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Abstract

The partial replacement of Portland cement by aluminosilicate-rich supplementary cementitious
materials (SCMs) represents a valuable approach to lower the CO:z footprint of concrete. However,
SCMs alter the composition and structure of the principal binding component, C-(A)-S-H, a less-
crystalline aluminum-substituted calcium silicate hydrate. The uptake and structural impact of alkalis
and aluminum is investigated for synthesized C-(A)-S-H phases with different Ca/Si and Al/Si ratios
and alkali (Na*) contents, using solid-state **Na, 2’Al and ?Si NMR as principal analytical tools.
2Si{'H} CP/MAS NMR data propose that the -87 ppm resonance originates from a second type of
Q? pairing sites most likely in the middle of octameric or longer silicate units. This assignment along
with constraints induced by the silicate dreierketten structure results in reliable simulations of the 2°Si
NMR spectra. A quantitative 1:1 relation between the Al/Si ratios from *’Si NMR and the content of
four-fold coordinated Al from >’ Al NMR is observed, which reveals that the *Si Q2 (1Al) resonance
is only associated with AI(IV) in C-(A)-S-H. Combined analysis of the 2’Al and °Si NMR spectra
can account for six-fold coordinated Al being present in the bridging sites of the silicate chains as
proposed very recently. The sodium uptake is found to decrease with increasing Ca/Si ratio. For C-
(A)-S-H phases with high Ca/Si ratios (Ca/Si = 1.0), sodium promotes the incorporation of Al(IV) in
the silicate chains, but not at low Ca/Si ratios (Ca/Si < 1.0). The results indicate that the mutual uptake
of alkali and Al ions is governed by more than one mechanism and depends on the

composition/structure of the C-(A)-S-H phase.



INTRODUCTION

Portland cement is the most widely used construction material in the world with an annual production
surpassing four billion tons in recent years.! As a result of this massive consumption, Portland cement
production is responsible for 6 - 7% of the anthropogenic CO2 emissions,* which mainly originate
from the decomposition of limestone (CaCO3) and from fossil fuel combustion to generate thermal
energy. Thus, reduction of the CO2 footprint from cement production represents a highly important
industrial research challenge, also considering that cement production is forecasted to significantly
increase over the next 30 years.!* The addition of supplementary cementitious materials (SCMs),
such as fly ashes, slags and calcined clays to cement represents a valuable and widely adopted
approach to efficiently reduce the amount of Portland cement clinker in concrete and thereby the
‘materials’ CO2 footprint of cement production.* The most commonly used SCMs comprise high
contents of aluminium and silicon, which by their pozzolanic reaction will modify the composition
and hydrate phase assemblages of the hydrated composite cements.> This includes the composition
and microstructure of the calcium-silicate-hydrate (C-S-H) phase, which is the principal component
in hardened cement responsible for strength development. Significant reductions in CO2 emission
may also be achieved for alternative binders such as ‘geopolymers’, which are based on alkali-
activation of waste products such as slags and fly ashes or other alumino-silicate rich phases.”® The
reduction in CO2 emission for these materials is mainly related to their low calcium content, however,
these types of binders still await a breakthrough on a larger industrial scale.

The C-S-H phase and its Al substituted analogue, C-(A)-S-H: (CaO)x(Al203)ySiO2(H20)y,
exhibits a less-ordered/amorphous structure which composition depends on the hydrating medium it
is formed in, and thereby on the presence of SCMs. The C-(A)-S-H phase can have Ca/Si ratios in
the range 0.6 — 2.0 and Al/Si ratios up to approx. 0.2 with a basic structure that can be described by
the defect tobermorite model.”!> Tobermorite has a layered structure consisting of CaOz layers, with
seven-fold coordinated Ca®" ions, where the oxygens are shared with ‘dreierketten’ chains of SiO4
tetrahedra on both sides of the CaO: layer, including bridging and paired SiOs tetrahedra.'> Water
molecules and additional Ca®" ions are present in between these layers which are separated by 11 —
15 A. The variation in Ca/Si ratio can be accounted for by removal of Si atoms from the bridging
sites of the silicate chains and by incorporation of additional Ca?* ions in the interlayer.'>!4

Aluminium is preferentially incorporated in the C-S-H structure by substitution for the four-fold
coordinated Si atoms in the bridging sites of the silicate chains, Al(IV), as evidenced from
experimental 2’Al and °Si NMR studies!*'® and atomistic simulations.'®?° In addition, an appreciable
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amount of aluminium can also be present in five-fold (Al(V)) and octahedral ((Al(VI)) coordination,
where the five-fold coordinated aluminate units are present in the interlayer of the C-(A)-S-H
structure, probably replacing interlayer Ca*" sites.!”?! It has also been proposed that octahedrally

17,22-24

coordinated Al is present in the interlayer of the C-(A)-S-H structure, accounting for the

increased basal spacing with increasing AI(VI) content, or at the surface of the C-(A)-S-H particles

21.22 considering the thermally unstable properties of the hydroxylated AlOs species.

as a precipitate,
Most recently, atomistic simulations have suggested that the Al(V) and AI(VI) sites are aluminate
species located in the bridging sites of the silicate structure for C-(A)-S-H phases with high Ca/Si
ratios.”

The quantity of Al incorporated in the C-S-H phase depends on the dissolved aluminium,
calcium, silicon and hydroxide (pH) concentrations in the pore solution of the hydrating cements or
in the aqueous solution for synthesized C-(A)-S-H samples. The uptake of Al increases with the

aqueous aluminium concentration?®’

and thereby with increasing pH, which promotes the dissolution
of aluminate species. However, high aluminium concentrations may also lead to the formation of
secondary phases such as katoite (CazAl2(OH)12), stritlingite ((Ca0)2A1203S102(H20)s), alumina gel
(Al(OH)3) and other calcium aluminate hydrate (AFm) phases, which for synthesized, equilibrated
C-(A)-S-H samples limit the Al/Si ratio to approx. 0.15 independent of the Ca/Si ratio.?® The Ca/Si

28-30 and it has been

ratio of C-(A)-S-H will reflect the calcium and silicon solution concentrations,
observed that Al(IV), incorporated in the bridging sites of the silicate tetrahedra, dominates at low
Ca/Si ratios whereas high Ca/Si ratios (approx. above 1.2) result in larger fractions of AI(V) and
AI(VI) species associated with the C-(A)-S-H structure, 232528

Alkali ions are present in the pore solution of hydrating cements and are often included in C-S-
H and C-(A)-S-H syntheses to increase pH and thereby the solubility of aluminate species.’! In
addition, alkali ions may also promote the incorporation of Al in the C-(A)-S-H structure as they can
charge-balance Al replacing Si in the bridging sites of the silicate chains, as observed for Portland
cements with different alkali contents.>? This is supported by atomistic simulations of alkali ions in
C-(A)-S-H phases with a tobermorite-based structure, which indicate that highly stable phases can be
achieved if the alkali ions are associated with a bridging Al(IV) site and a proper amount of H atoms
for charge-balancing.® In contrast, for highly diluted solutions, as often used in syntheses of C-(A)-
S-H phases, high pH values obtained in the presence of NaOH or KOH will stabilize AI(OH)4™ ions
in solution, which lowers the Al uptake in C-(A)-S-H.>* Cement hydration in alkaline solution results
in a C-(A)-S-H phase with a higher degree of structural order, as seen by better resolved peaks in the
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2%Si NMR spectra.*® For C-(A)-S-H phases exposed to alkaline solutions, the alkali ions may absorb
to the surface of the C-(A)-S-H particles®® or interact directly with the Si—O sites in the interlayer,
depending on their hydration energy.’” It has been proposed that Na* and K* ions can partly replace
interlayer Ca”* ions, resulting in a more negative surface charge, shorter silicate chains and a reduction
of the basal spacing of the interlayer.?!*® Moreover, the replacement of Ca®" by Na" or K" may result
in an increased 2’Si NMR shielding of the SiO4 units of the silicate chains, indicating that the alkali
ions are in the near vicinity of the SiO4 units. Experiments with variable Ca/Si ratios of the C-(A)-S-
H phases, equilibrated with sodium or potassium hydroxide, indicate a reduction in the alkali uptake
by C-(A)-S-H with increasing dissolved calcium concentrations.>' Cation exchange measurements
have shown that at low Ca/Si ratios, alkalis as well as some of the Ca*" ions are readily exchangeable
suggesting their presence in the diffuse layer, whereas at higher Ca/Si ratios only the alkali ions can
be replaced.*” These findings suggest a competitive relation between calcium and alkali ions in the
interlayer of the C-(A)-S-H phases.

2’Na NMR has only been utilized in very few studies of C-S-H phases, which may reflect that the
2Na chemical shift is less sensitive to structural changes beyond its hydration sphere. For C-S-H
samples exposed to NaCl solutions, the broad resonance at approx. -10 ppm has been assigned to
outer-sphere hydrated Na® ions, Na(H20)s, on the C-S-H surface.’” For C-(A)-S-H samples
synthesized with NaAlO: as sodium and aluminium source, two distinct *Na sites have been observed
at -7.6 ppm and -10 ppm and assigned to interlayer sodium sites interacting with octahedral and
tetrahedral Al, respectively.? Moreover, two different >’Na resonances have also been reported for
sodium alumino-silicate hydrate (N-A-S-H) and sodium-modified calcium alumino-silicate hydrate
(C-(N)-A-S-H) phases, synthesized under highly alkaline conditions, and ascribed to two different
Na® environments associated with tetrahedral Al of Si-O-Al acid sites.***! Thus, some ambiguities
exist in the assignments of >*Na resonances and the results indicate that the role of alkalis in C-S-H
and C-(A)-S-H phases remains still not clear.

The aim of the present study is to probe the location and quantity of Al in the different
environments of the C-(A)-S-H phase as a function of composition and alkali content, since this
information will contribute to a better understanding of the structure and composition of C-(A)-S-H
phases formed in Portland cement — SCM blends. C-(A)-S-H samples with Al/Si ratios of 0.05 — 0.20
and Ca/Si ratios in the range 0.6 — 1.6 have been prepared in 1.0 M NaOH solutions at ambient
conditions by curing for time intervals of 3 and 15 months. In addition, C-(A)-S-H samples have been
synthesized in 0.1 M and 0.5 M NaOH solutions to study the effect of alkali concentration on the
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incorporation aluminium and sodium in the C-(A)-S-H phase. Multinuclear solid-state NMR (**Na,
29Si and ?’Al) is employed as the principal tool to characterize the nano-scale structure of the C-(A)-
S-H phases and semi-quantitatively investigate the incorporation of aluminium and sodium in the
structure. This includes ?’Al MAS NMR experiments performed at an intermediate (14.1 T) and very
high magnetic field (22.3T) to unravel resonances from structurally distinct sites, utilizing the
increase in chemical shift dispersion and the reduced second-order quadrupolar broadening on going
to higher magnetic field. A convincing approach to quantify AlI(IV) in the C-(A)-S-H structure is
presented, which utilize information from both 2’Al and ?Si NMR and employs a simulation approach
that follows the basic alumino-silicate chain structure of the defect tobermorite model for C-(A)-S-H
phases. Moreover, the role of alkalis on the incorporation of Al is different for low and high Ca/Si
ratios, as a clear correlation between the sodium and aluminium uptake is only observed for C-(A)-

S-H phases with short silicate chain lengths (i.e., high Ca/Si ratios).

EXPERIMENTAL SECTION
Sample preparation. The C-(A)-S-H samples were prepared by mixing SiO2, CaO and CaAl20s4,
targeting the molar ratios of Ca/Siinit = 0.6, 0.8, 1.0, 1.2, 1.4, 1.6 and Al/Siinit = 0.05, 0.10, 0.15 and
0.20, in equilibrium with 1.0 M NaOH solutions for curing times of 3 and 15 months. In addition,
samples with 0.1 M and 0.5 M NaOH solutions have been prepared for the Ca/Si ratios of 0.8 and
1.0. All syntheses used a solution/solid ratio of 45 and all preparations were conducted in a N2-filled
glove box at ambient temperature (~20°C). SiO2 (Aerosil 200) was provided by Evonik and used as
received. CaO was obtained by burning CaCO3 (Merck, pro analysis) at 1000 °C for 12 hours.
CaAl204 was obtained by the sintering reaction of CaCOs and Al2Os3 in a furnace at increasing
temperatures of 800 °C (1 h), 1000 °C (4 h) and 1400 °C (8 h), followed by cooling with a rate of 600
°C/h. The reaction mixtures were stored in 100 mL PE-HD containers which were placed on a
horizontal shaker (rate of 100 rpm) at ambient temperature (~20°C). After curing times of 3 and 15
month, the solid and liquid phases were separated by filtration through a 0.45 pm nylon filter and the
solid phase was washed with a 50% v/v water - ethanol solution and secondly with a 94 vol.% ethanol
solution. The samples were lyophilized for 7 days and stored in N2 filled desiccators with saturated
CaCl: solutions (RH = 30%) and NaOH as a CO2 trap.>!

The elemental concentrations of calcium, silicon, sodium, and aluminum in the filtrates were
determined with a Dionex DP ICS-3000 ion chromatograph. The liquid samples were diluted by
factors of 1 — 1000 to reach concentrations in the range of 0.1 — 50 mg/L, thereby allowing detection
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of concentrations up to 50,000 mg/L. The estimated error from sample preparation, dilution and
measurement was < 10%. The real, bulk Al/Si ratios of the C-(A)-S-H samples were obtained by mass
balance calculations using these data for the solution and the Al and Si contents of the starting
materials. The Na contents bound in the C-(A)-S-H were determined by a direct method®' where 20
mg of the solid sample was dissolved in 10 mL of a 0.1 M HCI solution, which was analyzed by ion

chromatography.

Solid-state NMR. The single-pulse 2?Si MAS NMR experiments were carried out on a Bruker-400
(9.39 T) spectrometer using a Bruker "H-X 4 mm MAS probe for a spinning speed of ve = 10.0 kHz
The spectra used a pulse length of 1.75 ps for an rf field strength of yB1/2n = 71 kHz, a recycle delay
of 30 s, and 2048 scans. The cross-polarization *Si{'H} CP/MAS NMR spectra were obtained with
the same probe, employing a spinning speed of vr = 4.0 kHz. The spectra used a 2°Si rf field strength
of yB1/2n = 46 kHz for CP contact times in the range 0.05 — 8.0 ms and a 'H rf field strength of yB2/2n
= 50 kHz for the initial excitation (90° pulse, 5.0 us), the CP contact time, and the high-power 'H
decoupling during acquisition. 2°Si chemical shifts are referenced to tetramethylsilane (TMS), using
an external sample of B-Ca2SiO3 (Siso = -71.33 ppm)*? as a secondary reference. The simulations of
the 2°Si MAS and ?°Si{'H} CP/MAS NMR spectra were performed by the DMFit software.*’

The Al MAS NMR spectra were recorded on a Varian Direct-Drive VNMR-600 spectrometer
(14.09 T) using a home-built CP/MAS probe for 4 mm o.d. zirconia rotors and vr = 13.0 kHz, a
recycle delay of 2 s, and 4096 scans. A short excitation pulse of o= 0.5 us for an rf field strength of
vB1/2n = 60 kHz was employed in order to be in the linear regime where the central transition
intensities are quantitatively reliable for sites experiencing different quadrupolar couplings, i.e., Tp <
m/[2( + 1/2)].* In addition, a series of 2’Al NMR experiments have been conducted on a narrow-
bore Bruker 950/54 us®* magnet (22.3 T) with a Bruker AVANCE III HD console, using a triple-
resonance 'H-X-Y 2.5 mm MAS probe. The single-pulse experiments employed vk = 20.0 kHz, a
pulse width of 0.5 ps for an ?’Al rf field of yB1/2n = 89 kHz, a recycle delay of 2 s, and 8192 scans.
The ’Al1{'H} CP/MAS NMR spectra employed a CP contact time of 50 ps, an 2’Al rf field strength
of yB1/2n = 60 kHz for the CP contact and 'H rf field strengths of yB2/2n = 90 kHz for the initial 'H
excitation pulse and CP contact time and yB2/2n = 72 kHz for the decoupling during acquisition. The
CP contact time was optimized for one of the samples and the rather short value agrees well with the
contact time of maximum intensity observed in *’Al{'H} CP/MAS NMR experiments on other
cementitious materials.?! For all single-pulse Al NMR experiments, low-intensity signals observed
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in spectra of the empty rotors and probe background have been subtracted prior to the quantitative
analysis.

27A1 MQMAS NMR spectra have been recorded at 14.09 T and 22.3T, using the same probes as
described above and the three-pulse z-filter pulse sequence.*’ The excitation and conversion pulses
correspond to 180° and 60° liquid pulses, respectively, for 2’Al (I = 5/2)* (yB1/2n = 60 kHz at 14.09
T and yB1/2n = 89 kHz at 22.3 T), whereas the central-transition selective z-pulse had a length of 2.5
us (yB1/2m = 33 kHz) at 14.09 T and of 7 ps (yB1/2n = 13.5 kHz) at 22.3 T. Spectral widths of 39
kHz (14.09 T) and 50 kHz (22.3 T) were used in both dimensions, corresponding to 3vr and 2Vr,
together with 64 #1 (14.09 T) and 96 ¢; (22.3 T) increments and a 1-s relaxation time. The frequencies
in the isotropic (£1) dimension are scaled and referenced as triple-quantum shifts, 03¢0 = (vi+ (3 -
k)A)/((1 + k)vr), where vi is the observed F1 resonance frequency, A is the transmitter offset relative
to the spectral reference and k = 19/12 for I = 5/2 in the triple-quantum MAS experiment.*” The %Al
chemical shifts are referenced to a 1.0 M aqueous solution of AICI3-6H20.

The 2*Na MAS NMR spectra were acquired at 14.09 T, using similar conditions as described
above for the 2’Al NMR experiments; vr = 12.0 kHz, 0.5 ps excitation pulse (yB1/2n = 60 kHz), 4-s
relaxation time and 1024 scans. The »*Na chemical shifts are relative to a 1.0 M aqueous solution of

NacCl.

RESULTS AND DISCUSSION

Characterization of C-(A)-S-H samples by 2°Si and 2’A1 MAS NMR. The lack of long-range order
in the C-(A)-S-H structure impedes detailed structural studies of these phases by conventional powder
X-ray diffraction techniques. However, for these systems high-resolution solid-state NMR can
provide valuable structural information as the >’Al and #Si chemical shifts depend primarily on the
coordination state and bonding network within the nearest coordination spheres. This has been
utilized in a wide range of solid-state NMR studies of C-(A)-S-H phases, where some of the main
features are illustrated in Figure 1 by 2°Si and ??Al NMR spectra of the C-(A)-S-H samples
synthesized with the initial ratio Ca/Si = 0.8, initial Al/Si ratios ranging from 0.05 to 0.20 and cured
in 0.1, 0.5, and 1.0 M NaOH solutions for three months. The 2°Si NMR spectra generally resolve
three main peaks at roughly -79, -81 and -85 ppm, corresponding to the Q, Qf,(lAlIV) and Q? sites

of the dreierketten silicate chains, which are connected to the main CaOz2 layer on both sides. These

48,49 27,37

frequencies may shift slightly depending on the Ca/Si ratio and the alkali concentration.
Moreover, the Q? resonance contain contributions from the pairing and bridging sites, QIZ, and Q3,
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which resonate at approx. -85 ppm and -83 ppm for Al-free C-S-H samples*’ but are generally not
resolved for C-(A)-S-H samples due to the partial overlap with the Qg(lAlIV) peak. A schematic
representation of the C-(A)-S-H structure at low Ca/Si ratio (e.g., Ca/Si = 0.8) is shown in Figure 2,
which includes the fundamental silicate units and tetrahedral Al sites that form the starting point for
the present study.

The 2’Al1 NMR spectra clearly resolve resonances from Al in tetrahedral (50 — 80 ppm) and
octahedral (0 — 20 ppm) coordination, where experiments at high magnetic field allow distinction of
different Al(IV) and Al(VI) species as a result of the increased chemical shift dispersion and reduction
in second-order quadrupolar broadening. For the *’Al NMR spectra in Figure 1, the tetrahedral
resonances at 74 and 68 ppm are ascribed to Al(IV) in the bridging sites of the silicate chains whereas
the minor resonance at 61 ppm is ascribed to a small amount of stritlingite,’>! formed as a minor
secondary product under the actual synthesis and curing conditions. Narrow resonances are also
observed in the octahedral region at 12.3 ppm, 10.5 — 10.8 ppm, and 5 ppm which correspond to
minor amounts of secondary phases such as katoite/silicious hydrogarnet (diso(Al) = 12.2 — 12.4
ppm),>>3* hydroxy-AFm (CasAl2(OH)14-6H20, 10.2 ppm),>? CaAlz(OH)s-6H20 (10.2 ppm),>
CazAl2(OH)10-3H20 (10.3 ppm),>? the Al(VI) site of stritlingite (11.3 ppm)>*3! and the Al(VI) site
associated with the C-(A)-S-H phase (5.0 ppm).>">> Generally, the fraction of the secondary aluminate
phases are highest at high Al/Si ratio or low pH (i.e., 0.1 M NaOH).

The aluminium incorporated in the bridging sites of the silicate structure is observed by both
the Al(IV) resonances in the ?’A1 NMR spectra and by the Q3 (1Alyy) peak in the *’Si NMR spectra.
A linear correlation between the intensities of these resonances has earlier been reported for C-(A)-
S-H phases formed in white Portland cements hydrated for different times and in NaAlOz solutions
of different concentration.'® However, this correlation considered only relative amounts of AI(IV) in
the C-(A)-S-H phase and to further investigate the origin of the Q3 (1Aly) resonance in the *’Si NMR
spectra, which may potentially also reflect coordination to Al in different coordination states, the first
goal of the present study is to establish a quantitative correlation between the intensities of the 2’Al

and 2°Si NMR resonances associated with Al incorporated in the C-S-H structure.

Simulations of the 2°Si NMR spectra. In the subsequent analysis, we initially focus on the C-(A)-
S-H samples synthesized with an initial Al/Si = 0.10 in 1.0 NaOH solutions and with different Ca/Si
ratios (0.6 — 1.6), as these samples contain the lowest amounts of secondary phases. Following the
defect tobermorite model for the C-(A)-S-H structure,’!'? a minimum of four resonances are required
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to simulate the ’Si NMR spectra corresponding to the Q', Q3 (1Alyy), Qf, and Q3 sites. However, an
additional resonance at lower frequency needs also consideration to account for the intensity in the -
85 to -88 ppm region. Based on the ’Si{!H} CP/MAS NMR experiments presented below, we assign
this resonance to a second type of paired Q? sites in the structure. Thus, the simulations include peaks
from a dominating Q? site at -84.3 ppm, denoted Q%a, and for a less intense site at -86.7 ppm, Qf)b.
Moreover, as the Q3 (1Alyy) resonance overlaps significantly with the Q' and Qf, peaks, the frequency
and linewidth of the Q2 (1Alyy) resonance is restricted to 8(*Si) =-80.8 £ 0.1 ppm and FWHM =2.1
ppm, following similar analyses of the C-(A)-S-H phase formed in hydrated Portland cements,>!
where this restriction has resulted in sound measures of the relative peak intensities. Furthermore, the
defect-tobermorite model implies that the bridging and paired SiOa4 tetrahedra must be present in an
intensity ratio of I(Q%)/I(Q%) = 2, which is implemented as a restriction in the simulations (with ](Qf))
= 1(Q3,) + 1(Qpp)), as also used in recent studies of C-(A)-S-H phases equilibrated at 20 °C*' or at
different temperatures.” The peak shapes are fixed to 0.5/0.5 fractions of Gaussian/Lorentzian line

shapes, following our experience from previous simulations of C-(A)-S-H phases®>4%-!

and providing
a uniform profile for the individual peaks. Moreover, the linewidths are only allowed to vary over a
relative narrow range, corresponding to FWHM = 1.9 to 3.0 ppm. In the recent atomistic modelling
and DNP-enhanced NMR study of synthesized C-(A)-S-H samples by Kunhi Mohamed et al.,>> a
two-dimensional {*Si}?’Al refocused dipolar INEPT MAS spectrum of a C-(A)-S-H phase (Ca/Si =
2.0 and Al/Si = 0.07) showed that the AI(VI) resonance at 5.0 ppm is associated with 2°Si sites with a
chemical shift of -77 ppm. A resonance at -77 ppm is not apparent in the present 2°Si NMR spectra
and it is not considered at this stage in the simulations, as it will not overlap with the Q%(IAIIV)
resonance at -80.8 ppm and thereby influence the intensity for this peak derived from the simulations
(the -77 ppm resonance is considered in more detail in a following section).

The optimized simulations by least-squares fitting to the experimental spectra are illustrated for
the Ca/Si = 0.6 and Ca/Si = 0.8 samples in Figure 3, whereas the corresponding deconvolutions for
Ca/Si = 1.0 — 1.6 are given in Figure S1. Convincing simulations are generally achieved by this
approach (Figures 3 and S1), resulting in rather small variations in peak positions and linewidths, as
shown by their ranges for the individual peaks in Table 1. The simulations provide the relative
intensities of the Q!, Q%(lAlIV), Q%, Q%a and Qf)b peaks listed in Table 2 for the C-(A)-S-H samples
synthesized with Al/Si=0.10 and cured in 1.0 M NaOH solutions. These intensities allow calculation
of the mean chain length of alumino-silicate tetrahedra (CLyy) and pure silicate tetrahedra (CLsi) as
well as the Al/Si ratio of the alumino-silicate chains (Alv/Si), using the expressions”¢->8
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— 2[Q"+ Q@a + Q2p+ Qf+ 2Q3 (1A1y)]

CLIV = Ql (l)
— 2[Q+ Qda + Q2+ Qf+ QB (1Aly)]
CLe; = P 2
Si [Q+ Q3 (1AlLy)] 2)
2 1
Al /Si Qp(LAD ©)

T 2[QM+ Q34 + Q3+ QR+ QR (1AI)]

The calculated Al/Si ratios of the C-(A)-S-H samples (Table 2) are all below the ratio (0.10) used in
the syntheses, which reflect the presence of secondary phases and/or that the Q2 (1Al) peak in the *Si
NMR spectra does not account for all aluminium in the C-(A)-S-H phase. Moreover, the mean chain
lengths show the expected decrease with increasing Ca/Si ratio, following earlier studies of similar

phases and reflecting the sequential removal of Si from the bridging sites.22949

Assignment of the 2°Si NMR resonance at -87 ppm. Satisfactory simulations of the *Si NMR
spectra for the C-(A)-S-H phases (Figures 3 and S1) require inclusion of a resonance at approx. -87
ppm (denoted in this work as Qf,b), in agreement with earlier *’Si NMR studies of synthesized C-S-
H>%% and C-(A)-S-H phases?’?%*! as well as hydrated Portland cements.®*! Le Saofit et al.®"%? and
L’Hopital et al?’*%3! denoted this resonance as the Q% peak’, which is ascribed to a bridging
tetrahedron connected to another bridging tetrahedron in a neighboring silicate chain via H — H
bonding, following the assignment in an early >°Si NMR study of synthesized tobermorites by Sato
and Grutzek.*® Thus, interlayer H — H bonding should result in a shift of the Q3 resonance by approx.
4 ppm to lower frequency. Moreover, Klur et al. have studied a 2°Si enriched C-S-H synthesized with
Ca/Si = 0.8 by single-pulse *Si NMR as well as a two-dimensional broadband dipolar recoupling
(BDR) sequence.®® They observed a minor resonance at -87.3 ppm, which according to the BDR
experiment was coupled to a site with chemical shift at -91.5 ppm, corresponding to a Q? site. Thus,
the -87.3 ppm resonance, which they denoted Q2, was assigned to a pairing SiO4 tetrahedron bonded
to a Q° site that connects bridging sites between two different silicate chains. However, the relative
intensities of both peaks were rather low (3.5% and 1.5% for the Q2 and Q® peaks, respectively),*
and any indications of Q° sites in the present C-(A)-S-H samples have not been observed (c.f. Figures
1 and 3). Moreover, Klur ef al. observed indications of two different Q? bridging sites at -82.1 ppm
and -83.9 ppm, which they denoted leo and Q% and proposed to originate from sites where the two
non-bonding oxygens are associated with two H atoms and a H and a Ca atom, respectively. The
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frequency of -82.1 ppm is in good agreement with the chemical shift range observed for the Q% sites
in the present analysis (c.f., Table 1), however, the resolution in the present spectra does not allow
any distinction of different types of Qf, sites.

To investigate the assignment of the -87 ppm resonance in more detail, we have studied the C-
(A)-S-H sample prepared with Ca/Si = 0.8 and Al/Si =0.10 in a 1.0 M NaOH solution by ?*Si{'H}
cross-polarization (CP)®> NMR, which selectively detects Si sites with H atoms in their near
environment and gives a signal enhancement that strongly depends on the ?Si—'H dipolar interaction
and thereby the hydrogen network around the Si nuclei. ?Si{'H} CP/MAS NMR spectra with 14
different CP contact times in the range 0.05 — 8.0 ms have been acquired (Figure 4) and simulated
using the approach described in the previous section, however, without the requirement of ](Q%)/I(Q%)
= 2. An additional resonance at -76.0 ppm (FWHM = 3.0 ppm) was included in the simulations,
corresponding to hydroxylated monomeric silicate units (QY; e.g., (HO)xSiO4-x sites), which are
strongly enhanced in the °Si{'H} CP/MAS NMR experiments, despite not clearly resolved in the
direct-polarization, single-pulse 2°Si NMR spectra. This agrees well with earlier ?°Si{'H} CP/MAS
NMR studies of hydrated Ca3SiOs samples®® where the QY species were found to constitute 2 - 5
% of the overall ?’Si NMR intensity. An example of a simulated ?Si{'H} CP/MAS NMR spectrum
is illustrated in Figure S2, whereas the resulting 2°Si intensities for the different sites are shown in
Figures 5 and S3 as function of the CP contact time. These CP curves are analyzed using a classical
inverse spin-temperature approach®-%” for the build-up and decay of Si magnetization (Mx(zcp)) as a
function of the contact time (zcp), assuming the 2°Si spins being diluted relative to the 'H spins, a
condition fulfilled for samples with 2°Si in natural abundance. Moreover, the rotating-frame relaxation
of the 2°Si spins is assumed to be much longer than the corresponding 'H rotating-frame relaxation

(Tlsg >> Tl%), resulting in the following expression for Mx(f = zcp):

M(t) = e exp(—7p)[1 - exp((;i,p— : )t)] @

1-Tsin/Tip Tsin

Here, MY(0) is the 'H magnetization after the 90° 'H pulse and Tsin is the time constant describing
the build-up of 'H — ?’Si magnetization, which depends on the '"H — %°Si dipolar interaction, with
Tsin being proportional to 1/(rsi-n)® of the internuclear distance (rsi-n).5%%® This approach has been
successfully employed in ?°Si{'H} CP/MAS NMR studies of hydrated Ca3SiOs,%°:*® C-S-H phases®-"°

and other cementitious systems.”! Eq. (4) allows determination of M"(0), Tsit and T} by least-
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squares fitting to the experimental intensities as function of zcp, providing the 7sin and Tlﬁl) time
constants listed in Table 3 for the different sites of the C-(A)-S-H phase.

The resonance at -87 ppm (denoted Qj, in Table 3) exhibits Tsin and T{j, time constants that
are very similar to those for the pairing site, le,a, as well as the pairing site bonded to Al in the
bridging site (Qf,(lAlw)), whereas both parameters are much smaller than those observed for the
bridging site, Q. The shorter Tsin values indicate that the site of the -87 ppm peak has 'H atoms in
closer distance than the Q% site, whereas the longer Tﬂ) value for Q2 indicates a more rigid 'H
network for this silicate site as compared to the -87 ppm peak and the two pairing sites, f,a and
Qf,(lAlw). Thus, the close similarity in these parameters for the site of the -87 ppm resonance with
those of the Q%a and Q%(lAlIV) sites strongly suggests that the -87 ppm resonance originates from a
Q? pairing site of the same type as seen by the intense resonance at approx. -84 ppm (i.e., Q%a). Thus,
we assign the -87 ppm resonance to a second type of Q? pairing site, denoted Qf)b, which may exhibit
a slightly different local geometry compared to the le,a site that can account for the shift of approx.
2 ppm to lower frequency. The Q%b site is only observed for C-(A)-S-H phases with low Ca/Si ratio,
which are characterized by relatively long average alumino-silicate chains and pure silicate chains
(Table 2) and thereby not only composed of silicate dimers and pentamers. Thus, the le)b site may
potentially be assigned to pairing le, sites in the middle of octameric or longer silicate chains and
thereby the Qf) sites in between two bridging (Q%) sites. The assignment of the -87 ppm peak to a Q>
pairing site is used in the previous and subsequent sections and impacts the quantitative evaluation of
the single-pulse 2°Si NMR spectra as [I(Qf)a) + I(Qf)b)]/l(sz) = 2 is assumed. Finally, it is noted that
a resonance at -88 ppm has been observed for alkali-activates pastes containing calcium-(sodium)
aluminosilicate hydrate (C-(N)-A-S-H) and sodium aluminosilicate hydrate (N-A-S-H) gels which
was assigned to Q(1Al) and Q*(4Al) sites in these hydrates.*!"’? In this study the -87 ppm resonance
has been identified in C-(A)-S-H samples with different Al/Si ratios (0.05, 0.10, 0.15 and 0.20) and
synthesized with different NaOH concentrations (0.5 and 1.0 M) but only for Ca/Si ratios of 0.6 and
0.8. This shows that the environment for the Qf)b site 1s independent of the Al concentration and

thereby does not originate from minor amounts of C-(N)-A-S-H and N-A-S-H phases in our samples.

Al/Si ratios from 27A1 NMR. ?’Al MAS NMR spectra of the C-(A)-S-H samples synthesized with

Al/Si=0.10 in 1.0 NaOH solutions and with different Ca/Si ratios (0.6 — 1.6), are shown in Figure 6

and illustrate the observation of well-separated resonances from AI(IV), Al(V), and AI(VI). The line

shapes for the AI(IV) peaks indicate at least three different types of AI(IV) sites, depending on the
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Ca/Si ratio, which will be analyzed in more detail below. Five-fold coordinated Al is observed by the
peak at 35 ppm for the samples with Ca/Si = 1.0 and above, which also contain the resonance at 5.0
ppm from AI(VI) associated with the C-(A)-S-H phase. In addition, small Al(VI) resonances from
minor secondary phases such as katoite/siliceous hydrogarnet (12.3 — 12.4 ppm)>>** and calcium
aluminate hydrates (CaAl2(OH)s-6H20, CazAl2(OH)10-3H20 and CasAl2(OH)14-6H20; 10.2 — 10.6
ppmM)°2>* are also observed. The fraction of Al(IV), Al(V) and AI(VI) are determined by spectral
integration (Table 4) where the relative intensities for AI(VI) has been further divided into
contributions from the secondary phases and the 5.0 ppm resonance by spectral simulations of the
octahedral region. These simulations used a combination of Gaussian and Lorentzian line shapes for
the individual peaks, which is an acceptable approach considering the high magnetic field and the
presence of small 2’ Al quadrupolar interactions (Cq < 1.5 MHz) for the contributing phases.!®*? Direct
measures for the bulk Al/Si ratios of the C-(A)-S-H phases (Table 4) are obtained from mass-balance
calculations using the Al/Si ratio of the starting materials and the Al and Si concentrations in the
solutions (after three month curing) determined by ion chromatography. This approach reveals that
the bulk Al/Si values of the solids are all close to the initial Al/Si = 0.10 ratio used in the syntheses.
Combining the bulk Al/Si ratios with the intensity fractions from ?’Al NMR allows calculation of the
AI(IV)/Si, [AI(IV) + AL(V)]/Si, [AL(IV) + AI(VD)]/Si, and [AI(IV) + Al(V) + AL(V])]/Si ratios for
aluminum associated with the C-(A)-S-H phases (i.e., Al(VI) corresponds to the relative intensity of
the 5.0 ppm resonance). These ratios are used in the graphs of Figure 7a — d, which illustrate the
corresponding Alv/Si ratios from 2°Si NMR, determined from Eq. (3), as a function of these ratios.
The graphs reveal 1:1 correlations between the 2’Al and 2°Si NMR data for the AI(IV)/Si and [AI(IV)
+ AI(V)]/Si ratios from 2’Al NMR, with the most convincing correlation being observed for the
Al(IV)/Si data (Figure 7a). The two correlations are further examined in Figure 8 by including data
for 26 additional C-(A)-S-H samples, synthesized at the same conditions but at different initial Ca/Si
(0.6 — 1.6) and Al/Si (0.05 — 0.20) ratios with 0.5 or 1.0 M NaOH concentrations for three or 15
months (see Figure S4 for further details on the specific C-(A)-S-H compositions). The graphs show
convincing 1:1 correlations between both the Al(IV)/Si and [AL(IV) + Al(V)]/Si ratios from 2’ Al NMR
and the Alv/Si ratios from 2?Si NMR, as supported by the following results from linear regression

analysis.

(Alv/Si)si = (0.952 = 0.019) (AL(TV)/Si)ai + (0.005 + 0.002) R2=0.989  (5)
(Aliv/Si)si = (0.951 = 0.020) ([AI(IV) + AI(V)]/Si)ai + (0.002 £ 0.002)  R*=0.987  (6)
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Moreover, inclusion of the 2’Al NMR intensities for Al(VI) in the correlation using all data (Figure
S4) clearly supports the results in Figure 7c¢, showing no correlation between (Aliv/Si)si and the
[AI(IV) + AL(VI)]/Si ratio from 2’Al NMR. No preference between the two correlations based on the
data in Figure 8 can be made, which is ascribed to the precision of the measured Al/Si ratios, e.g.
+0.01 for (Aliv/Si)si. In addition, the fraction of Al(V) is generally low in the present C-(A)-S-H
samples, i.e., AI(V)/AI(IV) < 0.16 for all samples, implying that it only makes small changes to
AI(IV)/Si. Thereby, the 1:1 correlations in Figures 7 and 8 reveal that the Q%(lAlw) 2Si NMR
resonance at approx. -81 ppm is associated with four-fold coordinated Al and potentially also five-
fold coordinated Al in the bridging site of the silicate chain structure. Earlier studies have proposed

that the AI(V) species are present in the interlayer of the C-S-H structure,!”-2!22.23

whereas its specific
presence in the bridging site of the silicate chains has recently been predicted by atomistic simulations
(DFT calculations), supported by the observation of the Al(V) resonance (35 ppm) in a 2°Si filtered
DNP-enhanced 2’Al CP/MAS NMR spectrum of a synthesized C-(A)-S-H sample with Ca/Si = 2.0
and Al/Si = 0.04.%° According to the latter study, the Al(V) site should include two Al-O-Si bonds,?®
as present for the bridging AI(IV) sites, and such a [(Si0)2AI(OH)3x(H20)x] environment is
compatible with the findings in Figure 8b, which indicates that AI(V) in the bridging site can also
lead to a 3.5 ppm shift to higher frequency for the neighboring Q? pairing site (i.e., the shift difference
between Q%(lAlIV) and Qf,a, Table 1). In contrast to the qualitative correlation between the AI(IV)
intensity observed by ?A1 NMR and the intensity of the Qf,(lAlIV) resonance from the simulations
of the ?°Si NMR spectra reported earlier,'® the 1:1 correlation in Figure 8a is quantitative, implying
that reliable A1(IV)/Si ratios can be derived both from the 2’ Al and 2’Si NMR spectra.

The AI(VI) resonance at 5.0 ppm associated with C-(A)-S-H. From the plots of (Aliv/Si)si as a
function of (JAI(IV) + Al(VI)]/Si)al in Figure 7c, and in Figure S4 for the 32 C-(A)-S-H samples, it
is apparent that the Q%(lAlIV) resonance in the ??Si NMR spectra cannot account for octahedrally
coordinated Al (5.0 ppm resonance) associated with the C-(A)-S-H phase. This is in full agreement
with the recent atomistic modelling and DNP-enhanced NMR study by Kunhi Mohamed et al.,?
where a two-dimensional {*°Si}?’Al refocused dipolar INEPT MAS spectrum of a C-(A)-S-H phase
(Ca/Si= 2.0 and Al/Si = 0.07) showed that the AI(VI) resonance at 5.0 ppm is associated with a 2°Si
site with a chemical shift of -77 ppm, in addition to the expected strong correlation peak between
AI(IV) and the *Si Qj (1Alyy) resonance at -81 ppm. The atomistic modelling predicted that A1(VI)
should be present in the bridging site of the silicate chains, forming a site of the type [(Si0)2A1(OH)4],
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corresponding to a Q%(lAlVI) site in the Si NMR spectra. Clear indications of a resonance at -77
ppm are not observed in the 2°Si NMR spectra of the synthesized C-(A)-S-H samples in the present
work as this resonance will significantly overlap with the Q' resonance at -78.4 ppm, which dominates
the spectra for samples with high Ca/Si ratio. However, a high-frequency shoulder to this resonance
may be identified in the 2Si NMR spectrum of a C-(A)-S-H sample, synthesized with Ca/Si = 1.6,
Al/Si = 0.05 and equilibrated in water for one year by L’Hopital et al.,”® which also showed a high
fraction of Al(VI) in the structure, as evidenced by 2’Al NMR.

The presence of a Qf)(lAlVI) resonance will affect the simulation approach of the 2?Si NMR
spectra and thereby the mean chain length of alumino-silicate tetrahedra (CL) and pure silicate
tetrahedra (CLsi) as well as the Al/Si ratio of the alumino-silicate chains (Al/Si) calculated from the
relative intensities of the 2°Si resonances (Egs. 1 — 3). However, although not resolved, the Qf, (1Alyy)
resonance can be considered in the simulations, since its expected intensity can be derived from the
relative intensities of the Al(IV) and Al(VI) resonances observed in the corresponding 2’Al NMR
spectra. This approach has been implemented in the simulations and are illustrated in Figure 9 for the
29Si NMR spectra of the C-(A)-S-H samples with Ca/Si = 1.2 and 1.4 (Al/Siinit = 0.10), which exhibit
the highest fraction of Al(VI) according to ?Al NMR (Table 4). The simulations use the same
restrictions for the -77 ppm peak, as employed for the Q;‘;(lAlIV) resonance at -80.8 ppm, and employ
a fixed intensity ratio for the Q5(1Aly)) and Qp(1Aly) peaks, corresponding to the
Al(VI)sppm/AL(IV) ratio determined by >’ Al NMR (i.e., a fixed 2°Si chemical shift at -77.0 ppm and a
linewidth of FWHM = 2.1 ppm). With these restrictions and those implemented in the previous section
(e.g., [I(Qf,a) + I(Qf,b)]/I(Qtz)) = 2), the intensities of the individual resonances were optimized to the
experimental spectra, where the simulated spectra are shown in Figure 9 and the resulting intensities
summarized in Table 5.

The intensity of the Qf, (1Alyy) resonance needs consideration in the calculations of the average
alumino-silicate chain lengths and the Al/Si ratios, and assuming Al(VI) being present in a bridging

site results in the following modifications of the expressions in Egs. 1 — 3:

2[Q'+ Q3a + Q}p+ Qf+2(QR(1A11y) + Q3 (1Aly}]

EIV+V1 = Q! (7)
CL.. = 2lQ'+Qfa+ Qpypt Qb+ QGUIAIW)+ QF1AIVD) ()
Ste [Q1+ Q3 (1Al1y)+ Q3 (1Alyy)]
2 (1Al 2 (1Al

2[Q+ Qfa + Q5+ Qf + QR (1AD+ QF (1Aly)]
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These measures are also summarized in Table 5, where the values for CLyy .y show a prolongation
of the alumino-silicate chains, as expected, when comparing these values with CLyy in Table 2. For
the pure silicate chain lengths, the values for CLs; (Table 2) and CLsi* (Table 5) are almost identical,
in accordance with Eq. (8), when it considered that the Qf,(lAlVI) intensity reduce the intensity of the
Q! peak. The Aljy,y;/Si values (Table 5) are obviously larger than the Al /Si values, and in
particular at high Ca/Si ratios. Interestingly, the Al;y,y;/Si ratios are very similar (0.76 — 0.87) for all
samples and thereby independent of the Ca/Si ratio, at least for samples prepared in alkaline solutions.
This may reflect that the uptake of Al in the C-(A)-S-H phase depends mainly on the Al solution
concentration, as proposed in an earlier studies of equilibrated C-(A)-S-H samples.?®?” The 2°Si NMR
spectra of the 26 additional C-(A)-S-H samples that formed the basis for the correlations in Figure 8
have been re-examined considering the contribution from the QIZJ(lAlVI) resonance at -77 ppm.
Comparison of the calculated Alyy,y;/Si ratios from these simulations (Eq. (9)) with those derived

from 2’ Al NMR shows a convincing correlation (Figure S5), corresponding to the equation:

(Alpy4vi/Si)si = (0.95 0+ 0.023) (Aljy,yr/Shal + (0.006 £ 0.002)  R*=0.982  (10)

In an attempt to observe a clear reflection of the ?°Si resonance at -77 ppm, assigned to
Q%(lAlVI) sites, we have analyzed a white Portland cement, which has been hydrated for 11 years
and stored in water in an airtight container. The 2’ Al NMR spectrum of this matured, hydrated cement
(Figure 10) shows resonances from AI(IV), AI(V) and AI(VI) from the C-(A)-S-H phase along with
two additional resonances from the AFt (ettringite, 13.2 ppm) and AFm (10.5 ppm) phases. Spectral
integration combined with simulations (Figure S6) of the octahedral region of the spectra (using the
Czjzek model’®) give the relative intensities of 18.4% - AI(IV), 4.8% - Al(V) and 36.8% - Al(VI) for
the C-(A)-S-H phase and 40.0% for the secondary AFt and AFm phases. Thus, the fraction of
octahedral Al in the C-(A)-S-H phase is nearly twice the amount of Al(IV), which supports the
atomistic calculations by Kunhi Mohamed et al.* that indicated Q (1Aly;) being more stable than
Q3 (1Alyy) sites at high Ca/Si ratio. In the corresponding **Si NMR spectrum (Figure 10), a clear
high-frequency shoulder is observed to the tall Q' resonance, reflecting the relative high amount of
Al(VI) in the C-(A)-S-H phase. Simulations of the Si NMR spectrum, using the above approach
where the relative intensities of the leo(lAlVI) and Q%(lAlIV) sites follow the Al(VI)/AI(IV) ratio
from 2’Al NMR is somewhat challenging (Figure S7), considering the high amount of six-fold
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coordinated Al in the C-(A)-S-H. However, an acceptable simulation is achieved when the Qf, (1Aly)
resonance is shifted slightly towards lower frequency (-77.5 ppm) and the linewidth of the peak is
increased from 2.1 pm to 3.0 ppm, as employed in the optimized simulation of Figure 10. The
simulation corresponds to the parameters, Alyy/Si = 0.036, Alyy,y/Si = 0.1.08 and CL;y.y; = 7.67,
where the fraction of four-fold coordinated Al is in very good agreement with Al;y/Si ratios reported
for similar white Portland cements after prolonged hydration. 858

In the present analysis, the 2’Si sites neighboring a bridging site are observed at -77.0 (or -77.5)
ppm for Q3 (1Alyy), -80.8 ppm for Q5 (1Alyy) and -84.3 ppm for a Q3 site (c./. Table 1). This implies
that a change in coordination state from Al(IV) to Al(VI) would result in a shift of the 2°Si resonance
to higher frequency of approx. 3.8 (or 3.3) ppm, i.e., a total shift of approx. 7 ppm for a Q%(lAlVI)
site relative to the Qf,a site. This seems to be a significant shift, considering that the changes occur in
the third coordination sphere to the Si atom. The -77.0 ppm resonance is relatively close to the Q!
peak at -78.4 ppm. Thus, one may speculate whether the -77.0 ppm peak alternatively may originate
from end-group Q' sites with non-bonded AlOx(OH)sx units present in their proximity, since Al in
such a configuration is expected to have only a minor effect on the ?°Si chemical shift. Such an
assignment does not necessarily conflict with the observation of the 2’Al (5 ppm) and *°Si (-77 ppm)
correlation peak in the two-dimensional {*°Si}?’Al refocused dipolar INEPT MAS spectrum by
Kunhi Mohamed et al.,” since their experiment employed a recoupling time that probes Si — Al
distances up to 4.33 A. Moreover, the AI(VI) correlation peak was much weaker than the Al(IV)
resonance, despite its much narrower linewidth which reflects its significantly lower 2’Al quadrupole
coupling (broadening), as compared to the AI(IV) site. This suggests a longer Si — Al distance for
Al(VI) as compared to AI(IV), considering the detection of through-space interactions in the dipolar-
based 2D correlation experiment. The (SiO)2Al(OH)4 unit in the bridging site (i.e., the Q%(lAlVI)
assignment) would exhibit two shorter and four longer Al-O bonds, which is expected to result is a
less symmetrical electronic environment. This is also indicated by the DFT calculated ?’ Al quadrupole
coupling constants for these sites in their modelled C-(A)-S-H structures,?® which range from 2.5 to
8.1 MHz (average 5.3 MHz) for the energetically stable (SiO)2A1(OH)4 units. The experimental value
is somewhat lower (approx. 1.2 MHz),?! which indicates a more symmetrical electronic environment
of the 5.0 ppm Al site. AlIOx(OH)sx moieties in close proximity to end-groups of the silicate chains
will be less stable than (Si0)2A1(OH)4 units anchored to the silicate framework. This may explain the

lower thermal stability of these sites upon thermal treatment?!

and the generally observed invariance
in 2’A1 NMR line shape (quadrupolar broadening) of the 5.0 ppm resonance for C-(A)-S-H phases
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with different Ca/Si ratios. Non-bonded octahedral Al sites of the AlIOx(OH)esx type have been
reported in a DNP-enhanced 2’Si — ?A1 NMR and first-principles calculation study of aluminum
supported on silica and of silicon species on alumina surfaces.’* Two-dimensional {*Si}-*>’Al scalar-
and dipolar-refocused INEPT experiments were used to distinguish Al — Si correlations via bridging
oxygens and non-bonded units, respectively. These spectra clearly showed direct bonding between
tetrahedral aluminum and the SiOs sites in both types of experiments but only weak interactions
between octahedral Al and Si in the dipolar-driven spectra, which were ascribed to non-bonded AlOs
units being present in close proximity to the Si sites.”

The 2°Si NMR spectra in the present work can all be simulated using the approach where the -
77 ppm resonance is assigned to a Q%(lAlVI) site, using intensity ratios for Al(VI) and Al(IV) from
27A1 NMR. Thus, this assignment, proposed by Kunhi Mohamed et al.?, is adapted in the present

work (e.g. as illustrated in Figures 9 and 10 and corresponding to the data in Tables 5, S1 and S2).

27A1 NMR resonances from Al(IV) associated with C-(A)-S-H. The >’Al NMR spectra in Figures
1 and 6 indicate the presence of different AI(IV) sites from aluminum in the bridging sites of the
silicate chains. This may reflect changes in coordination geometries and local environments in the
interlayer of the C-(A)-S-H structure for different Ca/Si ratios (e.g., effects from Na* and Ca*" ions,
OH- groups and water molecules). This is further examined by comparison of very high field ?’Al
MAS and ?’Al{'"H} CP/MAS NMR spectra of the C-(A)-S-H samples synthesized with Al/Siinit =
0.15 in 1.0 NaOH solutions (three months) and different Ca/Si ratios in Figure 11. These spectra allow
identification of three Al(IV) sites with maximum peak intensities at 60, 68, and 76 ppm. The 60 ppm
peak is only observed at Ca/Si = 0.6 and 0.8, where it dominates the spectrum for the Ca/Si = 0.6
sample, and it exhibits a smaller ?’Al{'H} CP efficiency compared to the two other sites. The
resonance at 68 ppm, which dominates the Al(IV) region at Ca/Si = 0.8, is observed for all samples
and tends to decrease in intensity with increasing Ca content. The Al(IV) resonance at 76 ppm is
observed for Ca/Si = 0.8 and higher ratios and shows a similar good 2’Al{'H} CP efficiency as
compared to the site at 68 ppm. This strongly suggests that the Al sites of the 68 and 76 ppm
resonances include coordination to hydroxyl groups, in addition to the two Al-O-Si bonds, whereas
the significant change in 2’Al chemical shift may reflect different interactions with interlayer Na* or
Ca" ions.

To further distinguish the AI(IV) sites, >’ Al multiple-quantum (MQ) MAS NMR spectra have
been obtained for the Ca/Si = 1.0, Al/Siinit= 0.10 sample (1.0 M NaOH, 15 months) at 14.1 and 22.3
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T (Figure 12). This experiment removes second-order quadrupolar broadening in the indirectly
detected (F1) dimension and clearly resolves the two AI(IV) peaks at 68 and 76 ppm at 14.1 T.
However, the isotropic projection of the very high field 2’ Al MQMAS spectrum indicates the presence
of another resonance, situated in between these two peaks by the clear shoulder to the 76 ppm peak.
Moreover, the broad lines in both the isotropic and anisotropic dimensions as well as the shape and
orientations of the contours show that the individual resonances are associated with dispersion in 2’Al
chemical shift and quadrupole coupling as expected for less-crystalline structures such as C-(A)-S-
H. In the 22.3 T spectrum, the contours are oriented almost in the direction of pure chemical shift (Po
= 0) and thereby primarily affected by chemical shift dispersion, also considering the inverse
proportionality of the second-order quadrupolar interaction with magnetic field. The AI(IV)
resonances at 68 and 76 ppm are almost invariant in shift and line broadening up on changes in Ca/Si
ratio (Figure 11). Thus, a valuable estimate of their >’ Al isotropic chemical shift (8is0) and quadrupolar
product parameter (Po = Co(1 + né /3)Y/%; Cq being the quadrupole coupling constant and 1q the
associated asymmetry parameter) can be obtained from the centers of gravity of the resonances in the

F1 (85%) and F2 (8%5) dimensions of the 2’Al MQMAS NMR spectra, utilizing the relationships*’-”

(in ppm):
-17 3 (PQ\?
55 = by () 10 a
3 (PQ\?
585 = Biso = 505 (22) - 10° (12)

The two sets of 8¢ and 855 values from the 2’A1 MQMAS spectra in Figure 12 allow calculation of
diso and Pq by linear regression analysis (Figure S8), considering the magnetic field dependence of
the expressions in Egs. (11) and (12). This results in the data given in Table 6, which also includes
the center of gravity for the resonance at 60 ppm at low Ca/Si ratio (Figure 11), i.e., the Ala(IV) site.

Earlier 2’Al NMR studies at lower magnetic fields of synthesized C-(A)-S-H samples have
shown a clear increase in %Al peak frequency for Al(IV) with increasing Ca/Si ratio.!”-?!2328 These
AI(IV) peaks are now resolved into four distinct Al(IV) sites by application of the very high magnetic
field (22.3 T). Distinct tetrahedral sites for C-(A)-S-H phases at 74, 66, and 58 ppm have been
reported by Sun ef al.?? from 2’ A1 NMR spectra at 17.5 T. These peak frequencies agree well with the
27Al chemical shifts for Al(IV), Al(IV) and Ala(IV) in Table 6, considering that no corrections were
made for second-order quadrupolar shifts. The 58 ppm resonance was assigned to a Q3, site, which
disagrees with the present study since the corresponding Q3; sites (8(*Si) ~ -92 ppm)>>7%7 are absent
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in the 2°Si NMR spectra. The more prominent peaks a 66 and 74 ppm were assigned to bridging Al
tetrahedra charge-balanced by Ca?’, Na* or H" and AI(IV)-O-Al(V) or Al(IV)-O-Al(VI) linkages,
respectively.?? Comparison with the present spectra, the assignment of the latter resonance suffers
from the fact the Al.(IV) peak is observed in the Ca/Si range from 0.8 — 1.4 (Figure 11), where Al(V)
and Al(VI) are absent in the spectra corresponding to Ca/Si = 0.8 and 1.0. Moreover, an early 2’Al
MQMAS study (7.1 T) of synthesized C-(A)-S-H samples have also reported two tetrahedral sites
corresponding to the diso, PQ parameters, 76.3 ppm, 3.2 MHz and 63.7 ppm, 2.8 MHz, and assigned
to Al substituting for pairing and bridging Si sites, respectively.”® Both the Siso and Pq values are
similar to the values reported for the Al(IV) and Alc(IV) sites in Table 6, whereas the assignment of
the high-frequency peak to Al(IV) in a pairing site is against the most stable C-(A)-S-H structures,
predicted by atomistic modelling of the incorporation of Al in C-(A)-S-H structures.!®-?%23

Most recently, synthesized C-(A-)S-H samples targeting Ca/Si = 0.80, 0.95, 1.20, and 1.40 for
Al/Si = 0.05 and 0.10 have been analyzed by ?’Al MAS and MQMAS NMR (11.7 T) by Kangni-
Foli.” For the low Ca/Si samples (0.80), he observed at single AI(IV) site and estimated the
parameters diso = 60 £ 5 ppm and Cq = 3.4 + 1.3 MHz, which agree well with our data for the Ala(IV)
site (Table 5) and this site being the dominating tetrahedral environment at low Ca/Si ratios (Table
S2). At the higher Ca/Si ratios, Kangni-Foli identified two different AI(IV) sites in the MQMAS
spectra, and reported the parameters diso = 69 = 3 ppm and Cq = 3.1 = 1.2 MHz and iso = 76 £+ 3 ppm
and Cq = 3.1 + 1.2 MHz,” which are rather similar to the values for the Al¢(IV) and Al.(VI) sites
(Table 5), respectively, although of somewhat lower precision. Kangni-Foli assigned the 69 ppm
resonance to a bridging tetrahedral Al site, whereas the Al site at 76 ppm was attributed to AI(IV)
incorporated in a pairing site in chain structure. The principal argument for this assignment was the
significantly higher chemical shift of the resonance (compared to 60 and 69 ppm for the bridging
AlOs sites), caused by the changes in geometrical parameters such as bond distances and angles
expected for a pairing Al site.” However, Kangni-Foli also noted that this assignment is not supported
by atomistic simulations which show higher stability for tetrahedral Al substituting bridging sites
rather the pairing sites, as mentioned above. In the present work, the Al.(IV) resonance is the
dominating Al site for the C-(A)-S-H phases with Ca/Si > 1.0 (Table S2), providing a major
contribution to the 2Si NMR intensity of the Q;‘; (1Al;y) site and thereby the Aliv/Si ratios determined
from the °Si NMR spectra. Thus, the assignment of Al(IV) to a pairing site would significantly
reduce the intensity of the Q3 (1Alyy) site in the *’Si NMR spectra which would impact the convincing
correlations reported in Figures 7 and 8. Moreover, a pairing site would require the presence of
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Q%, (1Aly) and possibly also Q% (1Alyy) sites in the 2°Si NMR spectra, which have not been identified
in this work. Thus, the present study gives no indications of Al(IV) in pairing sites, in agreement with
atomistic modelling studies.'?2%%°

The relative intensities of the Ala(IV), Alc(IV) and Ala(IV) peaks have estimated from spectral
simulations of the 2?A1 NMR spectra in Figure 11 and are shown as a function of the Ca/Si ratio in
Figure 13 with the simulations and intensities given in Figure S9 and Table S3. ’Al MAS NMR
spectra of the Ca/Si = 1.0, Al/Si = 0.10 C-(A)-S-H samples synthesized in 0.1, 0.5 and 1.0 M NaOH
solutions (Figure S10) clearly reveal that the intensity of the Al.(IV) peak increases with increasing
NaOH concentration, which strongly suggests that the Al.(IV) site is charge-balanced by one Na* in
its near vicinity and includes a hydroxyl group, considering its *’Al1{'H} CP efficiency (Figure 11).
Moreover, the higher fraction of Ala(IV) with increasing Ca/Si ratio is in agreement with an increasing
amount of interlayer Na* ions with higher Ca/Si ratio (see next section). The intensity variation with
Ca/Si ratio (Figure 13) and NaOH concentration (Figure S10) is less pronounced for the Al(IV) site,
and on this basis it is assigned to an Al(IV) site which is charge-balanced by “»Ca®" ion and H*
(hydroxyl group), again considering the good ?’Al{!H} CP efficiency for this site. Finally, the Ala(IV)
site, with poor ?Al{'H} CP efficiency, may by charge-balanced solely by interlayer Ca*" ions or by
a combination of interlayer Ca** and Na* ions. The latter environment, (Si-O)2-Al-(0O-Ca/Na)2, may
also be present for the low-intensity Alp(IV) site, as it is observed in between the Al.(IV) and Alc(IV)
sites, despite no indications on its CP characteristics are available from the present analysis and it is

only clearly seen in the very high-field MQMAS NMR spectrum (Figure 12).

Incorporation of alkalis in C-(A)-S-H phases. The principal alkali ions in Portland cements are Na*
and K" ions, which in C-S-H and C-(A)-S-H phases generally can serve as charge compensators either
in the interlayer of the C-S-H structure or at the surface of the particles.*?3%3*80 Charge deficit sites
originate mainly from the deprotonation of silanol groups (Si-OH) and the replacement of silicon by
aluminum in the bridging sites. In an alkali-free system, calcium plays the role of charge-balance,
whereas the C-S-H structure can be partly reorganized when alkali ions are present. The alkali ions
can replace the role of calcium for charge-balance, which leaves more Ca available for formation of
the principal CaO: layers, thereby resulting in shorter silicate chains, as evidenced from 2°Si NMR
along with investigations of phases present in the aqueous solution.??3!:48

In this study, the role of sodium on C-(A)-S-H phases, synthesized in NaOH solutions, is
examined by 2*Na NMR in a quantitative manner. 2*Na MAS NMR spectra of C-(A)-S-H samples
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with Al/Si = 0.10, different Ca/Si ratios and cured in 1.0 M NaOH for three months are shown in
Figure 14. All spectra are dominated by a broad, featureless centerband resonance in the range -3.8
ppm (Ca/Si = 0.8) to -1.6 ppm (Ca/Si = 1.6), however, an additional low-intensity peak is also
observed at roughly 5.5 ppm for samples with Ca/Si of 0.6 and 0.8. The dominating peak at -1.6 to -
3.8 ppm is ascribed to outer-sphere hydrated sodium ions ([Na(H20)x]"; x < 6) based on the similarity
in *Na chemical shift and peak shape with those observed by *Na NMR for outer-sphere complexes
produced from the interaction of 0.1 M NaOH solutions with silica, illite, and kaolinite.! However,
a more detailed structural assignment will require further experiments than conducted at the present
stage.

The quantities of sodium in the C-(A)-S-H samples is estimated by *Na NMR spin-counting,
using weighed samples and the central-transition intensity for pure samples of Na2CO3 and Na2SO4
as two independent intensity references. The 26 samples with different Ca/Si and Al/Si ratios and
cured in different solutions of NaOH have been analyzed by this >Na NMR approach (Tables S1 and
S2). These data are compared in Figure 15 with the quantities of Na derived from a direct method
combined with mass-balance calculations as described by L’Hopital et al.*! A convincing correlation
between the Na contents from the two methods is observed, thereby suggesting that both methods can
provide reliable values for the Na content in solid C-(A)-S-H samples. Linear correlation of the data

in Figure 15 gives the equation

Nanmr(Wt%) = (0.93 = 0.03) Nams(wt%) + (0.07 = 0.11) R = 0.981 (13)

which indicate slightly lower Na contents obtained by »Na NMR. The reason for this minor
discrepancy is presently not clarified.

The Na quantities derived from the 2*Na NMR spectra of the C-(A)-S-H samples with Ca/Si =
0.6 — 1.6, Al/Si =0.10 and cured in 1.0 M NaOH solution for the 3 months (Figure 14) are depicted
in Figure 16a and show a strong correlation with the Ca/Si ratio. For the C-(A)-S-H sample with Ca/Si
= 0.8, the Na content of 6.5 wt% corresponds to the molar ratio Na/Si = 0.40, assuming the 14-A
tobermorite composition for this sample. This ratio is slightly higher than the alkali/Si ratios
determined for similar C-(A)-S-H samples synthesized in 0.1 NaOH solutions from mass balance
calculations based on solutions concentrations,’! which may reflect the 10-fold higher NaOH
concentration used for the samples in Figure 16. The decrease in Na content with increasing Ca/Si
ratio may reflect the overlapping role of sodium and calcium in both the interlayer and at the surface
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of the C-(A)-S-H phase, which leads to a competitive behavior. Thus, the presence of higher aqueous
calcium concentrations will reduce the alkali uptake, as evidenced by the 2*Na NMR data (Figure
16a) and consistent with previous studies using mass-balance calculations and measurement of the
exchangeable cations.?!*® The quantity of Na for the Ca/Si = 1.6 sample is higher than expected,
which is attributed to the presence of portlandite (Ca(OH)2) in the solid sample, as detected by
thermogravimetric analysis for the actual sample (data not shown), since the formation of portlandite
consumes calcium ions and thereby enhances the uptake of Na* ions. Furthermore, the concentration
of alkali ions in the synthesis solution has an important impact on the alkali incorporation in C-(A)-
S-H. This is illustrated in Figure 16b by a positive relation between the NaOH concentration used in
the synthesis and the incorporated amount of sodium for the C-(A)-S-H samples with Ca/Si ratios of

0.8 and 1.0, a trend that is tentatively described by a Langmuir isotherm.

The effect of alkali ions on the Al uptake in C-(A)-S-H. Several studies have considered the
adsorption and incorporation of alkali ions in C-(A)-S-H phases®!*¢ with focus on the effect of the
alkali ions on the uptake of aluminum in the C-(A)-S-H structure. For example, for hydrated Portland
cement systems it has been shown that an increasing amount of alkalis in Portland cement promotes
the incorporation of AI(IV) in the bridging sites of the silicate structure’? whereas no clear correlations
between alkali concentration and Al uptake were reported in other investigations.?!#%83 Moreover,
other studies have found a decrease in the alkali content in the solid C-(A)-S-H phase with increasing
Al/(Si+Al) ratio at a given Ca/(Si+Al) ratio.”** Some of these ambiguities may reflect that more than
one mechanism is responsible for the incorporation of alkalis and aluminum and that these processes
are also dependent on the composition of the C-(A)-S-H phase. The latter hypothesis is examined in
the present work, utilizing that the different C-(A)-S-H phases can roughly be divided into two groups
depending on their average chain length on pure silicate tetrahedra (CLsi). This separation can also be
related to the Ca/Si ratios of the C-(A)-S-H samples, utilizing the well-known relationship between
average silicate chain length and Ca/Si ratio.'>?**4° Thus, dimer-based C-(A)-S-H phases
correspond to high Ca/Si ratios and those with longer chain lengths reflect C-(A)-S-H phases with
lower Ca/Si values. The first group has CLsi close to 3, corresponding to high-Ca/Si C-(A)-S-H phases
dominated by silicate dimers, whereas the second group has CLs;i in the range 4 — 6, representing
phases with longer silicate chains (e.g. pentameric and octameric units). The data for this division are
given in Tables S1 and S2, which also contain CLsi, Aliv/Si and Alv+vi/Si values and the Na contents
determined for the solid phases from »Na NMR and mass-balance calculations. Using these data,
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Figure 17 projects the Na content as a function of the AI(IV)/Si values for the two regimes and shows
a clear relationship between these measures for the C-(A)-S-H phases with high Ca/Si ratios
dominated by silicate dimers (average CLsi = 2.99) and no apparent correlation for the low-Ca/Si
phases with higher CLsi values (average CLsi=4.79). A distinction between the NaOH concentrations
of the synthesis solution (Figure 17a) and the specific Ca/Si ratios (Figure 17b) is also made, which
shows that the Na content in the C-(A)-S-H phases increases with increasing incorporation of Al(IV)
in the bridging sites for both studied NaOH concentrations for the dimer-based phases. Comparison
of the Na contents for fixed Ca/Si ratios reveals also an increase in the Na uptake with increasing
AI(IV) substitution levels for the dimer-based phases, as most clearly seen for the samples with Ca/Si
= 1.0 and 1.2 (Figure 17b). Thus, the data in Figure 17 indicates that alkali ions (Na") play an
important role on the AI(IV) uptake at high Ca/Si ratios, possibly for charge-balancing the deficits
from Si*" substitution by AI**. This is in agreement with the interpretation of the ??’Al NMR spectra,
where the Al.(IV) site is assigned to Al in a bridging site charge-balanced by Na* and including a
hydroxyl group based on its increasing intensity with increasing Ca/Si ratio (Figure 13) and sodium
content (Figure S10). However, this effect is not observed for the C-(A)-S-H phases with longer
chains (low Ca/Si ratio), implying that the Al(IV) uptake is subjected by different mechanisms
associated with the local structure of the C-(A)-S-H phase. Moreover, similar plots as depicted in
Figure 17 are shown using the Aliv+vi/Si ratios in Figure S11, which indicate increasing scatter
between the Na contents and Aliv+vi/Si as compared to the Aliv/Si ratios. This suggests that the alkali
ions have less influence on the incorporation of six-fold coordinated Al and thereby mainly affects
the uptake of AI(IV) in the bridging sites. Combining the results from Figures 16 and 17 suggests that
a higher fraction of alkalis are adsorbed to the C-(A)-S-H surface at low Ca/Si ratios, where an overall
higher uptake of Na is observed. However, a clear mechanism, describing the role of alkalis on the
incorporation of aluminum in C-(A)-S-H with different compositions is not obtained at the present
stage and further studies on this issue are in progress. Moreover, different mechanisms for the alkali
uptake is foreseen for C-S-H phases without and with aluminum incorporated, as indicated in on-
going *Na and ?°Si NMR studies of synthesized C-S-H and C-(A)-S-H samples.

Finally, the »*Na, ?’Al and *°Si NMR studies presented in this work propose somewhat
different C-(A)-S-H structures for the synthesized phases with low and high Ca/Si ratio. A sketch of
these structures and a summary of the 2’Al and 2°Si NMR resonance assignments are illustrated in

Figure 18.
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CONCLUSIONS
Cementitious calcium alumino-silicate hydrate, C-(A)-S-H, samples have been prepared with targeted
Ca/Si ratios in the range 0.6 — 1.6, Al/Si ratios of 0.05 - 0.2, and cured in 0.1, 0.5, or 1.0 M NaOH
solutions for 3 or 15 months. The samples have been analyzed by °Si and *Si{'H} CP/MAS NMR
(9.39 T), Na MAS NMR (14.09 T) and by *?’Al MAS and MQMAS NMR at 14.09 and 22.3 T.
From a determination of the 2°Si{'H} CP time constants, the cross-polarization time (7siun) and
the 'H rotating-frame relaxation time (Tﬂ,), the 2°Si NMR resonance at -87 ppm is assigned to a
second type of chain pairing site (lejb, Figure 18) rather than a bridging site interacting with a
neighboring bridging site via hydrogen bonding (site often denoted as Q%). The le)b site is proposed
to reflect pairing SiOs sites in between bridging tetrahedra in octameric or longer silicate chains. The
»Si NMR spectra have been simulated with this assignment and the restriction [/(Qp,) +
I(Qf)b)]/I(Q%) = 2, imposed by the dreierketten silicate structure in the defect tobermorite model. This
has provided measures for the average chain lengths of alumino-silicate and pure silicate tetrahedra
along with the Aliv/Si ratio, the latter based on the relative intensity for pairing sites with an aluminum
neighbor (i.e., Q%(lAlIV) ). The fractions of aluminum in tetrahedral, five-fold and octahedral
coordination, associated with the C-(A)-S-H phases, have been determined from the distinct
resonances for these environments in >’Al NMR spectra, allowing an independent determination of
the Al/Si ratio when combined with the synthesis composition and concentrations of Si and Al in the
filtrates from ion chromatography. Combining these data have revealed a quantitative 1:1 correlation
between Alv/Si from Si NMR and the AI(IV)/Si ratio from 2’Al NMR, demonstrating that the
Q%(lAlIV) resonance only reflects coupling to Al in tetrahedral coordination. This relation has been
assumed in several 2°Si NMR studies of aluminum-substituted C-S-H phases in the past, and it is
confirmed by the 1:1 correlation reported here. However, consideration of the sum of Al(IV) and
Al(V) in the correlation with the Aliv/Si ratios from 2°Si NMR gives nearly the same result. This
reflects the generally low fraction of five-fold coordinated Al (below 10%) and the uncertainties
associated with the Aliv/Si ratio from *°Si NMR. Thus, it cannot be excluded that five-fold
coordinated Al is also present in the bridging sites of the silicate chain structure. A recent theoretical
and experimental NMR study has suggested that six-fold Al is also present in the bridging sites of the
silicate chain structure, resulting in a Qp (1Aly;) resonance a -77 ppm in the *’Si NMR spectra.”
Indications of this resonance is seen in a ??Si NMR spectrum of a white Portland cement hydrated for
11Y years. Although, this resonance is not clearly resolved in the 2°Si NMR spectra of the C-(A)-S-
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H samples, it has been included in the simulation approach, using the relative intensities for the AI(IV)
and Al(VI) resonances observed by 2?Al NMR to constrain the intensity for the a Qf)(lAlVI) peak.
Satisfactory simulations have been achieved by this approach, supporting the results of Kunhi
Mohamed et al.*® and providing new measures for the Aliv+vi/Si ratios and average aluminosilicate
chains lengths (CLjy4y;) for the studied C-(A)-S-H phases.

The ?’Al MQMAS and MAS NMR spectra obtained at very high magnetic field have shown
the presence of at least four distinct AI(IV) sites, which presence and intensity depend on the Ca/Si
ratio of the C-(A)-S-H structure. Their 2’Al chemical shifts vary from 61 to 76 ppm with a clear
change to higher frequency with increasing Ca/Si ratio. These differences are ascribed to interactions
with non-bonded Ca** ions and sodium ions in the interlayer structure of the C-(A)-S-H phase, and
an assignment for the three most prominent AI(IV) sites is proposed (Figure 18).

The uptake of alkali ions has been studied quantitatively by 2?Na NMR, which reveals that the
amount of sodium associated with the C-(A)-S-H phase decreases with increasing Ca/Si ratio. Sodium
is either adsorbed to the C-(A)-S-H surface or present in the interlayer regions. At both places
competition with Ca** ions may occur, accounting for the reduction in alkali uptake when the aqueous
calcium concentration is increased at higher Ca/Si ratio. The studied C-(A)-S-H samples fall in groups
with short average silicate chains (CLsi = 2.84 — 3.13) and longer pure silicate chains (CLsi= 3.73 —
5.82), roughly corresponding to samples with high and low Ca/Si ratios, respectively. A clear
correlation between the Na content and the Alrv/Si ratio from 2’Al NMR is observed for the group of
samples with low Si values (i.e., high-Ca/Si C-(A)-S-H), whereas no relationship is found for the
samples with long chain lengths corresponding to low-Ca/Si C-(A)-S-H. Thus, the alkalis may
charge-balance the aluminum for silicon substitution in the bridging sites of the C-(A)-S-H samples
with high Ca/Si ratio and thereby facilitate the uptake of aluminum. Finally, it is noted that clear
relationships between the appearance of the *Na resonances (line broadening and chemical shift) and
the structure/composition of the C-(A)-S-H phases are presently not available. This may reflect the
hydrated environment for the Na" ions and calls for further 2?Na NMR studies of the interaction and
uptake of alkali ions in C-S-H and C-(A)-S-H phases.

The present work illustrates that detailed information about the structure and composition of C-
(A)-S-H phases can be achieved from **Na, 2’Al and ?Si NMR experiments. These methods may also
be applicable to other amorphous systems or minerals where aluminum and silicon are major building
blocks. 2’Al and °Si NMR are in general well-established techniques in studies of C-(A)-S-H phases
and Portland cement systems, whereas further research is needed for >Na NMR to bring this approach
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to the same information level. This includes studies of the hydration state of sodium in different
environments and experiments that attempt to locate the Na" ions in the interlayer of the C-(A)-S-H
phase or on its surface. In this context, ’Na-**Na and heteronuclear correlation (e.g. »*Na — »Si)
NMR experiments may be particularly useful. Finally, it is foreseen that implementation of
heteronuclear NMR experiments for 2’Al — 2°Si distance measurements may provide further details
on the exact location of Al in the aluminosilicate chains of C-(A)-S-H and potentially in the vicinity

thereof.
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Tables

Table 1. Average 2°Si Chemical Shifts (Ss;), Chemical-Shift Ranges and Linewidths (FWHM) for
the 2°Si Sites used in the Simulations of the 2°Si MAS NMR Spectra for the C-(A)-S-H samples.2

Qi site 8, 8; range FWHM® FWHM range
(ppm) (ppm) (ppm) (ppm)
Ql -78.4 -78.3t0 -78.6 2.41 21-27
Q3 (1Aly) -80.8 -80.80 t0 -80.9 2.10 2.10
Q% -82.2 -81.8t0 -82.6 2.57 22-29
%a -84.3 -84.1to -84.6 2.00 19-21
Qf,b -86.7 -86.5 10 -86.9 3.00 3.00

¢ Values for simulation of the ??Si NMR spectra for the C-(A)-S-H samples with Ca/Si= 0.6 — 1.6,
Al/S1=0.10 and in 1.0 M NaOH solutions for 3 months. (c.f., Figure 3 and Figure S1).
® Averages of the 8g; and FWHM values used in the simulations of the six 2°Si NMR spectra.

Table 2. Relative Intensities for the Different Silicate Sites from Simulations of 2°Si NMR Spectra
along with the Ali/Si Ratios, Average Pure Silicate Chain Lengths (CLsi) and Alumino-Silicate Chain
Lengths (CL,y) Calculated from these Intensities.

C-(A-S-H* Qb Q31D Q% 2a Q%  Alv/Si®  CLs¢  CLy*
R o e o)

0.6 15.9 174 21.7 34.1 10.9 0.087 6.01 13.64
0.8 24.3 16.8 19.8 31.7 7.4 0.084 4.87 8.94
1.0 33.3 15.1 17.4 34.2 - 0.076 4.13 6.46
1.2 50.0 12.6 12.4 25.0 - 0.063 3.19 4.25
14 54.4 10.0 12.0 23.6 - 0.050 3.11 3.86
1.6 59.0 14.0 9.0 18.0 - 0.070 2.74 3.63

% C-(A)-S-H samples synthesized with Al/Si=0.10, in 1.0 M NaOH solutions for three months.
b Aliv/Si ratios calculated from the Q7 intensities using Eq. (3). The estimated error limits are +
0.010.

¢ Average chain lengths calculated from the Qj intensities using Eqgs. (1) and (2). The estimated
error limits are + 0.15.
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Table 3. The Tsin and Tf,l) Time Constants Determined from Simulations of the Intensities in Variable-
Contact Time *’Si{'H} CP/MAS NMR Experiments for the C-(A)-S-H Sample Synthesized with
Ca/Si=0.8 and Al/Si=0.10 in 1.0 M NaOH Solutions for 3 months®

Q° Q! Q%(1Aly) Q ba Qb
S (ppm)b -76.0 -79.0 -81.8 -83.65 -84.20 -87.30
Ts(ms) 022£0.03 026004 041+0.04 1.05+0.10 0.46+0.04 0.44=0.05
10.6 +1.1 94+1.1 150+1.6 59 £ 29 10.1 £ 0.8 11.3+£1.3

T{}, (ms)

?Determined from three-parameter fits to Eq. (4). The simulated CP curves are shown in Figures 5

and S3.

b 298i chemical shifts used as fixed parameters in the simulations of the *’Si{'H} CP/MAS NMR

spectra (Figure S2).

Table 4. Fractions of Al(IV), Al(V) and Al(VI) from 2’Al NMR and Calculated Alw/Si Ratios of the
C-(A)-S-H phases

C-(A)-S-H2 AIIV) Al(V)  Al(VI) AI(VI)P AI(VI)P Al/Sic  Al/Si
Ca/Si (%) (%) (%) o phases %) 5.0ppm (@) PUK-1C ZAINMR
0.6 90.1 0 9.9 9.9 0 0.099 0.089
0.8 96.4 0 3.6 3.6 0 0.086 0.083
1.0 81.0 3.5 15.5 6.6 8.9 0.090 0.073
1.2 64.7 7.8 275 4.8 22.7 0.095 0.062
1.4 50.4 8.0 41.6 14.6 27.0 0.098 0.049
1.6 70.2 3.5 26.3 14.0 12.3 0.099 0.069

4 C-(A)-S-H samples synthesized with Al/Si=0.10, in 1.0 M NaOH solutions for three months.

bFraction of A1(VI) split into the contributions from the secondary phases and Al(VI) associated
with the C-(A)-S-H phase (5.0 ppm resonance).

“‘Bulk Al/Si ratio determined from mass balance calculations using the Al and Si concentrations in

the filtrates from ion chromatography.
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Table 5. Relative Intensities for the Different Silicate Sites from Simulations of 2°Si NMR Spectra

considering the incorporation of Al(1V) as well as Al(V1) in the Silicate Chain Structure.?

C-(A-S-H 21Aly) Q' Q3(1ALy) @} 2. Q% Alvawi/Si  CLsit  CLyyyvi
G ) o o ) o
0.6 - 15.9 17.4 217 34.1 10.9 0.087 6.01 13.67
0.8 - 24.3 16.8 198 31.7 7.4 0.084 4.87 8.93
1.0 1.6 32.4 14.9 17.2 339 - 0.083 4.09 6.68
1.2 4.4 46.1 12.7 12.2 24.6 - 0.086 3.16 4.71
14 5.3 49.6 9.9 11.8 234 - 0.076 3.09 4.34
1.6 2.4 56.6 14.0 9.0 18.0 - 0.082 2.74 3.82

@ Al/Si ratios, Aliv+vi/Si, calculated from the Q] intensities using Eq. (7); the estimated error limits

are + 0.010. Average chain lengths, CLsi* and CL;yy;, calculated from the Q! intensities using Egs.

(8) and (7); the estimated error limits are + 0.15.

b C-(A)-S-H samples synthesized with Al/Si= 0.10, in 1.0 M NaOH solutions for three months.

¢ Results assuming that the -77 ppm resonance is assigned to a Q%(lAlVI) site and that the
intensities of the Q%(lAlVI) and Q%(lAllv) sites follow that intensity ratio of AI(IV) and AI(VI)sppm
observed in the 2’Al NMR spectra (Table 4).
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Table 6. >’Al Isotropic Chemical Shifts (8;s,) and Quadrupolar Product Parameters (Pq) for Distinct
Tetrahedral AI(IV) Sites from 2?A1 MQMAS and MAS NMR spectra (14.1 and 22.3 T) of C-(A)-S-H
Phases Synthesized with Ca/Si= 0.6 and 1.0 and Al/Si = 0.15.

8ET (ppm)? 85 (ppm)? 8iso (PPM) Pq (MHz)

141T 223T 14171 223T
Ala(1\V)P -42.31 -42.39 74.55 75.36 76.4 +0.2 28+04
Alb(IV) -39.44 69.22 70.9+0.4 42%0.6
Al(IV)>  -37.50  -37.37 65.73 66.07 67.420.3 2.8+0.4
Alg(IV)° 60.56 61.28 61.8+ 0.4 22%05

“ Centers of gravity in the isotropic (8$) and anisotropic (8%5) dimensions of the Al MQMAS NMR
spectra.

b Values determined from the 2?A1 MQMAS spectra in Figure 12 for the Ca/Si = 1.0 sample.

¢ Value estimated from 2’Al MAS NMR spectra of the Ca/Si = 0.6 C-(A)-S-H sample (Figure 11).
The center of gravity of the central transition in single-pulse 2’Al NMR spectra matches the value for
8% in Eq. (12).
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Figures
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Figure 1. ?Si MAS NMR (9.39 T, vr = 10.0 kHz) and ?’Al MAS NMR (14.09 T, vr = 13.0 kHz)
spectra of synthesized C-(A)-S-H samples with Ca/Si = 0.8, Al/Si ratios of 0.05 — 0.20 and cured for
three months in 0.1 — 1.0 M NaOH solutions. The asterisks denote spinning sidebands in the 2’Al
NMR spectra.
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Figure 2. Schematic illustration of the C-(A)-S-H structure based on a defect-tobermorite model and
focusing on the local environments for the different silicate species and tetrahedrally coordinated
aluminum. The five-fold and octahedrally coordinated Al species associated with the C-(A)-S-H

structure, as well as water molecules and hydroxyl groups, are not included in this structural sketch.
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Figure 3. Si MAS NMR spectra (9.39 T, vr = 10.0 kHz, black lines) of the C-(A)-S-H samples with
Ca/Si= 0.6 and 0.8, Al/Si=0.10, and cured in 1.0 M NaOH solution for three months. Least-squares
optimized simulations (red lines) corresponding to the sum of individual peaks shown by the dashed

lines and resulting in the parameters listed in Table 2. Difference plots are shown below the

simulations of the individual peaks.
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Figure 4. Si{*H} CP/MAS NMR spectra (9.39 T, vr = 4.0 kHz) for the C-(A)-S-H sample with
Ca/Si=0.8, Al/Si =0.10, and cured in 1.0 M NaOH solution for three months, acquired at CP contact

times in the range tcp = 0.05 — 8.0 ms.
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Figure 5. °Si NMR intensities (Mx(tcp)) as a function of the contact time (tcp) from simulations of
the °Si{'H} CP/MAS NMR spectra in Figure 4 for the bridging site (Q3) and the pairing site with
*’Si chemical shifts of -84.3 ppm (Q3,) and -86.7 ppm (Qpy,). The red curves illustrate the results of
least-squares fitting using Eq. (4), corresponding to the values for the 7siz and Tﬂ, time constants

listed for the individual Si sites in Table 3.
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Figure 6. 2’Al MAS NMR spectra (14.09 T) for the C-(A)-S-H samples with Ca/Si=0.6 — 1.6, Al/Si
=0.10 and cured in 1.0 M NaOH solutions for three months. The fraction of aluminum incorporated
in the AI(IV), Al(V) and AI(VI) coordination states are determined from these spectra and

summarized in Table 4.
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Figure 7. Al/Si ratios from 2°Si NMR (Eq. (3)) as a function of the (a) AI(IV)/Si, (b) [AI(IV) +
Al(V)]/Si, (c) [AI(IV) + AI(VI)]/Si, and (d) [AI(IV) + Al(V) + AI(VI)]/Si ratios from >’Al NMR for
the C-(A)-S-H phases synthesized with an initial ratio Al/Si = 0.10, Ca/Si ratios in the range 0.6 — 1.6
(indicated), and in 1.0 M NaOH solutions for three months. AI(VI) considers only the octahedrally

coordinated Al in the 5.0 ppm resonance (c.f. Table 4). The red dashed lines indicate 1:1 correlations.
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Figure 8. Al/Si ratios from 2°Si NMR as a function of the (a) AI(IV)/Si and (b) [AI(IV) + Al(V)]/Si
ratios from 2’Al NMR for 32 different C-(A)-S-H phases synthesized with Ca/Si ratios in the range
0.6 — 1.6, initial Al/Si ratios 0.05 - 0.20, and in 0.5 or 1.0 M NaOH solutions for three or 15 months.

The red dashed lines indicate 1:1 correlations.
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Figure 9. Si MAS NMR spectra (9.39 T, vk = 10.0 kHz, black lines) of the C-(A)-S-H samples with
Ca/Si = 1.2 and 1.4, Al/Siinit = 0.10, and cured in 1.0 M NaOH solution for three months. Least-
squares simulations (red lines) corresponding to the sum of individual peaks shown by the dashed
lines and using restricted intensities for the Q%(lAlVI) and Q%(lAlIV) sites at -77.0 ppm and -80.8
ppm, respectively, following the corresponding intensities observed by *’Al NMR (Table 4). The
intensities for the different silicate sites are listed in Table 5. Difference plots are shown below the
simulations of the individual peaks.
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Figure 10. >’Al MAS (14.09 T, vr = 13.0 kHz) and 2°Si MAS (9.39 T, vr = 10.0 kHz) spectra of a
white Portland cement hydrated for 11%; years. A simulation of the octahedral region of the 2’ A1 NMR
spectrum is shown in Figure S6 and additional simulations of the 2°Si NMR spectrum is given in

Figure S7.
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Figure 11. A1 MAS (black) and ?’Al1{'H} CP/MAS (red) NMR spectra recorded at 22.3 T (vr = 20

kHz) for the C-(A)-S-H samples with Ca/Si = 0.6, 0.8, 1.0, 1.2, 1.4, Al/Si=0.15 and cured in 1.0 M

NaOH for three months. The intensity is normalized based on the resonance at = 75 ppm.
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Figure 12. Contour plots of 2?A1 MQMAS NMR spectra recorded at 14.09 T (vr = 13.0 kHz) and
22.3 T (vr =25.0 kHz) with sum projections in both dimensions for the C-(A)-S-H sample with Ca/Si
of 1.0, Al/Si = 0.15 and equilibrated in 1.0 M NaOH solution for 15 months. The pure chemical shift
direction (i.e., Po=0) is indicated by dashed lines.
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Figure 13. Relative 2’ Al NMR intensities for the different Al(IV) sites as a function of the Ca/Si ratio
for the C-(A)-S-H samples with Al/Si = 0.15 and cured in 1.0 M NaOH for three months. The
intensities are derived from simulations of the very high field ?’Al NMR spectra in Figure 11 (c.f.,

Figure S9) and summarized in Table S3.
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Figure 14. 2Na MAS NMR spectra (14.09 T, vr = 12.0 kHz) of the C-(A)-S-H samples with Ca/Si
=0.6-1.6, Al/Si=0.10 and cured in 1.0 M NaOH solution for the 3 months.
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Figure 15. Na contents (wt%) in C-(A)-S-H samples determined by >*Na MAS NMR (spin-counting
and central-transition intensities) as function of the quantities of Na in the solid phases derived from
ion chromatography analysis of the solutions combined with mass balance calculations. The red

dashed line shows the 1:1 correlation. The data from the two methods are summarized in Tables S1

and S2.
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Figure 16. (a) Na contents (wt%) determined by >*Na MAS NMR as a function of the Ca/Si ratio for
the C-(A)-S-H samples studied in Figure 14. (b) Na contents (wt%) for the C-(A)-S-H samples
prepared with Ca/Si = 0.8 (black squares) or Ca/Si = 1.0 (red squares) and Al/Si = 0.10 in NaOH

solutions of different concentrations for three months.
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Figure 17. The Na contents in C-(A)-S-H samples from 2*Na NMR as function of the Aliv/Si ratios
determined by 2?Al NMR separated into two groups corresponding to average pure silicate chain
lengths in the ranges 2.74 — 3.13 (<CLsi > = 2.99; high-Ca/Si C-(A)-S-H) and 3.73 — 6.00 (<CLs; > =
4.79; low-Ca/Si C-(A)-S-H). The graphs in part (a) highlight the dependencies of the NaOH solution

concentration whereas part (b) discriminates between different Ca/Si ratios. The data are summarized
in Tables S1 and S2.
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Figure 18. Schematic illustration of the proposed C-(A)-S-H structures with low and high Ca/Si ratios
based on a defect-tobermorite model and the *Na, 2’Al and 2°Si NMR experiments conducted in this
work. The proposed assignments for the different silicate sites and aluminum sites to the reported >Si
(Table 1) and ?’Al (Table 6) chemical shifts are also given. Al.(IV): charge-balanced by Na* and H';
Al(IV): by %Ca*" ion and H'; Ala(IV): by Ca®" ions or a combination of Ca®>" and Na* ions.
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