,41based onab initio molecular
dynamics simulations in condensed phase.

The orthorhombic supercell used in our calculations, dis-
played in Figure 1 (see also the molecular representations in
the SI), is obtained by replicating the unit cell described above
twice along ”a” (”x direction”) and four times along ”b” (”y
direction”). The system comprises 608 atoms and has x,y,z
dimensions of 22.52, 29.12, 25.0̊A. The calculations are pe-
riodic in all 3 directions, but the vacuum space left perpen-
dicular to the plate’s surface ensures the necessary separation
between the different replicas along z. Each substitution of Si
with Al implies the introduction of one negative unit chargein
the system. These are compensated for with a uniform, neu-
tralizing background. See the SI for a discussion of system
size convergence tests performed and also for the comparison
of different methods to electrostatically decouple the system
from its periodic replicas in the z direction.

Table 1Energy differences between systems with an Al substitution
in a bridging or in a pairing tetrahedron in three different cases.
Refer to Figure 2 for system details.

∆E / Kcal/mol
PAIR - BRIDGE 17.9
EOC - EOCref 18.3
DIMER - DIMER ref 23.0

3 Results and discussion

Table 1 presents relative energies for systems with a singleAl
substitution in different environments. Figures 3 and 4 sum-
marize similar data for all systems investigated containing two
Al substitutions, or one Al substitution and one defect, respec-
tively. A quick combined analysis unequivocally shows that,
for the low C/S ratio systems investigated, an Al substitution
in a pairing tetrahedron is always much more unfavourable
than in a bridging one.

From Table 1 we see that the energy penalty for having a
pairing Al is of the order of 20 Kcal/mol, be it for infinite
dreierketten chains, in the end of a chain or even in a dimer
(note also the detailed analysis of the two later systems pre-
sented in the SI, related to the orientation of ”intra-defect” H-
bonds, and their - possibly big - effects on the energy). One
therefore does not expect to find Al in pairing positions for
C-A-S-H at low C/S ratio, which is in full agreement with the
best experimental information available27.

The picture is essentially the same when one has two Al
substitutions in the system, or further configurations for one
Al and one defect. In Figure 3 the BB, BP and PP sets form
series with a scatter of some 10 Kcal/mol, ”centered” at 5,
25 and 45 Kcal/mol, respectively (one has excluded from this
analysis the innermost point for BP and PP, see below). Two
”bands” separated by some 20 Kcal/mol can also be seen
in Figure 4 ‡. This analysis also provides our estimate for
the uncertainties of the calculations as some 5 Kcal/mol (i.e.,
half the band width); energy differences smaller than this are
not attributed to more than a necessary spread in the results
due to the number of degrees of freedom of the system. In
the SI further comments are given on what are considered
non-determining changes in the energy, due to, e.g., the non-
equivalence of two adjacent pairing positions (when the lower
half of the unmodified tobermorite plate is considered) or the
presence of ”intra-defect” H-bonds.

The BP and PP curves in Figure 3 show a particularly strong
(anti)-correlation between next-neighbour Al atoms (the point
for shortest Al-Al distance in each curve, the B2,5P2,6 and

‡ Note that as discussed in the SI some of the systems plotted here have an
intra-defect H bond, while others not; still, the reoptimization of all systems
with an intra-defect H bond enforced would not change the global picture or
our conclusions and was therefore not deemed necessary
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Fig. 3 Relative energies of all the systems with two Al substitutions
studied, as a function of Al-Al distance. BB stands for two Al in
bridging positions, PP for two Al in pairing positions and BP for one
Al in a bridging and one in a pairing position. All energies are
referred to the one of the most stable case, B2,5B2,11. Refer to the
text, Figure 1 and mainly to the SI for more details on the different
systems and for the assignment of points to the structures they
correspond to.

P2,6P2,7 systems, respectively). For large separations one ex-
pects the relative energy profiles to plateau. Within our previ-
ously defined error bars this is indeed what is happening. We
note that the three curves displayed have in broad terms a sim-
ilar distance dependence and, in fact, the strong avoidanceof
next-neighbour Al atoms could be the explanation for the limit
of Al incorporation in C-S-H of about 0.15 (in Al/Si ratio). As
far as Figure 4 goes, no appreciable correlations are seen inthe
relative positions of Al atoms and defects in the system. We
stress that in Figures 3 and 4 one has structures with 2 modifi-
cations (Al substitution or defect) in the same, next-neighbour
or next-next neighbour silicate chains. However, a closer look
at the data (using the correspondence between points and sys-
tems in the SI) does not reveal any particular characteristic in
any sub-series, and the Al-Al (or Defect-Al) distance seemsin
fact to be the most important parameter.

Manzanoet al.28 have reported that for a pentameric sili-
cate chain in vacuum having the Al in the end of the chain is
energetically less favourable than having it in the bridging po-
sition by about 21 Kcal/mol. However, having an Al in the
pairing position adjacent to the bridging one was only less
favourable by 4 Kcal/mol, in clear constrast with our results.
In particular, our two ”pairing systems” directly comparable
to those of Manzano and co-workers, D2,5P2,6 and D2,5P2,7,
differ in energy only by approximately 2.5 Kcal/mol, being
above the reference system for Figure 4 by respectively 22.5
and 25 Kcal/mol (section 7 of the SI). One is therefore led to
conclude that the further elements included in our model, in
particular the presence of the Ca layer and/or the vicinity of
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Fig. 4 Relative energies of all the systems with one defect and one
Al substitution studied, as a function of Defect-Al distance. DB
stands for one defect and one Al in a bridging position and DP for
one defect and one Al in a pairing position. The Defect-Al distances
were measured using for all systems the same point as location of
the defect, as explained in the SI. All energies are referred to the one
of the most stable system, D2,5B1,6. Refer to the text and to the SI
for more details on the different structures.

other silicate chains is decisive in rendering any pairing posi-
tion equally unfavourable.

The comparison with Qomiet al.’s work with classical po-
tentials30 is not always so clear cut. The differences in (room
temperature) free energies reported were obtained from lattice
dynamics energy minimization within the harmonic approx-
imation. For a C-S-H model with C/S ratio of 0.66 (that of
our unmodified tobermorite plate) the difference between hav-
ing an Al in a bridging versus in a pairing position is of 11.5
Kcal/mol, reasonably close to what we have reported here.
However, when the C/S ratio rises to 0.83 the difference is
of 111 Kcal/mol. The C/S ratio was increased by putting Ca
atoms in the interlayer space between two tobermorite plates.
Besides this, the two systems also differ in interlayer space
(11 and 14Å tobermorite structures were used for respectively
0.66 and 0.83 C/S) and in the fact that for 0.66 C/S ratio the
chains of opposing plates are ”fused” through the tips of bridg-
ing tetrahedra (forming so-called double dreierketten chains).
In both cases, however, the chains are defect-free. One can
also add that for a structure with C/S ratio higher than 1 (finite
dreierketten chains) the substitution in the pairing tetrahedron
in the end of a pentameric chain, and in the adjacent pairing
position, are higher in energy than the bridging substitution
by respectively 434 and 300 Kcal/mol. Our first principles
results indicate more modest energy differences, even if also
way above the thermal energy at room temperature.

It is important to mention that experimental evidence of Al
incorporation in what are believed to be pairing positions has
also been reported27. This happens however for C-A-S-H at

6 | 1–8

Page 6 of 9Journal of Materials Chemistry A

Jo
u

rn
al

 o
f 

M
at

er
ia

ls
 C

h
em

is
tr

y 
A

 A
cc

ep
te

d
 M

an
u

sc
ri

p
t



higher C/S ratio (above 0.95) and higher pH. The appearence
of Al in pairing tetrahedra at high C/S ratio has also been sug-
gested based on classical molecular dynamics simulations42.
This type of systems is outside the scope of the current con-
tribution, which has however paved the way for such investi-
gations. As already mentioned the increase of the C/S ratio
in C-S-H can happen both through depolimerization of the Si
chains and adsorption of Ca atoms. It is likely that this second
mechanism will be of importance when modelling materials at
high C/S, in particular when one thinks that the current studies
have pointed to a lack of correlation between the positions of
defects and Al atoms, at least for fully protonated surfaces.

4 Conclusion

The current study addressed the still open question of the long-
term stability of C-A-S-H phases in cementitious materials.
Theab initiocalculations performed are in full agreement with
state-of-the-art NMR experiments on low pH/low C/S ratio
systems. They strongly indicate that, under such conditions,
Si substitution by Al in bridging positions is in fact the ther-
modynamically most favourable. For all configurations with
Al in a pairing position the energy penalty was of the order of
20 Kcal/mol. This makes such configurations thermodynami-
cally unfavourable.

Despite decades of research, the structure of C-S-H is not
yet fully established. The current study also serves the purpose
of assessing the value of tobermorite as a model system, and
of the computational setup employed. We have put the em-
phasis on performing a systematic study of different aspects
of Al substitution under relatively simple, yet realistic and rel-
evant conditions. One can now build up on this to increase
the complexity step-wise and study further problems in such
a challenging system as C-S-H can be. Besides (pairing) sub-
stitutions for higher C/S ratio, another issue of interest are the
penta and hexacoordinated Al species which are supposed to
appear on the sides of C-A-S-H. These questions will involve
looking at the tobermorite interlayer space and also at edges.

Further steps towards an accurate estimation of the thermo-
dynamics of Al incorporation in C-S-H would be to include
the effect of surface hydration. The Al-Si exchange free en-
ergy could be obtained by thermodynamic integration based
on molecular dynamics simulations. This will be the focus of
a follow-up study.
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Al substitution in Calcium Silicate Hydrate (C-S-H) in novel, low CO2 cementitious materials takes 

place in bridging tetrahedral positions only. 
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