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ABSTRACT: Calcium silicate hydrate (C-S-H) is the main constituent of hydrated cement
paste and determines its cohesive properties. Because of the environmental impact of cement
industry, it is more and more common to replace a part of the clinker in cement by secondary
cementitious materials (SCMs). These SCMs are generally alumina-rich and as a consequence
some aluminum is incorporated into the C-S-H. This may have consequences on the cohesion
and durability of the material, and it is thus of importance to know the amount and the
location of Al in C-S-H and what the parameters are that control these features. The present
paper reports the 29Si and 27Al MAS NMR analyses of well-characterized C-A-S-H samples (C-
S-H containing Al). These samples were synthesized using an original procedure that
successfully leads to pure C-A-S-H of controlled compositions in equilibrium with well-characterized solutions. The 27Al MAS
NMR spectra were quantitatively interpreted assuming a tobermorite-like structure for C-A-S-H to determine the aluminum
location in this structure. For this purpose, an in-house written software was used which allows decomposing several spectra
simultaneously using the same constrained spectral parameters for each resonance but with variable intensities. The hypothesis
on the aluminum location in the C-A-S-H structure determines the proportion of each silicon site. Therefore, from the 27Al NMR
quantitative results and the chemical composition of each sample, the intensity of each resonance line in the 29Si spectra was set.
The agreement between the experimental and calculated 29Si MAS NMR spectra corroborates the assumed C-A-S-H structure
and the proposed Al incorporation mechanism. The consistency between the results obtained for all compositions provides
another means to assess the assumptions on the C-A-S-H structure. It is found that Al substitutes Si mainly in bridging positions
and moderately in pairing positions in some conditions. Al in pairing site is observed only for Ca/(Si+Al) ratios greater than 0.95
(equivalent to 4 mmol.L−1 of calcium hydroxide). Finally, the results suggest that penta and hexa-coordinated aluminum are
adsorbed on the sides of the C-A-S-H particles.

1. INTRODUCTION
Calcium silicate hydrate (generally called C-S-H) is the main
constituent of the hydrated cement1 paste and is responsible for
its cohesive properties. It is the most common nano material
since several hundred millions tons are produced every year
worldwide. Although it is a very common material, its structure
at different length scales is still under debate. It is now generally
agreed that C-S-H has a layered structure close to that of the
mineral tobermorite. Both of them are based on a calcium plane
flanked on each side by linear silicate “dreierketten” chains2

(see Figure 1), as demonstrated by 29Si MAS NMR
measurements.3−6 In these silicate chains, the silicate tetrahedra
coordinating calcium atoms of the calcium plane are named
pairing tetrahedra whereas the silicate tetrahedra binding two
pairing tetrahedra are called bridging tetrahedra. Contrary to
tobermorite which has a Ca/Si stoichiometry close to 0.7
corresponding to quasi infinite silicate chains, the stoichiometry
of C-S-H varies; it increases from 0.66 to around 2 when the
calcium hydroxide activity in equilibrium solution increases.
This variation in stoichiometry occurs according to two main
mechanisms:

− the disappearance of bridging tetrahedra in the
dreierketten silicate chains which has been extensively
studied by 29Si MAS NMR,3−6

− the deprotonation of the silanol binding bonds of the
bridging and end of chains of silicate tetrahedra which
are then compensated by calcium cations.
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Figure 1. Scheme of the tobermorite structure. Red circles, Ca atoms;
yellow and green tetrahedra, silicate tetrahedra.
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Because of the environmental impact of cement industry and
its consequences on global warming (the production of 1 ton of
clinker emits about 1 ton of CO2) it is more and more common
to replace a part of the clinker in cement by secondary
cementitious materials (SCMs), in particular industrial by-
product such as blast furnace slag and fly ash (blended cement).
These SCMs are much calcium poorer and alumina richer than
clinker, and as a consequence the calcium to silicate ratio of C-
S-H is lower and some aluminum is incorporated into the C-S-
H. It is important to know the amount and the location of Al in
C-S-H and what the parameters are controlling them because
the presence of Al may have consequences on the cohesion and
durability of the material. From the durability point of view, Al
containing C-S-H (C-A-S-H) can act as an aluminum reservoir
which may lead, in the case of an external sulfate attack by
groundwater, for example, to a delayed ettringite [Ettringite is a
hydrated calcium trisulfoaluminate, Ca6Al2(SO3)3OH12·26H2O]
formation (DEF) which is a severe concrete pathology. In
addition, the substitution of one SiIV by one AlIII introduces one
negative permanent charge in a similar way than in clays, which
is important from the point of view of cohesion of cement
paste. It was shown that, in the early age, the cohesion of
hydrated cement paste is due to attractive electrostatic forces
between charged C-S-H particles.7−9 The permanent charge
brought by the Si−Al substitution could thus influence these
electrostatic cohesion forces.
Many studies have been devoted to the Al incorporation in

C-S-Hs. Kalousek10 was the first to demonstrate that aluminum
may enter the structure of tobermorite. Many of the studies
were carried out using 27Al MAS NMR or/and 29Si MAS NMR.
27Al MAS NMR has often been used to characterize materials
where Al occurs in several environments for it is possible to
differentiate the various coordinations of aluminum by their
different isotropic chemical shifts. The chemical shifts of 27Al
are in the range 50−100 ppm for the tetrahedral, 10−20 ppm
for the octahedral, and 30−40 ppm for the pentahedral sites.
29Si MAS NMR has also proven to be a very useful tool for the
characterization of the different types of SiO4 silicon tetrahedra
according to their connectivity such as Q1 dimers, Q2 bridging
(Q2

B) or pairing (Q2
P) groups, and Q3 branching sites. The

isotropic chemical shift (δ) is the most informative parameter
because it reflects the structural surroundings of a silicon atom.
It is well-known that the increase of polymerization of the
silicon tetrahedra leads to a lower frequency chemical shift, and
the presence of aluminum instead of adjacent silicon to a given
Si site produces a higher frequency shift of about 3−5 ppm.11

Several authors have investigated the incorporation of
aluminum in tobermorite and C-S-H by means of 27Al and
29Si high-resolution Magic Angle Spinning (MAS) spectrosco-
py.12−25 However, these studies did not allow to quantify
properly the different occupancies of Al in C-A-S-H or to relate
them to the chemical conditions. The first reason comes from
the chemistry of the samples which is generally not well-
controlled. Either the synthesized C-A-S-H is mixed with other
aluminates phases or alkali salts are employed14,24 which
confuse the results: it is indeed possible that sodium plays an
important role for the AlIII for SiIV substitution.18 Also,
numerous studies are devoted to cement pastes instead of
pure phases.12,20−22,25,26 The second reason comes from the
fact that quantitative results about the Al speciation in C-A-S-H
are poor because the decompositions of 27Al or 29Si NMR
spectra have never been really successful despite a few

attempts.13,20,22 In these works, 29Si MAS NMR spectra were
decomposed on the basis of an ad hoc assumption about the C-
A-S-H structure, which, however, could not be confirmed
independently.
In this situation, it is necessary to study C-A-S-H in a range

of stoichiometries and under various equilibrium conditions
corresponding to different Al chemical potentials. Here we have
used a procedure described previously27 which leads to C-A-S-
H samples of controlled composition in equilibrium with a well
characterized solution. The present paper deals with the 29Si
and 27Al MAS NMR analyses of these well-characterized
samples to quantify the incorporation of aluminum into C-S-H
and to localize these aluminum atoms in the C-S-H structure.
Note that 29Si spectra alone cannot provide reliable results
without a precise idea of the C-A-S-H structure, because the
resonance peaks in the 29Si spectra overlap which makes their
interpretation difficult. Hence, in this work a better method was
employed which consists in decomposing first the 27Al spectra
so that a working hypothesis for the aluminum location in the
C-A-S-H can be made. To this end, we used an in-house
written software which allows one to decompose several spectra
simultaneously using the same constrained spectral parameters
for each resonance but with variable intensities. Indeed, it is
often difficult to separate several 27Al sites whose isotropic
chemical shifts spread all within about 10−20 ppm and are
smaller than the quadrupolar broadening of the lines (which
exists only for nuclei with spin I > 1/2, such as 27Al). In this
work, 27Al spectra have first been interpreted on the assumption
of a tobermorite-like structure for C-A-S-H to determine the
aluminum location. From the latter, the proportion of each
silicon site can then be obtained. For instance, the proportion
of Si Q3(1Al) is obviously equal to the proportion of Al in Q3

position. Therefore for each sample, from the quantitative
analysis of its 27Al NMR spectrum and its chemical
composition, the intensity of each resonance line in the 29Si
spectra can been set. The agreement between the experimental
and calculated 29Si spectra proves the assumed C-A-S-H
structure. Consistency between the results obtained for all
compositions provides another means to assess the assump-
tions on the C-A-S-H structure and proposed Al incorporation
mechanism. All these experimental results will be useful to
develop a thermodynamic model describing C-A-S-H in
equilibrium with electrolytic solutions. This latter point will
be developed in a forthcoming paper.

2. EXPERIMENTAL SECTION
2.1. Synthesis of Samples. The Al-substituted-C-S-H (C-A-S-H)

samples were synthesized by a three-step procedure described in detail
elsewhere.27 Solid samples with different Al/Si ratios can be obtained.
The pH of the C-A-S-H suspensions was measured and then the
suspensions were filtered to separate the liquid and the solid phases.
The filtrates were analyzed by Inductive Coupled Plasma-Optical
Emission Spectroscopy (ICP-OES) to determine the calcium, silicon
and aluminum concentrations. The solids were washed twice with an
alcohol−water mix, and once with pure alcohol. The alcohol was
removed by gently pumping for 5 days and the solid samples were
finally stored in a desiccator containing a reservoir of calcium
hydroxide to avoid carbonation of samples. The solids were analyzed
by X-rays Diffraction (XRD), Energy Dispersive X-ray Spectrometry
using a Transmission Electronic Microscope (EDS-TEM), and solid
state NMR spectroscopy. The XRD and EDS results have been
reported previously.27

Two C-A-S-H samples series of different Al/Si ratios were studied:
C-A-S-H with Ca/(Al+Si) = 0.70 and C-A-S-H with Ca/(Al+Si) =
0.95 named C-A-S-H 0.70 and C-A-S-H 0.95, respectively. To explore
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the evolution of the Al/Si ratio with the increase of the calcium
hydroxide concentration a series of samples (named C-A-S-H in
Ca(OH)2) was obtained by equilibrating C-A-S-H (Al/Si = 0.19, Ca/
(Al+Si) = 0.70) in different calcium hydroxide solutions at a weight
concentration of 2 g·L−1. The initial calcium hydroxide concentrations
were 0 mM, 5.53 mM, 10.92 mM, 15.17 mM, 19.05 mM, and 21.63
mM.
2.2. Nuclear Magnetic Resonance. The solid-state NMR

experiments were performed on a Bruker Avance 300WB (7.05 T)
spectrometer operating at a frequency of 59.59 MHz for 29Si and on a
Bruker Avance 500WB (11.72 T) operating at a frequency of 130.4
MHz for 27Al. For both nuclei, a 4 mm o.d. Bruker CPMAS probe was
used with a spinning frequency of 12.5 kHz. 27Al spectra were
recorded, with a Single Pulse Excitation (SPE) using a short pulse
length (1 μs) to obtain quantitative results, and a recycle delay of 1 s
(the RF field strength was 41 kHz and the tip angle was π/12). 1H
decoupling was found not to be necessary as not modifying the
spectra. 27Al chemical shifts were referenced using AlCl3·6H2O 1 M in
solution as an external reference (0 ppm). 29Si spectra were recorded
using a 90° pulse length of 5.7 μs with a recycle delay of 60 s to yield
quantitative spectra. To obtain spectra with a good signal-to-noise
ratio, experimental times of about 17 h were necessary. 29Si chemical
shifts were referenced using tetrakis(trimethylsilyl)silane as the
external reference (two resonances at −9.9 ppm and −135.3 ppm
with respect to liquid tetramethylsilane). Complementary 27Al MAS
and MQMAS experiments were also performed on a Bruker Avance
800WB (18.8 T) spectrometer using 3.2 mm o.d. Bruker CPMAS
probe at a spinning frequency of 20 kHz.
2.3. Decomposition of the Spectra. All 27Al and 29Si NMR

spectra have been simulated using a software developed by
Charpentier.28,29 This software enables several NMR spectra to be
decomposed simultaneously using the same spectral parameters for
each individual component across the collected data. As an additional
feature, the relative intensity of some components can be fixed to agree
with the proportion of the corresponding sites in the structural model
of the material.
For 29Si spectra, choosing each component as a mixture of a

Gaussian and a Lorentzian function was found to yield the best results:

= σ ν − δ + − σ ν − δf v G g L l( ) ( , ) (1 ) ( , )b b (1)

The spectral parameters are the isotropic chemical shift, δ, the
Gaussian broadening, gb (the Lorentzian broadening, lb, is fixed so that
G(v, gb) and L(v, gb) have the same width at the middle height), and
the Gaussian to Lorentzian ratio, σ (0 ≤ σ ≤ 1).
For 27Al spectra, the shape of the resonances was found to be

characteristic of a distribution of both the local electric field gradient
(as characterized by the quadrupolar coupling constant CQ and the
quadrupolar asymmetry parameter η) and the isotropic chemical shift
δ. On the basis of recent works,30−32 the software uses the Gaussian
Isotropic Model (GIM)33,34 for the distribution of the electric field
gradient, here denoted Π(CQ, η; σQ), and a normal (Gaussian)
distribution for the isotropic chemical shift G(δ; gb) to simulate the
MAS spectrum f(v) as follows

∫= δ η × − δ η

× Π η σ × δ

f v C I v C

C G g

( ) d d d ( ; , )

( , ; ) ( ; )

Q Q

Q Q b (2)

σQ is the only parameter that characterizes the GIM distribution.33,34

I(v; CQ, η) are precalculated (i.e., theoretical) MAS spectra according
to the parameters CQ and η and incorporating other experimental
parameters (magnetic field, spin rate, rf pulse, etc.). The Gaussian
Isotropic Model (GIM) has already been shown to provide good
lineshapes for the analysis of the Al MAS NMR spectra in C-S-H.32,35

3. RESULTS AND DISCUSSION
3.1. Chemical analyses. The ionic composition (pH and

silicon, calcium and aluminum concentrations) of the
equilibrium solutions, stoichiometry of C-A-S-H in terms of

Al/Si and Ca/(Al+Si) ratios, and crystalline phases present for
all the studied samples are reported in Tables 1 and 2.

In Table 1, the reported Al/Si and Ca/(Al+Si) ratios in the
C-A-S-H have been determined by depleting the quantities of
Al, Ca, and Si in the equilibrium solution (determined by ICP-
OES) to the initial amounts of Al, Ca, and Si coming from the
Ca3Al2O6 hydration solution and the added C-S-H.27 In the C-
A-S-H 0.95 series and despite the observation of traces of
calcite by XRD analysis, the Ca/(Al+Si) ratio has been
calculated in the same way because the amount of calcite
estimated by the XRD analysis is very low. The XRD patterns
reported in ref 27 show that C-A-S-H samples exhibit a
tobermorite-like structure without noticeable modification
compared to C-S-H. EDS (TEM) analyses presented in a
previous work27 showed that all samples are free of Al
amorphous gel and that the C-A-S-H phase is homogeneous in
composition.

3.2. 27Al NMR Results. 3.2.1. 27Al NMR Spectra. The
samples analyzed by 27Al NMR are mentioned with the
superscript Al in Tables 1 and 2, and the corresponding spectra
are presented below. The intensities of the spectra depicted in
Figures 2 and 3 are normalized with respect to the same sample
mass to be reliable. The spectra in Figures 2 and 3 show

Table 1. Chemical Data for the Series “C-A-S-H 0.70” and
“C-A-S-H 0.95”

Al/Si ±
0.01

Ca/(Al+Si)
± 0.02

[Si]
(mM)

[Ca]
(mM)

[Al]
(mM)

pH ±
0.05 phase

C-A-S-H 0.70
0.12Si,Al 0.71 0.30 1.81 0.14 11.90 C-A-S-H
0.13Si 0.71 0.23 2.00 0.20 11.95 C-A-S-H
0.16Si 0.71 0.10 2.36 0.54 12.05 C-A-S-H
0.18Si,Al 0.73 0.04 3.15 1.42 12.05 C-A-S-H
0.19Si,Al 0.73 0.02 4.40 2.61 12.20 C-A-S-H

C-A-S-H 0.95
0.11Si,Al 0.94 0.06 3.21 0.38 12.20 C-A-S-H,

calcitea

0.16Al 0.94 0.02 4.02 1.61 12.30 C-A-S-H,
calcitea

0.34Al 1.01 0.01 4.73 2.90 12.15 no analysis
SiSi samples analyzed by 29Si NMR. AlAl samples analyzed by 27Al
NMR. aTraces of calcite phase were detected.

Table 2. Chemical Data for the C-A-S-H in Ca(OH)2 Series
(C-A-S-H 0.70 (Al/Si = 0.19) Equilibrating in Calcium
Hydroxide Solutions (C-A-S-H Weight Concentration = 2
g·L−1))a

initial [Ca(OH)2]
(mM)

[Si]
(mM)

[Ca]
(mM)

[Al]
(mM)

pH ±
0.05 phase

0.00 0.36 0.69 0.08 11.25 C-A-S-H
5.53Si 0.16 3.59 0.31 12.10 C-A-S-H
10.92Si 0.02 5.25 0.36 12.40 C-A-S-H,

AFm
15.17 0.02 7.25 0.12 12.60 C-A-S-H,

AFm
19.05Si 0.01 9.79 0.04 12.70 C-A-S-H,

AFm
21.63 0.01 11.98 0.02 12.80 C-A-S-H,

AFm
aAll the samples have been analyzed by 27Al NMR. SiSi samples
analyzed by 29Si NMR. AFm: tetracalcium hemi carboaluminate
hydrate C4Al2(OH)13 (CO3)0.5·11H2O.
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resonances in the regions 70−55 ppm, 30 ppm and 2−5 ppm
corresponding to aluminum atoms in coordination 4, 5, and 6,
respectively in good agreement with literature data.13,24,36 A
supplementary narrower resonance peak is visible in the hexa-
coordinated region for [Ca(OH)2] ≥ 3.59 mM in the C-A-S-H
in Ca(OH)2 series (Figure 3). The intensity of this resonance
increases with the Ca(OH)2 concentration. XRD results show
the presence of calcium carboaluminate in all samples.27

Therefore, this resonance does not originate from a species in
the C-A-S-H phase but is characteristic of a calcium
carboaluminate phase.
In the tetra-coordinated region (50−70 ppm), two

resonances are readily seen: a very broad resonance near 60−
70 ppm in all spectra and a narrow resonance near 72 ppm in
some samples (C-A-S-H 0.95 and C-A-S-H in Ca(OH)2 for
[Ca(OH)2] ≥ 3.59 mM). It is generally agreed that the former
broad resonance corresponds to tetra-Al in the C-A-S-H
structure. Here, we also attributed the latter resonance to tetra-

Al in the C-A-S-H structure. One would perhaps be drawn to
ascribe it to another amuminosilicate phase, straẗlingite
(Ca2Al2SiO2(OH)10·3H2O) in which Al occurs in both
tetrahedral and octahedral environments. This was observed
in ref 26 where straẗlingite precipitated besides C-A-S-H.
However, straẗlingite is a well-crystalline phase, readily seen by
X-ray diffraction, which was however not found in our samples.
Moreover, the resonance of tetrahedral Al in straẗlingite is
expected to occur at 62 ppm,37 that is, 10 ppm below the
chemical shift observed here. This gap is sufficiently significant
to ensure that the narrow resonance at 72 ppm is not due to
straẗlingite, which is confirmed by XRD as discussed above.
Considering the broad resonance in the tetrahedral region, a

significant shift of the maximum from 60 to 70 ppm is observed
across the sample series. The question arises whether this
resonance actually hides one or two distinct contributions.
Complementary solid-state NMR experiments (MAS and
MQMAS) were therefore performed at higher field on a
Bruker Avance 800WB spectrometer. The results as depicted in
Figures 4 and 5 confirm that the width of the line is reflective of

a broad continuous distribution of resonances from 60 to 70
ppm; thus, the hypothesis of two distinct resonances can be
rejected. Note that the signal-to-noise ratio in Figure 4 is lower
than in Figure 3 because of the reduced sample volume that
could be analyzed at 18.8 T. In agreement with these
observations, the decomposition and quantitative analyses of
all the spectra were performed assuming a single distribution of
resonances, eq 2, underlying the broad line in the 60−70 ppm
range.

3.2.2. 27Al NMR Spectra Decomposition. According to the
discussion of the previous section, all C-A-S-H spectra were
decomposed into five individual resonances. Three broad
components were observed in all samples denoted Al[IV]-a
(AlO4), Al[V] (AlO5), and Al[VI]-a at about 60−70, 30, and 5

Figure 2. Experimental 27Al MAS NMR spectra acquired at 11.72 T
(see section 2.2 for details). Left panel: C-A-S-H 0.70; right panel: C-
A-S-H 0.95. The Al/Si ratio of each sample is indicated on the spectra
(see Table 1).

Figure 3. Experimental 27Al MAS NMR spectra acquired at 11.72 T
(see section 2.2 for details) for C-A-S-H 0.70 of Al/Si = 0.19 in
Ca(OH)2 at different concentrations (see Table 2). Ca(OH)2
concentrations at equilibrium in mM; from bottom to top: 0.69;
3.59; 5.25; 7.25; 9.79; 11.98.

Figure 4. Experimental 27Al MAS NMR spectra of C-A-S-H 0.70 (Al/
Si = 0.19) in 5.25 mM of Ca(OH)2 acquired at 18.8 T (see section 2.2
for details).
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ppm, respectively. Two other narrow lines were introduced in
our model: Al[IV]-b at around 72 ppm and Al[VI]-b at around
2 ppm. Figure 6 shows details of the decomposition for two

representative C-A-S-H samples. Excellent agreement between
simulation and experiment was obtained for all spectra. Table 3
reports the NMR parameter ranges of the five resonances
observed across the sample series. The order of magnitude of
the relative ratio between the isotropic chemical shift and
quadrupolar broadening as obtained from the fit of the MAS
spectra could be assessed with the analysis (not shown here) of
the MQMAS spectrum (Figure 6).
3.2.3. Quantitative Analysis. As mentioned in paragraph

3.2.1., the Al[VI]-b resonance characterizes a calcium

carboaluminate (AFm) phase and was thus not considered
for the semiquantitative analyses which concern the C-A-S-H
only. Note that the NMR parameters reported in Table 3 agree
well with the literature data for AFm: δ = 10.2 ppm and CQ =
1.3−1.8 MHz in refs 12, 13, 26 and δ = 10.4 ppm and CQ = 2.2
MHz in ref 35 The proportions of each of the four Al sites in
the C-A-S-H are given in Table 4.

The accuracies of the values reported in Table 4 is estimated
to about 5%. Results for C-A-S-H in calcium hydroxide >3.59
mM series are less accurate, especially for the Al[VI]-a
proportion, because of the great proportion of Al[VI]-b site
(about 50%).
The following general trends can be drawn from these data:

the proportion of Al[V] is low and remains as low as 5−10% in
all samples. Concerning Al[IV]-b, there are around 20% in the
samples of C-A-S-H 0.95 and about 10−15% in the samples
equilibrated in calcium hydroxide solutions. Al[IV]-b is not
present in the samples of the C-A-S-H 0.70 series and in the
sample equilibrated in water (C-A-S-H in [Ca(OH)2] = 0.00
mM). Finally, the proportion of the Al[IV]-a site is 80% in the
samples of the C-A-S-H 0.70 series, around 62% in the samples
of the C-A-S-H 0.95 series and decreases from 83% to 46% with
the calcium hydroxide concentration increasing in the samples
equilibrated in these solutions.
According to the dreierketten structure of the silicate chain in

C-A-S-H, possible Al tetrahedral positions are Q1, Q2
P, Q

2
B, and

Q3 (see Introduction for designation). However, Al atoms can

Figure 5. 27Al MQ MAS NMR spectrum of the same sample as in
Figure 4. See section 2.2 for NMR acquisition details.

Figure 6. 27Al MAS NMR experimental (11.72 T) and simulated (see
section 2.3 for details) spectra for C-A-S-H 0.70 (Al/Si = 0.19) in (a)
[Ca(OH)2] = 3.59 mM; (b) [Ca(OH)2] = 5.25 mM. The
experimental spectra (full line) are taken from Figure 3. The simulated
spectra (bold dashed lines) nicely match the experimental spectra in
both cases. The calculated resonance peak of each of the five kinds of
aluminum is also depicted (dashed lines). The simulated spectra in (a)
and (b) are the sums of these 5 resonances.

Table 3. Isotropic Chemical Shift (δ, ppm), Gaussian
Broadening (gb, ppm), and GIM Parameters (σQ, MHz) of
Each Resonance for the Simulation of the 27Al MAS Spectraa

δ (ppm) gb (ppm) σQ (MHz) CQ (MHz)

Al[IV]-a 60.3−69.2 5.0−5.9 1.5−2.1 3.2−4.4
Al[IV]-b 71.0−72.0 0.8−1.2 1.0−2.0 2.0−4.2
Al[V] 39.0−41.0 3.5 3.1−3.4 6.4−6.8
Al[VI]-a 6.5−8.5 1.8−2.3 2.0−2.6 4.2−5.5
Al[VI]-b 6.5−8.5 1.1−1.5 0.8−1.2 1.7−2.5

aThe calculated mean value of the quadrupolar coupling constant (CQ,
MHz) is also listed.

Table 4. Proportion (%) of Each Al Site Present in C-A-S-H
As Obtained from 27Al MAS NMR Analysisa

Al[IV]-a % Al[IV]-b % Al[V] % Al[VI]-a %

C-A-S-H 0.70
Al/Si = 0.19 81 2 5 11
Al/Si = 0.18 80 2 7 11
Al/Si = 0.12 81 0 8 10

C-A-S-H 0.95
Al/Si = 0.34 62 19 9 9
Al/Si = 0.16 61 20 10 9
Al/Si = 0.11 63 21 10 6

C-A-S-H in Ca(OH)2
Ca(OH)2 = 0.00 mM 83 0 6 11
Ca(OH)2 = 3.59 mM 62 14 6 17
Ca(OH)2 = 5.25 mM 66 15 10 8
Ca(OH)2 = 7.25 mM 60 13 7 18
Ca(OH)2 = 9.79 mM 45 13 9 33
Ca(OH)2 = 11.98 mM 46 10 8 36

aSee text for details. The octa-Al in the calcium carboaluminate phase
(Al[VI]-b) has not been considered. Precision is estimated to ±5%.
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hardly be accommodated at the Q1 site12,20,21,24,26,38 which will
therefore not be further considered in this study. It is generally
agreed that the Al substitution occurs in the bridging
tetrahedra. Sun et al.24 proposed that the Al[IV]-a signal
corresponds to Al located in Q3 positions or in Q2

bridging
positions charge-balanced by Ca2+ and that Al[IV]-b could
correspond to Al also located in Q2

bridging position but charge-
balanced by Al[V] and/or Al[VI]. However, the amount of
Al[IV]-b does not correlate with that of Al[V] + Al[VI]-a (see
Table 4). For instance, in the C-A-S-H 0.70 series, 16−18% of
Al[V] + Al[VI]-a are present without any Al[IV]-b, which
contrasts with the C-A-S-H 0.95 series which has 19−21%
Al[IV]-b but still 16−19% Al[V]+Al[VI]-a.
Furthermore, the MAS and MQMAS NMR experiments

performed at high field (800 W B, 18.8 T) demonstrate that the
isotropic chemical shift of the Al[IV]-a site is broadly
distributed from 60 to 70 ppm. This indicates that the
Al[IV]-a resonance should correspond to tetrahedral aluminum
in close but slightly different chemical environments.
Conversely, the Al[IV]-b site exhibits a narrow distribution
(low gb, see Table 3) with an isotropic chemical shift centered
on 71−72 ppm. Recent theoretical works38,39 have shown that
even if bridging positions such as Q3 or Q2

B are energetically
favored for Al, the pairing position Q2

P is likely to occur as well,
especially when the Ca/Si ratio of the C-S-H is increased. In
these works, the incorporation of tetracoordinated Al ions in
the dreierketten configuration of silicates chains was inves-
tigated by ab initio calculations. It is shown that the structure
with the lower energy is the one with Al in bridging position Q3

or Q2
B .Nevertheless, the difference between the bridging and

pairing sites being small (0.17 eV per pentamer unit), these two
positions are able to compete even at room temperature.
From all these observations, we propose that the Al[IV]-a

species corresponds to Al in bridging positions: Q3 and Q2
B

possibly charge-balanced by Ca2+ as proposed by Sun et al. The
existence of several species of very close environment (bridging
position) would explain the width of the Al[IV]-a site.
Consequently and according to the literature38,39 the Al[IV]-
b resonance would be better assigned to Al in Q2

p positions,
which is compatible with a narrow distribution of isotropic
chemical shift as Q2

p positions are characterized by a well-
defined chemical environment. Moreover, this assignment has
already been cited in the literature.14

According to the present decomposition method of 27Al
NMR spectra, an accurate quantification of aluminum species
present in the sample was made. Their localization in the
different sites of C-A-S-H structure could be suggested
assuming a structure based on tobermorite. This hypothesis
enables to constrain the prediction of the 29Si NMR spectra
decomposition as described in the next section.
3.2.4. Conditions of Al/Si Substitution in Bridging and/or

Pairing Positions. From the percentage of aluminum in
bridging (Al[IV]-a %) and pairing (Al[IV]-b %) positions, it
is possible to calculate the Albridging/Si and Alpairing/Si ratios. For
instance, for the C-A-S-H 0.95 sample with Al/Si = 0.11, Table
4 shows that the Al[IV]-a represents 63% and the Al[IV-b]
represents 21% of the total Al (the remaining percentage being
the Al[V] and Al[VI]-a). It means that Albridging/Si = 0.11 ×
0.63 = 0.07 and that Alpairing/Si = 0.11 × 0.21 = 0.02. The
variation of these two ratios versus the aluminum concentration
in the bulk solution for the three series is depicted in Figure 7.
In the case of infinite chain length, Al only substitutes Si in

bridging tetrahedra (C-A-S-H 0.70). On the contrary, when the

pH is increased and the chain length decreases, both Al in
bridging and pairing positions are observed (C-A-S-H 0.95 and
C-A-S-H in Ca(OH)2). This is in full in agreement with the ab
initio calculation of the Al/Si substitution in dreierketten
silicate chains by Manzano et al.39 The occurrence of Al in
pairing position leads to a decrease of the amount of Al in
bridging position (easily noticeable for C-A-S-H 0.95). This can
be readily understood by the fact that (i) the chains are shorter
and there are less occupied bridging positions by Si as well as
Al; (ii) as already said, Al−O−Al are not favored therefore, an
Al in pairing position hinders an Al in the neighboring bridging
position. Nevertheless, the bridging position is always more
occupied by Al than the pairing position. Finally, the data for
the C-A-S-H in Ca(OH)2 are not fully consistent with the two
others series. Actually, the Alpairing/Si joins the curve of the 0.95
series which seems to be reliable with the expected case of high
pH, finite chains. But the Albridging/Si joins the curve of the 0.70
series. One would have expected the C-A-S-H in lime data to be
fully consistent with the C-A-S-H 0.95 data as both series
account for the same ionic conditions, especially for pH and
calcium concentration. Therefore it seems that the samples of
C-A-S-H equilibrated in lime solutions have not reached the
equilibrium state yet.

3.3. 29Si NMR Results. 3.3.1. 29Si NMR Spectra. The
samples analyzed are mentioned with the superscript Si in
Tables 1 and 2. As shown in Figure 9, the signal-to-noise ratio is
low because of the weak sensitivity of 29Si (small negative γ ;
natural abundance 4.7% in addition to a slow longitudinal
relaxation) comparatively to 27Al (natural abundance 100%
with a rapid quadrupolar relaxation). Identification of the
positions of resonance lines is tricky because of the strong
overlapping between the 29Si resonances, all located in the
chemical shift range between −75 ppm and −95 ppm. The
chemical shift of 29Si in silicates depends mainly on the
connectivity degree of the silicate tetrahedra.11 Based on the
hypothesis of a tobermorite-like structure for C-A-S-H, four
connectivity degrees are possible for the silicate tetrahedra.40 If
a silicate gets one straight neighbor aluminate, it is noted as
Qn(1Al) and the corresponding 29Si chemical shift will move to
higher frequency by 3−5 ppm.11 The same trend occurs if a
silicate gets two aluminate neighbors but the chemical shift of
the Qn(2Al) 29Si will move to higher frequency by about 10
ppm. Considering all these possibilities, it appears quickly that
the decomposition of these 29Si spectra into more than three
contributions without any restrains is not conceivable, even
imposing chemical shift range for each different contribution.

Figure 7. Evolution of the Albridging/Si (black) and Alpairing/Si (white)
ratios with the aluminum bulk concentration. Diamonds: C-A-S-H
0.70; Squares: C-A-S-H 0.95; Triangles: C-A-S-H in lime.
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3.3.2. 29Si NMR Spectra Decomposition. The 29Si NMR
spectra can be a priori calculated according to the location and
amount of aluminum in the C-A-S-H as obtained from the 27Al
NMR analyses and with the hypothesis of a dreierketten
structure for the aluminosilicate chains. One also needs the
actual amounts of aluminum and silicon in each sample. These
are readily obtained from the chemical analyses of the samples.
The 29Si experimental spectra have been fitted using the
calculated intensities as constants (just scaled by an overall
factor adjusted by the program to fit the spectrum area) and by
allowing the NMR parameters values in eq 1 of each resonance
to vary in meaningful ranges given in Table 5.

Figure 8 is intended to help understand the relationships
between the proportion of each type of aluminum and silicon in

the structure. These relationships are as follow (all quantities
are in percentages):

= ‐Q (1Al)% Al[IV] b%2
B (3)

(the number of Si Q2
B(1Al) is equal to the number of Al

substituting a Si in Q2
P position)

= ‐ + ‐Q (1Al)% 2Al[IV] a% Al[IV] b%2
P (4)

(each Al substituting a Si in Q3 or Q2
B position has two Si

Q2
P(1Al) neighbors and each Al substituting a Si in Q2

P
position has a Si Q2

P(1Al) neighbor)

+ =Q % Q % 1/2Q %2
B

3 2
P (5)

(according to the drierketten structure, the sum Q3% + Q2
B% is

equal to half of Q2
P%)

= + +

+ + +

Si(total)% Q % Q % Q %

Q (1Al)% Q (1Al)% Q %

1 2
P

2
B

2
P

2
B

3
(6)

(Si(total)% = 100)
From these conditions and the elemental composition of the

samples, intensities of the Q2
B(1Al) and Q2

P(1Al) resonances
in the 29Si spectra have been calculated (Icalc (%) in Table 6).
For the spectra decomposition, these intensities were free to
vary within 5% from the Icalc (%) (leading to Iexp (%) in Table
6) in agreement with the accuracy of the quantitative analysis of
NMR spectra.
For the C-A-S-H 0.70 series, the Q2

B(1Al) proportion is
close to zero like the Al[IV]-b proportion. Furthermore, in this
series, the alumino-silicate chains are quite infinite. This implies
that the Q1 proportion is close to zero. Considering that Q1 ≈
0% and Q2

B(1Al) ≈ 0% and by combining eqs 5 and 6, one
finds:

≈ −Q % (100 Q (1Al)%)/1.52
P

2
P (7)

This supplementary relationship allows the calculation of
Q2

P% for this series (see Table 6). As for the Q2
B(1Al) and

Table 5. Intervals for Chemical Shift (δ, ppm), Gaussian
Broadening (gb, ppm), and Gaussian to Lorentzian Ratio (σ)
Used in the Simulation of the 29Si MAS Spectra

δ (ppm) gb (ppm) σ

Q2
B(1Al) [−77.2 ↔ −76.0] [1.0 ↔ 1.5] [0.0 ↔ 0.6]

Q1 [−80.0 ↔ −79.2] [0.7 ↔ 1.2] [0.0 ↔ 0.6]
Q2

P(1Al) [−82.0 ↔ −81.0] [1.3 ↔ 2.2] [0.0 ↔ 0.6]
Q2

B [−83.5 ↔ −82.0] [0.8 ↔ 1.2] [0.0 ↔ 0.6]
Q2

P [−86.0 ↔ −85.0] [1.0 ↔ 1.3] [0.0 ↔ 0.6]
Q3 [−94.0 ↔ −90.0] [2.0 ↔ 3.0] [0.0 ↔ 0.8]

Figure 8. Scheme of the alumino-silicate chains in the C-A-S-H
structure.

Table 6. Calculated (Icalc (%)) for Q
2
P (C-A-S-H 0.70), Q2

B(1Al), and Q2
P(1Al) and Experimental (Iexp (%)) Proportions of the

Considered Si Sites Present in C-A-S-H after the Quantitative Analysis Obtained from the Simulation of the Experimental
Spectraa

Al/Si Ca(OH)2 C-A-S-H 0.95

0.19 0.18 0.16 0.13 0.12 3.59 mM 5.25 mM 9.79 mM Al/Si = 0.11

Q2
B(1Al) δ (ppm) −77.0 −77.1 −77.1 −77.0

Icalc (%) 0 0 0 3 3 3 2
Iexp (%) 0 0 0 0 2 3 1

Q1 δ (ppm) −79.2 −79.3 −79.6 −79.5 −79.3 −79.3 −79.3 −79.2 −79.2
Iexp (%) 5 6 8 4 4 7 12 13 21

Q2
P(1Al) δ (ppm) −81.5 −81.6 −81.9 −81.7 −81.7 −81.9 −81.6 −81.2 −81.2

Icalc (%) 30 29 25 21 19 25 27 19 16
Iexp (%) 29 27 24 22 21 24 31 19 21

Q2
B δ (ppm) −83.0 −82.5 −82.0 −82.7 −82.0 −83.1 −83.0 −82.4 −83.0

Iexp (%) 4 6 5 1 6 6 11 17 13
Q2

P δ (ppm) −85.2 −85.3 −85.4 −85.4 −85.3 −85.7 −85.4 −85.5 −85.2
Icalc (%) 47 47 50 53 54
Iexp (%) 45 46 49 56 55 41 36 47 39

Q3 δ (ppm) −94.5 −94.5 −94.5 −94.5 −92.5 −94.5 −94.4 −94.1 −93.5
Iexp (%) 16 15 14 16 16 23 8 0 5

aThe experimental chemical shifts (δ ppm) are also listed. Precision of the results presented is estimated to ±5%.
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Q2
P(1Al), the intensity of the Q2

P resonance has been
calculated (Icalc (%) in Table 6), and this calculated intensity
could be within 5% of the calculated values for the spectra
decomposition leading to Iexp (%) in Table 6.
The individual intensities of the Q1, Q2

B, Q
3 resonances for

all series and of the Q2
P resonance for C-A-S-H 0.95 and in

Ca(OH)2 cannot be a priori calculated. Hence, these intensities
are not set to specific values but adjusted by hand to best fit the
experimental spectrum. However, consistency of the results can
be checked through eqs 5 and 7. All the resonance intensities
(Iexp (%)) and chemical shifts (δ ppm) deduced from the
decomposition are given in Table 6. The a priori calculated
intensity (Icalc (%)) for Q2

P (C-A-S-H 0.70), Q2
B(1Al), and

Q2
P(1Al) resonances are also listed in this table. Illustrative

examples are displayed in Figures 9 and 10. The excellent

agreement between the experimental and calculated spectra
strongly supports the assignment of the different sites for Al
derived from the 27Al NMR analyses and the resulting C-A-S-H
structure. These results are in strong support of the
“tobermorite like” alumino silicate chains in C-A-S-H.
One can easily check that eqs 5 and 7 are nicely fulfilled from

the experimental intensities listed in Table 6. As expected, the
proportion of Q1 sites is found negligible in the C-A-S-H 0.70
series for which the alumino-silicate chains are supposed to be
infinite. The shortening of the alumino-silicate chains when the
calcium hydroxide concentration increases is well illustrated by
the increase of the Q1 site proportion in the C-A-S-H 0.95 and
C-A-S-H in Ca(OH)2 series. In the C-A-S-H in Ca(OH)2
series, the Q3/Q2

B ratio decreases when the calcium hydroxide
concentration is increased as observed for C-S-H gels. This
result suggests that the shortening of the chains is achieved by
loss of Si atoms in Q3 position and not loss of Al in Q2

B
position because the proportion of Q2

P(1Al) remains rather
constant. Finally, the proportion of Q2

B(1Al) is very low
indicating a weak proportion of Al in pairing position.
3.4. Penta and Hexa-Coordinated Aluminum. Most of

the publications on this topic report that Al[V] and Al[VI]-a

are located on the surface and in the interlayer of C-A-S-H in a
role of charge-balancing of negative surface charge of the
particle.13,14,24,41 Sun et al.24 propose that Al[V] and Al[VI]-a
charge-balance Al[IV]-b. As already mentioned for the
assignment of the Al resonances to structural positions, this
suggestion seems to fail in view of the semiquantitative results
of Table 4. Indeed, Table 4 shows that the amount of Al[IV]-b
and Al[V] + Al[VI]-a are not correlated at all. For instance,
there is no Al[IV]-b in the C-A-S-H 0.70 series whereas Al[V]
+ Al[VI]-a constitute 16−18% of the Al in C-A-S-H. On the
contrary, in the C-A-S-H 0.95 series, there are 19−21% Al[IV]-
b and still 16−19% Al[V]+Al[VI]-a. The expected counterions
for compensation of the negative surface charge of C-A-S-H are
the calcium cations. According to Tables 1 and 2, either the
calcium and aluminum concentrations are of the same order of
magnitude or the calcium concentration is greater than the
aluminum one. Therefore, a charge compensation by Al[V] and
Al[VI]-a is not likely to occur, or at least, is marginal compared
to the charge compensation by calcium ions. Furthermore, no

Figure 9. Comparison of the 29Si MAS NMR experimental (acquired
at 7.05 T) and simulated spectra for C-A-S-H 0.70. (a) Al/Si = 0.19;
(b) Al/Si = 0.12. The simulated spectra (thin solid lines) nicely match
the experimental spectra (thick solid lines) in both cases. The
calculated resonance peak of each of the five kinds of silicon is also
depicted (dashed lines). Each simulated spectrum in (a) and (b) is the
sum of these five resonances.

Figure 10. Comparison of the 29Si MAS NMR experimental (7.05 T)
and simulated spectra of C-A-S-H 0.70 (Al/Si = 0.19) equilibrated in
Ca(OH)2 solution. Ca(OH)2 concentration: (a) 3.59 mM; (b) 5.25
mM; (c) 9.79 mM. (d): same for C-A-S-H 0.95 of Al/Si = 0.11. The
simulated spectra (thin solid lines) nicely match the experimental
spectra (thick solid lines) in each case. The calculated resonance peak
of each silicon is also depicted (dashed lines). Each simulated
spectrum in (a), (b), (c), and (d) is the sum of these resonances.
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amorphous Al-gel was detected in any of the samples and the
semiquantitative results show that the proportion of Al[V]+Al-
[VI]-a remains constant at about 18% (if the three last samples
of the series in Ca(OH)2 are not considered because of the
great uncertainty made on the percentage of Al[VI]-a because
of the presence of an AFm phase). Alternatively, one may
consider these species to be closely associated with the side of
the C-A-S-H particles or, in other words, with the end-chains of
the aluminosilicate chains.
To test this hypothesis, one can calculate the average chain

length for two (Al[V]+Al[VI]-a) (one at each ending). One has
to notice that this is not a continuous chain as defined generally
for C-S-H but an actual chain length taking into account the
disruption because of missing bridging tetrahedra along the
chain. Hence, it corresponds to the average C-A-S-H particle
length within the chain direction. The average number of
tetrahedra for two (Al[V]+Al[VI]-a) is equal to the sum of all
the tetrahedra (Al+Si) divided by the sum Al[V]+Al[VI]-a and
multiplied by 2. To be accurate, one should take into account
that for each Q1, one missing bridging tetrahedron should be
considered for the calculation of the overall length. However,
the Q1 proportion is low and this correction should be ignored.
Then, the average particle length (Lp) is equal to this average
number of tetrahedra multiplied by the length of one dreierkett
(0.73 nm) and divided by three, because one dreierkett consists
of three tetrahedra (see Figure.1):

= + ×
+ −

×

L
a

(Al[IV] Si)
2

Al[V] Al[VI]
0.73

3

p

(8)

Applying eq 8, one find 20 ± 3 nm which is in good
agreement with the order of magnitude of C-S-H particle
lengths. Nonetheless, this value is slightly lower than the size
usually observed by different techniques (AFM, TEM). It has
been observed elsewhere that the presence of aluminum in C3S
pastes hinders the growth of the hydrate nuclei.42 This
observation is in agreement with the C-A-S-H particle size
calculated here and is consistent with an adsorption of Al[V]
and Al[VI]-a on the particle sides which could hinder the
particle growth.

4. CONCLUSION
An improved method has been used to decompose the 27Al
MAS NMR spectra allowing an accurate quantification of each
type of aluminum incorporated in C-A-S-H samples. Based only
on the assumption of a tobermorite-like structure to assign each
of the observed resonances, the site of the aluminum could be
determined. Namely, it is found that Al can substitute Si in
bridging as well as in pairing positions. Al in pairing sites are
observed only for Ca/(Si+Al) ratios greater than 0.95
(equivalent to 4 mmol.L−1 of calcium hydroxide) as predicted
by ab initio calculations.38,39

From these results, constraints were found for an efficient
decomposition of 29Si MAS NMR spectra. The relative
intensity of each resonance was provided by the 27Al NMR
results and the sample chemical composition, whereas the
spectral NMR parameters were allowed to vary according to
literature data. Excellent agreement between the experimental
and calculated 29Si NMR spectra as well as the 27Al MAS NMR
spectra decomposition was obtained, which strongly support
the assumed C-A-S-H tobermorite-like structure.

Finally, these results suggest that penta and hexa-coordinated
aluminum are adsorbed on the sides of the C-A-S-H particles.
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