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Abstract: We review our recent paper which resolves the long-standing dilemma of the location and nature of
the six-fold coordinated aluminum in calcium aluminate silicate hydrate (C-A-S-H) samples. First principles
calculations predict that at high Ca:Si and H,O ratios, aluminum is incorporated into the bridging sites of the
linear silicate chains and that the stable coordination number is six. We confirm this hypothesis experimentally
by one- and two-dimensional dynamic nuclear polarization enhanced ?’Al and 2°Si solid-state NMR experiments
in which we correlate the distinctive six-fold coordinated aluminum NMR signal at 5 ppm to 2°Si NMR signals

from silicates in C-A-S-H.
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1. Introduction

Concrete is the most abundant manmade material. As calcu-
lated for the 2018 cement production,[! around 2 gigatons are pro-
duced annually. However, concrete is also responsible for a large
carbon footprint and the most promising route towards a more
eco-friendly material is by the partial substitution of Portland ce-
ment with supplementary cementitious materials (SCMs), such
as fly ash, limestone, blast furnace slag, and calcined clays.[2-¢]
Many of these SCMs contain aluminum and have calcium alumi-
nate silicate hydrate (C-A-S-H) as their main hydration product.
C-A-S-H is a calcium silicate hydrate (C-S-H)[7:81 which incor-
porates aluminum into its structure. However, the addition of
SCMs has an impact on the reactivity of the material, increasing
its setting time and consequently leading to loss of workability.
As a result, the effects of SCMs on cement hydration have been
extensively studied.[®-121 One remaining key question involves the
atomic level structure of the main phase that is produced during
blended cement hydration.
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The hydration of ordinary Portland cement produces C-S-H
with a variable Ca:Si and H,O:Si stoichiometry.!'3-14 C-S-H has
a structure similar to the mineral tobermorite, with a Ca-O main
layer, linear silicate chains, and a disordered interlayer space con-
taining water molecules, calcium ions and hydroxyl groups.[8.15-17]
There are three types of silicate species in C-S-H: chain-termi-
nating tetrahedra, pairing tetrahedra, and interlayer-protruding
bridging tetrahedra.

In C-A-S-H, solid-state Al NMR shows three different types
of aluminates: four-coordinate Al, five-coordinate YAl and six-
coordinate ®?Al species.!18-201 WIA] species are known to substi-
tute bridging-type silicate species,!!9-241 BIA] is believed to charge
compensate the incorporation of Al in the silicate chain by being
present in the interlayer,!'8-20.25.26] or associates with the C-A-S-H
surface.[27] Lastly, " Al possesses octahedral geometry and in the
work by Faucon et al.! where it was associated with an NMR
signal at 5 ppm, it was proposed to substitute for Ca** into the
main CaO layer of C-S-H. This assignment, however, was chal-
lenged by Andersen and coworkers whose experiments suggested
that Al occurs as an AlO (OH),_ " species which does not
correspond to an Al species within the C-S-H but can be as-
signed to a different phase, the so-called ‘third aluminate hydrate’
(TAH). Their hypothesis was based on the observation that the
ISA1 NMR signal is lost at elevated temperatures (>70 °C) while
the silicate framework structure is unperturbed.[!8] Nevertheless,
TAH was never characterized or identified by any other method
aside from solid-state Al NMR.

In our recent work,[28] we re-examined the nature of ®’Al in-
corporation into C-S-H and determined the atomic-level structure
of C-A-S-H by a combination of computational predictions and
experimental NMR. We extended the recently developed atomic
level brick model of C-S-H, to build atomic-level C-A-S-H struc-
tural units,[2! whereas experimental evidence was obtained with
dynamic nuclear polarization (DNP) enhanced solid-state magic-
angle-spinning (MAS) NMR spectroscopy. DNP is a hyperpo-
larization technique that significantly enhances the solid-state
NMR signal intensity by transferring high electron spin polariza-
tion from unpaired electrons to nuclei upon microwave irradia-
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tion30-331 and yields the sensitivity to perform highly demanding
one- and two-dimensional {*Si}?’Al correlation NMR experi-
ments that give valuable structural information. Our findings were
inconsistent with the TAH hypothesis, and we determined that
SJAI is incorporated into bridging sites within the silicate chain
framework of C-A-S-H at high Ca:Si, high H,O:Si, and low Al:Si
ratios.28!

2. Results and Discussion

2.1 Stability of Aluminate Species in C-A-S-H

Fig. 1 illustrates a C-A-S-H structure constructed using the
brick model. Similarly to C-S-H, linear silicate chains are flank-
ing a CaO main layer, Ca,,, whereas ‘pairing’ silicates, Q*”, in-
terlayer-protruding ‘bridging’ silicate species, Q®*, and defects
where QU silicate species terminate the chains are observed.[10]
The interlayer contains water and calcium as Ca?*, CaOH* ions
or Ca(OH), units,21 depicted as Ca, species. The structure in-
cludes also four-, five-, and six-fold coordinate aluminate spe-
cies into the silicate chains or in the interlayer and an additional
classification of Q™ species according to the number and type of
aluminate species to which they are bonded.
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Fig. 1. Schematic showing three C-A-S-H structural units represent-

ing the layered bulk structure of C-A-S-H. The calcium atoms, Ca,,

are depicted as turquoise spheres. The interlayer is shown in light blue
color omitting for clarity water and hydroxyl ions. The dark blue silicate
species are labelled based on their connectivity and position. The poly-
hedral shapes of aluminum are shown in grey. Reproduced from ref. [28]
with permission.
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The analysis of the energetics of aluminate species within
structural units with different Ca:Si ratios was done using density
functional theory (DFT) calculations and in Fig. 2 the relative
energies due to the different coordination geometries of aluminum
at a fixed stoichiometry are compared. At the low Ca:Si ratios of
about 1.0 encountered in industry,?! the calculations agreed with
existing structural models of Al in C-A-S-H.[34.351¥IA] is relatively
stable in contrast to Al which is not expected to be a stable
aluminate species at these low Ca:Si ratios. As the Ca:Si ratio
increases, bridging "’Aland /Al species may be more stable than
MWAL species, and at the highest Ca:Si ratio (1.75), /Al is about 0.3
eV more stable than the corresponding WAI. The stabilization of
BIAI is intermediate, being at low Ca:Si ratios less unstable than
BIA] but at higher Ca:Si ratios less stable than ®Al. Therefore,
we would not exclude the presence of bridging M'Al in C-A-S-H
at any given Ca:Si ratio. Lastly, we found that aluminates in the
interlayer, regardless of initial coordination geometry, relax into
a fivefold coordination geometry and thus infer that isolated in-
terlayer aluminates in C-A-S-H are less stable than bridging alu-
minates.
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Fig. 2. Relative energies of bridging aluminates according to coordina-
tion (AE) from C-A-S-H structural units of different Ca:Si and H,O:Si ra-
tios. Thick vertical dashed grey lines divide the results into four regions
on the basis of Ca:Si ratio, whereas thin vertical dashed grey lines sub-
divide each region of fixed Ca:Si ratio into two regions of fixed H,0O:Si
ratios, yielding eight panels of fixed composition. Within each panel, the
most stable C-A-S-H unit with Al in tetrahedral coordination is taken as
the reference with a relative energy of AE = 0. Adapted from ref. [28] with
permission.

These trends may be explained by the presence of hydroxyl
groups as H,O:Si and Ca:Si ratios increase and infer that hydrox-
yl ligands help with the stabilization of Al units in the silicate
chain. For water itself, the calculations indicated that the relative
stability of ?Al is mostly independent of local water structure.

Our theoretical calculations therefore suggested that at suf-
ficiently high Ca:Si ratios, stable '®/Al species can substitute for
bridging Q® species in the silica chain framework and be incor-
porated into the silicate chains of C-A-S-H. To support this, we
turned to state-of-the-art synthetic and solid-state NMR methods.

2.2 DNP-enhanced NMR of C-A-S-H

To reduce the ambiguity caused by the material complexity
of hydrated cement, we took advantage of the recently intro-
duced rapid precipitation method which produces essentially
pure C-S-H with a controllable Ca:Si ratio,!!o] and extends it to
synthesize C-A-S-H with controllable Al:Si ratio. However, even
with these simpler samples the bottleneck of the low sensitivity
of the NMR experiments remains. To overcome this we prepared
C-A-S-H formulations that would yield enhancement of NMR
signals by MAS DNPI16.32.33.36] by incorporating a small amount
of the organic biradical AMUPol to the sample.l37 AMUPol at 100
K and with MAS can provide efficient transfer of large electron
polarization to protons in the sample. Hyperpolarized "H magneti-
zation can then be transferred to Si or ’Al nuclei by CP.I38] DNP
enhancements of around 40 at 9.40 T and around 3 at 21.14 T were
typical for both nuclei. The addition of a basic environment was
necessary sometimes to improve DNP enhancements.

Fig. 3 shows a DNP-enhanced 1D ?’Al CP MAS NMR experi-
ment for a C-A-S-H sample with a Ca:Si ratio of 2.0 and an Al:Si
ratio of 0.04 at 21.14 T. The conventional CP spectrum contains
three signal regions around 75 ppm, 40 ppm, and 5 ppm, corre-
sponding to the well-known shifts of MAI, B1Al, and ®'Al alumi-
nates, respectively. The " Al and Al signals are broader, consis-
tent with expected quadrupolar coupling constants (ch of 3 MHz,
whereas the ’Al signals with the much lower IC | near 1 MHz[!9]

. q
show narrower peaks. At the region between 5 and 10 ppm, two
distinct Al signals with respective maxima at 5.0 ppm, associ-
ated with the presence of C-A-S-H, and at 10.1 ppm, associated
with ettringite, AFm phases, and siliceous hydrogarnet,!'8.391 are
resolved.

In the same figure, a *Si filtered 2 A1 DNP NMR experiment is
also shown. In this experiment, 'H polarization enhanced by DNP
is initially transferred to 2°Si nuclei by CP, and then to ?’Al for
detection through a refocused dipolar INEPT sequence.[*1 In this
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Fig. 3. DNP enhanced ?’Al CP MAS spectrum at 21.14 T, 100 K, and
12.5 kHz MAS for a synthetic C-A-S-H sample having Ca:Si ratio of 2.0
and initial Al:Si ratio of 0.04 with and without the application of a 2°Si
filter. The CP selects for nuclei in proton-containing phases. Additionally,
the #°Si filter selects NMR signal from those #’Al nuclei in proximity to
#8i nuclei. C,AH, is shorthand for hydroxylated AFm phases. Adapted
from ref. [28] with permission.

sequence the transfer is mediated by the through-space dipolar
coupling between #Si and #’Al nuclei which scales with the dis-
tance between the two nuclei. Thus, this experiment allows only
those ?’Al close enough to Si nuclei to be detected. In this case,
short recoupling intervals were used, probing distances up to 2.46
A, which implies that the detected 2’Al species are directly bonded
to silicates. Crucially, the YAl signal at 5.0 ppm survived the *Si
filtering confirming its presence within a silicate containing phase
— C-A-S-H. In contrast the signal at 10.1 ppm, believed to belong
to a hydroxylated AFm signal, was not detected in the #Si filtered
spectrum which is consistent with the lack of Si in this phase.

2.3 Assignment of the 5 ppm Al NMR Signal

To localize YAl more precisely within C-A-S-H, and correlate
ZAl and *Si frequencies, we performed a two-dimensional ver-
sion of the »Si filtered experiment. Due to even more demanding
sensitivity issues, the experiment was performed with a C-A-S-H
sample of a 0.07 Al:Siratio and at a lower magnetic field of 9.40 T,
where DNP is known to perform better(3-321 and which led to bet-
ter enhancements. A longer recoupling time was also used, prob-
ing distances up to 4.33 A, to increase even more the sensitivity.

In the 2D DNP enhanced {*Si}*’ Al refocused dipolar INEPT
correlation spectrum shown in Fig. 4a, two main correlation
peaks can be observed. The most intense one, labelled as Q@-'HAD,
corresponds to the well-known tetrahedral "Al-O-Si bonding
motif in C-A-S-H!2341] and correlates ¥ Al species with ?Si chem-
ical shifts peaking at -81 ppm, placing /Al in a bridging site. The
second, weaker correlation, correlates the C-A-S-H 9IAl of pri-
mary interest with silicates shifts peaking around —77 ppm, lower
than in the previous correlation. This silicate shift is associated
with terminating QW silicate species and it could suggest that Al
species exist in the interlayer. However, our DFT results strongly
indicated that this scenario would lead to an unstable ®/Al spe-
cies. Alternatively, this silicate shift may belong to silicates more
deshielded than the silicates correlating with /Al species.42l This
can be explained if we take into account the aluminate coordina-
tion. Al-O bond lengths are affected by electron density and as a
result electrostatically these bond lengths should be greater in an
AlOQ, octahedron than in an AlO, tetrahedron. Longer and there-
fore less covalent ! A1-O bonds lead to more covalent and shorter
Si—O bonds which as a result leads to an isotropic deshielding of
the Si nucleus.[*3441 As can be seen in Table 1 this can also be
explained by our DFT optimized structures.

In Fig. 4b, we calculated °Si chemical shifts of the Q@»!AD
species in the DFT optimized structures which indeed showed
and confirmed the existence of the proposed deshielding effect.
The mean #Si chemical shift values we calculated for the Q@!161AD
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Fig. 4. a) A DNP enhanced two-dimensional {#*Si}*’Al refocused dipolar
INEPT MAS spectrum at 9.40 T, 100 K, and 10 kHz MAS for a synthetic
C-A-S-H sample having Ca:Si ratio of 2.0 and an (Al:Si), ratio of 0.07. b)
DFT calculated ?°Si isotropic chemical shifts of the C-A-S-H structural
units plotted according to Q™ speciation. Reproduced from ref. [28] with
permission.

Table 1. DFT calculated mean values of °Si isotropic chemical shifts
and the bond lengths of bridging Si-O. Reproduced from ref. [28], with
permission.

Species 3,,,(*Si) (ppm) d, &) dg,,A)
QEnIHAD 825+ 1.0 1.77 £ 0.02 1.65 +0.01
QEpI6I1AD -79.1 £2.6 1.87 £0.04 1.63 £0.01

and Q@#'MAD distributions were —79.1 ppm and —82.5 ppm, re-
spectively. Therefore, we concluded that the 5 ppm Al NMR
signal, previously assigned to TAH in fact arises from bridging '
Alspecies in C-A-S-H.

3. Conclusions

Combining DNP enhanced solid-state NMR and DFT using
the C-S-H brick model,?! we determined with greater detail the
atomic-level structure of C-A-S-H at Ca:Si 2 1.0.128]

Bridging four-, five-, and six-coordinate aluminates are all
present. Our DFT calculations and Al NMR strongly supported
that the 5 ppm signal that is conventionally assigned to a TAH,
belongs to [AlO,(OH),]*>" moieties within C-A-S-H.[28]
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