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A B S T R A C T

Coupling of organic and inorganic chemistry presents a new degree of freedom in nano-engineering of thermo-
mechanical properties of cement-based materials. Despite these vast technological benefits, molecular scale
cross-linking of calcium-silicate-hydrate (C-S-H) gel with organic molecules still presents a significant challenge.
Herein, we report experimental results on sol-gel synthesis, structure and morphology of nanocrystalline C-S-H
cross-linked with dipodal organosilanes. These novel organic-inorganic gels have layered turbostratic molecular
structure with similarities to C-S-H precipitating in hydrating cement paste. The organic molecules' chain length
controls the interlayer spacing, which shows little to no shrinkage upon dehydration up to 105 °C. However, the
structure gets distorted in the basal crystallite plane, in which dimer and trimer Si-polyhedra structures condense
on a 2D hexagonal Ca-polyhedra layer. Cross-linked C-S-H gels display plate-like morphology with tendency
toward stacking into agglomerates at the larger scale. If successfully realized in cement environment, e.g. high
concentration seed, such novel organic-inorganic C-S-H gels could potentially provide cement-based matrices
with unique properties unmatched by classical inorganic systems.

1. Introduction

Recent advancements in nanotechnology have opened up new
avenues for the “bottom-up” engineering of cement-based materials.
This relates not only to more efficient aggregates space filling, a mod-
ulation of the pore structure morphology and interfaces at various
scales (mesostructure engineering), or tailoring cement hydration ki-
netics, but also engineering the molecular structure of calcium-silicate-
hydrate (C-S-H) gel, the primary binder of concrete [1,2]. In recent
years, significant attention has been paid to “inorganic chemistry type
approach” and exploration of the effects of calcium-to‑silicon (Ca/Si)
ratio and atomic substitutions in C-S-H framework on its intrinsic
stiffness [3–6], fracture toughness and micro-hardness [7,8], as well as
creep [9]. As pointed out by Pellenq et al. [10] and Gmira et al. [11], by
changing the nature and bonding scheme of interstitial ions, or the
surface charge density of C-S-H nanoparticles one may engineer gel
cohesion. Such strategies bear the promise of improving mechanical

and physical properties of cement-based materials to some extent;
however, to the best of authors' knowledge, it still has limited appli-
cation and is mostly contained within research laboratories. Moreover,
without considerable changes in the type and population of primary
bonds existing in C-S-H molecular framework, the impact of such
stoichiometric alterations may be very limited to none on certain
properties. To illustrate this, consider the example of the intrinsic
thermal conductivity of C-S-H. As recently shown by molecular dy-
namics studies, the stoichiometric modifications, e.g. calcium-to‑silicon
ratio, appear to be ineffective in the activation of phonon scattering
mechanisms, which are imperative for reducing its thermal con-
ductivity at the particle scale [12]. In this case, the deficiency of the
“inorganic chemistry approach” is rooted in its inability to reduce the
mean free path of phonon in the molecular structure of C-S-H [13].

An alternative approach in the molecular engineering of C-S-H emerges
from the coupling of its inorganic framework with organic molecules. If
successfully realized in cement environment, and complemented with
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optimum design of the mesostructure, such organic-inorganic hybrid C-S-H
gels could potentially provide cement-based matrices with unique proper-
ties unmatched by the classical inorganic system. For instance, recent in-
vestigations on clay minerals [14] show a 5-fold reduction in the thermal
conductivity of organoclay nanolaminates compared to unmodified clay.
Similarly, incorporating organic cross-linking components into the struc-
ture of aerogels reduces material fragility and improves elastic recovery
[15]. While the possible technological benefits are vast, still the nanoscale
crosslinking of C-S-H with organic molecules is rather considered a re-
search hypothesis to be tested before developing viable technical solutions
applicable in hydrating Portland cement systems.

1.1. Polymer intercalation in C-S-H nanocomposites

The problem of synthesis of organic-inorganic (OeI) C-S-H has drawn
the attention of various research groups. In particular, the early works of
Matsuyama and Young [16–18], which were focused on the synthesis of C-
S-H/polymer complexes, showed that the formation of stable hybrid
complexes highly depends on the structure of the polymer and C-S-H
template stoichiometry. Based primarily on the carbon content and X-ray
diffraction measurements they concluded that: a) observed shift in 002
reflection is indicative of organic molecules intercalated in the interlayer
space of C-S-H, b) the magnitude of change in the interlayer distance is
governed by the type of organic molecule and Ca/Si ratio of the gel, and c)
certain type of polymers can be also post-intercalated within already pre-
cipitated C-S-H product. For example, for poly(methacrylic acid) (PMA)
and poly(acrylic acid) (PAA) polymers, the maximum recorded expansion
was about 1.5 nm and 1.2 nm, respectively. The authors suggested, that
such large expansion is consistent with the intercalation of ≈2 monomer
units in between the layers, and the high amount of polymer content in the
complex is unlikely to be explained by the surface adsorption only. How-
ever, for small molecular weight polymers such as poly(vinyl alcohol)
(PVA) the observed systematic expansion was significantly below the ef-
fective diameter of PVA molecule (0.45 nm), and as cautioned in [17] does
not present strong evidence of intercalation. Likewise, a small basal ex-
pansion in C-S-H / PVA hybrids was also reported by others [19–21]. Based
on experimental results, Matsuyama [16,17] hypothesized that the PVA
molecule may conform to the ridged surface of the calcium silicate layer
resulting in only a slight expansion. Recently, a similar hypothesis was
explored by Zhou et al. [22] in studies focused on bulk modulus of C-S-H /
PVA nanocomposites. By combining high-pressure X-ray diffraction with
molecular dynamics studies, it was demonstrated that the intercalation of
PVA molecule within the basal space of C-S-H is feasible, and could explain
the decrease in the bulk modulus of OeI C-S-H hybrids relative to regular
C-S-H. Moreover, it could also capture an increased degree of silica chain
polymerization, which appears to be a common attribute of C-S-H /
polymer nanocomposites [17,23–27].

Motivated by the findings reported in [17–19], Merlin et al. [20]
looked with additional scrutiny at the problem of possible interactions
of C-S-H with various polymers. Following the study of 002 reflection
shift measured on OeI C-S-H hybrids synthesized with neutral, anionic,
and cationic molecules according to different synthesis methods, in-
cluding direct precipitation, the experimental evidence pointed toward
dominating role of surface adsorption rather than intercalation. Merlin
et al. [20] hypothesized, that the high surface charge density of C-S-H
layers effectively prevents polymers from entering the interlayer space,
thus leaving adsorption as a primary mode of interaction. As a con-
sequence, the texture of C-S-H / polymer hybrids resembles the “meso-
composite” [20,28], in which stacked C-S-H lamellae are confined by
the surrounding polymer. Moreover, the adsorbed layer of a polymer
affects the hydration state of C-S-H particles. Therefore, by retaining
more water molecules within the interlayer space some C-S-H / polymer
meso-composites may show the expansion of the basal distance as
compared to polymer-free C-S-H submitted to the same mild drying.
The dominant role of polymer adsorption over intercalation for various
types of polymers was also suggested in [25,26,29–31]. For example,

while working with hexadecyltrimethylammonium (HDTMA) mole-
cules [25], a dipolar dephasing (DD) 13C CP NMR experiment suggested
the location of the methyl groups at the surface of the hydrate rather
than incorporated within the layers. However, the possibility of inter-
calation could not be definitely ruled out either exposing the com-
plexity of assessing interactions between organic molecules and non-
stoichiometric solids like C-S-H.

In this respect, testing for possible intercalation in C-S-H still suffers
from a certain degree of nonuniqueness of determination. For example,
the broadening of 002 basal reflection in C-S-H / polymer nano-
composites has been reported in hybrid gels prepared via direct pre-
cipitation [17,20,24,29,30,32,33]. Such broadening might be the effect
of a d-spacing distribution in basal direction caused by C-S-H – polymer
interactions and/or C-S-H intercalation with variable content of
monomers in different conformational states. However, to the best of
the authors' knowledge, this particular problem has not been addressed
in detail yet, and should be considered in parallel with other phe-
nomena leading to peak broadening, e.g. solid-solution inhomogeneity
and crystalline morphology to name just a couple.

1.2. Organosilanes based C-S-H/polymer nanocomposites

The difficulties in overcoming the steric and entropic interactions,
which tend to hinder the introduction of the organic molecules within the
interlayer of C-S-H, seem to be reduced in sol-gel processing involving
functionalized organometallics. In such a processing route, the hydrolysis
of alkoxy groups results in numerous silanol bonds (-Si-OH) which con-
dense rapidly to siloxane (-Si-O-Si-) [34], or on the inorganic surface. For
example, such a strategy has been successfully applied in the fabrication of
layered Al- and Mg- inorganic-organic nanocomposites, with organic
functionalities directly linked to the inorganic framework via the SieC
bonds [35]. A similar approach has been used in the pioneering works on
organosilane based C-S-H / polymer nanocomposites [36–38]. By studying
novel organic-inorganic gels, synthesized via sol-gel method using con-
ventional organosilanes e.g. n-hexyltriethoxysilane (HTES), Minet et al.
[36] showed a bi-layer type arrangement of the organic groups inside the
interlayer. Moreover, the 002 shift and the length of the alkyl chain are
positively correlated, and the molecular structure of such solids may be
explained by smectite-type arrangement. However, given the constraint of
only one SieC bond in conventional organosilane, no direct chemical cross-
linking in which opposite inorganic galleries are connected via continuous
alkyl chain can be realized.

In this work, we explore the idea of direct chemical cross-linking of
inorganic galleries of calcium-silicate-hydrates realized through hydrolysis
and condensation of functionalized bis-alkoxysilanes (with two Si atoms
covalently linked to C atoms at terminal sites of alkyl chain). In particular,
the effect of bis-alkoxysilanes on chemistry, structural order, dimensional
change upon dehydration, thermal stability, and morphology of stable
forms of cross-linked organic-inorganic seeds of calcium-silicate-hydrates
are investigated. For this purpose organic-inorganic C-S-H gels were syn-
thesized via sol-gel processing with organosilanes of alkyl [CH2]-n chain
size ranging from 2 to 8, and subjected to scrutinized characterization in-
cluding, mass spectroscopy (ICP-OES), X-ray powder diffraction, 29Si and
19C NMR, thermogravimetry (TG) and differential scanning calorimetry
(DSC), as well as transmission electron microscopy (TEM).

2. Materials and methods

2.1. Sample synthesis

In the synthesis of inorganic and organic C-S-H gels chemical grade,
high purity reagents, were used: TEOS (Tetraethyl orthosilicate, 98%,
Sigma Aldrich), BTSE (1,2-Bis(triethoxysilyl)ethane, 96%, Sigma
Aldrich), 1,6-BIS(Trimethoxysilyl)Hexane (≥95%, Gelest Inc.) abbre-
viated here as HEX., 1,8-BIS(Triethoxysilyl)Octane (≥95%, Gelest Inc.)
abbreviated as OCT., sodium hydroxide (≥97%, Fisher Chemical),
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calcium hydroxide (≥96%, Fluka®, Honeywell), calcium chloride
(≥93%, Sigma Aldrich), 0.1 M hydrochloric acid (Titripur®, Merck
KGaA), ethyl alcohol (200 proof, Decon Labs. Inc.), methyl alcohol
(anhydrous, Macron Chemicals), distilled ASTM Type II water (Aqua
Solutions Inc.). To avoid possible carbonation of gels the synthesis was
performed inside the glove box in the N2 atmosphere with continuously
monitored CO2 concentration.

At the sol-gel processing stage, organo-silane reagents were hydrolyzed
at room temperature in the alcohol-based solution of HCl and CaCl2 (see
Table 1). Hydrolysis was performed under continuous steering for 8 h.
Next, 19 M NaOH solution was rapidly added and homogenized for an
additional 12 h. Injection of NaOH solution resulted in pH shift to highly
basic conditions and gel formation. Precipitated gels were centrifuged and
washed 4 times in the preconditioned aqueous solution doped with
2 × 10−3 M Ca(OH)2. Such dosage corresponds to [Ca] = 2 mM, which
represents Ca equilibrium concentration with C-S-H solid of Ca/Si ratio 1
preventing possible decalcification [39]. Finally, all gels were vacuum
dried at 50 °C for 24 h, above the silica gel, and stored in sealed vials prior
to characterization work.

2.2. X-ray powder diffraction

Powder diffraction patterns were collected with a PANalytical X'Pert
PRO XRPD multipurpose diffractometer configured in Bragg-Brentano
geometry, with a high-speed, high-resolution X'Celerator position sen-
sitive detector, a Cu – anode source (Cu K-alpha λ= 1.541 Å) operating
at 45 kV and 30 mA, 10 mm mask and 0.5° antiscatter slit. Two types of
scans were carried out: a) high resolution scan in the 2θ range 3 to 15°
targeting the basal spacing reflection, and b) broad scan from 5 to 60° to
obtain global diffraction pattern. All scans were run at a step size of
0.017° and a speed of 360 s./step and 88.3 s./step in high resolution
and broad scans, respectively. Experimental X-ray patterns were ana-
lyzed in HighScore Plus® (PANalytical) package and compared to
Powder Diffraction Files (PDF) from the database published by the
International Centre for Diffraction Data (ICDD).

2.3. Chemical analysis

Inductively coupled plasma optical emission spectroscopy (ICP-
OES) was used for elemental analysis of synthesized gels (Agilent 725
ICP-OES, Agilent). For this purpose, representative samples for ICP-OES
were prepared via flux-fusion method [40]. This includes the prepara-
tion of glass beads from 0.1 g of calcium-silicate-hydrate gel mixed with
0.5 g of LiBO2 flux and 100 μL of LiBr wetting agent fused in carbon
crucible at 1050 °C for 20 min. After cooling, the fused disk was
transferred to Teflon bicker and dissolved in 25 mL of 1 M HNO3 under
continuous stirring. The resulting fluid was filtered and additionally
diluted with 25 mL of nitric acid. The final analyte solution was pre-
pared by sampling 1 g of the filtered solution and diluting with 9 g of
1 M HNO3. All analyte solutions were analyzed for elemental con-
centrations of Ca, Si and Na.

2.4. 29Si MAS NMR and 13C CP-MAS NMR

Nuclear Magnetic Resonance (NMR) spectra were collected at room
temperature with JEOL ECA500 NMR (JEOL, Japan) spectrometer
equipped with 11.74 T magnet operating at 99.33 MHz for 29Si and
125.73 MHz for 13C, respectively. Samples were packed in 3.2 mm
rotors (zirconia with vespel endcaps). 29Si data were collected at
15–18.5 kHz MAS spin rate; averaged over 360 scans of 1024 complex
points with 90 degree pulse (7 us) and 180 s between acquisitions to
achieve quantitative results. Sweep width was 300 ppm centered at
−100 ppm, with TPPM 1H decoupling (nominal pulse width 2.8 μs for
90 deg). 13C data were collected at 12.5 kHz MAS spin rate, under CP-
MAS conditions: 1024 scans of 2048 complex data points were collected
over 400 ppm ranges and centered at 50 ppm. CP power levels were
calibrated for 10 ms starting with ~3 us 90° pulse widths for both 1H
and 13C on a sample of adamantane spinning at 12.5 kHz. TPPM 1H
decoupling at nominal 2.8 μs (90 deg) pulse and relaxation delay 5 s
was applied. Acquired NMR data were processed and analyzed with
JEOL Delta v5.3 package. Processing of time domain data included
exponential multiplication (150 Hz for Si and 20 Hz for C), 2× zero
filling, Fourier transform (FT), manual phase adjustment and baseline
correction. Relative integral intensities were obtained from decom-
position with mixed Lorentzian-Gaussian peak profile.

2.5. Thermogravimetric and calorimetry analysis (TG/DTA, DSC)

Thermogravimetric analysis (TG) was performed on all dried pow-
ders. All experiments were carried out in Discovery TGA 550 Advanced
(TA Instruments) at the temperature rate 20 °C/min up to a maximum
temperature of 980 °C and under the N2 atmosphere. Minimum 3
samples for each gel type were tested with the average sample weight
around 20 mg inside the Pt TGA pan. Additionally, all C-S-H gels were
examined in differential scanning calorimetry (DSC), DSC 1 System
(METTLER TOLDEO). For DSC experiments, samples were heated from
25 °C to 700 °C at the rate of 20 °C/min under the N2 atmosphere.

2.6. Transmission electron microscopy (TEM)

The particle morphology and crystallinity of selected gels were in-
vestigated in the transmission electron microscope (JEOL 2010F). For
sample preparation, the previously dried gel was dispersed in pure
ethanol using ultrasonicator for 4 min and then a drop suspension was
deposited on a lacy carbon film. High-resolution (HR) TEM micrographs
were taken with an electron beam operated at 200 kV.

3. Experimental results and interpretation

The sol-gel processing provides a unique opportunity for manipulation
of the molecular structure of C-S-H with organometallic molecules. The
effects of such modification on the long-range order, solid stoichiometry, as
well as physical and thermal properties are presented next.

3.1. ICP-OES gel stoichiometry

Measured concentrations of major elements (except carbon, C)
constituting synthetic C-S-H and its organic hybrids are reported in
Table 2. In most cases, Ca/Si atomic ratio of the precipitate is close to 1,
which is the initial molar ratio of alcohol-based solutions used in or-
ganosilane hydrolysis. The observed discrepancy is attributable to the
ICP-OES measurement uncertainty. However, in the case of HEX:C-S-H
gel the Ca/Si molar ratio is slightly below the target value designed in
the experiment suggesting close to but not optimum synthesis condi-
tions have been achieved. Finally, the highest uptake of alkaline ion
Na+ is recorded for reference C-S-H gel, around 1%, while in hybrid
gels it is significantly lower.

Table 1
Composition of alcohol-based solutions used in the sol-gel synthesis.

Gel type Solution component

Silane (mol) CaCl2(mol) HCl(cm3) Solvent
(cm3)

NaOH
(cm3)

Ca/Si

TEOS:C-S-H 5 × 10−3 5 × 10−3 0.43 11 2 1
BTSE:C-S-H
HEX:C-S-H
OCT:C-S-H

5 × 10−3 10 × 10−3 0.43 11a 2

a Ethyl alcohol used in the synthesis of TEOS:C-S-H, BTSE:C-S-H and OCT:C-
S-H, methyl alcohol used in the HEX:C-S-H synthesis.
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3.2. X-ray powder diffraction

The first direct evidence of successful incorporation of organome-
tallic molecules into the molecular structure of synthesized gel is pro-
vided by X-ray powder diffraction performed in the low 2θ range
(Fig. 1), which encompasses the basal reflection d002 of C-S-H [41]. It is
observed that incorporation of longer [CH2]n chains (BIS) organosilanes
increases the interlayer spacing relative to TEOS: C-S-H d002 reflection
located at ≈12.7 Å (≈7° 2θ). This effect is especially evident for or-
ganosilanes with chain length n= 6 (HEX: C-S-H) and n= 8 (OCT: C-S-
H). Thus, a stratified molecular structure with long-range order in the c-
direction has been established with possible condensation of silica
tetrahedron on the Ca polyhedron layers. A similar trend in the ex-
pansion on the unit cell was reported by Minet et al. [36] for organo-
silicate hybrids incorporating silanes with only one SieC bond and non-
hydrolyzable organic moiety, e.g. n-hexyltriethoxysilane (HTES). On
the contrary, the basal reflection position in BTSE modified C-S-H re-
mains unchanged relative to TEOS:C-S-H, suggesting that small size
organic molecules can be accommodated within the interlayer space
without causing dilation along c crystal axis. In addition, such small
molecules seem to lead to a lower degree of crystallinity and/or crys-
tallite size as indicated by the largest broadening of the basal peak. The
estimated value of FWHM for basal reflection (d001 in modified gels
[35,36]) in BTSE:C-S-H sample is around 30% and 50% greater than in
gels synthesized with molecules of alkyl chain size 6 (HEX:C-S-H) and 8
(OCT:C-S-H), respectively. It must be mentioned, the X-ray spectra of all
hybrid gels were collected under the same analytical conditions, and
therefore it may be assumed that the instrument broadening has a si-
milar contribution to FWHM estimates.

The change in the interlayer distance upon continuous dehydration is
another important point worth consideration here. One of the commonly
used mineral analogs, based on which the C-S-H structural models are
proposed, is 14 Å tobermorite [41–43]. By heating tobermorite, a reduction
in the interlayer distance is obtained through the progressive dehydration
process [44,45]. Likewise, the basal spacing of quasi-crystalline C-S-H
shrinks upon losing the interlayer water [46]. For C-S-H with CaO/
SiO2 ≈ 1, the contraction from ≈13 Å (mild drying conditions) to ≈11 Å
(harsh drying) has been reported [42,43,47]. Similar behavior is observed
in the baseline TEOS:C-S-H sample (Fig. 2), where the contraction of d002
from 12.6 Å (≈7°2θ) to 10.8 Å (≈8°2θ) is recorded upon changing drying
conditions from 50 °C to 105 °C. However, a very contrasting phenomenon
is displayed by organic-inorganic C-S-H hybrids. As revealed by X-ray data
(Fig. 2), the interlayer spacing in these materials is not affected by changing
the drying conditions from mild to more severe, indicating no shrinkage
along c-direction. Such retention of the basal distance can be realized by
the cross-linking of Ca-galleries with alkyl chains, thus providing another
experimental evidence of the successful hybridization of calcium-silicate-
hydrate. It must be noted, the possibility of organosilane molecules present
in the different conformational states within the interlayer space cannot be
excluded at the current stage and requires further investigation.

The incorporation of the organic molecules within the molecular
framework of C-S-H hybrids has also important implications for the
structural order in a-b plane. Accordingly, as presented in Fig. 3a the
reference TEOS:C-S-H sample exhibits a few and broad diffraction
maxima located at 5.34 Å, 3.04 Å, 2.81 Å, 2.06 Å, 1.83 Å, and 1.67 Å,
many of which are hk0 type. This is in line with the commonly observed
set of reflections systematically observed in patterns from synthetic and
OPC based C-S-H [39,42,43,48,49]. Of particular importance is the

Table 2
Chemical composition of synthesized gels as measured with ICP-OES.

Gel Type Elementa

Ca (wt%) Si (wt%) Na (wt%) Ca (mol) Si (mol) Ca/Sib

TEOS:C-S-H 24.17 ± 1.07 16.65 ± 0.91 1.16 ± 0.15 0.60 ± 0.03 0.59 ± 0.03 1.02 ± 0.03
BTSE:C-S-H 22.95 ± 0.16 16.13 ± 0.42 0.32 ± 0.15 0.57± 0.01 0.57 ± 1.01 1.00 ± 0.03
HEX:C-S-H 18.72 ± 1.48 13.92 ± 1.02 0.09 ± 0.02 0.47 ± 0.04 0.50 ± 0.04 0.94 ± 0.08
OCT:C-S-H 15.90 ± 0.72 10.85 ± 0.24 0.27 ± 0.01 0.40 ± 0.02 0.39 ± 0.01 1.03 ± 0.02

a Average of three measurements, error values correspond to one standard deviation.
b The estimated max. relative standard deviation (RSD) on Ca/Si due to analytical precision, obtained on replicated analysis of controlled gel specimens is 4%.

Fig. 1. Basal reflection position in the C-S-H gels modified with BIS-organosilane molecules: (a) raw X-ray diffraction spectra, (b) basal diffraction peaks isolated after
background removal, change in basal distance vs. [CH2] – chain length presented on the inset. Powders dried for 24 h at 50 °C under vacuum.
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triplet {3.04 Å, 2.81 Å, 1.83 Å}, which corresponds to coherent scat-
tering from regularly arranged atomic planes, e.g. calcium in the
polyhedral calcium layer (Fig. 3b).

A quite different picture is obtained on the hybrids of C-S-H gel
synthesized with organosilanes. The main differences include: (a) re-
duced number of diffraction events corresponding to coherent X-ray
scattering in a-b plane, (b) increased broadening in which maxima tend
to take the form of wide bands, and (c) clear asymmetry of the main

band centered at ≈30°deg. 2θ angle. BTSE, HEX and OCT: C-S-H gels
show a common pattern with the broad bands located at ≈3.05 Å and
≈1.8 Å. However, the band located at ≈4.5 Å is missing in the BTSE: C-
S-H, which was synthesized using the shortest carbon chain organosi-
lane, n = 2. Based on these results, it is apparent that the molecular
structure of hybrid C-S-H gels shows a lower degree of ordering in a-b
plane as compared to their inorganic counterpart TEOS: C-S-H.

Given the XRD observations, it is worth asking whether some conclu-
sions can be reached regarding the possible stratification of the Ca atoms
within the central layer of C-S-H hybrids. By analogy to tobermorite, C-S-H
comprises of “stratified” calcium polyhedra, which are displaced along c
axis by ≈2 Å relative to each other (Fig. 4a). Depending on the crystal
variety, the unit cell has an orthorhombic or monoclinic character. On the
contrary, the Ca atoms in portlandite structure form planar sheaths (see
Figs. 3c and 4b) and the unit cell is hexagonal [43]. A typical feature of the
hexagonal unit cell is the ratio d100 /d110, which has theoretical value

3≈1.732. If the two main reflections observed in the hybrid gels are
assigned to 100 and 110 planes, respectively, their d-spacing ratio is around
1.704 for OCT: and HEX: C-S-H gels, which is close to the theoretical value.
However, in BTSE: C-S-H gel this ratio is significantly lower, 1.687. This
observation, together with observed trends in the basal reflection (Fig. 1b),
suggests the nanocrystalline turbostratic structure of hybrid gels in which
randomly stacked hexagonal layers of Ca-polyhedra display systematic
random translations or/and rotations between adjacent sheets [50].

The in-plane hexagonal symmetry and turbostratism of (Al, Mg, Ca)-
alkylsilicates, derived from the sol-gel processing of trialkoxysilane
with n-alkyl functionality, has been also suggested by Ukrainczyk et al.
[35] and Minet et al. [36]. By using the analogy with 2:1 trioctahedral
Mg-phyllosilicates, e.g. smectite, the latter authors estimated a CaeCa
distance of 0.351 ± 0.005 nm, which is close to the dCa-Ca found in the
brucite-like layers of portlandite.

3.3. 29Si MAS NMR and 13C CP-MAS NMR

The insight into the chemical environment of silicon contained in
the structure of reference C-S-H, as well as its hybrids with organic

Fig. 2. Effect of dehydration on the interlayer distance in the TEOS: C-S-H and
calcium silicate hydrates modified with bridged bipodal (BIS)-organosilanes
OCT: C-S-H.

Fig. 3. Global X-ray diffraction spectra of organosilane-modified gels and TEOS C-S-H (a). Atomic structure of 11 Å tobermorite, monoclinic polytype, after Merlino
et al. [44] (b), and structure of portlandite (c). Structural models generated in VESTA®.
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modifications, is provided by 29Si NMR spectroscopy. The commonly
used Qn and Tn nomenclature is adopted. In this notation, Q represents
the silicon atom bonded to four oxygen atoms forming tetrahedron

while T represents the silicon atom bonded to three oxygen atoms and
one organic group, R. The superscript n indicates the number of other
Q, or T units attached to the tetrahedron under study [51,52].

Fig. 4. Projections of the atomic structure on the surface normal to b unit cell vector: (a) 11 Å tobermorite (monoclinic type, Merlino et al. [44]) comprising a
stratified layer of Ca polyhedra along c, (b) portlandite with uniform Ca polyhedral layer. Structural models generated in VESTA®.

Fig. 5. 29Si MAS NMR spectra obtained on: (a) TEOS: C-S-H, (b) BTSE: C-S-H, (c) HEX: C-S-H and (d) OCT: C-S-H hybrids. Results presented for spectra decomposition
into two dominant species T1 and T2.
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The reference C-S-H obtained from the synthesis with TEOS displays
NMR spectrum (Fig. 5a), which has two maxima with chemical shifts, δ,
centered around −79 ppm and − 85 ppm. The first peak is char-
acteristic of the terminal silicate groups, Q1, and the second corre-
sponds to Q2 sites both of which are present in the dreierketten chains
running along b axis on the layers of calcium polyhedra
[5,41,42,52–55]. The degree of silicate chain polymerization expressed
as the mean chain length 2(1 + Q2/Q1) assuming Q3 sites absent
[39,42,43] is equal to 3.85. Consequently, the Q1/ΣQi ratio (i = 1,2)
reflecting the contribution of Q1 terminal sites approaches 52%
(Table 3), and the fraction of tetrahedral sites that are vacant is ≈ 21%.

Given this amount of vacant sites in the reference C-S-H gel the cal-
culated Ca/Si ratio (following approach derived by Richardson [43]) is
1.10. This value compares well with the Ca/Si ratio of 1.03 measured in
the elemental analysis by ICP-OES (Table 2). Such agreement ad-
ditionally confirms the appropriateness of the selected sol-gel synthesis
conditions, e.g. hydrolysis time and pH, as the target value of Ca/Si
ratio of the C-S-H precipitate has been achieved (see Table 1).

The 29Si NMR spectra of organic-inorganic calcium-silicate-hydrate
gels are presented in Fig. 5b–d. Naturally, the domain of chemical shift
changes: T0 – T3 sites have resonances in the approximate range
{−40;-70} ppm referenced w.r.t liquid TMS (tetramethylsilane)
[36,37,52,56]. In all three types of synthesized hybrid gels two domi-
nant resonances are revealed, which correspond to T1 (≈ − 49 ppm)
and T2 (≈ − 58 ppm) sites, respectively. This means the dominant T
species in the organo‑silicon network of hybrid gels are the ones
characteristic of simple dimer structures or linear segments, e.g. trimer
[51] (Table 3). However, as can be inferred from Fig. 5b, BTSE: C-S-H
spectrum also displays a subtle shoulder located between −35 to −45
[ppm]. Given the approximate shift difference -10 ppm for every new
tetrahedral attached [51] this range is typical for T0 monomers
[57–59]. If such shoulder is considered in the 29Si NMR spectra de-
composition, the estimated relative abundance of T0 species in BTSE is
4% (Table 3). This estimate becomes significantly less reliable in the
case of HEX:C-S-H and OCT:C-S-H gels. In both cases, the signal-to-
noise ratio is drastically reduced and the variations on the background
are of comparable magnitude to the intensity of the visible shoulders at

Table 3
Estimates of 29 Si NMR relative intensities (%) of the investigated gel samples.

Gel type Si – species (%)

Q1 Q2 T0 T1 T2 T3

TEOS:C-S-H 52.0 48.0 – – – –
BTSE:C-S-H – – (3.7)a 79.8 (72.0) 20.2 (23.4) (0.9)
HEX:C-S-H – – (5.6)b 57.0 (47.9) 43.0 (39.6) (5.1)b

OCT:C-S-H – – (4) 70.6 (56) 29.4 (40) –

a () – values in the parenthesis represent estimates from NMR data decom-
position including T0 and/or T3 peak.
b Estimate of significantly reduced certainty due to low signal-to-noise (S/N)

ratio and high fluctuations on the background.

Fig. 6. 13C CP-MAS NMR spectra obtained on: (a) BTSE: C-S-H, (b) HEX: C-S-H and (c) OCT: C-S-H hybrids. Reference lines in (c) mark resonances in octane (C8H18)
in CDCl3 solvent [63].
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T0 and/or T3 resonances (see Fig. 5c). Therefore, these results must be
interpreted with caution.

The 13C CP-MAS NMR spectra of organic-inorganic calcium silicate
hydrate gels, which are presented in Fig. 6, indicate the undisturbed
structure of alkyl chain and chemical stability of SieC bond. Accord-
ingly, BTSE hybrid gel shows three resonance bands centered at
5.8 ppm, 18 ppm and 58 ppm. The first resonance is attributed to
ethane carbon atoms in the organic chain framework [60]. Remaining
peaks relate to the C atoms in the residual functional ethoxy groups
(CH3CH2O–) which did not hydrolyze [51,61]. A resonance triplet
{14.5; 23.7; 33.1} ppm of C atoms is observed in HEX: C-S-H gel (see
Fig. 6b). Such triplet is a common feature of carbon atoms incorporated
in the 1,6-bis(trimethoxysilyl) hexane internal chain (labeled as α, β

and γ) [62]. Similarly, a small resonance is recorded at 50.6 ppm and it
originates from the unhydrolyzed methoxy (CH3O–) groups [62]. Fi-
nally, spectra observed in OCT: C-S-H gel displays three main maxima
which are the convolution of resonances of C atoms in alkyl chain
[63,64] and in residual ethoxy groups.

3.4. TGA/DTG and DSC analysis

Thermal behavior of all synthesized gels was examined in the
thermogravimetric analysis. Moreover, to gain insight into the energetic
character of the observed changes, e.g. endothermic vs. exothermic
process, DSC calorimetry was applied.

For all gels, a steep weight loss is observed from the initial tem-
perature to approximately 200 °C (see Fig. 7). In this temperature in-
terval, the weight loss is primarily driven by the removal of free water
present in the capillary and gel pores, as well as the volatilization of
water weakly bound to the surface [1,42,43,46,65]. Moreover, in the
case of inorganic C-S-H, e.g. 14 Å tobermorite, jennite, drying at tem-
peratures above ≈70 °C tends to also remove the interlayer water
molecules [45,66]. In all cases, the weight loss in the low temperature
range is an endothermic process as confirmed by DSC measurements
(Fig. 7c).

The second prominent changes recorded with TGA take place in the
approximate temperature range 200 °C to 600 °C. However, in this
particular case, the nature of the process leading to the weight decline

Fig. 7. TGA (a), DTG (b) and DSC (c) curves for inorganic and hybrid C-S-H gels. Curves recorded at a heating rate of °C/min in flowing N2 atmosphere. Curves
represent the average trends inferred from three tests.

Table 4
TGA weight loss (%) measured for inorganic and hybrid C-S-H gels.

Gel type Temperature range (°C)

< 200 200–600 >600

TEOS:C-S-H 13.0 ± 0.4 7.9 ± 0.2 (10.2 ± 0.3) 1.0 ± 0.1 (1.2 ± 0.1)
BTSE:C-S-H 15.4 ± 0.2 7.2 ± 0.1 (9.5 ± 0.1) 1.4 ± 0.1 (1.9 ± 0.1)
HEX:C-S-Ha 9.5 ± 0.2 23.6 ± 0.5 (35.0 ± 1.0) 0.5 ± 0.1 (0.7 ± 0.2)
OCT:C-S-H 6.0 ± 2.0 31.8 ± 0.3 (52.0 ± 2.0) 0.7 ± 0.1 (1.1 ± 0.2)

a Values in the parenthesis reported relative to the ignited weight.
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is quite different for inorganic and hybrid gels. Accordingly, TEOS: C-S-
H displays an abrupt decline which peaks at 390 °C (see Fig. 7b) and the
peak intensity is steadily decaying to 600 °C. The DSC signal indicates
the endothermic nature of this process (Fig. 7c), which suggests dehy-
droxylation. It must be mentioned, the DTG peak location quite closely
corresponds to the dehydration temperature of portlandite, Ca(OH)2.
Depending on its particle size, the degree of crystallinity, as well as the
heating rate the peak temperature of portlandite decomposition varies
from 400 °C to 460 °C [67,68]. However, the X-ray diffraction mea-
surements performed in this study (Fig. 3a) showed no trace of C-S-H
contamination with portlandite phase. A similar observation was re-
ported by Kunther [69] and Marty [70] who attributed this phenom-
enon to microcrystalline portlandite in the C-S-H (Ca/Si = 1), which is
intimately mixed with C-S-H. Such intermixing of the nano-sized CH, in
the form of lamellae type microcrystals ~10 nm thick, was directly
observed with TEM microscopy in Portland cement pastes of low water/
cement ratio [71]. Finally, the Ca(OH)2 contamination of synthetic C-S-
H gels is frequently reported for solids with Ca/Si ratio approaching
1.5, corresponding to the solubility limit of CH [39,69,72,73]. Although
not tested here, another plausible explanation for this observed weight
loss is the dehydroxylation of the C-S-H gel itself. Such hypothesis was
postulated by Beaudoin [25], and draws its analogy from the

intermediate-temperature reaction of clay minerals. Interestingly, jen-
nite phase which is considered as one of two model compounds of C-S-H
displays a broad endotherm and weight loss in the range from 360 °C to
460 °C which corresponds to its transformation to disordered phase
[45].

The weight loss observed in the hybrid organic-inorganic C-S-H gels
between 200 °C and 600 °C (Fig. 7a-b) is characteristic of decomposi-
tion of organic [CH2]n chains [56,61,74–77]. At this temperature, the
organic framework decomposes in the process of pyrolysis. As indicated
by DSC signal, this process is exothermic (Fig. 7c). Additionally, the
DTG curves display more than one maxima in all gels and the peak
intensity increases with the increasing molecular weight (or equiva-
lently alkyl chain length) of the organosilane used in the synthesis.
Consequently, the same trend is observed in the weight loss curve
(Fig. 7a, Table 4).

3.5. TEM and particle morphology

The bright-field TEM electron micrographs of the organic-inorganic
solid with the longest alkyl chain, OCT:C-S-H, are presented in Fig. 8. As
previously suggested by the results of X-ray powder diffraction (Fig. 3),
the nano-sized particles show plate-like morphology at the smallest

Fig. 8. TEM micrographs of the OCT: C-S-H hybrid calcium silicate gel: a) large cluster of numerous aggregates composed of multiple stacked 2D sheets (b-e).
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scale (Fig. 8b-c). From this perspective, its particle morphology is quite
similar to the morphology of low-lime C-S-H, e.g. tobermorite, which is
known to be crystallized in the form of thin plates or laths. The selected
area diffraction examination run on multiple particles showed broad
halo characteristic of amorphous materials, however, on several occa-
sions, a subtle intensity hunch in the approximate range 2.5 Å – 3.6 Å
could be inferred. Plate-like particles show a clear tendency toward
stacking and forming larger size agglomerates with periodicity in the
normal direction to the image plane, c-direction, (Fig. 8a and c).

4. Summary and conclusions

This work investigated the novel approach to nano-scale cross-
linking of C-S-H, the primary binder of concrete, through hydrolysis
and condensation of functionalized bis-alkoxysilanes. For this purpose,
organic-inorganic C-S-H gels were synthesized via sol-gel processing
with organosilanes of alkyl [CH2]-n chain size ranging from 2 to 8. All
gels were subject to scrutinized multi-technique characterization,
which included mass spectrometry, X-ray diffraction, solid state 29Si
and 13C NMR, thermogravimetry and electron microscopy.
Additionally, a reference inorganic C-S-H gel, with Ca/Si = 1, was
synthesized.

The successful incorporation of organometallic molecules into the
molecular structure of organic-inorganic calcium silicate hydrate gels
has been confirmed with X-ray powder diffraction results, which
showed a systematic shift in the d002 basal reflection toward smaller
diffraction angle for longer alkyl [CH2]-n chain organosilanes. Such
shift reflects the increasing interlayer spacing, in the molecular fra-
mework of hybrid C-S-H gels, which must be realized in order to ac-
commodate longer chain molecules with silanol bonds condensing on
the opposite Ca-galleries. However, it was also revealed that the in-
corporation of bis-organosilanes significantly affects the long range
structural order in the a-b plane. The observed differences between
reference and hybrid C-S-H gels point toward the layered hexagonal Ca-
polyhedra arrangement in hybrid gels and nanocrystalline turbostratic
structure. The layered nature of hybrid gels was additionally supported
by electron micrographs revealing the stacks of nano-scale plate-like
precipitate. Moreover, interlayer spacing in hybrid gels does not con-
tract upon dehydration from 50 °C up to 105 °C, indicating no shrinkage
along c-direction.

The condensation of silanol bonds of organosilanes results in the
two dominant resonances (T1 and T2) observed in 29Si MAS NMR
spectra, regardless of the size of alkyl [CH2]-n chain. Therefore, the
silanol bonds condensing on the Ca-polyhedra layer tend to establish
simple dimer, or trimer, segments. The 13C CP-MAS NMR confirmed the
presence of resonances characteristic of carbon atoms in the organic
chain framework. The presence of the organic framework was con-
firmed in the thermal analysis which showed pyrolysis of alkyl chains in
the approximate range 200 °C to 600 °C.
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