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ABSTRACT: Efforts to tune the bulk physical properties of concrete are hindered by a lack of knowledge related to the atomic-
level structure and growth of calcium silicate hydrate phases, which form about 50-60% by volume of cement paste. Here we de-
scribe the first synthesis of compositionally uniform calcium silicate hydrate phases with Ca:Si ratios tunable between 1.0 and 2.0. 
The calcium silicate hydrate synthesized here does not contain a secondary Ca(OH)2 phase, even in samples with Ca:Si ratios above 
1.6, which is unprecedented for synthetic calcium silicate hydrate systems. We then solve the atomic-level three-dimensional struc-
ture of these materials using dynamic nuclear polarization enhanced 1H and 29Si nuclear magnetic resonance experiments in com-
bination with atomistic simulations and density functional theory chemical shift calculations. We discover that bridging interlayer 
calcium ions are the defining structural characteristic of single-phase cementitious calcium silicate hydrate, inducing the strong hy-
drogen bonding that is responsible for stabilizing the structure at high Ca:Si ratios.

INTRODUCTION 
Calcium silicate hydrate (C-S-H) is the primary binding 
component of concrete, forming about 50-60% by volume of 
hardened cement paste and making it one of the most com-
mon substances of the modern world.  Because of its ubiqui-
ty, it is surprising that a complete description of its atomic-
level structure remains the subject of debate1,2, and conse-
quently its structure-property relationships are not well 
known. This makes it difficult to engineer C-S-H not only for 
its primary uses in construction, in which high reactivity and 
strength at low carbon footprints are desirable, but also for 
emerging applications such as dental filling and bone re-
pair,3,4 which require biocompatibility; waste water treat-
ment,5,6 which requires high specific surface areas; and en-
casement of nuclear waste,7 which requires high structural 
integrity in the presence of significant radionuclide concen-
trations. 
For Portland cements the precipitation of C-S-H occurs in 
conjunction with the precipitation of other material phases 
such as crystalline Ca(OH)2, ettringite, and CaCO3.8,9  The 
C-S-H phases are known to be rich in calcium, with Ca:Si 
ratios exceeding 1.75 at early stages of hardening.10  In con-
trast, synthetic C-S-H with Ca:Si ratios above ~1.5 are often 
observed in coexistence with a Ca(OH)2 phase.  Because of 
an inability to synthesize pure C-S-H with Ca:Si ratios above 
1.5, many researchers believe that Ca-rich C-S-H systems 
are intrinsically a binary mixture of a chemically disordered 

single phase C-S-H material. In such a case, one phase con-
sists of a “proper” C-S-H phase, with a layered silicate chain 
structure related to that of the naturally occurring calcium 
silicate hydrate mineral tobermorite and limited to Ca:Si 
ratios around 1.6.  The other phase consists of nanocrystal-
line Ca(OH)2, which is thought to occur in bulk form occu-
pying pores in the proper C-S-H phase or as chemically dis-
tinct ribbons or sheets interwoven within the C-S-H structure 
itself.11–15  This interpretation has the support of thermody-
namic and solubility data analyzing a multitude of C-S-H 
systems.16 Furthermore, in spite of a vast amount of experi-
mental data yielding partial characterization, the positions of 
the calcium atoms in the interlayer, which are the essential 
aspects of high Ca:Si ratios in C-S-H, remain undefined. 
Thermodynamic modeling and crystal chemical reasoning 
have been applied to propose complete C-S-H structural 
models at Ca:Si ratios greater than 1.5,15 but for these com-
positions the focus has been on the binary C-S-H/Ca(OH)2 
representation, for which experimental validation is ongo-
ing.17 
Here we introduce a method which achieves the synthesis of 
C-S-H possessing Ca:Si ratios between 1.0 and 2.0, main-
taining a single phase composition even for C-S-H whose 
Ca:Si ratio exceeds 1.6.  Aqueous calcium nitrate and sodi-
um silicate solutions are reacted under conditions of high 
supersaturation and constant pH, the latter of which is set by 
the addition of a predetermined amount of alkali hydroxide. 
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The production of a single phase composition at such Ca:Si 
ratios has not been achieved using conventional methods for 
C-S-H synthesis18–22 relying on combinations of  dissolution 
and direct precipitation23–25 reactions that operate at either 
lower supersaturation or uncontrolled pH conditions.  We 
also use {1H}29Si cross-polarization (CP) MAS NMR to 
measure populations of Q species, the connectivity between 
those species, and correlations between 29Si and 1H chemical 
shifts of the single-phase C-S-H produced using our rapid 
precipitation method.  The greatest drawback of 29Si solid-
state NMR is its low sensitivity, which we circumvent by 
using modern dynamic nuclear polarization (DNP) strate-
gies26–28 that have been recently used to study the hydration 
of cementitious systems with tremendous success.29 The Q 
species information allows us to quantify the extent of silicate 
polymerization in the structure.  Finally, we use atomistic 
modeling to establish a connection between the measured 1H 
chemical shifts and the atomic-level position of calcium at-
oms in the interlayer, allowing us to solve the three-
dimensional atomic-level structure of synthetic cementitious 
C-S-H. 

METHODS 
Synthesis: pH governs the type of silicates species available for 
precipitation of C-S-H. The Ca:Si ratio attained in the solid 
phase was found to depend on the pH of the solution. Ther-
modynamic modeling30,31 also predicts that Ca:Si ratios 
above 1.5 can only be produced under high pH conditions, 
as occurs in the hydration of real Portland cement systems, in 
order to ensure that the electrostatically stable monomeric 
SiO2(OH)22- species remains in abundance at high supersatu-
ration and rapid precipitation conditions.  
To maintain the desired supersaturation, pH, and mixing 
conditions, and to avoid carbonation, we developed a syn-
thetic apparatus for controlling the reaction conditions to the 
degree of precision required, aided by real-time acquisition 
of kinetic data such as Ca2+ ion concentration, pH and con-
ductivity.  Details regarding its construction are given in the 
Supporting Information section II. 
All reaction solutions were prepared in decarbonized, de-
mineralized ultrapure water. The reaction chamber was kept 
under an inert nitrogen atmosphere in order to prevent car-
bonation. C-S-H precipitates were collected after a duration 
of 3 hours and again after 24 hours.  The products were sep-
arated from mother liquor using vacuum filtration over a 20 
nm organic filter and later washed with ethanol and water to 
remove salts and unwanted ions from the surfaces of C-S-H. 
We produced five different C-S-H powders with nominal 
Ca:Si ratios of 1.0, 1.25, 1.5, 1.75 and 2.0. The precise ex-
perimental conditions for the precipitation of the different 
stoichiometry of the C-S-H were determined using thermo-
dynamic modelling,30,32 with the exclusion of calcium hy-
droxide, as there was no experimental evidence for its for-
mation.  Additional details are given in Section IV of the SI. 
Dynamic nuclear polarization: DNP solid-state NMR experi-
ments were carried out on the aqueous suspensions of freshly 
prepared C-S-H nanoparticles with added impregnation 
agent and were not dried.  The impregnation agent used was 
22 mM AMUPol in 65:35 v:v d8-glycerol:D2O, which was 
purged of dissolved oxygen by bubbling with N2 gas for 
roughly five minutes.  The addition of the radical polarizing 

agent further dilutes the samples by about 20%, but simple 
drying steps to increase the concentration of C-S-H led to 
sample deterioration (SI section VI).  About 25 mg of the 
impregnated gels were worked into a 3.2 mm OD sapphire 
rotor and plugged with a PTFE insert.  The drive caps were 
zirconia. The DNP enhanced NMR experiments were car-
ried out at a nominal field strength of 9.4 T using a commer-
cial Bruker AV I 400 MHz/263 GHz DNP NMR spectrom-
eter.33 The samples were rapidly transferred into the stator of 
the NMR probe which was pre-cooled to 100 K to promote 
glass formation. Proton DNP enhancements were found to 
exceed 35 for all samples. 
High resolution electron microscopy: HRSEM micrographs were 
obtained by coating the samples with 6 nm of osmium (gas 
phase coating). The metallization reduces charging and pro-
vides enhanced image contrast. High resolution SEM analy-
sis was performed on a Zeiss Merlin, equipped with the 
GEMINI II column which combines ultra-fast analytics with 
high resolution imaging using advanced detection modes. 
Osmium coated samples were analyzed with acceleration 
voltage of 1 kV with probing current of 300 nA. On-axis in-
lens secondary electron detection mode was employed for 
imaging. The instrument provides up to 0.6 nm resolution in 
STEM mode. In TEM mode, the samples were imaged at 
room temperature using a Tecnai F20 (FEI, The Nether-
lands) operating at an acceleration voltage of 100kV LaB6 
gun with a line resolution of 0.34 nm, with images being 
recorded on a high sensitivity 4k x 4k pixel CCD camera. 
For SEM and TEM analysis, 50 mg of sample was dispersed 
in 40 mL of isopropanol. A drop of the suspended liquid was 
allowed to dry on a copper grid (200 mesh grids). The copper 
grids were glow discharged prior to sample disposition. 
FTIR: Freshly prepared samples were analyzed with a Perki-
nElmer FT-IR spectrometer, with a resolution of 0.5 cm–1 to 
64 cm–1. Wavelength accuracy was about 0.1 cm–1 at 1600 
cm–1. FTIR measurements were performed with an attenu-
ated total reflectance (ATR) unit and data was recoded and 
processed using Spectrum One software. The ATR unit in-
cluded a diamond crystal and a clamp for pressing solid ma-
terials onto the crystal with constant pressure. The transmit-
tance results of 256 scans were recorded between 4000 and 
450 cm–1, with individual measurements taken every 2 cm–1. 
For the solid gels, air was used as the background. 
Raman: Non-invasive Raman microscopy was carried out 
using a Renishaw inVia Reflex spectrometer equipped with a 
785 nm diode laser.  The power delivered to the sample was 
164 mW at a full power specification.  The grating size was 
1200 lines/mm with an edge filter for Rayleigh rejection.  
Ca(OH)2 and CaCO3 standards were measured at 5% power 
with a single 10 s accumulation period. Freshly prepared C-
S-H was measured with multiple accumulation periods, each 
of 13 s exposure. 
MD: Classical molecular dynamics simulation with force field 
potentials were used to test the structural stability of the pro-
posed structures. The force field parameters used are known 
to describe well cementitious material systems.34 Simulations 
were done in a constant pressure ensemble at 300 K and a 
time step of 0.7 fs using Velocity Verlet integration algo-
rithms implemented in DLPOLY.35  Ewald summation was 
used to take into account the long range forces above a cutoff 
distance of 8.5 Å. 
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Figure 1. Structural elements of C-S-H. (A) High-resolution TEM image of pure C-S-H with Ca:Si ratio of 2.00, showing its “nanofoil” 
morphology. (B) Fourier transform IR spectroscopy showed no evidence of phases other than the C-S-H, including Ca(OH)2. (C) Compari-
son of Raman spectra of Ca(OH)2 (green), CaCO3 (blue), a sample of C-S-H with Ca:Si = 2.0 after 4 scans (lower black), and a sample of 
C-S-H with Ca:Si = 2.0 after 78 scans (upper black). (C) Chain topology in the layered 14 Å tobermorite (Ca:Si = 0.83). (D) Defective and 
short dreierketten chains in C-S-H, showing two dimers (n = 0) and one pentamer (n = 1). 

NMR shift calculations: Atomic positions and unit cell parame-
ters were optimized as described in the SI section XII. The 
chemical shielding !"#$" was calculated using the generalized 
gradient approximation (GGA) functional PBE36 within the 
Quantum Espresso code37  and the GIPAW method.38 In 
every calculation a plane-wave maximum cutoff energy of 80 
Ry, and a Monkhorst-Pack grid of k-points39 corresponding 
to 0.03 Å-1 - 0.04 Å-1 in reciprocal space was employed. The 
chemical shielding was converted into calculated chemical 
shifts %"#$" by the relation %"#$" = !'() −	!"#$", with the 
value of !'() determined by a linear regression between the 
calculated and experimental values for the calcium hydrox-
ide structure (1H chemical shifts) and the unperturbed to-
bermorite structure40 (29Si chemical shifts). 

RESULTS AND DISCUSSION 
Morphology 
Two typical morphologies were seen by electron microscopy: 
“nanoglobules”, for the Ca:Si ratio of 1.00; and “nanofoils”, 

for Ca:Si ratios ≥ 1.25, which is the morphology shown in 
Figure 1A. The foil morphology is very similar to morpholo-
gies for C-S-H seen in Portland cement systems with high 
alkaline contents.32,41 Thicknesses of the foil-like structures 
are generally between 6 nm and 10 nm.   The pure phase C-
S-H systems were all shown by high-resolution analytical 
transmission electron microscopy (TEM) to be uniform for 
Ca:Si ratios between 1.0 and 2.0 at less than a 9 nm2 pixel 
size.  This is also supported by X-ray diffraction (XRD) and 
scanning TEM with energy dispersive X-ray analysis 
(STEM-EDX), as described in the SI section V. No second-
ary phases such as Ca(OH)2 were detected by IR or thermo-
gravimetric analysis (TGA), as shown in Figure 1B; however, 
long exposure of C-S-H sample to open air (for example in 
TGA or XRD analysis) does eventually lead to the formation 
of CaCO3.  This phenomenon manifests well in the Raman 
spectra of Figure 1C, showing that CaCO3 forms during 
prolonged measurements in air, whereas the signature of 
Ca(OH)2 is never observed regardless of measurement dura-
tion. z-potential measurements on the samples
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Figure 2. One- and two- dimensional DNP enhanced 29Si CP MAS spectra of C-S-H samples for quantification of silicate chain 
distributions. (A) 1D spectra across the compositional series. (B) Experimental 2D refocused INADEQUATE spectra for three of the 
C-S-H compositions studied (the spectra have been sheared to produce a COSY-like representation). Contours are drawn in 10% 
intervals beginning at 5% of the maximum signal intensity. 
 
show negative potential surfaces indicating that calcium does 
not reside at the surface but is incorporated into the particles. 
 
Characterization by DNP NMR 
C-S-H is a poorly ordered material, making atomic level 
structural determination using conventional X-ray and neu-
tron diffraction methods challenging, especially for non-dried 
samples. Solid-state magic-angle spinning (MAS) NMR is a 
powerful method for studying disordered systems, and has 
been extensively used to study the molecular structure of C-
S-H and related mineral phases.42 Previous 29Si MAS 
NMR40,43–47 and diffraction studies, often on dried materials, 
have established that the silicate chains in C-S-H are ar-
ranged according to the “dreierketten” model,44,46,48,49 which 
specifies a repeating unit for the chains comprised of a bridg-
ing-type Q(2b) silicate tetrahedron flanked by pairing-type 
Q(2p) silicate tetrahedrons, highlighted in the tobermorite 
structure shown in Figure 1D.  The silicate chains are 
flanked by a calcium oxide layer and a hydrous interlayer. 
Each silicate tetrahedron shares two O atoms with other 
silicate tetrahedrons and on this basis are both classified as 
Q(2) species.  The pairing-type Q(2p) species direct the other 
two O atoms toward the main calcium layer whereas the 
bridging-type Q(2b) species direct them toward the hydrous 
interlayer.  Defects occur through the removal of a Q(2b) SiO2 
unit, breaking up the idealized infinite silicate chains of to-
bermorite into finite segments consisting of (3n+2) silicate 
tetrahedrons, as illustrated in Figure 1E.  The segments are 
terminated by Q(1) silicate species.  The interlayer calcium 
and water present in the original 14 Å tobermorite are CaI 
and H2O respectively whereas the CaB, CaA and OHI are 
only present in the defective structures. CaB sites replace 
bridging silicate tetrahedrons, CaA sites are additional calci-
um atoms in the interlayer, and OHI are additional hydroxyl 
groups in the interlayer to charge compensate the additional 
Ca ions needed to reach high Ca:Si ratios.  Silicate dimers (n 
= 0) have been observed by {29Si}29Si correlation NMR ex-
periments to be the dominant species for systems with Ca:Si 
~ 1.5, both for synthetic C-S-H systems and during the ini-
tial formation of C-S-H in hydrating tricalcium silicate.46,50  
To overcome the low sensitivity of 29Si MAS NMR at natu-
ral isotopic abundance we use modern DNP strategies.26–28  
DNP is based on the transfer of large unpaired electron spin 
polarization to nearby protons by saturation of the electron 

spin transitions with microwaves, followed by CP transfer of 
the enhanced polarization to the 29Si nuclei. The electron 
polarization is provided here by the organic biradical 
AMUPol51 that is added to the wet C-S-H as a minimal 
amount of d8-glycerol/D2O solution before the NMR sample 
is rapidly cooled to 100 K for the experiments.28,52–54  The 
cryogenic temperatures are required to maximize the sensi-
tivity enhancements by DNP, but are also important here to 
quench proton exchange and prevent the C-S-H from de-
grading during the experiments.  Efficient DNP occurs only 
for those parts of the sample that have successfully passed 
through the glass transition. We also note that pore water is 
susceptible to glass formation when rapidly inserted into the 
pre-cooled NMR probe even without the addition of a glass-
ing agent such as glycerol.55 We therefore do not expect the 
C-S-H structure to be disrupted by our experimental condi-
tions; furthermore, even if pore water does crystallize in parts 
of the sample, inefficient DNP will suppress the NMR signal 
from these regions. 
The polarizing agent contains labile deuterons, which can 
lead to the formation of calcium silicate deuterate through 
isotope exchange.  At most, 40 mol% of labile hydrogen in 
the impregnated C-S-H gels (C-S-H hydrogen, D2O, and the 
-OD groups of the d8-glycerol) are deuterons given our DNP 
sample formulation and estimated C-S-H composition.   If a 
reasonable allowance for excess pore and adsorbed water is 
made, this falls to about 25%.  In fact, this upper limit is 
almost certainly never reached.  Small-angle neutron scatter-
ing studies have shown that deuteron exchange into the gel is 
a diffusion driven process providing full isotope exchange on 
the time scale of tens of hours.56 Since the impregnated sam-
ple never spent more than 1.25 h, and usually just 0.25 h, at 
room temperature prior to experiments, we expect the high-
est degree of partial deuteration to be surface based and the 
NMR signal should be representative of fully protonated 
bulk C-S-H.  Moreover, there is little in the way of evidence 
in the small-angle neutron scattering literature to suggest that 
isotope exchange modifies C-S-H in any structurally signifi-
cant way. 
One-dimensional {1H}29Si DNP CP echo spectra for the five 
compositions are shown in Figure 2A. With the exception of 
the Ca:Si = 1.00 composition, good fits to the line shapes are 
obtained by modeling each of the constituent Q sites as a 
Gaussian function, whose amplitudes are used to determine 
the relative populations of the Q species.  Relative 
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Figure 3.  DNP enhanced 2D {1H}29Si HETCOR correlating 
1H spectra to specific Si sites.  (A) The 2D correlation spectrum 
for the Ca:Si = 1.50 composition acquired with a 7 ms CP con-
tact time.  (B) 1D cross sections parallel to the 1H dimension 
extracted at the position of the dashed line in the 2D spectrum, 
representing 1H spectra correlated to Q(1).  (C) Simulated 1H 
chemical shift spectra aggregated over C-S-H substructures that 
either possess (blue) or lack (red) the bridging calcium site CaB.  

The intensity of these spectra are normalized with respect to the 
maximum of the Q(1) peak.  The region downfield of 10 ppm is 
shaded to indicate the domain of strongly hydrogen bonded 
species. 

signal intensities in DNP enhanced CP MAS experiments are 
not usually in proportion to the relative populations of the 
nuclei generating the signal as they often are in experiments 
using direct excitation without hyperpolarization unless we 
assume that 1) the length scale of hyperpolarization non-
uniformity is larger than the unit cell of the particle, and 2) 
cross-polarization kinetics can be measured and used to ad-
just the signal intensities appropriately. 
The size of the C-S-H particles are sufficiently small and 
have a proton density sufficient for nearly uniform polariza-
tion of the particles over the recycle period.  To the second 
point, we performed cross-polarization measurements for 

different values of the cross-polarization contact time.  This 
data was fit to a simple IS model of CP kinetics for each 
site57.  A detailed description of the fitting procedure and the 
Q populations determined by this method are given in the SI 
section VIII.  We note here that the failure of the Ca:Si = 
1.00 composition to fit well to the three-Gaussian model 
suggests a different molecular structure. 
The {29Si}29Si connectivity is measured using 2D refocused 
INADEQUATE experiments,58 whose application to ce-
mentitious systems has hitherto not been feasible without 
isotopic enrichment.46,50 In the {29Si}29Si INADEQUATE 
spectrum only signals from covalently bonded 29Si – O – 29Si 
pairs are retained. For linear silicate chains at natural isotop-
ic abundance, these constitute at most 0.5% of all Si – O – Si 
pairs. The improvement in NMR sensitivity provided by 
DNP makes it possible to obtain such spectra,59 as shown in 
Figure 2B.  Autocorrelation peaks corresponding to Q(1)-Q(1) 
dimer and Q(2p)-Q(2p) extender units are observed, but peaks 
corresponding to Q(2b)-Q(2b) are always absent, consistent 
with the dreierketten model.  Remarkably, the usually domi-
nant Q(1)-Q(1) autocorrelation peak is entirely absent for the  
Ca:Si = 1.00 composition (SI section IX), suggesting that this 
composition does not contain silicate dimers.  Cross peaks 
from all three Q sites to Q(2p) are also observed. Using the 
chemical shift constraints from the deconvolution of the 1D 
CP echo spectra, the INADEQUATE spectra are decom-
posed using 2D Gaussian line shapes to model each of the six 
possible correlation peaks.  This line shape generates reason-
ably good fits (SI section IX), suggesting that the chemical 
disorder is very local. The 2D peak intensities are fit simulta-
neously across the four compositions for a conditional prob-
ability P(A|B) that Q site A is connected to Q site B. 
2D {1H}29Si HETCOR experiments were used to correlate 
1H chemical shifts with the 29Si chemical shifts.  Measure-
ments were made using CP contact times of 0.7 ms and 7 ms 
for each sample. The use of a short contact time biases the 
contribution to the NMR signal from those protons that are 
close to the correlating 29Si nuclei, as compared to longer 
range correlations observed in the long contact time experi-
ment, which samples proton environments out to ~1 nm. 
The line shape in the 2D 1H{29Si} HETCOR spectrum 
shown in Figure 3A is dominated by inhomogeneous broad-
ening resulting from chemical disorder, which prevents an 
accurate line shape deconvolution on the basis of proton site.  
Cross sections of these spectra yield 1H chemical shift spectra 
correlated to specific Q sites, as shown in Figure 3B for the 
Q(1) correlation and in the SI section X for the others.  We 
find that the intensity of the of the Q(1) site relative to the Q(2) 
sites is greater at shorter contact time, implying that Q(1) spe-
cies are located in a relatively hydrogen rich environment.  
We also see that the 1H chemical shift profiles for the Ca:Si 
≥ 1.25 ratios possess a significant contribution above 10 
ppm, indicative of strong hydrogen bonding.60 A comparison 
to HETCOR spectra taken at short contact time (SI section 
X) reveals that the prominence of the downfield region for 
the Q(1) correlated cross sections increases significantly at 
short contact time, a feature which is not shared by the Q(2b) 
and Q(2p) cross sections. This suggests that the strong hydro-
gen bonding occurs primarily in association with Q(1) sites.  
We note that the signature of strong hydrogen bonding is 
almost entirely absent from the HETCOR spectrum of the 
Ca:Si = 1.00 composition, once again producing a spectrum
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Sample ,- .,/0

/1-
 

Ca:Si = 1.25 0.751 0.450 

Ca:Si = 1.50 0.816 0.285 

Ca:Si = 1.75 0.873 0.185 

Ca:Si = 2.00 0.900 0.136 
 

Table 1. Dimer mole fraction x0 and mean repeat 
index for the four compositions analyzed. 

deviating substantially from its relatively calcium rich coun-
terparts.  
The line shapes lack any significant features near 2 ppm, 
where basic hydroxide protons would be prominent, suggest-
ing any secondary amorphous or crystalline Ca(OH)2 phase, 
if present, is not intimately mixed with the C-S-H structure. 
Such a signal was previously reported for C-S-H composi-
tions with Ca:Si ratios up to 1.5.46,50  It may be that the C-S-
H/Ca(OH)2 nanocomposite results from excessive drying 
and aging of the sample.  Indeed, a recent high energy X-ray 
study lending support for a secondary phase of Ca(OH)2 
nanosheets interwoven into the C-S-H interlayer suggests 
that the Ca(OH)2 phase grows as C-S-H ages.17 
 
 
Structural determination 
It is known that C-S-H resembles a defective tobermorite.44,61  
In contrast to previous structural modeling studies for C-S-
H, which consider random defects in tobermorite systems 
containing hundreds of atoms,44,62 we adopt a methodology 
that focuses on the systematic creation of structurally well-
defined defects. The defective substructures are then used as 
building blocks to represent C-S-H at higher Ca:Si ratios. 
A suitable base structure is required to begin.  Tobermorite 
structures are generally named after their characteristic inter-
layer distances; namely, 9 Å, 11 Å, or 14 Å tobermorite.63–65 
The choice of base structure for modeling depends the Ca:Si 
ratio66 and drying conditions.2,67 A dataset compiled by 
Richardson2 shows that the interlayer distance in C-S-H 
decreases from ~13-14 Å at Ca:Si = 0.8 to ~10 Å at Ca:Si = 
1.5. Recently, Roosz et. al.68 have shown that sample prepa-
ration and relative humidity significantly affect the interlayer 
distance measurement. The interlayer distance measured for 
a C-S-H of Ca:Si = 1.2 using XRD in dry and fully hydrated 
states were 9.5 and 12.3 Å, respectively.  Since our samples 
are hydrated, we choose 14 Å tobermorite (Figure 1D) as the 
base motif for constructing our atomic-level model of C-S-H. 
A defect is introduced by the removal of an SiO2 unit from a 
Q(2b) unit.  The extent to which we need to create defects is 
determined by the distribution of silicate chain lengths. With 
the Q species populations and connectivities we can deter-
mine the distribution of chain lengths for each composition,

 
Figure 4.  Scatter plot showing the correlation between the O–
O distances and the chemical shifts of protons participating in 
the different types of hydroxyl-oxygen interactions occurring in 
the C-S-H substructures. 
 
as described in the SI section IX and given in Table 1, to 
find 
 

 ∑ ,/0/1- = 3(Q(2p))
3(Q(1)) ,   (1) 

 
where xn is the mole fraction of dreierketten chain species 
with repeat index n, and 
 
 ,- = 67Q(9):Q(9);,    (2) 

 
as the mole fraction of dimers. The quantitative NMR results 
thereby provide three independent constraints for calculating 
the distribution of silicate chains for each C-S-H composi-
tion. Using these constraints, we adopt a Monte Carlo meth-
od to predict the mole fraction distribution for chains up to n 
= 10, which we report in the SI section XI for each composi-
tion. 
Defect creation transforms the silicate tetrahedrons adjacent 
to the removed Q(2b) site into Q(1) sites, requiring the addition 
of H+ and CaOH+ to satisfy requirements of local charge 
balance.   Additional molecular units of H2O and Ca(OH)2 
can also be incorporated into the structure. The defective 
motif is deemed acceptable if correct atomic bond distances, 
coordination numbers, and local charge balance remain 
satisfied after structural relaxation using density functional 
theory (DFT), leading to a series of substructures which are 
classified on the basis of defect geometry. Reduced unit cells 
are constructed by connecting the defect units through an 
aqueous interlayer or an aqueous interlayer with a CaI and 
additional OH- for charge balance. In order to study medi-
um range effects, we also consider different ways to combine 
the reduced unit cells, resulting in chain, dimer, and pen-
tamer motifs. 
We study the effect of these different defect structures on the 
1H chemical shifts.  A set of reduced unit cells are chosen to 
ensure a wide variety of different local defect environments 
as represented by the defect classification scheme described 
in the SI section XI.  In Figure 3C, we show two calculated 
1H chemical shift spectra composed by summing over sub-
structures that either possess or lack CaB.  In comparison 
with the experimental 1H spectra in Figure 3B, these 
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Figure 5. The structure determined here of C-S-H for a Ca:Si ratio of 1.5, viewed along the [A] axis. The relative proportions of dimers, 
pentamers, octamers, undecamers, and tetradecamers are 81%, 14%, 3% 1%, and 1%, respectively. The chemical composition of this 
structure is Ca1.5SiO3.35(OH)0.3•2H2O. The relative positions of hydroxyls and water molecules have been relaxed keeping all other atoms 
frozen for ease of visualization. 
 
calculated spectra suggest that CaB is responsible for generating 1H 
NMR signals downfield of 10 ppm.  Furthermore, the association 
between downfield shifted protons and hydrogen bonding 
leads us to infer that bridging calcium holds terminating 
chains together by coordinating to the defect site and pro-
moting the formation of strong hydrogen bonds.  On this 
basis we might also conjecture that bridging calcium is pref-
erentially associated with silicate dimers, as suggested by the 
fact that both strong hydrogen bonds and dimers are lost 
when crossing under to the Ca:Si = 1.00 composition, 
though without further evidence this remains speculative. 
The proton chemical shift calculations provide additional 
structural insight regarding the nature of the hydrogen bond-
ing interactions.  As Figure 4 shows, there is a linear correla-
tion between the calculated 1H chemical shift and the O – O 
separation of the species engaged in electrostatic hydrogen-
oxygen interactions, a well-established trend for inorganic 
oxide systems.60  In particular, we observe that interlayer 
water protons that interact with interlayer hydroxide ions 
and the oxygen atoms of Q(1) sites dominate in their contri-
bution to the 1H chemical shift signal above 10 ppm.  The 
key observation here is that each of these types of protons are 
located within 3 to 4 Å of CaB.  Furthermore, we may con-
sider that the protons involved in hydrogen bonding between 
interlayer water and a Q(1) oxygen atom are less than a 3 Å 
from the Q(1) silicon atom and are therefore favored in the 
HETCOR experiments at short contact time.  For only two 
of the substructures analyzed, one of which lacks CaB entire-
ly, the proton from the strongest OH2–OH– group is located 
greater than 5 Å away from a Q(1).  We infer that it is these 
types of protons which explains the prominence of the region 
downfield of 10 ppm in the Q(1) correlated proton spectrum, 
and that their association with bridging calcium in the struc-
tures that we have analyzed strengthens the confidence of 
our association.  

Construction of structures that are representative of C-S-H 
proceeds by drawing from these defective substructures and 
the defect-free motif and tessellating them in a way that satis-
fies both the constraints of stoichiometry and the chain dis-
tribution determined by the 29Si NMR results.  High Ca:Si 
ratios are obtained by deprotonation of a Q(2b) silanol and 
adding CaOH+ and Ca(OH)2 in the form of CaA to the inter-
layer (Figure 1E). Our representative C-S-H unit cell is a 
tessellation of sixty such substructures coming to roughly 3 
nm on each side, consistent with the degree of uniformity 
found by high-resolution analytical TEM. One such bulk C-
S-H structure permitted by the ensemble of experimental 
NMR constraints determined for the Ca:Si ratio of 1.50 is 
shown in Figure 5.  A 2 ns MD simulation at constant pres-
sure and temperature (300 K) shows that the resulting struc-
tures are stable, with realistic bond lengths and coordination 
geometries predicted.  The C-S-H structures we propose for 
each the four compositions are given in the SI section XII.  
Unlike previously proposed structures based upon defective 
tobermorite,15,44,69,70 our computational methodology speci-
fies unambiguously the positions and coordination of calcium 
in the interlayer, rather than leaving them undefined or rele-
gating its existence to a second phase, as in the tober-
morite/Ca(OH)2 model.  We do not claim that these struc-
tures represent the most energetically stable configurations; 
rather, we locate a viable, locally minimized configuration 
satisfying the NMR constraints. The proposed bulk struc-
tures are representative of a series of similar structures with 
similar defect concentrations and slightly different atomic 
arrangements. This should not change the average proper-
ties, but does explain why there is very little structural order 
seen in X-ray powder diffraction of non-dried C-S-H. 
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CONCLUSIONS 
We introduce a new synthetic method for C-S-H which con-
trols pH throughout the process, and we produced uniform 
C-S-H with controlled Ca:Si ratios up to 2.0 for the first 
time. High sensitivity DNP solid-state NMR techniques have 
been used to characterize unique highly uniform synthetic C-
S-H particles with high Ca:Si ratios. In conjunction with 
atomistic scale modeling, atomic-level structures of defective 
tobermorite coherent over Ca:Si ratios from 1.25 to 2.00 
have been determined without invoking secondary phases or 
glassy structures as confirmed by the clear absence of a signal 
from basic Ca-OH units in the 2D {1H}29Si HETCOR ex-
periments.  To interpret this data, we developed a computa-
tional approach which explores defective tobermorite sub-
structural candidates, combining them in a manner satisfying 
our experimental constraints in order to build a full 3D struc-
ture which provides an accurate representation of structural 
and chemical environments in C-S-H for Ca:Si ratios up to 
2.0.  An essential aspect of these structures is the inclusion of 
a calcium site in the interlayer which bridges chain terminat-
ing silicate Q(1) sites.  This site is associated with an environ-
ment of strong hydrogen bonding which stabilizes the struc-
ture and, consequently, promotes high Ca:Si ratios in C-S-H. 
This thus establishes a clear relation between the atomic-
level defect structure and the high Ca:Si ratio in C-S-H.  
This knowledge of the defect structure is a prerequisite for 
overcoming the self-limiting growth of C-S-H and to better 
understand growth mechanisms and kinetics.  Such 
knowledge can further help formulate new classes of sustain-
able cements capable of exhibiting strong chain-bridging 
hydrogen bonding features while ensuring the early age 
strength development of the material.   
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I. Supporting Analysis 
 

XRD: X-ray diffraction data was collected with a Bruker D8 Discover X-Ray diffractometer using double 

bounced monochromatic CuK alpha radiation (λ=1.54 Å) with a fixed divergence slit size 0.5° and rotating 

sample stage. Freshly prepared C-S-H collected after washing with a water-ethanol solution followed by 

vacuum filtration was placed onto the sample stage and XRD patterns were recorded. 

STEM EDX: Uniformity of the C-S-H was proved by chemical mapping or EDX measurements in STEM 

mode, using an FEI Tecnai Osiris analytical TEM instrument optimized for speed and sensitivity. The four 

windowless Super-X SDD EDX detectors integrated into the pole piece allow detection of 200,000 X-ray 

counts/s over a 0.9 srad solid angle. A high brightness XFEG gun allows EDX maps to be acquired in 

seconds to minutes. With a 11 Mpx Gatan Orius CCD camera, the microscope is also suitable for 

conventional BF/DF and high resolution TEM imaging. A BF, two ADF, and an HAADF STEM detector 

provide a wide range of diffraction and Z-contrast conditions. It operates with 200 kV high brightness 

XFEG with a point resolution of 0.24 nm and a probe current of 2 nA for EDX studies.  The sample was 

prepared by dispersing 50 mg of C-S-H in 40 mL of isopropanol. A drop of the suspended liquid was 

allowed to dry on a 300 mesh copper grid. 

XRF: In order to cross check the ICP results the samples were analyzed using X-Ray fluorescence 

spectroscopy (Optim’X 9900 Ceram XRF model). 20 g of hydrated sample was dried at 105 °C for 24 hours 

and ignited at 950 °C for 1 hour. 7.7 g of lithium tetraborate (Li2B4O7) was added to the 0.7 g of calcinated 

sample to make a fused bead. 

TGA: Samples were heated at 10 °C/min from 30 °C to 1000 °C to record the weight losses in setup from 

Mettler Toledo AG (TGA/SDTA851e). The total water bound in C-S-H was quantified from the total water 

loss between 30 and 250 °C. The amount of portlandite is quantified from the water loss around of the peak 

in the range from 400 – 480 °C and calcium carbonate was around 630 – 710 °C. No prior sample 

preparation involved. 
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ICP: ICP was performed on an ICPE-9000 series (Shimadzu) instrument, a multi-type ICP emission 

spectrometer with a near ppb detection limit. The sample compositions were analyzed using Optical 

Emission Spectroscopy mode (ICP-OES).   7 mL of 65% HNO3 was added to a 0.25 g sample of C-S-H, 

then another 5 mL of fuming 100% ultra-pure HNO3 was added to ensure complete dissolution. Each 

analysis consists of verification at further levels of 1-, 10-, and 100-fold dilution in pure water, with the 10-

fold dilution affording concentrations best situated in the calibrated range of the instrument. Each analysis 

was repeated three times to check consistency. 
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II. Synthetic apparatus  
 

The reaction system was fabricated in-house for the synthesis of C-S-H.  The construction material is 

poly(methyl methacrylate), which is chemically stable under acidic or basic conditions. Figure S1 shows a 

schematic of the reactor.  It has four main parts – base, cylindrical wall, lid and micromixer unit.  Calcium 

ion selective, conductivity, and pH measurement electrodes are inserted into the lid for real-time monitoring 

of the reaction conditions. There are also channels that allow for a purging flow of nitrogen gas across the 

main reaction chamber and an opening used for withdrawing small amounts of sample for kinetic analysis. 

A micromixer system is mounted on top of the vessel, consisting of three channels emerging form a central 

vertical column.  The length of the column is fitted with a spiral static mixer to combine the reactant 

solutions prior to admission into the reaction chamber. 

 

Figure S1 | Schematic of the reaction vessel. A low pulsation piston pump was used to feed the reactants into the channels 
A, B, and C at rates between 0.01 mL/min to 5 mL/min. The off-axis reactant channels join the mixing column at an angle 

of 60°.   The stirring rate was 700-800 rpm. Calcium ion selective, conductivity, and pH measurement electrodes are 
inserted into the lid for real-time monitoring of the reaction conditions. There are also channels that allow for a purging 

flow of nitrogen gas across the main reaction chamber and an opening used for withdrawing small amounts of sample for 
kinetic analysis. Nitrogen gas flowing at a rate of 20 mL/min was used to purge the chamber over the course of the 

reaction. Data was Recorded on a PC using LabX software (Mettler-Toledo). 
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III. Preparation and recovery 
 

Solutions of calcium nitrate and sodium silicate were prepared in decarbonized water by boiling 

demineralized ultra-pure water (milliQ) for one hour and cooling in an ice bath. Solutions were immediately 

prepared after cooling. The quantity of solute used was measured with high accuracy. Measuring electrodes 

were calibrated twice before each synthesis. To avoid premature nucleation, all chemical glassware was 

washed and dried under laminar flow hood (Skanair®, Scan AG). After crystallization, the precipitated 

solids were recovered by washing and vacuum filtration. For each 200 mL aliquot, an equal amount of ultra-

pure water mixed with ethanol (50:50 v:v), followed by pure ethanol, was used for the wash. Vacuum 

filtration was done on 20 nm filter paper (WhatmanTM, GE health care, ø 50 mm) to recover the washed C-

S-H. The precipitated gel was carefully taken off the filter paper and stored in an airtight container.  For 

characterization by TGA and XRD, drying of the filtered solid was necessary.  This was performed under 

nitrogen flow at 70°C for 3 hours or 6 hours.  All other characterizations were carried out in the native gel 

form. 

IV. Synthesis and characterization 
 

For the current synthetic system, pH is a determining parameter for precipitation and ultimately controls the 

Ca:Si ratio and morphology.  This is a consequence of how pH determines the predominant type of silicate 

species available in solution for reaction.  Orthosilicic acid (Si(OH)4) resists hydrolyzation even near neutral 

pH conditions owing to its small ionic radius (0.42 Å) and is therefore the predominant solution species 

below pH 7.  In addition to pH, the silicate species which appear in an aqueous system is a sensitive function 

of cation type and concentration, such that the presence of small quantities of impurities can yield different 

synthetic results.  In general, hydrolysis proceeds according to the following reaction to produce anionic 

species: 

Si(OH)x (aq) à SiOx(OH)4-xx- + xH+. 
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Figure S2 | Predominant silicate species in aqueous solution as a function of pH according to different conditions and 

methods.1,2 

Sodium silicate solutions at high pH are likely to contain silicates such as SiO2(OH)22-. Gibbs energy 

minimization software3 (GEMS) predicts the same species in solution under these conditions.  In 

conjunction with molecular dynamics (MD)4, we summarize the presumable possible silicate species in 

solution as a function of pH in Figure S2.  As long as an appropriate target pH range (pH > 11) is 

maintained, a chemical equilibrium favoring the silicate species SiO2(OH)22- can be achieved under a wide 

variety of chemical conditions even at high silicate concentrations. In other words, regardless of whether or 

not an initially high concentration (high supersaturation) or low concentration (low supersaturation) of 

aqueous silicates is used, the pH can be used to favor high concentrations of the important silicate species 

SiO2(OH)22-, leading to the production of pure uniform product C-S-H, so long as the mixing is adequate. 

 

We begin by setting a 2:1 ratio of calcium to silicon in the starting solution using equal volumes of 0.2 M 

and 0.1 M calcium nitrate to sodium silicate.  GEMS3,5 was used to calculate the pH required to achieve 

different Ca:Si ratios, and this pH was achieved during synthesis by adding an appropriate amount of 

concentrated NaOH, which is given in Table S1.  Precipitation was allowed to occur for 24 hours before the 

product was collected and analyzed. The pH calculated according to GEMS agrees with the experimentally 

measured pH. We see the amount of OH- added in the system leads to a consistently increasing Ca:Si ratio 

in the solid precipitating phase. 
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TEM analysis shows that the morphology of the precipitated particles changes at pH 11 and a Ca:Si ratio of 

1.25. The morphology resembles foils (nanofoils) for pH ≥ 11, Ca:Si ≥ 1.25; and globules (nanoglobules) 

for pH < 11, Ca:Si < 1.25.  Repeat analysis confirms that these results can be easily replicated by our 

synthetic apparatus.  

 

Target Ca:Si 
(GEMS) 

NaOH 
(GEMS) 

pH 
(GEMS) 

pH 
(Experiment) 

1.0 0.05 mL 10.87 11.1 
1.25 5.16 mL 11.47 12.5 
1.5 10.58 mL 12.05 12.6 
1.75 16.62 mL 12.55 12.7 

2 20.00 mL 12.81 12.8 
 

Table S1 | Amount of NaOH added to the reaction in order to achieve the pH necessary to produce the targeted Ca:Si ratio 
according to GEMS.  The actual pH during the reaction is given in the final column. 

 

 

 

Figure S3 | TEM imagery showing the morphology of the C-S-H produced for the Ca:Si ratio extremes when different 
alkali cations are present in the reaction. (A) Globule morphology produced for the Ca:Si = 1.00 composition using NaOH 
as pH regulator. (B) Foil morphology produced in the NaOH regulated reaction for the Ca:Si = 2.00 composition.  (C,D) 

Same as A and B, respectively, but for the KOH regulated reactions. 
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The composition of C-S-H produced by the rapid precipitation method is summarized in Table S2.  

Elemental analysis for calcium, silicon, and sodium by ICP-OES indicates that the rapid precipitation 

method described here succeeds in synthesizing C-S-H with the targeted Ca:Si ratios.  Despite the low 

measured sodium concentration, we cannot completely exclude the possibility that inclusion of some sodium 

may affect the structure. Nevertheless, when KOH is used as the pH regulator, we observe the formation of 

C-S-H globules for the Ca:Si = 1.00 composition and C-S-H foils for the Ca:Si = 2.00 composition.  These 

products have the same morphological properties as the product obtained when NaOH is used as the pH 

regulator, as shown in Figure S3.  On the other hand, the presence of cations such as Mg2+ or Ba2+ leads to 

the formation of a heterogeneous mixture of products.  This strongly suggests that alkali cations are not 

critical structure determining factors, and that they serve primarily as charge balancing spectators. 

Furthermore, our key structural insight is the necessity of the bridging calcium, CaB, which we propose is 

attendant to almost every defect site at high Ca:Si ratios.  Considering sodium substitution of CaB, we 

calculate the Na:defect ratio,	2($%&/$())/P+Q(1),, where $%&/$() is the Na:Si mole ratio by ICP-OES 

and P+Q(1), is the population of Q(1) sites determined by NMR. We find this ratio is between 10 mol% and 

30 mol% for each of the compositions with Ca:Si mole ratios at or above 1.25.  This means that even in the 

worst-case scenario, in which every sodium atom substitutes a bridging calcium in a one-to-one fashion (for 

which we see no driving force), there is not enough sodium to accommodate every defect.  In consideration 

of these matters, we remain confident that the key structural properties of our C-S-H systems can be 

analyzed in neglect of the small residual alkali content. 

 

Nominal 
Ca:Si 

Ca:Si 
(XRF) 

Ca:Si 
(ICP-OES) 

Na:Ca 
(ICP-OES) 

Na:defect 
(ICP-OES/NMR) 

1.00 1.04 1.01 ± 0.03 0.13 ± 0.01 0.88 ± 0.13 

1.25 1.21 1.24 ± 0.01 0.05 ± 0.02 0.20 ± 0.07 

1.50 1.51 1.51 ± 0.03 0.02 ± 0.01 0.09 ± 0.06 

1.75 1.77 1.78 ± 0.04 0.07 ± 0.02 0.30 ± 0.08 

2.00 1.94 2.00 ± 0.07 0.05 ± 0.01 0.25 ± 0.04 

 

Table S2 | Mole ratios of important C-S-H components determined by various characterization methods. 
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Figure S4 | Characterization of freshly prepared C-S-H for Ca:Si ratio of 2. (A) SEM image showing foil morphology. (B) 

FTIR analysis. (C) XRD analysis.  Resolved peaks corresponding to C-S-H are indicated with stars.  Minor peaks 
correspond to calcium carbonate, which also contributes to the major peak at 29° where it overlaps a C-S-H peak. (d) 

TGA analysis.   A calcium hydroxide phase is never observed, but XRD and TGA reveal that C-S-H is susceptible to the 
formation of calcium carbonate after prolonged air exposure. 

 

These results confirm that our synthetic procedure yields particles of C-S-H with the targeted Ca:Si ratios. 

Importantly, the formation of Ca(OH)2 is never observed, as illustrated by the FTIR, TGA and XRD 

analyses of the Ca:Si = 2.00 sample shown in Figure S4. It is worth noting, however, that long exposure of 

fresh C-S-H samples in open air (for example in TGA or XRD analysis) does eventually lead to the 

formation of CaCO3. 
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V. Sample uniformity  
 

Determination by non-invasive Raman microscopy 

We demonstrated compositional uniformity on pellet of C-S-H with a smoothed surface.  The spot analysis 

(1 µm2) analyzed more than 30 points on the particle surface.  At depths of 4 µm and 8 µm the characteristic 

peaks positions in the C-S-H do not change, indicating the chemical environment uniformity of the sample 

at the micron level.  A visual overview of the sampling and the results are given in Figure S5. 

 

 

Figure S5 | Raman microscopic analysis: a) Sample pellet preparation, b) Spot size used for analysis, c) intensity plot 
comparing Raman spectra of all 30 spots, d) stacked plot comparing Raman spectra of all 30 spots. 
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Determination by STEM-EDX 

 

Figure S6 | C-S-H chemical map revealing the spots used for the EDX analysis. 

In order to prove the uniformity and consistency of the C-S-H samples to an even greater degree of spatial 

resolution, EDX in STEM mode was performed on the predefined grids. Once STEM micrographs are 

obtained, post-processing is performed using Bruker Esprit 1.8 software to obtain the corresponding 

chemical maps for the samples. The exported STEM image is processed for several parameters like detector 

effect corrections, Bremsstrahlung background, and Cliff-Lorimer quantification. The major constituents of 

our C-S-H system are defined for elemental identification. The maps are binned after defining the evaluation 

methods. As shown in Figure S6, about 50 – 60 points are analyzed individually from the chemical maps. 

Each spot corresponds to one pixel whose size is 2.34 nm x 2.34 nm. The signal obtained from each spot is 

processed to arrive at the final Ca:Si ratio at these points. A large background contribution to the signal is 

removed throughout the signal range spectra deconvolution is to be performed to address overlapped lines in 

the spectrum. The final quantification results of Ca:Si for each of these spots are recorded.  For each sample, 

the standard deviation of the Ca:Si ratios measurements is less than 1%. EDX analysis provides us with 

useful information on the consistency of the Ca:Si ratio within the structure but due to the difficulty of 

accurately calibrating the instrument the actual Ca:Si determined ratio systematically less than that obtained 

from the XRF and ICP methods.  
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VI. DNP enhanced NMR experiments 
 

A: Sample preparation 

Table S3 describes the formulation of the samples, which were prepared as described in the Methods section 

of the main text. 

 Sample mgel / mg magent / mg min / mg tprep / min 
Ca:Si = 1.00 124.1 25 - 60 
Ca:Si = 1.25 133.3 33.3 26.6 75 
Ca:Si = 1.50 119.3 31.8 23.8 15 
Ca:Si = 1.75 114.1 27.0 23.4 15 
Ca:Si = 2.00 121.0 30.6 25.4 15 

 

Table S3 | Formulation of samples used for DNP experiments. mgel gives the mass of gel mixed with magent amount of DNP 

polarization agent.  min is the amount of DNP ready C-S-H slurry that was put into in the rotor.  tprep is the estimated out of 

time between release of the C-S-H from storage in a saturated atmosphere to insertion of the sample into the DNP probe at 

100 K. 

The C-S-H gels do not have an indefinite shelf life and are observed to harden over several weeks to months 

even in airtight containers.  Driving off supernatant water from the gels accelerates this process.  By drying 

the gels on a watch glass for about half an hour, very high DNP enhancements approaching 100 could be 

obtained, but the line shape would exhibit comparatively large Q(2) signals.  Occasionally, signals from Q(3) 

and Q(4) species were observed, confirming that silicate polymerization accompanied the drying process. 

 

B: NMR parameters 

Table S4 gives the list of experimental parameters common to all NMR experiments, unless otherwise 

noted.   

MAS rate 12.5 kHz 
1H contact rf 60 kHz 

1H pulse/dec rf 100 kHz 
1H ramp profile 0.9 ® 1.0 
X contact RF 46 kHz 

X pulse rf 66 kHz 
Recycle delaya 3.0 s 

aRecycle delay of 1.5 s used for 2D experiments on the Ca:Si = 1.00 sample. 

Table S4 | Parameters common to all NMR experiments. 
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All processing for the spectra presented here was performed using RMN.6 Line shape analysis was 

performed using gnuplot. 1D CP MAS shifted echo experiments were performed using the sequence shown 

in Figure S7.  In the presence of significant inhomogeneous broadening, advantages of the shifted echo 

experiment over conventional CP-detect are an improvement in sensitivity and improved accuracy of phase 

correction procedures. 

 

 

Figure S7 | DNP enhanced CP MAS shifted echo pulse sequence used in this work. 

For each sample, t = 9.6 ms, tCP = 7 ms, and 32 transients were collected for a total experiment time of 1.6 

min each.  Gaussian apodization with a s of 4.243 ms was applied to the t2 signal envelope. 

This experiment formed the basis of the variable contact time experiments, which nonuniformly sampled 49 

different values of tCP: 200 µs to 2 ms (200 µs increment), 2.5 ms to 12 ms (500 µs increment), 14 ms to 30 

ms (2 ms increment), and 35 ms to 80 ms (5 ms increment). 2D CP MAS refocused whole echo 

INADEQUATE experiments7 were performed using the sequence shown in Figure S8.  In addition to the 

use of hyper complex acquisition8 to collect echo and anti-echo pathways, acquisition was initiated after the 

final π pulse in order to collect the entire signal envelope.  This improves the sensitivity of the experiment 

and minimizes phasing artifacts during processing. 
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Figure S8 | DNP enhanced CP MAS refocused whole echo INADEQUATE pulse sequence used in this work.  The two pI 

symmetry pathways (dashed and solid green) and anti-pathways (dashed and solid magenta) were collected and processed 

using hypercomplex acquisition.  Whole signal envelopes were acquired during t2 for path and anti-pathways. 

 

 

For each sample, tJ = 36 ms, tCP = 7 ms.  The t1 increment used was 240 µs.  16 complex t1 points were 

collected.  Other acquisition parameters are given in Table S5 below. 

Sample Transients Experiment Time 
Ca:Si = 1.00a 640 9.6 h 
Ca:Si = 1.25 320 9.0 h 
Ca:Si = 1.50 320 9.0 h 
Ca:Si = 1.75 512 14.5 h 
Ca:Si = 2.00 512 14.5 h 

aA gyrotron outage, lasting about an hour, occurred near the end of the experiment.  The spectrum is qualitatively unaffected. 

Table S5 | Acquisition parameters for 2D refocused INADEQUATE experiments. 

 

A shearing transformation was used to create a representation of the 2D INADEQUATE data that correlates 

two independent single-quantum dimensions.9 Gaussian apodization with s of 6 ms and 3 ms were applied 

to the t2 and t1 signal envelopes, respectively. 

The HETCOR echo sequence was performed using the sequence shown in Figure S9, utilizing the 

eDUMBO-22 homonuclear decoupling scheme10,11 to suppress the line broadening from 1H – 1H dipolar 

interactions.  This also scales the chemical shift and introduces an additional offset into the spectrum which 

were determined by comparison to a reference HETCOR spectrum of L-alanine.  These values were used to 

present a corrected 1H chemical shift dimension for the spectra shown in Figure S14 and Figure S15, as well 

as the main text Figure 3. 
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Figure S9 | DNP enhanced HETCOR echo sequences used in this work.  Hypercomplex acquisition was used to collect path 

and anti-pathways for t1 evolution.  Homonuclear decoupling was applied during t1.  Whole signal envelopes were acquired 

during t2 for path and anti-pathways. 

 

 

 

 

For each sample, t = 9.6 ms.  The eDUMBO pulse length was 32 µs.  Other acquisition parameters are given 

in Table S6 below. 

Sample  tCP Complex t1 points ∆t1 Transients Experiment Time 
Ca:Si = 1.00 0.7 ms 48 32 µs 24 61 min 

 7 ms 48 32 µs 8 20 min 
Ca:Si = 1.25 0.7 ms 48 32 µs 12 59 min 

 7 ms 48 32 µs 4 20 min 
Ca:Si = 1.50 0.7 ms 44 32 µs 12 55 min 

 7 ms 48 32 µs 4 20 min 
Ca:Si = 1.75 0.7 ms 20 64 µs 32 66 min 

 7 ms 20 64 µs 16 33 min 
Ca:Si = 2.00 0.7 ms 20 64 µs 32 66 min 

 7 ms 20 64 µs 16 33 min 
 

Table S6 | Acquisition parameters for HETCOR experiments. 

Gaussian apodization with decay constant of 4.243 ms and 1.2 ms were applied to the t2 and t1 signal 

envelopes, respectively.  The apodization was applied to the t1 dimension prior to multiplying the sampling 

interval by the chemical shift correction factor lcs = 0.57. 
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VII. Sensitivity of DNP 
 

For each sample, 1H spectra were acquired both in the presence and absence of microwaves to measure the 

DNP enhancement of the protons.  The enhancement level could not be determined accurately on the basis of 

the 1H spectra alone due to a nonuniform enhancement of the broad line shape.  The estimated proton 

enhancements eDNP(1H) are shown in Table S7 below.  Whereas a nonexponential recovery was observed for 

a 1H saturation recovery experiment with approximate TDNP(1H) = 1.3 s, a 29Si CP saturation recovery 

experiment revealed a nearly exponential buildup with TDNP({1H}29Si) = 2.4 s.  This suggests polarization 

relay into C-S-H particles with a steady state polarization reached after about ten seconds.   

Sample eDNP(1H) 
Ca:Si = 1.00 40 
Ca:Si = 1.25 70 
Ca:Si = 1.50 40 
Ca:Si = 1.75 45 
Ca:Si = 2.00 35 

 

Table S7 | Proton signal enhancements.  

The sensitivity enhancement for DNP is called S† and can be written as the product of several factors,12 

Σ. = 0123456789:;<=>7? @
ABCCD
AEFGDHI

JB
J123 	. 

(S1) 

q is the fraction of observable nuclei in the sample, which is less than unity due to depolarization and 

quenching by the radical.  dformulation is a dilution factor related to the fact that additional of the polarization 

agent may reduce the amount of sample that can be placed into the rotor. The ratio S100K/S298K is generally 

accounts for the improvement in sensitivity gained by going to 100 K due to the ~2.8 improvement in the 

Boltzmann polarization as well as, e.g., an improvement in the probe quality factors.  TDNP is the 

approximate polarization build up time of the protons under DNP, and is to be compared room temperature 

proton T1 values for C-S-H measured to be around 0.2 s13  

 

Equation (S1) applies strictly only to signal from the polarizing agent and surface signals.  Because the 

proton polarization is relayed into the C-S-H nanoparticles by proton spin diffusion, it is only of 

approximate validity.  Nonetheless, taking q ≈ 1 (signal is dominated by bulk C-S-H), dformulation ≈ 0.8 (on 
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the basis of Table S3), S100K/S298K ≈ 5, and (T1/TDNP)½ ≈ 0.25, and the proton enhancements measured in 

Table S7, the sensitivity enhancement by DNP is generally the same as eDNP(1H), indicating reduction of 

corresponding cross-polarization experiment times by (eDNP(1H))2, or about three orders of magnitude. 

VIII. Quantification of Q species populations 
 

Relative signal intensities in DNP enhanced CP MAS experiments are not usually in proportion to the 

relative populations of the nuclei generating the signal as they often are in experiments using direct 

excitation without hyperpolarization.  Nonetheless, we can still use these signals for site quantification 

provided we assume that: 

1. The length scale of hyperpolarization nonuniformity is larger than the unit cell of the particle, and 

2. Cross-polarization kinetics can be measured and used to adjust the signal intensities appropriately. 

The size of the C-S-H particles are sufficiently small (characteristic length ~100 nm) and have a proton 

density sufficient for nearly uniform polarization of the particles over the recycle period.  To the second 

point, we performed cross-polarization measurements for different values of the cross-polarization contact 

time tCP, as shown in the first column of Figure III.  This data was fit to a simple IS model of CP kinetics for 

each site14.  For our kinetic model, the signal intensities due to cross-polarization are given as a function of 

the cross-polarization contact time tCP by 

L(MN3) = LC
OP

QRS
TUV − OP

QRS
TXY

1 − J[\
JB]

 
(S2) 

where T1r is the spin-lattice relaxation constant during rf irradiation and TIS is the cross-relaxation time.  I0 is 

the base intensity, proportional to the equilibrium magnetization and hence number of nuclei generating the 

NMR signal for the given site.  The 1D CP echo line shape was used in an initial unconstrained fit to three 

independent Gaussian functions, each representing the Q(1), Q(2b), and Q(2p) contributions.  From this a set of 

mean Gaussian shift (d) and widths (s) for the frequency spectrum was determined and used to constrain the 

fit to the variable contact time data for the cross-polarization kinetic parameters.  Stack plots representing 

the best fit and residual plots to this data are shown as the second and third columns of Figure S10.  The 

cross-polarization kinetic parameters we determine from this analysis is given in Table S8. 
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Sample Q(1) Q(2b) Q(2p) 
T1r / ms TIS / ms T1r / ms TIS / ms T1r / ms TIS / ms 

Ca:Si = 1.00 32.5 ± 0.6 1.81 ± 0.04 25.6 ± 0.8 1.09 ± 0.04 44.4 ± 0.6 4.07 ± 0.06 
Ca:Si = 1.25 27.1 ± 0.3 2.31 ± 0.02 26.1 ± 0.9 1.41 ± 0.05 38.2 ± 0.9 5.14 ± 0.13 
Ca:Si = 1.50 33.8 ± 0.3 2.19 ± 0.02 34.6 ± 2.1 1.24 ± 0.09 45.6 ± 1.7 4.78 ± 0.18 
Ca:Si = 1.75 25.9 ± 0.2 2.22 ± 0.02 28.6 ± 1.9 1.49 ± 0.12 38.1 ± 1.9 4.62 ± 0.24 
Ca:Si = 2.00 28.0 ± 0.2 2.40 ± 0.02 30.9 ± 2.7 1.29 ± 0.14 40.3 ± 2.5 4.91 ± 0.32 
 

Table S8 | Cross-polarization kinetic parameters determined by the variable contact time experiments. 

To complete the quantification, the 1D CP echo data was refit using Equation (S2) for the base intensities as 

well as new Gaussian shift parameters.  The previously determined T1r, TIS, and Gaussian width parameters, 

averaged across the compositions with Ca:Si ≥ 1.25 for each site, were used for determination of the base 

intensities.  The exception was the Ca:Si = 1.00 composition, where its own T1r and TIS  parameters were 

used.  In accordance with the dreierketten model, the additional constraint I0(Q(2p)) = 2 I0(Q(2b)) was 

enforced.  The 1D CP echo spectra, best fit to this constrained 1D model, and best fit residuals are shown in 

Figure S11.  Associated Gaussian shift and width parameters are given in Table S9. 

 
Sample Q(1) Q(2b) Q(2p) 

d / ppm s / ppm d / ppm s / ppm d / ppm s / ppm 
Ca:Si = 1.00 -79.71 ± 0.08 1.34 ± 0.05 -82.72 ± 0.08 1.08 ± 0.11 -85.77 ± 0.04 1.29 ± 0.03 
Ca:Si = 1.25 -79.17 ± 0.02 1.25 ± 0.03 -81.85 ± 0.08 1.42 ± 0.31 -85.33 ± 0.03 1.25 ± 0.04 
Ca:Si = 1.50 -79.10 ± 0.01 1.31 ± 0.02 -81.64 ± 0.07 1.03 ± 0.21 -85.17 ± 0.03 1.27 ± 0.06 
Ca:Si = 1.75 -78.90 ± 0.01 1.27 ± 0.01 -81.54 ± 0.07 1.20 ± 0.19 -84.90 ± 0.03 1.24 ± 0.05 
Ca:Si = 2.00 -78.87 ± 0.01 1.27 ± 0.01 -81.53 ± 0.08 1.11 ± 0.15 -84.81 ± 0.03 1.30 ± 0.05 

 

Table S9 | Shift (d) and width (s) parameters determined by the three Gaussian fit to the 1D CP MAS shifted echo data.  

The d parameters were found in a fit subject to the constraint I0(Q(2p)) = 2 I0(Q(2b)); s parameters were carried over from a 

prior unconstrained fit. 

By normalizing the sum of the base intensities to unity, we determine the Q species populations, reported in 

Table S10.  As the residuals in Figure S11 indicate, the analysis is not valid for the Ca:Si = 1.00 

composition.  

Sample P(Q(1)) P(Q(2b)) P(Q(2p)) 
Ca:Si = 1.00 0.290 ± 0.027 0.237 ± 0.009 0.473 ± 0.018 
Ca:Si = 1.25 0.597 ± 0.107 0.134 ± 0.036 0.269 ± 0.071 
Ca:Si = 1.50 0.700 ± 0.051 0.100 ± 0.017 0.200 ± 0.034 
Ca:Si = 1.75 0.783 ± 0.053 0.072 ± 0.018 0.145 ± 0.035 
Ca:Si = 2.00 0.830 ± 0.036 0.057 ± 0.012 0.113 ± 0.024 

  

Table S10 | Q species populations, subject to the constraint P(Q(2p)) = 2 P(Q(2b)).  
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Figure S10 | Stacked plots for the variable contact time spectra, best fit using the kinetic model, and the best fit residuals. 
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Figure S11 | Deconvolution of the line shapes obtained in the DNP enhanced 1D CP MAS shifted echo experiments using 

the three Gaussian model described in the main text.  The intensities are subject to the constraint I0(Q(2p)) = 2 I0(Q(2b)). 
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IX. Quantification of chain distributions 
 

Each peak in the A-B chemical shift correlation line shapes presented by the INADEQUATE spectra in the 

first column of Figure S12 were modeled by a 2D Gaussian function with zero correlation between 

independent A and B chemical shift dimensions.  The shifts of the Gaussian functions along each dimension 

was constrained to the values shown in Table S9.  The Gaussian width parameters were fixed to the same 

values for each fit, which were obtained by fitting the 1D projection onto the A chemical shift axis to three 

independent 1D Gaussian functions for the Ca:Si ≥ 1.25 compositions and taking the mean for each 

corresponding Q site. The 2D line shape model permits up to nine independent 2D Gaussian functions to be 

used; however, the functions corresponding to the Q(1)-Q(2b), Q(2b)-Q(1), and Q(2b)-Q(2b) correlation peaks were 

omitted on the basis of the dreierketten model and validated by the absence of significant signal in the 

corresponding regions of the INADEQUATE spectra.  The 2D experimental line was then fit for the 

intensities of the six constituent 2D Gaussian functions.  The second and third columns of Figure S12 shows 

the best fit results and residuals.  Table S11 gives the unnormalized peak intensities. 
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Figure S12 | Experimental A-B correlated 2D refocused INADEQUATE spectra, best fit to the 2D Gaussian model, and 

best fit residuals for the C-S-H compositions with Ca:Si ≤ 1.25.  Contours are drawn in 10% intervals beginning at 5% of 

the maximum signal intensity; the residual plots are relative to the experimental maximum and both positive (blue) and 

negative (green) contours are shown. 
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Sample I(Q(1)|Q(2p)) I(Q(2b)|Q(2p)) I(Q(2p)|Q(2p)) I(Q(2p)|Q(2b)) I(Q(1)|Q(1)) I(Q(2p)|Q(1)) 
Ca:Si = 1.25 78.95 59.84 86.91 58.78 153.31 94.12 
Ca:Si = 1.50 135.28 72.49 83.05 113.60 347.60 122.16 
Ca:Si = 1.75 64.82 34.32 36.35 40.77 247.07 59.04 
Ca:Si = 2.00 94.99 44.51 44.13 60.77 498.70 95.04 

 

Table S11 | Unnormalized best fit intensities of the A-B correlation peaks of the 2D refocused INADEQUATE spectra to 

the 2D Gaussian line shape model. 

The intensity of an A-B correlation peak, denoted I(B|A), is given by 

L(^|`) = a(^|`)b(^|`)bc(`) (S3) 

We solve for the conditional probability P(B|A): the probability that a 29Si nucleus of species B was detected 

given that it evolved with partner 29Si nucleus of species A.  They are normalized, 

db(^|`)
e

= 1, 

and Baye’s theorem relates P(B|A) to P(A|B): 

b(^|`) = b(`|^)bc(^)
bc(`)

. 

Pw(A) is the population of species A weighted for pair participation.  At the sparse 4.7% natural abundance 

of 29Si, the Q(2) sites are nearly twice as likely to have a 29Si partner; therefore, Pw(Q(2b)) and Pw(Q(2p)) are 

obtained from the populations measured in the 1D experiments by doubling the population measured from 

the 1D experiments and renormalizing.  Note that the sparse labeling simplifies the weighting analysis since 

the entire NMR signal is assumed to be derived only from isolated pairs and not triplets, etc.  Finally, f(B|A) 

is an amplitude transfer factor that accounts for Q site differences in e.g. CP efficiency, T2’ relaxation, and 

J-coupling distributions, and were assumed not to change as a function of Ca:Si ratio. 

The experimental intensities were normalized for each composition by dividing out I(Q(1)|Q(1)).  Through the 

laws given above and the constraints imposed by the dreierketten model, any other conditional probability 

can be determined once P(Q(1)|Q(1)) is known.  Upon substitution of Equation (S3) for each composition and 

using Pw(A) values determined from the 1D quantitative analysis, the five transfer factor ratios (Table S12) 

and P(Q(1)|Q(1)) for each composition were determined through a simultaneous fit of the twenty intensity 

ratios (five for each composition).   
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f(Q(1)|Q(2p)) f(Q(2b)|Q(2p)) f(Q(2p)|Q(2p)) f(Q(2p)|Q(2b)) f(Q(1)|Q(1)) f(Q(2p)|Q(1)) 
1.64 0.64 2.09 0.72 1 (defined) 1.74 

 

Table S12 | Transfer factors determined for each type of correlation peak. 

The conditional probabilities are related to the distribution of chain species by 

 

b+Q(B)gQ(B), = hC 

b+Q(B)gQ(Ep), = ∑ h??jB
∑ h?(2$)?jB

 

b+Q(Eb)gQ(Ep), = 1
2 

b+Q(Ep)gQ(Ep), = ∑ h??jB ($ − 1)
∑ h?(2$)?jB

 

 

where the mole fractions of chains with repeat index n is denoted xn.  Application of the laws of conditional 

probability lead to the constraints reported in the main text.  The parameters determined by our analysis are 

given in Table 1 of the main text. 

Recalling that previous studies have generally focused on Ca:Si < 1.50, which are not relevant to 

industrial formulations, we highlight that the Ca:Si = 1.00 composition is remarkable in that silicate dimers 

appear to be completely absent (x0 = 0), as noted by the lack of a prominent Q(1)-Q(1) correlation peak 

observed for all of the other C-S-H compositions.  This is shown in Figure S13. 

 

 

Figure S13 | Experimental A-B correlated 2D refocused INADEQUATE spectrum for Ca:Si = 1.00.  A gyrotron outage, 

lasting about an hour, occurred near the end of the experiment.  The spectrum is qualitatively unaffected. 
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X. Heteronuclear {1H}29Si correlation 
 

For each composition, a 2D HETCOR experiment using the pulse sequence described in Figure S9 was 

performed for both a short (0.7 ms) and long (7 ms) values of tCP.  The use of a short contact time biases the 

contribution to the NMR signal from those protons that are close to the correlating 29Si nuclei, though 

without significant proton density fewer than three bonds away from the Si nuclei, the notion of a well-

defined cutoff distance for the signals which appear in the correlation spectrum loses significance.14 

 

Figure S14 | Complete series of DNP enhanced HETCOR spectra at both short and long contact times for all compositions 

studied.  

 



 S27 

 

Figure S15 | 29Si site correlated 1H spectra taken as cross sections from the full 2D HETCOR spectra at the appropriate 

29Si chemical shifts. 
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XI. Structural model 
 

It is known that C-S-H resembles a defective tobermorite.15,16  To create a structure based on defective 

tobermorite that possesses high Ca:Si ratios, we build substructures of C-S-H according to the following 

procedure:  

§ Deprotonate silanol in the bridging tetrahedrons and replace it with a CaOH+ ion in the interlayer. 

§ Remove a bridging silicate tetrahedron, performing charge compensation by adding two protons or a 

proton and a CaOH+ ion or addition of a Ca2+ to coordinate the bridging site (CaB site in Figure S16).  

§ Add Ca(OH)2 units in the interlayer space (CaI and CaA) to obtain higher Ca:Si ratios. 

We study the effect of these different defect units (Figure S16A) on the 1H chemical shifts. Reduced unit 

cells are constructed by connecting the defect units through an aqueous interlayer or an aqueous interlayer 

with a CaI and additional OH- for charge balance (Figure S16B). In order to study medium range effects, we 

also consider different ways to combine the reduced unit cells, resulting in chain, dimer, and pentamer 

motifs (Figure S16C).  

All the structures are first partially relaxed with energy minimization using METADISE17 with a force field 

potential previously used for cementitious materials.18 If the atomic bond distances, calcium coordination 

and local charge neutrality are satisfactory then they are relaxed using density function theory (DFT). For 

the former two criteria, we require specifically that Ca-O bonds are between 2.2 Å and 2.9 Å and that 

calcium coordination numbers are near six.  The condition of local charge neutrality is implemented as 

systems with large distances between charged species consistently exhibit higher energies than systems for 

which this is not the case.  Additional water molecules can be added to the interlayer to help satisfy these 

criteria.  Depending on the initial atomic coordinates, especially those that specify the positioning of the 

interlayer water, the reduced unit cells may relax into different structures with the same defect classification. 

  These structures are again checked for the calcium coordination, lack of disruption of the main layer 

calcium-silicate backbone chain, and local charge neutrality. Once all the criteria are met, 1H and 29Si 

chemical shift calculations are performed on the candidates. The chemical shielding kl<;l was calculated 

using the generalized gradient approximation (GGA) functional PBE19 within the Quantum Espresso code20 

and the GIPAW method.21 For each calculation a plane-wave maximum cutoff energy of 80 Ry, and a 
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Monkhorst-Pack grid of k-points22 corresponding to 0.033 Å-1 in reciprocal space was employed. These 

values were tested for convergence of calculated energy and chemical shielding. 

The convergence criteria for force, energy and pressure for structural relaxation were set to 10-3 Eh/a0, 10-4 

Eh, and 500 bar respectively.  The final pressure of each relaxed structure was less than 150 bar.  For 

structures which contain CaI, the final pressure was usually below 50 bar.  To ensure this 500 bar threshold 

was sufficient, we performed an additional DFT relaxation of the structure based upon the ACcaV2 motif, 

setting a cell pressure threshold of 0.01 bar.  Because of this stricter convergence criteria, O – O distances 

throughout the structure change by 0.05 - 0.1 Å, resulting in a 1H chemical shift RMSD of 0.59 ppm and a 

29Si chemical shift RMSD of 0.34 ppm relative to the structure calculated with the higher convergence 

threshold for pressure.  The higher 1H chemical shift RMSD corresponds to the fact that proton chemical 

shifts are more sensitive to changes in the hydrogen bonding network than 29Si.  In NMR crystallography, 

two systems are considered identical if the 1H chemical shift RMSD is below 0.5 ppm.23  We justify a 

slightly higher limit for the C-S-H considering that most of the protons of weakly bonded interlayer species 

have lower barriers to conformational rearrangement relative to crystals of small organic molecules.  Indeed, 

there is a correlation between the largest 1H chemical shift changes occur for species near 0 ppm, as shown 

in Figure S17. If the proton chemical shifts corresponding to these non-hydrogen bonded H2O are excluded 

from the comparison, we calculate a 1H chemical shift RMSD of 0.38 ppm, which is well below the cutoff 

of 0.5 ppm. Therefore, a stricter convergence criterion for the DFT relaxation does not affect our 

interpretation of the 1H chemical shifts nor the conclusions drawn from them. 
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Figure S16 | Defect classification.  (A) Simple defect units.  (B)  Simple defect units are combined with added interlayer 
water to form reduced unit cells.   1H chemical shifts are calculated for structurally viable reduced unit cells. (C) Two 

possible ways of combining two reduced unit cells, showing how infinite chain, dimer, and pentamer motifs can be 
generated. The water in the aqueous interlayer and the hydrogen atoms are not shown. 

 

Figure S17 | Calculated chemical shift correlations between DFT structures of C-S-H based upon the ACcaV2 motif at 500 
bar and 0.001 bar. 
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Using the constraints from 1D 29Si NMR and INADEQUATE experiments, we have calculated the number 

of dimers and the mean repeat index of the distribution. These two values are then used to fit a chain 

distribution, which was determined using the following Monte Carlo procedure: 

1. We define a cutoff of n = 10 for the repeat index (xn = 0 for n ≥ 11).  

2. For n ≥ 2, the mole fractions are generated by a random number that is uniformly distributed 

between 0 to its theoretical maximum value given by the contribution to the Q(2p)-Q(2p) correlation for 

that Ca:Si ratio: 

h?mE = n where 0 ≤ n ≤ BPqr
?PB  

3. Pentamers constitute the remaining fraction. 

4. A chain distribution is accepted only if the difference between mean repeat index (	∑ h?$? 	) obtained 

from the distribution and that calculated from the NMR constraints is less than 0.0005. 

5. This procedure is iterated and the average fractions are stored.  

6. The iteration is continued until the average values of the distribution converge to a unique 

distribution.  

The random chain distributions calculated for each Ca:Si ratio are shown in Figure S19. For 

constructing our representative C-S-H structures, the longest chain used is a tetradecamer (n = 4), as 

indicated in Figure S19C. 

The reduced unit cells deemed likely structural elements (see Section XIII) are permuted and stacked in the 

directions of the crystal axes in order to build a three-dimensional crystal structure satisfying all of our 

experimental NMR constraints. The proposed structures are shown in Figure S18 and their silicate species 

distributions are compared with the experimental values in Figure S19 (A and B). 
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Figure S18 | Proposed structures satisfying the NMR constraints for Ca:Si = 1.25 (A), Ca:Si = 1.75 (B)  and Ca:Si = 2.00  
(C) viewed along the [100] direction. The relative positions of hydroxyls and water molecules have been relaxed with 

energy minimization at 0 K. Corresponding relaxed structures using MD are shown in Figure S20. 
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Figure S19 | Distribution of silicate species determined by NMR compared to those predicted by the random 
distribution model. (A) Comparison between Q(1) populations and (B) Q(2) populations. The experimental values are 
shown in unfilled markers connected by solid lines whereas the corresponding values in our proposed structures are 

shown in filled markers connected by dashed lines. (C) Distribution of silicate chains according to the random 
distribution model.  The mole fractions (up to n = 4) used in our representative C-S-H structures are shown as markers.  
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XII. Structural Relaxation  
 

Initial structural relaxation was performed with classical molecular dynamics using force field potentials. 

The force field parameters used are known to describe well cementitious material systems.18 Simulations 

were done using a constant pressure ensemble at 300 K and a time step of 0.7 fs using Velocity Verlet 

integration algorithms implemented in DLPOLY.24 Ewald summation was used to take into account the long 

range forces above a cutoff distance of 8.5 Å. Snapshots after 2 ns of molecular dynamics simulation of each 

structure are shown in Figure S20 and are found to be structurally stable. Stoichiometry of the structures, 

bond distances and average calcium coordination numbers of bulk structures minimized after 2 ns are 

presented in Table S13. The bond distances from MD simulations are realistic.  Histograms showing the 

distribution of coordination numbers for main phase calcium, interlayer calcium, and grand total of all 

calcium in these bulk C-S-H representations are shown in Figure S21.  A systematic shift of the coordination 

number toward lower values is inevitable due to anharmonic vibrational motion of the atoms with respect to 

their proper equilibrium positions, an effect which is a function of the choice of force field used for the 

simulations.  To estimate the magnitude of this shift for these systems, we carried out MD simulations on the 

known structure of 14 Å tobermorite for which 20% of the calcium are six coordinate and 80% are seven 

coordinate.  The 2 ns MD snapshot of 14 Å tobermorite indicates roughly 30% fivefold coordination and 

70% sixfold coordination.  Therefore, we expect the results in Figure S21 to systematically underestimate a 

proper coordination number by nearly one. 
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Figure S20 | Snapshots of bulk structures relaxed for 2 ns using classical MD simulations. The structures shown are (A) 
Ca:Si = 1.25, (B) Ca:Si = 1.5 , (C) Ca:Si = 1.75 and (D) Ca:Si = 2.0 respectively viewed along the [100] axes. All 

simulations produced structurally stable defective tobermorite features. 
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Ca:Si Chemical formula st −uv/st 
 [%] 

st − u 
[Å] 

Aw − u 
[Å] 

sx 
(Ca-O) 

1.25 Ca1.25 Si O3.2 (OH)0.1(H2O) 1.82 0 2.3 ± 0.12 1.55 ± 0.08 5.9 

1.50 Ca1.5 Si O3.35 (OH)0.30(H2O) 1.91 10 2.3 ± 0.12 1.55 ± 0.08 5.9 

1.75 Ca1.75 Si O3.39 (OH)0.71(H2O) 1.72 20.1 2.3 ± 0.12 1.55 ± 0.08 5.8 

2.00 Ca2 Si O3.41 (OH)1.18(H2O) 1.31 29.4 2.3 ± 0.12 1.55 ± 0.08 5.8 

 

Table S13 | Structural characteristics of the representative C-S-H structures.  These values are given for MD structures 
relaxed for 2 ns. These values show that the chemical and physical environment in the structures are realistic. Ca-OH/Ca 
indicates the percentage of Ca atoms charge compensated by hydroxyl ions.  The errors on the force field were estimated 

to be around 5% on distances25 

 

 
Figure S21 | Histograms showing populations of coordination numbers for each of the representative C-S-H structures.  
These values are given for MD structures relaxed for 2 ns.  Orange and green bars indicate coordination of main phase 
and all other calcium, defined as CaM and CaOther.  The black markers indicate the coordination over all calcium in the 
structure (CaTotal).  Owing to positional bias in the MD simulated structures, the populations are systematically shifted 

toward lower coordination number by nearly one. 
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We also find that in the Ca:Si = 1.75 structure 20% of Ca atoms are charge compensated by hydroxyl ions. 

Thomas et al.26 calculated this value to be 23% in C-S-H with Ca:Si = 1.7 in hydrated cement samples and 

argued that such a bonding is possible only if a structural motif resembling jennite is present.  Our results 

show that the jennite structural motif is not required to give this hydroxyl charge compensation – a highly 

defective tobermorite is sufficient.  We have not considered any structures with a defective jennite motif, in 

which a missing dimer is replaced by two OH- groups. Pentamers, octamers, undecamers and tetradecamers 

are the only non-dimers in our proposed structures limited by the box size considered.  Generally, the 

interlayer separation distance shrinks up to 2 Å (down from 14 Å) upon structural relaxation for Ca:Si ≤ 1.5, 

affirming our choice of 14 Å tobermorite as a reasonable base structure.  Clinotobermorite or other 

orthotobermorites can also be treated as the base structure satisfying the 29Si and 1H NMR constraints but 

without additional information describing the calcium environment in C-S-H it is difficult to evaluate which 

form of tobermorite would serve as the best base structure. 
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XIII. Proton chemical shift calculations 
 

The 1H chemical shift calculations are performed on the set of reduced unit cells displayed in Figure S22. 

These reduced unit cells are selected to ensure a wide variety of different local defect environments, 

classified according to Figure S16A, are captured. We also probe the influence of CaI in the aqueous 

interlayer and perform a test of the influence of medium range interactions by studying the containing 

pentamers rather than infinitely long silicate chains and dimers, which are the only types of chains possible 

without juxtaposition of different reduced unit cells.  Calculated proton chemical shift spectra for each of 

these structural candidates are shown in Figure S23. Structures that are not distinguishable on the basis of 

defect classification may have different arrangements of water molecules in the interlayer, representing 

viable structures with different local energy minima and indicated as different “versions” in Figure S23. 

 

Figure S22 | Reduced unit cells used in 1H and 29Si chemical shift calculations.  Interlayer water molecules are not shown. 
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Figure S23 | Calculated spectra of 1H GIPAW isotropic magnetic shifts for the investigated reduced unit cells of C-S-H. 

The line-shapes y(z) are extrapolated from the calculated chemical shifts z{|}{ as y(z) = 	 ~
�Ä	ÅÇÄ

ÉÑÖ Ü	− ~
Ä á

zPz{|}{
Ç à

Ä
â	with 

R = 1.5 ppm. In general, structures with CaB at the bridging site (types AC, CC, CG) better reproduce the characteristic 
tail in the 1H line shape above 10 ppm. Structures that are identical according to our defect classification scheme but 
possess different arrangements of water molecules in the interlayer are distinguished by V1 or V2. 

XIV. 29Si chemical shift calculations 
 

In addition to the 1H chemical shift calculations, we also calculate 29Si chemical shift parameters (Figure 

S24) for all structures used in Figure S23. The calculated 29Si chemical shifts are compared to previous 

calculations27 and to our experimental results. To the level of intrinsic accuracy of 29Si chemical shift 

calculations, there is good agreement between the three datasets, allowing us to conclude that the C-S-H 

models proposed here are a good approximation of the studied systems.  

 

Figure S24 | Overlap of calculated 29Si GIPAW isotropic magnetic shift spectra for each different Si site in the calculated 
structures shown in Figure S23. The line-shapes y(z) are extrapolated from the calculated chemical shifts z{|}{ as y(z) =

	 ~
�Ä	ÅÇÄ

ÉÑÖ Ü	− ~
Ä á

zPz{|}{
Ç à

Ä
â	with R = 1.5 ppm.  
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