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ABSTRACT: Despite use of blended cements containing significant amounts of V) AlI(VY
aluminum for over 30 years, the structural nature of aluminum in the main
hydration product, calcium aluminate silicate hydrate (C-A-S-H), remains elusive.
Using first-principles calculations, we predict that aluminum is incorporated into
the bridging sites of the linear silicate chains and that at high Ca:Si and H,O ratios,
the stable coordination number of aluminum is six. Specifically, we predict that
silicate-bridging [AlO,(OH),]°~ complexes are favored, stabilized by hydroxyl
ligands and charge balancing calcium ions in the interlayer space. This structure is
then confirmed experimentally by one- and two-dimensional dynamic nuclear
polarization enhanced *’Al and *’Si solid-state NMR experiments. We notably 80 60 40 20 0

assign a narrow Al NMR signal at § ppm to the silicate-bridging [AlO,(OH),]*~ #Al shift / ppm

sites and show that this signal correlates to Si NMR signals from silicates in C-A-

S-H, conflicting with its conventional assignment to a “third aluminate hydrate” (TAH) phase. We therefore conclude that TAH
does not exist. This resolves a long-standing dilemma about the location and nature of the six-fold-coordinated aluminum observed
by Al NMR in C-A-S-H samples.
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B INTRODUCTION silicate chains) similar to the mineral tobermorite with a
disordered interlayer space containing water molecules,
calcium ions, and hydroxyl groups.”'”~>" The nature of the
silicate species forming the chains and their connectivity is
well-studied.””**~>* A defective tobermorite structure can be
used to represent the atomic-level features of C-S-
H.>?%*12572 There are three types of silicate species in C-S-
H: chain-terminating tetrahedra, pairing tetrahedra, and
interlayer-protruding bridging tetrahedra. The interlayer is
composed of calcium as Ca** or CaOH" ions or Ca(OH),
units, and water molecules.”” It has recently been shown that
the bridging silicate tetrahedra can be substituted by a calcium
ion, particularly at Ca:Si ratios higher than 1.25.%°

Solid-state *’Al NMR identifies three types of aluminates in
C-A-S-H samples: four-coordinate Al(IV), five-coordinate
Al(V), and six-coordinate Al(VI) species.”” ** The substitu-
tion of bridging-type silicate species by Al(IV) species,
particularly at low Ca:Si ratios, is well-established.””**~*°
Al(V) is believed to exist in the interlayer, and charge

The most promising route toward concrete with a lower
carbon footprint is by the partial substitution of Portland
cement with supplementary cementitious materials (SCMs)
such as fly ash, limestone, blast furnace slag, and calcined
clays."™ Many of these SCMs are aluminum rich, and the
main hydration product of such blended cements is calcium
aluminate silicate hydrate (C-A-S-H), a calcium silicate hydrate
(C-S-H)®” that incorporates aluminum into its structure,
normally with an atomic ratio of Al:Si < 0.25. C-S-H is a
chemically disordered phase’~'” that constitutes about 50% of
bulk cement by weight.'' Consequently, C-(A)-S-H is the
most abundant man-made material, produced annually in
quantities around 2 gigatons, as calculated for 2018 cement
production."”

The main drawback of the addition of SCMs is a general
reduction in reactivity, consequently increasing the setting time
of concrete and a loss of workability. Though the effects of
SCMs on cement hydration have been studied exten-
sively,"*™'° questions remain regarding the atomic-level nature
of the key structural phase that is produced during blended Received:  March 17, 2020
cement hydration. In the absence of SCMs, it is known that the Published: May 14, 2020
hydration of ordinary Portland cement produces C-S-H with a
variable stoichiometry, with an average Ca:Si ratio of around
1.7 and H,O:Si ratio of around 1.8."”"* C—S—H has a layered
calcium silicate sheet structure (Ca-O main layer and linear
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compensates the incorporation of four-coordinate aluminate in
the silicate chain®™***"*® or associates with the C-A-S-H
surface.”” AI(VI) associated with the C-A-S-H phase can be
observed in ’Al NMR as a particularly prominent and narrow
signal around 5 ppm when the Ca:Si ratio is 1.0 or
greater.’*****" The proportion of AI(VI) increases with
increasing Ca:Si ratio**™** and becomes the dominant species
when the Ca:Si ratio exceeds 1.5, which is the typical case of
cement hydration.””*>* Six-coordinate aluminates possess
octahedral geometry, and in the work by Faucon et al,”” where
the S ppm signal was first reported, it was proposed that such
species substitute for Ca®* into the main CaO layer of C-S-H.
This assignment, however, was called into question by
Andersen and co-workers. Their {"H}*’Al cross-polarization
magic-angle-spinning (CP MAS) NMR experiments suggested
that Al(VI) occurs as AlO,(OH)¢_,®™)~ species.”’*> With the
observation that the S ppm *’Al NMR signal is lost at elevated
temperatures (>70 °C) while the silicate framework structure
is unperturbed, they concluded that this signal does not
correspond to an Al(VI) species within the C-S-H.>” Instead, it
was assigned to a different phase, the so-called “third aluminate
hydrate” (TAH), composed of a chemically disordered
aluminum hydroxide or calcium aluminate hydrate.*** This
TAH phase was expected to exist either independently of or on
the surface of C-A-S-H, with later studies suggesting
penetration into the interlayer region,*' or as interlayer
calcium substituted aluminate.** Nevertheless, these findings
have not been corroborated, as no method aside from solid-
state 2’Al NMR has been able to definitively identify the TAH
phase. The inability to characterize TAH further has been a
hurdle in improving our understanding of how the addition of
aluminates modifies cement properties.

Here, we determine the atomic-level structure of C-A-S-H
and re-examine the nature of Al(VI) incorporation into C-S-H,
using a combination of theoretical and experimental NMR. We
extend the brick model, recently developed as an atomic-level
model of C-S-H, to build atomic-level C-A-S-H structural
units.”” Our results lead us to infer that AI(V) and AI(VI)
aluminates can be stable species within C-A-S-H at high Ca:Si
ratios when the substitution occurs at a bridging silicate site.
Experimental evidence for the stability of these species in C-A-
S-H is obtained with dynamic nuclear polarization (DNP)-
enhanced solid-state MAS NMR spectroscopy. DNP is a
hyperpolarization approach for solid-state NMR that signifi-
cantly enhances the NMR signal intensity by transferring high
electron spin polarization from unpaired electrons (typically
stable organic radicals added exogenously to the target
material) to nuclei upon microwave irradiation.**™** DNP
has proven to be very effective in aiding detailed character-
ization of silicates,*™>° aluminosilicates,’® " and cementi-
tious materials.”>*>°>°! Here the sensitivity provided by DNP
allows us to perform one- and two-dimensional {*°Si}*’Al
correlation NMR experiments. Correlations between resolved
»Si and *’Al chemical shifts give valuable structural
information and demonstrate that the AI(VI) signal at S
ppm, previously assigned to TAH, is associated with the silicate
structure of C-A-S-H on the atomic level. We show using
density functional theory (DFT) calculations that the *Si
chemical shift of the associated silicates is consistent with
species that are bonded to Al(VI) units at bridging sites within
the chain.”> Our findings are inconsistent with the TAH
hypothesis, and we determine that Al(VI) is incorporated into

bridging sites within the silicate chain framework of C-A-S-H
at high Ca:Si, high H,0:Si, and low Al:Si ratios.

B EXPERIMENTAL SECTION

Generation of C-A-S-H Structures. We utilized an extension of
the C-S-H brick model® permitting the incorporation of aluminate
species. A SiO, unit is removed and an aluminum atom is added to
the bridging site as AI(OH)," to obtain six- and five-fold coordination
geometry with interlayer calcium to compensate the charges. Similarly
four-fold coordination is obtained by adding AIO(OH) units. The
initial positions of water molecules are taken from 14 A tobermorite.
Additional water molecules are added following the optimized
positions obtained for C-S-H structural units as previously
reported.”>*” The Ca:Si ratio of C-A-S-H can be increased by the
removal of bridging silicate tetrahedra”'®*® and further increased by
the addition of calcium at the bridging site”® At Ca:Si > 1.5,
additional calcium ions are added to the interlayer space.'”****
Hydroxyl ions are added to the interlayer for charge compensation.

DFT Calculations. We used ultrasoft pseudopotentials with a van
der Waals correction (DFT-D2 method),*® the Monkhorst—Pack k-
point mesh of 2 X 2 X 1, and a plane wave cutoff of 80 Ry for the
structural optimization as implemented in the Quantum Espresso
package.* A dense mesh was sometimes employed to cross-check the
convergence of certain structures. To confirm the accuracy of the
calculated relative energies, we carried out calculations with a PBEO
hybrid functional® with an exact exchange fraction of 0.25, which
gave a very consistent value with the PBE-D2 method (within 0.01
€V). Additionally, we did not observe any impact on local relaxation
of the geometries under consideration using a supercell calculation
with two structural units (for details see SI section 1.4). The VESTA
software has been used for structure visualization.*®

The isotropic chemical shift calculations were calibrated by
comparing calculated isotropic shielding parameters and experimental
YAl chemical shifts of ()t-A1203,67 andalusite,*®  sillimanite,®
Ca;AlL 04" CajAL(OH),,, " and y-Al(OH);,”° using the procedure
described in the SI. The minerals a-SiO,, andalusite, sillimanite, and
belite were used for the 2°Si chemical shift calibration.”" The isotrogic
shielding parameters are calculated using the GIPAW method.*>”>
For ?’Al, quadrupolar coupling tensors, which arise from coupling of
the nuclear quadrupole moment to the electric field gradient at the
nucleus, were also calculated, taking 0.1403 b as the quadrupole
moment of AL”® We find a maximum deviation of 4 ppm and 2
MHz respectively for the calculations of 2’Al chemical shifts and
quadrupolar coupling constants (C,, defined in the SI). The center-of-
gravity of the 2’Al resonances plotted in Figure 3B, &, is obtained by
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Figure 1. Schematic showing three C-A-S-H structural units
representing the layered bulk structure of C-A-S-H. The dashed
lines indicate the structural unit cell boundaries.”” The calcium atoms
are shown as turquoise spheres. The interlayer is shown in light blue
color depicting the presence of water and hydroxyl ions, which are
omitted for clarity, in addition to interlayer calcium ions (Cay ). The
silicate species (dark blue) are labeled based on their connectivity and
position. The polyhedral shapes of aluminum are shown in gray.
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Figure 2. Relative energies of bridging aluminates according to
coordination (AE) from C-A-S-H structural units of different Ca:Si
and H,O:Si ratios. Thick vertical dashed gray lines divide the results
into four regions on the basis of Ca:Si ratio, whereas thin vertical
dashed gray lines subdivide each region of fixed Ca:Si ratio into two
regions of fixed H,0: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. In certain cases, special properties of the optimized
structure are noted: 11 A, 11 A tobomorite framework; CL, cross-
linking aluminate; BA, Al-OH-Si Bronsted acid hydroxysilicate
bond; IL, interlayer aluminate (instead of bridging). The numerical
values and corresponding structural models are shown in the SI.

including the isotropic second-order quadrupolar shift for a spin I =
5/2 nucleus according to

C 2 7]2
5iso=6isocs_i_q _q+1
= 500\ v, ) | 3

Oiso,cs 18 the isotropic chemical shift, v, = 234.730 MHz for a magnetic
field of 21.141 T, and 74 (defined in the SI) 1s the asymmetry
parameter of the quadrupolar coupling tensor.”*’® The maximum
magnitude of the correction to the isotropic *’Al chemical shift is 14
ppm for the aluminate systems studied here.

The line shape of a given resonance is plotted in Figures 3B and 4B

with
2
1 xp_l(é_ﬁiso)
2 R

S(8) = -
2R

€

where R is the root-mean-square deviation of the respective
population (between 1 and 2.5 ppm). Line shape asymmetry due to
the anisotropic second-order quadrupolar interaction is neglected by
this parametrization. Typical input files are given in the SI.

Molecular Dynamics. Classical molecular dynamics simulation
were done using DLPOLY’® with an improved CementFF2 force
field.*>”””® The details of the improved interaction parameters can be
found in Section 1.7 of the SI. The simulations were done with a time
step of 0.2 fs with a Coulombic cutoff radius of 8.5 A. A constant-
temperature and constant-stress ensemble with the Nose—Hoover
thermostat and barostat as implemented in the DLPOLY package was
used for the simulations. The structures were annealed at 1000 K for
300 ps followed by equilibration at 300 K for 1.4 ns. The input files
are also included in the SI material and in the force field database for
cementitious materials: https://www.cemff.org.

Synthesis of C-A-S-H. C-A-S-H samples were prepared using the
dropwise synthesis method described by Kumar et al.>° Aluminum
nitrate nonahydrate (Al(NO;);-9H,0, Merck KGaA, CAS: 7784-27-
2) was mixed in the calcium nitrate solution (100 mL of 0.2 M,
Ca(NO;),-4H,0, Fluka Chemicals, CAS: 13477-34-4). This solution
was constantly added to a sodium silicate solution (Na,SiOs, Sigma-
Aldrich, CAS: 6834-92-0) in the stirring tank under N, gas to
eliminate carbonate formation. The pH was adjusted with sodium
hydroxide (NaOH, Acros Organic, CAS: 1310-73-2) to reach an
initial pH of 13.5. The precipitates were then vacuum filtered after 3 h
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Figure 3. (A) DNP-enhanced *’Al CP MAS spectra at 21.14 T, 100
K, and 12.5 kHz MAS for synthetic C-A-S-H samples having a Ca:Si
ratio of 2.0 and initial Al:Si ratios of 0.04 (top) and 0.50 (bottom),
with and without the insertion of a *Si filter. The CP selects for
nuclei in proton-containing phases. Additionally, the *Si filter selects
NMR signal from those 2’Al nuclei in proximity to 2*Si nuclei. The
S filtering is achieved using a refocused dipolar INEPT sequence.
C,AH, is shorthand for hydroxylated AFm phases. (B) Calculated
Z7Al shlfts for the C-A-S-H structures described in Figure 2. The line
shapes are drawn from the calculated isotropic shifts corresponding to
four-(green) five- (blue) and six-fold (red) coordination of aluminum.
OH is shorthand for a Brensted acid hydroxysilicate bond, AI-OH—
Si.

and then washed with an ultrapure 50:50 volume solution of water
and ethanol.

DNP-Enhanced Solid-State NMR. Most samples were prepared
by partial drying of C-A-S-H gel on a watch glass to densify them. All
samples were packed into 3.2 mm zirconia rotors, plugged with a
PTEE insert, and topped with a zirconia drive cap. AMUPol’® was
usually added as a 1 M NaOH solution or dissolved directly into the
gel. NMR was carried out on many sample variants; details and
supplemental NMR spectra are given in the SI. Experiments were
carried out on commercial Bruker DNP NMR spectrometers at
nominal field strengths of 21.14 or 9.40 T equipped with 3.2 mm
MAS DNP probes in '"H/*Al/*Si configuration. The probe was
cooled below 100 K prior to insertion of the samples. The DNP
enhancements were measured as the ratio of the {'H}*’Al cross-
polarization (CP)® signal intensity between spectra acquired with
and without microwaves. For {¥Si}?’Al refocused dipolar INEPT
experiments81 a {"H}*Si CP transfer under DNP was used to initially
hyperpolarize °Si. The xy-8 REDOR cycle®” was used to recouple the
Si and *’Al nuclei under MAS. This implementation of the refocused
dipolar INEPT pulse sequence is identical to the “DNP-enhanced CP-
TEDOR” experiment used by Hanrahan et al.**> The spectrum in
Figure 4 is referenced externally to the Al(NO;); standard by setting
the Al NMR signal maximum of boehmite to 7 ppm.** All other

https://dx.doi.org/10.1021/jacs.0c02988
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Figure 4. (A) DNP-enhanced 2D {*’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 a 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.

spectra were referenced by setting the QY maximum of the high-
resolution **Si NMR spectrum of C-A-S-H with an initial (AL:Si);
ratio of 0.04 to —79.5 ppm.”® More details regarding experimental
parameters are given in the SI.

B RESULTS AND DISCUSSION

Factors Affecting Stability of Aluminate Species in C-
A-5-H. A C-A-S-H structure constructed using the brick model
is illustrated in Figure 1. As with C-S-H, the structure
comprises linear silicate chains flanking a CaO main layer,
Cay;. In addition to “pairing” silicates (Q®), where the “2”
indicates the number of oxygen atoms of the silicate
tetrahedron that bond to other silicate or aluminate units)
and interlayer-protruding “bridging” (Q'®) silicate species, we
observe defects where Q' silicate species terminate the
chains, which often occur when a bridging calcium site, Cag,
substitutes for Q®.*° The interlayer contains water and
calcium as Ca** or CaOH" ions or Ca(OH), units,”* each
generically represented as Cajy species in Figure 1. Our
structure also accommodates the inclusion of four-, five- and
six-fold-coordinate aluminate species into the silicate chains or
in the interlayer. We also classify Q™ species according to the
number and type of aluminate species to which they are
bonded. For example, the QP'AVD) gpecies shown in Figure 1
indicates a silicate in the pairing position bonded to one other
silicate and an Al(VI) octahedron. Similar to previous
works,””*” we can represent the complex bulk structure of

C-A-S-H by tessellating structural units containing different
chemical species arranged in the crystallographic positions of a
tobermorite lattice framework, usually 14 A tobermorite, where
the distance quantifies the main layer separation.

Our interest is in the energetics of aluminate species inserted
into bridging sites of the silicate chains or the interlayer space
considering structural units with different Ca:Si ratios. We
investigated this using DFT calculations. The results are shown
in Figure 2, which compares the relative energies due to the
different coordination geometries of aluminum at a fixed
stoichiometry. Results are shown for eight different composi-
tions. At a Ca:Si ratio of 1.0, which is generally lower than
encountered in industrially relevant cement formulations,' our
calculations conform to existing structural models of Al in C-A-
S-H.*** AI(IV) is relatively stable, particularly in an 11 A
tobermorite framework. In contrast, the energies of Al(VI) are
more than 0.6 eV greater than their respective references and
are not expected to be stable aluminate species in C-A-S-H
when the Ca:Si ratio is low. In two instances the calculations
converged into cross-linked aluminate structures, where the
aluminate bridges parallel silicate chains across the interlayer, a
possibility noted in low Ca:Si ratio C-A-S-H.*® As the Ca:Si
ratio increases, however, we find that bridging Al(V) and
Al(VI) species may be more stable than AI(IV) species.
Indeed, at the highest Ca:Si ratio (1.75), we calculate that
Al(VI) is about 0.3 eV more stable than the corresponding
AI(IV) unit. We also find that the stabilization of Al(V) is
intermediate, being less unstable than AI(VI) at low Ca:Si
ratios but less stable than Al(VI) at higher Ca:Si ratios. On the
basis of our results we would not exclude the presence of
bridging Al(V) in C-A-S-H at any given Ca:Si ratio. Diffraction
studies have suggested that Al(V) is more likely to reside in the
interlayer than as a bridging Al(V) unit.”””® We find that
aluminates in the interlayer indeed relax into a $-fold
coordination geometry regardless of initial coordination
geometry; however, the relative energy of such a structure is
quite high, as can be seen in Figure 2 for Ca:Si = 1.75 and
H,0:Si = 1.625. We thus infer that isolated interlayer
aluminates in C-A-S-H are less stable than bridging aluminates.

We note that cross-linking aluminates are never found in any
structure having Ca:Si > 1.0. At such Ca:Si ratios we also note
that some of the optimized Al(VI) structures (“BA” in Figure
2) feature hydroxysilicate bonds, structures that exhibit
Bronsted acidity, at insignificant energy penalties (<0.1 V)
(local structure shown in Figure S6). Such bonding has been
reported for tetrahedrally coordinated aluminate on a silicate
surface.*®

These trends may be explained by the presence of hydroxyl
groups associated with the additional water and interlayer
calcium ions as H,0:Si and Ca:Si ratios increase. Our
optimized structures indicate a tendency for hydroxyl groups
to enter the first coordination shell of bridging Al(VI)
aluminate species. We infer that hydroxyl ligands aid in the
stabilization of AI(VI) units in the silicate chain. For the low
Ca:Si ratio of 1.0, the lower hydroxyl content (OH™:Si ratio of
0.2 versus 1.25 for a Ca:Si ratio of 1.75) favors bridging Al(IV)
over Al(VI) species, consistent with previous experimental *>*
and theoretical studies.*>**** With respect to water itself, our
calculations indicate that the relative stability of AI(VI) is often
independent of local water structure, except for a Ca:Si ratio of
1.5, where in our structures Al(VI) possesses a water ligand,
[AlO,(OH);(H,0)]*". In this case, higher water content
stabilizes the water molecule coordinated to the Al(VI)
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through greater proliferation of a hydrogen-bonding network,
as shown in Figure S5. At low Ca:Si ratio, the stable
tetrahedrally coordinated aluminate does not accept any
water molecules even at a high H,O:Si ratio of 1.7. For a
Ca:Si ratio of 1.75, the stable Al(VI) is coordinated to four
hydroxyl ions and two oxygen atoms of the silicate tetrahedra,
and no additional water molecule encroaches on the first
coordination shell. In this case no destabilization occurs when
water is removed from the interlayer. These results are in
contrast to previous reports that AI(VI) may exist in C-A-S-H
as long as there is a stron_; association of the AlQ4 octahedron
with water molecules.***

Generally, the uptake of aluminum in Portland cement is
limited to an ALSi ratio of roughly 0.1,°*®” approaching 0.3
with alumina-rich additions or in alkali activated materi-
als.”’™”% The Al:Si ratio of the structures studied here are
either 0.20 or 0.25. By placing a C-A-S-H structural unit or
brick adjacent to a C-S-H brick we can create a structure with a
lower Al:Si ratio, as described in section 1.4 of the SI. For such
a structure having Ca:Si = 1.55 and Al:Si = 0.11 we find AE =
—0.8 eV for Al(VI), yielding an even greater stabilization per
aluminate unit than the structures described in Figure 2. This
is expected, as lower overall aluminum concentration reduces
competition for the available OH™ necessary for Al(VI)
stabilization.

To validate our model, we calculated the nanomechanical
properties of a few C-S-H and C-A-S-H structural units and
discuss the results in Section 1.5 of the SI. Our models
correctly capture the nanomechanical properties determined
experimentally by synchrotron radiation-based high-pressure
X-ray diffraction by Geng et al.***?

These calculations suggest that stable Al(VI) species can be
incorporated into the silicate chains of C-A-S-H at sufficiently
high Ca:Si ratios, substituting for bridging Q™) species in the
silica chain framework. To support this hypothesis, we turn to
state-of-the-art synthetic and solid-state NMR methods.

DNP-Enhanced NMR of C-A-S-H. Experimental studies of
C-A-S-H are complicated by the material complexity of
hydrated cement which contains several phases in addition
to the C-A-S-H. To reduce the ambiguity caused by these
phases, our study takes advantage of the recently introduced
rapid precipitation method,”® which was shown to eliminate
undesired solid phases such as Ca(OH), and Ca;SiO;, which
are often unavoidable when using conventional methods. The
product is essentially pure C-S-H with a controllable Ca:Si
ratio. Extending of this method to synthesize C-A-S-H with
controllable Al:Si ratio is achieved by adding a specific
concentration of an aqueous aluminum nitrate solution to the
aqueous calcium nitrate reagent solution. Sulfate and iron
species are entirely absent from the synthesis, such that the
final C-A-S-H product is free of paramagnetic Fe®" impurities
that can impair the resolution and sensitivity of samples
prepared from real cements.”””*

To enable the low-sensitivity 1D and 2D {*Si}*’Al solid-
state NMR experiments required to probe the relationship
between Al and Si, we prepared C-A-S-H formulations that
would vyield enhancement of NMR signals by MAS
DNP.**=* This is crucial since our samples were
synthesized without *°Si isotopic enrichment. The formulation
for DNP is accomplished by incorporating a small amount of
the organic biradical AMUPol in the sample,”” whose
properties are tailored to provide efficient transfer of large
electron polarization to protons in the sample, which is frozen

at 100 K during MAS experiments so that proton spin diffusion
spontaneously transports the enhanced polarization through-
out the sample. Once the bulk is hyperpolarized, the enhanced
"H magnetization can be transferred to *Si or *’Al nuclei by
cp.*

To aid formation of a glassy matrix in aqueous formulations,
dg-glycerol is usually added; however, glycerol was observed to
induce a transformation of the Al(VI) species associated with
the S ppm *’Al NMR signal into AI(IV) and Al(V) species, as
shown in the SI, Figure S11. This is attributed to dehydration
due to the hygroscopic nature of glycerol. Fortunately, it was
possible to use the intrinsic cryoprotectant properties of C-A-
S-H and achieve adequate enhancements by dissolving
AMUPol directly into the sample. DNP enhancements, as
analyzed by comparing *’Al and *Si CP NMR spectra
acquired with and without microwave irradiation, of around
40 at 9.40 T and around 3 at 21.14 T were typical for both
nuclei. The addition of a basic (pH ~13) NaCl solution was
necessary to achieve DNP enhancements over 4 at 21.14 T,
possibly due to a dielectric effect.”> Unlike glycerol, the
addition of the NaCl solution leaves most of the Al(VI) signal
at S ppm intact, as seen in the SI, Figure S11. This formulation
improves DNP enhancements to around 8.

Figure 3A compares two different DNP-enhanced 1D *’Al
CP MAS NMR experiments for C-A-S-H samples with a Ca:Si
ratio of 2.0 and two different initial (Al:Si); ratios. Here
“Initial” refers to the Al:Si ratio of the reagent solutions, as we
do not determine the Al:Si ratio of the C-A-S-H product. At an
(ALSi); ratio of 0.04, the conventional CP spectrum shows four
different aluminum species. They cluster in three regions
around 75, 40, and S ppm, corresponding to the well-known
shifts of AI(IV), Al(V), and Al(VI) aluminates, respectively.
These regions are also shown in Figure 3B, where isotropic
YAl shifts (including an isotropic second-order quadrupolar
shift contribution derived from the calculated quadrupolar
coupling tensor) calculated from the structures are shown in
Figure 2 for different types of Al using the GIPAW
method.”’”> The signals in the AI(IV) region and AI(V)
regions are broad, consistent with expected quadrupolar
coupling constants (IC,|) generally exceeding 3 MHz, which
lead to an anisotropic second-order quadrupolar broadening
that persists under MAS. This broadening is inversely
proportional to the magnetic field, and at the high 21.14 T
field used here the Al(IV) and Al(V) signal regions do not
overlap. For an (ALSi); ratio of 0.50, we note that Al(V) is
essentially absent. Sharp Al(IV) signals at 72 ppm, observed
with some C-A-S-H formulations at lower Ca:Si ratios,39 are
not observed here.

The AI(VI) signals have much lower ICy near 1 MHz,*
which mitigates second-order quadrupolar effects, leading to
much narrower peaks. For (AL:Si); = 0.04 at 21.14 T two
distinct Al(VI) signals with respective maxima at 5.0 and 10.1
ppm are resolved. The signal at 5.0 ppm, known to be
associated with the presence of C-A-S-H, is dominant in the
spectrum for the sample synthesized with (Al:Si); = 0.04 but is
absent at (Al:Si); = 0.50. Conversely, we see that for (Al:Si); =
0.50 the 5.0 ppm signal is absent and a single narrow Al(VI)
signal with a maximum at 10.5 ppm is observed. Narrow
signals in the 8 to 14 ppm range are commonly observed in the
*’Al NMR of aluminum-containing cements as a consequence
of numerous crystalline AI(VI) phases that result from cement
hydration, such as (but not limited to) ettringite, AFm phases,
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and siliceous hydrogarnet.’”’" Our formulation is free of

sulfates and iron, so we assign the AI(VI) signal at 10.5 ppm to
the hydroxylated AFm phases Ca,[Al(OH)4],(OH),-yH,0, y
= 4—12, which provide the best agreement with the observed
shift and low IC|l values (ca. 1 MHz) implied by the
narrowness of the peak The signal at 10.1 ppm for (AL:Si); =
0.04 may also be from such phases, though this assignment is
less certain. Figure S11 shows the Al NMR spectrum of a C-
A-S-H gel with (Al:Si); = 0.04 where exposure to dry air was
minimized during preparation of the NMR sample. In this case,
the 10.5 ppm signal is entirely absent. Even mildly desiccating
conditions, however, lead to the appearance of hydroxylated
AFm phases and a greater proportion of AI(IV) species at the
expense of Al(VI) signal at S ppm. This suggests the formation
of extraneous solids such as the hydroxylated AFm phases is a
decomposition process driven by the loss of structural water, at
least at low Al:Si ratios.

In the predicted shifts plotted in Figure 3B, we note a
systematic trend to slightly lower shifts when one or more H,O
molecules complex Al(VI). We identify the cause as a
systematically larger (negative) isotropic second-order quad-
rupolar shift for these species due to larger calculated IC,l
values (up to 10 MHz for [AlO,(OH),_ x)(HZO) 169 x =
1, 2, but less than 3 MHz for [AlO,(OH),]* species, as shown
in the SI). Such large ICy| values would also lead to a second-
order quadrupolar broadening of the Al(VI) signal comparable
to that of the AI(TV) and AI(V) sites, which we do not observe.
This ties in with the results of our stability calculations that
AI(VI) in C-A-S-H exists primarily as [AlO,(OH),]°” and is
consistent with the key structural finding of Andersen et al,
although they ascribed the signal to the TAH phase.””

These inferences are affirmed by DNP-enhanced *°Si filtered
Al NMR experiments, shown in Figure 3A immediately
below the CP spectra. In such experiments, DNP-enhanced 'H
polarization is first transferred to 2°Si nuclei by CP, followed by
transfer to *’Al for detection. A refocused dipolar INEPT
sequence is used for the transfer to *’Al,*" which is mediated
by the through-space dipolar coupling between *’Si and *’Al
nuclei. The strength of the interaction scales as =3, where r is
the distance between the two nuclei. Thus, dipolar-mediated
transfer allows us to selectively observe only those *’Al close
enough to *Si nuclei to allow magnetization transfer. A soft
cutoff can be defined as the distance where half the initial
magnetization is transferred to the target.%_99 Therefore, this
experiment filters out aluminum species that are too far away
to receive magnetization from 2961, as would occur if 2’Al exists
in a silicon-free phase.

For the spectra in Figure 3A, short recoupling intervals,
which probe distances up to 2.46 A, were selected such that
transfer of magnetization from *’Si to *’Al only occurs between
aluminate species that are directly bonded to silicates. We see
that each of the signals we associate with C-A-S-H, when
present in the ordinary *’Al CP spectrum, are also present in
the »Si filtered spectrum. Crucially, the Al(VI) signal at 5.0
ppm survives the *Si filtering, and we determine that this Al(VI)
species exists within a silicate-containing phase: C-A-S-H. This
finding is incompatible with the conventional assignment of
this signal to a silicate-free TAH phase.

Conversely, the hydroxylated AFm signal is eliminated by
the refocused dipolar INEPT sequence, evident when
comparing the CP and *Si filtered spectra of the sample
synthesized with an (Al:Si); ratio of 0.50. This finding is fully
consistent with the lack of Si in the hydroxylated AFm phases.

Furthermore, siliceous hydrogarnets, whose 27A] NMR signals
have been assigned to Al(VI) near 11 ppm,'*® also contain
AlO4—SiO, binding motifs.'"”’ The elimination of the 10.5
ppm signal by the nearest-neighbor silicate filtering shows that
for Al-rich C-A-S-H synthesized by rapid precipitation siliceous
hydrogarnet phases are not formed. The sequestration of Ca by
hydroxylated AFm phases and the high Al content might have
resulted in the formation of a low Ca:(Si+Al) ratio C-A-S-H. A
lower calcium concentration with respect to the amount of
aluminum incorporated would decrease the hydroxyl concen-
tration necessary for stable Al(VI) species, instead favoring
AI(IV) as observed.

Assignment of the 5 ppm %Al NMR Signal to
Bridging Al(VI) in C-A-S-H. To determine a more precise
location of AI(VI) within C-A-S-H, we performed a two-
dimensional version of the DNP-enhanced {*Si}*’Al refocused
dipolar INEPT NMR experiment, which correlates the 27Al
resonance frequencies to *’Si chemical shifts. Due to the
extremely low sensitivity of the experiment, particularly given
the low concentration of Al and with *Si present at the natural
abundance of 4.67%, this experiment was carried out on a C-A-
S-H sample with an (Al:Si); ratio of 0.07 at a lower magnetic
field of 9.40 T, where the cross-effect DNP mechanism
performs better.***” This led to a net gain in sensitivity, largely
due to DNP enhancements being an order of magnitude higher
at 9.40 T relative to 21.14 T, at the cost of a modest loss of
resolution along the *’Al dimension due to stronger second-
order quadrupolar effects at the lower field. A longer
recoupling time, probing distances up to 4.33 A, was also
used to improve the sensitivity of the experiment.

The 2D DNP-enhanced {*Si}*’Al refocused dipolar INEPT
correlation spectrum is shown in Figure 4A. Two main
correlation peaks are observed. The most intense one
correlates ’Al in AI(IV) species to silicates with a distribution
of ¥Si chemical shifts peaking at —81 ppm. This corresponds
to the well-known tetrahedral Al(IV)—O—Si bonding motif in
C-A-S-H.>*'%* Detailed investigations have shown that the
silicate of this motif prefers a pairing position and is therefore
also bonded to a pairing silicate in the principle chain
layers.****%3% They are thus labeled Q'AV) gpecies, as
shown in Figure 1. This places the Al(IV) in a bridging site, as
assumed in our extension of the brick model.

A second, weaker correlation involving the C-A-S-H AI(VI)
signal at S ppm is the correlation of primary interest. This
signal is observed to correlate predominantly to silicates with
chemical shifts around —77 ppm, significantly lower than that
of the QP gpecies. Convent1onally, this chemical shift
lands solidly in the range of QW silicate species, which
terminate chains. This could indicate a nonbonding association
with the ends of silicates chains; however, this would imply
that AI(VI) is located in the interlayer, which our DFT results
indicate is unlikely to exist as a stable species. Alternatively, a
bonding association to silicate may exist. A consistent
deshielding trend is known for a given silicate unit as AlO,
tetrahedra progressively substitute for SiO, in its covalent
bonding network.'” Our results can be explained if the
magnitude of this effect also depends on the nature of the
aluminate coordination. Electrostatically, screening by greater
electron density implies that AI-O bond lengths in an AlOq
octahedron should be greater than in an AlO, tetrahedron.
This reduces the covalency of the Al(VI)—O bond, increasing
the covalency of the bridging Si—O bonds and allowing them
to get slightly shorter relative to the case of Al(IV)—O
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bonding. Table 1 shows that such effects are indeed observable
in our DFT-optimized structures. A contraction of a Si—O

Table 1. DFT-Calculated Mean Values of *Si Isotropic
Chemical Shifts and the Bond Lengths of Bridging Si—O

species 850(¥’Si) (ppm) dy_osi (A) dsi_oa (A)
QLp1AIV)) —823 + 1.0 1.77 + 0.02 1.65 + 0.01
QUp1AIVI) —79.1 + 2.6 1.87 + 0.04 1.63 + 0.01

bond correlates with an isotropic deshielding of the *°Si
nucleus, all else being equal.'**'*> This argument is similar to
that of Migi et al, who considered the correlation of other
electrostatic parameters to *’Si chemical shifts in silicates and
whose findings would also suggest the same correlation
between Al coordination and 2°Si chemical shift in Al-O—Si
bonding motifs.'°° Consequently, when AI(VI) is considered
in place of a bridging AI(IV), we expect that the Q(»!AVD)
species is subject to additional deshielding over QU IAIV)),

To confirm this, we calculated *°Si chemical shifts of the
QA gpecies in the DFT-optimized structures. The results,
plotted in Figure 4B, indeed show the existence of the
proposed deshielding effect. This confirms our expectations
based on electrostatic and Si—O bond length/*’Si chemical
shift correlations. The mean 2°Si chemical shift values we
calculate for the QZPMAIVD) and QPIAIVY) istributions are
—79.1 and —82.3 ppm, respectively. The difference, +3.2 ppm,
is precisely the difference between the *°Si chemical shift
maxima of the AI(VI) and AI(IV) correlation peaks. We
analyze a maximum deviation below 3 ppm, establishing the
significance of the difference. Therefore, we find the ’Al NMR
signal previously assigned to a “third aluminate hydrate phase” is
most probably assigned to bridging Al(VI) species which behave as
network formers in C-A-S-H. The existence of the atomic-level
correlation, in conjunction with the observation that Al(VI)
correlates most strongly with a distinct silicate site, renders
alternative hypotheses such as Al(VI) intercalation or
physisorption unlikely.

As explained in Section 3 of the SI, the bridging Al(VI)
hypothesis is consistent with the previous observations of
Andersen et al.>> without invoking the existence of a third
(calcium) aluminate hydrate phase. Crucially, our new
{¥Si}¥’Al correlation NMR data are consistent with the
bridging AI(VI) hypothesis, whereas the TAH hypothesis is
not. We conclude that the TAH phase does not exist.

Water-Driven Interconversion of Al(IV) and Al(VI) in
C-A-S-H. The manifestation of AI(VI) species in C-A-S-H is
exquisitely tied to the state of sample hydration. We propose
the following equilibrium reaction for describing the
interconversion of AI(IV) and Al(VI) species in C-A-S-H:

[AIO,(OH), PP~ + Ca**
= [AIO;OH]*” + CaOH" + H,0 (1)

As water departs from the C-A-S-H structure under
dehydrating conditions (low humidity, heat, hygroscopic
additives), this equilibrium reaction shifts to the right. Using
TGA we measured the onset of significant water loss from a C-
A-S-H sample with (AlL:Si); = 0.07 above 50 °C (Figure S13),
which matches well with the observations of Andersen et al.
that the TAH signal is lost at temperatures above 70 °C.*” This
scheme also explains why the addition of hygroscopic glycerol
eliminates the S ppm Al(VI) signal from the *’Al NMR

spectrum (Figure S11). No matter the coordination state of
aluminum, two bridging oxygen atoms anchor the aluminate to
the silicate framework, leaving the defective tobermorite
structure intact.

Our DFT-optimized structures support this chemistry, as
illustrated in Figure S. Here, the environment of interlayer

[AIO,(OH),J*> + Ca*

Figure S. Calcium coordination environment between AI(VI) (top)
and Al(IV) (bottom) bridging aluminate species in DFT-optimized
structures with Ca:Si = 1.75 and H,0:Si = 1.625. The calcium-labeled
Cay, exhibits greater Lewis acidity when flanked by AI(IV). The
[AlO,(OH),]*>” complex can be considered a donor of the circled
OH™ and H,0 ligands to Ca,, leading to [AIO;0H]*". A Ca—O
bond length cutoff of 2.5 A was used, leading to effective Ca,
coordination numbers of three (top) and four (bottom).

calcium in the vicinity of bridging aluminates is shown for two
structures with high Ca:Si and H,0O:Si ratios of 1.75 and 1.625,
respectively. While overall the calcium environments in both
structures are similar, one particular calcium ion, labeled Ca;,
in Figure S, is an exception. For the structure containing
Al(VI), the Ca;, appears to bridge the two [AlO,(OH),]>~
complexes, with d(Ca,Al) = 3.63 and 3.73 A. We could identify
this as an ionic interaction between [AlO,(OH),]>” and Ca®*,
suggesting the left-hand side of reaction 1. On the other hand,
the [AlIO;OH]*" tetrahedra of the Al(IV) structure show no
such bridging configuration with Caj,, with d(Ca,Al) = 3.93
and 4.15 A, due to weaker electrostatic interactions of the
cation with the lower effective negative charge of the aluminate
complex. Instead, Cay, acts as a Lewis acid as new interactions
with OH™ and H,O are observed. This suggests the right-hand
side of reaction 1. In these structures, [AlO,(OH),]>” and
Cay, occur in a 1:1 ratio, such that one OH™ and H,O ligand
can be supplied to Cay, by every [AlO,(OH),]°” when
transforming into [AlO;OH]*". This connects the proposed
reaction 1 to our DFT results and reveals crucial roles of
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calcium and water in controlling aluminosilicate chain
structure in C-A-S-H.

Though our DFT calculations find a lower overall energy for
the Al(VI) environment (AE = —0.3 eV), both structures are
stable, ie., both exist in local energy minima along their
respective reaction coordinates. Reaction 1 is expected to have
a negative free energy in water-deficient conditions.

Representative Structure of C-A-S-H. We have con-
structed a representative bulk C-A-S-H structure that has
Al(IV), Al(V), and AI(VI) at the bridging positions as
determined by our NMR results. The structure is created
from the juxtaposition of different C-S-H or C-A-S-H
structural units based upon defective 14 A tobermorite

(“bricks”) measuring 4 by 4 by 2 units along the 4, b, and ¢
directions, respectively. The structure is equilibrated using
classical molecular dynamics simulations. In these simulations
bridging Al(VI) in the bulk structure is stable out to 2 ns at
300 K and 1 atm, showing that it retains the essential features
inferred from our analysis of the individual structural units.

The selection of bricks was made to ensure the bulk
structure adhered to known experimental constraints. The
Ca:Si, Al:Si, and H,0O:Si ratios of the structure are 1.7, 0.05,
and 1.9, respectively. The mean aluminosilicate chain length is
3.17, comprising dimers (disilicate units), pentamers, and
octamers. Dai et al. observed a mean chain length of 3.21 for
C-A-S-H having Al:Si = 0.05 from a 28-day hydrated white
Portland cement;®” however, the mean chain length was
calculated considering only the incorporation of Al(IV) at the
bridging site. Thomas et al. observed that 23% of the charge of
calcium C-S-H is balanced by hydroxyl groups."”” In our
structure this value is about 22%.

The percentages of Al(IV), Al(V), and Al(VI) in this
structure after equilibration are 0%, 25%, and 75%, respectively
summing to an average coordination number of 5.75. In the
initial structure all aluminum exists in tetrahedral coordination.
During structural relaxation with a nonreactive force field, the
increase in aluminum coordination number was directly related
to the local availability of hydroxide species. Bridging
[AIO;OH]*" configurations would remain in 4-fold coordina-
tion or convert to bridging Al(V) or Al(VI) geometry if OH~
was available nearby. Those with the initial configuration of
[AIO,(OH),]*" and locally available OH™ always converted to
a higher coordination, in line with our DFT calculations of
aluminate stability in C-A-S-H. An image of the relaxed bulk
structure is provided in Figure 6.

We note that other studies have proposed alternative ways in
which AI(VI) may be stabilized in C-A-S-H. Qomi et al.**
considered the substitution of Cay, by aluminum in C-S-H
structures based upon 11 A tobermorite-based C-S-H
structures using MD simulations and found that octahedrally
coordinated aluminum could exhibit energetically favorable
bonding interactions with silica chains provided at least one
water molecule™'?® enters the first coordination shell. Our
results on [AIOZ(OH)(4_x)(HZO)x](5_x)_, x = 1, 2, imply that
the ICy| values will be much larger than those observed at S
ppm in the *’Al NMR. Furthermore, as mentioned above, we
find that interlayer Al(VI) aluminates are unstable compared to
bridging aluminates and relax into five-fold coordination in our
DFT calculations with a higher energy penalty. Qomi et al.
concluded that their observation is consistent with exper-
imental Al NMR results of Rawal et al.*” on white Portland
cement, who speculated that a broad distribution of *’Al
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Figure 6. Representative C-A-S-H bulk structure with the
stoichiometry (Ca0O);,(AL03)g,0s510,(H,0); .

signals centered around 7 ppm could be assigned to Al(VI)
species possessing water ligands in C-A-S-H (in addition to the
usual TAH assignment for a species at 5 ppm). No such signal
is observed in our C-A-S-H samples prepared by rapid
precipitation. We suggest that the alternative assignment of
the 7 ppm signal given by Rawal et al. in relation to their
results on gray oilwell cement, to an aluminoferrite phase from
which the *’Al NMR signal is paramagnetically broadened, is
more likely, especially in light of the fact that they estimated
~20% of their Al NMR signal was bleached due to residual
Fe®* in their hydrated white Portland cement sample.

Additionally, Qomi et al.** observed that six-coordinate
aluminates could serve to cross-link four Q' species across the
interlayer. A decreased separation between the principal layers,
i.e, a smaller interlayer distance less than 10 A, is a necessary
consequence of this bonding motif, but the opposite is
observed experimentally.'*”'%" The interlayer distance of our
MD relaxed (for ~1.4 ns at 300 K) bulk C-A-S-H structure
described above is 13.5 A. Renaudin et al.'” reported an
interlayer distance in the range of 14.5 A for a Ca:Si ratio < 1.4,
whereas 'Hopital et al.'” reported a value in the range of 12 A
for synthetic C-A-S-H samples with a Ca:Si ratio of 1.0. It is to
be noted, however, that drying the samples can significantly
affect the interlayer distance measurement.''® There is no
other experimental evidence for cross-linking in C-(A)-S-H
produced in blended cement, and the observation of these
moieties in the molecular modeling of Qomi et al. is probably a
result of using 11 A tobermorite, which possesses cross-linking
silicates, as the basis of the modeled structural framework.
Therefore, we conclude that such cross-linking AI(VI) species
are unlikely to occur in most C-A-S-H formulations.

B CONCLUSIONS

By combining DFT computational methods using the C-S-H
brick model” with DNP-enhanced solid-state NMR experi-
ments, particularly {*Si}*’Al correlation experiments, we are
able to determine the atomic-level structure of cementitious
(Ca:Si > 1.0) C-A-S-H at a new level of detail, as presented in
Figure 6.

Energetically stable aluminates are incorporated as bridging
sites into the silicate chain framework. Bridging four-, five-, and
six-coordinate aluminates are all present. Tetrahedral AI(IV)
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species are favored at low Ca:Si ratios, but at Ca:Si > 1.2,
Al(V) and octahedral Al(VI) species overtake Al(IV) species
in overall stability, provided that OH™ ions are available as
ligands. Hydroxyl availability increases with additional water
and interlayer calcium ions, making bridging [AlO,(OH),]*~
the most energetically favorable species at high Ca:Si and
H,0:Si and low Al:Si ratios. A consequence of the bridging
Al(VI) theory is a calcium-enabled, water-driven interconver-
sion chemistry between bridging Al(IV) and AI(VI) species,
suggesting calcium and water play a direct role in controlling
the aluminosilicate chain structure in C-A-S-H.

DNP-enhanced 1D ?’Al CP MAS NMR of nearly pure C-A-
S-H with a low Al:Si ratio of around 0.04 resolves signals of
Al(IV), Al(V), and AI(VI), dominated by the Al(VI) signal at 5
ppm that is conventionally assigned to a TAH phase. DFT
calculations of *’Al NMR parameters support the assignment
of S ppm *’Al NMR signal to [AlO,(OH),]°” moieties. At low
Al:Si ratios, these signals survive filtering by dipolar recoupled
»Si magnetization transfer to *’Al, indicating that they are
directly bonded to silicates. From this, and corresponding 2D
2’Al-*Si DNP-enhanced correlation spectra, we conclude
each of these aluminate species, including the signal at S ppm,
exists as part of the C-A-S-H structure. This finding is
consistent with the bridging Al(VI) hypothesis. We conclude
that the TAH phase does not exist.
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