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A B S T R A C T   

We study the conductive heat transport through calcium silicate hydrate (C-S-H) and organically cross-linked C- 
S-H via experiments, micromechanical homogenization theory, and molecular simulations. We find that C-S-H's 
intrinsic thermal conductivity falls below its amorphous limit when cross-linked with short-chain organosilanes. 
The observed reduction correlates with the alkyl chain length of the bis-organosilane molecule. To understand 
the underlying fundamental molecular processes accountable for such a reduction, we construct realistic mo
lecular structures of cross-linked C-S-H and validate them against the spectroscopic and pycnometery mea
surements. The atomistic simulations indicate that the reduction in the contribution of propagons (propagating 
heat carriers) and diffusons (diffusive heat carriers) to heat transport, and the amplification of locons (localized 
vibrational modes), are the main driving factors allowing to limit the heat conduction in C-S-H. Presented 
findings offer new potential directions to nanoengineering novel admixtures for cement composites and resilient 
lightweight cementitious mesostructures for thermally efficient building envelopes.   

1. Introduction 

Despite high technological relevance, heat transport phenomena in 
the calcium-silicate-hydrate (C-S-H), the main constituent in hydrated 
colloidal cement systems [1], has not received commensurate attention 
until recently. Thanks to the rapid advancement in computational sta
tistical mechanics [2–4], molecular dynamics (MD) simulations have 
become a powerful tool for estimating the intrinsic thermal conductivity 
tensor (λ) of C-S-H at the nanoscale in the absence of the relevant 
experimental data (e.g. its volumetric average λv =(λ11 + λ22 + λ33 )/3 ≈
1 Wm−1 K−1 at 300 K, and the specific heat capacity, cv). Apart from 
these fundamental estimates, molecular simulations also revealed a 
critical observation having far-reaching implications for the conductive 

heat transfer in cementitious materials. The λv shows remarkable sta
bility across the wide range of Ca/Si (1.0–2.0) [2]. Thus, suggesting that 
conventional stoichiometric modifications to C-S-H's molecular struc
ture, such as altering its Ca/Si ratio, are not effective in modulating C-S- 
H's intrinsic thermal conductivity. It is because the heat transport in C-S- 
H is in the diffusive regime in which scattering dominates, i.e., the mean 
free path of phonons is in the order of a few Si–O bond lengths, which is 
significantly smaller than the C-S-H's nanoparticle size [2]. In this 
regime, the fractional contributions of propagating vibrational modes 
(propagons) and diffusive vibrational modes (diffusons) to the thermal 
conductivity of C-S-H are approximately 30 and 70 %, respectively [3]. 
Hence, it is worth asking if the thermal conductivity of C-S-H is already 
at its lowest achievable level, dubbed in the literature “glass limit” [5], 

* Corresponding authors. 
E-mail addresses: mjaq@uci.edu (M.J.A. Qomi), kjkrak@uh.edu (K.J. Krakowiak).   

1 These authors have contributed equally to this work.  
2 Currently at Wacker Chemical Corporation, NCA Innovation Ctr. & Regional Headquarters, 4950 S State Road, Ann Arbor, MI 48108, United States.  
3 Currently at Civil and Environmental Engineering Department, Massachusetts Institute of Technology, 77 Massachusetts Avenue, Cambridge, MA 02139, United 

States. 

Contents lists available at ScienceDirect 

Cement and Concrete Research 
journal homepage: www.elsevier.com/locate/cemconres 

https://doi.org/10.1016/j.cemconres.2023.107324 
Received 5 February 2023; Received in revised form 4 June 2023; Accepted 5 September 2023   

mailto:mjaq@uci.edu
mailto:kjkrak@uh.edu
www.sciencedirect.com/science/journal/00088846
https://www.elsevier.com/locate/cemconres
https://doi.org/10.1016/j.cemconres.2023.107324
https://doi.org/10.1016/j.cemconres.2023.107324
https://doi.org/10.1016/j.cemconres.2023.107324
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cemconres.2023.107324&domain=pdf


Cement and Concrete Research 174 (2023) 107324

2

and if so, what new degrees of freedom are available to engineers to 
break this barrier while preserving strong, cohesive interactions at the 
nanoscale of cementitious materials [6,7]. 

The scattering of heat-carrying phonons impedes thermal transport 
in crystals and effectively reduces thermal conductivity [8,9]. Classi
cally, the enhancement of phonon scattering is achieved by introducing 
a structural disorder to a crystal, e.g., the random atomic site sub
stitutions in the lattice or the change of the conformational states to alter 
the vibrational motions of atoms [8]. However, new non-classical ap
proaches, which couple organic and inorganic chemistry at the molec
ular scale, have emerged in recent years [10–12]. Indeed, Losego et al. 
[10] showed the thermal conductivity of organoclay nanolaminates, in 
which montmorillonite clay layers are intercalated with alkylammo
nium cations, displays cross-planar thermal conductivity that is 5-fold 
lower than that in unmodified clay composites, Fig. 1a. It was sug
gested that disparate acoustic properties of the organic phase and the 
montmorillonite phyllosilicate backbone, in conjunction with forming 
organic-inorganic interfaces, efficiently impede heat transfer in hy
bridized nanostructured layered materials. Inarguably, such examples 
demonstrate the potential mechanisms through which the organic- 
inorganic coupling produces ultralow-thermal conductivity materials. 
This technological path could potentially be adapted to cement science, 
Fig. 1b. 

The examples of organic-inorganic coupling in C-S-H's molecular 
structure and texture have increasingly been reported in the cement 
chemistry literature [13–28]. However, most of these studies are con
cerned with the examination of polymer intercalation vs. adsorption of 
various organic molecules on its surface, as discussed in [29]. On the one 
hand, the primary motivation of these studies stems from the need to 
understand the mechanisms of interactions between superplasticizers, e. 
g., polycarboxylate ethers (PCEs) and cement hydration products [30]. 
On the other hand, their rationale is to explore the biomimetic control of 
C-S-H nucleation and growth to form organic-inorganic hybrids with 
enhanced toughness [31,32], akin to the nacre [33,34]. Regardless of 
the primary objective of these studies, they suggest that, in general, the 
hydrogen bonds or electrostatic forces govern the molecular-scale 

interactions in these organic-inorganic systems [35,36], which hinder 
direct chemical cross-linking between C-S-H layers [31,32]. Direct 
chemical cross-linking through Si–C covalent bond is only achieved 
using functionalized organometallics and sol-gel synthesis. This 
approach showed success in fabricating layered Al-, Mg-, and Ca- 
inorganic-organic nanocomposites [37], including C-S-H, in which 
continuous alkyl chains link opposite inorganic layers in nanoscale 
galleries [29,38–40]. Substantial data about the molecular structure of 
such novel composites exists. However, understanding the heat trans
port mechanism in organic-inorganic C-S-H hybrids is not yet adequate. 
Assumptions about the underlying molecular structure (prototypic 
models developed by Morshedifard et al. [4] assume the inorganic part 
of the molecular framework to follow 11 Å tobermorite while the ex
periments [29,37] point toward the brucite-like layered structure of 
portlandite to be more adequate) or, lack of experimental data on 
thermal properties at the relevant scale limit it. 

In this work, building on the previously published results [4,29], we 
aim to address these severe experimental and modeling limitations and 
ultimately resolve the knowledge gap pertaining to the organic cross- 
linking effect on the intrinsic thermal conductivity of C-S-H nano
laminates. In particular, we seek to test the following hypothesis: “The 
cross-linking with functionalized organosilane molecules decreases 
conductive heat transport in C-S-H nanolaminates.” A three-fold 
approach combining experiments, micromechanical modeling, and 
atomistic simulations is selected to test this hypothesis. On the experi
mental side, C-S-H nanocomposites of controlled stoichiometry and 
confirmed cross-linking are synthesized, fully dried, mechanically 
consolidated to various levels of packing density, and tested for effective 
thermal conductivity. However, the intrinsic thermal conductivity of C- 
S-H nanocomposites is estimated by solving the inverse problem using 
the self-consistent approximation of the effective medium theory [41]. 
We benchmark obtained estimates against the same Ca/Si ratio inor
ganic C-S-H reference solid. The atomistic simulations approach starts 
by constructing a realistic molecular-scale models of organic-inorganic 
C-S-H nanocomposites that are shown to be compatible with the mo
lecular scale experimental data, including XRD, 29Si NMR, ICP 

Fig. 1. Engineering of thermal conductivity via the organic-inorganic coupling. (a) The intercalation of inorganic sheets creates additional interfaces, which impede 
phonon transport and drastically reduce thermal conductivity in organoclay nanolaminates, modified after Losego et al. [10]. (b) Vibrational Density of States 
(VDOS) in C-S-H [3] and organosilane molecule; In C-S-H, the heat is carried by phonons with ω < 20 THz, while in the organic counterpart, the heat is conducted 
through C–C bonds at phonon frequencies ω > 20 THz. The VDOS mismatch between C-S-H and organic molecules is another mechanism that impedes the nanoscale 
heat transport in organic-inorganic nanolaminates. 
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spectrometry, and previously reported in Moshiri et al. [29]. Using the 
developed models, the thermal conductivity tensor is computed using 
the Green-Kubo formalism [2], followed by the scrutinized analysis of 
the phonon vibrational modes using the Allen-Feldman theory [42]. 
Finally, a section on the combined hypothesis testing and discussion of 
the heat transport mechanism in cross-linked organic-inorganic C-S-H 
nanocomposites and similar systems and a summary of main conclusions 
closes this work. 

The novelty of this study is multi-fold:  

a) It provides direct experimental and computational evidence of heat 
transfer impedance in organic-inorganic cross-linked C-S-H hybrids. 
If successfully realized technologically, e.g., hybrid nanoengineered 
admixture selectively interacting with cement native C-S-H, such 
organic-inorganic chemistry coupling could offer a new and alter
native approach toward lowering the conductive heat transfer in 
cementitious composites beyond what classical approaches currently 
offer [43].  

b) Guided by the experimental observations, this work proposes an 
original analytical and atomistic modeling strategy to decipher the 
effect of cross-linking on the thermal properties and structural or
ganization of hybridized C-S-H at the molecular scale. Such models 
can aid in the molecular design of new admixtures for concrete.  

c) Based on our knowledge, this work presents the first experimental 
study inferring the thermal conductivity of low-calcium C-S-H at the 
nanoscale, thus, providing critical input for multi-scale homogeni
zation models of cement-based materials aiming at reliable predic
tion of thermal properties or, the mechanical performance of 
concrete structures subject to thermal loads. 

2. Materials and methods 

2.1. Combined experimental and analytical approach 

2.1.1. C-S-H synthesis, conditioning, and molecular order 
Inorganic and hybridized gels of controlled stoichiometry (target Ca/ 

Si = 1) were prepared via the sol-gel route. The reference C-S-H was 
synthesized with tetraethoxysilane (TEOS, Sigma Aldrich), while the 
hybrid gels were functionalized with 1,6-BIS(Trimethoxysilyl)Hexane 
(Gelest Inc.), abbreviated here as HEX C-S-H, and 1,8-BIS(Triethoxy
silyl)Octane (Gelest Inc.) abbreviated as OCT C-S-H. Before thermal 
conductivity investigation, solids were examined to confirm their mo
lecular order. It included X-ray powder diffraction (Fig. 2a), thermog
ravimetry (Fig. 2b), chemical analysis through the inductively coupled 
plasma optical emission spectroscopy, as well as 29Si and 13C nuclear 
magnetic resonance and electron microscopy. A detailed discussion of 
the gel synthesis analytical protocols is included in the Supplementary 
information (SI), and experimental data on the molecular structure of 
cross-linked C-S-H is extensively presented in Moshiri et al. [29]. 

2.1.2. Density measurements via He-pycnometry 
Density measurement of the inorganic and hybrid C-S-H solids was 

carried out in AccyPyc II Gas Displacement Pycnometer (Micromeritics, 
Norcross, USA). Before measurements, C-S-H gels were dried under 
vacuum at 50 ◦C for 24 h above the silica gel, followed by a standard 
convective oven drying at 105 ◦C to a constant weight. Prior to testing, 
the material was stored in vacuum-sealed tubes inside the desiccator. 
After a series of preliminary tests, the measurement parameters were 
optimized so that the helium expansion could reach equilibrium. For 
each sample, ten He-purges were performed, followed by five mea
surements of particle volume. The time for helium expansion was set to 
500 s, and the purge and expansion pressure was 19.5 psig. The average 
sample weight for inorganic and hybrid C-S-H was 0.08 g and 0.04 g, 

Fig. 2. Molecular scale characteristics of investigated cross-linked C-S-H nanolaminates and reference inorganic C-S-H gel. (a) XRD spectra of cross-linked C-S-H 
show attributes of the turbostratic structure established by randomly stacked layers of Ca-polyhedra. (b) Typical trends of weight loss in the TGA experiment under 
N2 atmosphere on reference and hybrid gels dried at 105 ◦C and examined after thermal conductivity measurements. Diffraction and Ca/Si data after [29]. *- in
dicates the basal spacing shrinkage on drying from 50 to 105 ◦C in reference C-S-H sample. Dashed lines on panel (b) indicate weight derivative curves. 
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respectively. The expansion chamber volume was calibrated using 
AccuPyc™ NIST certified calibration standard, cross-checked with the 
borosilicate glass spheres and quartz sand, and the 0.1 cm3 spacer was 
used in all measurements. 

2.1.3. Powder consolidation and packing factor determination 
Dry powders were ground using a high-speed ball mill (MTI Corpo

ration, Richmond, USA). In each run, dry material was loaded into the 
80 mL stainless steel jar with a set of steel spheres at the ball-to-solid 
weight ratio of 10:1. The grinding process took 1 h and ran in two 
segments (30 min each) with a 10 min stop between the segments. The 
pulverized material was sieved through a 75 μm mesh and later stored in 
the vacuum-sealed PVA containers inside the lab desiccator with dry 
silica gel. 

All pellets were shaped in the 25 mm dry pressing die (Across In
ternational, Livingston, USA), Fig. 3. On average, around 4 g of material 
was loaded into the pressing die and compressed in the electrome
chanical universal testing machine (Instron, Norwood, USA) when the 
prescribed load was below 50 kN or servo-hydraulic system (MTS, Eden 
Prairie, USA) for higher loads up to 300 kN. The selection of the 
consolidation force required to achieve specific solid packing, η, span
ning between 0.4 and 0.75, was based on the previously built master 
curves obtained in multiple preliminary trials run for each type of 
investigated solid. 

2.1.4. Effective thermal conductivity measurements 
The effective thermal conductivity of reference and cross-linked C-S- 

H pellets was measured with the heat flow meter FOX 50 (TA In
struments, 10 mm diameter transducer) following recommendations 
specified in ASTM standards C518 – 04 and E 1530 – 06 [44,45]. Across 
the entire testing campaign, the upper plate temperature was set to 
25 ◦C, the lower plate to 15 ◦C, and the sample-transducer contact was 
realized via a pneumatic system operating at 35 psi (Fig. 4a). Trans
ducers constants were calibrated on Pyrex reference material. A single- 
thickness measurement method was employed [46,47] supplemented 
with a variable thickness measurement for each C-S-H solid. Such an 
approach allows for a reliable estimate of the thermal contact resistance 
and delivers densely populated conductivity measurements in the 
packing density range from 0.4 to 0.75. Before measurements, each 
sample was re-dried at 105 ◦C in the light vacuum and placed inside the 
silica-filled desiccator at 1 % RH while in the queue for the thermal 
conductivity measurement. 

The total contact resistance, 2Rc, was determined through the zero- 
intercept of the total thermal resistance vs. sample thickness method 

(Fig. 4b) [46,47]. For this purpose, three pellets of increasing thickness 
varying from around 3 mm to 6 mm, but with constant solid packing, 
were prepared and measured. The reproducibility of thermal measure
ments was checked by retesting the pellet in the “flipped” configuration 
(Fig. 4a). 

2.1.5. Intrinsic thermal conductivity: analytical inference 
The inference of the intrinsic thermal conductivity of reference and 

the hybrid C-S-H is carried out within the self-consistent (S–C) ho
mogenization framework of the effective medium theory [41,48]. 
Accordingly, the pellets of synthetic C-S-H are treated as the composite 
material with polycrystalline-type morphology, see Fig. 5. A bi-phasic 
composite is defined by C-S-H solid particles, phase A, intermixed 
with air voids, phase B. Each phase is characterized by its intrinsic 
thermal conductivity, λ(1) and λ(2), and respective volume fractions c(1) 

and c(2), where 
∑

c(i) = 1 [41]. Both phases are considered in perfect 
contact with zero particle-to-particle thermal resistance. The intrinsic 
thermal conductivity of C-S-H particles is treated as one of two un
knowns and inferred in the inverse analysis. The thermal conductivity of 
air, phase B, is λ(2) = 0.026 Wm−1 K−1 [49]. The composite conductivity, 
λeff, is measured in the experiment at the pellet's bulk scale and at 
various C-S-H packing levels, η. 

In the self-consistent approximation, in which spheroidal inclusions 
are isotropic and have uniform random orientations, the effective and 
phase conductivities relate through Eq. (1) [41]: 

∑N

i=1
c(i)

[
2
(
λ(i) − λeff )

keff

λeff (1 − Mi) + λ(i)Mi
+

(
λ(i) − λeff )

λeff

2λeff Mi + λ(i)(1 − 2Mi)

]

= 0 (1) 

Here, Mi stands for components of the symmetric depolarization 
tensor expressed in the principal axes frame of the spheroidal inclusion 
[41]. For spheroidal inclusions with the semi-axes a1 = a2 = a and a3, 
depolarization tensor components are expressed through Eq. (2): 

M1 = M2 = M =
(1 − g)γ2

2(γ2 − 1)
(2)  

where = a3/a, and g for oblate shape (γ < 1) is defined by Eq. (3) 
[41,50]: 

g(γ) =
1

γ
̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − γ2

√ arctan
̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − γ2

√

γ
(3) 

With λeff obtained in the direct experiment and the thermal con
ductivity of the gas phase known, the least square approach is adopted to 

Fig. 3. Perspective view on the pressing die set for powder consolidation and pellet creation with TEOS: C-S-H reference pellet (white disk) after the consolidation.  

A. Moshiri et al.                                                                                                                                                                                                                                 



Cement and Concrete Research 174 (2023) 107324

5

solve the inverse problem and to infer two unknown parameters defined 
in S–C model through Eqs. (1)–(3) [51]. These are the intrinsic thermal 
conductivity of the solid phase, λ(1), and the void aspect ratio parameter, 
γ. Confidence intervals on estimated parameters were generated using 
the Monte-Carlo approach [52] programmed in Wolfram Mathematica. 

2.2. Atomistic modeling approach 

2.2.1. Structural models 
To test our hypothesis using molecular simulations, we constructed 

realistic molecular structures of cross-linked C-S-Hs on the structural 
framework of portlandite. This choice of the molecular archetype is 

guided by the totality of experimental data reported by the authors in 
[29] e.g., powder X-ray diffraction, 29Si NMR, ICP spectrometry. 
Moreover, the available literature on the sol-gel derived (Al, Mg, Ca)- 
alkyl silicates [37–40], which can serve as possible analogs to our sys
tems, suggest the formation of brucite-like layers similar to the one 
found in portlandite. 

First, we constructed an orthogonal supercell of portlandite by 
transforming the cell vectors of its primitive cell as follows, Eq. (4): 

[ a

b
c

]

=

⎡

⎣
3 0 0
1 2 0
0 0 1

⎤

⎦

[ aprim

bprim

cprim

]

(4)  

where for portlandite, the primitive cell vectors are aprim =

(3.59, 0.00, 0.00), bprim = ( − 1.80, 3.11, 0.00) and cprim =

(0.00, 0.00, 4.91) [53], which after the above transformation gives an 
orthogonal unit cell with parameters a = 10.78 Å, b = 6.22 Å, c =

4.91 Å and α = β = γ = 90∘. Next, three dipodal organosilanes are 
joined through their tetrahedral silicates to form an organosilane trimer, 
as shown in Fig. 6a. These trimers are grafted to portlandite layers, 
which form a cross-linked organic-inorganic structure. The interlayer 
space required for the process is estimated based on the expected 
polymer length. The cell height is increased to 14 Å in the case of hexane 
and to 16 Å in the case of octane, Fig. 6a. This arrangement resulted in a 
structure that is close to an energy minimum and can be optimized with 
the density functional theory (DFT) technique (Fig. 6b) [54]. The hybrid 
structures constructed achieve Ca/Si = 1 and T1/(T1 + T2) = 0.67, which 
is satisfactory when compared to experimentally measured T1/(T1 + T2) 
of 0.57 and 0.71 for hexane and octane C-S-H, respectively, and as re
ported by Moshiri et al. [29]. 

Fig. 4. Measurement of the effective thermal conductivity of consolidated C-S-H pellets: (a) perspective view on the pellet (φ = 25.4 mm) of consolidated C-S-H 
installed between the transducer plate of the heat flow meter before the testing, (b) construction of the total thermal resistance curves for the reference TEOS C-S-H 
used in the determination of the total contact resistance at zero-intercept. O1 and O2 experimental data points were excluded from the linear fit due to identified 
experimental error, which leads to grossly overestimated or unphysical negative contact resistance. Where η is packing density. 

Fig. 5. The self-consistent approximation: (a) representative volume element 
(RVE) of the C-S-H pellet is modeled as a bi-phasic polycrystalline material with 
distinctive intrinsic thermal conductivities of phases, λ(1) and λ(2), (b) a single 
crystal of phase A immersed in an unbounded uniform medium with the 
effective thermal conductivity, λeff, measured in the heat flow meter experiment 
at various levels of solid packing. 
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2.2.2. Dispersion-corrected DFT optimization 
Periodic density functional theory (DFT) [54] calculations were 

carried out using the VASP simulation package [55]. The energy cutoff 
was set to 600 eV for the plane wave basis set. The projector wave 
method [56] is used in our calculations. Moreover, Grimme's D2 method 
[57] accounted for dispersive interactions between atomic species in the 
system. Based on the system size, a 2 × 2 × 1 grid of kpoints was adopted 
to sample the Brillouin zone. When the system setup is complete, the 
ionic positions are relaxed using the conjugate gradient optimizer. The 
convergence criterion was set on forces where |F max | = 0.001 eV/Å. 

After initial setup, the system was energetically minimized for both 
atomic and cell degrees of freedom (DoF) using the conjugate gradient 
optimizer as implemented in VASP. Although the initial atomic config
uration created based on experimental data should be close to an energy 
minimum, we found that the optimization needed to be carried out in 
stages for the system to settle into a high-quality minimum. After several 
iterations, the following scheme was adopted for structural optimiza
tion. First, the atoms in the layer (calcium, silicon and oxygen) are 
frozen during the initial minimization. This is to avoid spurious distor
tion of the layers and allow the polymers to relax. Moreover, cell shape 
and volume are fixed. Second, oxygen and silicon atoms are allowed to 
move while calcium atoms are still frozen. In this step, cell volume and 
shape are also allowed to vary. Finally, full optimization is performed 
during which all atoms and cell shape/volume are allowed to vary. 

2.2.3. MD-based thermal conductivity inference 
Although DFT simulations provide accurate athermal structures for 

the material, they put severe spatial and temporal limitations on finite 
temperature simulations, which makes them unsuitable for thermal 
conductivity calculations. ReaxFF [58] or classical force fields are viable 
routes for simulating our system. However, ReaxFF is mainly geared 
toward modeling reactive systems, while our study focuses on heat 
transfer, which does not involve bond breaking/forming. A non-reactive 
forcefield would suffice because the structure is already derived using 
experiments and DFT calculations. Moreover, Green-Kubo simulations 
for thermal conductivity calculations are computationally expensive. 

Since ReaxFF is about an order of magnitude slower than classical 
forcefields, carrying out the simulations with moderate available re
sources would be challenging. Finally, it's not clear how accurate ReaxFF 
would be with regard to phonon calculations since they require fitting to 
second-order data, such as elastic and/or vibrational data for the 
particular system under study. To the best of our knowledge, such data 
are not available yet. Considering these facts, ReaxFF can be ruled out 
for the system in this study. 

Furthermore, experiments have demonstrated that the molecular 
framework of inorganic component in our system is portlandite-like 
rather than C-S-H [29]. The ClayFF potential was developed with por
tlandite as part of its fitting dataset [59]. Moreover, it has been shown 
that ClayFF gives accurate second order properties for portlandite [60]. 
Regarding the addition of the organic part, ClayFF was originally 
developed for compatibility with the Consistent Valence force field 
(CVFF, [61]) and also uses the flexible SPC water model. (see [62] for 
further discussion by the developers of the force field). Hence, a number 
of publications ([63–65] among others) have successfully verified/uti
lized ClayFF+CVFF for hybrid organic/inorganic structures. 

Based on the above discussion, in this study, we use a combination of 
ClayFF [58,59] and CVFF [61,66,67] for the inorganic and organic parts 
of the system, respectively. The charge of the silicon connected to the 
polymer was derived using a charge neutrality constraint. 

A supercell is constructed from the relaxed unit cells obtained from 
DFT. The systems have 1152 and 1368 atoms for C-S-H HEX and C-S-H 
OCT, respectively. We use LAMMPS simulation package for all compu
tations [68]. All models in our numerical experiments are initially 
relaxed in the NPT ensemble using Nose-Hoover thermostat [69] at 300 
K and Parinello-Rahman barostat [70] at 1 atm for 1 ns and time steps of 
1 fs. 

The thermal conductivity tensor (λ) is subsequently computed using 
the so-called Green-Kubo formalism [2]: 

λ =
V

kBT2

∫ ∞

0
〈J(0) ⊗ J(t) 〉 dt (5)  

where J is the heat flux vector, kB is the Boltzmann factor, T is 

Fig. 6. The construction of representative cross-linked C-S-H models: (a) portlandite supercell and organosilane trimer, (b) The hybrid structure after energy 
optimization using periodic DFT calculations. Cell dimensions are a = 21.3 Å, b = 19.1 Å, and c = 32.7 Å. 
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temperature and V is the simulation cell volume; see Qomi et al. [2] for 
more detail. Heat flux is collected every femtosecond in an NVT run of 
10 ns. 

Based on their spatial characteristics, we classify vibrational modes 
as localized (locons), wave-like (propagons), and those with random 
spatial spread (diffusons). The total thermal conductivity can be 
decomposed as λ = λprop + λdiff + λloc, where the terms on the right-hand 
side are propagon, diffuson and locon contribution to conductivity. We 
compute the contribution of diffusons using the Allen-Feldman theory 
[42] as follows: 

λdiff =
1
V

∑

i
Ci(T)Di (6)  

where the summation is over each vibrational mode and the mode 
diffusivity is: 

Di =
πV2

3ℏ2ω2
i

∑∕=i

j

⃒
⃒Sij

⃒
⃒2δ

(
ωi − ωj

)
(7) 

Here, Ci is the heat capacity of mode i, S is the heat current operator, 
V is the cell volume and ωi is the frequency of mode i. We use GULP 
software [71] for calculating vibrational modes and their diffusivities in 
inorganic and cross-linked C-S-H systems. 

2.2.4. Modal analysis 
This work calculates the vibrational density of states (VDOS) using 

the Fourier transform of velocity autocorrelation obtained from an MD 
run in the microcanonical (NVE) ensemble [2]: 

g(ω) =
1

NkBT
∑N

j=1
mj

∫ ∞

−∞

〈
vj(t)⋅vj(0)

〉
eiωtdt (8)  

where N is the number of atoms, mj and vj are mass and velocity vector of 
atom j. 

To further understand the mechanisms underlying heat transport in 
the cross-linked C-S-H, vibrational modes and frequencies are obtained 
from eigenvalues and eigenvectors of the dynamical matrix as imple
mented in GULP package [71]: 

Dpq,αβ(k) =
1

̅̅̅̅̅̅̅̅̅̅̅mpmq
√

(
∂2Ulat

∂α∂β

)

eikr (9) 

p and q denote the atoms, α and β are the Cartesian coordinate 
indices, D is the dynamical matrix, mp is the mass of the pth atom, Ulat is 
the lattice internal energy, and eikr is the phase factor. The eigenvalue 
problem (D − ω2I)ε = 0 can be solved to find the vibrational frequencies 
ωi and vibrational modes ε. 

To distinguish localized modes (locons), we compute participation 
ratio for each mode [72]: 

Pj =
1

N
∑N

i=1

⃒
⃒εj

i

⃒
⃒4

(10)  

where εj
i is the polarization vector of atom i in mode j, noting that 

∑N
i=1

⃒
⃒
⃒εj

i

⃒
⃒
⃒
2

= 1. We assign modes with Pj < 0.05 as locons. 

To distinguish propagons, we use the method proposed by Mor
shedifard et al. [4]. For each non-localized mode, we compute the 
spatial Fourier transform as: 

γk(kr) = ∣
∑N

j=1

∑3

α=1
εk

jα
(
rj

)
e−ikr ⋅rj ∣ (11)  

where εk
jα is the α component of polarization vector of atom j and kr is rth 

wavevector in k-space and γk(kr) is the amplitude of the sum of Fourier 

transforms of each component of eigenvector k for wavevector kr. To 
capture modes that are “wave-like” and hence propagating, we compute 
the absolute value of the standard score, also known as the z-score [73]: 

zk
r =

⃒
⃒
⃒
⃒
γk(kr) − μk

σk

⃒
⃒
⃒
⃒ (12)  

where μk and σk are the mean and standard deviation of the dataset for 
mode k. In this study, modes with a z-score >6 are considered 
propagating. 

3. Results 

3.1. Solid particle density 

3.1.1. Experimental density of reference and cross-linked C-S-H 
The experimental estimates of the solid density based on the He- 

pycnometry are presented in Table 1. With regard to the reference C- 
S-H solid, the measured density increases with the increase in solid 
dehydration caused by increasingly more severe drying from 50 ◦C to 
105 ◦C. A similar trend is observed for the cross-linked C-S-H regardless 
of the length of the organic alkyl chain. The measured density of 
reference C-S-H, ≈1.9 g/cm3, is significantly below the theoretical 
densities expected for closely related mineral systems such as tober
morite and jennite groups [74]. For example, in the tobermorite group, 
the 14 Å tobermorite (plombierite, Ca/Si = 0.83) displays the lowest 
theoretical density between 2.23 (monoclinic) to 2.28 g/cm3 (ortho
rhombic), while jennite's (Ca/Si = 1.5) density is 2.33 g/cm3, respec
tively. Both minerals have been considered structural end-type 
archetypes of the calcium-silicate-hydrate gel [74–77]. This indicates 
that in the current experiment, the He is overestimating the C-S-H solid 
volume. This effect may be the result of the presence of residual water 
molecules in gel dried at 50 ◦C, or occluded nano-porosity caused by the 
C-S-H agglomeration and collapse, Fig. 7. Both phenomena restrict the 
transport of gas molecules. The first mechanism is corroborated by the 
interlayer distance of ≈12.6 Å [29] as measured in the powder XRD 
experiment and an additional weight loss on drying from 50 ◦C to 105 ◦C 
to a constant weight. This interlayer spacing indicates a C-S-H between 
lightly and severely dried states as noted by Richardson [75]. Upon more 
severe drying, the C-S-H interlayer space collapses to ≈11 Å [29], which 
indicates more pronounced dehydration. However, only a minor in
crease in the measured density is observed, suggesting a severe under
estimation of the true particle density in the complete dried state, 
Table 1. In consequence, such systematic error would lead to grossly 
overestimated packing of C-S-H in prepared pellets for the solid thermal 
conductivity measurements. 

3.1.2. True solid density of C-S-H in 105 ◦C dry state 
As an alternative to He-based measurements in Table 1, the solid 

particle density of reference C-S-H gel (Ca/Si = 1), in the complete dry 
state, is estimated through a combination of the approach outlined by 

Table 1 
Density of the reference and cross-linked C-S-H solids measured in He- 
pycnometry.   

Solid type 

TEOS: C-S-H HEX: C-S-H OCT: C-S-H 

Drying 
Ta 50 ◦C 105 ◦C 50 ◦C 105 ◦C 50 ◦C 105 ◦C 

ρ (g/ 
cm3) 

1.90 ±
0.01 

1.96 ±
0.02 

1.58 ±
0.02 

1.71 ±
0.02 

1.52 ±
0.01 

1.58 ±
0.02 

d002 [Å] 12.69 10.84 14.05 16.20 
[CH2]n 

size NA 6 8  

a 50 ◦C drying under light vacuum above silica gel for 24 h, additional drying 
at 105 ◦C in conventional oven. 
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Thomas et al. 2010 [77] and X-ray diffraction measurements [29]. 
Accordingly, starting from the structure of 14 Å tobermorite 
(C0.83SH1.33, ρ = 2.23 g/cm3), which is considered the mineral analog to 
low calcium C-S-H [75,77], the molar volumes of CaO and H2O neces
sary to convert 1 mol of tobermorite to reference C-S-H is calculated. 
Thus, 0.17 mol of CaO must be added to the tobermorite molecular 
formula to increase the Ca/Si ratio from 0.83 to 1 (measured in ICP-OS, 
Fig. 2, [29]). Given its molar volume (MV) of 16.79 cm3, the volume 
occupied by added CaO is 2.854 cm3. On the other hand, the necessary 
volume change due to H2O equals −13.243 cm3. The negative volume 
reflects the tobermorite unit cell contraction along c-direction from the 
initial 14 Å to 10.84 Å. The latter value corresponds to the d002 basal 
spacing measured in XRD experiment on 105 ◦C dried TEOS: C-S-H 
samples, Table 1. This volume estimate assumes water MV = 18.05 cm3, 
which implies H2O density of 0.9982 g/cm3, a value representing the 
density of bulk water at 20 ◦C. 

According to recent MD studies investigating C-S-H's composition- 
dependent dynamics of nanoconfined water in the interlayer space 
[78], the bulk water type behavior may be assumed for low lime C-S-H. 
This is in contrast to the high Ca/Si = 1.75 ratio typical of C-S-H 
developed during cement hydration [1], in which the interlayer water is 
considered as “compressed” with ρ = 1.1 g/cm3 [77,78]. Therefore, the 
conversion of 1 mol of 14 Å tobermorite with MV = 58.67 cm3 to 1 mol 
of TEOS: C-S-H0.6, requires net volume reduction of ΔV = −10.39 cm3 

(17.71 %). Consequently, the calculated solid particle density of refer
ence C-S-H gel is between 2.60 and 2.63 g/cm3 depending on the crystal 
system of starting 14 Å tobermorite, and/or interlayer water density, 
respectively. Interestingly, this estimate is very close to the density of 
clinotobermorite (Ca/Si = 0.83, H/S = 1, d002 = 11.3 Å), which is 2.611 
g/cm3. This estimate is also below the limiting density of 9 Å tober
morite, 2.864 g/cm3 [74], and the density of a single C-S-H sheet with all 
evaporable water removed, 2.85 g/cm3 [79]. 

3.1.3. Cross-validation of particle density of hybrid C-S-H gels 
Given that the He-pycnometry systematically underestimated the 

reference C-S-H density, we cross-validate the measured values (Table 1) 
for the hybrid gels. Such twofold cross-validation includes (a) the 
analytical estimation of theoretical solid density considering 

quantitative metrics obtained from other independent experiments 
assessing molecular order of cross-linked gels, e.g., NMR and (b) the 
density estimate from our independently developed atomistic models. 

The theoretical estimation of the particle density of cross-linked C-S- 
H is based on the modified molecular structure derived from the por
tlandite (CH) mineral. 

The construction of simplified analytical first-order model starts 
from the dilation of the original unit cell of CH along c-crystal direction 
to account for increased basal spacing measured via XRD in organic- 
inorganic C-S-H gels (Fig. 6a, lower panel). Naturally, this operation 
increases the volume occupied by hybrid solid, VHYB (Eq. (13)), where λ 
is the ratio of interlayer distance in hybrid C-S-H to interlayer spacing in 
CH, and VCH is the original volume occupied by CH solid. 

VHYB = λ × VCH (13) 

Next, the -Si-[CH2]n-Si- organometallic chains are condensed within 
the interlayer space to form a cross-linking monolayer. After conden
sation, each molecule has 4+ charge surplus that is associated with the 
missing hydroxyl groups in terminal Si tetrahedra, e.g., (Si2[CH2]6)4+

for HEX: C-S-H. The stoichiometric amount of organosilane molecules 
must match the Ca/Si molar ratio determined in the OS-ICP experiment 
[29], (Fig. 2). As a result, the combined mass of inorganic CH backbone 
and organometallic molecules occupying VHYB is, Eq. (14): 

m1 = ρCHVCH

(

1 +
1

2β
MORG

MCH

)

(14)  

where ρCH is the density of portlandite 2.21 g/cm3, β is the Ca/Si ratio of 
hybrid C-S-H, Fig. 2, MCH is the molar mass of portlandite, MORG is the 
molar mass of the organometallic insert, which is 140.33 and 168.38 g/ 
mol for (Si2[CH2]6)4+ and (Si2[CH2]8)4+, respectively. 

The number of OH− groups and O2− ions required to balance the 
charge is added in the amount compatible with the measured abundance 
of T1 and T2 species. To elaborate more, each T1 type unit present at 
terminal sites of silica chain, or in simple dimer structures, must be 
connected to one hydroxyl group. However, this group is absent in T2 

species (Fig. 8). Additionally, the condensation reaction involves the 
creation of siloxane links between adjacent organosilane molecules, 
therefore, the fractional contribution of O atom is ½ for T1 (single -Si-O- 

Fig. 7. Conceptual schematic of the particle rearrangement in C-S-H gel upon drying and its effect on the gel's volume measurement. The presence of residual free 
and adsorbed water on the particles surface effectively increases measured volume by reducing free volume for gas permeation. Harsh drying leads to C-S-H 
rearrangements and particle agglomeration, resulting in shrinkage and occluded nanoporosity (hatched gray) that is inaccessible to He. 
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Si- link) and 2 × ½ for T2 (two -Si-O-Si- links), respectively (Fig. 8). 
Given this, the required amount of hydroxyl groups, mOH, and oxygen 
participating in siloxane groups, mO, is determined according to Eqs. 
(15a) and (15b). 

mOH = QT1 ρCHVCH
1
β

MOH

MCH
(15a)  

mO = (0.5QT1 + QT2 )ρCHVCH
1
β

MO

MCH
(15b) 

To ensure this hybrid system is charge neutral, we adjust for the 
number of H atoms (mH) that are part of OH groups of the original CH 
sheet, Eq. (16), and must be removed to allow for the condensation of Si- 
tetrahedron onto the CaO polyhedral layer, Fig. 8. 

mH = ρCHVCH
1
β

MH

MCH
(16) 

Finally, we calculate the density of the cross-linked C-S-H gel ac
counting for the aforementioned mass sources: 

ρHYB =
m1 + mOH + mO − mH

VHYB
(17) 

We follow the outlined procedure to estimate the theoretical density 
of cross-linked C-S-H hybrids investigated in this work, Table 2. Despite 
simplifications of the presented analytical model quite remarkable 
agreement is observed (relative error < 5 %) between the analytical 
estimates and experimental measurements obtained on HEX: C-S-H and 
OCT: C-S-H gels with He-pycnometry. 

Finally, the confidence in the experimentally determined solid den
sities of cross-linked C-S-H is further strengthened by DFT-based esti
mates, and is reflected by the small relative error of <5 %, Table 2. Such 
an agreement additionally supports the adequacy of the atomistic 
model, which is used in the inference of the heat conductivity and the 
associated molecular mechanism. MD-based inference of thermal 
properties was carried out in synergy with the experimental campaign to 
test the postulated hypothesis. We note that to enhance the treatability 
of the atomistic approach and to streamline the MD simulations process, 
the proposed molecular structures of cross-linked C-S-Hs (Fig. 6) are 

constructed to achieve Ca/Si = 1 and T1 / (T1 + T2) = 0.67, regardless 
the size of organosilane molecule. These parameters are in close 
agreement with our earlier characterization experiment performed by 
Moshiri et al. [29]. A certain level of discrepancy between simulations 
and experiments is inevitable that is slightly more pronounced in HEX: 
C-S-H type solid. 

3.2. Experimental inference of thermal conductivity 

3.2.1. Reference C-S-H 
We present the results of the heat flow experiments on the consoli

dated reference C-S-H pellets in Fig. 9. As expected, we recover the 
classical trend [8,80]; i.e., the effective thermal conductivity increases 
with increasing C-S-H's packing density or, otherwise said, with 
decreasing its porosity. 

Fig. 8. Schematic of Si-trimer type structure condensing on the single CH sheet. All structural dimensions are in scale. For the sake of clarity, the organic chain is 
limited to a small portion of its total length. 

Table 2 
Theoretical and DFT-based estimates of the particle density of hybrid C-S-H gels.  

Gel type Parameter/metric Model ρ (g/cm3) DFT ρ (g/cm3) ε (%)b 

n λ T1:T2 m1 mOH mO mH 

HEX: C-S-Ha  6  2.87 60:40  4.460  0.327  0.359  0.032  1.78  1.71 <5 (1) 
OCT: C-S-Ha  8  3.30 70:30  4.672  0.348  0.304  0.029  1.60  1.62 <2 (3)  

a T1:T2 ratio after ref. [29]. 
b Relative error w.r.t experimental values determined in He-pycnometry, Table 1, values in parenthesis represent the relative error between DFT and experiment. 

Fig. 9. Experimentally measured effective thermal conductivity of consolidated 
reference (TEOS) and cross-linked (HEX and OCT) C-S-H pellets vs. the solid 
packing density. Data is accompanied by the respective optimum fits of the S–C 
model obtained by solving the inverse problem. The extrapolation to η = 1 gives 
the intrinsic thermal conductivity of C-S-H. 
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The optimum fit of the S–C model, Fig. 9, predicts the intrinsic 
thermal conductivity of the reference C-S-H solid to be equal to 1.15 ±
0.1 Wm−1 K−1 and the 95 % confidence interval 0.95–1.35 Wm−1 K−1, 
see Fig. 10a. Furthermore, λs has asymmetric distribution as indicated by 
the slight divergence from the linear trend in the Q-Q plot, Fig. 10b. To 
the author's knowledge, this is the first direct experimental inference of 
the semi-crystalline C-S-H's (Ca/Si = 1) intrinsic thermal conductivity at 
the nanoscale. The available literature data have only been restricted to 
those estimated via atomistic simulations [2–4,81,82]. Accordingly, the 
reported MD estimate of volumetric thermal conductivity of semi- 
amorphous C-S-H at Ca/Si = 1.75 ranges from 0.94 [3] to 0.98 Wm−1 

K−1 [2], with differences resulting from variations in the technical as
pects of the MD approach. The thermal conductivity of 11 Å tobermorite 
is also reported to be 1.29 ± 0.08 Wm−1 K−1 [4]. Additionally, based on 
the inverse analysis of the experimental data obtained on the hydrated 
cement paste by Bentz [83], Zhou et al. [3] estimated the thermal 
conductivity of C-S-H at Ca/Si = 1.7 to be 0.95 ± 0.25 Wm−1 K−1. Our 
S–C estimate and MD-based predictions for semi-amorphous C-S-H are 
quite closely aligned, which further supports the overall validity of 
molecular structures developed in prior works by the authors [2–4,76]. 

3.2.2. Cross-linked C-S-H hybrids 
Our experimental results on the correlation of the effective thermal 

conductivity of cross-linked C-S-H hybrids (HEX and OCT) pellets and 
the solid packing are benchmarked against the reference C-S-H (TEOS) 
in Fig. 9. In both cases, the modification of C-S-H's molecular framework 
with the bis-organosilanes significantly reduces the effective thermal 
conductivity across the entire domain of packing density. Furthermore, 
the observed decrease correlates with the molecular weight of the cross- 
linking agent, which is the function of the CH2 linear chain length in this 
case. Thus, the trend in the effective thermal conductivity of the OCT: C- 
S-H (n = 8) is systematically below the one recorded for HEX: C-S-H (n 
= 6). The extrapolation of the S–C model to η = 1 (see Fig. 9) gives solid 
thermal conductivity 0.47 ± 0.02 Wm−1 K−1 and 0.39 ± 0.01 Wm−1 K−1 

for HEX and OCT: C-S-H, respectively. In both cases, distributions are 
asymmetric. However, their divergence from the normal distribution 
tends to be reduced (see Fig. 10a and b) compared to the reference C-S-H 
(TEOS). 

3.3. MD-based inference of thermal conductivity and the heat transport 
mechanism 

We utilize the Green-Kubo formalism, as described in the Materials 

and methods section (Eq. (5)), to compute the volumetric thermal con
ductivity of HEX: C-S-H and OCT: C-S-H that are respectively λv = 0.83 
± 0.05 Wm−1 K−1 and λv = 0.69 ± 0.05 Wm−1 K−1. Similar to the 
experiment, we see a meaningful reduction in thermal conductivity as 
the polymer chain length increases. We aim to investigate the origins of 
the decrease in thermal conductivity. Based on previous studies, we can 
conclude that the main factor is the scattering of heat carriers at the 
interface between the organic/inorganic constituents [12,84–86]. Such 
interface effects can be best studied in simple models such as super
lattices [87]. For example, in the case of Si/Ge superlattices, it can be 
shown that a mismatch in VDOS between Si and Ge results in the 
observed Kapitza resistance at the interface, which in turn results in 
reduced thermal conductivity [88]. Moreover, it was shown that the 
Kapitza effect is more pronounced in the amorphous case, which is 
similar to the condition at the organic/inorganic interface in this study. 

We can compute vibrational density of states (VDOS) using the 
Fourier transform of velocity autocorrelation as described in Eq. (8). 
Moreover, the partial contributions from atomic species can also be 
computed to better understand the VDOS curve. As seen in Fig. 11, we 
observe a mismatch between contributions from the polymer and the 
inorganic portlandite in the frequency range 35 THz ~ 50 THz. Previous 
research on solid-solid interfaces has shown that such vibrational 
mismatch results in a reduced thermal conductivity [89]. There exist 
theoretical models such as the acoustic mismatch model, which assumes 
no scattering, and the diffuse mismatch model, which assumes that all 
phonons incident on the interface will scatter [90] that can model simple 
interfaces. However, such models are not applicable to our system due to 
the complex nature of the interface between the organic and inorganic 
constituents. Nevertheless, we still expect the observed mismatch in 
VDOS to cause further scattering of heat carriers which in turn reduces 
the thermal conductivity of the material below the amorphous limit 
[5,91]. This is similar to thermal control in self-assembled monolayer 
junctions, where increasing vibrational mismatch in their metal leads to 
decreased thermal conduction [92]. 

Moreover, in Fig. 11c, the observed mismatch between pure polymer 
and portlandite is more pronounced than the mismatch between pure 
polymer and tobermorite. Since the inorganic structures in our hybrid 
systems are portlandite-like (based on XRD results), we expect further 
reduction of thermal conductivity compared to hybrids of tobermorite. 

Next, we look at individual vibrational modes by computing eigen
vectors of the dynamical matrix (Eq. (9)). First, locons are distinguished 
by computing the participation ratio for each mode. In this work, we 
categorize modes with a participation ratio <0.05 as locons, which is a 

Fig. 10. Discrete probability distributions of the intrinsic thermal conductivity of the reference (TEOS) and cross-linked (HEX and OCT) C-S-H obtained with S–C 
approximation and Monte-Carlo uncertainty quantification analysis (a). The quantile-quantile (Q-Q) plots associated with each distribution (b). 
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Fig. 11. Vibrational densities of states for (a) cross-linked HEX (b) cross-linked OCT and (c) crystalline portlandite and tobermorite and pure polymer (hexane). The 
partial VDOS for carbon and hydrogen in polymer provides a region from 35 THz ~ 50 THz, which is absent from the VDOS for portlandite atoms. 

Fig. 12. Visualization of vibrational modes for HEX. The arrows show the mode vectors on each atom. (a) A semi-periodic pattern emerges, which is characteristic of 
a propagon at lower frequencies. (b) A diffusive mode with the extended but random distribution of mode vectors. (c) A locon with a localized distribution of 
mode vectors. 
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more conservative criterion compared to the literature [93]. Propagons 
are characterized using the 3D Fourier transform of the mode and the z- 
score described in the Materials and methods section (Eqs. (11) and 
(12)). Propagons show a wave-like distribution of the mode vectors on 
atoms. A typical propagating mode is shown in Fig. 12a. Modes that are 
neither a locon nor a propagon are naturally categorized as a diffuson. 
The mode vectors for diffusons are randomly distributed over the atoms 
and don't show any wave-like character. A typical propagating mode is 
shown in Fig. 12b. This can be contrasted with the mode vectors in 
locons localized over only a few atoms, as seen in Fig. 12c. 

The decomposition of the full spectrum of vibrational modes for 
HEX: C-S-H and OCT: C-S-H is compared with the results for the tober
morite from our previous work on hybrid systems in Fig. 13 [4]. We 
observe a significant decrease in the fractional contribution of propa
gating modes for HEX and OCT compared to the tobermorite. This is 
expected since the tobermorite has a crystalline structure. However, the 
percentage of propagating modes is almost unchanged when comparing 
HEX: C-S-H and OCT: C-S-H. This agrees with our previous work on 
hybrid structures of tobermorite [4]. However, it is interesting to note 
the increase in the number of localized modes for OCT: C-S-H compared 
to the HEX: C-S-H. It is known that localized modes do not carry heat 
[94]. Hence, we may expect a reduced conductivity in OCT based on this 
analysis. 

The mode categorization indicates that the reduction in thermal 
conductivity can be attributed partly to fewer propagating modes 
compared to the crystalline inorganic minerals. Next, we can quantify 
the diffusive and propagating contributions. The diffusive contribution 
(λd) can be calculated using Allen-Feldman theory (Eq. (6)), and the 
propagating part of thermal conductivity equals λp = λGK − λd. As shown 
in Fig. 14, cross-linking reduces both propagating and diffusive parts in 
OCT: C-S-H and HEX: C-S-H compared to conventional C-S-H. Further
more, this reduction positively correlates with the molecular weight or 
the alkyl chain's length of the organic insert. 

In previous work on similar hybrid systems based on tobermorite, 
only a reduction in the diffusive contribution was observed, which can 
be attributed to phonon scattering arising from the vibrational mismatch 
between the organic and inorganic constituents [4]. However, for real
istic models constructed from portlandite in this paper, we also observe 
a reduction in propagating contribution. This points to an additional 
mechanism present in portlandite layers as compared to tobermorite 
layers. A possible contributor could be the varying distortion of poly
mers in HEX: C-S-H and OCT: C-S-H. However, our calculations show 
that the average silicon-to-silicon distance in both atomistic models is 
comparable to the fully stretched polymer length, which is 94 % and 95 
% for HEX and OCT: C-S-H, respectively. The stretched conformation 
state of the alkyl chain is corroborated by the experimentally measured 
interlayer distance, Fig. 2 [29], which strongly indicates the organics 

monolayer in both structures. Such a small difference suggests that a 
more disordered organic layer in the OCT: C-S-H cannot be at the origin 
of its reduced thermal conductivity compared to HEX: C-S-H. Besides the 
organic layer, a more disordered CaO layer can also cause a reduction in 
the propagative heat conduction contribution by disrupting the phonon 
transport. Such a disorder might explain the observed decrease in 
propagative contributions. 

To gain more insight into the disorder in portlandite layers, the out- 
of-plane distortion of intralayer calcium atoms about their mean value is 
considered (Fig. 15). We observe a broadening of the distribution for 
OCT: C-S-H when compared to HEX: C-S-H. The FWHM increases from 
0.90 Å in the HEX case to 1.19 Å for OCT: C-S-H, which confirms our 
hypothesis that Ca–O layers become more disordered as the length of 
the organic molecule increases. 

4. Discussion  

4.1.1. C-S-H and the minimum thermal conductivity λmin 
It is commonly accepted that the C-S-H molecular structure is that of 

a defective crystal analog, 11 Å tobermorite [74–76,78,95,96]. For 
example, C-S-H successive layers experience random translations in the 
a-b crystal plane and/or rotations about the normal, both typical for 
disordered crystals with the turbostratic disorder [97]. Additionally, the 
structure contains vacancy-type defects in its dreierkette silicate chains. 
As a result, the X-ray diffraction spectra of C-S-H exhibit only a few 
broad and asymmetric peaks (Fig. 2a), suggesting limited long-range 
order and semi-amorphous nature. Given the highly disordered C-S-H 
structure, the estimation of the minimum thermal conductivity [5,98] of C- 
S-H might be attempted and compared with the experimental and MD- 
based values reported in this and our previous works [2–4]. 

According to Cahill [5,98] the disorder lowers thermal conductivity 
in crystals, and the lowest achievable thermal conductivity corresponds 
to disordered crystals in which phonon transport characteristics are that 
of phonon transport in glasses. The thermal conductivity of amorphous 
solids above ~50 K, λam = λmin, can be described by the modified Ein
stein's model [5], in which the heat transport results from the random 
walk of the thermal energy between localized quantum mechanical os
cillators, Eq. (18): 

λam =
(π

6

)
1
3kBn2

3
∑

i
υi

(
T
θi

)2 ∫ θi
T

0

x3ex

(ex − 1)
2 dx (18) 

In Eq. (18), the sum is taken over three sound velocities, υi (two 
transversal and one longitudinal), T is the temperature, and θi is a cutoff 
frequency expressed by Eq. (19): 

Fig. 13. Spectral analysis of vibrational modes for Tobermorite (TB), HEX: C-S-H and OCT: C-S-H. The percentage of propagating modes is almost unchanged 
between HEX and OCT. In contrast, the percentage of localized modes increases with the molecular weight - organosilane cross-linking molecule or the chain length. 
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θi = υi

(
ℏ
kB

)
(
6π2n

)1
3 (19)  

where ℏ is the reduced Planck constant, kB is Boltzmann constant, and n 
stands for the number density of atoms. 

Table 3 presents the estimates of the λam for selected solids, including 
high and low calcium C-S-H, as well as an example of C-A-S-H. When 
possible, the quasi-isotropic longitudinal, υl, and transversal, υt, sound 
velocities are calculated from the average principal sound velocities 
c1 > c2 > c3 [99]. Otherwise, they are estimated from the usual relation 
between bulk, shear modulus, and solid density [99]. Both moduli are 

considered in the Voight-Reuss-Hill sense. The application of the 
modified Einstein's model, Eq. (18), estimates the amorphous limit of 
≈1.1 to 1.2 Wm−1 K−1 for C-S-H. This limit tends to be valid irrespective 
of the Ca/Si ratio. This trend is consistent with Qomi et al.'s [2] original 
observation, who demonstrated a statistically similar volumetric con
ductivity for the first time for low and high lime C-S-H. Therefore, the 
simple stoichiometric modifications to C-S-H molecular structure 
relying solely on the Ca/Si modulation, e.g., the introduction of SiO4-ion 
through the use of reactive silica via pozzolanic reaction, does not alter 
the overall picture of nanoscale thermal energy transport. Although the 
density of vacancies (defects) in C-S-H increases with the Ca/Si ratio 
leading to a higher degree of disorder, the literature suggests that such 
an increase is very modest in the Ca/Si ∈ (1.0; 2.0) range [75,100]. On 
the other hand, studies on the C-S-H's molecular level suggest the heat 
transport in diffusive regime [2], thus effectively diminishing the 
phonon-vacancy scattering effects. Moreover, we observe a close 
alignment of the experimentally determined conductivity, see Figs. 9 
and 10a, with the amorphous limit reported in Table 3. This strongly 
suggests that despite the existence of some degree of the long-range 
order, the glass-like heat energy transport model tends to be appli
cable to capture C-S-H's volume average thermal conductivity. 

Given the ineffectiveness of Ca/Si modulation in reducing the ther
mal conductivity of C-S-H, a brief consideration is given to the effect of 
C-S-H dopping with aluminum. This element is commonly associated 
with the Al-rich supplementary cementitious materials [1], which are 
used as partial cement replacement in concrete, and its hydration results 
in calcium-aluminate-silicate-hydrate, C-A-S-H. The substitution of Si4+

by Al3+ in the C-A-S-H structure most often happens at bridging sites of 
the dreierketten chain [67,100,104], and under certain thermodynamic 
conditions, it may result in the cross-linking [104,105]. Table 3 reports 
the amorphous thermal conductivity limit calculated for C-A-S-H re
ported by Geng et al. [101]. For these particular calculations, three 
variants are considered in terms of C-A-S-H density, which is not re
ported in [101]. In all cases, our calculations indicate the amorphous 
limit slightly above the one calculated for Al-free C-S-H. However, these 
results should be interpreted in the semi-quantitative sense due to the 
lack of uncertainty in the reported estimates. Despite this drawback, this 
analysis still indicates the ineffectiveness of the Al-doping of C-S-H in 

Fig. 14. The contributions of propagative (λp) and diffusive (λd) modes to the total thermal conductivity of 11 Å tobermorite (Ca/Si = 1), the classical (Ca/Si = 1.75), 
and cross-linked HEX and OCT: C-S-H. C-S-H values adapted from Zhou et al. [3]. 

Fig. 15. Deviation of calcium atoms from the mean position within the CaO 
layer. The Gaussian fits to the data show a significant increase in standard 
deviation with increasing chain length. This points to an increased disorder in 
crystalline calcium layers. 
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lowering its intrinsic thermal conductivity. 

4.1.2. The convergence of experiment and atomistic simulations 
Our work's experimental and atomistic analysis results reveal a sig

nificant reduction in the intrinsic thermal conductivity of cross-linked C- 
S-H gel benchmarked against inorganic C-S-H (Ca/Si = 1). In this aspect, 
both approaches deliver a qualitative agreement. However, we observe a 
discrepancy between both methods on a quantitative basis, with the MD- 
based estimates systematically higher than the experimental ones, 
Figs. 10a and 14. Several phenomena may lead to such a difference, one 
of them being the size and texture (defects) of the material domain 
through which the heat transport is considered in each case. In MD, we 
operate at the scale of the unit cell, while the experimentally derived 
S–C estimates consider the nanoscale particle as a crystallite [106]. 

To demonstrate the relevance and validity of both estimates, we 
build the series resistance model, Eq. (20), in which the total thermal 
resistance of the cross-linked C-S-H nanolaminate particle is the sum of 
each layer and the interfacial resistance. 

L
λeff

=
∑ li

λi
+

∑ 1
Gi

(20) 

Here, L is the effective particle size in the direction of the heat flow, li 
is the thickness of each layer, λi is the conductivity of each layer, λeff is 
the effective conductivity of the nanolaminate particle, and Gi stands for 
interfacial conductance [4,10]. For the sake of the argument, in the first- 
order approximation, we assume no interfacial effect by neglecting the 
second term in Eq. (20). Therefore, the effective conductivity is the 
function of the number of unit cells in the crystallite, n, basal spacing, d, 
the unit cell conductivity, λv (obtained from MD-simulations), and the 
conductivity of organosilanes, λO, which condense on the particle's 
surface creating an adsorbed layer of average thickness ̃l, Eq. (21). 

λeff =
(nd + 2̃l)λvλO

ndλO + 2̃lλv
(21) 

We use the Scherrer equation [107] to estimate the “apparent size” 
(employing the integral breadth, β, of the basal reflection in cross-linked 
C-S-H measured through XRD and reported in [29]) and the number of 
unit cells which define the crystallite, Table 4. Additionally, the lack of 
reliable data on the intrinsic thermal conductivity of bis-organosilanes 
and the knowledge of the conformational state of organic molecules in 
the adsorbed layer, and the grafting density, is mitigated by considering 
the approximate range of λO. This range is defined by the thermal 
properties of amorphous organics: dodecane (lower bound) and poly
methyl methacrylate (upper bound) [10]. Also, it encompasses available 
experimental conductivities measured on selected species from silanes 

and siloxane families [108]. 
Although the series-resistance model represents a quite simplistic 

view, we observe, at the particle scale of cross-linked C-S-H nano
laminate, the thermal conductivity is substantially below its intrinsic 
value estimated via the MD approach at the scale of the unit cell, Table 4. 
Moreover, such a reduction is driven by the organics layer condensed on 
the nanocrystallite surface, which acts as an additional thermal resis
tance constraining the heat conduction through the particle domain. The 
alignment of the experimentally obtained self-consistent estimate of 
conductivity, λS−C, with the calculated bounds, corroborates such a 
mechanism. 

4.1.3. Statistical testing of postulated hypothesis 
In Fig. 10a, we presented experiment-based discrete probability 

distributions of thermal conductivity for reference C-S-H and its cross- 
linked variants. It is apparent the differences between expected values: 
(1) E

[
λTEOS

s
]

− E
[
λHEX

s
]

and (2) E
[
λTEOS

s
]

− E
[
λOCT

s
]
, are much larger than 

each case's combined uncertainty in thermal conductivities. Moreover, 
the two-sample t-test [109] with unequal variances rejects the null hy
pothesis H0 : E

[
λTEOS

s
]

− E
[
λHEX,OCT

s
]

= 0 at the significance level α =

0.05 in favor of H1 : E
[
λTEOS

s
]

− E
[
λHEX,OCT

s
]〉

0 at p − value≪α. Likewise, 
statistical testing of the MD-based estimates leads to the same outcome. 
It is noted that the experiment and MD simulations reveal a slight 
divergence of conductivity distribution from normality, Fig. 10b. 
However, the large sample size used in both methods, N ≥ 10, 000, al
lows us to apply a t-test to non-Gaussian populations by using the 
Central Limit Theorem [109]. The current analysis supports the postu
lated hypothesis: “The cross-linking with functionalized organosilane 
molecules decreases conductive heat transport in C-S-H nanolaminates.” 

Table 3 
Calculated amorphous limit thermal conductivities for selected C-S-H and C-A-S-H solids.  

C-(A)-S-H Sound velocities ρ (g/cm3) λam (Wm−1 K−1) Ref. 

n (1022 cm−3) c1 c2 c3 vl vt
c 

C1.65-S-H1.75  9.67 5.61 3.21 2.77  5.61  2.99a  2.56  1.16 [99] 

C1.64-S-H1.39  8.39 – – –  6.29  3.17  2.36  1.13 [3] 
– – –  6.01  3.22 

C1.75-S-H2.0  9.30 – – –  4.79  3.25  2.40  1.14 [2] 
C1.0-S-H0.5  7.97 – – –  5.16  3.75  2.55 

C1.0-A0.1-S-H  

8.94 
– – –  5.02  3.76  

2.52b  1.21 

[101] 

6.68 3.96 3.59  6.68  3.77  1.28  

9.68 
– – –  4.82  3.61  

2.73b  1.23 
6.42 3.80 3.45  6.42  3.63  1.31  

10.0 – – –  4.74  3.55  2.83b  1.24 
6.31 3.73 3.39  6.31  3.56  1.32 

c1,2,3, longitudinal and transversal velocities in km/s collected from listed references. 
a vt = (c1+ c2) / 2. 
b Lower density limit corresponding to hydrogarnet, middle and higher density limit representing siliceous hydrogarnet, density values after [100,102,103]. 
c When c1,2,3 not specified longitudinal and transversal sound velocities calculated from Voight-Reuss-Hill bulk and shear moduli calculated from the full stiffness 

tensor. 

Table 4 
Comparison of series-resistance estimate vs. measured effective thermal con
ductivity of cross-linked C-S-H crystallites.  

Solid Input parameters λeff
b λS−C

b 

β (
◦2θ) d (Å) nc 

l̃ (Å) λv
b λO

b 

HEX: C- 
S-H  

1.58  14.05  4  9.30 0.83 ±
0.05  

0.14a  0.37 0.46 ±
0.02  0.20a  0.47 

OCT: C- 
S-H  1.48  16.18  4  11.78 

0.69 ±
0.05  

0.14  0.34 0.39 ±
0.01  0.20  0.42  

a Lower and upper bound values correspond to liquid dodecane = 0.14 Wm−1 

K−1 and an amorphous polymethyl methacrylate = 0.20 Wm−1 K−1, after the Ref 
[10]. 

b Thermal conductivity expressed in Wm−1 K−1. 
c Expressed as the closest integer value. 
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5. Summary and conclusions 

This work concerned determining the effect of organic cross-linking 
on the thermal conductivity of C-S-H at the nanoscale. By referring to the 
presented suite of experimental, analytical, and atomistic modeling 
methods, we were able to test the validity of the postulated hypothesis. 
Such a hypothesis-testing approach allows us to draw the following 
primary conclusions. 

First, the molecular scale cross-linking of calcium silicate hydrates with 
bis-organosilanes effectively reduces its thermal conductivity at the nano
scale. This fact draws its support from the analytical inference of the 
intrinsic conductivity of modified solids based on the effective conduc
tivity measurements collected in the steady-state heat flow experiments. 
At the nano-crystallite particle scale, the observed reduction in cross- 
linked gels amounts approximately to 60 % (CH2 chain of 6) and 70 % 
(CH2 chain of 8) of the conductivity observed for classical C-S-H (Ca/Si 
= 1, 1.15 Wm−1 K−1). The atomistic simulations corroborate this fact by 
independently revealing the significantly lower conductivities at the 
unit cell scale of cross-linked C-S-H as compared to inorganic C-S-H as 
well as its crystalline archetype 11 Å tobermorite. Through the detailed 
study of heat transport at the molecular level, we show that C-S-H cross- 
linking promotes localized phonons (locons) on the expense of propa
gating (propagons) and diffusive (diffuson) modes. Such redistribution 
of vibrational modes is at the core of thermal conductivity reduction in 
hybridized C-S-H solids. In both methods, observed differences are sta
tistically significant. 

Second, the decrease in the intrinsic thermal conductivity of cross-linked 
C-S-H correlates with the molecular weight of the bis-organosilane agent or 
otherwise said with its CH2 linear chain length. Based on the presented 
evidence, such a positive correlation partially derives from the apparent 
density reduction; gels cross-linked with longer chain organosilane 
molecules display larger interlayer spacing. Additionally, by increasing 
the alkyl chain length, we enhance the participation ratio of locons and 
amplify the molecular disordered in intralayer calcium atoms. 

Third, the thermal conductivity of inorganic C-S-H (Ca/Si = 1) corre
sponds to the conductivity of disordered crystals in which heat transport 
characteristics are that of phonons in glasses. This conclusion arrives from 
the close match between the experimentally inferred conductivity and 
the amorphous limit calculated with the modified Einstein's model. It is 
also aligned with the results of an independent atomistic study by Qomi 
et al. [2], who demonstrated statistically similar volumetric conductiv
ity for low and high lime C-S-H. 

Fourth, a developed realistic atomistic model, constructed on the por
tlandite molecular framework, provides reliable insight into the heat transport 
mechanism in cross-linked C-S-H. This original model offers a qualitative 
thermal conductivity prediction at the unit cell scale, which is 
compatible with experimentally determined values at the nano
crystallite particle level. The observed quantitative difference can be 
explained by the size and texture effects of the material domain through 
which the heat transport is considered in experimental analysis and 
atomistic simulations. Finally, the developed model agrees well with the 
experimentally determined apparent densities of hybridized C-S-H 
solids. 
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