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Effects of Ca2+ → Mg2+ substitution on the properties of cementitious tobermorite
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Using density-functional-theory calculations we assess the effects of the isovalent Ca2+ → Mg2+ sub-
stitutions on the mineral structure of tobermorite, a major analog of the main hydrated cement phase,
calcium-silicate-hydrate (CSH). From the structural point of view, due to its smaller ionic radius, Mg substitution
leads to an overall decrease of the lattice parameters for the 9 Å (dry) and 11 Å (hydrated) tobermorite structures
used in the study. Furthermore, Mg doping at intralayer sites leads to a considerable distortion of the unit cell
due to a changing oxygen coordination number. With the increasing amount of Mg doping, chemical bond
analysis shows an overall increase in the bond strength with the crystal cohesion enhancement. In addition,
Mg sites in the dry and hydrated tobermorite are characterized by an enhanced reactivity, which may be useful
in capturing CO2. With regard to the elastic properties, Mg doping leads to an overall stiffening of the elastic
moduli. However, depending on the particular site, Mg doping may give rise to an increased elastic anisotropy.
Overall, the present results indicate that Mg-based tobermorite structures may be useful prospects in the search
for alternative components toward the development of high-performance, environmentally friendly cementitious
materials.
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I. INTRODUCTION

Cement is the most widely used material in the construc-
tion industry and it has been the subject of intensive research
over the years due to its extraordinary economic, social, and
environmental impact. Indeed, the numbers related to the ce-
ment industry are astounding. The current production rate is
about 4 gigatons (Gt) per year, a rate comparable to global
food production. It is estimated that about 900 Gt of concrete
has been added to Earth’s crust since the beginning of the
industrial revolution and emissions related to construction
activities are about 8% of total anthropogenic CO2 emissions
[1,2]. Due to the sustainability concerns regarding greenhouse
gas emissions it is crucial to investigate alternatives to reduce
the environmental impact of construction over the coming
decades.

One of the potential alternatives that attracts special at-
tention is the optimization and re-engineering of Portland
cement as a binding material, for which two strategies are
promising. One consists in improving the reactivity of cement
through the controlled introduction of chemical impurities in
the cementitious phases, possibly allowing a higher product
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efficiency, i.e., requiring less material for the same amount of
concrete production. The other is based on the idea of cement
setting and hardening through the CaO carbonation reaction,
which allows a portion of the CO2 emitted during cement
production to be recaptured. Both strategies contribute toward
the production of more ecofriendly cement [1–7].

The study of the presence of impurities is a recognized
route toward achieving performance improvements in various
materials. Both the natural incorporation process as well as
doping with impurity species can influence aspects ranging
from the structure to the reactivity of the crystalline phases. In
the case of calcium silicate cementitious materials, one of the
most common impurities is the isovalent substitution of Ca2+

by Mg2+ ions, which have the same oxidation state so that
no charge defects are created. Magnesium-rich environments
are common, either as a raw material for the synthesis of the
clinker in Portland cement using high Mg-limestone [8], at
contact interfaces such as the hydrated cement paste in the
interaction zone with clay rocks for nuclear waste disposal
[9,10], or the cement exposed to seawater [11,12].

In the literature, recent studies of magnesium
incorporation/doping into calcium silicates have focused
mainly on anhydrous cementitious clinker phases such as alite
and belite [8,13–17]. For instance, Zhao et al. [8] investigate
the possibility of obtaining a cement clinker with a wide
range of mineralogical compositions, showing it is possible to
tune their properties by substitutional doping with Mg ions.
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FIG. 1. Side view of layered structures of tobermorites. (a) Dry 9 Å tobermorite. (b) Hydrated 11 Å tobermorite. Schematic comparison of
the wollastonite-like chain between the (c) single (dry tobermorite) and (d) double silica chains (hydrated tobermorite).

For the hydrated phases, however, the investigation
of substitutional impurities remains limited [18,19], even
though calcium-silicate-hydrate (CSH) is the predomi-
nant component in the cement binder. CSH is formed
in the hydration process of cement and its structure is
known to closely resemble that of the tobermorite mineral
family [20,21].

Given its importance in the final binder product, it is
essential to gain an understanding of the effects of the in-
corporation of impurities/dopants in these hydrated phases,
aiming at finding routes to improve their performance and
reduce manufacturing costs as well as environmental aspects.

In this context, characterization of the microscopic proper-
ties of these phases, including the local atomic environment,
bond topologies, partial occupancies, and mechanical prop-
erties, are key to making progress toward this goal. Since
it is often difficult to probe these properties using experi-
mental methods, atomistic simulation techniques have served
as an important tool in the investigation of a wide range of
cementitious materials [22–27]. In particular, the studies of
Dharmawardhana et al. [25–27] have unraveled the nature of
chemical bonding in a large subset of undoped CSH crystals
using a quantitative analysis of the electronic structure and

bonding mechanisms. The purpose of the present work is to
focus on the effects of the isovalent substitution of Ca2+ by
Mg2+ ions in CSH-related tobermorite minerals. Specifically,
using density-functional-theory (DFT) calculations, we assess
the role of these ionic substitutions in the bonding of these
phases and explore their influence on mechanical and elec-
tronic properties.

II. COMPUTATIONAL APPROACH

A. Structure models for tobermorites

Minerals of the tobermorite group are hydrated calcium
silicates that are formed naturally through the hydrothermal
transformation of calcium carbonate rocks. They are lami-
nated minerals and belong to the inosilicate family [28,29].
The basal spacing in tobermorites varies with the degree of
hydration. In this paper we consider two of these structures,
namely, the dry tobermorite characterized by a 9 Å spacing
and the hydrated tobermorite giving rise to a 11 Å separation.
In the remainder of the paper we will refer to these two
structures as dry and hydrated tobermorite, respectively.

Figures 1(a) and 1(b) depict the layered structure paral-
lel to c axis of dry and hydrated tobermorite, respectively.
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FIG. 2. Visualization of the simulation cells, with panels (a) and (b) showing the atomic site types for the dry and hydrated tobermorite
structures, respectively.

The basal spacing consists of an intralayer region charac-
terized by seven-coordinated, calcium-centered polyhedral
double sheet (Caintra) and an interlayer space between two
paired silicate chains (wollastonite-like chains) with a zeolitic
content with interlayer water and Ca2+ ions (Cainter). Fig-
ure 1(c) highlights the main difference between the dry and
hydrated tobermorite structures considered in our study. The
wollastonite-like chains in the hydrated structure condense to
form double chains. In the resulting framework structural cav-
ities occur, hosting additional water molecules and calcium
ions. The dry structure, however, only has a single silicate
layer and no additional water molecules.

Figure 2 shows the different atomic species in the dry
and hydrated structures. One of the basic building units is
the silicon-oxygen tetrahedron SiO4, which form a connected
silicate chain in a repeating three-tetrahedron pattern. In the
dry tobermorite structure, the oxygens in these tetrahedra can
be classified according to three types. First, the paired oxy-
gens, denoted as Op, are those that form the links between the
different tetrahedra in the chain. Second, the basal oxygens,
labeled as Ob, take part in the sevenfold coordination sphere
of the calcium cations. Four of these reside in the same plane
perpendicular to the c axis, known as equatorial oxygens.
Finally, the hydroxyl oxygen atom labeled as Oh is located
in the center tetrahedron of the pattern, forming a hydroxyl
(OH) group. In the hydrated tobermorite, the oxygens of the
water molecules in the interlayer space represent a fourth type
of oxygen, denoted as Ow. Whereas the dry and hydrated
tobermorite structures contain 2 and 1 interlayer calcium ions
in their unit cells, respectively, both contain 8 intralayer cal-
cium ions. Another fundamental difference between these two
types of calcium sites in both structures is that, whereas the
intralayer calcium ion is bonded to 7 oxygens, the interlayer
site is surrounded by 6 oxygens only.

As a starting point for the ionic substitutions, we use
the dry and hydrated tobermorite structures due to Melino
et al. [30,31] as retrieved from the inorganic crystal structure
database (ICSD) [32]. Using these two base structures, re-

ferred to as T9A-0Mg and T11-0Mg, respectively, we perform
three different types of Ca2+ → Mg2+ substitutions. The first
replaces the calcium ions at the interlayer site (Cainter), the
second substitutes the intralayer calcium sites (Caintra), and
the third involves a complete substitution of all the calciums
in the structures. In reference to the basal separations of the
dry and hydrated tobermorites, the corresponding substitution
structures are referred to as T9A-Mg-inter (2 Mg ions), T9A-
Mg-intra (8 Mg ions), and T9A-Mg-all (10 Mg ions) for dry
tobermorite and T11A-Mg-inter (1 Mg ion), T11A-Mg-intra
(8 Mg ions), and T9A-Mg-all (9 Mg ions) for hydrated to-
bermorite. Figures 3 and 4 show schematic representations of
these substitutions for both tobermorite unit cells.

FIG. 3. Schematic visualization of Ca2+ → Mg2+ substitutions
for dry tobermorite structure. For clarity, only Ca2+ and Mg2+ ions
are shown. T9A-0Mg represents the Original dry tobermorite struc-
ture. T9A-Mg-inter the substitution of the interlayer Ca2+ ions only.
T9A-Mg-inter the substitution of the intralayer Ca2+ ions only. And
T9A-Mg-all the substitution of all Ca2+ ions.
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FIG. 4. Schematic visualization of Ca2+ → Mg2+ substitutions
for hydrated tobermorite structure. For clarity, only Ca2+ and Mg2+

ions are shown. T11A-0Mg represents the original hydrated tober-
morite structure, T11A-Mg-inter represents the substitution of the
interlayer Ca2+ ions only, T11A-Mg-inter represents the substitution
of the intralayer Ca2+ ions only, and T11A-Mg-all represents the
substitution of all Ca2+ ions.

B. First-principles calculations

All calculations were performed within density-functional
theory (DFT) [33,34] as implemented in the Vienna Ab initio
Simulation Package (VASP) [35–38]. We used the Perdew-
Burke-Ernzerhof (PBE) generalized gradient approximation
to the exchange-correlation functional [39] and employed
the corresponding projector-augmented wave (PAW) scheme
[40,41] treating the following electron configurations as va-
lence states: Ca (3s23p64s2); O (2s22p4); Si (3s23p4); Mg
(2s22p63s2); H (1s1). We employ a kinetic-energy cutoff of
1000 eV for the plane-wave expansion of the Kohn-Sham
orbitals and sample the Brillouin-zone using Monkhorst-Pack
grids of 2×3×3 and 3×3×1 for the dry and hydrated struc-
tures, respectively.

As a first step, all structures are relaxed using conjugate-
gradient energy minimization, allowing both the ionic degrees
of freedom as well as the cell volume and shape to be op-
timized. The energy tolerance for the self-consistency cycles
was set at 10−6 eV. The convergence criteria for the energy
minimization were set such that the maximum residual mag-
nitude of atomic forces and stress components were below
0.001 eV/Å and 0.05 kbar, respectively.

C. Chemical bonding analysis

There exist a number of different approaches toward
analyzing and quantifying chemical bonding [42–44]. In par-
ticular, the bond-strength (BS) [45] and bond-order (BO) [46]

approaches have been particularly valuable, with applications
in a wide range of different studies, including catalysis [47],
2D materials [48,49], interfaces [50,51], interactions between
molecules [44], and solids [52–54].

The BS parameter is a descriptor of the strength of the
chemical bond between a pair of atoms and is directly related
to the amount of energy required to break it. To determine
the BS parameters, we employ the crystal orbital Hamil-
ton population (COHP) method [45,55,56] as implemented
in the Lobster code [57,58]. The latter calculates the pro-
jected crystal orbital Hamilton population (pCOHP) curves
which partitions the band structure energy into orbitals pairs
interaction through a transformation of the KS plane-wave
expansions from VASP into a localized basis set. The BS
values are then computed by integrating the COHP up to the
Fermi level.

BO-based parameters measure the degree to which elec-
trons are shared between a pair of atoms in a system [46]. In
this context, the partial bond order (PBO) descriptor measures
the BO value for a given pair of atoms. Based on the PBO, we
analyze three descriptors, namely, the total bond order (TBO),
which is the cumulative PBO for each particular pair of atomic
species, the bond order density (BOD), which is the sum over
all TBOs in the system divided by its volume, and the sum of
bond order (SBO), which is the sum of all PBO contributions
for each atomic species.

The BO-based descriptors are computed using the DDEC6
[44,46,59,60] approach, which is a refinement of the density-
derived electrostatic and chemical (DDEC) method, as
implemented in the Chargemol [61] package.

D. Elastic properties

The elastic stiffness tensor describes the linear mechanical
response of a material when subjected to small strains, [62]
and they determine macroscopic elastic properties of interest
such as the Young’s modulus (E), the bulk modulus (B), the
shear modulus (G), and Poisson’s ratio (ν), all of which play
an essential role in determining the mechanical strength and
resistance of materials [62].

The elastic constants reflect the coupling between intra-
and intermolecular forces [63] and provide a fundamental link
between the microscopic interactions that control cohesive
forces and bond strength, and macroscopic properties includ-
ing mechanical anisotropy.

One approach to computing the rank-4 elastic stiffness
tensor from atomistic simulations is the stress-strain method.
By Hooke’s Law, the elastic stiffness tensor relates the rank-2
strain tensor (εkl ) to the rank-2 stress tensor (σi j), according
to

σi j = Ci jklεkl , (1)

in which a summation over repeated indices, each associ-
ated with a direction of an orthogonal coordinate system, is
implied. Employing Voigt notation [62], the six independent
stress and strain components can be expressed in terms of
six-dimensional column vectors, whereas the elastic stiffness
tensor is represented by a 6×6 square matrix. Equation (1)
can then be represented in terms of a system of six linear
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TABLE I. Lattice parameters and angles for relaxed dry and hydrated tobermorite structures and their Mg-doped variants. For undoped
dry and hydrated structures previous DFT results from Ref. [67] are also included. For undoped structures, relative deviations of present DFT
calculations from experimental data are shown. For doped structures, relative changes with respect to DFT calculations for undoped structures
are reported.

a (Å) b (Å) c (Å) α (deg.) β (deg.) γ (deg.)

T9A-0Mg Results from Ref. [67] 11.211 7.384 9.710 102.65 92.54 89.75
This work 11.218 7.409 9.759 100.75 92.42 90.50
Expt. (Ref. [30]) 11.156 7.303 9.566 101.08 92.83 89.98
Deviation from expt. (%) 0.56 1.45 2.02 −0.33 −0.44 0.58

T9A-Mg-inter 11.046 7.416 9.496 101.09 92.69 90.08
Relative change (%) −1.53 0.09 −2.96 0.34 0.29 −0.46

T9A-Mg-intra 10.976 7.047 9.368 100.730 87.460 92.69
Relative change (%) −2.16 −4.89 −4.01 −0.02 −5.37 2.42

T9A-Mg-all 10.815 7.043 9.010 100.95 86.91 90.75
Relative change (%) −3.59 −4.94 −7.67 0.20 −5.96 0.27

T11A-0Mg DFT results from Ref. [67] 6.80 7.51 22.572 89.83 89.05 123.43
This work 6.834 7.411 22.707 89.87 90.45 122.89
Expt. (Ref. [31]) 6.735 7.385 22.487 90.00 90.00 123.25
Deviation from expt. (%) 1.47 0.35 0.98 −0.14 0.50 −0.30

T11A-Mg-inter 6.796 7.485 22.572 89.64 90.18 123.164
Relative change (%) −0.55 1.00 −0.59 −0.26 −0.29 0.23

T11A-Mg-intra 6.428 7.209 22.090 89.48 85.86 119.28
Relative change (%) −5.94 −2.72 −2.71 −0.44 −5.07 −2.93

T11A-Mg-all 6.429 7.182 21.930 89.22 85.53 120.47
Relative change (%) −5.92 −3.09 −3.42 −0.72 −5.43 −1.97

equations,

σi = Ci jε j, (2)

where the i, j = 1–6 now correspond to the pairs of Cartesian
coordinates, i.e., xx, yy, zz, yz, xz, xy, respectively.

Starting from the energy-minimized structures, we apply
strains to the cell coordinates and compute the stress re-
sponse after relaxation of the ionic degrees of freedom for
the deformed cells. For each deformation mode we employ
both positive and negative strains of the 0.25%, which is
sufficiently small to remain in the linear regime. Since the
systems are characterized by triclinic (dry tobermorite) and
monoclinic (hydrated tobermorite) symmetries, all six de-
formation modes need to be assessed, amounting to 12
independent simulations for each system to solve for the stiff-
ness constants Ci j .

Based on the resulting Ci j , we then evaluate the cor-
responding Reuss-Voigt-Hill average [64,65] for the elastic
moduli and the Poisson’s ratio, as well as assess the
anisotropies of Young’s modulus, the shear modulus, and
Poisson’s ratio using the ELATE package [66].

III. RESULTS AND DISCUSSION

A. Equilibrium structures

We first analyze the structural properties of the optimized
configurations for dry and hydrated tobermorite and their sev-
eral Mg-doped variants. Table I contains the obtained DFT
lattice parameters a, b, and c as well as the angles between the
corresponding lattice vectors α, β, and γ . For the undoped
dry and hydrated structures the results can be compared to
available experimental data and previous DFT calculations

[67]. The agreement between the present and previous DFT
results, and the experimental data is excellent, with relative
differences being smaller than 1.5%, indicating the consis-
tency of the present computational approach.

Since no comparison with previous calculations or exper-
imental data is available for the Mg-doped structures, we
assess the effect of the Mg substitutions by contrasting the
DFT results for the cells with and without doping. Mg substi-
tution leads to an overall decrease of the lattice parameters
for both the dry and hydrated tobermorite structure, with
the reduction being more pronounced as the degree of Mg
doping increases. This progressive reduction of the unit-cell
volume is consistent with the smaller ionic radius of the Mg2+

(0.66 Å) compared to the Ca2+ (0.99 Å) ion. This behavior is,
of course, expected and has also been observed in other types
of materials, notably the alkaline-earth oxides, in which the
lattice parameters have been observed to decrease with de-
creasing M2+:O2− ionic radius ratio (with M2+ indicating the
alkaline cation) [68]. When the intralayer Ca ions are replaced
by Mg, the doping process also leads to a significant change
in the shape of the unit cells, as seen for the T9A-Mg-intra,
T9A-Mg-all, T11A-Mg-intra, and T9A-Mg-all structures. In
all these cases, the angle β decreases by ∼5% compared to
the undoped structures. This distortion is associated with the
change in the coordination number when an intralayer Ca ion
is replaced by Mg, as further discussed below.

In addition to the changes to the geometries of the unit
cells, the Ca2+ → Mg2+ substitutions are also reflected in
local atomic properties, including coordination numbers and
bond lengths. The major change in the ionic coordination
occurs upon substituting the intralayer Ca ions by Mg ions,
as shown in Figs. 5 and 6 for dry and hydrated tobermorite,
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FIG. 5. Visualization of (a) the undoped dry tobermorite (T9A-0Mg) structure and its Mg-doped variants, (b) T9A-Mg-inter, in which all
interlayer Ca ions have been replaced by Mg, (c) T9A-Mg-intra in which all intralayer Ca ions have been replaced by Mg, and (d) T9A-Mg-all
in which all Ca have been substituted by Mg.

respectively. In this case, the number of oxygens surrounding
the intralayer ion reduces from 7 to 6, similar to the coordi-
nation reduction reported for β-belite [16]. Similar distortions
associated with Ca2+ → Mg2+ substitutions have also been
observed in di- and tricalcium silicate phases [8], indicating
that such distortions are common for Ca-centered polyhedrons
sites. This coordination change is at the heart of the cell

distortion reported above, resulting from the atomic size misfit
between the species. Specifically, as illustrated in Fig. S1 of
the Supplemental Material [69], it is caused by the trans-
formation of a “V”-shaped pair of Ca-O bonds positioned
symmetrically with respect to the c axis to only a single Mg-O
bond, giving rise to a shear distortion along the a axis. For the
interlayer sites, however, the Mg substitutions do not lead to a

FIG. 6. Visualization of (a) the undoped hydrated tobermorite (T11A-0Mg) structure and its Mg-doped variants, (b) T11A-Mg-inter, in
which all interlayer Ca ions have been replaced by Mg, (c) T11A-Mg-intra in which all intralayer Ca ions have been replaced by Mg, and
(d) T11A-Mg-all in which all Ca have been substituted by Mg.
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FIG. 7. Bond length distribution for each bond pair in (a) the dry tobermorite and (b) the hydrated tobermorite. Results are shown for T9A-
0Mg/T11A-0Mg (blue), T9A-Mg-inter/T11A-Mg-inter (green), T9A-Mg-intra/T11A-Mg-intra (red), and T9A-Mg-all/T11A-Mg-all (orange).

change in the ionic coordination, with the number of bonded
oxygens remaining equal to 6 in all cases.

To analyze the effect of Mg doping on the bond lengths
we consider the three distinct types of chemical bond in
the tobermorite structures [29,67,70]. The Si-O bonds in the
silicate chains and the O-H bonds in the hydroxyl group
and water molecules are covalent in nature, the Ca-O/Mg-
O bonds display a strongly ionic character and the protons
in the hydroxyl groups and water molecules (in hydrated
tobermorite) form hydrogen bonds (O–H) (HBs) with the
oxygens bonded to Ca and Si and water molecules. Fig-
ures 7(a) and 7(b) display the effect of Mg substitution on
the corresponding bond lengths for dry and hydrated tober-
morite, respectively. Since they are affected only indirectly,
the influence of the ionic substitutions on the covalent and
HB bond lengths is minor, as seen in the two left-most
panels of Figs. 7(a) and 7(b). The ionic bond lengths, how-
ever, are altered significantly. For dry tobermorite, it is clear
that doping leads to a shortening of the bonds, as shown
in the right panel of Fig. 7(a). As expected, the lengths
of the ionic bonds are affected predominantly for the site
type (i.e., intralayer or interlayer) at which substitutions have
been implemented. For instance, the intralayer Ca-O dis-
tances for the structure T9A-Mg-inter, in which the interlayer
Ca ions have been replaced by Mg, are essentially equal
to those in the undoped T9A-0Mg cell. The interlayer dis-

tances in this doped structure, however, display a significant
reduction. Such reductions have also been observed in a num-
ber of other magnesium-doped calcium silicates [8,13–17]
as well as oxide phases [68,71,72]. Overall, the dry structures
in which the intralayer sites have been occupied with Mg
ions, i.e., in T9A-Mg-inter and T9A-Mg-all, show the largest
ionic-bond length differences compared to the undoped cell.
For the hydrated tobermorite these trends are mostly similar,
as seen in the right-most panel of Fig. 7(b). However, due to
the presence of the water molecules, which surround the in-
terlayer sites, the ionic bond lengths involving the latter show
a larger variability compared to those in the dry structure.

B. Chemical-bond analysis

Next, we turn to an assessment of the chemical bonding
trends associated with the Mg substitutions. We first analyze
the BS parameter for the eight considered tobermorite struc-
tures. The results are shown in Fig. 8, which depicts the BS
energy values for each bond in the dry and hydrated tober-
morite cells and their Mg-doped variants. The results shows
an increase of overall bond strength of Si-O and Ca/Mg-O
bonds for the modified structures of both dry and hydrated
tobermorite. The largest changes occur for the ionic bonds in
which Ca has been replaced by Mg ions, with the Mginter-O
bonds showing a BS value that is ∼70% larger compared to
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FIG. 8. (Left) Bond strength energies for dry and (right) hydrated tobermorite. Results for undoped T9A-0Mg and T11A-0Mg structures
are shown in blue, interlayer substitutions in T9A-Mg-inter/T11A-Mg-inter in green, intralayer substitutions in T9A-Mg-intra/T11A-Mg-intra
in red and the fully substituted T9A-Mg-all/T11A-Mg-all in orange.

Ca-O bonds, both for the dry as well as hydrated tobermorites,
whereas the Mgintra-O bonds show increases of ∼90% and
∼64%, respectively. These changes are consistent with the
fact that the Mg cation is considerably more electronegative
than Ca (χMg=1.30 versus χCa=1.0 on the Pauling scale [73]),
which is known to cause shortening of bond lengths and in-
creasing bond strengths [74]. In addition, the Mg substitution
also affects the strength of the silicate chains, causing an
increase in BS values up to ∼9% for the dry case and ∼7%
for the hydrated case.

Figures 9(a) and 9(b) show the BOD and the percentile
TBO contributions for particular bond types for the dry and
hydrated tobermorite structures, respectively. Whereas the
BOD quantifies the overall strength of the crystal cohesion,
the TBO measures the relative contribution of each bond type.
The results show that the presence of Mg systematically en-
hances the cohesion of the crystals, with the BOD increasing
consistently as the Mg doping progresses, giving a difference
of ∼10% between the undoped and fully doped Mg-based
tobermorites. Indeed, previous studies in various cementitious
materials [25–27] have shown a correlation between the in-
crease of the BOD and mechanical stiffening properties. This
will be further discussed below.

Considering the relative TBO contributions of the different
bonding types, we first compare the undoped dry and hy-
drated structures. In both cases, the Si-O bonds constitute a
predominant contribution, with percentiles >70% and >60%,
respectively, over the Ca-O and O-H bonds. These values are
consistent with previous studies, [25] and corroborate that
the stiffness, cohesion and anisotropies are closely related
to the orientation of the silicate chains in these systems. In
particular, for the dry tobermorite, the contributions of the
O-H bonds are particularly low, mostly because they do not
contribute to the interlayer cohesion, as shown in Figs. 1 and
2. This changes significantly in hydrated tobermorite, where
the presence of the water molecules increases the number of

HBs, which in many cases are stronger than the ion-covalent
Ca-O bonds, as indicated by our BS analysis in Fig. 8. This
highlights the importance of the role of HBs in the interlayer

FIG. 9. BOD and TBO contributions for (a) dry and (b) hydrated
tobermorite structures. Scales on the right represent the TBO values
percentages for the Si-Op/b/h (blue), Ca/Mginter/intra-O (green), and
the O-H-O, O–H, and O-H bonds (orange). Scale on the left repre-
sents the BOD values (pink).
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TABLE II. Mean SBO values of Ca and Mg ions for at inter- and intralayer ionic sites in dry and hydrated tobermorite structures.

T9A T9A T9A T9A T11A T11A T11A T11A
0Mg Mg-inter Mg-intra Mg-all 0Mg Mg-inter Mg-intra Mg-all

Inter 1.26 (Ca) 1.03 (Mg) 1.26 (Ca) 1.04 (Mg) 1.31 (Ca) 1.13 (Mg) 1.34 (Ca) 1.14 (Mg)
Intra 1.38 (Ca) 1.42 (Ca) 1.14 (Mg) 1.16 (Mg) 1.37 (Ca) 1.38 (Ca) 1.16 (Mg) 1.16 (Mg)

cohesion in hydrated tobermorite. The effect of Mg doping
on the TBO percentiles shows an increase of the Si-O bond
contributions as the Mg content is raised, whereas the relative
contribution of Ca/Mg-O bonds reduces. This is consistent
with the fact that Mg doping strengthens the Si-O bonds, as
shown in Fig. 8, enhancing the stiffness of the silicate chain
as the main contributor to the cohesion and rigidity of both the
dry and hydrated tobermorite structures.

Finally, we analyze the SBO descriptor, which quanti-
fies the number of electrons per atom that participates in
bonds, i.e., the degree to which the atomic electron shells are
filled [46]. It has shown to provide useful insight and predict
chemical behavior, including chemical reactivity trends [46].
Table II reports the computed SBOs for the ionic sites at
which Mg doping can take place in the dry and hydrated
tobermorite structures. The SBOs of the other sites were found
to remain unaffected by Mg doping, as shown in Table SI of
the Supplemental Material [69]. Even though the Ca2+ and
Mg2+ ions have the same oxidation state, the SBO values of
the Mg ions are consistently lower than those corresponding
to the Ca ions on both the intra as well as interlayer sites,
showing significant reductions of ∼20%. This indicates that
Mg sites in the dry and hydrated tobermorite are characterized
by an enhanced reactivity. One possible implication would
be the possibility that these Mg-doped sites may play a role
in capturing CO2 molecules through the carbonation process,
as has been suggested in other materials with Ca2+ → Mg2+

ionic substitutions [4,75–77]. Such a characteristic would be
attractive in the context of reducing the carbon footprint of
the cement industry and the development of environmentally
friendly cement alternatives.

C. Elastic stiffness

Figure 10 reports the effect of Mg doping on the elastic
properties of the dry and hydrated tobermorite crystals as
determined from the linear stress-strain relations of Eq. (2).
The bar graphs in Figs. 10(a) and 10(c) represent the relative
change in the elastic stiffness constants of the doped structures
with respect to the undoped structures for dry and hy-
drated tobermorite, respectively. Only the stiffness constants
that appear in the Voigt-Reuss-Hill averages are displayed
[64]. Numerical values for all elastic stiffness constants can
be found in Table SII of the Supplemental Material [69].
Figures 10(b) and 10(d) depict the variation of these aver-
ages for the bulk modulus B, shear modulus G, and Young’s
modulus E for the undoped and doped dry and hydrated tober-
morite structures. These moduli are of particular importance
in practical materials applications, since they describe the
resistance to hydrostatic pressures, shear deformations and
uniaxial stresses, respectively.

In all tobermorite-type minerals, the tetrahedral Si-O back-
bone chains extends along the ab plane and link to Ca2+

polyhedra sheets [28] along the c axis, as shown schematically
in Figs. 1 for both the dry and hydrated tobermorite structures.
A characteristic anisotropy for the dry tobermorite structure is
that the tetrahedral chains in different ab layers are not directly
connected. As a consequence, the uniaxial stiffness constants
within the ab plane are substantially larger than that associated
with the c axis, which is significantly softer [70]. This is
reflected in the values for the T9A-0Mg structure, with the
uniaxial stiffness constants in the ab plane C11=164 GPa and
C22=169 GPa, while C33=85 GPa is ∼50% smaller, consis-
tent with previous results [70]. Doping of the dry tobermorite
structure with Mg ions leads to an overall stiffening of the
elastic constants, resulting in the hardening of the average
elastic moduli, as seen in Fig. 10(b), with particularly signifi-
cant increases the Young’s and Bulk modulus. This stiffening
is closely related to the nature of the bonds in the tobermorite
structure, and the increasing bond strengths induced by Mg
doping.

In the hydrated tobermorite structure, in addition to the
presence of water molecules in the interlayer spacing, the Si-O
chains in adjacent ab layers are connected by covalent bonds.
This implies that, differently from dry tobermorite, the uniax-
ial stiffness in the c direction is comparable to those associated
with the ab direction. This is manifested in the obtained
values of the stiffness constants for the T11A-0Mg crystal,
C11=116 GPa, C22=126 GPa, and C33=150 GPa, which are
consistent with previous DFT results [67]. As for the case of
dry tobermorite, Mg doping leads to an overall stiffening of
the elastic constants and the associated average moduli, as
shown in Figs. 10(c) and 10(d). However, the increases are
less pronounced compared to the dry structure. For instance,
whereas for the latter the averaged Young’s modulus increases
by ∼40% upon complete Mg doping, the hydrated tobermorite
displays an increase of only ∼15%. While it is difficult to
identify the precise origin of this difference, it is likely to
be related to the variations in the role of the Mg ions in the
interplay between the ionocovalent intralayer and the ionic
interlayer interactions in the presence of water molecules.

Another important aspect to consider is to what extent
Mg doping affects the elastic anisotropies of the crystals. In-
creased anisotropy, for instance, is thought to facilitate the de-
velopment of microcracks and enhance degradation of cemen-
titous materials [78,79]. In this light, a less anisotropic cement
matrix would be desirable to enhance hardness and durability.
Based on the obtained elastic stiffness constants, we analyze
the anisotropy of Young’s modulus, the shear modulus and
Poisson’s ratio for the dry and hydrated tobermorite structures
with different degrees of Mg doping. The results are shown in
Figs. 11 and 12, respectively. The first rows of these display
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FIG. 10. Relative changes in elastic stiffness constants for doped structures with respect to undoped crystals for dry (a) and hydrated
(c) tobermorites. Variation of Voigt-Reuss-Hill averages for the bulk moduli B, shear moduli G, and Young’s moduli (E ) due to Mg doping in
the dry (b) and hydrated (d) tobermorite structures.

the variation of Young’s modulus for different directions in
the ab plane, whereas the second and third rows display the
corresponding results for the shear modulus and the Poisson’s
ratio. Since the latter two depend on two direction vectors,
their anisotropy requires specifying three angles. As detailed
in Ref. [66], the ab projection in these cases visualizes the
maximum (blue lines) and minimal (green lines) values of
these elastic parameters on the domain of the third angle.

For both tobermorite systems the effects of inter and
intralayer doping are quite different. While the changes com-
pared to the undoped structures are minor for the interlayer
sites, the anisotropy increases substantially when the in-
tralayer sites are occupied by Mg ions. In this view, from
a standpoint of mechanical behavior, these results indicate
that Mg doping involving intralayer sites should be avoided,
but that interlayer Mg-doped tobermorite structures may hold
promise as an alternative component in the cement matrix.

D. Energetics

Finally, we explore the energetics of the ionic substitutions,
which is relevant in the context of designing chemical routes
to accomplish this process. In this light, possible differences
between the inter- and intralayer sites are particularly perti-
nent, given their different effects on mechanical behavior. To
this end, we compute the formation enthalpies associated with

two different reactions, namely,

Ca-tobermorite + MgO → Mg-tobermorite + CaO

and

Ca-tobermorite + Mg → Mg-tobermorite + Ca,

in which we use two distinct reservoirs for Ca2+ and Mg2+

ions, employing defect-free MgO and CaO in the first, and
pure elemental Mg and Ca crystals in the second. Using the
DFT total energies of the tobermorite structures and the reser-
voir crystals (see Supplemental Material [69]), the enthalpies
of formation of the Ca2+ → Mg2+ substitution process are
then given by

	Hf,oxides = EMg-tob − ECa-tob + ECaO − EMgO (3)

and

	Hf,elemental = EMg-tob − ECa-tob + ECa − EMg, (4)

in which ECaO, EMgO, ECa, and EMg are the total energies per
unit/atom of the two oxides and the elemental Ca and Mg
crystals, respectively.

Table III displays the corresponding formation enthalpies
for the Ca2+ → Mg2+ substitution at the intra and interlayer
sites of dry tobermorite. Although the absolute values for the
same substitution process differ between the two reservoir
types, both show the same relative trends for the formation
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FIG. 11. Visualization of the anisotropies of Young’s moduli E , shear moduli G, and the Poisson’s ratio ν projected in the ab plane for
dry tobermorite and its Mg-doped variants. For G and ν blue and green contours represent the maximum and minimal values of these elastic
parameters, respectively (see text).

FIG. 12. Visualization of the anisotropies of Young’s moduli E , shear moduli G and the Poisson’s ratio ν projected in the ab plane for
hydrated tobermorite and its Mg-doped variants. For G and ν blue and green contours represent the maximum and minimal values of these
elastic parameters, respectively (see text).
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TABLE III. Enthalpies of formation, in units of eV, for the
Ca2+ → Mg2+ substitution at the inter and intralayer sites for dry
and hydrated tobermorite, using the CaO and MgO oxides and the
elemental Ca and Mg crystals as reservoirs, respectively.

	Hf,oxides 	Hf,elemental

Inter-Mg (Dry) 1.24 1.75
Intra-Mg (Dry) 0.80 1.31
Inter-Mg (Hydrated) 0.64 1.15
Intra-Mg (Hydrated) 0.88 1.39

enthalpies comparisons between the different Ca sites. While
in dry tobermorite the substitution at the intralayer site re-
quires less energy than for the interlayer site, the opposite is
the case for the hydrated variant. These differences correlate
with the structural differences between both site types in the
dry and hydrated structures. In the dry tobermorite structure
the favored intralayer site substitution is connected to the
strong relaxation around the Mg ion, as displayed in Fig. 5. In
the hydrated structure, however, the preferential nature of the
interlayer site is related to the fact that the nature of three of its
nearest-neighbor oxygens have changed from silicate oxygens
to those of water molecules, as shown in Fig. 6, which gives
rise to substantially weaker bonding.

In any case, for both reservoirs the enthalpies of forma-
tion are substantial, indicating that chemical routes based on
direct solid-state substitution in dry tobermorite are unlikely
to represent effective options. In this light, other synthesis
routes, for instance involving the fundamental anhydrous ce-
ment phases such as alite and belite [8], may be more viable.
Accordingly, a comprehensive investigation of kinetic routes
aimed at accomplishing the Mg substitution process repre-
sents an important topic of future work.

IV. CONCLUSIONS

In summary, using DFT calculations, we have investigated
the effects on the structural, electronic, and elastic properties
associated with the isovalent Ca2+ → Mg2+ substitution at
interlayer and intralayer Ca sites for dry and hydrated tober-
morites.

From the structural point of view, due to its smaller ionic
radius, Mg substitution leads to an overall decrease of the
lattice parameters for both the dry and hydrated tobermorite
structures, with the reduction being more pronounced as the
degree of Mg doping increases. In addition, doping at in-
tralayer sites leads to a considerable distortion of the unit
cell, which is associated with a reduction of the number of

oxygens surrounding the intralayer site from 7 to 6. Finally,
the ionic bond lengths involving the sites (i.e., either in-
tralayer/interlayer) at which Ca has been substituted by Mg
are significantly shortened. The other bond lengths, however,
remain mostly unaffected.

Chemical bond analysis shows that Mg doping gives rise
to an overall increase in the bond strength, systematically
enhancing the cohesion of the crystals with increasing amount
of Mg doping. Not only does Mg doping strengthen the ionic
bonds involving the substitution site, related to the larger elec-
tronegativity of Mg, it also indirectly enhances the covalent
Si-O bonds in the silicate chain. Furthermore, the SBO values
of the Mg ions are consistently lower than those correspond-
ing to the Ca ions on both the intra as well as interlayer sites,
indicating that Mg sites in the dry and hydrated tobermorite
are characterized by an enhanced reactivity. One possible im-
plication would be the possibility that these Mg-doped sites
may play a role in capturing CO2 molecules through the
carbonation process.

With regard to the elastic properties, Mg doping leads to
an overall stiffening of the elastic constants for both the dry
and hydrated tobermorites, showing systematically increasing
values of the bulk, Young’s and shear moduli with increasing
Mg content. The effect on the elastic anisotropy, however,
depends on the particular doping site. While the anisotropy
remains unaltered compared to the undoped crystals when
Mg is inserted at interlayer sites, Mg doping at the intralayer
positions gives rise to an increased elastic anisotropy, which
may be detrimental to mechanical durability.

Overall, the present results indicate that Mg-based to-
bermorite structures are useful prospects in the search for
alternative components toward the development of high-
performance, environmentally friendly cementitious materi-
als. Even though elastic anisotropies may be an issue, Mg
doping is projected to raise the presence of reactive sites that
may contribute to reduce CO2 emissions, as well as provide
enhanced mechanical rigidity. Possible future theoretical and
experimental efforts should focus on the stability as well as
the development of chemical routes to accomplish such Mg-
substitution processes in the hydrated CSH cement phases.
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